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Abstract

The severe acute respiratory coronavirus 2 (SARS-CoV-2) infection demonstrates a highly variable and unpredictable course.
Several reports have claimed a smoker’s paradox in coronavirus disease 2019 (COVID-19), in line with previous suggestions
that smoking is associated with better survival after acute myocardial infarction and appears protective in preeclampsia. Sev-
eral plausible physiological explanations exist accounting for the paradoxical observation of smoking engendering protection
against SARS-CoV-2 infection. In this review, we delineate novel mechanisms whereby smoking habits and smokers’ genetic
polymorphism status affecting various nitric oxide (NO) pathways (endothelial NO synthase, cytochrome P450 (CYP450),
erythropoietin receptor (EPOR); f-common receptor (fcR)), along with tobacco smoke modulation of microRNA-155 and
aryl-hydrocarbon receptor (AHR) effects, may be important determinators of SARS-CoV-2 infection and COVID-19 course.
While transient NO bioavailability increase and beneficial immunoregulatory modulations through the above-mentioned
pathways using exogenous, endogenous, genetic and/or therapeutic modalities may have direct and specific, viricidal SARS-
CoV-2 effects, employing tobacco smoke inhalation to achieve protection equals self-harm. Tobacco smoking remains the
leading cause of death, illness, and impoverishment.
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Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, the cause of the coronavirus dis-
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ease 2019 (COVID-19) pandemic, is a continuing global
threat to human health and economies that despite increas-
ing vaccinations has, to date, infected almost 700 million
people, while its death toll is approaching seven million
[1]. Tobacco smoking is the cause of another unending
and hugely devastating pandemic and the leading cause of
worldwide death, illness, and impoverishment [2]. Tobacco
smoke is a known human carcinogen [3] and an established
cause for a multitude of cardiovascular, pulmonary, meta-
bolic, and neoplastic conditions, all vastly detrimental to
human health [4]. These facts cannot be overemphasized.
Mainstream tobacco smoke contains over 100,000 chemi-
cals and more than 400 individual gaseous components, with
nitrogen (58%), carbon dioxide (13%), oxygen (12%), carbon
monoxide (3.5%), and hydrogen (0.5%) predominating [3].

@ Springer


http://orcid.org/0000-0003-0041-7853
http://orcid.org/0000-0002-7488-8271
http://orcid.org/0000-0002-7814-8836
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-023-04681-8&domain=pdf

Molecular and Cellular Biochemistry

With its content of over 4000 identified harmful chemical
substances, among which over 70 carcinogens [5], fueled by
the pharmacological and toxicological effects of the highly
addictive alkaloid, nicotine [6], tobacco smoking will kill
over half of its users and over 8 million annually world-
wide [2, 7]. One-fifth of global deaths in males are attribut-
able to smoking, and more than 16 million Americans are
living with a disease caused by smoking [7]. Second-hand
smoke, the smoke that fills enclosed spaces when people
burn tobacco products, is also a known human carcinogen,
causing serious cardiovascular and respiratory disease and
more than 1.2 million premature deaths annually [2]. Side-
stream smoke typically contains even higher concentrations
of ammonia (40- to 170-fold), nitrogen oxides (fourfold to
tenfold) and chemical carcinogens (e.g., benzene, tenfold;
N-nitrosamines, sixfold to 100-fold; and aniline, 30-fold)
than does mainstream smoke, additionally augmenting
tobacco’s detrimental health effects [3].

Cigarette smoke (CS) impacts on a myriad of signaling
pathways and immune responses of the innate and adaptive
immunity [8]. CS effects are diverse and of dual nature—
pro-inflammatory and immunosuppressive [8]. Age, sex, eth-
nic origin, socioeconomic status, and smoking pattern may
underlie CS’s differential effects. Moreover, CS’s chemical
heterogeneity, individual genetic susceptibility, and the vari-
ability in experimental methodologies (e.g., time, frequency,
and mode of exposure) may complicate our understanding
[8]. As an additional parameter, CS’s total particulate matter
(TPM) concentration elicits differing effects, whereby low
TPM activates xenobiotic and detoxification mechanisms
while high TPM concentrations drive additional inflamma-
tory responses [9]. Airway inflammation is promoted by
a manyfold increase in neutrophil, macrophage, and den-
dritic cell presence, leading to the aggravation of inflam-
matory processes, release of oxygen species, induction of
pro-inflammatory cytokine and chemokine production, and
activation of proteases [8]. Further complicating the picture,
CS appears to suppress monocytes’ ability to release both
pro-inflammatory and immunoregulatory cytokines [10] and
decreases alveolar macrophage M1-related inflammatory
genes while shifting toward M2 polarization [11]. Moreover,
nicotine, and other substances in CS, appears to inhibit the
secretion of pro-inflammatory cytokines and chemokines,
paradoxically promoting anti-inflammatory benefits [8, 12,
13]. In addition, CS suppresses local innate host defense
in the airway through decreases in surfactant proteins [8].
This dysfunctional innate immune function promotes the
pathogenesis of pulmonary injury induced by cigarette
smoking and increases susceptibility to respiratory patho-
gens, asthma, allergies, and chronic obstructive pulmonary
disease (COPD) [8].

Despite this incontrovertible evidence of causing sig-
nificant health damage, some studies have previously
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suggested that tobacco smoking is paradoxically associ-
ated with a better survival after acute myocardial infarc-
tion as well as protection from preeclampsia (PE) [14-17].
A number of epidemiological studies have to date demon-
strated the shortcomings of the smoker’s paradox theory,
indicating a greatly increased risk of future cardiovascular
events, including mortality, in current and former smokers
of both sexes compared with never-smokers [18, 19]. Phar-
macogenetic studies have, however, brought insight into
the pathophysiological mechanisms underpinning a pos-
sible paradox [20-22]. Current smoking (> 0.5 pack/day)
induces hepatic cytochrome P450 (CYP450) activation of
CYP1A2 and CYP2B6, resulting in enhanced clopidogrel
responsiveness and therapeutic benefits, while a greater
risk of high platelet reactivity and thrombotic episodes has
been noted after smoking cessation [20-22].

In line with the above observations, several reports have
similarly claimed a smoker’s paradox engendering protec-
tion against severe acute respiratory coronavirus 2 (SARS-
CoV-2)/coronavirus disease 2019 (COVID-19) [23, 24].
Gene—environmental interactions comparable to tobacco
smoke and CYP450 operative in the cardiovascular system
may be instrumentally engendering SARS-CoV-2 protec-
tion [25-30].

We conducted a PubMed literature search for publica-
tions in the English language since the start of the pan-
demic until June 2022, using combinations of the key-
words: “smoker’s paradox” and “SARS-CoV-2” and/or
“COVID-19; “nitric oxide (NO)”; “endothelial nitric
oxide (NO) synthase (eNOS)”; “renin—angiotensin—aldos-
terone system (RAAS)”; “angiotensin-converting enzyme
2 (ACE2)”; aryl-hydrocarbon receptor (AHR); and micro-
RNA-155 (miR-155). We noticed a veritable dearth of
publications, when “smoker’s paradox” or “paradox” and
“smoking” were combined with any of the other search
terms. We could not locate any publication when all search
terms were combined.

In this review, we aim therefore to present known and
novel pathophysiological explanations accounting for the
paradoxical observation that current smokers might enjoy
a serendipitous protection from contracting a SARS-CoV-2
infection [31-34]. Despite this initial paradox, once infected,
both current and even more so, former smokers, are at a
considerably higher risk for fatal COVID-19 complications
due to smoking-related associated comorbidities [31]. The
review will initially focus on NO bioavailability in the res-
piratory tract, the port of entry for SARS-CoV-2, and how
eNOS genetic polymorphisms and tobacco smoke inter-
actions may influence NO production and bioavailability.
Novel potentially protective pathways will also be discussed,
including how tobacco smoke influences CYP450, the eryth-
ropoietin receptor (EPOR), miRNA-155 (miR-155), and the
aryl-hydrocarbon receptor (AHR).
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Epidemiological data regarding smoking
and SARS-CoV-2 infection

Several studies and systematic meta-analyses have reported
a surprising but significant lower prevalence of current
tobacco smoking in receiving a positive SARS-CoV-2 naso-
pharyngeal swab test, reporting a SARS-CoV-2 infection,
and risk of hospitalization due to COVID-19 but a higher
risk ratio toward adverse COVID-19 disease outcomes [24,
31-33, 35]. A dose-response relationship for smoking sta-
tus, intensity, and duration has been described [34]. A sig-
nificant, increased risk of hospitalizations, disease severity,
and mortality from severe COVID-19 in former smokers
compared to never-smokers and current smokers has been
described and appears to be driven by the effect of age and
comorbidities [33, 35, 36]. Former smokers potentially con-
stitute an aged and burdened patient group, often forced to
quit due to clinical manifestations of their smoking habit’s
detrimental effects. In an intriguing study on a French air-
craft carrier’s isolated environment, 71% of current smokers
contracted SARS-CoV-2 vs. 80% of former and never-smok-
ers [37]. It is thus naive to say that smoking strongly protects
smokers against COVID-19 infection, but the significantly
lower prevalence of infection, especially in heavy current
smokers, justifies the effort to explain the pathophysiology
behind tobacco smoke’s paradoxical protection [37].

NO and SARS-CoV-2 infection

The vascular endothelium with its large surface area is the
site of numerous, critical, and opposing processes where
renin—angiotensin—aldosterone system’s (RAAS) central
effector molecule, Angiotensin II (Ang II), regulates the
expression of endothelial NO synthase (eNOS/NOS3) and
NO production, whereas NO downregulates the mediator of
Ang II, the Ang II type I receptor (AT1R) [38]. Ang II and
NO antagonize each other in numerous vascular processes,
and their mutual regulation intricately upholds normal and
balanced vascular hemodynamic function and barrier integ-
rity [38, 39]. Imbalances between vasodilation (NO) and
vasoconstriction (Ang II/AT1R) impair vascular tone and
disturb vascular endothelial function, predating cardiovas-
cular and renal pathology [39, 40]. NO is fundamentally
involved in maintaining this vasculoprotective balance,
sustaining a normal vascular tone, and preserving a normal
endothelial function [39, 40]. Moreover, bioavailable NO
reduces leukocyte adhesion to the endothelium and displays
important antiproliferative, antithrombotic, antioxidative,
antimicrobial, and immunoregulatory properties [39]. Apart
from eNOS and RAAS interactions, L-arginine substrate
availability, and circulating levels of asymmetric dimethyl-
arginine (ADMA: a natural analogue of L-arginine that acts
as an endogenous NOS inhibitor) also contribute to the NO

homeostasis in healthy endothelium [39, 40]. Furthermore,
numerous environmental, genetic, and immunological fac-
tors interact at the endothelial level by modulating RAAS
and vasculoprotective NO levels to mitigate or worsen
endothelial pathology [39-43]. It is, thus, evident that RAAS
and the NO system play very important roles in regulating
cardiovascular physiology and pathology, and disturbances
in their homeostasis will have severe consequences [44].
SARS-CoV-2 primarily infects numerous cell types in the
respiratory tract (e.g. alveolar epithelial cells, macrophages,
and endothelial cells (ECs)) [45]. The virus gains entry
into the host cells via its cognate receptor, the angioten-
sin-converting enzyme 2 (ACE2) receptor, which is highly
expressed in the respiratory epithelium [41, 46]. SARS-
CoV-2 infection downregulates ACE2 and impairs eNOS
activity, thereby leading to reduced NO bioavailability and
endotheliitis [42]. Crucially, ACE2 occupies a prominent
position within the RAAS mediating its cardioprotective,
vasodilatory, and anti-inflammatory effects through Angio-
tensin (Ang) 1-7 and the Ang II type 2 receptor (AT2R),
thus, effectively counterbalancing the vasoconstrictive and
pro-inflammatory actions of ACE/Ang II/ATI1R axis [47].
As ACE2 is also extensively expressed in the heart, kidney,
intestine, and the vascular endothelium that virtually trav-
erses every organ in the human body, SARS-CoV-2, thus,
displays significant vascular tropism and avidly infects ECs
everywhere, rendering COVID-19 a disease of the vascula-
ture and endothelium [41, 46]. A dysregulated RAAS due to
SARS-CoV-2-induced ACE2 reduction and unfettered Ang
II/AT1R axis action, along with decreased NO-mediated
endothelial protection, will have widespread cardiovascu-
lar implications in the form of endotheliitis, endothelial
dysfunction, and vasculopathy, hyperinflammation, and
cytokine storm in COVID-19 [41, 42, 48]. NO’s robust
viricidal properties, as described in SARS-CoV-1/2, will be
impeded when its generation and bioavailability is impaired
[49, 50]. Thus, increased NO bioavailability in the airways
has the mechanistic potential to inhibit SARS-CoV-1/2
infection [49]. In vitro studies during the first SARS epi-
demic showed that S-nitroso-N-acetylpenicillamine (SNAP),
an NO donor compound, inhibited SARS-CoV-1 infection,
while similar results were observed for SARS-CoV-2 with
mitigation of its replication [49, 51]. It has been reported
that NO mechanistically inhibits i) fusion of the nascently-
expressed SARS-CoV-1/2 spike (S)-protein to ACE 2 by
decreasing its palmitoylation and ii) hinders the early pro-
duction of viral RNA, both processes being critical in con-
trolling membrane fusion and virion infectivity [49, 50].
Increased NO bioavailability locally in the respiratory tract
could be mediated transiently via inhaled tobacco smoke
[52] and/or through tobacco smoke modulation of endog-
enous NO generation through eNOS induction (vide infra,
Fig. 1) [53]. The magnitude of this effect will depend on
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Fig. 1 Schematic representation of tobacco smoking effects on patho-
physiological pathways with potential to engender protection against
SARS-CoV-2 infection. Angiotensin-converting enzyme (ACE) 2;
angiotensin II type 1 receptor (AT1R); arginase 2 (Arg2); aryl-hydro-
carbon receptor (AHR); cigarette smoke extract (CSE); cytochrome
P450 1A2 (CYP1A2); endothelial nitric oxide (NO) synthase
(eNOS); erythropoietin receptor (EPOR); microRNA-155 (miR-155);
nitric oxide (NO); nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB); polycyclic aromatic hydrocarbons (PAH); and
severe acute respiratory coronavirus 2 (SARS-CoV-2). Downward
pointing arrows and boxes denote downregulation and inhibition.
Upward pointing arrows denote upregulation

smoking habit duration and intensity, as well and on eNOS
polymorphism status, comorbidities, and their pharmaco-
logical treatment [53].

Acute tobacco smoke inhalation effects
on pulmonary NO

Tobacco smoking due to smoke inhalation is intrinsically
associated with immediate and delayed effects on pulmo-
nary physiology such as increased susceptibility to bacterial,
fungal, and viral infections, chronic obstructive pulmonary
disease, and neoplasia [2]. Cigarette/tobacco smoke is one of
the strongest oxidants known and induces complex defense
mechanisms in the respiratory tract to adapt and survive
both the acute and the chronic oxidative stress imposed by
habitual smoking. Chambers et al. investigated the concen-
tration of NO in the lower respiratory tract (LRT) of smokers
and reported consistent NO increases at 1 and 10 min after
smoking a cigarette, probably due to trapping in the epithe-
lial lining fluid (ELF) [52]. Both existing and exogenously
added NO in the LRT will more avidly react in the ELF with
oxygen and thiols to form peroxynitrite and S-nitrosothiols,
respectively, before being taken up by the pulmonary capil-
laries [52]. Moreover, other researchers have reported that
inhaled NO is not systemically absorbed from the inhaled
tobacco smoke but indeed stays entrapped in the ELF of the
LRT contributing to the increase in NO bioequivalent forms
[54]. Those NO bioequivalent forms are much less reactive
than NO but still serve as sources of NO, retain NO-like bio-
logical activity, and are similarly microbicidal and bioavail-
able [39]. NO bioequivalent forms in the respiratory tract
epithelium formed after tobacco smoke inhalation could thus
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serendipitously shield the host from SARS-CoV-2 particles
in aerosol droplets (vide supra), possibly engendering pro-
tection from infection [54]. It is unclear whether differences
in NO yields of different tobacco products are of importance
[55]. Moreover, smokers tend to either smoke in groups in
designated enclosed smoking areas, where sidestream and
second-hand smoke is also inhaled, or alone outdoors indi-
rectly enforcing social distancing [37, 56-58]. The former
practice might lead to additional increases in inhaled NO,
while the latter may reduce SARS-CoV-2 exposure.

The above process may be a highly efficient mechanism
by which NOs modulate their biological effects through
more stable bioequivalents in the acute setting. Further-
more, it is believed that the magnitude of the change in
the LRT NO concentration following acute oxidant stress
(between cigarettes) reflects the pulmonary antioxidant
capacity to restore normal pulmonary homeostasis [52].

Canonical NO generation via the eNOS: genetic
polymorphism effects

With chronic tobacco smoke exposure in habitual healthy
smokers other mechanisms involving upregulation and
induction of numerous antioxidant enzymes, NO-gener-
ating pathways and detoxification systems are called into
play to withstand the continuous and chronic oxidant chal-
lenge smoking represents. A critically important cellular
response to tobacco smoke is through its effect on the
eNOS enzyme.

Three distinct NO synthases (NOS) encoded by their
respective genes, neuronal NOS (NOSI or nNOS), induc-
ible NOS (NOS?2 or iNOS), and endothelial NOS (NOS3 or
eNOS: major isoform regulating vascular function) catalyze
the conversion of L-arginine to citrulline and produce NO
[39]. For the NOS enzyme to be functional, enzyme dimeri-
zation, in the presence of various co-factors including flavin
adenine dinucleotide, flavin mononucleotide, calmodulin,
tetrahydrobiopterin (BH4), zinc, and iron protoporphyrin IX
(heme), is required [40]. Tobacco smoke can disturb some of
these co-factors resulting in eNOS uncoupling and reduced
NO generation in the long term [59].

An additional layer of complexity in NO genera-
tion is added by the presence of NOS3 genetic polymor-
phisms [60]. Commonly researched eNOS polymorphisms
include rs1799983 (G894-T, Glu298Asp), rs2070744 in
the promoter region (T786-C), and rs61722009 with a rare
4 %27 bp repeat and a common 5 X 27 bp repeat allele in
intron 4 (VNTR4a/4b) (Table 1) [43, 60].

Genotype-based simulations have indicated that the com-
bined effect of NOS3 genetic polymorphisms contribute to a
30.5% variability in NO production [61]. Haplotype-based
association studies more appropriately evaluate inter-locus
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Table 1 NOS3 genetic
polymorphisms and their

effects on eNOS activity and
expression

NOS3 genetic polymorphism effects rs1799983 rs2070744 rs61722009
(G894-T) (T786-C) (VNTR4a/4b)

Decreased eNOS availability, activity, T-allele

NO production (Asp)

Reduced eNOS transcriptional C-allele

activity and expression

Increased sirRNA, reduction in eNOS expression 4b-allele

5x27 bp repeats

Asp aspartate; eNOS endothelial nitric oxide (NO) synthetase; NOS3 NO synthase 3; sirRNA short intronic

repeat RNA

interaction effects present in in vivo human phenotypic
expression, demonstrating up to fourfold NO generation
variability, are modifiable by ethnicity, pharmacological
interventions, and additionally influenced by cigarette smoke
(CS) [60]. eNOS-mediated NO effects through induction of
gene expression would be requiring a longer time frame as
maximal induction takes hours, and necessitate habitual
tobacco smoking [52].

Delayed pleiotropic tobacco smoke effects on eNOS:
the role of genetic polymorphisms

Functional in vitro assays of different NOS3 genetic poly-
morphisms have revealed differential effects in eNOS tran-
scription efficiency both as single alleles and as haplotypes
[53]. Those variations were further increased when ciga-
rette smoke extract (CSE) was added to the culture media
of the single rs2070744 T- and C-alleles [53]. CSE dou-
bled the transcription efficiency of the rs2070744 T-allele
versus itself without CSE and versus the C-allele [53].
Furthermore, CSE significantly increased eNOS promoter
rs2070744 T-allele transcription efficiency, especially in
the presence of the rare rs61722009 4 x 27 bp repeats [53].
A marginal, non-significant decrease was observed when
the rs2070744 C-allele was combined with either 4 X or
5% 27 bp repeats in the presence of CSE [53]. It appears
thus that tobacco smoke may affect the functionality of the
eNOS promoter and stimulate increased transcription effi-
ciency possibly leading to increases in NO generation, at
least when the eNOS has not yet been uncoupled or other-
wise adversely affected by a smoking habit of long duration.
If we extrapolate Wang et al. in vitro findings into in vivo
human phenotypic expression, a non-smoking rs2070744
T/rs61722009 5 %27 bp homozygote would have between
2 and 5 times lower eNOS levels compared to any other
non-smoking or smoking homozygotes, respectively [53].
The greatest return of tobacco smoke effect with doubling
of eNOS levels was observed with the haplotype combi-
nation rs2070744 T-allele/rs61722009 4 x 27 bp repeats.
However, eNOS transcription efficiency and eNOS protein
levels do not always lead to an expected eNOS activity

increase as demonstrated in an earlier study by Wang et al.
[62]. While they could not identify any interaction with the
tobacco smoke and rs1799983 or rs2070744, they found that
smoking modestly increased eNOS enzyme activities in the
5/5 X 27bps homozygotes and downregulated them in the
rare 4 X 27 bp repeats. It remains to be explained how pro-
tein levels and enzyme activities are related [62]. Additional
studies have demonstrated significant combined effects of
smoking, drinking, and the rs1799983 (T-allele) polymor-
phism of the NOS3 gene on blood pressure in Chinese male
hypertensive subjects [29]. These observations, albeit con-
tradictory at times, provide important evidence that tobacco
smoking may significantly modify molecular and genetic
mechanisms to generate pleiotropic biochemical effects that
potentially impact on the risk for SARS-CoV-2 infection
in smokers. Haplotype-based association studies and eNOS
enzyme activity measurements will be needed to confirm
possible associations.

Alternative (non-canonical) NO generation
pathways relevant to tobacco smoke

The endothelium-dependent, CYP450-mediated NO release
from nitrate may serve as a compensatory mechanism to
restore NO availability during endothelial dysfunction
when the canonical eNOS pathway is compromised [39].
The CYP1A2 comprises 10% of the liver CYP450 [20]. The
CYP1A2 (- 163C> A) A allele (AA and AC genotypes)
is prone to induction through tobacco smoke, resulting in
higher CYP1A2 metabolic activity and is responsible for
increased clopidogrel responsiveness, thus accounting for a
smoker’s paradox in certain smokers [20]. It is conceivable
that increased NO generation and bioavailability through this
non-canonical pathway could contribute to and enhance an
NO-mediated SARS-CoV-2 protection (Fig. 1). As approxi-
mately 80% of the world population carries the AA + AC
genotypes, it is expected that a great majority of individuals
would be susceptible to the effect of smoking [20].
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Erythropoietin (EPO) and its receptor (EPOR)
in smokers

Tobacco smoke’s carbon monoxide hypoxia-inducing capac-
ity is well-known and despite lower EPO levels compared
to non-smokers, current smokers exhibit secondary poly-
cythemia due to increased expression of the EPOR [63, 64].
Together with the B-common receptor (fcR), the EPOR
is also an integral part of the tissue protective receptor
(TPR) through which EPO exerts its non-hematopoietic tis-
sue protective actions via eNOS [65]. Increased shearing
stress (known to activate eNOS [39]) on the endothelium
due to increased blood viscosity in secondary polycythemia
along with EPOR-mediated eNOS activation might result in
increased SARS-CoV-2 protective NO generation and bio-
availability (Fig. 1).

The importance of the EPOR-mediated eNOS activation
is exemplified in schizophrenia (SCZ) where up to 75% of
patients are smokers and smoke more cigarettes per day than
do smokers in the general population [66]. However, a four-
fold increase in COVID-19 mortality has been reported in
SCZ, thus contradicting a smoker’s paradox [67]. We have
postulated that this great increase in COVID-19 mortality
may be due to B-cytokine and fcR polymorphisms, previ-
ously described in SCZ [67]. Perturbations in the fcR would
impair and negate EPO/EPOR’s neuro-, cardio-, reno-, and
potentially SARS-CoV-2-protective effects through the
TPR. This is because the fcR and the EPOR are integral
parts of the TPR and essential in the formation of an active
BcR-EPOR-eNOS complex needed to result in protective
increased NO generation and bioavailability [65].

microRNA-155

microRNAs (miRNAs) are 18-25 nucleotide long, small,
non-coding one-stranded RNA molecules that can target and
silence around 60% of all human genes through translational
repression [68]. miRNA-155 (miR-155) is an ancient, evo-
lutionarily well-conserved miRNA and a key modulator of
both innate and adaptive immune responses, with critical
roles in viral and parasitic infections [69]. miR-155 targets
over 140 genes involved in numerous physiological and
pathological processes including hematopoietic lineage dif-
ferentiation, immunity, inflammation, cancer, cardiovascu-
lar diseases, diabetes, and particularly viral infections [69].
Increased expression of miR-155 in the lungs of smokers
without airflow limitation and patients with mild-to-mod-
erate COPD as well as in the lungs of CS-exposed mice
has been reported [70]. Interestingly, miR-155 targets the
AGTRI gene that encodes the AT1R, the key pro-inflam-
matory receptor in the RAAS, whereby its repression can
mitigate Ang II’s pro-inflammatory actions and its cytokine
storm causing potential (Fig. 1) [69, 71]. The carriers of
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the AT1R + 1166C-allele of the rs5186 polymorphism—that
is unresponsive to miR-155’s AT1R repressive effects—
demonstrate increased oxygen dependency and severity of
COVID-19 compared to the A allele carriers [72]. Impor-
tantly, SARS-CoV-2-spike 1 protein (S1)-ACE2 complex is
internalized through an AT1R-dependent endocytosis, thus
reduced ATIR membrane presence through miR-155-in-
duced ATIR repression could theoretically directly inhibit
further SARS-CoV-2 cell entry [73]! Elevated basal miR-
155 levels in smokers and COPD potentially create a more
advantageous environment at the time of the initiation of
SARS-CoV-2 infection, in theory creating a SARS-CoV-2
cell entry barrier. Moreover, arginase 2 (Arg2), another
direct target for miR-155, when repressed prevents the deple-
tion of L-arginine, the obligate substrate of eNOS, leading
to improved substrate availability and additional increases
in NO production and NO bioavailability, further aiding the
above-mentioned NO antiviral actions [74].

Aryl-hydrocarbon receptor (AHR) signal mediated
ACE2 expression modulation

Among the multitude of gases and chemical compounds
in cigarette smoke are polycyclic aromatic hydrocarbons
(PAHs) that can bind to and activate the AHR (Fig. 1) [17,
75]. PAHs may also explain the paradoxical effects of ciga-
rette use on PE through AHR-dependent immunosuppressive
effects on the mother and the placenta [17]. Furthermore,
PAH-induced AHR activation significantly reduces ACE2
expression (both at the mRNA and protein level) in vitro
in numerous CSE-treated cell lines and COPD, resulting in
suppression of internalization and decreased replication of
SARS-CoV-2 [75-77]. Concurrent increase in CYP1AI,
a well-known AHR target gene was noted after treatment
with CSE and AHR agonists confirming AHR activation
[75]. Other researchers have demonstrated contradictory
findings resulting from the observed AHR upregulation in
SARS-CoV-2 infection [78, 79]. SARS-CoV-2 appears to
employ AHR induction as a means to evade host immune
response and contribute to the lung pathogenesis of COVID-
19, possibly through upregulation of ACE2 expression [78,
79]. Clearly, more studies are needed to elucidate AHR’s
role in SARS-CoV-2. Finally, interactions between AHR
and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB), a known regulator of miR-155 expression,
may also mediate associations to miR-155 and hint to the
possible involvement of NF-kB/miR-155 axis in SARS-
CoV-2 infection and COVID-19 immunopathology (Fig. 1)
[78, 80].
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Conclusion

Our review highlights known environmental (NO bio-
availability in the LRT) and novel genetic mechanisms
(tobacco smoke effects on eNOS and CYP450 polymor-
phisms, EPOR activation, miR-155 and AHR) that may
independently and/or jointly contribute to a transient and
serendipitous SARS-CoV-2 protection (Fig. 1). Despite an
eNOS induction in genetically predisposed smokers, and
initially increased NO bioavailability, chronic tobacco use
will ultimately lead to eNOS uncoupling [59]. Uncoupled
eNOS markedly contributes to oxidative stress in vascu-
lar tissue through generation of reactive oxygen species
instead of protective NO [39, 40, 59]. In addition, miR-
155’s pleiotropic effects, potentially transiently protective
against SARS-CoV-2, will ultimately turn detrimental
as its effect in COPD is pro-inflammatory and promotes
emphysematous changes [70]. The net effects on NO bio-
availability and the immune system through the above
described acute and delayed mechanisms are short-lived
and will gradually become irrelevant, as smoking, being
the most potent common oxidant challenge encountered by
the human respiratory tract, will always damage the arte-
rial endothelium and wall, and invariably result in dismal
cardiovascular, hematological, and respiratory patholo-
gies, ultimately predisposing for a lethal COVID-19 dis-
ease course [64, 81].

Haplotype-based eNOS genetic studies and eNOS activ-
ity measurements would be required to elucidate the effect
of smoking in SARS-CoV-2 infected patients. In addition,
genetic polymorphism studies of relevant RAAS molecules
and CYP450 would be necessary as those genetic variants
also significantly modify eNOS effects, pharmacological
interventions in smoking-related comorbidities, and ulti-
mately COVID-19 disease prognosis [47]. AHR and miR-
155 studies are clearly needed to further elucidate their inter-
actions. Innovative SARS-CoV-2 treatments involving AHR
agonism and miRNA modulation could also be developed.

In the end, there’s no free lunch. Life choices always
matter, and tobacco smoking remains the leading cause of
death, illness, and impoverishment. Responsibility must be
accepted for mistreating our endothelial cells with tobacco
smoke, high sugar, high lipids, high blood pressure, and a
sedentary lifestyle devoid of physical exercise [82]. While
NO bioavailability increase and beneficial immunoregula-
tory modulations that arise through exogenous, endogenous,
genetic, and/or therapeutic modalities may have direct and
specific SARS-CoV-2 viricidal effects, NO supply from
tobacco smoke inhalation equals self-harm [83]. A seren-
dipitous paradoxical SARS-CoV-2 avoidance of infection in
smokers will ultimately set the stage for future lethal pulmo-
nary, cardiovascular, and neoplastic sequelae. The smoker’s

paradox is in believing that smokers can avoid tobaccos’
lethality.
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