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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2), the responsible agent for the coronavirus dis-

SARS-Cov-2 ease 2019 (Covid-19), has its entry point through interaction with angiotensin converting enzyme 2 (ACE2)

I];;“ktotl“l‘i“e receptors, highly expressed in lung type II alveolar cells and other tissues, like heart, pancreas, brain, and
ontelukast

vascular endothelium. This review aimed to elucidate the potential role of leukotrienes (LTs) in the pathogenesis
and clinical presentation of SARS-CoV-2 infection, and to reveal the critical role of LT pathway receptor an-
tagonists and inhibitors in Covid-19 management. A literature search was done in PubMed, Scopus, Web of
Science and Google Scholar databases to find the potential role of montelukast and other LT inhibitors in the
management of pulmonary and extra-pulmonary manifestations triggered by SARS-CoV-2. Data obtained so far
underline that pulmonary and extra-pulmonary manifestations in Covid-19 are attributed to a direct effect of
SARS-CoV-2 in expressed ACE2 receptors or indirectly through NF-kB dependent induction of a cytokine storm.
Montelukast can ameliorate extra-pulmonary manifestations in Covid-19 either directly through blocking of Cys-

Extrapulmonary manifestations

LTRs in different organs or indirectly through inhibition of the NF-xB signaling pathway.

1. Introduction

Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) is
the responsible infectious agent for the coronavirus disease 2019 (Covid-
19), whose entry-point is through interaction with angiotensin con-
verting enzyme 2 (ACE2) receptors, highly expressed in lung type II
alveolar cells, but also in heart, pancreas, brain, vascular endothelium
and testis (Al-Kuraishy et al., 2020a). In addition, the SARS-CoV-2 spike
protein, furin and cell transmembrane serine protease 2 facilitate the
entry to the target cells (Al-Kuraishy et al., 2020b).

In lungs, the SARS-CoV-2 binding to the ACE2 receptors expressed in
alveolar cells, airway epithelial cells, macrophages and endothelial cells
triggers down-regulation of these receptors with consequent deregula-
tion of the renin-angiotensin system (RAS) (Mascolo et al., 2020). Then,
dysfunction of RAS with high angiotensin II is associated with acute lung

injury (ALI) through augmentation of inflammatory changes and
vascular permeability in the lung (Al-Kuraishy et al., 2020c). Together,
SARS-CoV-2 and injured lung cells activate a local immune response,
recruiting monocytes and macrophages to the site of infection provoking
adaptive B and T cells immune response to resolve infection (Lugnier
et al., 2021). However, an abnormal immune response and high viral
replication may cause pyroptosis (inflammatory programmed cell
death) of lung cell and a systemic disease. Thereby, pyroptosis activates
more inflammatory reactions via induction of interleukin (IL)-1p release
(Freeman et al., 2020). In addition, severe SARS-CoV-2 and abnormal
immune response may propagate to induce the development of cytokine
storm (CS) (Al-Kuraishy et al., 2021).

At molecular level, SARS-CoV-2 infection is closely similar to that of
SARS-CoV, characterized by a strong inflammatory response causing
airway damage, acute lung injury (ALI) and acute respiratory distress
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Fig. 1. Leukotriene pathway. COX: cyclooxygenase, 5-LO: 5-lipoxygenase, 5-
HPETE: 5-hydroperoxyeicosatetraenoic acid, LTA4: leukotriene A4, LTB4:
leukotriene B4, LTC4: leukotriene C4, LTD4: leukotriene D4, LTE4: leuko-
triene E4.

syndrome (ARDS) (Cadegiani et al., 2020). However, the disease
severity is not only linked to the viral infection but to an exaggerated
immune response, similarly to that stated in previous SARS-CoV and
Middle East Respiratory Syndrome coronavirus (Zou et al., 2020).
Indeed, it has been shown that ARDS is associated with death in 70% of
Covid-19 cases, while CS and secondary bacterial co-infections lead to
28%, due to development of multi-organ failure (Khan et al., 2020).
Moreover, pulmonary SARS-CoV-2 infection stimulates mucus secretion
in acute infection and interstitial pulmonary fibrosis in chronic infection
due to activation of mast cells and release of pro-inflammatory cytokines
(Al-kuraishy et al., 2020d). Besides, the recovered Covid-19 patients
may develop interstitial pulmonary fibrosis (Wang et al., 2020). In fact,
it has been shown that activation of the leukotriene (LT) pathway is
linked Covid-19 severity (Funk et al., 2020). In this sense, this review
aims to elucidate the potential role of LTs in the pathogenesis and
clinical presentation of SARS-CoV-2 infection, and to clarify the critical
role of LT pathway antagonists or inhibitors in the management of
Covid-19.

2. Method and search strategy

A literature search was done on PubMed, Scopus, Web of Science and
Google Scholar databases by using string keywords, including “SARS-
CoV-2 OR Covid-19” AND “acute respiratory syndrome OR acute lung
injury”, “SARS-CoV-2 OR Covid-19” AND “leukotriene pathway OR
leukotriene synthesis”, “SARS-CoV-2 OR Covid-19” AND “leukotriene
receptor antagonist OR leukotriene synthesis inhibitors”, “SARS-CoV-2
OR Covid-19” AND “acute kidney injury OR brain injury OR cardiac
injury”, “SARS-CoV-2 OR Covid-19” AND “pulmonary manifestations
OR extra-pulmonary manifestations”, “leukotriene receptor antagonist
OR leukotriene synthesis inhibitors” AND “pulmonary manifestations
OR extra-pulmonary manifestations”. The literature search was done
following the guidelines for systematic review, and was done indepen-
dently by all authors through searching the titles and abstracts of
retrieved articles. All published and pre-printed studies were included in
this study without applying any language restriction. Following pre-
liminary search and screening, the selected articles were tested for
eligibility and summarized in a mini-review.

3. Leukotriene pathway
LTs are synthesized by 5-lipoxygenase from arachidonic acid (AA) in

immune-competent cells, including mast cells, neutrophils, eosinophils,
basophils and monocytes (Gelfand et al., 2017). The activation of these
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cells leads to AA release from cell membrane phospholipid by action of
phospholipase A2. Then, AA is converted by two pathways into pros-
taglandin via cyclooxygenase, and 5-hydroperoxyeicosatetraenoic acid
via 5-lipoxygenase (5-LO). 5-hydroperoxyeicosatetraenoic acid is then
converted to leukotriene A4 (LTA4) (Fig. 1) (Gautier-Veyret et al.,
2018). In monocytes and neutrophils, LTA4 is converted to leukotriene
B4 (LTB4) by LTA4 hydrolase. LTB4 is involved in the recruitment of
neutrophils and production of inflammatory cytokines from immune
cells. LTB4 antagonists may reduce neutrophil-induced inflammatory
disorders. Alternatively, LTA4 is converted to leukotriene C4 (LTC4)
through the action of LTC4 synthase which is highly expressed in
eosinophil and mast cells (Fig. 1). Outside the cell membrane, LTC4 is
converted to leukotriene D4 (LTD4) and leukotriene E4 (LTE4). LTC4,
LTD4 and LTE4 are named cysteinyl-leukotrienes (Cys-LTs). They act on
specific receptors (Cys-LTR1 and Cys-LTR2) leading to bronchocon-
striction, bronchial mucus secretion and increasing the permeability of
vascular endothelium. In addition to the G-protein coupled LT receptors
mentioned above, some LTs may also activate peroxisome proliferator
activated nuclear receptors (Gobel et al., 2019).

4. Montelukast and pulmonary manifestations of Covid-19

Cys-LTs are mainly involved in several respiratory illnesses,
including allergic bronchitis and asthma. LTs are widely formed in in-
flammatory and immune cells, notably monocytes, macrophages, ba-
sophils, eosinophil, dendritic cells, mast cells, T and B cells as well as
platelets and endothelial cells (Zhang et al., 2004). Specifically,
Cys-LTR1 is mainly expressed in the neutrophils and to a lesser extent in
lung, liver and brain, while Cys-LTR2 is chiefly expressed in neutrophils
and brain. LTE4 receptor is mainly found in lung epithelial cells involved
in mucosal swelling and mucin production. Cys-LTs also act on P2Y12
receptors, widely found in platelets (Yokomizo et al., 2018).

As stated above, LTs play a critical role in the pathogenesis of ALI,
ARDS and other respiratory disorders, like asthma and pulmonary
fibrosis by modulating cell and molecular responses (Jo-Watanabe et al.,
2019). Particularly, the role of LTs in Covid-19 is not well-elucidated;
however, it seems that LTs are involved in the pathogenesis of viral
pneumonia, ALI and ARDS that are common manifestations in acute
SARS-CoV-2 infections (Lazarinis et al., 2018; Davino-Chiovatto et al.,
2019). Also, LTs augment the recruitment of innate immune response
cells, such as neutrophils and macrophages, which consequently
improve the ability of immune system to eradicate microbial pathogens
through modulation and boosting of cytokine release in a paracrine and
autocrine manner (Le Bel et al., 2014). In previous SARS-CoV outbreaks,
different pathological analysis confirmed that LTs are intricate in the
pathogenesis of alveolar damage, pneumocyte hyperplasia and inter-
stitial fibrosis in dying patients (Nicholls et al., 2003). Specifically, in
SARS-CoV-2 infection, the formation of LTs is evident by high neutrophil
infiltration, and microangiopathy in the lung with high blood
neutrophil-lymphocyte ratios which is a risk factor associated with
Covid-19 severity (Schwerd et al., 2017; Kong et al., 2020). In addition,
activation of LTs in SARS-CoV-2 infections is linked to a high level of
pro-inflammatory cytokines and poor clinical outcomes in patients with
severe Covid-19. Thereby, the inhibition of LT pathway may mitigate
immune response, pulmonary inflammation and Covid-19 severity
(Copertino et al., 2021). Hence, Cys-LTR1 antagonists, like montelukast
and zafirlukast, able to block the synthesis and release of
pro-inflammatory cytokines and production of reactive oxygen species
via inhibition of nuclear factor kappa-B (NF-kB) and mitogen activated
protein kinase (MAPK) P38 of activated macrophages may reduce the
likelihood of develop different inflammatory disorders (Citron et al.,
2020). Thereby, Cys-LTR1 antagonists may reduce SARS-CoV-2 infec-
tions-induced pulmonary hyper-inflammation. Also, Cys-LTR1 antago-
nists may have antiviral effects. For example, Chen et al. (2019)
illustrated that montelukast inhibits both proliferation and infectivity of
Zika virus and other enveloped RNA viruses, despite revealed to be
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Fig. 2. The interaction between SARS-CoV-2 and leukotriene pathway in Covid-19. AA: Arachidonic acid; ALIL: acute lung injury; ARDS: acute respiratory distress
syndrome; Cys-LTs: cysteinyl-leukotrienes; Cys-LTR: cysteinyl-leukotriene receptor; LTBR: leukotriene B receptor.

ineffective for non-enveloped virus, like RNA enterovirus 71. A molec-
ular docking study illustrated that SARS-CoV-2 membrane protein pro-
tease is essential for viral pathogenesis. Montelukast inhibits
proliferation of SARS-CoV-2 through inhibition of a membrane protein
protease, thereby reducing the SARS-CoV-2 viral load and infectivity
(Wu et al., 2020). Therefore, using Cys-LTR1 antagonists is linked to a
reduction in viral infectivity and pro-inflammatory cytokines-induced
ALI (Davino-Chiovatto et al., 2019). At present, there is not sufficient
data supporting the effect of Cys-LTR1 antagonists in Covid-19-induced
ALL

It has been increasingly evident that SARS-CoV-2 infection is linked
to platelet activation and risk of thrombosis. Indeed, activated platelets
contribute to lung inflammation through release of inflammatory mol-
ecules and recruitment of immune cells that together increase the
vascular permeability and trigger the development of interstitial pul-
monary edema (Zaid et al., 2020). Likewise, Zhang et al. (2020) illus-
trated that SARS-CoV-2 leads to direct activation of platelet through
platelet ACE2 binding with subsequent raise of immune hyperactivation
and thrombosis. Diverse studies confirmed that LT activate platelet
through platelets Cys-LTR1 and Cys-LTR2 receptors leading to upregu-
lation of P-selectin, which is involved in neutrophil recruitment, che-
mokines and thromboxane A2 release (Cummings et al., 2013; Liu et al.,
2019). Thus, LT antagonists, such as montelukast and zafirlukast or in-
hibition of LT biosynthesis by zileuton may reduce the hyper-
inflammatory response, lung inflammation and thrombotic
complications in Covid-19. However, the potential effect of zileuton
might be more effective due to suppression of neutrophil recruitment
(Chauhan et al., 2020). Moreover, LTA4 hydrolase serum level is
elevated while Spink6 (an endogenous inhibitor of LTA4 hydrolase)
serum level is reduced in patients with severe Covid-19 at intensive care
unit. This effect is due to stimulation of LTA4 hydrolase by SARS-CoV-2
spike protein. Therefore, inhibition of LTA4 hydrolase or activation of
Spink6 may be viewed as a targeting therapy limiting LTB4 biosynthesis
and overactivation in SARS-CoV-2 infection (Vorobjeva et al., 2021). For
instance, YC Li et al. (2020) stated that LTA4 hydrolase inhibitors, such
as compound 26 and hydroxamic acid, alleviate ALI and pulmonary
fibrosis through reduction of LTB4 biosynthesis. Taken together, data
obtained in these studies suggest that SARS-CoV-2 infection boosts ALI

and ARDS partly through LT pathway activation (Fig. 2).
5. Montelukast and extra-pulmonary manifestations of Covid-19

Besides pulmonary manifestations, acute SARS-CoV-2 infection may
lead to extra-pulmonary manifestations, like acute brain injury and
cardiovascular complications. Indeed, SARS-CoV-2 binds to neuronal
ACE2 receptors which are expressed in both neurons and glial cells. In
brain, SARS-CoV-2 infection may lead to encephalitis and damage to the
respiratory center with development of respiratory failure (X Li et al.,
2020). Amid a large body of evidence, montelukast has also shown
neuroprotective effects, being able to restore blood brain barrier, induce
neurogenesis, reduce neuroinflammations, improve neurological func-
tions and renovate neuronal conductivity in different neurological dis-
orders (Mansour et al., 2018; Gelosa et al.,, 2019). Therefore,
montelukast may attenuate SARS-CoV-2-induced acute brain injury and
associated neuroinflammations. In Covid-19 cases, SARS-CoV-2 also
binds to endothelial and cardiomyocyte ACE2 receptor leading to
endothelial dysfunction and acute cardiac injury. Also, SARS-CoV-2
infection-induced hypercytokinemia and CS may contribute to cardio-
vascular complications and acute cardiac injury (Annamaria et al.,
2020). Montelukast attenuates endothelial dysfunction by inhibiting the
expression of adhesion molecules (Rundell et al., 2010). In addition,
montelukast reduces acute cardiomyocyte injury through its
anti-inflammatory and antioxidant effects (Khodir et al., 2016). Previ-
ously, Gonca (2013) showed that zileuton reduces cardiac
ischemic/reperfusion-induced arrhythmias. Similarly, montelukast has
a cardioprotective effect against doxorubicin-induced cardiotoxicity
(Hafez and Hassanein, 2020). Thus, anti-inflammatory and -car-
dioprotective effects of montelukast may reduce the risk of cardiovas-
cular complications in Covid-19.

Likewise, SARS-CoV-2 infection is associated with acute kidney
injury (AKI) through direct binding to renal ACE2, expressed in larger
amounts than lung (Joseph et al., 2020). Kidney ACE2 is co-localized
with ACE and expressed mainly on the brush border of proximal renal
tubules and to lesser extent on podocytes (Ali et al., 2018). At first,
SARS-CoV-2 invades podocytes and then enters to the tubular fluid to
bind ACE2 at the apical side of proximal renal tubules (Trimarchi,
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Fig. 3. Role of the Cys-LTR antagonist montelukast in the mitigation of extrapulmonary manifestations in Covid-19.

2020). Moreover, transmembrane serine protease 2 is highly expressed
in distal nephrons and involved in activating and facilitating
SARS-CoV-2 entry. Replication of SARS-CoV-2 within the podocytes
initiates inflammatory changes and cellular damage leading to pro-
teinuria (Chen et al., 2020). However, Covid-19-induced CS and
microangiopathy could contribute into podocyte damage, collapsing
glomerulopathy and induction of AKI. Besides, high angiotensin II levels
due to dysregulation of RAS in SARS-CoV-2 infection may cause AKI
(Bhaskar et al., 2020). On the other hand, it has been shown that acti-
vation of the LT pathway, both 5-LO and Cys-LTs, is evident and mediate
cisplatin-induced nephrotoxicity through induction of inflammation and
apoptosis. Thus, montelukast and zileuton mitigate nephrotoxicity and
AKI (Malek and Nematbakhsh, 2015). Similarly, montelukast reverses
doxorubicin-induced AKI and ischemic reperfusion renal injury through
modulation of neutrophil recruitment and oxidative stress (Kose et al.,
2019; Sener et al., 2006). Barré and his colleagues (2020) reported that
montelukast may play a key role in Covid-19 by mitigating ischemi-
c/reperfusion injury, CS, endothelitis, vascular inflammation, endothe-
lial dysfunction and oxidative stress, as all of these pathophysiological
changes are involved in the development and progression of AKI (Kim
et al., 2017).

Different studies have also shown that activation of NF-kB signaling
pathway is associated with the development of AKI. Thereby, the inhi-
bition of NF-xB signaling pathway may attenuate the development of
AKI (Zhang et al., 2020; Huang et al., 2017). Bapputty et al. (2018)
illustrated that montelukast has potent anti-inflammatory effects, being
able to alleviate diabetic retinopathy through suppression of NF-kB
signaling. In Covid-19, NF-kB signaling pathway is overactivated by
SARS-CoV-2 viroporins in different organs, including kidney. As a
consequence, the activated NF-kB signaling pathway provokes release of
pro-inflammatory cytokines and chemokines with induction of
CS-induced multi-organ failure (Hariharan et al., 2020). A systematic
review including 17,391 patients with severe Covid-19 showed that 11%
of them have AKI due to activation of the NF-kB signaling pathway
(Kunutsor and Laukkanen, 2020). Activation of renal NF-kB signaling
also appeared to be due to high circulating angiotensin II and TNF-«
serum levels in Covid-19. So, stimulated NF-xB signaling is associated
with  the development of AKI through initiation of
inflammatory-induced proximal renal tubules necrosis and thrombotic
microangiopathy (Hirsch et al., 2020). Hence, montelukast via inhibi-
tion of the NF-«xB signaling pathway reduces the release of TNF-a and

IL-6 and associated systemic inflammatory changes.

Also noteworthy, SARS-CoV-2 infection may affect gastrointestinal
tract (GIT) since this virus can be transmitted through feces by inhala-
tion of infected droplet. However, GIT manifestations of SARS-CoV-2 are
not correlated with Covid-19-induced ALI and some patients with pos-
itive stool test for SARS-CoV-2 did not have GIT symptoms (Gu et al.,
2020). Among GIT manifestations, the most common in Covid-19 are
diarrhea (10%), nausea and vomiting (3%), and abdominal pain (5%);
however, these symptoms are increased in cases of high viral load (Kopel
et al., 2020). The pathogenesis of SARS-CoV-2 enteropathy is due to its
binding to ACE2 of enterocytes, and in the same way SARS-CoV-2 can be
transmitted to other organs of GIT, like liver (Mandal et al., 2020). A
meta-analysis study by Cheung et al. (2020) illustrated that 17.6% of
Covid-19 patient’s present GIT symptoms, with the SARS-CoV-2 RNA
being detected in 48.1% of stools samples, following a negative test of
respiratory samples. Other studies illustrated that Covid-19-induced CS
may be linked with GIT manifestations, as high levels of
pro-inflammatory cytokines are associated with disturbances in the
contraction of intestinal smooth muscles through up-regulation of G
protein-coupled receptors and down-regulation of L-Ca?" channels
(Russell et al., 2020; Samanta et al., 2020). At present, apart from
antiviral agents used in Covid-19 and symptomatic therapy, there are no
effective therapy against SARS-CoV-2-induced GIT manifestations.
Moreover, it has been reported that Cys-LT antagonists have
anti-inflammatory and anti-emetic effect, mainly zafirlukast, mon-
telukast and pranlukast that are effective against chemotherapy-induced
vomiting (Darmani et al., 2017). De Maeyer et al. (2011) demonstrated
that montelukast alleviates intestinal inflammation induced by eosino-
phils in eosinophilic gastroenteritis. Also, both 5-LO and Cys-LT play a
crucial role in the pathophysiology of intestinal ischemic reperfusion
injury, thereby montelukast and other Cys-LT inhibitors attenuate in-
testinal ischemic reperfusion injury and gastric mucosal damage (Wu
et al., 2015). Recently, Marian et al. (2019) revealed that montelukast
has secondary anti-inflammatory effects independent of Cys-LTR
antagonist by inhibiting histone acetyltransferase, phosphodiesterase
and purinergic receptors. Nonetheless, the intestinal LTB4 pathway has
a protective effect against intestinal injury; briefly, it improves intestinal
healing by activating epithelial cells (Matsumoto et al., 2020). In
Covid-19, AA release with subsequent formation of LTs in various tissues
leads to induction of inflammatory reactions (Hoxha, 2020). Hence,
montelukast may reduce Covid-19-induced GIT disorders through
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modulation of Cys-LT formation in enterocytes during SARS-CoV-2
infections.

In summary, the extra-pulmonary manifestations in Covid-19 appear
to be due to the direct effect of SARS-CoV-2 on ACE2 or indirectly
through induction of NF-kB-dependent cytokine storm. Regarding LT
inhibitors, montelukast is able to ameliorate the extra-pulmonary
manifestations in Covid-19 patients, either directly by blocking Cys-
LTs in different organs or indirectly by inhibiting the NF-kB signaling
pathway (Fig. 3).

6. Conclusion

In summary, this review sheds light on the potential role of the LT
pathway and Cys-LTR antagonists on the pulmonary and extra-
pulmonary manifestations in Covid-19. Montelukast may attenuate
pulmonary and extra-pulmonary manifestations in Covid-19 by antag-
onizing Cys-LTRs and the NF-kB signaling pathway, and thus exert wide-
spread mitigation of SARS-CoV-2 infection and associated complica-
tions. These observations mandate further clinical trials and prospective
studies to confirm the protective effect of montelukast and 5-LO in-
hibitors in the management of Covid-19.
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