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ARTICLE INFO ABSTRACT

Keywords: Identifying signaling pathways and molecules involved in SARS-CoV-2 pathogenesis is pivotal for developing
ATP new effective therapeutic or preventive strategies for COVID-19. Pannexins (PANX) are ATP-release channels in
COVID-19 . the plasma membrane essential in many physiological and immune responses. Activation of pannexin channels
PD;E;‘{I;ZI; zrposmg and downstream purinergic receptors play dual roles in viral infection, either by facilitating viral replication and
Purinergic receptors infection or inducing host antiviral defense. The current review provides a hypothesis demonstrating the possible
SARS-CoV-2 contribution of the PANX1 channel and purinergic receptors in SARS-CoV-2 pathogenesis and mechanism of

action. Moreover, we discuss whether targeting these signaling pathways may provide promising preventative
therapies and treatments for patients with progressive COVID-19 resulting from excessive pro-inflammatory
cytokines and chemokines production. Several inhibitors of this pathway have been developed for the treat-
ment of other viral infections and pathological consequences. Specific PANX1 inhibitors could be potentially
included as part of the COVID-19 treatment regimen if, in future, studies demonstrate the role of PANX1 in
COVID-19 pathogenesis. Of note, any ATP therapeutic modulation for COVID-19 should be carefully designed

and monitored because of the complex role of extracellular ATP in cellular physiology.

1. Introduction

At the beginning of 2020, a new virus with an unknown source was
found in the bronchoalveolar lavage of a person affected by pneumonia.
It was named severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) by the International Committee on Taxonomy of Viruses. The
related disease, which is spread via contact with affected individuals or
fluids, has been named 2019 Coronavirus Disease (COVID-19) [1,2], and
the World Health Organization (WHO) declared it as a pandemic on
March 11, 2020 [1-3].

Because of the lack of effective medicines or preventive strategies for
COVID-19, the identification of signaling pathways important for
COVID-19 pathogenesis is essential for developing novel effective
treatments. Pannexins (PANX) are mammalian vertebrate ATP (adeno-
sine triphosphate)-release channels, consisting of three proteins
(PANX1, 2, and 3), among which PANX1 being the most ubiquitously
expressed [4-6].

There is a high concentration of ATP in the cell cytoplasm in normal
physiological conditions, which can be released in response to patho-
logical, mechanical, temperature, or ischemic stress, or secretion via
pannexin and connexin hemichannels. The release of ATP in response to
the activation of the PANX1 channel enables increases in extracellular
ATP that facilitates calcium and potassium fluxes [6-8]. PANX1 channel
activation during pathological conditions occurs due to cleavage of its C-
terminal tail by caspases [6], increased intracellular Ca2+, and extra-
cellular K, hypoxia, immune responses, and airway defense [6,9-11]. It
has been shown that cystic fibrosis transmembrane conductance regu-
lator (CFTR), which its homozygous gene mutations result in clinical
cystic fibrosis (CF), modulates PANX1-mediated ATP release through
bicarbonate entry. Upon bicarbonate entry, ATP and cytochrome c
release from mitochondria is stimulated, leading to cytochrome c acti-
vation of caspase 3, which in turn activates PANX1 and ATP is released
into the extracellular compartment through the opened PANX1 channel
[12].
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PANX1 channel regulation is also achieved through interactions with
purinergic 2 (P2) receptors classified into P2X1-7 and P2Y1, 2, 4, 6, 11,
12, 13, 14. [13-15]. When the PANX1 channel is opened, signaling
molecules such as ATP are released into the extracellular space, resulting
in the activation of purinergic receptors. These receptors can detect ATP
and other nucleotides, including ADP, UTP, and UDP, to activate
intracellular signaling events [10,11].

A growing body of data suggests that a cascade of ATP release
through the PANX1 channel and purinergic receptors activation play
dual roles, resulting in viral infection and replication and induction of
inflammatory and antiviral responses contributing to the host antiviral
defense. The level of ATP release from pannexin channels determines the
outcome: minor and massive release of ATP in normal and pathogenic
conditions, respectively [6,16]. Homeostatic cell function depends on
low levels of extracellular ATP and K. By contrast, under pathological
conditions, high levels of extracellular ATP and K* and high concen-
tration of Ca®" in the intracellular space result in overactivation of the
PANX1-P2X7 complex contributing to inflammation and inducing Cas-
pase 1/11-dependent pyroptotic cell death (Fig. 1) [6].

Of note, ATP can be converted to adenosine in two steps with the
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help of CD39 and CD73 ectonucleotidases [17]. Adenosine applies its
various effects through the interaction with four subtypes of adenosine
receptors (AR) [18], Among them, A2A subtype mainly mediates the
anti-inflammatory action of adenosine [19]. Due to the well-recognized
anti-inflammatory action of adenosine and lack of specific antiviral
treatment for COVID-19, Caracciolo et al. hypothesized that adenosine
treatment may decrease inflammation and cytokine storm in COVID-19
patients. The use of inhaled adenosine in COVID19 patients resulted in
the reduction of length of stay and SARS-CoV-2 positive days. An
improvement in arterial oxygen partial pressure (PaOj)/fractional
inspired oxygen (FiOy) as well as a decrease in inflammation parameters
such as C-reactive protein (CRP) levels was furthermore evident upon
adenosine treatment [20].

Upon viral infection, PANX1 channels trigger the release of high
amounts of ATP from the cells, serving as pro-inflammatory or danger-
associated molecular patterns (DAMPs) through purinergic receptor
signaling and recruiting the immune cells to damaged cells/tissues to
start/amplify defensive responses [14,21].

Thus, in this review, we discuss the possible contribution of extra-
cellular ATP, pannexin channels, specially PANX1 and P2 purinergic
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Fig. 1. Purinergic receptors, downstream signaling and their role in the pathogenesis of viral infections. Viral infection and inflammation stimulate Panx1 and the
release of ATP and K™ and the entry of Ca™ ™. On the other hand, bicarbonate enters the cell through CFTR and during a series of steps in the mitochondria leads to
increased ATP production, which leaves the cell through Panx1 channel. ATP and ADP bind to P2Y and P2X receptors. AMP produced by CD39 is also converted to
adenosine by binding to CD73. On the other hand, the binding of intracellular Ca™" to calmodulin activates IkB, which in turn produces the precursor of inflam-

matory cytokines. Ca™

*.calmodulin activates NFAT, NF-«B and AP-1 transcription factors. These factors also activate the AR following adenosine binding. Activation

of this receptor inhibits inflammatory cytokines and chemotaxis by activating CSK, CAMP, and PKA and inhibiting LCK, ZAP70, CXCL1, and CXCL2. The binding of
ATP to P2X4 and P2X7 activates the NLRP3 inflammasome. NLRP3 converts pro-capsases to active caspases. Active caspases convert the precursor of cytokines to the
active form. Cytokines are then released from the cell via gasdermin and pyroptosis occurs. Activation of the P2Y receptor by PYK2 phosphorylation and Ca™™-
calmodulin complex by actin polymerization causes the virus entry. ADP, Adenosine diphosphate; AMP, Adenosine monophosphate; AP-1, Activator protein 1; AR,
adenosine receptor; ATP, Adenosine triphosphate; CAMP, Cyclic adenosine monophosphate; CFTR, Cystic fibrosis transmembrane conductance regulator; CSK, C-
Terminal Src Kinase; CXCL1, C-X-C motif ligand 1; GSDMD, Gasdermin D; Ik, I-kappa-B; LCK, lymphocyte specific protein tyrosine kinase; NFAT, Nuclear factor of
activated T-cells; NF-kB, Nuclear factor kappa B; NLRP3, NOD-like receptors family pyrin domain containing 3; Panx1, Pannexin 1; PKA, protein kinase A; ZAP70,

Zeta Chain Of T Cell Receptor Associated Protein Kinase 70.
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receptors in the mechanism of action and pathogenesis of SARS-CoV-2
and their potential as promising therapeutic targets in COVID-19
patients.

2. Possible mechanisms of Pannexin 1 channel/purinergic
receptors involvement in the COVID-19 pathogenesis

According to recent studies, critical mechanisms involved in the
pathogenesis of SARS-CoV-2 include dysregulation of the immune
response and cytokines storm, dysregulation of the renin-angiotensin
(RAS) signaling pathway, oxidative stress and cell death, and endothe-
lial dysfunction [22]. Here, we hypothesize how the PANX1/purinergic
pathway could contribute to the mechanisms of COVID-19 pathogenesis.

2.1. Dysregulation of the immune response and cytokines storm

In the first exposure to the SARS-CoV-2 virus, a well-coordinated and
rapid innate immune response is critical to defend against the virus and
protect from disease progression to severe stages [23]. PANX1/puri-
nergic receptors signaling has been suggested to mediate the switch
between pro- and anti-inflammatory states [6]. They have been reported
to have dual roles in viral infections: as proviral as well as antiviral
factors [24].

High extracellular ATP release triggers the rapid release of pro-
inflammatory mediators. In contrast, low-dose ATP suppresses inflam-
mation due to the induction of dendritic cells, macrophages' activation,
and secretion of anti-inflammatory cytokines, including interleukin (IL)-
10 and IL-1 receptor antagonist [6].

2.1.1. Proviral responses

Upon binding to eukaryotic cells, many viruses induce low, localized,
and regulated extracellular ATP release via the PANX1 channel that
could facilitate viral penetration and replication [14]. In the cells
infected by viruses, Ca?*-dependent intracellular cascades activated by
the purinergic receptors facilitate the formation of membrane ruffles
and viral particle endocytosis by triggering actin reorganization [14].
Activation of P2X or P2Y receptors through extracellular ATP is essential
for hepatitis B, C, and D viruses, human immunodeficiency virus (HIV),
and virus entry into the cells [25]. Extracellular ATP is linked to other
events related to the viral infection processes, including release from
infected cells, for example, in the case of vesicular stomatitis virus and
HIV-1 [26] and is also linked to acute respiratory distress syndrome
(ARDS) [27].

There are no known links between extracellular ATP and coronavi-
ruses, including SARS-CoV-2. Membrane fusion through the plasma
membrane or at endosomes is recruited by coronaviruses, including
SARS-CoV-2, to facilitate their entry into cells through macro-
pinocytosis, clathrin- and caveolin-independent endocytic pathways
[28]. PANX1 and P2X7 receptors interactions and their entry into
endosomes via a process reminiscent of caveolin- and clathrin-
independent endocytosis is initiated by the increased extracellular
ATP [27] (Fig. 1).

Pharmacological stimulation of this pathway before viral contact or
pretreatment of host cells with high ATP concentrations causes an in-
crease in cell membrane stress and/or cell death; thus, antiviral immu-
nity is enhanced, leading to a reduction in the efficiency of viral
infection and replication [14].

2.1.2. Antiviral responses

High doses of extracellular ATP released by virus-infected cells are
interpreted as a danger signal to the immune cells to trigger/increase
defensive responses [29]. ATP plays a role in the inflammation by the
recruitment of components of innate immunity, including monocytes,
macrophages, and dendritic cells, into the damaged areas, leading to the
upregulation of PANX1 expression and activation of purinergic
signaling, thereby facilitating the release of ATP as an inflammatory

Life Sciences 297 (2022) 120482

signaling molecule into the extracellular space (ATP-induced ATP
release) [3,25,26]. Extracellular ATP contributes to the activation of
inflammasome (NLRP3) mediated by the PANX-1/P2X7 receptor
(Fig. 1). Moreover, the P2X7 receptor plays a pivotal role in the im-
munity against viral infections by regulating the secretion of pro-
inflammatory mediators including IL-1, IL-6, and IL-18, inducing
inflammasome, recruiting immune cells to infected tissues, activating
specific T cells, producing reactive oxygen species (ROS) and inducing
apoptosis.

However, purinergic receptors can furthermore lead to the direct
elimination of viruses through prevention of their replication within the
cells and/or by killing infected cells as a result of inflammatory cell
death (pyroptosis) [11,30]. In addition, tumor necrosis factor-alpha
(TNF-a) is considered to promote the opening of the PANX1 channel,
allowing for extracellular ATP release associated with inflammatory cell
recruitment. The opening of PANX1 channels leads to an influx of
extracellular Ca?*, which produces a feed-forward effect on NF-kp
(Nuclear factor kappa B), NFAT (Nuclear factor of activated T-cells) and
AP-1 (Activator protein 1) to amplify IL-1p synthesis and release by the
endothelium to promote the inflammatory response [31] (Fig. 1).

The level of immune system activation determines if this immune
response has beneficial or detrimental effects on tissues [14]. A growing
body of evidence shows that high extracellular ATP levels result in
exacerbation of inflammatory responses through PANX1/P2 receptor
activation lead to chronic inflammatory disorders or acute systemic in-
flammatory reactions such as asthma and septic shock, respectively
[32]. For example, during influenza virus infection, activation of P2
receptors due to elevated levels of extracellular ATP worsens immune
response, distinguished by the massive production of pro-inflammatory
cytokines, induction of apoptosis, the elevation of airway neutrophils
and consequently lung disease [30]. Furthermore, the production of
several cytokines, including IL-6, IL-1B, IFN-y, TNF-a, and CXCL-10
involved in SARS-CoV-2 pathogenesis, is mediated via the activation
of P2Y2 receptors. Interestingly, IFN-y is associated with a gene signa-
ture proposed in a recent study for SARS-CoV-2 early infection, sug-
gesting a possible role for P2Y2R in the SARS- CoV-2 pathogenesis [33].

Dysregulated innate immunity leading to hyper-inflammation and
systemic inflammatory response syndrome (cytokine storm) can have
devastating consequences on tissues which are well-known in patients
with severe COVID-19 [22]. Hence, in this group of COVID-19 patients
displaying hyper-inflammation, immunosuppression treatment could
decrease disease progression and viral entry [34,35]. Disruption (both
deletion and inhibition) of the Panx1/P2 receptor is shown to improve
animals' survival in the rodent models of ischemia-reperfusion injury as
a result of reduced production of inflammatory mediators and decreased
neutrophil infiltrations [36-40].

The SARS-CoV-2 entry has been shown to develop lung inflammatory
storm, augmented by smoking [41]. It has been shown that the
inflammation induced by cigarette smoke is triggered by the PANX1
channel activation and release of extracellular ATP leading to the acti-
vation of P2X7 receptor and inflammasome [42,43]. On the other hand,
there are contradictory and inconclusive data on whether smoking in-
crease or decrease susceptibility to SARS-CoV-2, rate of hospitalization
and the severity of the disease [44,45].

It has been shown that the transient receptor potential (TRP) and
pannexin-1 channels have a key role in the smoking-induced dose-
related increase in extracellular ATP and induction of airway inflam-
mation [46]. Thus, as a result of viral infection and over-activation of
pannexin-1 channel, excessive immune response and consequently
serious health consequences are expected. On the other hand, it could be
hypothesized that smoking may protect against the COVID-19 due to the
protective effect of exposure to high levels of ATP before viral infection
and inhibition of virus entry and replication.
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2.2. The renin-angiotensin (RAS) signaling pathway

SARS-CoV-2 mainly infects cells through binding to ACE2 (angio-
tensin-converting enzyme 2) receptors. ACE2 is the enzyme responsible
for angiotensin II cleavage to generate angiotensin 1-7, which have
antifibrotic, anti-proliferative and vasodilator properties [47]. Attach-
ment of the virus to ACE2 leads to the exhaustion of this receptor, an
increase in angiotensin II and inhibition of the vasodilatory activity of
angiotensin 1-7 [48,49]. This process negatively regulates the RAS
signaling, which plays a pivotal role in blood pressure regulation, blood
vessel permeability, the balance of body fluid and electrolytes and tissue
growth, and would lead to exacerbation of inflammatory lung disease
[50,51].

Interestingly, angiotensin II not only causes a dose-dependent acti-
vation of PANX1 currents but also causes a sustained increase in intra-
cellular Ca?*, leading to sustained PANX1 channels activity, which
releases ATP to the extracellular milieu [52,53]. In addition, the coex-
istent increase in intrarenal angiotensin II and activation of PANX1 and
subsequently purinergic P2 receptors and Ang II type 1 (AT1) receptors
have been considered in pathophysiological conditions such as hyper-
tension. In fact, if the initial angiotensin II-induced alterations in ATP
levels are permanent by a constant production and release of ATP, it
leads to activation of several signaling pathways promoting oxidative
stress and tissue injury as a result of inflammation as it is reported in
COVID-19 complications (Fig. 2) [53,54].

Accordingly, as PANX1 and angiotensin II-related pathways have an
essential role in viral infections and the associated clinical manifesta-
tions, more study to identify potential links of these two pathways to
COVID-19 pathogenesis is required.
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2.3. Oxidative stress and cell death

Free radicals derived from oxygen are essential in biological systems
[55]. The disparity between the production and clearance of ROS is
called oxidative stress [4]. In response to viral infection, ROS production
can be triggered by cytokines and often results in destructive effects
[56]. The pathological consequences of oxidative stress through viral
infections include damages in macromolecules such as proteins, lipids,
and DNA that cause cell death, immune-inflammatory injury, and
adverse effects on the function of multiple organs [55-57].

Overproduction of ROS and disturbance of antioxidant defense have
been shown to be involved in the COVID-19 pathogenesis and the
severity of its respiratory complications. Researchers have suggested
that oxidative stress machinery activation can initiate lung disease in
patients with COVID-19. Oxidative stress machinery plays a vital role in
the innate immunity and worsens pro-inflammatory host response as a
result of activation of transcription factors such as NF-kB [58].

Interestingly, ATP release through PANX1 activates P2 receptors that
stimulate Ca®* influx and production of inflammatory mediators such as
ROS, thereby resulting in oxidative stress-related complications [4,11].
Excessive release of ATP via activated PANX1 channel (resulting from
the activation of caspases, DNA damage and oxidative stress) induces
some proapoptotic mechanisms [16,59,60].

Moreover, DNA damage induces poly (ADP-ribose) polymerase-1
(PARP-1) activation and subsequently transient receptor potential mel-
astatin 2 (TRPM2) activation [61], leading to intracellular Ca** eleva-
tion [61,62]. A high level of cytosolic Ca®" results in PANX1 channel and
P2X7 receptor-dependent ATP release, followed by the activation of the
P2Y receptor, inducing the DNA damage and apoptosis (Fig. 2)
[22,42,46,63]. Therefore, it might be possible to block the PANX1/
purinergic pathway components to reduce PANX1/purinergic-mediated
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Fig. 2. Inflammatory response through AngIl. The binding of ACE2 to the coronavirus prevents the conversion of AngII to AngI-VII and so increases intracellular
Angll. Angll stimulates Panx1 to induce ATP release from the cell. Extracellular ATP binds to P2 receptors, increases intracellular Ca**, NF-xB, and ROS. ROS cause
DNA damages, producing PARP1 and then TRMP2. TRMP2 also increases intracellular Ca*™™. Increased intracellular Ca**, NF-kB, and DNA damage trigger in-
flammatory responses, including the production of cytokines such as TNF-a and IL-1B. DNA damage also induces cell death. ACE2, Angiotensin-converting enzyme 2;
Angll, angiotensin II; ATP, Adenosine triphosphate; IL-1B, Interleukin 1 Beta; NF-kB, Nuclear factor kappa B; Panx1, Pannexin 1; PARP1, Poly [ADP-ribose] po-
lymerase 1; ROS, Reactive oxygen species; TNF-a, Tumor necrosis factor-alpha; TRMP2, Transient receptor potential cation channel subfamily M member 2.
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oxidative stress and apoptosis, and related pathological consequences
during later stages of infection.

2.4. Endothelial dysfunction

Endothelial dysfunction is one of the possible mechanisms of path-
ogenesis of COVID-19 when the endothelium fails to promote vasodi-
lation, fibrinolysis, and anti-aggregation [64]. This systemic condition
induces organ ischemia, increased oxidative stress, inflammation with
associated tissue edema, pro-coagulant and anti-fibrinolytic states
[65,66].

Endothelial cell function in health and disease states could be regu-
lated via the ATP release within endothelial cells mediated by the
Pannexin channels. Pannexins could also regulate vasodilation and in-
flammatory cell adhesion in endothelial cells [67]. In this way, inflam-
matory cells migration into the site of inflammation is facilitated by
adhering to the vessel wall. Localization of the PANX1 channel in
endothelial cells is promoted by the TNF signaling pathway, resulting in
Ca?* increase and inflammatory cell recruitment [68]. Dysfunction of
endothelial cells and the trans-endothelial migration of neutrophils are
regulated by TNF- mediated PANX1 activation. Following lung
ischemia/reperfusion (I/R), alveolar macrophages activate PANX1
channels via TNF as an initial signal. PANX1 activation helps the release
of ATP to the extracellular space, leading to increased leukocyte traf-
ficking and subsequent inflammation and tissue damage [7,68]. Further
investigation is needed to assess whether these channels and receptors
lead to endothelial dysfunction in COVID-19 or not.

3. Pannexin 1 channel/purinergic receptors contribution in
COVID-19 clinical manifestations

COVID-19 is characterized by a broad clinical spectrum, ranging
from an asymptomatic to severe and systemic disease. The severe dis-
ease course characterized by ARDS is accompanied by sepsis, septic
shock, and multiple organ failure and mortality [47,69,70]. In addition
to the respiratory system, other affected organs by SARS-CoV-2 include
cardiovascular, renal, digestive, nervous, ocular, and integumentary
systems [71].

PANX]1 is a ubiquitously expressed gene in almost all cell types. It is
involved in various physiological functions, such as regulation of
cellular differentiation and migration, cell proliferation, wound healing,
cytokine secretion, inflammation, control of blood flow, platelet ag-
gregation, endothelial-mediated vasodilation, mucociliary lung clear-
ance, cell death, tissue development and regeneration, potentiation of
muscle contraction, glucose uptake in insulin-stimulated adipocytes,
differentiation of olfactory sensory neurons, neuromodulation and
neuroprotection [4,6]. As a result, PANX1-mediated signaling has been
implicated in several disease processes [9]. In this section, we provide
hypotheses about how PANX1 and purinergic signaling may be associ-
ated with clinical manifestations of SARS-CoV-2 infection (Table 1).

3.1. Pulmonary manifestations

Pneumonia, a common complication in COVID-19 patients, may
progress to hypoxemia and potentially acute lung injury and ARDS [72].
During acute lung injury and hypoxia, PANX1 channel activation leads
to extracellular ATP release, which acts as a signaling molecule via
binding to P2 receptors [7]. Elevated extracellular ATP (as a result of
PANX1 channel upregulation) has been demonstrated to play an
essential role in acute pulmonary inflammation, edema, and lung
dysfunction after ischemia/reperfusion injury [73].

One strategy to control the pulmonary edema and limit the severity
of COVID-19-associated ARDS is through transient receptor potential
vanilloid 4 (TRPV4) inhibitors [74]. Interestingly, TRPV4 channels are
shown to induce PANX1 channel activity [39,75,76]. Hence, we hy-
pothesize that pharmacological antagonism of PANX1 activity may help
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Table 1
Symptoms of purinergic receptor dysregulation and suggested therapeutic
options.

System Effect of PANX Therapeutic options Ref.
signaling
dysregulation
Pulmonary Acute pulmonary TRPV4 inhibitors, [35,74,147]
inflammation, edema, controlling of
and lung dysfunction, MUCS5AC,
Mucus hypersecretion carbenoxolone,
Spironolactone
Cardiovascular Vasodilation, Clopidogrel, [82,86,146]
vasoconstriction, prasugrel,
cardiomyocyte Spironolactone
apoptosis
Coagulopathies Thrombosis, Probenecid, [90]
coagulation, hemolysis carbenoxolone
Renal Kidney injury NA -
Gastrointestinal Enteric neuron death, Carbenoxolone [7]
IBD
Hepatic Hepatic ischemia- Tenofovir [148]
reperfusion injury,
fibrosis and cirrhosis
Sepsis Sepsis Probenecid [9]
Neurological Myelination and P2X7 selective [113]
neurite outgrowth, antagonists
epilepsy, seizure,
depression
Olfactory Suppresses odor NA -
responsiveness
Endocrinological ~ Obesity, insulin NA -
resistance, lipolysis
Dermatological Fibrotic scars, collagen ~ Tenofovir [148]

production, contact
dermatitis, psoriasis,
cutaneous GVHD

NA: not available data.

for the management of COVID-19 pathogenesis.

Mucosal damage is suggested as a pathological consequence of
PANX1 and P2X7R activities [77]. The outer mucus is excessively pro-
duced and secreted, accompanied by a periciliary fluid decrease in
pathological situations such as infection and inflammation. Stretching
the cell membrane due to osmolality and viscosity alterations creates a
mechanical stimulation inducing PANX1 opening, ATP, and H5O
releasing into the periciliary fluid layer and increasing the periciliary
fluid volume [78]. Additionally, MUC5AC, airway mucin, is expressed
and released via ATP-activated P2Y2R. Mucus hypersecretion after viral
infection could be managed by controlling of MUC5AC expression
pathway [35].

Production of hyaluronan (Hyaluronic acid, HA) as a significant
component of the extracellular matrix associated with ARDS is affected
by SARS-CoV-2 infection. Potent stimulators of HA-synthase-2 (HAS2),
including inflammatory cytokines IL-1 and TNF, are increased in the
lungs of patients with COVID-19 [79]. Furthermore, extracellular ATP is
considered to mediate pro-inflammatory signals. Therefore, it could
upregulate the HAS2 expression and hyaluronan secretion (Fig. 3)
(Rauhala et al., 2018), suggesting reducing the HA level or inhibiting its
production in COVID-19 patients may be achieved through inhibition of
PANX1 channel.

3.2. Cardiovascular manifestations

The cardiovascular system, especially the heart, is affected by SARS-
CoV-2 [69]. In COVID-19, cytokine storms and the hypoxic state are
among the putative mechanisms of myocardial injury, which can induce
excessive extracellular Ca®" levels leading to myocyte apoptosis
[80,81].

ATP release and activation of PANX1/P2 signaling contribute to
several processes involved in both the physiology and pathophysiology
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Fig. 3. Mechanisms of virus entry, cell death, immune response, cytokine storm and coronavirus pathogenesis. Following the entrance of the virus through the ACE2
receptor, Angll activates purinergic or pannexin receptors. ROS production following viral infection, through the path shown, eventually induces cell death pathways
and organ failure. Activation of Ca+--dependent signaling cascades also facilitates virus entry into the cell through actin polymerization. On the other hand,
activation of purinergic and pannexin receptors activates and recruits immune cells. Following this event, inflammatory processes and cytokine storms, with the
production of hyaluronan and RBC damage, caused lung damage and lack of oxygen transfer, respectively, which together exacerbate the respiratory symptoms of the
COVID-19. ACE2, Angiotensin-converting enzyme 2; Angll, angiotensin II; ATP, Adenosine triphosphate; COVID-19, Coronavirus disease 2019; Panx1, Pannexin 1;
PARP1, Poly [ADP-ribose] polymerase 1; RBC, Red blood cells; ROS, Reactive oxygen species; TRMP2, Transient receptor potential cation channel subfamily M
member 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the cardiovascular system. This signaling pathway is a primary
contributing factor in many inflammation-associated cardiovascular
diseases [4,82].

Ischemic cardiomyocytes, activated platelets, and/or inflammatory
cells in the interstitium can release extracellular ATP triggering the
activation of the P2X7 receptor and thereby pro-inflammatory cascade
[83]. ATP release is also known to play an essential role in vasodilation
induced by hypoxia, vasoconstriction, and hypertension-induced vaso-
dilation [67].

During myocardial ischemia, the activation of cardiac spinal affer-
ents is controlled by endogenously released ATP mediated by P2X [84].
ATP release and its effect on P2X receptors to mediate cardiomyocyte
apoptosis have been reported to be induced by rat atrial myocytes
stretch [82]. In addition, a wave of Ca?" via autocrine ATP release acting
on P2Y1 receptors in rat atrial myocytes is caused by shear stress [85].
ATP can also control cardiomyocyte contractility via binding to the P2X
receptors [83].

Mechanisms and receptors involved in ATP release are potential
targets for treating vascular complications such as heart failure,
atherosclerosis, thrombosis and hypertension. Clopidogrel, prasugrel,
and other P2Y12R blockers are widely used in the treatment of throm-
bosis, stroke, and myocardial infarctions as platelet inhibitors [82,86].

Interestingly, these antiplatelet agents are proposed for arterial throm-
boprophylaxis in COVID-19 patients [87].

3.3. Coagulopathies and hematological manifestations

Coagulation abnormalities, such as thrombotic microangiopathy or
disseminated intravascular coagulation, are observed in many patients
with severe COVID-19 [88]. The inflammatory changes, along with
hypoxia and infection-mediated endothelial damage and endothelialitis,
promote thrombotic complications in COVID-19 [71].

The release of pro-thrombotic granule contents and thrombin for-
mation is triggered by platelet activation [89,90]. The surface of human
platelets contains PANX1. Probenecid (PBN) and carbenoxolone (CBX)
are PANX1 inhibitors that might act through P2X1 signaling to impair
collagen, thrombin, and thromboxane A2 analog-induced Ca®" influx
[90]. The platelet P2Y12 receptor regulates platelet activation by the
impact of platelet agonists. This explains the importance of this puri-
nergic receptor in thrombosis [89]. Moreover, in human coronary artery
endothelial cells, ATP or UTP activates the P2Y2 receptor, resulting in
the upregulation of tissue factor, a primary initiator of the coagulation
cascade [82].

In COVID-19, hemolysis as a result of a significant increase in ATP
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release from RBCs (Red Blood Cell) via the PANX1 channel could be a
possible explanation for reduced erythrogenesis and increased destruc-
tion of RBCs [91-94] (Fig. 3).

3.4. Renal manifestations

Sudden kidney failure within seven days is called acute kidney injury
(AKI) observed in patients infected with MERS-CoV, SARS-CoV and
SARS-CoV-2. Moreover, in COVID-19, multi-organ failure, sepsis and
shock accompany AKI [69].

The severity of AKI is determined by mitochondria dysfunction,
excess ROS production, apoptosis, and necrosis caused by metabolic
stress in the kidneys induced by decreased intracellular ATP pool. AKI
could be developed by the changes in ATP concentration in extracellular
and intracellular spaces via PANX1 channels. A high concentration of
ATP in the extracellular space exacerbates inflammation, and depletion
of intracellular ATP changes cellular energetics, which, subsequently,
causes irreversible cellular damage, apoptosis, and necrosis [95].

Factors such as elevation of sheer stress, excessive interstitial ATP
concentration, increased renal interstitial Ang II, and P2 receptors
activation lead to the development of hypertensive renal injury by
release of interleukins and growth factors [54].

3.5. Gastrointestinal (GI) involvement

Gastrointestinal symptoms such as diarrhea, abdominal pain, nausea
and vomiting are observed in some patients with COVID-19 [69,96]. The
PANX1 channel plays a pivotal role in the GI system to mediate various
actions, including gut function and pathophysiology of IBD (inflamma-
tory bowel disease) [4,97]. PANX1 is involved in enteric neuron death
induced by inflammation which leads to abnormalities in gut motility in
IBD. This channel also contributes to IBD by increasing ROS production
[4]. However, the link between the level of PANX1 channel activity and
gastrointestinal complications of COVID-19 remains to be elucidated.

3.6. Hepatic manifestations

In patients with severe COVID-19, liver injury or liver failure could
be attributed to immune-mediated inflammation [98]. Hepatic
ischemia-reperfusion injury (IRI) affecting multiple tissues and organs is
followed by PANX1-mediated inflammasome activation [7,99]. Chronic
cellular damage could lead to severe liver diseases such as fibrosis and
cirrhosis by triggering an aberrant repair process mediated by ATP
[100]. Therefore, it could be hypothesized that liver injury or failure in
COVID-19 patients may be triggered by PANX1-mediated inflammation.

3.7. Sepsis and septic shock

One of the clinical manifestations of COVID-19 is sepsis [69,101].
Adenosine plays a role in sepsis-associated hemodynamic changes [82].
ATP release following PANX1 activation results in dysregulated
inflammation leading to sepsis pathogenesis. Inflammation triggers
inflammasome activation through P2X7R activation, the release of
HMGB1 (high mobility group box 1), and the production of NO (nitric
oxide). Lethal systemic inflammation is linked to excessive macrophage
PANX1 hemichannel activation [102].

3.8. Neurological manifestations

Ataxia, seizure, neuralgia, unconsciousness, acute cerebrovascular
disease, encephalopathy, and neuropsychiatric symptoms are clinical
manifestations in patients with COVID-19 whose central nervous system
(CNS) is invaded by the virus [103]. Some of these neurological mani-
festations can prove COVID-19 neurovirulence. Excess cytokine can
trigger the pro-inflammatory and pro-thrombotic cascade affecting
brain vasculature and the blood-brain barrier (BBB) that may lead to
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inflammatory damage in the brain tissue in patients with COVID-19
[71,104].

PANX1 and P2 receptors are linked to peripheral sensitization (pain)
pathways in both CNS and peripheral nervous system (PNS). Other
processes in the PNS, such as myelination and neurite outgrowth, are
mediated by purinergic pathways [13]. Regulation of neuronal excit-
ability by the release of glutamate, gamma-Aminobutyric acid (GABA),
and ATP is triggered by the binding of ATP to purinergic receptors. A
massive increase of the extracellular ATP concentrations has been re-
ported during pathological conditions, including ischemia, inflamma-
tion, trauma and epilepsy. For example, during a seizure, the ATP
excitatory effects on neurons are linked to P2X, and the inhibitory effects
are mediated through the activation of P1 purinergic receptors [105].
Indeed, seizure prevention by the opening of the PANX1 channel during
metabolic stress (e.g., ketogenic diet) or in the pilocarpine model has
been reported can result from activation of P1 receptors [105].

Signaling in the CNS is triggered by the ATP release from synaptic
terminals and mediated by the P2Y receptors initiating intracellular
Ca?" release and proliferating Ca2* waves, a substrate for glial excit-
ability. P2X1-4 and P2X6 receptors are expressed and translated in as-
trocytes in situ, and P2X-mediated currents are produced in astroglial
cell cultures that may be critical during pathological conditions [106].

In depression, excessive release of inflammatory cytokines, such as
IL-1p, is triggered by the overactivation of P2X7 receptor and NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
[107]. Depression is a consequence of CNS neuroinflammation due to
the activation of P2X7 receptors by microglia after increasing the
extracellular ATP level in the brain under psychological stress
[107,108]. Adverse stimuli such as stress lead to the activation of P2X7
ion channels in the brain, stimulating the release of pro-inflammatory
factors induced by NLRP3, causing CNS neuroinflammation and subse-
quently, depression [109-111]. In a chronic stress model, inhibition of
the P2X7-NLRP3-IL-1p pathway by P2X7 selective antagonists pene-
trating the BBB reduces the immune-inflammatory effect of microglia
cells, CNS neuroinflammation, and depression [112,113]. Therefore, the
role of this pathway which might also involve PANX1 activation in
depression, as one of the neuropsychiatric manifestations of COVID-19,
should be elucidated.

3.9. Olfactory disturbances

Olfactory disturbances have been reported primarily on asymptom-
atic COVID-19 patients [114]. The highest expression of ACE2 in the
respiratory system is observed in nasal epithelial cells, which might
explain the altered sense of taste or smell [71]. The olfactory epithelium
(OE) and olfactory bulb (OB) constitute the main olfactory system
(MOS). The regulation of olfactory sensations is mediated by purinergic
signaling [115]. MOS signaling in the olfactory epithelium is mediated
by ATP release through PANX1, which is also critical for the prolifera-
tion and differentiation of olfactory sensory neurons [116]. ATP induces
inward currents and Ca2+ increase in sensory neurons via P2X receptors
activation, which suppresses odor responsiveness [116].

3.10. Endocrinological manifestations

The severity of COVID-19 could be higher in patients with pre-
existing endocrinological conditions such as diabetes mellitus and/or
obesity [74]. The severe form of COVID-19 could be linked to increased
levels of cytokines which cause pancreatic p-cell dysfunction and
apoptosis, leading to decreased insulin production and Kketosis
[117,118]. Another possible mechanism could be a rapid fat breakdown
in COVID-19 patients [119]. Clinical manifestations of COVID-19 in
other body organs other than lungs could be interlinked with diabetic
complications [120].

Another risk factor for severe COVID-19 is obesity [121]. Increased
pro-inflammatory cytokines exacerbating the inflammatory response
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are related to elevated adiposity [71,122-124]. p-cell functions and
survival are modulated by purinergic signaling. The P2X7 receptor and
PANX-1 are involved in the release of ATP and insulin from pancreatic
B-cells by regulating signaling pathways in the pancreatic islets
[125,126].

A growing body of data shows that the metabolism of lipids, control
of endocrine activity, and glucose uptake are linked to purinergic re-
ceptors. Adipogenesis and lipid metabolism are regulated by purinergic
P2 receptors [114]. P2X7-deficient mice exhibit accumulation of lipids,
abnormal fat distribution, and, finally, weight gain [127]. In contrast,
energy expenditure increases by the P2X7 stimulation. Overall, the P2X7
signaling plays a prominent role in obesity and insulin resistance [128].

Extracellular nucleotide release from adipocytes is mediated by the
PANX1 channels indicating their role in controlling metabolic homeo-
stasis. Activation of insulin-induced glucose uptake in adipocytes is
triggered by PANX1-dependent ATP release, and the PANX1 channel is
activated by insulin [129].

There is a growing body of evidence showing that insulin-PANX1-
purinergic signaling crosstalk exists in adipose tissue. It is suggested
that deregulation of this signaling may contribute to lipolysis in adipo-
cytes and adipose tissue inflammation [130]. The increased release of
pro-inflammatory factor IL-1f is a result of the activation of the
P2X7-NLRP3 inflammasome stimulated by chronic hyperglycemia.
Type 2 diabetes induction and aggravation through f cell death and
insulin resistance are related to the elevated NLRP3-dependent IL-1§
[112].

3.11. Dermatological manifestations

Rare incidence of dermatological manifestations in patients with
COVID-19 [74] could potentially be a consequence of hypersensitivity
reactions to SARS-CoV-2 RNA, cytokine-release syndrome, deposition of
microthrombi, and vasculitis [131]. Histopathological examination of
skin rashes has revealed dyskeratotic keratinocytes and superficial
perivascular dermatitis [132,133]. Acro cutaneous lesions biopsy has
displayed dense diffuse lymphoid infiltrates as well as signs of endo-
thelial inflammation. Rarely, small thrombi are also observed in blood
vessels of the dermis [71,132,133].

In various layers of the adult human skin, the PANX1 expression with
different localization profiles is reported [134,135]. The channel regu-
lates the cellular properties of keratinocytes and fibroblasts in the early
stages of skin development. It is also upregulated in wound repair after
injury and downregulated in aged skin. The migration of keratinocytes
and regulation of dermal fibroblasts differentiation into myofibroblasts
for appropriate wound contraction are also attributed to PANX1. Panx1-
deficiency results in excessive proliferation of fibroblasts and the
development of fibrotic scars as a result of improper differentiation of
fibroblasts in response to TGF-f. The migration of keratinocytes is also
dysregulated after the Panx1 deletion [136].

Proliferation, differentiation, and apoptosis of various types of skin
cells could be regulated by the ATP release from PANX1 channels. ATP
binds to the purinergic receptors triggering activation of downstream
signaling [137]. Reaction to mechanical stimulation and cell damage
can lead to the ATP release in wound healing [138]; therefore, it is
considered that PANX1 and purinergic receptors play an important role
in the proper signaling cascade during wound healing [136]. Recently, it
has been shown that macrophage trafficking, in situ proliferation, and
collagen production increase drastically within the wound after intra-
cellular ATP delivery [6].

P2X7 might have a role in some skin disorders, including contact
dermatitis, psoriasis, cutaneous GVHD (Graft-versus-host disease). It is
also involved in skin processes such as wound healing and trans-
plantation [139].

Hence, these channels and receptors represent a potential target in
inflammatory conditions and could emerge as new therapeutic oppor-
tunities for the pathologies which result from cytokine storm in patients
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with COVID-19.

4. Targeting PANX1 channel and/or purinergic signaling in
COVID-19 therapy

Targeting PANX1 channel and purinergic receptors may emerge as a
novel therapeutic option for COVID-19 prevention and treatment. In this
regard, we focus here on summarizing the antiviral activities of PANX1
and purinergic receptors’ inhibitors and highlighting their therapeutic
potential in combating COVID-19.

4.1. Repurposed FDA-approved drugs which target PANX1 in COVID-19
therapy

Due to the time-consuming de novo drug discovery process, it would
be wise to consider drug repositioning in the epidemic of sudden in-
fectious diseases [140]. ATP decrease in vivo and in vitro by PANX1
antagonists such as CBX and PBN hinders the downstream purinergic
signaling mediated by ATP, leading to inflammation [7]. PBN is an FDA-
approved drug for gout which blocks PANX1 hemichannels, ATP release,
B toxin-induced cell death, human erythrocytes (RBCs) swelling, the
inflammatory mediator's release, the ATP-induced T-cell mortality, ag-
gregation of platelets, formation of thrombus and oxygen-glucose
deprivation injury [4].

Following PBN treatment, attenuation of influenza A viral infection
and lung viral load has been observed both in vitro and in vivo [141].
PBN decreases the inflammatory response in sepsis by reducing
inflammasome-dependent IL-1f secretion from macrophages in vitro
[9]. In addition, treatment by PBN decreases the required dose of
Oseltamivir, antiviral medication for influenza [141] possibly by
increasing its plasma levels [142]. Another possible explanation for the
antiviral and anti-inflammatory activities of PBN is its ability to inhibit
P2X7 receptors [143]. PBN also inhibits the secretion of the lysosomal
cathepsin proteases providing a protective effect in ischemia/reperfu-
sion injury [144]. This mechanism of protection can also be utilized in
SARS-CoV-2 infection since coronavirus infection is also facilitated by
cathepsins cleaving the spike protein [145]. Therefore, PBN could be
potentially used for COVID-19 treatment because of its tolerance,
demonstrated effect on viral infection-associated inflammation, and
lowered required doses of other antiviral drugs [27].

Furthermore, ATP release through Pannexin hemichannels can be
inhibited by a water-soluble blocker of PANX1 channels, CBX [4]. CBX
has also been used for gastric ulcers and other types of inflammation
treatment. Significant mitigation of lung dysfunction, injury, and edema
after I/R is observed after treatment by both PBN and CBX [7].

Spironolactone is an aldosterone antagonist inhibiting the PANX1
channel, which can potentially be used to treat COVID-19. Spi-
ronolactone is initially used as a diuretic for high blood pressure treat-
ment [146]. Its use in COVID-19-associated ARDS patients with
hypertension is suggested in addition to its potential benefit as a PANX1
blocker [147]. A possible mechanism of action for Spironolactone is
increasing the ACE2 levels, the spike protein receptor, in plasma, which
increases its proportion in plasma to pulmonary endothelial cell mem-
brane resulting in lung infection reduction [147]. More studies are
needed to prove Spironolactone's mechanism of action and the effec-
tiveness of its PANX1-inhibiting function in the context of COVID-19
[27].

Furthermore, nucleoside analog antivirals such as Tenofovir disrupt
the virus life cycle by incorporating into newly synthesized viral nucleic
acid molecules resulting in synthesis inhibition and chain termination.
Mechanism of action of Tenofovir in the treatment of hepatitis B (HBV)
and HIV in RAW264.7 and HepG2 cells (a mouse macrophage and a
human liver cell lines, respectively) is through inhibition of PANX1-
mediated ATP release [27]. Importantly, downregulation of adenosine
levels by Tenofovir inhibits liver and skin fibrosis [148].

Tenofovir is metabolized into a nucleotide analog within the cell and
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its inhibitory action on the PANX1 channel could be through an intra-
cellular mechanism [149]. Inhibition and internalization of the channel
by excessive extracellular ATP have led to another possible hypothesis
for the Tenofovir mechanism of action, which is the release of active
tenofovir into the extracellular space and blocking the PANX1 from an
external site [27,150,151].

Inhibition of ATP release by Tenofovir is hypothesized to be medi-
ated by the intracellular accumulation of the drug and possibly its pol-
yphosphated metabolites [148]. Tenofovir is absorbed into the cell and
converted to the active form of the drug (Tenofovir diphosphate, TFV-
DP) [152]. In HIV infections, Tenofovir diphosphate competes with
deoxyadenosine 5'-triphosphate for inclusion into a new synthesized
HIV DNA, a mechanism reminiscent of that of NRTIs (Nucleoside reverse
transcriptase inhibitors). DNA synthesis is interrupted after Tenofovir
diphosphate insertion [148].

A recent molecular docking study has suggested Tenofovir as a
potent drug against SARS-CoV-2 through tightly binding to its RNA-
dependent RNA polymerase (RdRp), with binding energies similar to
those of native nucleotides. Hence, it may inhibit the SARS-CoV poly-
merase function [153]. Moreover, using polymerase extension experi-
ments, it has been shown that the Tenofovir diphosphate can be
incorporated by SARS-CoV-2 RdRp terminating polymerase extension.
Previous studies have indicated the potential activity of Tenofovir for
inhibiting HIV and HBV polymerase but not host nuclear and mito-
chondrial polymerases [154,155]. Tenofovir diphosphate has a smaller
size than natural nucleoside triphosphates; therefore, it could easily fit
in the active site of SARS-CoV-2 RdRp. In addition, TFV-DP is a non-
cyclic nucleotide without a normal sugar ring configuration which
might not be detectable by the 3’-exonucleases, which are necessary for
SARS-CoV-2 proofreading processes [156].

Furthermore, computational analysis of potential drugs for COVID-
19 has shown that Tenofovir might bind to nonstructural protein 1
(Nsp1), a coronavirus virulence factor interacting with host 40S ribo-
somal subunit and thus lead to host mRNA degradation, and also inhi-
bition of type-I interferon production [157].

Several cohorts have recently shown that Tenofovir disoproxil
fumarate plus emtricitabine accelerate the natural clearance of naso-
pharyngeal SARS-CoV-2 viral burden and thus contribute to a less likely
severe form of COVID-19 [158,159]. Hence, it would be wise to consider
the inclusion of tenofovir-based therapies in multi-armed therapeutic
trials for the prevention and early treatment of COVID-19.

Remdesivir is extensively used in the treatment of COVID-19 pa-
tients; however, it is not known if it interferes with PANX1 activity and
possibly PANX1-associated inflammatory signaling in COVID-19. Since
Remdesivir is also a nucleoside analog, it would be interesting to
investigate whether it blocks PANX1 channels like Tenofovir or not [27].

4.2. Directly targeting of PANX1 channels

It is not known whether PANX1 is linked to the SARS-CoV-2 mech-
anism of infection and inflammatory responses. If further studies proved
their link, developing new drugs for directly targeting the channel may
be worthwhile for preventive and therapeutic purposes. Currently, there
is a PANXI-specific inhibitor peptide, Pannexin intracellular loop 2
peptide (PxIL2P), which is composed of a short sequence mimicking the
IL2 region of PANX1 linked to an HIV-TAT transactivation protein
[68,160]. PxIL2P was shown to effectively reduce inflammatory re-
sponses by regulating intracellular calcium in human umbilical vein
endothelial cells (HUVECS) in vitro and in vivo; however, it is not yet
approved by the FDA [68]. PXIL2P blocks ATP release from the PANX1
channel by binding to the second intracellular loop of PANX1 and,
consequently, changing intracellular Ca?" flux. The use of PxIL2P in
cultured endothelial cells inhibits the expression and release of cyto-
kines IL-1f and CxCL10 regulated by PANX1, and in the vasculature
limits monocyte adhesion [27]. Therefore, reducing the susceptibility to
SARS-CoV-2 infection and vascular inflammation in patients with
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COVID19 can be attained by directly targeting the PANX1 channel.

In addition to PANXI1 inhibitors, purinergic receptor antagonists
could be considered as potential therapeutics for COVID-19. Purinergic
receptor blockers including Suramin, pyridoxal-phosphate-6-azophenyl-
2/,4'-disulfonate (PPADS), and Brilliant Blue G (BBG), which latter
selectively blocks P2X7R, are currently used for the treatment of HBV
infection. Furthermore, antiviral effects of Suramin have been demon-
strated on other animal viruses [24].

In one of its mechanisms of action, the antibiotic erythromyecin,
which is used to treat respiratory infections, blocks the P2X receptor-
dependent Ca?* influx [35]. However, its clinical utility in the course
of COVID-19 remains to be studied.

4.3. ATP supplementation for treatment of COVID-19

Published evidence to date indicates that although cystic fibrosis
patients are at higher risk of acute severity of chronic lung disease, the
clinical course of these patients with SARS-CoV-2 infection was milder
than initially expected with a potentially new and unknown mechanism
of action [161]. In a search to find the factors behind this survival
benefit against SARS-CoV-2, Abraham et al. focused on a promising
candidate which was ATP, with elevated systemic levels in CF patients
and playing crucial roles in intra-cellular metabolism and extracellular
signaling [162]. They proposed that as well as the general reduction of
ATP levels with age [163], there may be other mechanisms like blood
clotting with subsequent decreased local oxygenation and tissue ATP
production leading to the general decline of ATP levels in COVID-19
patients. They furthermore hypothesized that ATP supplementation of
the general population especially during the first few critical weeks of
SARS-CoV-2 infection, may lead to a survival benefit like what was
observed in CF patients. Therefore, they initiated a non-randomized trial
of oral ATP nutritional supplementation for treatment of clinically sig-
nificant COVID-19 patients and their short-term results showed a
considerable survival benefit conferred by ATP therapy [162].

While at first glance, ATP supplementation for treatment of COVID-
19 seems to be a contradiction, considering what we previously hy-
pothesized: ATP reduction via inhibiting PANX1 channel as a therapy for
COVID-19, it should be noted that in the early stages of the disease,
increased levels of ATP are beneficial, while in the advanced stages of
the disease, conversely, by exacerbating the cytokine storm, it has
detrimental effects [164]. With this explanation, it can be hypothesized
that in patients with cystic fibrosis, due to high levels of ATP, the im-
mune cells are more active than normal population, which prevents
from life-threatening consequences of COVID-19. Another crucial factor
is the concentration of ATP. Increasing the concentration of ATP will be
beneficial to some extent and prevent viral infection, but too much
concentration has the opposite effect [165]. In summary, any ATP
therapeutic modulation (supplementation/blockage) for COVID-19
should be carefully designed and monitored because of the complex
role of extracellular ATP in cellular physiology.

5. Conclusion

The association of PANX1 channels with various signaling molecules
and its wide cellular and tissue distribution has attracted increasing
attention in disease-related research. Since its discovery in the early 21st
century, studies have reported a major contribution of PANX1 in the
pathology of various viral infections and their related complications
[25,105].

Here, we hypothesize that pharmacological modulation of the
PANX1 (and therefore potentially purinergic P2 receptor signaling
pathways) may provide clinical benefit to COVID-19 patients with
progressive disease resulting from excessive production of pro-
inflammatory cytokines/chemokines. According to the above vision of
the role of PANX/P2-receptor in the regulation of inflammatory cas-
cades and viral pathologies, this pathway should be the focus of further



Z. Nadedli et al.

investigations to assess potential direct links to COVID-19 molecular
pathology and design new preventative therapies and treatments for
COVID-19.

PANX1 could be considered a candidate target for treating COVID-19
because of its role in regulating inflammation and viral infection.
However, there is no experimentally proved mechanism linking PANX1
to COVID-19. Nucleotide antiviral drugs which exhibit anti-PANX1 ac-
tivity have been currently used for COVID-19 treatment. PBN is another
drug blocking PANX1 having the same effects of PANX1 deletion and
could be repurposed as a potential treatment for COVID-19. Specific
PANX1 inhibitors could be included as part of the treatment regimen if
further studies demonstrate the role of PANX1 in COVID-19
pathogenesis.
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