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Abstract

A novel coronavirus known as severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is a potential cause of
acute respiratory infection called coronavirus disease 2019 (COVID-19). The binding of SARS-CoV-2 with angiotensin-
converting enzyme 2 (ACE2) induces a series of inflammatory cellular events with cytopathic effects leading to cell injury
and hyperinflammation. Severe SARS-CoV-2 infection may lead to dysautonomia and sympathetic storm due to dysfunction
of the autonomic nervous system (ANS). Therefore, this review aimed to elucidate the critical role of the cholinergic system
(CS) in SARS-CoV-2 infection. The CS forms a multi-faceted network performing diverse functions in the body due to its
distribution in the neuronal and non-neuronal cells. Acetylcholine (ACh) acts on two main types of receptors which are
nicotinic receptors (NRs) and muscarinic receptors (MRs). NRs induce T cell anergy with impairment of antigen-mediated
signal transduction. Nicotine through activation of T cell NRs inhibits the expression and release of the pro-inflammatory
cytokines. NRs play important anti-inflammatory effects while MRs promote inflammation by inducing the release of pro-
inflammatory cytokines. SARS-CoV-2 infection can affect the morphological and functional stability of CS through the
disruption of cholinergic receptors. SARS-CoV-2 spike protein is similar to neurotoxins, which can bind to nicotinic acetyl-
choline receptors (nAChR) in the ANS and brain. Therefore, cholinergic receptors mainly nAChR and related cholinergic
agonists may affect the pathogenesis of SARS-CoV-2 infection. Cholinergic dysfunction in COVID-19 is due to dysregulation
of nAChR by SARS-CoV-2 promoting the central sympathetic drive with the development of the sympathetic storm. As
well, nAChR activators through interaction with diverse signaling pathways can reduce the risk of inflammatory disorders
in COVID-19. In addition, nAChR activators may mitigate endothelial dysfunction (ED), oxidative stress (OS), and associ-
ated coagulopathy in COVID-19. Similarly, nAChR activators may improve OS, inflammatory changes, and cytokine storm
in COVID-19. Therefore, nAChR activators like varenicline in virtue of its anti-inflammatory and anti-oxidant effects with
direct anti-SARS-CoV-2 effect could be effective in the management of COVID-19.
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Introduction

A novel coronavirus known as severe acute respiratory syn-
drome CoV type 2 (SARS-CoV-2) is the potential cause of
acute respiratory infection called coronavirus disease 2019
(COVID-19). SARS-CoV-2 uses specific receptors for entry
to human cells; one of the most predominant receptors is an
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angiotensin-converting enzyme type 2 (ACE2) (Al-Kuraishy
et al. 2021b) as shown in Fig. 1. The binding of SARS-
CoV-2 with ACE2 leads to a series of inflammatory cellular
events with cytopathic effects causing cell injury and hyper-
inflammation. ACE?2 is largely distributed and expressed in
diverse cellular systems, including enterocytes, cardiomyo-
cytes, pulmonary alveolar cells, neurons, and testes (Mou-
barak et al. 2021).

The clinical presentation of COVID-19 is mainly asymp-
tomatic or presented with mild symptoms in 85% of cases.
However, 15% of COVID-19 patients presented with moder-
ate to severe form due to the progress of acute lung injury
(ALI). As well, 5% of COVID-19 patients may be critical
and require supported ventilation due to the development of
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Fig. 1 Binding of SARS-CoV-2
to ACE2 receptors
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acute respiratory distress syndrome (ARDS) (Al-Kuraishy
et al. 2021a). The clinical presentation of COVID-19 has
been reported to be considerably different among types
and subtypes of SARS-CoV-2 infection. The relationship
between SARS-CoV-2 genetic specificities among vari-
ants and clinical presentation is scarce (Al-kuraishy et al.
2022c). One variant with a deletion (A382) in the open read-
ing frame 8 has been associated with milder infections in
Singapore and may have played a role in the very low case
fatality rate in this country. Spike mutation D614G which
probably occurs in China before its diffusion in Europe is
associated with a decreased age of COVID-19 patients pos-
sibly due to an increased viral load in younger patients. The
N501Y mutation is associated with adaptation to rodents, for
instance, mice, and may increase SARS-CoV-2 spike protein
binding to ACE2 because of conformational changes, thus
increasing its transmissibility. The role of A69/A70 on the
spike protein is also potentially involved in the increased
transmissibility (Al-Thomali et al. 2022). As well, the
Gamma variant of SARS-CoV-2 infection was coincident
with an increased COVID-19 incidence in younger patients
(Luna-Muschi et al. 2022). The increase in the proportion
of COVID-19 cases caused by the Gamma variant in early
2021 was temporally associated with the beginning of the
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vaccination campaign in Brazil. This context raised the con-
cern that the Gamma variant could evade previous SARS-
CoV-2 immune response (Goller et al. 2022). A retrospective
study and comparative analyses revealed significant differ-
ences between recorded symptoms of BA.2 and BA.5 SARS-
CoV-2 variants in infected individuals and found strong cor-
relations of associations between symptoms. In particular,
the symptoms chills or sweating, freezing, and runny nose
were more frequently reported in BA.2 infections. In con-
trast, other clinical symptoms appeared more frequently in
Omicron infections with BA.5. However, there was no evi-
dence that BA.5 has higher pathogenicity or causes a more
severe course of infection than BA.2. (Kopariska et al. 2022).
These findings highlighted the difference in the clinical pres-
entation of SARS-CoV-2 and its variants.

SARS-CoV-2 is highly identical to other CoVs like SARS
and the Middle East Respiratory Syndrome CoV (MERS-
CoV) and shares 80% and 60% genomic similarity corre-
spondingly. In addition, SARS-CoV-2 is highly similar at
the genomic level to bat CoV (96% similarity percentage)
(Babalghith et al. 2022). Nevertheless, SARS-CoV-2 has
20 times higher binding affinity to ACE2 than other CoVs.
ACE2 is a peptidase that metabolizes vasoconstrictor angio-
tensin II (Ang II) to the vasodilators Angl-7 and Angl-9
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(Halder and Lal 2021). Consequently, downregulation of
ACE2 during SARS-CoV-2 infection induces vasocon-
striction and development of endothelial dysfunction (ED),
oxidative stress (OS), and inflammatory disorder SARS-
CoV-2-induced OS triggers activation of different signaling
pathways which counterbalances this type of complication
(Moran et al. 2019). It has been shown that severe SARS-
CoV-2 infection may lead to dysautonomia and sympathetic
storm due to dysfunction of the autonomic nervous system
(ANS). In this context, Tizabi et al. (2020) hypothesized that
nicotinic CS including nicotinic receptor agonists and par-
tial agonists could be beneficial in COVID-19 management.
Thus, nicotine, nicotinic receptor agonists, or positive modu-
lators of these receptors may be of therapeutic potential in a
variety of diseases including countering at least some of the
harms of COVID-19. A review of the latest research recently
conducted by Kopariska et al. (2022) regarding disorders of
CS in COVID-19 showed that the presence of the SARS-
CoV-2 virus disrupts the activity of the CS, for example,
causing the development of myasthenia gravis or a change
in acetylcholine (ACh) activity (Kopanska et al. 2022). The
SARS-CoV-2 spike protein has a sequence similar to neuro-
toxins, capable of binding nicotinic acetylcholine receptors
(nAChR). Nicotine and caffeine have similar structures to
anti-viral drugs, capable of binding ACE 2 epitopes that are
recognized by SARS-CoV-2, with the potential to inhibit the
formation of the ACE 2/SARS-CoV-2 complex. The block-
ing is enhanced when nicotine and caffeine are used together
with anti-viral drugs (Tizabi et al. 2020). These recent stud-
ies confirmed that SARS-CoV-2 infection adversely affects
CS. However, the mechanistic role of CS against inflam-
matory signaling pathways in COVID-19 and how nAChR
modulators affect the pathogenic role of SARS-CoV-2 infec-
tion need to be elucidated. Therefore, this review aimed to
clarify the critical role of CS and its modulators in SARS-
CoV-2 infection.

Cholinergic system

CS is one of the main parts of ANS that regulate differ-
ent body functions including memory, cognitive function,
sensation, digestive, cardiovascular, and sexual performance
(Moran et al. 2019). ACh is the main neurotransmitter of
CS that is synthesized from choline by the action of ACh
acyltransferase (ChAT) which is mainly found in the cholin-
ergic neurons. ChAT is also expressed in non-neuronal cells
including immune cells and splenic cells serving as a major
source of extra-neuronal ACh (Jackisch et al. 2009). ACh is
metabolized by ACh esterase (AChE) which is found in two
forms; true AChE is found in the neurons and neuromuscu-
lar junction (NMJ) while pseudo AChE is present mainly
in plasma, and can metabolize other agents like procaine

(Moran et al. 2019). AChE inhibitors like neostigmine and
physostigmine improve cholinergic neurotransmission in the
brain and NMJ (Jackisch et al. 2009).

Certainly, ACh acts on two main types of receptors which
are either nicotinic or muscarinic. NRs are ion channels con-
sisting of 4 subunits («, B, y, and &) which are bound in
different ratios around the channel central pore (Jackisch
et al. 2009). NRs are present either as homomers or heter-
omers. Human NR a3p4 type which is present in the brain
and autonomic ganglions is known as neuronal NR (nNR).
However, NRs present in the NMJ are known as muscular
NRs (mNRs) (Bekdash 2021).

The MRs are metabotropic receptors, which have seven
trans-membrane subunit G-protein-coupled receptors, and
respond to both muscarine and ACh. There are five types
of MRs. The M1, M3, and M5 receptors mediate activation
of phospholipase C, while M2 and M4 act via inhibition of
adenylate cyclase with reduction of cAMP (Bekdash 2021).
Depending on the physiological distributions of MRs, these
receptors provoke many signal transductions in a tissue-spe-
cific manner. M1 is present mainly in the brain, M2 in the
heart, and M3 in the exocrine glands and intestines. The M3
muscarinic receptor is clinically significant in the bladder,
airway, eye, and blood vessels in addition to exocrine glands
and intestines. M4 and MS are distributed non-specifically
but mainly in the brain (Jackisch et al. 2009).

Cholinergic system and inflammation

The CS forms a complex network that performs different
functions in the body due to its distribution in the neuronal
and non-neuronal cells (Yuan et al. 2019). Immune cells
have a full machinery system for the synthesis and release
of ACh. It has been reported that ACh affects the immune
cells in paracrine and autocrine manners (Cox et al. 2020).
Different studies revealed that ACh level is elevated in vari-
ous diseases including periodontal diseases, chronic obstruc-
tive airway diseases, ischemic stroke, and atopic dermatitis
(Yuan et al. 2019). However, the ACh level is reduced in
neurodegenerative-associated inflammatory reactions like
multiple sclerosis and vascular dementia. Moreover, ChAT
is expressed constitutively in B and T cells, macrophages,
and mononuclear lymphocytes. Notably, immunological
activation induces transcription of ChAT in the immune
cells. ChAT is also expressed in the lung alveolar epithelial
cells and lung macrophages. Therefore, ChAT agonists and
antagonists used in various neurological disorders may affect
the immune cells (Nizri et al. 2006).

Furthermore, ACh is highly expressed in lymphocytes,
macrophages, and dendritic cells. It has been shown that
the AChE serum level was increased in irritable bowel syn-
drome, liver cirrhosis, multiple sclerosis, and Alzheimer’s
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disease (Snider et al. 2018). AChE inhibitors like rivastig-
mine, galantamine, and donepezil may affect autoimmunity
and inflammation. Nizri et al. (2006) found that rivastigmine
can reduce neuroinflammation and immune reactions.

Indeed, choline transporters (ChTs), which are expressed
in the macrophages, microvascular cells, and immune cells,
have a significant immunomodulatory effect (Leite et al.
2016). Of note, vesicular ACh transporters (VAChTs) are
involved in the storage of ACh. Alterations of VAChTs
are linked with the release of pro-inflammatory cytokines
including tumor necrosis factor-alpha (TNF-a), interleukin
1-beta (IL-1p), and interleukin 6 (IL-6) (Leake 2019). The
exact functions of VAChTs in the immune cells were not elu-
cidated. The experimental study demonstrated that choline
uptake is necessary for macrophage activation and IL-1p-
mediated inflammation (Leake 2019; Hernandez et al. 2013).

ACh released from the vagus nerve and via its action
on the NRs attenuates the release of the pro-inflammatory
cytokine from activated macrophages but does not affect
the release of the anti-inflammatory interleukin, IL-10. In
endotoxemia, stimulation of the vagus nerve prevents the
development of homeostatic disturbance (Hong et al. 2019).
However, vagus nerve stimulation fails to attenuate inflam-
matory reactions in NR knockout mice which develop exag-
gerated immune response and release of pro-inflammatory
cytokine (Hampel et al. 2018). In addition, vagus nerve
stimulation inhibits the release of TNF-a which is mediated
by endotoxemia. Atropine administration does not reduce
the anti-inflammatory effect of vagus nerve stimulation as
it is mainly mediated by NRs. Despite these findings, cen-
tral MRs have anti-inflammatory effects through the vagus
nerve (Kabata and Artis 2019). Thus, the spleen represents
the connecting point between the CNS and the peripheral
immune system. Experimental stimulation of the hypothala-
mus triggers anti-inflammatory effects in the spleen (Huston
et al. 2006).

Cholinergic receptors and immune cells

NRs are involved in the regulation of immune cells; ACh
generated at the microenvironment stimulates these recep-
tors with subsequent regulation of the proliferation and
activation of T cells. In vitro studies demonstrated that the
administration of nicotine blocks the activation of T cells
through the inhibition of cytotoxic T lymphocyte-associated
protein 4 (CTLAP4) (De Rosa et al. 2009). As well, NRs
induce T cell anergy with impairment of antigen-mediated
signal transduction. Nicotine through activation of T cell
NRs inhibits the expression and release of pro-inflamma-
tory cytokines. Thus, a7nAChR antagonists like methylly-
caconitine and bungarotoxin accelerate T cells’ proliferative
response. A previous study revealed that nicotine attenuates
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the experimental autoimmune encephalomyelitis in mice
through the polarization of T cells toward anti-inflamma-
tory IL-4-producing T cells. Nicotine-induced activation of
oa7nAChR on the T cells promotes the proliferation of anti-
inflammatory regulatory T cells (Pan et al. 2021).

Notoriously, NRs are essential for the maturation and
proliferation of B lymphocytes within the spleen and other
lymphoid organs. An experimental study revealed that NR
knockout mice experienced noteworthy depletion of circu-
lating B lymphocytes with a reduction of IgG-producing
cells (Koval et al. 2018). NRs promote the proliferation and
activation of B lymphocytes as well as immune-mediated
interaction. Further, NRs inhibit the activation of dendritic
cells (DC); thus, nicotine-treated DCs cannot activate T cells
and produce pro-inflammatory cytokines. As well, NR ago-
nist induces a robust anti-inflammatory effect in mice with
collagen-induced arthritis by inhibiting the expression of
CDS80 on the DC surface (Kanauchi et al. 2022). However,
ACh-treated DCs trigger the release of chemokines which
promote the recruitment of Th2 cells at the site of inflamma-
tion (Gori et al. 2019). ACh-treated murine DCs increased
the lung inflammation through the MR-dependent pathway
in mice (Gori et al. 2019). In addition, ACh-treated DCs
trigger the expression of anti-inflammatory peroxisome pro-
liferator-activated receptor gamma (PPRA-y) which favors
the Th2 lineage through modulation of the balance of Th1/
Th2 (Nouri-Shirazi et al. 2015). Notably, activation of NRs
on the immature DCs enhances the expression of costimula-
tory CD80 and CD86 which accelerate the proliferation of T
cells (Nouri-Shirazi et al. 2015).

Moreover, activation of NRs on the macrophages attenu-
ates the release of the pro-inflammatory cytokines. NR
knockout mice experience high levels of pro-inflammatory
cytokines compared to wild-type mice (Fujii et al. 2007).
A previous study conducted by Borovikova et al. (2000)
found that ACh attenuates LPS-induced activation of human
macrophages, preventing the release of pro-inflammatory
cytokines. In addition, NR activation by vagus nerve stimu-
lation hampers systemic inflammation. It was illustrated that
nicotine through activation of NRs promotes the expression
of IL-1 receptor-associated kinase M (IRAK-M) a nega-
tive regulator of TLR4, leading to potent anti-inflammatory
effects (Youssef et al. 2021).

On the neutrophils, NRs negatively regulate recruitments
and maturations of neutrophils at the site of inflammation. It
has been reported that the administration of nicotine inhibits
the expression of CD11b molecules on the surface of neu-
trophils through suppression of actin polymerization with
subsequent inhibition of neutrophil recruitments. NR ago-
nists block the interaction between monocytes and endothe-
lial cells through suppression of the expression of adhesion
molecules (Wu et al. 2022). Moreover, NR agonists attenu-
ate mast cell activation with the inhibition of the release of
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pro-inflammatory cytokines and leukotrienes. In addition,
NR agonists reduce the interaction and affinity of IgG on the
surface of mast cells (Kutukova and Nazarov 2020).

Regarding the effects of MRs, it has been shown that neu-
trophil chemotactic is mediated by MR activation; thus, tio-
tropium, a selective M3R antagonist, blocks this interaction.
As well, M3R participates in the induction of immunothrom-
bosis due to the generation of NET formation. Blocking of
M3R prevents release of pro-inflammatory cytokines (Lo
et al. 2018). Profita et al. (2012) observed that sputum from
smoker patients with chronic obstructive airway disease had
a higher concentration of ACh and TGF-f1, and depletion of
TGF-P1 reduces the expression of MRs on the lung epithe-
lial cells. In addition, vagal-induced bronchoconstriction is
mediated MR3 activation and expression of TNF-a (Profita
et al. 2012). It has been demonstrated that MR agonist car-
bachol augments the phagocytosis in the peritoneal mac-
rophages. However, activation of M1-M3 induces prolifera-
tion of macrophages while activation of M1-M?2 induces
activation of prostaglandin E2 through stimulation expres-
sion of protein kinase C (Profita et al. 2012).

These findings suggest that NRs play important anti-
inflammatory effects while MRs promote inflammation by
inducing the release of pro-inflammatory cytokines.

Clinical significance

The vagus nerve plays a critical role in the modulation of
innate immune response and blood pressure control (Tracey
2009). Vagus nerve activity is reduced in response to hyper-
inflammation and cytokine storm as in sepsis, systemic lupus
erythematosus, and rheumatoid arthritis. Vagus nerve stimu-
lation inhibits the release of pro-inflammatory cytokines in
various inflammatory disorders (Yang et al. 2022). Notably,
H,-blocker famotidine, through vagus nerve stimulation,
inhibits the development of pro-inflammatory cytokines.
Because evidence is lacking for a direct anti-viral activity
of famotidine, a proposed mechanism of action is blocking
the effects of histamine released by mast cells (Mendez-
Enriquez et al. 2021). As well, famotidine activates the
inflammatory reflex via the brain-integrated vagus nerve
mechanism which inhibits inflammation through a7nAChR
signal transduction, to prevent cytokine storm. Intracer-
ebroventricular administration of famotidine inhibits the
release of pro-inflammatory cytokines independent of mast
cell inhibition which could be through vagus nerve stimula-
tion (Mendez-Enriquez et al. 2021). This observation con-
firmed the vagus nerve-dependent anti-inflammatory effect
of famotidine in the setting of cytokine storm which is not
replicated by high dosages of other H,R antagonists in clini-
cal use (Seyedabadi et al. 2018).

Additionally, MR agonists like methacholine trigger the
activation of inflammation and bronchial hyperresponsive-
ness through the expression of costimulatory molecules. Of
interest, M3R activation is associated with immunopatho-
genesis of B cell lymphoma and Sjogren syndrome which is
mainly mediated due formation of excitatory autoantibodies
against the parotid gland (Cox et al. 2019). An elegant study
illustrated that use of non-selective MR agonist arecoline in
the management of cognitive dysfunction led to a reduction
in the size of lymphoid organs and spleen. In contrast, the
administration of non-selective MR agonist oxotremorine
activates heat shock protein factor in rat hippocampus rats
leading to anti-inflammatory and anti-oxidant effects in mice
(Cox et al. 2019).

Taken together, ACh, NRs, and MRs have important
immunoregulatory effects in the mitigation of different
inflammatory disorders.

Cholinergic system and viral infections

ACh in virtue of its anti-inflammatory effects is known to
cause vasodilatation a marker of acute inflammation thereby
facilitating the recruitment and migration of immune cells
to the site of inflammation. MRs expressed by the endothe-
lial cells provoke the generation of nitric oxide (NO) which
induces vasodilatation. This effect is abolished by MR
antagonists, atropine, or NO inhibitors. Of note, deficiency
of T cell CAChHT in mice promotes T cell exhaustion during
viral infections. Therefore, the expression of CAChT and
ACh in the immune cells is necessary to combat viral infec-
tions (Sajjanar et al. 2016).

Remarkably, the entry of rabies virus into the host cells
is through NRs, and this may induce autoimmune disorders
and myasthenia gravis. An experimental study confirmed that
rabies virus infection is associated with specific alterations
in MRs in the brain stem and hippocampus independent of
the viral load. Of interest, a specific peptide that binds NRs
can abrogate the binding of the rabies virus to the host cells
(Sajjanar et al. 2016). Up to date, rabies virus induces sub-
stantial downregulation of nAChR with subsequent release
of pro-inflammatory cytokines (Lian et al. 2022). In addi-
tion, the persistent infection of neuroblastoma cells by the
lymphocytic choriomeningitis virus inhibits the expressions
of AChE and AChT with subsequent abnormal anti-viral
immune response. Furthermore, M2R, which is an autore-
ceptor inhibiting the release of ACh in the lung, is highly
reduced in viral infection, and associated INF release caus-
ing an increased release of ACh. However, dexamethasone
augments the expression of M2R with subsequent inhibition
release of ACh. Different human and animal model studies
observed that M3R on bronchial smooth muscles are down-
regulated by viral infections due to phosphorylation of these
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receptors by viral neuraminidases with subsequent reduction
in affinity to the ACh (Laguna Merced 2021). An experimen-
tal study illustrated that infections by influenza and parainflu-
enza viruses induce bronchial hyperreactivity by encourag-
ing the release of ACh mainly at day 3, reaches the peak at
2 weeks, and then returns to normal level in dogs through the
destruction of M2R (Pawetczyk and Kowalski 2017).

Notably, herpes virus infection can induce reactive immu-
noreactive antibodies which block NRs at NMJ leading to the
development of myasthenia gravis. Capo-Velez et al. (2018)
disclosed that the expression of «7nAChR in the immune
cells and neurons could be a possible link between the patho-
genesis of HIV-1 infection and associated cognitive dysfunc-
tion in AIDS patients (Pawelczyk and Kowalski 2017). It has
been shown that molecular mimicry between gp120 and viral
coat protein with «7nAChR may trigger the generation of
neurotoxin-affecting NRs in the NMJ with the development
of myasthenia. A clinical study involved an AIDS patient
treated with pyridostigmine which is an effective agent in
the management of under-reactive bladder and myasthenia
gravis illustrated that this drug inhibits T cell over-activity
with induction of the release of pro-inflammatory IL-10
and increases circulating CD4 level (Valdés-Ferrer et al.
2017). Furthermore, HIV-induced neuroinflammation can
affect the expression of anti-inflammatory o7nAChR on the
microglia cells. Besides, anti-retroviral drugs like indinavir
act as positive allosteric modular of this receptor but it acts
as an inhibitor for them at higher concentrations (Ekins et al.
2017). These observations suggest that «7nAChR is highly
disturbed in HIV infection and associated with the develop-
ment of neuroinflammation in AIDS patients.

These observations suggest that CS is highly distorted
during various viral infections with subsequent propagation
of pro-inflammatory response. Taken together, downregula-
tion of NRs and over-expression of MRs together with dys-
regulation of M2R in various viral infections lead to hyper-
inflammation and associated tissue injury.

Cholinergic dysfunction in COVID-19

SARS-CoV-2 infection can affect the morphological and
functional stability of the cholinergic system through the
disruption of cholinergic receptors. SARS-CoV-2 spike pro-
tein is similar to the neurotoxins that can bind nAChR in the
ANS, NMJ, and brain (Kopariska et al. 2022). Interestingly,
SARS-CoV-2 spike protein epitopes have higher similar-
ity with neurotoxins affecting nAChR (Lagoumintzis et al.
2021). Different in silico studies demonstrated that SARS-
CoV-2 spike protein interacts with nAChR through cryptic
epitopes similar to that of snake toxins (Batiha et al. 2021).

Of interest, nicotine can bind to ACE2, thus preventing the
interaction between SARS-CoV-2 and ACE2 (Al-Kuraishy
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et al. 2022b). Therefore, cholinergic receptors mainly nAChR
and related cholinergic agonists may affect the pathogenesis
of SARS-CoV-2 infection (Al-Kuraishy et al. 2021c). It
has been observed that the SARS-CoV-2 spike protein has
a higher affinity to bind nAChR and produce an antagonist
effect. Notably, SARS-CoV-2 spike protein and other pro-
teins have an identical sequence to the nicotinic receptor
antagonists indicating that SARS-CoV-2 blocks the func-
tional activity and stability of nAChR (Kloc et al. 2020).
Tizabi et al (2020) proposed that downregulation of nAChR
during SARS-CoV-2 infection promotes the release of pro-
inflammatory cytokines. This effect is due to the suppres-
sion of anti-inflammatory nAChR on the immune cells. In
turn, the pro-inflammatory cytokines inhibit the expression
and functional capacity of nAChR (Tizabi et al. 2020). This
finding suggests that nAChR are inhibited either directly by
SARS-CoV-2 or indirectly by exaggerated immune response
and high level of pro-inflammatory cytokines.

Therefore, the interaction between SARS-CoV-2 spike
protein and nAChR triggers hyperinflammation and the
development of cytokine storm in COVID-19. In addition,
dysregulation of brain nAChR in SARS-CoV-2 infection
exaggerates neuroinflammation in COVID-19 (Farsalinos
et al. 2020). Remarkably, a positive allosteric modula-
tor of nAChR ivermectin can modulate SARS-CoV-2
infection-induced dysautonomia and neuroinflammation
(Pachalska et al. 2021).

Moreover, inhibition of platelet nAChR by SARS-CoV-2
promotes platelet hyperreactivity and thrombosis a hall-
mark of COVID-19. Of note, ACh acts as an endogenous
inhibitor of platelet aggregation; thus, augmentation of
ACh and activation of platelet nAChR could be a prom-
ising option in the mitigation of SARS-CoV-2-induced
thrombosis (Farsalinos et al. 2020).

Cholinergic dysfunction in COVID-19 is due to dys-
regulation of nAChR by SARS-CoV-2 which promotes
the central sympathetic drive with the development of
sympathetic storm (Alexandris et al. 2021). In turn,
sympathetic storm triggers oxidative stress and hyper-
inflammation by increasing the generation of ROS and
release of pro-inflammatory cytokines (Al-Kuraishy
et al. 2021c). Therefore, the use of cholinergic ago-
nists or pf-adrenoceptor antagonists might be benefi-
cial in severely affected COVID-19 patients. Of note,
B-blockers are effective in the mitigation of sympathetic
and cytokine storms. Uncontrolled sympathetic activa-
tion in COVID-19 is due to the inhibition of counterbal-
ance CS. Therefore, activation of CS and inhibition of the
sympathetic nervous system (SNS) could be an effective
therapeutic strategy in the mitigation of COVID-19 com-
plications (Al-Kuraishy et al. 2021d).

Furthermore, a prospective study involving 37 COVID-
19 patients compared to 14 healthy controls revealed that
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the expression of the nAChR gene was reduced in COVID-
19 due to exaggerated pro-inflammatory cytokines (Cour-
ties et al. 2021). Of note, IL-6 and TNF-«, which are the
major pro-inflammatory cytokines, inhibit the expression of
anti-inflammatory effect of nAChR (Courties et al. 2021).
Consequently, reduction of nAChR promotes the release of
pro-inflammatory cytokines with increasing risk for devel-
opment of cytokine storm (Mehranfard and Speth 2022).

Higher expression of pro-inflammatory cytokines inhibits
expression of the nAChR gene (Courties et al. 2021). As well,
AChE activity was dysregulated in severely affected COVID-
19 patients causing an additional impact on the cholinergic
activity. Bahloul et al. (2022) observed that low level of AChE
activity was associated with high mortality so it can be used as
a prognostic biomarker of COVID-19 patient severity. A retro-
spective study, which involved 137 COVID-19 patients, illus-
trated that AChE activity was reduced in critically affected
COVID-19 patients compared to the mild one (Bahloul et al.
2022). AChE is reduced in sepsis due to the inflammatory
process and acute phase reaction. AChE level at the time of
admission is regarded as an independent predictor for mortal-
ity in COVID-19 patients (Nakajima et al. 2021).

Taken together, as the virus replicates, the virions may
interact with the nAChRs blocking the action of the cho-
linergic anti-inflammatory pathway. If the initial immune
response is not enough to combat the viral invasion at an
early stage, the extensive and prolonged replication of the
virus will ultimately disturb the cholinergic anti-inflamma-
tory pathway seriously compromising its ability to control
and regulate the immune response (Farsalinos et al. 2020).
The uncontrolled action of pro-inflammatory cytokines will
result in the development of cytokine storm, with ALI lead-
ing to ARDS, coagulation disturbances, and multi-organ
failure. Based on this hypothesis, COVID-19 appears to
eventually become a disease of the nicotinic CS. Nicotine
could maintain or restore the function of the cholinergic
anti-inflammatory system and thus control the release and
activity of pro-inflammatory cytokines. This could prevent
or suppress the cytokine storm (Mazloom 2020).

Overall, the changes in the CS in viral infection are not
consistent with those in COVID-19 which might due to distinct
binding activity of SARS-CoV-2 to nAChR. These verdicts
proposed that deregulation of nAChR expression and AChE
activity in severe SARS-CoV-2 lead to propagation of immu-
noinflammatory disorders associated with COVID-19 severity.

nAChR and inflammatory signaling
pathways in COVID-19

SARS-CoV-2 infection and irregular immune response are
linked with the commencement of various types of inflam-
matory signaling pathways leading to hyperinflammation.

NLRP3 inflammasome is extremely activated during
exaggerated immune response leading to multiple com-
plications in COVID-19 (Mostafa-Hedeab et al. 2022).
Targeting of NLRP3 inflammasome pathway by selective
inhibitors may reduce COVID-19-induced complications
(Al-Kuraishy et al. 2022e). Activation of anti-inflam-
matory nAChR inhibits various inflammatory signaling
pathways like NLRP3 inflammasome via inhibition of
B-arrestin lin mice. Deng and coworkers observed that
activation of nAChR reduces the development of pulmo-
nary hypertension induced by monocrotaline in rats (Deng
et al. 2019). Consequently, nAChR activators could play
important role in the reduction of SARS-CoV-2 infection-
induced inflammation through suppression of NLRP3
inflammasome in COVID-19 (Ke et al. 2017).

As well, activation of NLRP3 inflammasome is asso-
ciated with more expression of NF-kB which increases
inflammatory disorders via the release of pro-inflamma-
tory cytokines in COVID-19 (Al-Kuraishy et al. 2022g).
Worth mentioning, nAChR activators attenuate the expres-
sion of NF-kB leading to potent anti-inflammatory effects.
nAChHR activators prevent the development of ALI in mice
by suppressing the NF-kB pathway (Patel et al. 2017).

Notably, immune response during acute cell injury
persuades expression of toll-like receptor 4 (TLR4) and
high-mobility box protein 1 (HMBP1). As well, nAChR
activators reduce the expression of pro-inflammatory
cytokines including MCP-1, TNF-a, IL-6, and IL-1p
by inhibiting the recruitment of RNA polymerase II and
macrophage activation. Thus, nAChR activators attenu-
ate the development of inflammatory changes through
modulation of the expression of the pro-inflammatory
cytokines (Mizrachi et al. 2021).

In COVID-19, the expressions of TLR4 and HMBP1
are exaggerated leading to induction of the release of
pro-inflammatory cytokine and immunothrombosis,
respectively. HMBP1 induction in COVID-19 provokes
the recruitment of neutrophils with the formation of
neutrophil extracellular traps (NETs) which cause more
inflammation and thrombosis termed immunothrombosis.
Interestingly, nAChR activators suppress inflammatory
reactions and inhibit the expression of MCP-1, TNF-a,
IL-6, and IL-1p as well as the expression of adhesion
molecules (Abdallah et al. 2007).

In addition, the mechanistic target of the rapamycin
(mTOR) pathway promotes viral replication and growth
in COVID-19. Notably, mTOR is a serine/threonine
kinase that controls cell growth by enhancing mTORI1
and mTOR?2. Previous research identified that metformin
which is an agent widely used to treat type 2 diabetes due
to AMPK activation was effective in treating influenza
virus infection through inhibition of the mTOR inhibi-
tor pathway (Karam et al. 2021). It has been suggested
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that the mTOR pathway is essential for the replication of
SARS-CoV-2, and the use of mTOR inhibitors and modu-
lators like sapanisertib and metformin, respectively, may
reduce COVID-19 severity. Witayateeraporn et al. (2020)
showed that nAChR blocks migration and proliferation
of non-small-cell lung cancer via inhibition of the mTOR
pathway. Besides, nAChR activators and allosteric modu-
lators mitigate inflammatory changes in inflammatory
bowel disease by inhibiting autophagy and expression of
mTOR (Witayateeraporn et al. 2020).

In this state, nAChR activators may decrease the sever-
ity of SARS-CoV-2 infection and associated complica-
tions via modulation of the mTOR pathway. Noticeably,
advanced glycation end products (AGEs) encourage the
release of pro-inflammatory cytokines and induce the
propagation of OS and inflammatory disorders. Recep-
tors for AGEs (RAGE) expressed in pulmonary epithelial
alveolar cells are intricate in the pathogenesis of SARS-
CoV-2 infection and associated lung inflammation, ALI,
and ARDS (Perrone et al. 2020). Both diabetes and the
aging process accelerate the production of AGEs, which
via interaction with RAGE on the macrophages, triggers
lung inflammation in COVID-19. It has been shown that
nAChR activators decrease AGE-induced inflammatory
changes in myasthenia gravis. Preclinical evidence showed
that RAGE and its legends are exaggerated in experimental
autoimmune myasthenia gravis which is associated with
nAChR dysfunction in the NMJ (Lim et al. 2021). AGEs
are produced due to the glycation of DNA, proteins, and
lipids that participates a critical role in the pathogenesis of
metabolic and inflammatory disorders. Besides, nAChR is
reduced in different metabolic disorders including diabetes
mellitus. This may explain the susceptibility of patients
with metabolic disorders to the risk of SARS-CoV-2
infection and COVID-19 severity. Therefore, activation
of nAChR may attenuate AGE-mediated hyperinflamma-
tion in COVID-19 patients (Xie et al. 2020).

Similarly, soluble RAGE (sRAGE) plasma level is cor-
related with COVID-19 severity. A prospective cohort study
included 164 COVID-19 patients compared to 23 non-
COVID-19 pneumonia illustrating that high SRAGE plasma
level was linked with the need for oxygen therapy and 30-day
mortality (Lim et al. 2021). Hence, sSRAGE is regarded as
a potential biomarker that predicts COVID-19 severity and
mortality. Furthermore, signal transducer and activator of
transcription 3 (STAT3) are exaggerated in SARS-CoV-2
infection leading to hyperinflammation, thrombosis, and
lung fibrosis (Al-Kuraishy et al. 2022f). In addition, STAT3
impairs the anti-viral immune response and the development
of lymphopenia. In this, targeting STAT3 in COVID-19 may
mitigate hyperinflammation and related fatal complications.
Likewise, ADAM-metalloproteinase domain 17 (ADAM17)
activates TNF-a and shedding of ACE2, with the facilitation
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of SARS-CoV-2 entry (Palau et al. 2020). It has been rec-
ognized that nAChR activators reduce COVID-19 severity
through inhibition of the ADAM17 pathway. Thus, nAChR
activators play a crucial role in the attenuation of inflam-
matory disorders in COVID-19 through the inhibition of
STAT3 and ADAM17 pathways (Palau et al. 2020).

This greater activation is accompanied by greater activity
in the vagus efferent nerve that can increase the release of
acetylcholine through direct or indirect pathways and medi-
ated by T lymphocytes (Al-kuraishy et al. 2022d). Thus, the
components of this pathway act in a way to reduce the pro-
duction and release of pro-inflammatory cytokines, such as
TNF-a and IL-6, of the immune system. In this perspective,
when the severity of the cytokine storm in the pathologi-
cal scenario of COVID-19 and its involvement with MS is
understood, the activation of the anti-inflammatory reflex
mechanism can modulate the exaggeration of the effects of
pro-inflammatory cytokines and reduce the symptom level
(Al-Kuraishy et al. 2022a).

These verdicts pointed out that nAChR activators are
intricate with diverse signaling pathways to reduce the risk
of inflammatory disorders in COVID-19.

nAChR and endothelial dysfunction
in COVID-19

SARS-CoV-2 infection primarily affects the vascu-
lar endothelium leading to ED and the development of
coagulopathy. SARS-CoV-2 infects the endothelial cells
directly due to abundant expression of ACE2 causing
cellular injury and apoptosis with subsequent reduction
of endothelial cells’ capacity to release anti-thrombotic
factors (Gavriilaki et al. 2020). In addition, injury of pul-
monary vascular endothelial cells, by direct cytopathic
effects of SARS-CoV-2 or due to OS and hyperinflam-
mation, leads to pulmonary microthrombosis, a marked
feature of COVID-19 (Bonaventura et al. 2021). Nota-
bly, circulating endothelial cells and soluble intercellu-
lar adhesion molecule 1 levels are augmented in severely
affected COVID-19 patients. ED is regarded as a risk fac-
tor for the development of microvascular dysfunction and
immunothrombosis due to NET formation and platelet
activation. It has been reported that nicotine improves
endothelial function via the enhancement of the nAChR
on the endothelial progenitor cells. As well, nAChR plays
an essential role in the prevention of endothelial injury
and rupture of atherosclerotic plaque. Besides, activation
of non-neuronal endothelial nAChR improves inflamma-
tory changes, OS, migration, and survival of endothelial
cells (Vieira-Alves et al. 2020).

Moreover, the vascular endothelium is an active parac-
rine, endocrine, and autocrine organ that is indispensable
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for the regulation of vascular tone and the maintenance
of vascular homeostasis. ED is a principal determinant of
microvascular dysfunction by shifting the vascular equilib-
rium towards more vasoconstriction with subsequent organ
ischemia, inflammation with associated tissue edema, and
a pro-coagulant state (Varga et al. 2020). SARS-CoV-2
infection facilitates the induction of endothelins in sev-
eral organs as a direct consequence of viral involvement
and of the host inflammatory response. In addition, induc-
tion of apoptosis and pyroptosis might have an important
role in endothelial cell injury in patients with COVID-
19. COVID-19-endotheliitis might explain the systemic
impaired microcirculatory function in different vascular
beds and their clinical squeal in patients with COVID-
19 (Simdes et al. 2021; Elekhnawy et al. 2022). Vascular
endothelins and consequent ED can be a principal determi-
nant of microvascular failure, which would favor impaired
perfusion, tissue hypoxia, and subsequent organ failure. In
severe COVID-19, emerging data indicate a crucial role of
widespread endothelins as a key player in provoking scat-
tered microvascular disruption and eventually dysfunction
of different organ systems (Hattori et al. 2022; Attallah
et al. 2021). Calabretta et al. (2021) suggest that SARS-
CoV-2 directly targets endothelial cells, promoting the
release of pro-inflammatory and pro-thrombotic molecules.
ED appears to be a crucial initiating step in the pathogen-
esis of the disease and its ensuing morbidity and mortality.
Endothelins with the hyperproduction of cytokines lead
to cytokine-releasing syndrome, hypercoagulability, and
thrombotic microangiopathy which are hallmarks shared
by COVID-19 and endothelial injury syndromes (Cala-
bretta et al. 2021). Most importantly, endothelial-protec-
tive agents represent a promising and rational therapeutic
strategy for COVID-19. As a unifying concept, heparanase
inhibition, with the modulation of related pathways and
other effects on endothelial stress responses, may thus be
crucial in mediating anti-viral and anti-inflammatory activ-
ity (Calabretta et al. 2021; Elekhnawy and Negm 2022).
Furthermore, nAChR activators attenuate the devel-
opment of immunothrombosis and coagulopathy through
mitigation of hyperinflammation and OS which is
involved in the propagation of ED and associated coagu-
lopathy (Yilmaz et al. 2010; Al-kuraishy et al. 2022c¢).
These verdicts suggested that nAChR activators may miti-
gate ED, OS, and associated coagulopathy in COVID-19.

nAChR and renin angiotensin system
in COVID-19

SARS-CoV-2 infection provokes the downregulation of
ACE2 which is involved in the metabolism of angiotensin
IT (AngII) to angiotensin 1-7 (Ang1-7). This interaction

leads to the over-expression of pro-inflammatory AnglI
and reduction of anti-inflammatory Angl-7 with subse-
quent development of ALI/ARDS. Dysregulation of the
renin-angiotensin system (RAS) is connected with the
development of OS and inflammation by increasing the
expression of NADPH and pro-inflammatory cytokines,
respectively (Alomair et al. 2022). Advanced circulating
AnglI level inhibits endogenous anti-oxidant capacity
and may inhibit the expression of nAChR. It has been
shown that nicotine affects RAS homeostasis through
upregulation of the expression of ACE, Angll, and
AT2R with downregulation of the expression of ACE2
and Angl-7 (Batiha et al. 2022). However, an experi-
mental study showed that activation of nAChR reduced
Angll-induced vascular smooth cell senescence by pro-
moting the expression of nicotinamide adenine dinucleo-
tide (NAD) (Li et al. 2016). Therefore, dysregulation of
RAS in COVID-19 could be a possible reason behind the
reduction of nAChR activity. Thus, angiotensin receptor
blockers (AT1R) may be beneficial in preventing OS and
inflammatory reactions via upregulation of the anAChR
pathway (Mogi et al. 2012).

nAChR and cytokine storm in COVID-19

Cytokine storm is developed in severe cases of COVID-
19 due to exaggerated immune response and release of a
huge amount of pro-inflammatory cytokines in parallel
with the reduction of anti-inflammatory cytokine (Zanza
et al. 2022). Cytokine storm is also developed due to
cholinergic dysfunction and sympathetic over-activity
in severe COVID-19. Direct inhibition of nAChR by
SARS-CoV-2 induces hyperinflammation and immu-
nopathogenesis (Tillman et al. 2022). In addition, pro-
inflammatory cytokines which cross the blood-brain
barrier (BBB) can inhibit the autonomic center and cen-
tral anti-inflammatory nAChR with the development of
neuroinflammation (Jiang et al. 2021). In turn, neuroin-
flammation and dysregulated central nAChR trigger sym-
pathetic discharge with the development of a sympathetic
storm (Yue et al. 2015). Notably, dysregulated nAChR on
the immune cells by SARS-CoV-2 provokes the release
of pro-inflammatory cytokines with the development of
cytokine storm. These observations proposed that dysreg-
ulation of central and peripheral nAChR during SARS-
CoV-2 infection could be the potential mechanism for the
development of cytokine storm in COVID-19 (Yue et al.
2015; Khudhair et al. 2022).

On the other hand, nAChR activators can inhibit
the expression of pro-inflammatory cytokines and the
development of cytokine storm in COVID-19. Above
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all, nAChR has an important role in the regulation of
immune response and the promulgation of inflammation.
It decreases the expression of pro-inflammatory cytokines
including MCP-1, TNF-a, IL-6, and IL-1f by inhibiting
the recruitment of RNA polymerase II and macrophage
activation. Diverse experimental studies confirmed that
nAChR activators inhibit the expression and release of
pro-inflammatory cytokines (Jiang et al. 2021). Likewise,
nAChR activators attenuate the development of airway
inflammatory disorders, ED, and lung inflammation. The
nAChR activators inhibit the activation of different inflam-
matory signaling pathways including NLRP3 inflammas-
ome, TLR4, HMBP1, NF-kB, and STAT3 that are involved
in the development of cytokine storm. Amazingly, nAChR
activators block the OS pathway which activates inflam-
matory signaling pathways like NF-xB and NLRP3 inflam-
masome (Liu et al. 2015). Similarly, nAChR activators
inhibit abnormal and exaggerated immune through the
inhibition of INF activation, thereby preventing the exces-
sive release of pro-inflammatory cytokines. Thus, nAChR
activators could be effective in the attenuation of SARS-
CoV-2 infection-induced cytokine storm (Ren et al. 2018).
Therefore, nAChR activators may alleviate oxidative stress
and inflammatory changes as well as prevent the develop-
ment of cytokine storm in COVID-19.

Role of nAChR agonists/antagonists
in COVID-19

Varenicline

Different nAChR agonists had been repurposed in treat-
ing SARS-CoV-2 infection. Varenicline is a selective
nAChR agonist; it affords a full agonist effect on the o7
subunit and a partial agonist effect on the other subunit
of nAChR. Varenicline is an FDA drug for the treatment
of smoking cessation and was recently hypothesized as a
potential drug for the treatment of SARS-CoV-2 infection
by inhibiting binding and proliferation processes (Nau
et al. 2021). In silico study demonstrated that varenicline
binds SARS-CoV-2 spike protein with higher affinity
(Ramirez-Salinas et al. 2020). Topical administration
of varenicline via the trans-nasal route may attenuate
the transmission of SARS-CoV-2 at the site of infection
through modulation of nAChR on the olfactory bulb.
In vitro study confirmed that varenicline had an anti-
SARS-CoV-2 effect without a negative effect on cell via-
bility (Nau et al. 2021). Therefore, varenicline can inhibit
transmission and pathogenesis of SARS-CoV-2 infection
via inhibition of the interaction between SARS-CoV-2
and ACE2. Notoriously, varenicline can inhibit the pro-
liferation of different variants of SARS-CoV-2 infection
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(Ramirez-Salinas et al. 2020). It has been revealed that
varenicline attenuates inflammatory changes in mice with
an experimental stroke model. Ho et al. demonstrated that
varenicline could attenuate ischemic-reperfusion injury
and associated inflammation in mice following testicular
torsion via inhibition of the release of pro-inflammatory
cytokines. In addition, varenicline reduces LPS-induced
hyperinflammation by inhibiting macrophage activity. A
prospective study that involved 100 smokers randomized
into varenicline and nicotine replacement therapy for
3 months showed that varenicline replacement therapy
was more effective in reduction of OS and ED (Ikono-
midis et al. 2017). The activation of nAChRs by either
endogenous or exogenous agonists is induced by open-
ing the ion channel in the receptor, allowing the flow of
cations, and results in a variety of biological responses.
nAChR antagonists, such as a-neurotoxins, compete
with typical agonists for binding, and their binding is
restricted to nAChR a-subunits. Nicotine and other nico-
tinic cholinergic agonists are FDA-approved drugs for
several pathologies including for smoking cessation and
may reverse this binding, by competing for binding with
the SARS-CoV-2 spike glycoprotein and promoting the
activity of the cholinergic anti-inflammatory pathway
(Seyedaghamiri et al. 2022). These verdicts suggest that
varenicline in virtue of its anti-inflammatory and anti-
oxidant effects with direct anti-SARS-CoV-2 effect could
be effective in the management of COVID-19.

Memantine

Memantine is an FDA-proofed drug for the treatment of
Alzheimer’s disease acts by blocking N-methyl-D-aspar-
tate (NMDA) receptors (Zhu et al. 2020). It acts by differ-
ent mechanisms; it blocks a7nAChR which may explain
the worsening of cognitive function of patients with
Alzheimer’s disease during the early phase of treatment.
Later on, the «7nAChRs are rapidly upregulated, and this
may explain the positive effect in the enhancement of the
cognitive function of patients with Alzheimer’s disease.
In vitro experiments illustrated that memantine inhibits
the SARS-CoV-2 E protein which is necessary for patho-
genesis and viral proliferation (Matsunaga et al. 2018).
As well, NMDA antagonists like memantine and aman-
tadine could be used as prophylactic agents and reduce
neuropsychiatric complications in COVID-19 patients
(Marinescu et al. 2020). Memantine also reduced HCoV-
0OC43 replication in the CNS, indicating that it could be
utilized as an anti-viral agent and improve neurological
diseases. Besides coronavirus OC43, memantine has also
been investigated regarding other neurotrophic viruses
such as rabies and Japanese encephalitis virus (JEV),
and while of limited effectiveness in a rabies challenge
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experiment, mildly extending survival time in mice, in
JEV, survival time was significantly increased, inflam-
matory cell infiltrates, and intravascular cuffing were sig-
nificantly reduced and mouse brain JEV content was less
(Sun et al. 2019). There were several patients with mul-
tiple sclerosis (n=10), Parkinson’s disease (n=15), and
cognitive impairment (n="7), who were treated with ada-
mantanes, 15 with amantadine, and seven with meman-
tine; all the patients had SARS-CoV-2 documented by
real-time polymerase chain reaction nasopharyngeal
swabs, undergoing 2-week quarantine since documented
exposure, and none developed clinical disease (Rejdak
and Grieb 2020). Hasanaic and Serdarevic (2020) illus-
trated that memantine could be effective against SARS-
CoV-2 infection through the downregulation of ACE2 and
reduction of glutamate excitotoxicity. ACE2 is protective
rather than harmful as expected earlier in the COVID-
19 pandemic. Recombinant ACE2 has protective effects
against ALI/ARDS in COVID-19 through its anti-inflam-
matory effects (Wang et al. 2022). Children and female
sex are less susceptible to SARS-CoV-2 infection due
to higher expression of ACE2. As well, low expression
of ACE2 in the old age group makes them more vulner-
able to SARS-CoV-2 infection. Particularly, drugs that
increase the expression of ACE2 were more effective in
the management of COVID-19. Thus, the protective effect
of memantine against SARS-CoV-2 infection could be
independent of nAChR/ACE?2 axis (Wang et al. 2022).

Further, memantine has a potent anti-inflammatory
effect through the inhibition of the release of the pro-
inflammatory cytokine and the development of cytokine
storm. Likewise, memantine reduces the expression of
NF-«B which can prevent microglial activation and asso-
ciated neuroinflammation in COVID-19 (Jiménez-Jimé-
nez et al. 2020). Despite these findings, clinical evidence
for use of memantine in COVID-19 patients is limited.
A questionnaire-based study that involved 10 patients
with multiple sclerosis and 5 patients with Parkinson’s
disease showed that those patients remain asymptomatic
despite a positive PCR test for SARS-CoV-2 (Rejdak and
Grieb 2020). So, memantine could be effective against
the development of symptomatic COVID-19. As well,
memantine can provide protection for olfactory neuro-
circuits, decrease the aggressiveness of NMDA receptor
hyperactivity, alveolar protection, and regulate cytokine
mechanisms (Marinescu et al. 2020).

Therefore, memantine can decrease COVID-19 sever-
ity through its anti-inflammatory effect and modulation of
NMDA activity independent of nAChR blocking effect and
ACE2 expression as shown in Fig. 2.

Taken together, both memantine and varenicline seem to
be effective in the prevention and treatment of SARS-CoV-2
infection through modulation of the anti-inflammatory CS.

In this state, clinical trials for use of memantine and vareni-
cline in COVID-19 patients are recommended.

Vagus nerve stimulation in COVID-19

It has been reported that non-invasive vagus nerve stimu-
lation was approved by FDA for the treatment of clus-
ter headache and migraine. Vagus nerve stimulation is
effective in SARS-CoV-2 infection via suppression of the
release of the pro-inflammatory cytokines. Remarkably,
vagus nerve stimulation attenuates the development of
cytokine storm and the need for invasive oxygen therapy
and mechanical ventilation in severely affected COVID-
19 patients (Mwamburi et al. 2017). Stimulation of the
vagus nerve triggers bronchial parasympathetic reflex with
induction of the anti-inflammatory cholinergic pathway
in a nAChR-dependent manner (Mwamburi et al. 2017).
Of interest, vagus nerve stimulation inhibits the expres-
sion and the release of IL-6, a pro-inflammatory cytokine
involved in tissue injury and the development of cytokine
storm (Koopman et al. 2016). Indeed, vagus nerve stimula-
tion provokes the release of ACh which through activation
of nAChR inhibits the expression of NF-xkB with subse-
quent release of pro-inflammatory cytokines and propaga-
tion of cytokine storm (Mehta et al. 2020). It was observed
that vagus nerve stimulation blocks fibrinolysis and coag-
ulation activation in rats with endotoxemia. Thrombotic
events are hallmarks associated with COVID-19 severity
(Levy et al. 2021).

Moreover, famotidine activates the vagus nerve leading
to a significant anti-inflammatory effect in COVID-19. Yang
et al. (2022) illustrated that famotidine prevents the develop-
ment of cytokine storm in COVID-19 via activation of the
vagus nerve. Taken together, vagus nerve stimulation plays
a critical role in preventing cytokine storm and coagulation
disorders in COVID-19 (Yang et al. 2022).

Conclusions

The binding of SARS-CoV-2 with ACE2 leads to a series
of inflammatory cellular events with cytopathic effects
causing cell injury and hyperinflammation. Severe
SARS-CoV-2 infection may lead to dysautonomia and
sympathetic storm due to dysfunction of ANS. The CS
forms a complex network doing different functions in
the body due to its distribution in the neuronal and non-
neuronal cells. ACh acts on two main types of recep-
tors which are NRs and MRs. NRs induce T cell anergy
with impairment of antigen-mediated signal transduc-
tion. Nicotine through activation of T cell NRs inhib-
its the expression and the release of pro-inflammatory

@ Springer



464

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:453-468

Fig. 2 Effect of nicotine agonist
on the pathogenesis of SARS-
CoV-2 infection

— Nicotine agonist

Cell

cytokines. NRs play important anti-inflammatory effects
while MRs promote inflammation by inducing the release
of pro-inflammatory cytokines. SARS-CoV-2 infection
can affect the morphological and functional stability of
the cholinergic system through the disruption of cholin-
ergic receptors. SARS-CoV-2 spike protein is similar to
the neurotoxins that can bind nAChR in the ANS, NMJ,
and brain. Interestingly, SARS-CoV-2 spike protein
epitopes have higher similarity with neurotoxins affect-
ing nAChR. Therefore, cholinergic receptors mainly
nAChR and related cholinergic agonists may affect the
pathogenesis of SARS-CoV-2 infection. Cholinergic dys-
function in COVID-19 due to dysregulation of nAChR
by SARS-CoV-2 promotes central sympathetic drive
with the development of the sympathetic storm. In turn,
sympathetic storm triggers oxidative stress and hyper-
inflammation by increasing the generation of ROS and
release of pro-inflammatory cytokines. As well, nAChR

@ Springer

nAChR

+ Nf-kB

\4

* Cytokine release

activators are intricate with diverse signaling pathways
to reduce the risk of inflammatory disorders in COVID-
19. In addition, nAChR activators may mitigate ED, OS,
and associated coagulopathy in COVID-19. Similarly,
nAChR activators may alleviate OS and inflammatory
changes as well as prevent the development of cytokine
storm in COVID-19. Thus, nAChR activator varenicline
in virtue of its anti-inflammatory and anti-oxidant effects
with direct anti-SARS-CoV-2 effect could be effective in
the management of COVID-19. Remarkably, vagus nerve
stimulation attenuates the development of cytokine storm
and the need for invasive oxygen therapy and mechani-
cal ventilation in severely affected COVID-19 patients.
Indeed, vagus nerve stimulation blocks fibrinolysis and
coagulation activation which are hallmarks associated
with COVID-19 severity. Taken together, the nAChR
activator and vagus nerve stimulation could be a pos-
sible therapeutic strategy for COVID-19.
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