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ABSTRACT

A global threat has emerged in 2019 due to the rapid spread of Coronavirus disease (COVID-19). As of
January 2021, the number of cases worldwide reached 103 million cases and 2.22 million deaths which
were confirmed as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This global pan-
demic galvanized the scientific community to study the causative virus (SARS-CoV2) pathogenesis,
transmission, and clinical symptoms. Remarkably, the most common complication associated with this
disease is the cytokine storm which is responsible for COVID-19 mortality. Thus, targeting the cytokine
storm with new medications is needed to hamper COVID-19 complications where the most prominent
strategy for the treatment is drug repurposing. Through this strategy, several steps are skipped espe-
cially those required for testing drug safety and thus may help in reducing the dissemination of this
pandemic. Accordingly, the aim of this review is to outline the pathogenesis, clinical features, and
immune complications of SARS-CoV2 in addition to suggesting several repurposed drugs with their

ARTICLE HISTORY
Received 12 November 2020
Accepted 4 April 2021

KEYWORDS

COVID-19; pathogenesis;
complications; cytokine
storm; drug repurposing

plausible mechanism of action for possible management of severe COVID-19 cases.

Introduction

Coronavirus disease 2019 (COVID-19), severe acute respira-
tory syndrome (SARS)-coronavirus 2 (SARS-CoV-2), and 2019-
nCoV are all names of the new [-coronavirus which
appeared in China on December 2019 [1]. World Health
Organization (WHO) primary identified this virus as the 2019-
novel coronavirus (2019-nCoV) on 12 January 2020 and then
officially named the causative disease as COVID-19. However,
on 11th February 2020 the Coronavirus Study Group of the
international committee suggested the name to be SARS-
CoV-2. A lot of questions have been raised since that date
about the properties of this virus along with its transmission,
pathogenesis, and ultimately its treatment.

This pandemic started when numerous pneumonia cases
were detected and epidemiologically connected to the sea-
food wholesale market in Wuhan, China [2]. Afterwards,
COVID-19 was reported in hospitalized patients after examin-
ing the bronchoalveolar-lavage fluid of three patients using
virus culture, genome sequencing, and polymerase chain
reaction. Then, the phylogenetic analysis of the complete
genome of SARS-CoV-2 revealed that it belongs to the B-cor-
onavirus genus [3]. The best-known members of this genus
were (SARS-CoV) that appeared in China in 2002 and led to
774 deaths and Middle East respiratory syndrome

coronavirus (MERS-CoV) that was identified in Saudi Arabia in

2012 with 858 reported deaths [2,4].
After identification of the SARS-CoV-2 in the China out-

break, Lu and his coworkers [2] examined nine patients in
Wuhan hospital and discovered that this virus is a member
of the subgenus Sarbecovirus and shared a similarity to two
bat-derived coronavirus strains, bat-SL-CoVZC45 and bat-SL-
CoVZXC21, but less related to the known human-infecting
coronaviruses. Moreover, Benvenuto et al. [5] performed a
phylogenetic analysis and concluded that the SARS-CoV-2
genetic sequence clustered with the 2015 bat SARS-like cor-
onavirus sequence. Also, Wu and his coworkers [6] found
89.1% similarity between the SARS-CoV-2 and the bat corona
virus which suggests the virus may spill over from animals to
humans. Critically, COVID-19 severity has been associated
with a cytokine storm which is considered one of the major
causes of acute respiratory distress syndrome (ARDS) and
widespread tissue damage resulting in multiple-organ failure
[7]. Accordingly, this article has discussed the transmission,
pathogenesis, and clinical features of SARS-CoV-2. Moreover,
we have reviewed the mechanism underlying SARS-CoV-2-
induced cytokine storm to suggest some therapeutic agents
that might have potential in hindering COVID-
19 severity.
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Transmission

As depicted in Figure 1(A), SARS-CoV-2 has been reported to
be transmitted between humans mostly through respiratory
secretions [1,8]. However, Zhang and his coworkers [9] found
that SARS-CoV-2 was spread from infected to non-infected
individuals through multiple routes such as aerosol droplets,
fecal-oral or body fluid route which is not a surprising find-
ing because SARS-CoV and MERS-CoV were previously
detected in the human intestine in late infections [10]. Thus,
numerous agents, including clothing and beddings, could be
considered as route of transmission of COVID-19 but the
infection aggressiveness of this disease is related to both
droplets and aerosols especially indoors [11]. Moreover,
Kampf et al. [12] reported that the human coronaviruses can
remain infectious for 9 days at room temperature which sug-
gests that hospital setting can be a major source of infection.
With respect to vertical transmission, previous studies
showed no evidence of intrauterine or transplacental trans-
mission from infected pregnant mothers to their fetuses [13]
although the angiotensin-converting enzyme 2 (ACE2); recep-
tor responsible for binding of SARS-CoV2, as well as the
transmembrane serine protease 2 (TMPRSS2) are found in
the placenta. Conversely, a recent study reported that 3.2%
of pregnant mothers transmit COVID-19 to the fetus in the
third trimester [14].

Pathogenesis

Studying the pathogenesis of SARS-CoV-2 virus and its recep-
tors in the body (Figure 2) is of great help in finding the
proper therapy. SARS-CoV-2 has an envelope-anchored spike
protein which is responsible for its entry into the host cell
where the receptor-binding domain precisely attaches to its
ACE2 receptor [15]. For a complete entry of the virus, the
spike protein should be primed by transmembrane protease
enzyme TMPRSS2 [16]. At this stage, the patient is asymp-
tomatic and highly infectious and the viral load is low but
can be detected by nasal swabs [17]. Afterwards, the virus
migrates down the respiratory tract where a fusion of the
virus with epithelial cell membrane takes place with the aid
of the spike (52) protein and the RNA genome is released
into the cytoplasm of the host cell. Subsequently, the gen-
ome will code for nonstructural proteins, and form replica-
tion-transcription complex in the double-membrane vesicle
leading to production of a set of sub-genomic RNAs that will
further code for accessory and structural proteins. At this
point, clinical manifestations of the disease are identified,
and the innate immune response starts. Then, the virus binds
to the cell membrane to release new virions [1]. Mostly, the
later propagation of viral infection occurs in 20% of the
population where the virus spreads to the gas exchange
units of the lung and infects alveolar type Il cells. When the
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Figure 1. SARS-CoV-2 transmission, clinical symptoms, and complications. (A) Bats are the likely reservoir of SARS-CoV-2 which crosses the species barrier into
humans. Then, Human-to-human transmission of SARS-CoV-2 occurs via a nosocomial transmission (droplets). (B) The common clinical manifestation of SARS-CoV-2
include fever, headache, vomiting, diarrhea, sore throat, dry/wet cough, fatigue, and muscle pain. Severe pneumonia, acute respiratory distress, and blood clotting
are the most serious complications. Figure generated in Biorender (https://biorender.com/).
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Figure 2. Schematic diagram of the life cycle of SARS-COV-2. The viral spike protein binds to angiotensin-converting enzyme 2 (ACE2) and enters the human cell
by endocytosis. Afterward, the viral genome represented in positive-strand RNA is released into the cytoplasm. Then transcription of subgenomic RNA and RNA rep-
lication takes place and the formed structural proteins and nucleocapsids are assembled in the endoplasmic-Golgi apparatus intermediate compartment to form a
mature virus which is further released by exocytosis from a human cell. Figure generated in Biorender (https://biorender.com/).

virus is released from Type Il cells, a pulmonary toxin is con-
currently released. Pathologically, diffuse alveolar damage
with fibrin rich hyaline membranes and a few multinucleated
giant cells will develop [17].

Symptoms and complications

The incubation period of COVID-19 is approximately 5 days
with a median duration of symptoms of 14days (range 6-
41days) [18,19]. The length of this period mainly depends on
the age and immune status of the patient. The SARS-CoV-2
virus causes variable clinical features among the patients
that can range from asymptomatic or mild symptoms, includ-
ing fever, cough, breathlessness, weakness, headache, myal-
gia, nausea/vomiting, diarrhea, and nasal congestion to
severe pneumonia and ARDS requiring intensive care unit
(ICU) admission and oxygen therapy [20,21]. Nevertheless,
sputum production and hemoptysis (coughing up blood)
have been reported in some cases [1,20]. On the other side,
atypical symptoms such as cardiovascular or nervous system
symptoms can develop which complicates the diagnosis [21].
Besides, a few patients show some dermatological symptoms
such as erythematous rash and generalized urticaria in add-
ition to acral ischemia in the form of toe cyanosis and skin
blisters [22]. However, the most unusual symptoms for
COVID-19 were anosmia and dysgeusia as reported by
Gelardi et al. [23]. The clinical presentation of COVID-19
infection is presented in Figure 1(B).

According to the clinical laboratory results, most SARS-CoV-
2 patients show normal or decreased white blood cells and
sometimes develop lymphocytopenia and thrombocytopenia.
Also, most of the patients had high values of C reactive protein
and some of them showed high levels of alanine aminotrans-
ferase, aspartate aminotransferase, creatine kinase, and d-dimer
[20,21]. For radiological imaging, although some cases were
reported to have normal CT imaging, others were reported to
have radiographic changes including multiple small patch-like
shadows and interstitial changes which could develop to mul-
tiple ground-glass opacities in both lungs [21,24].

One of the major complications of COVID-19 is both ven-
ous and arterial thromboembolism. The reasons attributed to
these fatal complications are excessive inflammatory response
with a lack of oxygen in addition to diffuse intravascular
coagulation [25]. Additionally, there are neurological and psy-
chiatric complications with COVID-19 which include altered
mental status, encephalopathy, and psychosis [26]. However,
the most fatal complication is hypercytokinemia, also termed
as a cytokine storm. Due to severe pneumonia caused by
COVID-19 disease, high production of inflammatory cytokines
resulted in acute lung injury and ARDS [27] due to inflamma-
tion of the alveolar membrane leading to high lung perme-
ability and release of pulmonary fluid into air spaces [28].

Cytokine storm

Cytokine storm is a potentially life-threatening immune phe-
nomena emerging from massive stimulation of inflammatory
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signaling cascades with subsequent overproduction of
inflammatory cytokines. It is considered as the foremost
cause for ARDS and hence mortality in COVID-19 infection
[29]. This is mainly caused by hyperactivation and dysregula-
tion of immune cells such as T cells and macrophages which
lead to massive tissue damage [27]. Normally the immune
system responds to various pathogens by activation of
inflammatory pathways. However, an exaggerated response
leads to dysregulated and uncontrolled disease [30].

The inflammatory pathways involve the secretion of cyto-
kines by both innate and adaptive immune cells. At the entry
of the virus inside the body, the innate immune system
response starts by detecting pathogen- associated molecular
patterns (PAMP). In the case of the positive-strand RNA virus,
the dsRNA and 5-triphosphate-bearing RNA molecules, repli-
cation intermediates of the virus, are all PAMPs. They are
sensed by the cytoplasmic RNA sensors like the retinoic acid-
inducible gene | (RIG-)-like receptors composing of RIG-I,
MDAS5, and LGP2 [26]. Moreover, toll like receptors (TLR3 and
TLR4) play a key role in the recognition of PAMPs [27]. All of
these cytoplasmic sensors activate the transcription factors
interferon (IFN)-requlatory factor 3 and 7 (IRF3, IRF7) and
nuclear factor Kappa B (NF-kB) which lead to excretion of
Type-l IFN and pro-inflammatory cytokines (Figure 3(A,B)).
Subsequently, the Janus kinase/signal transducers and activa-
tors of transcription (JAK-STAT) signaling pathway will be
activated followed by stimulation of the expression of anti-
viral interferon-stimulated genes (ISGs), (Figure 3(C)). These
ISGs target the viral cycle steps to block viral replication [30].
Following these events, the leukocytes and plasma proteins
are recruited to the site of infection.

The most important proinflammatory cytokines produced
by macrophages and mast cells are interleukin (IL)-1, tumor
necrosis factor alpha (TNF- o), and IL-6 [31]. Particularly, IL-6
is a prominent inflammatory agent of ARDS which has two
pathways of signal transduction as illustrated in Figure 3.
The first pathway is the classical signal transduction pathway
in which IL-6 binds to its receptor IL-6R, then together they
bind to the membrane protein gp130 to trigger downstream
signal transduction and gene expression. The second path-
way is the trans signal transduction pathway where IL-6
binds to soluble interleukin 6 receptor (sIL-6R) which is simi-
lar to IL-6R, and subsequently the complex binds to gp130.
It is interesting that the trans signaling pathways are respon-
sible for this inflammatory response associated with COVID-
19, but the classic signal transduction is the protective
pathways against the viral infection. The trans signaling path-
way recruits macrophages, inhibit T cells apoptosis, and
inhibits differentiation of regulatory T cells (Treg). As shown
in Figure 3(D), both the trans-signaling and the classic-signal-
ing pathways of IL-6 activate the JAK/STAT pathway and the
mitogen activated protein kinase (MAPK) cascade [32]. These
pathways play a major role in the differentiation of T helper
(Th) cells [33]. In COVID-19 disease Th1 cells are hyperacti-
vated as evidenced by high numbers of HLADR4 and CD38
positive cells [34]. However, lymphopenia is a hallmark in
early diagnosis of COVID-19 where reduced numbers of
CD8" T cells, B cells and Natural killer (NK) cells were

demonstrated [35]. The defective responses of cytotoxic T
cells, B cells and NK cells toward viral eradication provokes
exaggerated and protracted generation of proinflammatory
mediators most notably IL-6 by Th1 cells and macrophages,
thereby aggravating the hyperinflammatory syndrome [36].

Crucially, the produced cytokines (IFN-y and TNF-o) are
responsible for the clinical features of COVID-19 such as
fever, headaches, dizziness, and fatigue. Moreover, IL-6
causes vascular leakage, activation of complement and the
coagulation cascade which can lead ultimately to dissemi-
nated intravascular coagulation (DIC) [37]. Soy et al. (2020)
reported that increasing blood viscosity by the inflammatory
mediators and immunoglobulins may be the reason for DIC
[38]. Indeed, clinical laboratory studies of COVID-19 patients
have reported significant elevation of serum levels of pro-
inflammatory cytokines (IL-6, IFN-y and TNF-a) especially in
critically ill patients admitted to the ICU [39]. Consequently,
inflammatory mediators, primarily IL-6, can serve as useful
prognostic biomarkers for the severity of COVID-19 dis-
ease [40,41].

Given the crucial role of the cytokine storm to the tre-
mendous morbidity and mortality rates of COVID-19 disease
worldwide, investigators are examining effective medications
for combating this phenomenon in order to improve the sur-
vival rates. In this regard, various anti-inflammatory drugs
and immunomodulators have been proposed for their effi-
cacy in diminishing the COVID-19 associated cytokine storm
including cytokine inhibitors: IL1- antagonist (Anakinra), IL-6
inhibitor (Tocilizumab), TNF-a inhibitor (adalimumab), Janus
kinase (JAK) inhibitors (Baricitinib), chloroquine, hydroxychlor-
oquine, and corticosteroids [42]. Nonetheless, the quest con-
tinues toward delineating optimum therapeutic agents that
target various inflammatory signaling cascades implicated in
the pathogenesis of COVID-19. Accordingly, in this review,
we have proposed a drug repurposing approach for combat-
ing COVID-19 associated cytokine storm.

Drugs that might affect the cytokines storm in
COoVID-19

Statins

Statins are widely used anti-hyperlipidemic agents that act as
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG
CoA-reductase) inhibitors [43]. Not only do statins lower
cholesterol levels but they also have many pleiotropic effects
including reduction of vascular inflammation, improvement
of endothelial function, and inhibition of platelet aggregation
[44]. Statins exert an anti-inflammatory effect that might
decrease the release of cytokines during the cytokine storm.
The inhibitory effect of statins on inflammatory cascade was
confirmed in an animal model of neuronal damage where
statins decreased the release of proinflammatory cytokines
such as TNF-a, IL-1B, and cyclo-oxygenase enzyme (COX)-2 in
a cholesterol independent mechanism through NF-«B signal-
ing pathway inhibition [45]. Besides, a statin was reported to
decrease IL-6 in a cardiac fibrosis model and hence, inhibit-
ing the IL-6/STAT3 pathway [46]. Moreover, this anti-inflam-
matory effect could also enhance the effect of the statin on
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Figure 3. Schematic diagram illustrating inflammatory signaling cascades implicated in the pathophysiology of COVID-19-induced cytokine storm. (A) The viral
RNA (dsRNA) is sensed by the cytoplasmic RNA sensors retinoic-acid inducible gene | (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) which recruit
adaptors, including mitochondrial antiviral-signaling protein (MAVS) leading to the activation of the transcription factor nuclear factor-xB (NF-kB) and interferon
regulatory factor 3 (IRF3) and the production of type | Interferons and a series of pro-inflammatory cytokines. (B) Toll-like receptors (TLRs) pathway: Upon binding
of pathogen-associated molecular patterns (PAMPs), TLRs are dimerized, which leads to recruiting myeloid differentiation primary response protein 88 (MyD88) and
the TIR domain-containing adaptor-inducing IFN-f3 (TRIF). Then, MyD88 binds with IL-1 receptor-associated kinase 4 (IRAK4) resulting in the activation of IRAKT.
Subsequently, the protein tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) and TAK1 are activated which further stimulate two signaling cascades;
nuclear factor kB (NF-kB) pathway and mitogen-activated protein kinase (MAPK) pathway. The IkB kinase (IKK) complex consists of the catalytic subunits; IKKa and
IKKB and the regulatory subunit NEMO. TAK1 binds to the IKK complex inducing phosphorylation of IKKB allowing NF-kB translocation into the nucleus to switch
on the transcription machinery of a cluster of pro-inflammatory cytokines. TAK1 also induces stimulation of MAPK family members which mediates activation of
AP-1 family transcription factors that further induces expression of diverse inflammatory mediators. Furthermore, the MyD88-dependent pathway can trigger phos-
phorylation of IRF7 that in turn induces expression of type 1 interferon (IFN). The TRIF-dependent pathway is utilized by only a few TLRs, such as TLR3 and TLR4.
Upon recruitment and binding of TRIF to TLRs, it initiates the TRAF3-dependent signaling cascade which leads to phosphorylation of IRF3 that translocates to the
nucleus commencing generation of type 1 IFN-. (C) Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway. Interferons (IFN-y) trigger
activation of the JAK/STAT pathway. The activated JAKs consequently phosphorylate the major substrates, STATs prompting their dimerization and then transloca-
tion into the nucleus to stimulate the expression of antiviral interferon-stimulated genes (ISGs). (D) IL-6 trans signal transduction pathway. IL-6 binds to soluble
interleukin 6 receptor (sIL-6R) and subsequently bind to gp130. The trans signaling pathway stimulates JAK/STAT pathway and MAPK cascade, and recruits the
macrophages. Figure generated in Biorender (https://biorender.com/).

promoting autophagy. It has been reported that a statin
plays a role in the upregulation of autophagy by modulating
AKT. and blocking the mammalian target of rapamycin
(mTOR)/ribosomal protein S6 kinase (P70S6K) signaling path-
way and decreasing the production of IL-1B, TNFa [47].
Moreover, statins have been reported to reduce TLR4 expres-
sion in immune cells with subsequent suppression of NF-kB
and its downstream proinflammatory cytokines including IL-6
and IL-1P [48]. Also, statins were observed to have a pulmon-
ary protective effect in an in-vivo model through mitigating
alveolar damage and lung inflammation caused by paraquat
intoxication [49]. Therefore, statins are suggested to have a
beneficial effect as an adjunctive treatment of COVID-19.
Moreover, statins displayed an immunomodulatory effect
attributed to the inhibition of expression of major

histocompatibility complex (MHC) class Il, besides modula-
tion of antigen presentation and T-cell co-stimulation which
result in reducing the inflammatory effect of Th-1 cells and
increasing the production of protective Th-2 cytokines [50]

In addition, statins have been reported to have an antith-
rombotic effect through inhibition of platelet endothelial cell
adhesion molecule-1 signaling [51]. This might help in the
management of microvascular pulmonary thrombosis that
occurs in severe pulmonary coronavirus disease 2019 [52].
Clinically, statins demonstrated positive results in previous
influenza pandemics via decreasing inflammation and nega-
tive outcomes in patients with influenza infection [53].
Furthermore, statins have been reported to reduce the mor-
tality due to influenza virus H3N2 pandemics in 2007-2008
[54]. Also, statin users with seasonal influenza demonstrated
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a reduction in vasopressor use and mechanical ventilation
compared to non-statin users but with no significant effect
on 30-day mortality [55].

Fibrates

Fibrates are another class of lipid lowering drugs via their
impact on hepatic peroxisome proliferator activated recep-
tors (PPARs) that are responsible for the regulation of lipid
synthesis and secretion [56]. The activation of PPARa also
leads to inhibition of NF-kB thus, reducing inflammation [57].
Moreover, PPAR agonists have been reported to exert an
antiplatelet effect through inhibition of COX-1, thromboxane
A2, and calcium mobilization [58].

Fenofibrates were stated to suppress inflammation and
apoptosis cascades through inactivation of NF-kB and stimu-
lation of adenosine monophosphate-activated protein kinase
(AMPK) signaling [59]. Gemfibrozil has been reported to have
anti-inflammatory immunomodulatory effects through the
reduction of matrix metalloproteinase (MMP)-9 and the rise
in adiponectin and the anti-inflammatory cytokine IL-10 [60].
Alternatively, fibrates can have an effect on reduction of viral
replication as it has been reported that the combination of
oseltamivir and fenofibrate in H7N9 infected mice resulted in
a reduction of the viral titer in the lung tissue together with
decreased pulmonary inflammation, and prolonged survival
time [61]. Thus, fibrates could be a promising candidate to
counteract cytokine storm and hinder viral replication in
COVID-19 patients.

Thiazolidinediones

Thiazolidinediones or glitazones are oral insulin sensitizing
medications that are used for management of type -Il dia-
betes mellitus with minimal risk to develop hypoglycemia
[62]. The mechanism of action of glizatones is through
modulation of PPARs [63]. Pioglitazone reduced the level of
IL-6 in a rat model of autism [64], and decreased the levels
of proinflammatory cytokines TNF-o, IL-1B, and IL-6 in an
acute pancreatitis model [65]. via PPARs activation, pioglita-
zone induced adiponectin leading to suppression of chemo-
kine monocyte chemoattractant protein-1 (MCP-1) and
reduced the level of transforming growth factor beta (TGF-f3)
in an animal model [66]. Moreover, rosiglitazone was
reported to exert an anti-inflammatory effect through TLR-4
inhibition [67]. In addition, PPARs activation not only hinders
the inflammatory response but is also responsible for the
immunomodulatory effect of glitazones. In a multiple scler-
osis model, pioglitazone has been observed to inhibit T-cell
proliferation and reduce the secretion of IFN-y and TNF-o
proinflammatory cytokines suggesting its potential role in
ameliorating the cytokine storm in COVID-19 patients [68]
Moreover, the agents exert antiplatelet effect attributed to
the activation of AMPK signaling pathway making platelet
less responsive to stimuli such as collagen and thrombin
[69]. Consequently, the activation of AMPK and PPARs by gli-
tazones could target multiple complications associated with
the COVID-19 cytokine storm such as marked inflammatory/

immune response and coagulation, and thus they may help
in decreasing the severity of cases.

Apremilast

Apremilast is an orally administered, inhibitor of phospho-
diesterase enzyme (PDE) 4 thereby blocking degradation of
intracellular cyclic adenosine monophosphate (cAMP) and
modulating downstream influences on numerous intracellular
signaling cascades in distinct cell types including inflamma-
tory and immune cells [70]. It is approved in many countries
for the treatment of psoriasis and psoriatic arthritis [71].
Several studies have confirmed the anti-inflammatory and
immunomodulatory capabilities of apremilast; it diminishes
the expression of a substantial number of pro-inflammatory
cytokines and chemokines [72]. Elevation of intracellular
cAMP leads to stimulating protein kinase (A) enzyme which
in turn catalyzes phosphorylation of various transcription fac-
tors, such as cAMP response element binding protein (CREB)
resulting in induced expression of particular genes encoding
anti-inflammatory mediators such as IL-10 [73]. Activated
CREB interferes with NFxB transcriptional activity leading to
downregulated expression of a distinct set of NFkB-depend-
ent proinflammatory genes such as TNF-a and IL-6 [74].
Indeed, in lipopolysaccharide (LPS)- challenged peripheral
blood mononuclear cells, apremilast upregulated in vitro
expression of IL-10 while downregulating the expression of
several proinflammatory cytokines: TNF-o, IFN-y, IL-12 and IL-
23 [75]. Furthermore, it markedly blunted the production of
TNF-o, IL-7, and MMP1, MMP3, MMP13, and MMP14 in vitro
in human synovial cells and also substantially ameliorated
experimental arthritis [76]. Clinically, in patients with psoriatic
arthritis, treatment with apremilast dramatically reduced the
plasma levels of proinflammatory mediators, comprising TNF-
o, IL-6, IL-8, macrophage inflammatory protein (MIP)-1 B,
(MCP)-1, ferritin, IL-17 and IL-23, and increased plasma levels
of the anti-inflammatory cytokines; IL-10 [77]. Apremilast has
been reported to have substantial effects on innate immunity
in patients with recalcitrant plaque psoriasis through imped-
ing epidermal and dermal infiltration of myeloid dendritic
cell, T cells, and NK cells. Besides, it considerably abrogated
inflammatory cytokines production in Th1, Th17, and Th22
pathways in psoriatic skin lesions, including IL-12/IL-23p40,
IL-23p19, IL-17A, and IL-22 [78]. Strikingly, in an experimental
model of ulcerative colitis in mice, apremilast showed sup-
pressive effects on IL-6 inflammatory cytokine by impeding
JAK-STAT signaling through inhibiting the phosphorylation
of STATs. Moreover, phosphodiesterase (PDE)-4 inhibition by
apremilast extensively hindered activation of numerous path-
ways such as MAPK, NF-xB, and phosphatidylinositol-3-kin-
ase-mTOR pathways, which are implicated in the regulation
of both innate and adaptive immunity [79]. Indeed, the
promising anti-inflammatory properties of apremilast con-
ferred protection against carfilzomib-induced pulmonary and
vascular injuries [80]. Taken together, the anti-inflammatory
and immunomodulatory effects of apremilast could have
therapeutic potential in the management of Covid-19.



Cilostazol

Cilostazol is a selective inhibitor of PDE 3 enzyme which
inhibits cAMP degradation in both platelets and vascular
smooth muscle cells leading ultimately to the suppression of
platelet aggregation and induction of peripheral vasodilation
[81]. In addition to its anti-platelet, activity, cilostazol has
recently been reported to have a diversity of pharmaco-
logical properties, including anti-inflammatory, antioxidant,
and anti-apoptotic effects through the cAMP-dependent and
-independent pathways [82]. The antiinflammatory effect of
cliostazole has been demonstrated in numerous experimental
models of inflammation, through upregulation of cAMP and
consequently inhibition of NF-kB. Cilostazol significantly
downregulated the inflammatory biomarkers, including IL-6,
TNF-0, and TGF-B in a liver fibrosis model and hence, pro-
tected against thioacetamide-induced liver fibrosis [83]. The
inhibitory effects on NFkB also account for its ability to blunt
generation of adhesion molecules such as MCP-1 and vascu-
lar cell adhesion molecule-1 (VCAM-1) in a culture of endo-
thelial cells taken from a human umbilical cord [84,85].
Multiple molecular mechanisms are implicated in the
inhibitory effects of cilostazol on NFkB signaling. It directly
disrupts TLR-4 and TLR-3 ligand- stimulated NF-«B transcrip-
tional activity as evidenced by attenuating the recruitment
and DNA binding activity of NF-kB p65 to the pro-inflamma-
tory gene promoters in RAW264.7 macrophage cells stimu-
lated with different TLR ligands [86]. Moreover, cilostazol
blocked upstream activation of NF-kB by repressing phos-
phorylation of MAPKSs, extracellular signal-regulated kinases 1
and 2 (ERK1/2) and c-Jun N-terminal kinase (JNK) in LPS-
stimulated microglial cells which further led to significant
attenuation of the release of proinflammatory markers such
as NO, prostaglandin E2, IL-1, TNF-o, and MCP-1 in LPS
stimulated microglial cells [87]. Furthermore, cilostazol effect-
ively mitigated the inflammatory responses in an animal
model of ischemia-reperfusion injury in the kidney mainly via
increasing PPAR-Y transcriptional activity and expression in
renal tissues, hence downregulating expression of inflamma-
tory markers which include: IL-18, caspase-1, inducible nitric
oxide synthase (iNOS), myeloperoxidase, intracellular adhe-
sion molecule-1 (ICAM- 1) and VCAM-1[88]. These results
from animal model were further confirmed by the clinical
studies where cilostazol markedly diminished the expression
of various inflammatory markers such as ICAM-1, VCAM-1 IL-
1B, IL-6 and TNF-a in plasma of patients with thromboangii-
tis obliterans [89]. Alongside these anti-inflammatory effects,
cilostazol has been shown to substantially modulate the
immune responses by blocking differentiation of pro-inflam-
matory Th1 and Th17 cells and up-regulating anti-inflamma-
tory Treg cells. This successfully ameliorated the severity of
experimental autoimmune encephalomyelitis [90]. Other
studies have reported that cilostazol can also decrease C-C
chemokine receptor type 2 gene expression hence reduce
MCP-1-induced chemotaxis and adhesion of monocytes [91].
Remarkably, cilostazol has displayed promising bronchodila-
tor and bronchoprotective effects in humans implying its
clinical usefulness in management of asthma [92]. In add-
ition, due to its anti-platelet activity, cilostazol could aid in
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diminishing the thrombotic complications that increase the
morbidity and mortality of Covid-19. The aforementioned
date points out that cilostazol can offer therapeutic benefits
for patients with Covid-19.

Acitretin: retinoic acid analogue

Retinoid compounds could regulate the immune system
because of their similar action to vitamin A [93]. Currently,
three generations of synthetic retinoids exist. Acitretin is an
FDA-approved second generation retinoid used to treat psor-
iasis [94]. Retinoids bind cytosolic retinoic acid-binding pro-
tein transporting it to the nucleus where retinoids interact
with retinoic acid receptor and retinoid receptor X along
with binding to retinoic acid responsive elements on the
DNA to regulate the transcription of several genes [95].

Retinoids have multiple pharmacological activities includ-
ing anti-inflammatory and apoptotic effects, besides inhib-
ition of tumor promotion [96,97]. Remarkably, retinoic acid
(RA) hinders IL-6, IL-21, and IL-23 signaling that results in
blocking the differentiation of naive T cells to Th17 cells [98].
Furthermore, RA inhibits CD4"CD44M9" cells in production of
IL-4, IL-21, and IFN-Y cytokines, therefore promoting the dif-
ferentiation of Tregs [99]. Additionally, RA together with IL-2
and TGF-B enhance and sustain Forkhead family transcription
factor (FOXP3) expression thereby further activates Tregs dif-
ferentiation [100,101]. Curiously, combination of TGF-f with
IL-6 can stimulate Th17 cells. However, RA maintains the
Treg-Th17 balance through blocking IL-6 signaling [99]. In
addition to inhibiting inflammatory cytokines, RA stimulates
the production of IL-10, an anti-inflammatory cytokine, in
Tregs [102]. IL-22 is a crucial factor in tissue repair.
Nevertheless, it is associated with an autoimmune response
[103]. Notably, RA could regulate IL-22 function initially via
enhancing IL-22 production in Y3 T cells and innate lymph-
oid cells followed by its neutralization and inactivation
through attaching free IL-22 to binding a protein derived
from immature dendritic cells [104].

Recognition of viral pathogens through the innate
immune response including RIG-I can stimulate innate anti-
viral signaling [105]. Acitretin, at clinically achievable concen-
trations boosts RIG-l expression and augments its signaling
thus arming innate immune defense [106]. Based on antiviral,
anti-inflammatory, and immunomodulatory roles of retinoids,
acitretin is suggested as a promising agent to counteract
CIVID-19-mediated cytokine storm.

Olaparib: PARP inhibitor

Poly (ADP-ribose) polymerase (PARP) is a family of nuclear
enzymes that have a crucial role in DNA repair. Currently,
PARP is broadly involved in regulation of a wide variety of
nuclear events, including the regulation of protein-nucleic
acid interactions [107]. The epigenetic role of PARP occurs
via 1- regulation of chromatin re-modelling, 2- functioning as
a transcriptional co-regulator, 3- modulating DNA methyla-
tion, 4-poly (ADP) ribosylation of target proteins involved in
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gene transcription and/or 5- regulation of RNA metabolism
and function [108,109].

PARP activation is involved in various pathophysiological
conditions leading to cell necrosis and activation of signal
transduction by acting as a co-activator in NF-kB-mediated
transcription and stimulating the AKT pathway that contrib-
utes to the activation of a variety of inflammation-related
transcription factors including activator protein-1(AP1), acti-
vator protein-2 (AP2), and STAT1 [110]. In this context, PARP
inhibitors were reported to inhibit the overproduction of
proinflammatory cytokines such as IL-6, pro-IL-1, ICAM-1,
TNF-o, COX-2, iNOS, MIP-1ac and MIP-2 [111].

Olaparib is the first PARP inhibitor approved by the US
Food and Drug Administration for the treatment of ovarian
cancer [112]. Most of the effects of olaparib are due to the
inhibition of PARP1, PARP2, and other PARP isoforms [108].
Olaparib has demonstrated cytoprotective efficacy in preclin-
ical studies of acute lung injury and chronic asthma
[113,114]. In addition, the immunomodulatory role of
Olaparib is mediated by reducing the production of Th2
cytokines in human CD4+ T-cells besides increasing Treg
cells. Accordingly, the repurposing of olaparib with a short
administration duration could offer beneficial outcomes for
COVID-19 patients who have a high risk of mortality.

Vorinostat: Histone deacetylase inhibitor

Histone deacetylases (HDACs) are a class of enzymes that
remove the acetyl moiety from specific lysine residues on
histone proteins leading to the tight wrapping of DNA.
Therefore, HDACs act as key epigenetic modulators of essen-
tially biological processes including transcription factors,
chaperones and signaling molecules, resulting in changes in
protein stability, protein-protein interactions, and protein-
DNA interactions to control diverse cell functions [115,116].

Vorinostat is the most widely used of the HDAC inhibitors
(HDACGs) that target HDACs | and Il and is approved for the
treatment of cutaneous T cell lymphomas with good oral
bioavailability and tolerability [117]. In addition to their anti-
cancer role, HDACis are novel therapeutic tools in the man-
agement of viral infections through reactivating the latent
virus present in infected cells, and then its clearance from
cellular reservoirs through cytolysis or immune-mediated
clearance, as demonstrated in human immune-deficiency
virus (HIV), hepatitis C virus (HCV), and human cytomegalo-
virus infections [118,119].

Although high concentrations of vorinostat are required
for anti-tumor effects, low concentrations of vorinostat can
reduce the secretion of inflammatory cytokines, and thus
ameliorate the cytokine storm syndrome [120]. Interestingly,
HDACs such as Vorinostat modulates STAT1, STAT3, MAPKs,
and NF-xB signaling pathways [120-122]. Therefore, HDACs
were approved as anti-inflammatory and cell-protective
agents in various pathological conditions [123-125]. In this
regard, Vorinostat significantly alleviated respiratory syncytial
virus-induced airway inflammation through reducing pro-
inflammatory cytokine production, besides decreasing neu-
trophil and T cell infiltration [126]. Interestingly, HDACs

reduced the production of the macrophage migration inhibi-
tory factor (MIF) which is a pro-inflammatory cytokine
expressed by immune cells. MIF binds the Human Leukocyte
Antigen (HLA) class Il histocompatibility antigen gamma
chain, CD74, causing its phosphorylation and the recruitment
of CD44, which allows the activation of ERK/MAPK path-
way [127].

Strikingly, Vorinostat exhibits an immunomodulatory role
[128]. Tregs express FOXP3, which activates many suppres-
sive genes in Tregs and inhibits many effector T cell genes.
HADCs could regulate Treg function through enhancing
FOXP3 acetylation and hence relieve autoimmune diseases
[129]. Vorinostat could enhance suppressive function of Treg
to constrain Th17 cell differentiation, repress Th1 cell activ-
ities, and inhibit antigen presenting cells functions via target-
ing NF-kB signaling pathways [124]. Interestingly, the
function of exhausted CD8 T cells in chronic viral infection
was shown to be restored upon HDACis treatment [130].
Consequently, Vorinostat is a promising agent to manage
COVID-19 comorbidities via its antiviral and anti-inflamma-
tory effects, besides its immunomodulatory role.

Pirfenidone

Pirfenidone is a novel anti-inflammatory, antifibrotic, antipro-
liferative medication approved for management of idiopathic
pulmonary fibrosis [131]. Pirfenidone has been shown to
have PPAR agonistic activity in a mouse model of nonalco-
holic steatohepatitis and it also mediates potent anti-inflam-
matory activity [132]. It reduces the expression of several
inflammatory cytokines such as IL-3 and IL-4 and downregu-
lates IL-1B which is otherwise responsible for stimulation of
fibroblast to produce platelet derived growth factor (PDGF)
and TGF-B [133]. In an acute pancreatitis model, it sup-
pressed the expression of NF-kB and hence decreased the
level of TNF-o. and IL-6 [134]. It also has been observed to
block the activation of the nucleotide-binding oligomeriza-
tion domain-like receptor with pyrin domain 3 (NLRP3)
inflammasome, a mechanism involved in acute lung injury
and alveolar damage in ARDS, which potentially leads to
secretion of caspase protein, active IL-1f3 and reactive oxygen
species [135]. These promising anti-inflammatory effects of
pirfenidone suggest it as a possible candidate to be investi-
gated for its capabilities for abrogating COVID-19 associated
cytokine storm.

Nintedanib

Nintedanib is a novel triple angiokinase inhibitor that acts on
PDGF receptor, vascular endothelial growth factor receptor,
and fibroblast growth factor receptor. Clinically, nintedanib is
used for management of idiopathic pulmonary fibrosis [136].
Nintedanib decreased the inflammatory cytokines IL-6, TNF-a
and TGF-B induced by bleomycin in an experimental rat
model which otherwise mediated responsible for alveolar
damage, thus supporting its anti-inflammatory and lung pro-
tective effect [137]. It also normalized the lung microvascula-
ture and improved lung function [138]. These activities



suggest the lung protective effect of nintedanib could be
used during ARDS associated with sever COVID-19 cases.

Rivaroxaban: protease-activated receptor
(PAR) modulator

In severe COVID-19 cases, coagulation dysfunction may occur
within a few days as a result of severe inflammatory storms
which can be fatal [139]. Tissue factor (TF) is primary initiator
of the blood coagulation and is strongly activated by inflam-
matory cytokines [140]. Upregulation of TF induces fibrin
deposition and thrombin generation that are crucial for
inflammation [141]. Strikingly, TF-coagulation factor Vlla com-
plex and coagulation FXa can activate protease-activated
receptors (PAR)-2 signaling that has crucial roles in inflamma-
tion and is involved in autoimmune diseases like inflamma-
tory bowel disease, autoimmune encephalitis, and multiple
sclerosis [142,143]. In the process, coagulation factor Vlla/
FXa-PAR-2 signaling activates NF-xB and MAPK, which play
key roles role in cytokine production [144]. PAR-2 signaling
has been reported to promote cytokine production by
mouse CD4+ T cells [145], leukocyte activation, and their
recruitment toward the site of inflammation or infection.
Therefore, PARs have important actions in innate and adap-
tive immune response and represent an attractive target for
the therapy of inflammatory, infectious, or autoimmune dis-
eases [146].

Rivaroxaban is a novel anticoagulant approved for the
prevention of stroke in patients with atrial fibrillation, and is
also used for prophylaxis of deep venous thromboembolic
and pulmonary embolism [147]. Rivaroxaban is a direct factor
Xa inhibitor, and consequently reduces thrombin activation
responsible for the induction of inflammatory processes,
such as activation of microglia [148] or induction of pro-
inflammatory cytokines (e.g. IL-1B, TNF-o) and cell adhesion
molecules under different pathological conditions [149].
Besides its anticoagulant role, rivaroxaban mediated anti-
inflammatory effects in several experimental studies by mod-
ulating the levels of inflammatory cytokines including IL-1,
IL-6, TNF-oo and MCP-1[150], besides decreasing MMP-9 [151].
Noteworthy, rivaroxaban was reported as a new therapeutic
approach to prevent the progression of acute lung injury
and atrial inflammatory fibrosis via suppression of PAR-2-
NFkB signaling and inflammation [152,153]. Thus, rivaroxa-
ban represents a promising antithrombotic/anti-inflammatory
strategy to hinder the coagulation disorders and cytokine
storm implicated in the fatal complications of COVID 19.

Forskolin

Forskolin is a diterpene derivative extracted from the roots
of the plant Coleus forskohlii. It directly stimulates adenylate
cyclase enzyme thereby rising levels of cAMP in a variety of
cells [154]. Forskolin exhibited anti-inflammatory activities as
it could effectively mitigate inflammation in mononuclear
leukocytes induced by LPS by diminishing the expression of
a wide array of inflammatory cytokines including IL-6, IL-21,
IL-23, and TNF-o. This anti-inflammatory effect was mainly
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attributed to down-regulating the TLR4/myeloid differenti-
ation protein 88 (MyD88)/NF-kB inflammatory signaling cas-
cades [155]. In an ischemia-reperfusion liver injury model,
forskolin mediated a hepatoprotective effect by diminishing
neutrophil and macrophage infiltration. These effects were
associated with augmenting actions of anti-inflammatory
cytokine IL-10 while repressing the generation of pro-inflam-
matory cytokines; TNF-o/IL-6/IL-12 [156].

Similarly, forskolin exhibited nephroprotective properties
by relieving uro-pathogenic Escherichia coli-induced pyelo-
nephritis in mice as shown by reducing renal generation of
proinflammatory mediators (TNF-; keratinocyte chemoattract-
ant; IFN; MCP; macrophage inflammatory protein; Regulated
upon Activation, Normal T Cell Expressed and Presumably
Secreted (RANTES)) and renal myeloperoxidase activity [157].
Besides, it was documented that forskolin hampers the secre-
tion of IL-1B from human macrophages by enhancing pro-
duction of cAMP, which further binds to the NLRP3 protein
and targets it for degradation [158]. Additionally, forskolin
has been proven to have immunomodulatory effects in an
experimental model of auto-immune encephalomyelitis
through interruption of macrophage/microglia activation,
and infiltration and production of IFN-y by CD4 T cells [159].
Furthermore, there was evidence for the bronchodilator
effects of forskolin attributed to suppressing generation of
various inflammatory cytokines and chemokines; NFkB-p65,
IL-4, interleukin-5 (IL-5), IL-17 and ICAM-1 together with
downregulation expression of MMP-9, and tissue inhibitor of
metalloproteinase-1 (TIMP-1) in lung tissue by stabilizing the
extracellular matrix [160]. In addition, forskolin has been
shown to possess anti-platelet activity mediated by elevating
levels of platelet cAMP [161]. Collectively, these data indicate
that forskolin could be a potential candidate for manage-
ment of COVID-19.

Conclusion

The recently emerging outbreak of COVID-19 was declared
as a pandemic by the WHO in March 2020 poses enormous
threat to the public health. Numerous critically ill patients
died from devastating viral pneumonia and overwhelming
inflammatory reactions where the virus triggers overproduc-
tion of substantial quantities of inflammatory cytokines in a
phenomenon termed as ‘cytokine storm.’ These inflammatory
responses are considered as prime causative factors of ARDS
and multiple-organ failure associated with COVID-19 and
thus contributes to disease progression. Hence, elucidating
the underlying molecular mechanisms responsible for this
potentially life-threatening event is challenging medical
health systems worldwide. In addition, exploring effective
therapeutic modalities for combating the cytokine storm rep-
resents an urgent necessity as it can provide a path forward
to diminish the morbidity and mortality in COVID-19 infec-
tion. In this review, we have highlighted the pathophysiology
of COVID-19 -induced cytokine storm focusing on the precise
molecular mechanisms an underlying this phenomenon.
Moreover, we have postulated a drug repurposing approach
to be effective weapon in the battle against cytokine storm
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Figure 4. Schematic diagram summarizing mechanistic (pro/anti-inflammatory) targets that influence generation of inflammatory cytokines and chemokines (cyto-
kine storm) associated with COVID-19 together with the corresponding drugs influencing each target. Pro-inflammatory targets: Receptor tyrosine kinase (RTK),
Janus kinase/signal transducers and activators of transcription (JAK/STAT), Toll like receptors (TLR), mitogen-activated protein kinase (MAPK), Poly(ADP-ribose) poly-
merase (PARP-1), Histone deacetylases (HDAC) and nucleotide-binding oligomerization domain-like receptor with pyrin domain 3 (NLRP3). Anti-inflammatory tar-
gets: peroxisome proliferator activated receptors- y (PPAR- y), adenosine monophosphate-activated protein kinase (AMPK), cyclic adenosine monophosphate
(cAMP), cAMP response element binding protein (CREB) and retinoic acid receptors (RAR)/retinoid receptor X (RRX). Cytokines & chemokines: Tumor necrosis factor
alpha (TNF-a), Transforming growth factor beta (TGF-), interleukins (IL-1B & IL-6), macrophage migration inhibitory factor (MIF), intracellular adhesion molecule-1

(ICAM-1), vascular cell adhesion protein-1 (VCAM-1). Figure generated in Biorender (https://biorender.com/).

Table 1. Summary of candidate repurposed drugs and its potential mechanisms of action for the management of COVID-19.

Drug Status/ FDA approval Mechanism of action References
Statins Anti-hyperlipidemic e Anti-inflammatory effect via inhibiting NF-xB, IL-6/STAT3, and TLR4 [45,47,48,51]
signaling pathways.
e Upregulation of autophagy by modulating AKT/mTOR
signaling cascade.
e Modulation of immune system.
e Antithrombotic activity through inhibition of platelet endothelial cell
adhesion molecule-1 signaling.
Fibrates Anti-hyperlipidemic e Anti-inflammatory through activation of PPAR and AMPK signaling as [57,59]
well as inhibition of NF- kB.
e Antiplatelet activity via inhibition of COX-1, thromboxane A2, and
calcium mobilization.
Thiazolidinediones Oral anti-diabetic e Inhibit inflammatory response by activating PPARs and reducing [66,67,69]
TLR4 expression.
e Anti-platelet effect by activating AMPK signaling pathway.
e Modulation of immune system.
Apremilast Treatment of psoriasis and e Elevation of intracellular cAMP by inhibiting PDE-4 leads to [74,79]
psoriatic arthritis phosphorylation of CREB and down regulation of NF-kB.
e Inhibition of MAPK, PI3K/mTOR, and JAK-STAT signaling.
e Modulation of immune system.
Cilostazole Anti-platelet e Selective inhibition of PDE 3 enzyme. [81,83,86-88]
e Anti-inflammatoy activity through upregulation of cAMP and
enhancing PPAR-Y transcriptional activity with down regulation of NF-
kB, MAPK, and TLR signaling pathways.
e Modulation of immune system.
Acitretin Treatment of psoriasis e Blocking the differentiation of naive T cells to Th17 cells, while [98,100,106]
promote the differentiation of Tregs through enhancement of
FOXP3 expression.
e Increase RIG-| expression that stimulate innate antiviral signaling.
Olaparib Treatment of ovarian cancer e PARP inhibitor. [111]

(continued)
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Table 1. Continued.
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Drug Status/ FDA approval Mechanism of action References
e Inhibiting overproduction of pro-inflammatory cytokines.
e Modulation of immune system.
Vorinostat Treatment of cutaneous T e HDAC inhibitor. [117,120-122,127,129]
cell lymphomas e Anti-inflammatory effect through hindering STAT1, STAT3, MAPKs, and
NF-xB signaling pathways, besides decreasing MIF production.
e Immunomodulator through augmenting FOXP3 acetylation.
Pirfenidone Management of idiopathic e PPAR agonist. [133-135]
pulmonary fibrosis e Potent anti-inflammatory and anti-fibrotic properties through inhibiting
NF-xB and IL-1p signaling.
e Blocking the activation of NLRP3 involved in acute lung injury.
Nintedanib Management of idiopathic e Triple angiokinase inhibitor. [136,137]
pulmonary fibrosis e Reduction the production of inflammatory cytokines.
Rivaroxaban Anticoagulant for prevention of e Anti-coagulant through direct inhibition of factor Xa. [148,152]
stroke in atrial fibrillation patients, e Anti-inflammatory and anti-fibrotic activities through suppressing PAR-

Forskolin

and prophylaxis of deep venous
thromboembolic and
pulmonary embolism

No clinical data available as of yet. °

2-NF-kB signaling.

Direct stimulation of adenylate cyclase enzyme thus enhance the

[154,155,158,159,161]

production of cAMP and degradation of NLRP3.
e Down-regulating the TLR4/ (MyD88)/NF-kB inflammatory
signaling pathways.
e Modulating immune system.
o Anti-platelet effect through increasing cAMP levels.

AMPK: AMP-activated Protein Kinase; cAMP: cyclic adenosine monophosphate; COX-1: cyclo-oxygenase-1 enzyme; CREB: cAMP response element binding protein;
FOXP3: Forkhead family transcription factor; HDAC: Histone deacetylase; IL-6: interleukin 6; JAK: Janus kinase; MAPK: mitogen activated protein kinase; MIF:
migration inhibitory factor; MyD88: myeloid differentiation protein 88; mTOR: Mammalian target of rapamycin; NF-xB: Nuclear Factor Kappa B; NLRP3: nucleo-
tide-binding oligomerization domain-like receptor with pyrin domain 3; PAR2: protease-activated receptors 2; PARP: Poly (ADP-ribose) polymerase; PDE:
Phosphodiesterase enzyme; PPAR: Peroxisome Proliferator Activated Receptors; RIG-I: Retinoic acid-inducible gene I; STAT: signal transducer and activator of tran-
scription; TGF-f: tissue growth factor beta; Th: T-helper; TLR: Toll-like Receptor; TNF-o: Tumor necrosis factor alpha.

via searching the literature for drugs that can target distinct
inflammatory signaling cascades implicated in the pathogen-
esis of cytokine storm as shown in Figure 4. Accordingly, the
discussed drugs could be promising candidates for further
experimental and clinical studies investigating their thera-
peutic potential against COVID-19-induced cytokine storm.
Summary of the discussed drugs with their potential mech-
anism of action in COVID-19 is presented in Table 1.

Disclosure statement

The authors declare that there are no conflicts of interest.

References

(11

[2]

Guo YR, Cao QD, Hong ZS, et al. The origin, transmission and
clinical therapies on coronavirus disease 2019 (COVID-19) out-
break - an update on the status. Mil Med Res. 2020;7(1):11.

Lu R, Zhao X, Li J, et al. Genomic characterisation and epidemi-
ology of 2019 novel coronavirus: implications for virus origins
and receptor binding. Lancet. 2020;395(10224):565-574.

Zhu N, Zhang D, Wang W, et al. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl J Med. 2020;
382(8):727-733.

Lee JY, Kim YJ, Chung EH, et al. The clinical and virological fea-
tures of the first imported case causing MERS-CoV outbreak in
South Korea, 2015. BMC Infect Dis. 2017;17(1):498.

Benvenuto D, Giovanetti M, Ciccozzi A, et al. The 2019-new cor-
onavirus epidemic: evidence for virus evolution. J Med Virol.
2020;92(4):455-459.

Wu F, Zhao S, Yu B, et al. A new coronavirus associated with
human respiratory disease in China. Nature. 2020;,579(7798):
265-269.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Chousterman BG, Swirski FK, Weber GF. Cytokine storm and sep-
sis disease pathogenesis. Semin Immunopathol. 2017;39(5):
517-528.

Jin YH, Cai L, Cheng ZS, et al. A rapid advice guideline for
the diagnosis and treatment of 2019 novel coronavirus (2019-
nCoV) infected pneumonia (standard version). Mil Med Res.
2020;7(1):4.

Zhang W, Du RH, Li B, et al. Molecular and serological investiga-
tion of 2019-nCoV infected patients: implication of multiple
shedding routes. Emerg Microbes Infect. 2020;9(1):386-389.

Shi X, Gong E, Gao D, et al. Severe acute respiratory syndrome
associated coronavirus is detected in intestinal tissues of fatal
cases. Am J Gastroenterol. 2005;100(1):169-176.

Jayaweera M, Perera H, Gunawardana B, et al. Transmission of
COVID-19 virus by droplets and aerosols: a critical review on the
unresolved dichotomy. Environ Res. 2020;188:109819.

Kampf G, Todt D, Pfaender S, et al. Persistence of coronaviruses
on inanimate surfaces and their inactivation with biocidal
agents. J Hosp Infect. 2020;104(3):246-251.

Chen H, Guo J, Wang G, et al. Clinical characteristics and intra-
uterine vertical transmission potential of COVID-19 infection in
nine pregnant women: a retrospective review of medical
records. Lancet. 2020;395(10226):809-815.

Kotlyar AM, Grechukhina O, Chen A, et al. Vertical transmission
of coronavirus disease 2019: a systematic review and meta-ana-
lysis. Am J Obstet Gynecol. 2021;224(1):35-53.e33.

Wan Y, Shang J, Graham R, et al. Receptor recognition by the
novel coronavirus from Wuhan: an analysis based on decade-
long structural studies of SARS coronavirus. J Virol. 2020;94(7):
e00127-20.

Mousavizadeh L, Ghasemi S. Genotype and phenotype of
COVID-19: their roles in pathogenesis. J Microbiol Immunol
Infect. 2020;54(2):159-163.

Mason RJ. Pathogenesis of COVID-19 from a cell biology per-
spective. Eur Respir J. 2020;55(4):2000607.

Rothan HA, Byrareddy SN. The epidemiology and pathogenesis
of coronavirus disease (COVID-19) outbreak. J Autoimmun. 2020;
109:102433.



12 M. A. SHAWKI ET AL.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

(38]

[39]

[40]

[41]

Wang W, Tang J, Wei F. Updated understanding of the outbreak
of 2019 novel coronavirus (2019-nCoV) in Wuhan, China. J Med
Virol. 2020;92(4):441-447.

Huang C, Wang Y, Li X, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet.
2020;395(10223):497-506.

Liu K, Fang YY, Deng Y, et al. Clinical characteristics of novel
coronavirus cases in tertiary hospitals in Hubei Province. Chin
Med J (Engl). 2020;133(9):1025-1031.

da Rosa Mesquita R, Francelino Silva Junior LC, Santos Santana
FM, et al. Clinical manifestations of COVID-19 in the general
population: systematic review. Wien Klin Wochenschr. 2021;
133(7-8):377-376.

Gelardi M, Trecca E, Cassano M, et al. Smell and taste dysfunc-
tion during the COVID-19 outbreak: a preliminary report. Acta
Biomed. 2020;91(2):230-231.

Chan JF, Yuan S, Kok KH, et al. A familial cluster of pneumonia
associated with the 2019 novel coronavirus indicating person-
to-person transmission: a study of a family cluster. Lancet. 2020;
395(10223):514-523.

Klok FA, Kruip M, van der Meer NJM, et al. Incidence of throm-
botic complications in critically ill ICU patients with COVID-19.
Thromb Res. 2020;191:145-147.

Varatharaj A, Thomas N, Ellul MA, et al. Neurological and neuro-
psychiatric complications of COVID-19 in 153 patients: a UK-
wide surveillance study. Lancet Psychiatry. 2020;7(10):845-882.
Sun X, Wang T, Cai D, et al. Cytokine storm intervention in the
early stages of COVID-19 pneumonia. Cytokine Growth Factor
Rev. 2020;53:38-42.

Coperchini F, Chiovato L, Croce L, et al. The cytokine storm in
COVID-19: an overview of the involvement of the chemokine/
chemokine-receptor system. Cytokine Growth Factor Rev. 2020;
53:25-32.

Choudhary S, Sharma K, Silakari O. The interplay between
inflammatory pathways and COVID-19: a critical review on
pathogenesis and therapeutic options. Microb Pathog. 2021;150:
104673.

Braciale TJ, Hahn YS. Immunity to viruses. Immunol Rev. 2013;
255(1):5-12.

Ragab D, Salah Eldin H, Taeimah M, et al. The COVID-19 cyto-
kine storm; what we know so far. Front Immunol. 2020;11:1446.
Magro G. SARS-CoV-2 and COVID-19: is interleukin-6 (IL-6) the
‘culprit lesion” of ARDS onset? What is there besides
Tocilizumab? SGP130Fc. Cytokine X. 2020;2(2):100029.

Seif F, Khoshmirsafa M, Aazami H, et al. The role of JAK-STAT
signaling pathway and its regulators in the fate of T helper cells.
Cell Commun Signal. 2017;15(1):23.

Ye Q, Wang B, Mao J. The pathogenesis and treatment of the
‘Cytokine Storm’ in COVID-19. J Infect. 2020;80(6):607-613.
Meftahi GH, Jangravi Z, Sahraei H, et al. The possible patho-
physiology mechanism of cytokine storm in elderly adults with
COVID-19 infection: the contribution of "inflame-aging. Inflamm
Res. 2020;(69):1-15.

Gustine JN, Jones D. Immunopathology of Hyperinflammation in
COVID-19. Am J Pathol. 2021;191(1):4-17.

Tanaka T, Narazaki M, Kishimoto T. Immunotherapeutic implica-
tions of IL-6 blockade for cytokine storm. Immunotherapy. 2016;
8(8):959-970.

Soy M, Keser G, Atagunduz P, et al. Cytokine storm in COVID-19:
pathogenesis and overview of anti-inflammatory agents used in
treatment. Clin Rheumatol. 2020;39(7):2085-2094.

Hirawat R, Saifi MA, Godugu C. Targeting inflammatory cytokine
storm to fight against COVID-19 associated severe complica-
tions. Life Sci. 2021;267:118923.

Mulchandani R, Lyngdoh T, Kakkar AK. Deciphering the COVID-
19 cytokine storm: systematic review and meta-analysis. Eur J
Clin Invest. 2021;51(1):e13429.

Chen LYC, Hoiland RL, Stukas S, et al. Assessing the importance
of interleukin-6 in COVID-19. Lancet Respir Med. 2021;9(2):e13.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Kim JS, Lee JY, Yang JW, et al. Inmunopathogenesis and treat-
ment of cytokine storm in COVID-19. Theranostics. 2021;11(1):
316-329.

Ahmed MH, Hamad MA, Routh C, et al. Statins as potential
treatment for cholesterol gallstones: an attempt to understand
the underlying mechanism of actions. Expert Opin
Pharmacother. 2011;12(17):2673-2681.

Sadowitz B, Maier KG, Gahtan V. Basic science review: statin
therapy-part I: the pleiotropic effects of statins in cardiovascular
disease. Vasc Endovascular Surg. 2010;44(4):241-251.

Lu D, Shen L, Mai H, et al. HMG-CoA reductase inhibitors attenu-
ate neuronal damage by suppressing oxygen glucose depriv-
ation-induced activated microglial cells. Neural Plast. 2019;2019:
7675496.

Fang T, Guo B, Xue L, et al. Atorvastatin prevents myocardial
fibrosis in spontaneous hypertension via interleukin-6 (IL-6)/sig-
nal transducer and activator of transcription 3 (STAT3)/endothe-
lin-1 (ET-1) pathway. Med Sci Monit. 2019;25:318-323.

Han F, Xiao QQ, Peng S, et al. Atorvastatin ameliorates LPS-
induced inflammatory response by autophagy via AKT/mTOR
signaling pathway. J Cell Biochem. 2018;119(2):1604-1615.
Bahrami A, Parsamanesh N, Atkin SL, et al. Effect of statins on
toll-like receptors: a new insight to pleiotropic effects.
Pharmacol Res. 2018;135:230-238.

Buendia JA, Justinico Castro JA, Vela LJT, et al. Comparison of
four pharmacological strategies aimed to prevent the lung
inflammation and paraquat-induced alveolar damage. BMC Res
Notes. 2019;12(1):584.

Zeiser R, Maas K, Youssef S, et al. Regulation of different inflam-
matory diseases by impacting the mevalonate pathway.
Immunology. 2009;127(1):18-25.

Moraes LA, Vaiyapuri S, Sasikumar P, et al. Antithrombotic
actions of statins involve PECAM-1 signaling. Blood. 2013;
122(18):3188-3196.

Ciceri F, Beretta L, Scandroglio AM, et al. Microvascular COVID-
19 lung vessels obstructive thromboinflammatory syndrome
(MicroCLOTS): an atypical acute respiratory distress syndrome
working hypothesis. Crit Care Resusc. 2020;22(2):95-97.

Fedson DS. Treating influenza with statins and other immuno-
modulatory agents. Antiviral Res. 2013;99(3):417-435.

Laidler MR, Thomas A, Baumbach J, et al. Statin treatment and
mortality: propensity score-matched analyses of 2007-2008 and
2009-2010 laboratory-confirmed influenza hospitalizations. Open
Forum Infect Dis. 2015;2(1):0fv028.

Atamna A, Babitch T, Bracha M, et al. Statins and outcomes of
hospitalized patients with laboratory-confirmed 2017-2018 influ-
enza. Eur J Clin Microbiol Infect Dis. 2019;38(12):2341-2348.
Antilipemic Agents. LiverTox: clinical and research information
on drug-induced liver injury. Bethesda (MD): National Institute
of Diabetes and Digestive and Kidney Diseases; 2012.

Glineur C, Gross B, Neve B, et al. Fenofibrate inhibits endothelin-
1 expression by peroxisome proliferator-activated receptor
alpha-dependent and independent mechanisms in human endo-
thelial cells. Arterioscler Thromb Vasc Biol. 2013;33(3):621-628.
Fuentes E, Palomo I. Mechanism of antiplatelet action of hypoli-
pidemic, antidiabetic and antihypertensive drugs by PPAR acti-
vation: PPAR agonists: new antiplatelet agents. Vascul
Pharmacol. 2014;62(3):162-166.

Tomizawa A, Hattori Y, Inoue T, et al. Fenofibrate suppresses
microvascular inflammation and apoptosis through adenosine
monophosphate-activated protein kinase activation. Metabolism.
2011;60(4):513-522.

Sharma AK, Raikwar SK, Kurmi MK, et al. Gemfibrozil and its
combination with metformin on pleiotropic effect on IL-10 and
adiponectin and anti-atherogenic treatment in insulin resistant
type 2 diabetes mellitus rats. Inflammopharmacol. 2013;21(2):
137-145.

Xu L, Bao L, Li F, et al. Combinations of oseltamivir and fibrates
prolong the mean survival time of mice infected with the lethal
H7N9 influenza virus. J Gen Virol. 2015;96(Pt 1):46-51.



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[(71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Arnold SV, Inzucchi SE, Echouffo-Tcheugui JB, et al.
Understanding contemporary use of thiazolidinediones. Circ
Heart Fail. 2019;12(6):e005855.

Nanjan MJ, Mohammed M, Prashantha Kumar BR, et al.
Thiazolidinediones as antidiabetic agents: a critical review.
Bioorg Chem. 2018;77:548-567.

Kirsten TB, Casarin RC, Bernardi MM, et al. Pioglitazone abolishes
autistic-like behaviors via the IL-6 pathway. PLoS One. 2018;
13(5):e0197060.

Hai W, Ping X, Zhi-Wen Y, et al. Therapeutic effect and potential
mechanism of pioglitazone in rats with severe acute pancrea-
titis. Braz J Med Biol Res. 2018;51(2):e6812.

Miyazawa M, Subbaramaiah K, Bhardwaj P, et al. Pioglitazone
inhibits periprostatic white adipose tissue inflammation in obese
mice. Cancer Prev Res (Phila). 2018;11(4):215-226.

Ji Y, Liu J, Wang Z, et al. PPARgamma agonist rosiglitazone
ameliorates LPS-induced inflammation in vascular smooth
muscle cells via the TLR4/TRIF/IRF3/IP-10 signaling pathway.
Cytokine. 2011;55(3):409-419.

Schmidt S, Moric E, Schmidt M, et al. Anti-inflammatory and
antiproliferative actions of PPAR-gamma agonists on T lympho-
cytes derived from MS patients. J Leukoc Biol. 2004;75(3):
478-485.

Liu Y, Park JM, Chang KH, et al. AMP-activated protein kinase
mediates the antiplatelet effects of the thiazolidinediones rosi-
glitazone and pioglitazone. Mol Pharmacol. 2016;89(2):313-321.
Schett G, Sloan VS, Stevens RM, et al. Apremilast: a novel PDE4
inhibitor in the treatment of autoimmune and inflammatory dis-
eases. Ther Adv Musculoskelet Dis. 2010;2(5):271-278.

Gossec L, Smolen JS, Ramiro S, et al. European League Against
Rheumatism (EULAR) recommendations for the management of
psoriatic arthritis with pharmacological therapies: 2015 update.
Ann Rheum Dis. 2016;75(3):499-510.

Keating GM. Apremilast: a review in psoriasis and psoriatic arth-
ritis. Drugs. 2017;77(4):459-472.

Delghandi MP, Johannessen M, Moens U. The cAMP signalling
pathway activates CREB through PKA, p38 and MSK1 in NIH 3T3
cells. Cell Signal. 2005;17(11):1343-1351.

Wen AY, Sakamoto KM, Miller LS. The role of the transcription
factor CREB in immune function. J Immunol. 2010;185(11):
6413-6419.

Schafer PH, Parton A, Capone L, et al. Apremilast is a selective
PDE4 inhibitor with regulatory effects on innate immunity. Cell
Signal. 2014;26(9):2016-2029.

McCann FE, Palfreeman AC, Andrews M, et al. Apremilast, a
novel PDE4 inhibitor, inhibits spontaneous production of
tumour necrosis factor-alpha from human rheumatoid synovial
cells and ameliorates experimental arthritis. Arthritis Res Ther.
2010;12(3):R107.

Schafer PH, Chen P, Fang L, et al. The pharmacodynamic impact
of apremilast, an oral phosphodiesterase 4 inhibitor, on circulat-
ing levels of inflammatory biomarkers in patients with psoriatic
arthritis: substudy results from a phase lll, randomized, placebo-
controlled trial (PALACE 1). J Immunol Res. 2015;2015:906349.
Gottlieb AB, Matheson RT, Menter A, et al. Efficacy, tolerability,
and pharmacodynamics of apremilast in recalcitrant plaque
psoriasis: a phase Il open-label study. J Drugs Dermatol. 2013;
12(8):888-897.

Li H, Fan C, Feng C, et al. Inhibition of phosphodiesterase-4
attenuates murine ulcerative colitis through interference with
mucosal immunity. Br J Pharmacol. 2019;176(13):2209-2226.
Imam F, Al-Harbi NO, Al-Harbi MM, et al. Apremilast ameliorates
carfilzomib-induced pulmonary inflammation and vascular inju-
ries. Int Immunopharmacol. 2019;66:260-266.

Gresele P, Momi S, Falcinelli E. Anti-platelet therapy: phospho-
diesterase inhibitors. Br J Clin Pharmacol. 2011;72(4):634-646.
Lee YJ, Eun JR. Cilostazol decreases ethanol-mediated TNFalpha
expression in RAW264.7 murine macrophage and in liver from
binge drinking mice. Korean J Physiol Pharmacol. 2012;16(2):
131-138.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

IMMUNOPHARMACOLOGY AND IMMUNOTOXICOLOGY 13

Erdogan S, Aslantas O, Celik S, et al. The effects of increased
cAMP content on inflammation, oxidative stress and PDE4 tran-
scripts during Brucella melitensis infection. Res Vet Sci. 2008;
84(1):18-25.

Nishio Y, Kashiwagi A, Takahara N, et al. Cilostazol, a cAMP
phosphodiesterase inhibitor, attenuates the production of
monocyte chemoattractant protein-1 in response to tumor
necrosis factor-alpha in vascular endothelial cells. Horm Metab
Res. 1997;29(10):491-495.

Otsuki M, Saito H, Xu X, et al. Cilostazol represses vascular cell
adhesion molecule-1 gene transcription via inhibiting NF-
kappaB binding to its recognition sequence. Atherosclerosis.
2001;158(1):121-128.

Sakamoto T, Ohashi W, Tomita K, et al. Anti-inflammatory prop-
erties of cilostazol: its interruption of DNA binding activity of
NF-xkB from the Toll-like receptor signaling pathways. Int
Immunopharmacol. 2018;62:120-131.

Jung WK, Lee DY, Park C, et al. Cilostazol is anti-inflammatory in
BV2 microglial cells by inactivating nuclear factor-kappaB and
inhibiting mitogen-activated protein kinases. Br J Pharmacol.
2010;159(6):1274-1285.

Ragab D, Abdallah DM, El-Abhar HS. Cilostazol renoprotective
effect: modulation of PPAR-y, NGAL, KIM-1 and IL-18 underlies
its novel effect in a model of ischemia-reperfusion. PLoS One.
2014;9(5):€95313.

Song F, Ji B, Chen T. Cilostazol on the expression of ICAM-1,
VCAM-1 and inflammatory factors in plasma in patients with
thromboangiitis obliterans. Exp Ther Med. 2018;16(3):2349-2354.
Wang S, Yan C, Xu H, et al. Suppression of encephalitogenic T-
cell responses by cilostazol is associated with upregulation of
regulatory T cells. Neuroreport. 2010;21(9):629-635.

Chuang SY, Yang SH, Pang JH. Cilostazol reduces MCP-1-induced
chemotaxis and adhesion of THP-1 monocytes by inhibiting
CCR2 gene expression. Biochem Biophys Res Commun. 2011;
411(2):402-408.

Fujimura M, Kamio Y, Saito M, et al. Bronchodilator and bron-
choprotective effects of cilostazol in humans in vivo. Am J
Respir Crit Care Med. 1995;151(1):222-225.

Larange A, Cheroutre H. Retinoic acid and retinoic acid recep-
tors as pleiotropic modulators of the immune system. Annu Rev
Immunol. 2016;34:369-394.

Ortiz NE, Nijhawan RI, Weinberg JM. Acitretin. Dermatol Ther.
2013;26(5):390-399.

Balmer JE, Blomhoff R. Gene expression regulation by retinoic
acid. J Lipid Res. 2002;43(11):1773-1808.

Ighani A, Partridge ACR, Shear NH, et al. Comparison of man-
agement guidelines for moderate-to-severe plaque psoriasis: a
review of phototherapy, systemic therapies, and biologic agents.
J Cutan Med Surg. 2019;23(2):204-221.

Skillen LA, Corry A. Combination therapy of sirolimus and acitre-
tin in solid organ transplant recipients: a new cutaneous adverse
event. Clin Exp Dermatol. 2019;44(1):62-63.

Xiao S, Jin H, Korn T, et al. Retinoic acid increases Foxp3+ regu-
latory T cells and inhibits development of Th17 cells by enhanc-
ing TGF-beta-driven Smad3 signaling and inhibiting IL-6 and IL-
23 receptor expression. J Immunol. 2008;181(4):2277-2284.

Hill JA, Hall JA, Sun CM, et al. Retinoic acid enhances Foxp3
induction indirectly by relieving inhibition from CD4 + CD44hi
Cells. Immunity. 2008;29(5):758-770.

Mucida D, Pino-Lagos K, Kim G, et al. Retinoic acid can directly
promote TGF-beta-mediated Foxp3(+) Treg cell conversion of
naive T cells. Immunity. 2009;30(4):471-472.

Tejon G, Manriquez V, De Calisto J, et al. Vitamin A impairs the
reprogramming of tregs into IL-17-producing cells during intes-
tinal inflammation. Biomed Res Int. 2015;2015:137893.

Bakdash G, Vogelpoel LT, van Capel TM, et al. Retinoic acid
primes human dendritic cells to induce gut-homing, IL-10-pro-
ducing regulatory T cells. Mucosal Immunol. 2015;8(2):265-278.



14 M. A. SHAWKI ET AL.

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Perusina Lanfranca M, Lin Y, Fang J, et al. Biological and patho-
logical activities of interleukin-22. J Mol Med (Berl). 2016;94(5):
523-534.

Martin JC, Bériou G, Heslan M, et al. Interleukin-22 binding pro-
tein (IL-22BP) is constitutively expressed by a subset of conven-
tional dendritic cells and is strongly induced by retinoic acid.
Mucosal Immunol. 2014;7(1):101-113.

Wang Y, Wang X, Li J, et al. RIG-I activation inhibits HIV replica-
tion in macrophages. J Leukoc Biol. 2013;94(2):337-341.
Raverdeau M, Mills KH. Modulation of T cell and innate immune
responses by retinoic acid. J Immunol. 2014;192(7):2953-2958.
Thomas C, Tulin AV. Poly-ADP-ribose polymerase: machinery for
nuclear processes. Mol Aspects Med. 2013;34(6):1124-1137.
Berger NA, Besson VC, Boulares AH, et al. Opportunities for the
repurposing of PARP inhibitors for the therapy of non-onco-
logical diseases. Br J Pharmacol. 2018;175(2):192-222.

Jubin T, Kadam A, Gani AR, et al. Poly ADP-ribose polymerase-1:
beyond transcription and towards differentiation. Semin Cell
Dev Biol. 2017;63:167-179.

Ahmad A, Olah G, Herndon DN, et al. The clinically used PARP
inhibitor olaparib improves organ function, suppresses inflam-
matory responses and accelerates wound healing in a murine
model of third-degree burn injury. Br J Pharmacol. 2018;175(2):
232-245.

Bai P, Virag L. Role of poly(ADP-ribose) polymerases in the regu-
lation of inflammatory processes. FEBS Lett. 2012;586(21):
3771-3777.

Deeks ED. Olaparib: first global approval. Drugs. 2015;75(2):
231-240.

Sahu B, Narota A, Naura AS. Pharmacological inhibition of poly
(ADP-ribose) polymerase by olaparib, prevents acute lung injury
associated cognitive deficits potentially through suppression of
inflammatory response. Eur J Pharmacol. 2020;877:173091.

Sethi GS, Sharma S, Naura AS. PARP inhibition by olaparib allevi-
ates chronic asthma-associated remodeling features via modu-
lating inflammasome signaling in mice. IUBMB Life. 2019;71(7):
1003-1013.

Minucci S, Pelicci PG. Histone deacetylase inhibitors and the
promise of epigenetic (and more) treatments for cancer. Nat
Rev Cancer. 2006;6(1):38-51.

Zhang Q, Dai Y, Cai Z, et al. HDAC Inhibitors: novel immunosup-
pressants for allo- and xeno- transplantation. ChemistrySelect.
2018;3(1):176-187.

Zhang Q, Wang S, Chen J, et al. Histone Deacetylases (HDACs)
Guided Novel Therapies for T-cell lymphomas. Int J Med Sci.
2019;16(3):424-442.

Miura K, Taura K, Kodama Y, et al. Hepatitis C virus-induced oxi-
dative stress suppresses hepcidin expression through increased
histone deacetylase activity. Hepatology. 2008;48(5):1420-1429.
Shirakawa K, Chavez L, Hakre S, et al. Reactivation of latent HIV
by histone deacetylase inhibitors. Trends Microbiol. 2013;21(6):
277-285.

Leoni F, Zaliani A, Bertolini G, et al. The antitumor histone
deacetylase inhibitor suberoylanilide hydroxamic acid exhibits
antiinflammatory properties via suppression of cytokines. Proc
Natl Acad Sci U S A. 2002;99(5):2995-3000.

Fang S, Meng X, Zhang Z, et al. Vorinostat modulates the imbal-
ance of T cell subsets, suppresses macrophage activity, and
ameliorates experimental autoimmune uveoretinitis.
Neuromolecular Med. 2016;18(1):134-145.

Leoni F, Fossati G, Lewis EC, et al. The histone deacetylase
inhibitor ITF2357 reduces production of pro-inflammatory cyto-
kines in vitro and systemic inflammation in vivo. Mol Med. 2005;
11(1-12):1-15.

Grabiec AM, Krausz S, de Jager W, et al. Histone deacetylase
inhibitors suppress inflammatory activation of rheumatoid arth-
ritis patient synovial macrophages and tissue. J Immunol. 2010;
184(5):2718-2728.

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Licciardi PV, Ververis K, Tang ML, et al. Immunomodulatory
effects of histone deacetylase inhibitors. Curr Mol Med. 2013;
13(4):640-647.

Royce SG, Karagiannis TC. Histone deacetylases and their inhibi-
tors: new implications for asthma and chronic respiratory condi-
tions. Curr Opin Allergy Clin Immunol. 2014;14(1):44-48.

Feng Q, Su Z, Song S, et al. Histone deacetylase inhibitors sup-
press RSV infection and alleviate virus-induced airway inflamma-
tion. Int J Mol Med. 2016;38(3):812-822.

Lugrin J, Ding XC, Le Roy D, et al. Histone deacetylase inhibitors
repress macrophage migration inhibitory factor (MIF) expression
by targeting MIF gene transcription through a local chromatin
deacetylation. Biochim Biophys Acta. 2009;1793(11):1749-1758.
Ge Z, Da Y, Xue Z, et al. Vorinostat, a histone deacetylase inhibi-
tor, suppresses dendritic cell function and ameliorates experi-
mental autoimmune encephalomyelitis. Exp Neurol. 2013;241:
56-66.

Wang L, de Zoeten EF, Greene MI, et al. Inmunomodulatory
effects of deacetylase inhibitors: therapeutic targeting of
FOXP3+ regulatory T cells. Nat Rev Drug Discov. 2009;8(12):
969-981.

Zhang F, Zhou X, DiSpirito JR, et al. Epigenetic manipulation
restores functions of defective CD8" T cells from chronic viral
infection. Mol Ther. 2014;22(9):1698-1706.

George PM, Wells AU. Pirfenidone for the treatment of idio-
pathic pulmonary fibrosis. Expert Rev Clin Pharmacol. 2017;
10(5):483-491.

Sandoval-Rodriguez A, Monroy-Ramirez HC, Meza-Rios A, et al.
Pirfenidone is an agonistic ligand for PPARalpha and improves
NASH by activation of SIRT1/LKB1/pAMPK. Hepatol Commun.
2020;4(3):434-449.

Aimo A, Cerbai E, Bartolucci G, et al. Pirfenidone is a cardiopro-
tective drug: mechanisms of action and preclinical evidence.
Pharmacol Res. 2020;155:104694.

El-Kashef DH, Shaaban AA, El-Agamy DS. Protective role of pirfe-
nidone against experimentally-induced pancreatitis. Pharmacol
Rep. 2019;71(5):774-781.

Li Y, Li H, Liu S, et al. Pirfenidone ameliorates lipopolysacchar-
ide-induced pulmonary inflammation and fibrosis by blocking
NLRP3 inflammasome activation. Mol Immunol. 2018;99:
134-144.

Tepede A, Yogaratnam D. Nintedanib for idiopathic pulmonary
fibrosis. J Pharm Pract. 2019;32(2):199-206.

Gad ES, Salama AAA, El-Shafie MF, et al. The anti-fibrotic and
anti-inflammatory potential of bone marrow-derived mesenchy-
mal stem cells and nintedanib in bleomycin-induced lung fibro-
sis in rats. Inflammation. 2020;43(1):123-134.

Ackermann M, Kim YO, Wagner WL, et al. Effects of nintedanib
on the microvascular architecture in a lung fibrosis model.
Angiogenesis. 2017;20(3):359-372.

Mattiuzzi C, Lippi G. Which lessons shall we learn from the 2019
novel coronavirus outbreak? Ann Transl Med. 2020;8(3):48.
Ahamed J, Belting M, Ruf W. Regulation of tissue factor-induced
signaling by endogenous and recombinant tissue factor path-
way inhibitor 1. Blood. 2005;105(6):2384-2391.

Levi M, van der Poll T. Inflammation and coagulation. Crit Care
Med. 2010;38(2 Suppl):526-534.

Borensztajn K, Peppelenbosch MP, Spek CA. Coagulation factor
Xa signaling: the link between coagulation and inflammatory
bowel disease? Trends Pharmacol Sci. 2009;30(1):8-16.
Noorbakhsh F, Tsutsui S, Vergnolle N, et al. Proteinase-activated
receptor 2 modulates neuroinflammation in experimental auto-
immune encephalomyelitis and multiple sclerosis. J Exp Med.
2006;203(2):425-435.

Bukowska A, Zacharias |, Weinert S, et al. Coagulation factor Xa
induces an inflammatory signalling by activation of protease-
activated receptors in human atrial tissue. Eur J Pharmacol.
2013;718(1-3):114-123.

Shichijo M, Kondo S, Ishimori M, et al. PAR-2 deficient CD4+ T
cells exhibit downregulation of IL-4 and upregulation of



[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

IFN-gamma after antigen challenge in mice. Allergol Int. 2006;
55(3):271-278.

Shpacovitch V, Feld M, Hollenberg MD, et al. Role of protease-
activated receptors in inflammatory responses, innate and adap-
tive immunity. J Leukoc Biol. 2008;83(6):1309-1322.

Terry CM, He Y, Cheung AK. Rivaroxaban improves patency and
decreases inflammation in a mouse model of catheter throm-
bosis. Thromb Res. 2016;144:106-112.

Suo Z, Wu M, Citron BA, et al. Persistent protease-activated
receptor 4 signaling mediates thrombin-induced microglial acti-
vation. J Biol Chem. 2003;278(33):31177-31183.

Fan Y, Zhang W, Mulholland M. Thrombin and PAR-1-AP
increase proinflammatory cytokine expression in C6 cells. J Surg
Res. 2005;129(2):196-201.

Dittmeier M, Kraft P, Schuhmann MK, et al. Pretreatment with
rivaroxaban attenuates stroke severity in rats by a dual antith-
rombotic and anti-inflammatory mechanism. Thromb Haemost.
2016;115(4):835-843.

Chan MY, Lin M, Lucas J, et al. Plasma proteomics of patients
with non-valvular atrial fibrillation on chronic anti-coagulation
with warfarin or a direct factor Xa inhibitor. Thromb Haemost.
2012;108(6):1180-1191.

Kondo H, Abe |, Fukui A, et al. Possible role of rivaroxaban in
attenuating pressure-overload-induced atrial fibrosis and fibrilla-
tion. J Cardiol. 2018;71(3):310-319.

Shi M, Wang L, Zhou J, et al. Direct factor Xa inhibition attenu-
ates acute lung injury progression via modulation of the PAR-2/
NF-xB signaling pathway. Am J Transl Res. 2018;10(8):
2335-2349.

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

IMMUNOPHARMACOLOGY AND IMMUNOTOXICOLOGY 15

Insel PA, Ostrom RS. Forskolin as a tool for examining adenylyl
cyclase expression, regulation, and G protein signaling. Cell Mol
Neurobiol. 2003;23(3):305-314.

Du X, Shi R, Wang Y, et al. Isoforskolin and forskolin attenuate
lipopolysaccharide-induced inflammation through TLR4/MyD88/
NF-kB cascades in human mononuclear leukocytes. Phytother
Res. 2019;33(3):602-6009.

Ji H, Shen XD, Zhang Y, et al. Activation of cyclic adenosine
monophosphate-dependent protein kinase a signaling prevents
liver ischemia/reperfusion injury in mice. Liver Transpl. 2012;
18(6):659-670.

Wei Y, Li K, Wang N, et al. Activation of endogenous anti-inflam-
matory mediator cyclic AMP attenuates acute pyelonephritis in
mice induced by uropathogenic Escherichia coli. Am J Pathol.
2015;185(2):472-484.

Chen Y, Wen JG, Feng JJ, et al. Forskolin attenuates the NLRP3
inflammasome activation and IL-1p secretion in human macro-
phages. Pediatr Res. 2019;86(6):692-698.

Veremeyko T, Yung AWY, Dukhinova M, et al. Cyclic AMP
Pathway Suppress Autoimmune Neuroinflammation by
Inhibiting Functions of Encephalitogenic CD4 T Cells and
Enhancing M2 Macrophage Polarization at the Site of
Inflammation. Front Immunol. 2018;9:50.

Ma C, Zou L, Xia Y, et al. Extracts of Coleus forskohlii relieves
cough and asthma symptoms via modulating inflammation and
the extracellular matrix. J Cell Biochem. 2019;120(6):9648-9655.
Kariya T, Morito F, Sakai T, et al. Effect of forskolin on platelet
deaggregation and  cyclic AMP  generation.  Naunyn
Schmiedebergs Arch Pharmacol. 1985;331(1):119-121.



	Abstract
	Introduction
	Transmission
	Pathogenesis
	Symptoms and complications
	Cytokine storm
	Drugs that might affect the cytokines storm in COVID-19
	Statins
	Fibrates
	Thiazolidinediones
	Apremilast
	Cilostazol
	Acitretin: retinoic acid analogue
	Olaparib: PARP inhibitor
	Vorinostat: Histone deacetylase inhibitor
	Pirfenidone
	Nintedanib
	Rivaroxaban: protease-activated receptor (PAR) modulator
	Forskolin

	Conclusion
	Disclosure statement
	References


