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Abstract: Due to the complicated pathogenic pathways of coronavirus disease 2019 (COVID-19),
related medicinal therapies have remained a clinical challenge. COVID-19 highlights the urgent need
to develop mechanistic pathogenic pathways and effective agents for preventing/treating future
epidemics. As a result, the destructive pathways of COVID-19 are in the line with clinical symptoms
induced by severe acute coronary syndrome (SARS), including lung failure and pneumonia. Accord-
ingly, revealing the exact signaling pathways, including inflammation, oxidative stress, apoptosis,
and autophagy, as well as relative representative mediators such as tumor necrosis factor-o (TNF-«),
nuclear factor erythroid 2-related factor 2 (Nrf2), Bax/caspases, and Beclin/LC3, respectively, will
pave the road for combating COVID-19. Prevailing host factors and multiple steps of SARS-CoV-2
attachment/entry, replication, and assembly/release would be hopeful strategies against COVID-19.
This is a comprehensive review of the destructive signaling pathways and host—pathogen interaction
of SARS-CoV-2, as well as related therapeutic targets and treatment strategies, including potential
natural products-based candidates.

Keywords: coronavirus; SARS-CoV-2; COVID-19; signaling pathway; inflammation; oxidative stress;
apoptosis; autophagy; natural products

1. Introduction

As a global pandemic, an outbreak of novel coronavirus, named severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), caused the coronavirus disease 2019
(COVID-19). It has been a serious leading cause of morbidity and mortality worldwide [1,2].
Coronaviruses (CoVs) are a group of single-stranded enveloped ribonucleic acid viruses
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which are classified into four genera, including «, 3, v, and 4. In the past two decades,
two members of the 3-CoVs with a zoonotic origin, including SARS-CoV and Middle East
Respiratory Syndrome (MERS)-CoV, caused two epidemics in China during 2002-2003 and
in the Middle East in 2012, respectively [3-5].

The clinical manifestations of COVID-19 mainly encompass pneumonia-related symp-
toms, such as fever, cough, and shortness of breath [6]. In severe patients, it would lead to
acute respiratory distress syndrome (ARDS), cardiovascular, neurological, hepatic, renal,
and gastrointestinal complications [7,8], which all seemed to be correlated with dysreg-
ulated mechanisms. It has been well-established that the SARS-CoV-2 genome is closely
related to the first SARS-CoV [9]. The underlying mechanisms by which SARS-CoV-2
elicits its detrimental effects remained unclear; however, possible mechanisms encompass
inflammation, oxidative stress, apoptosis, autophagy, and the processes associated with
virus entry into host cells, such as the endocytic pathway and angiotensin-converting
enzyme 2 (ACE2) pathway [8,10-12]. As of yet, no specific antiviral drug has been discov-
ered for SARS-CoV-2; hence, extensive studies have been ignited to find effective drugs
for targeting the aforementioned pathways and for combating COVID-19. In light of the
outbreak, several non-specific medications have been exploited, such as broad-spectrum
antiviral, anti-inflammatory, antioxidant, and antiapoptotic therapies, immunotherapeutic
agents, antibiotics, and supportive care such as supplementary oxygen [13-15]. Despite
advancements in providing antiviral drugs, their associated toxicity and high financial
costs are a significant hurdle in their clinical applications [16]. Therefore, there exists a
dire need to discover new, safe, and more efficacious treatment alternatives to achieve
successful healing therapies.

In recent reviews, the role of oxidative stress [17], inflammation [18,19], and some host
factors [20] were developed separately, with no focus on all the therapeutic agents, thera-
peutic targets, host-pathogen interaction, and dysregulated signaling pathways involved
in the pathogenesis of SARS-CoV-2. In the present review, we describe the dysregulated
signaling pathways and host—pathogen interaction of SARS-CoV-2, as well as relative ther-
apeutic targets and treatment strategies, concentrating on oxidative stress, inflammation,
apoptosis, autophagy, the immune system, and virus life cycle.

2. COVID-19: Genetics and Structure

SARS-CoV-2 is a single-stranded enveloped ribonucleic acid virus with a genome
size of 29,903 nucleotides [21]. This single strand of RNA is covered by a phosphorylated
capsid protein which, together, both form a nucleocapsid. Phospholipid bilayers shield the
nucleocapsid and are coated by spike glycoprotein and, probably, hemagglutinin-esterase
protein [22]. The virus genome is comprised of two untranslated regions (UTRs) at the
5" and 3’ ends, which constitute 265 and 358 nucleotides, respectively, as well as 11 open
reading frames (ORFs) that encode 27 structural, non-structural, as well as accessory pro-
teins [23,24]. Two overlapping ORF 1a and 1b contain two-thirds of the genome and encode
16 non-structural proteins (NSPs) within the pplab gene. These proteins comprise NSP3
(papain-like), NSP5 (3C-like protease domain), NSP12 (RNA-dependent RNA polymerase),
NSP13 (helicase), NSP14 (3-5" exonuclease), as well as other NSPs that are engaged with
the transcription and replication of the viral genome [25,26]. The remaining ORFs code
structural proteins including spike protein (S), envelopes protein (E), membrane protein
(M), as well as nucleocapsid protein (N), and at least six accessory proteins such as orf3a,
orf6, orf7a, orf7b, orf8, and orfl0 [27]. In some cases, the hemagglutinin esterase gene pro-
posed to increase the virus entry mediated to S protein has been located between ORF1b
and ORF S [28].

3. Clinical Features of COVID-19 Disease

Most patients infected with SARS-CoV-2 exhibit respiratory complications such as
pneumonia and ARDS. ARDS is a common leading cause of death in patients with
COVID-19, which is characterized by pulmonary and interstitial tissue devastation [29].
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The genetic material of SARS-CoV-2 has been identified in cerebrospinal fluid, indicating
that SARS-CoV-2 can directly attack the central nervous system, which contributes to
several neurological damages. This procedure develops neurological complications, includ-
ing headache, encephalitis, impaired consciousness, epilepsy, taste/smell disorders, and
nausea/vomiting [30-32]. SARS-CoV-2 exploits neuronal pathways, such as the olfactory
pathway and blood circulation pathway, to enter the nervous system [33-35]. During
SARS-CoV-2 infection, impairment of the respiratory gaseous exchange leads to hypoxia
and anaerobic metabolism, as well as acidic conditions in the brain, which, in turn, partici-
pate in cerebral edema and occlusion of the cerebral circulation, and subsequently lead to
headache and acute cerebrovascular disease [36]. SARS-CoV-2 also exerts its deleterious
effects on the nervous system through an intracranial cytokine storm [37]. Activation
of macrophages, microglia, and astrocytes enhances the release of pro-inflammatory cy-
tokines and provokes nerve degeneration and the apoptotic death of neuronal cells [38].
A growing number of patients infected with SARS-CoV-2 manifest signs or symptoms
of liver dysfunction that can be attributed to the respiratory distress syndrome-induced
hypoxia and the release of huge circulating detrimental inflammatory mediators with the
ability to invade liver cells, causing hepatocyte damage and elevated liver enzymes [39].
Additionally, the downregulation of ACE2 by SARS-CoV-2 may enhance blood pressure,
and thereby elevate the risk of intracranial hemorrhage [40].

A growing number of patients infected with SARS-CoV-2 manifested signs of liver
dysfunction that can be attributed to the respiratory distress syndrome-induced hypoxia
and the release of huge circulating detrimental inflammatory mediators with the ability to
invade liver cells, causing hepatocyte damages and elevated liver enzymes [39].

Cardiovascular complications such as acute myocardial infarction, venous thromboem-
bolic events, myocarditis, and heart failure may also occur in patients with COVID-19 due
to direct virus invasion through ACE2, endothelial dysfunction, hypoxia, excessive inflam-
matory responses, oxidative stress, elevated level of angiotensin (Ag) II, and atherosclerotic
plaque rupture [41,42]. Besides, elevated cardiac biomarkers, including troponin T, have
also been demonstrated to be associated with increased inflammatory markers, suggesting
that myocardial injury is linked to inflammation [43].

Gastrointestinal symptoms, such as vomiting, diarrhea, or abdominal pain, are other
common clinical manifestations of COVID-19 during the early phases of the disease. Intesti-
nal dysfunction leads to changes in intestinal microbes, thereby promoting inflammatory
cytokines [44]. Consequently, ACE2 is highly expressed in the gastrointestinal tract and
SARS-CoV-2 directly invades the gut tract through binding with ACE2 receptors. In this
regard, ACE2 is considered a key regulator of intestinal inflammation and can enhance the
risk of colitis and other gastrointestinal symptoms [45].

Clinical data have demonstrated the presence of SARS-CoV-2 particles in urine sam-
ples of patients infected with COVID-19 [46]. It has been reported that SARS-CoV-2
possesses detrimental impacts on kidney function and causes signs/symptoms of acute
kidney injury [47]. The expression of ACE2 on podocytes and tubule epithelial cells makes
the kidney a host candidate for SARS-CoV-2 [48]. Local inflammatory/immune reaction,
direct cytotoxic viral effect, hypoxia, as well as secondary infections/sepsis induce the oc-
currence of endothelial dysfunction, tubular injury, and heavy proteinuria [49]. Therefore,
given the involvement of host factors such as ACE and related complications attributed to
oxidative stress, as well as inflammation, apoptosis, and autophagy in the complications of
COVID-19, targeting them is of great importance.

4. SARS-CoV-2 Infection

SARS-CoV-2 undergoes various steps of fusion, uncoating, nucleic acid synthesis, in-
tegration, protease, and assembly /release towards infection; therefore, detailed knowledge
of infection pathways is critical to tackling COVID-19. It has been well-established that
SARS-CoV-2 enters the host cells via two pathways, including the endocytic pathway and
non-endosomal pathway, with the help of proteases (e.g., TMPRSS2); both contribute to
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the release of the nucleocapsid into the cytoplasm [22]. Among those factors, SARS-CoV-2
utilizes the endocytic pathway as the principal mechanism for viral entry into several types
of host cells. The S protein on the surface of a coronavirus can interact with the receptor
and then invade the host cells through clathrin-mediated endocytosis [11]. Recent advances
have highlighted the critical role of such host receptors, including ACE2, glucose-regulated
protein 78 (GRP78), cluster of differentiation 147 (CD147), and dipeptidyl peptidase (DPP4)
in viral infection.

4.1. ACE2

Revealing the first phase of viral entry into the host cells, fusion/entry through facilitating
co-receptors could be targeted by appropriate therapeutic agents [50]. Recent advances have
highlighted the critical role of such host receptors in viral infection, including ErbB1, tyrosine
kinase receptors (TKRs) [51], toll-like receptors (TLRs) [52], TNF-«, ILs, interferon (IFN)-y,
and other receptors affecting the immune system [53]. The involvement of other receptors
related to T cells has also been shown to play critical roles in viral infection, such as cytotoxic T-
lymphocyte antigen 4 (CTLA-4), programmed death1 (PD-1), as well as T-cell immunoglobulin
(Ig) and mucin domain-containing molecule 3 (TIM-3) [54,55].

Continuous uncoating and nucleic acid synthesis with the involved enzymes of RNA
polymerase are other steps in virus replication, including for SARS-CoV-2. Viral chain
terminase and proteases have also been shown to be promising targets against COVID-19
complications. As the final step of viral infection, the viral release could also be a hopeful
target in combating COVID-19. Nowadays, host co-receptors have been considered critical
agents with undeniable roles in stimulating the immune system and increasing viral
infection [56]. The analysis of nucleic acid sequence within the spike proteins of SARS-
CoV-2 predicted the role of ACE2 in the cellular entry of the virus, which was confirmed
by an in vitro study [56].

Synthesized ACE2 is folded and N-glycosylated in the endoplasmic reticulum (ER)
then passes to Golgi apparatus for further modifications and packaging and is then trans-
ported to the plasma membrane [57]. Cleavage of ACE2 by A disintegrin and metallopro-
teinase 17 (ADAM17) leads to the release of soluble ACE2 into the extracellular environ-
ment. Consequently, angiotensin receptor I (AR I) enhances ADAM17 expression which,
in turn, elevates soluble ACE2, and can therefore prevent SARS-CoV-2 entrance [57,58].
Additionally, in response to SARS-CoV-2, binding via clathrin-mediated endocytosis and
the internalization of both the virus and its receptor, ACE2, occur [59].

The rate expression of ACE2 and its cleavage from the cell membrane contribute
to the regulation of ACE2 activity [60]. It has been well-established that Ag II, which
mitigates ACE2 expression, passes through type II alveolar (AT2) and type I alveolar
(AT1)-extracellular-regulated kinase (ERK)/p38 mitogen-activated protein kinase (MAPK)
pathway, thereby playing a pivotal role in the regulation of associated receptors [61]. Addi-
tionally, hypoxia-induced factor-1a (HIF-1x) enhances the production of ACE, which, in
turn, boosts the production of Ag II, and then leads to a reduced level of ACE2 [62]. SARS-
CoV-2-induced downregulation of ACE2 leads to an augmentation of the pro-inflammatory
factor, Ag II, and causes lung injury [63]. The recognized receptor of SARS-CoV-2, ACE2, is
mainly expressed in a small subset of lung cells [64]. Only minimal percentages of mono-
cytes/macrophages in the lung expressed ACE2 [64]. It presents the possibility of direct
cellular infection (with no ACE2 engagement) or the existence of other receptors involved
in SARS-CoV-2 entrances [65,66]. In general, the critical role of the renin—angiotensin
system (RAS) has been indicated in various pathological and physiological processes. Con-
sequently, angiotensinogen is converted to Ag I by renin. Ag Iis, in turn, converted to
Ag II then to Ag (1-7), and Mas by ACE1 and ACE2, respectively. While Ag II binds to
AR T and makes pathological outcomes, Mas binds to MasR to exert protective responses
against COVID-19 [67,68]. Therefore, ACE2 could play the double-edged role of being
a co-receptor for SARS-CoV-2 entry and generating Mas for protection [69]. As attained
by COVID-19 clinical trials, susceptibility to COVID-19 infection is in a direct correlation
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with the activity of ACE2. Since this enzyme is enriched in the lungs, heart, brain, kid-
neys, intestine, testes, and placenta [70-72], there is a higher rate of virus presence and
pathogenesis [73]. These results indicated that Ag Il is likely to be the primary target of
SARS-CoV-2 in the lungs [68]. Moreover, there are sex differences in the expression of
ACE2. Sex hormones in males made a higher expression of ACE2 than in females, with
a greater infectious rate [68,74]. The ACE/ACE2 activity ratio in male serum is higher
than in females. Individuals with coexisting disorders, including pneumonia [73], dia-
betes [75], along with aging [74,76,77], cigarette use [78], pregnancy [71,79], hypoxia, and
HIF-1 [62,80], were shown to be more susceptible to the dysregulation of the ACE/ACE2
ratio. Overall, the molecular mechanisms and signaling pathways by which SARS-CoV-2
elicits its harmful effects are incompletely understood, and a few molecules have been
identified as a target of SARS-CoV-2. For instance, it has been shown that SARS-CoV-2 rein-
forces chemokine-associated inflammation and fibrosis through IFN, with ACE2-induced
Ras/Raf/mitogen-activated protein kinase kinase (MEK)/ERK/ activating protein 1 (AP1)
and casein kinase (CK)2- p21-activated kinase 1 (PAK1) signaling pathways [81]. It has
been reported that the aforementioned pathway offers the potential for pulmonary vascular
remodeling and exaggerated hypoxia [82]. Aberrant activation of PAK1 hinders immune
systems and participates in the promotion of viral infection [83]. Therefore, the suppression
of PAK1 or it is upstream potentially repressed SARS-CoV-2 infection. In cases of SARS-
CoV-2 infection, ACE2 has attracted substantial attention in COVID-19 pathogenicity [69].
Inappropriate regulation of ACE2/Ag (1-7)/Mas receptor and ACE1/Ag Il type 1 receptor
pathways could enhance ACE2, and thereby increase the chances of viral entry [69,84]. On
the other hand, downregulation of ACE2 by SARS-CoV-2 infection inhibits the degradation
of Ag Il into Ag (1-7), exacerbates inflammation, and leads to vascular permeability and
cardiovascular complications [69].

4.2. TMPRSS2

It has been well-established that the proteolytic cleavage of the viral envelope glyco-
protein by either intracellular or extracellular proteases, such as trypsin, furin, cathepsin,
or transmembrane protease serine 2 (TMPRSS2), plays an important role in SARS-CoV en-
try [85]. Among them, TMPRSS2 has been shown to activate the spike-protein of COVID-19
for viral fusion and infectivity [86]. An accumulation of findings highlighted that the host
protease TMPRSS2, employed for the entry of SARS-CoV-2 into lung epithelium, is an
attractive target for pharmacologic intervention. It has been shown that pharmacologic
inhibition of TMPRSS2 blocks SARS-CoV-2 entry into human lung cells. Additionally,
inhibition of TMPRSS2 prevented SARS-CoV-1 infection in animal models. The TMPRSS2
gene expresses a protein of 492 amino acids which anchors to the plasma membrane. It
can be divided into the catalytic chain and noncatalytic chain parts through autocatalytic
cleavage between Arg255 and I1e256. After cleavage, the majority of mature proteases
are membrane-bound, but their substantial portions can be released into the extracellular
space [87]. It has been revealed that TMPRSS2 gene promoter possesses 15-bp androgen
response element, and TMPRSS2 transcription is upregulated in the presence of andro-
gens [88]. The activation of SARS-CoV by TMPRSS2 suppresses the blockage of SARS-CoV
by IFN-induced transmembrane proteins, a class of IFN-stimulated host cell proteins that
participate in inhibiting the entry of various enveloped viruses [89].

TMPRSS2 is known as a key gene in prostate cancer [90]. The hepatocyte growth
factor (HGF)/c-Met cell is activated by TMPRSS2, provoking the survival pathway of
HGEF/c-Met receptor tyrosine kinase signaling and stimulating a pro-invasive role in
prostate cancer cells. TMPRSS2 also induces inflammation by proteolytically activating
the protease-activated receptor-2 (PAR-2) in the prostate. Additionally, the upregulation of
PAR-2 promotes matrix metalloproteinase-2 (MMP-2) and MMP-9, both of which play a
key role in the metastasis of tumor cells [89,91].
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4.3. Glucose-Regulated Protein 78 (GRP78)

Glucose-regulated protein 78 (GRP78), which belongs to the heat shock protein 70 fam-
ily, is the master chaperone protein present in the lumen of the ER [92,93]. Under cell stress,
overexpressed GRP78 can escape ER retention and translocate to the cell membrane [94].
Once localized in the plasma membrane, GRP78 is susceptible to virus recognition, thereby
facilitating the viral entry to the host cells. It has been reported that GRP78 is a target
receptor of the MERS-CoV spike protein and bat coronavirus HKU9 (bCoV-HKU9) [95]. Re-
cently, the existence of a SARS-CoV-2 spike protein-GRP78 binding site has been predicted
using the computational method [96], thus paving the route to design suitable inhibitors to
prevent binding and infection.

4.4. The Cluster of Differentiation 147 (CD147)

The cluster of differentiation 147 (CD147), also known as extracellular matrix metallo-
proteinase inducer, has recently emerged as an important receptor for SARS-CoV-2 [97].
CD147 possesses the ability to interact with various extracellular and intracellular partners
which play a key role in the infection process of the human immunodeficiency virus (HIV),
measles, and SARS-CoV [98,99]. It has been reported that CD147 can bind with multiple lig-
ands, including cyclophilins, monocarboxylate transporters, caveolin-1, and integrins [100].
As extracellular interactive partners, cyclophilins A and B can bind to CD147 and activate
it, thereby increasing the chance of infection of CD147-expressing cells [101]. It has been
reported that cyclophilins A and B can interact with nsp1 of SARS-CoV [98]; however, it
is yet not understood whether cyclophilins can bind to SARS-CoV-2. In an in vitro study,
Wang et al. [102] revealed that meplazumab, an anti-CD147 antibody, significantly hindered
the invasion of host cells by SARS-CoV-2. Surprisingly, this report has been supported
by a clinical trial in which the anti-CD147 antibody inhibited SARS-CoV-2 spike protein
binding and subsequently facilitated a viral clearance [103]. CD147 also participated in the
regulation of nuclear factor-kappa B (NF-kB). Moreover, upregulation of CD147 leads to the
activation of NF-«B which, in turn, involves inflammation and proliferative responses [104].
Additionally, cyclophilin-CD147 interaction can recruit the immune cells to the sites of
inflammation via chemokine-like activity [105]. Cyclophilin 60 is identified as an important
contributor protein in the expression and translocation of CD147 to the cell surface [106].
Several other proteins which bind to CD147 may affect its localization. For instance, the
interaction of CD147 with the proton-coupled transporters of monocarboxylate, including
MCT1 and MCT4 in the cell membrane, is highly dependent on glutamic acid residue
218 in the CD147 transmembrane domain. However, the mutation of this glutamic acid
prevents the access of both CD147 and MCT to the cell membrane [107]. It has been also
reported that caveolin-1 binds to CD147 on a cell surface, through which it plays a key
role in the regulation of clustering and activity of CD147 [108]. As an interacting partner
of CD147, integrin 31 interacts with CD147 to regulate integrin-dependent signaling and
focal adhesion kinase (FAK) activation, leading to ignition of the downstream signaling
Rac/Ras/Raf/ERK and phosphoinositide 3-kinases (PI3K)/Akt pathways and an increase
in the metastatic potential of hepatocellular carcinoma [109]. It has been demonstrated that
CD147 increases MMPs expression through several signaling pathways, including Janus
kinase (JAK)/signal transducer and activator of transcription (STAT), Ras-MEK1-MAPK,
and PI3K/ Akt signaling pathway [110].

4.5. Dipeptidyl Peptidase (DPP4)

Dipeptidyl peptidase (DPP4), also known as CD26, was considered as the main entry
receptor for MERS-CoV [111]. The S protein of MERS-CoV specifically interacts with DPP4
receptors, thereby inducing proteolytic activation of viral entrance and viral membrane
fusion with the cell membrane [112]. There is about an 80% genome sequence similarity
between MERS-CoV and SARS-CoV with SARS-CoV-2. Recent evidence has shown that
DPP4/CD26 can also bind to the S1 domain of the SARS-CoV-2 spike glycoprotein, indi-
cating the potential role of DPP4/CD26 in SARS-CoV-2 adhesion/virulence [113]. The
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potential interaction between SARS-CoV-2 spike glycoproteins and DPP4 has been demon-
strated by docking studies and needs in-depth clarification in experimental models [114].
Intriguingly, there is also evidence suggesting that DPP4 is implicated in the induction
of cytokine storm, oxidative stress, the immune system, and apoptosis [115]. DPP4 has
been widely studied because of its proteolytic activity on various cytokines and peptides
that participate in different medical conditions [116]. In the case of proteolytic activity,
DPP4 reduces incretins such as glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP), subsequently leading to a declined insulin secretion and
abnormal glucose level [116]. Additionally, DPP4 proteolysis leads to partial or total alter-
ation in signaling and functionality of its substrates, including peptide tyrosine-tyrosine
(PYY), neuropeptide Y (NPY), and stromal-derived factor 1 (e.g., SDF-1 and CXCL12) [117].
Intriguingly, there is also evidence suggesting that DPP4 is implicated in the induction of
cytokine storm, activation of NF-kB pathway, oxidative stress, the immune system, and
apoptosis [115]. It has been revealed that CD26/DPP4 possesses the ability to directly
trigger T cell activation through CARMA1-mediated NF-«B activation in T cells which, in
turn, leads to T cell proliferation and pro-inflammatory interleukin (IL)-2 cytokine produc-
tion [118]. People with diabetes are at higher risk of developing the serious clinical events
caused by COVID-19 because chronic hyperglycemia and inflammation contribute to an
ineffective immune response [119]. In this line, DPP4 inhibitors and/or GLP-1 receptor
analogs are widely used for the control of hyperglycemia in type 2 diabetes [120]. The
potential role of DPP4 inhibitors in COVID-19- infected patients with type 2 diabetes is not
completely clarified. However, DPP4 may illustrate a potential target for decreasing the
progression of the complications of type 2 diabetes in those infected with COVID-19 [119].
Therefore, DPP4 inhibition may hinder the infection and/or development of the COVID-19.

5. COVID-19: Pathogenesis, Dysregulated Pathways and Beyond

Patients infected with SARS-CoV-2 exhibited various clinical manifestations such as
fever, dyspnea, myalgia, and viral pneumonia [121]. In complicated patients, ARDS, acute
kidney injury, cardiovascular complications, neurological side effects, and multiple organ
failure have also been shown to be associated with increased mortality [49,122,123]. While
the pathobiology of SARS-CoV-2 and molecular mechanisms behind the aforementioned
clinical manifestations are not yet entirely known, the roles of inflammation, oxidative
stress, apoptosis, and autophagy are undeniable.

5.1. Role of Inflammation in COVID-19

As previously mentioned, inflammatory pathways play important roles in the highly
inflammatory conditions of pathogenesis in COVID-19 [124]. As such, in severe cases of
COVID-19, patients showed higher serum levels of inflammatory cytokines, including
TNF-«, IL-2, IL-6, IL-7, IL-10, IFN-y, IL-1§3, IL-12, IL-18, IL-33, tumor growth factor- (TGF-
(), macrophage inflammatory protein-1« (MIP-1«), monocyte chemoattractant protein-1
(MCP-1), granulocyte-colony stimulating factor (G-CSF), interferon-inducible protein-10
(IP-10), chemokines (e.g., CXCL8, CXCL9, CXCL10, CCL2, CCL3, CCL5) [13,125-128],
and c-reactive protein (CRP) [129-131] in the early phase as major causes of ARDS [132].
Extensive immunological responses, high levels of circulating inflammatory cytokines,
substantial lymphopenia, and immune-cell infiltration are closely correlated to immune-
pathological changes of targeted organs [133].

In COVID-19 patients, increased neutrophils/CRP and decreased lymphocytes were
revealed; this was in direct correlation with disease severity [13]. Releasing the afore-
mentioned inflammatory factors is also called a cytokine storm, which, in turn, leads
to various pathogenic complications in COVID-19 [134-136]. The innate immune sys-
tem also employs IEN type I, IFN-o and IFN-3, and IFN-stimulated response element
(ISRE) as downstream mediators in exerting a critical response against viral infection,
while a reduced IFN leads to rapid viral replication [137,138]. Consequently, IFN-o/ 3
suppresses viral dissemination/replication in the early stage of viral infection. COVID-19
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employs multiple ways toward interfering with the aforementioned pathways of type I
IFN production [127,139], including JAK-STAT/ISRE pathway phosphorylation [140]. Fol-
lowing the production of type I IFN, COVID-19 is equipped to suppress the inflammatory
pathways [65,140,141], time-dependently [127]. Additionally, any dysregulation in the
pathway leads to neutrophil/monocyte/macrophage activation and lethal pneumonia
or acute respiratory distress syndrome [127]. A disturbance in the regulation of IFNs
generation of pro-inflammatory cytokines produced by macrophages contributes to the
apoptosis of T cells, which further hampers viral elimination [142]. During viral infection
and activation of the adaptive immune response, the engagement of the T cell receptor
provokes intracellular calcium overload which, in turn, induces calmodulin binding to cal-
cineurin. Calcineurin activation participates in the nuclear factor of activated T-cell (NFAT)
dephosphorylation [143]. The calcium-calcineurin-NFAT pathway boosts the generation of
pro-inflammatory cytokines, thereby maintaining chronic inflammation conditions [144].
As other involved receptors, TLR-7 and TLR-3 activate the downstream signaling
cascade, including NF-«B and IFN regulatory factor 3 (IRF3) [140]. Enhanced levels of
pro-inflammatory cytokines and the migration of inflammatory cells into the lung tissues
are the postulated mechanisms for acute lung injury. Cytokine storm disrupts tissue in-
tegrity and subsequently leads to pneumonitis [145]. Activation of various inflammatory
cytokines involved in the cytokine storm is controlled by the intracellular signaling path-
way JAK/STAT [146]. For instance, IL-6 which has been proven as a pivotal inflammatory
cytokine, employs the JAK/STAT pathway to perform its biological functions such as im-
mune response, inflammation, and oxidative stress. The inhibition of the IL-6/JAK/STAT
pathway appears a promising therapeutic option for the alleviation of COVID-19 [147].

5.2. Role of Oxidative Stress in COVID-19

Oxidative stress is considered a key contributor to the severity and pathogenesis of
SARS-CoV-2. Over-generation of reactive oxygen species (ROS) and antioxidant depletion
drive a pivotal role in viral replication and viral-related complications [148,149]. Some pop-
ulations of innate immune cells, such as macrophages and neutrophils, would generate ROS
to clear the pathogens [150,151]. Despite the necessity of ROS production by macrophages
and monocytes for modulating immune responses and eliminating viral infection, related
over-production contributes to the oxidation of cellular proteins/lipids and corrupts both
infected and normal cells, thereby leading to multiple organ dysfunctions [152]. More-
over, compelling studies have shown that viral infections such a SARS-CoV are linked
to the inhibition of Nrf2 and augmentation of NF-«B signaling, leading to antioxidant
deprivation and inflammation [153]. Nrf2, and its downstream target antioxidant en-
zyme heme oxygenase-1 (HO-1), serves as a crucial signaling pathway for cytoprotection
against inflammation through inhibiting critical inflammatory regulatory pathways such
as NF-«kB [148]. Interestingly, Nrf2-keap1/HO-1 activation accompanied by an increase in
enzymatic/non- enzymatic antioxidant activities, including superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione (GSH), thiobarbituric acid re-
ductase (TBARS), NAD(P)H:quinone oxidoreductase 1 (NQO-1), which, in turn, suppress
oxidative mediators and lipid peroxidation, thereby alleviating the hallmarks of viral
infection [154,155]. Therefore, the Nrf2 pathway is an auspicious therapeutic target for
combating SARS-CoV pathogenesis.

5.3. Role of Apoptosis in COVID-19

Apoptosis is a determiner pathway involved in COVID-19 complications. As a
pathogenic pathway, apoptosis induction in infected cells can directly lead to viral patho-
genesis [156]. In SARS-CoV-infected patients, lymphopenia may occur due to T cell diminu-
tion through the activation of apoptosis [157]. Apoptosis activation mediated by human
COVID-19 infection contributes to the spread of the virus [158]. Apoptosis activation is
associated with numerous abnormalities in virally infected organs. In this line, SARS-CoV-2
infection stimulated apoptosis in lung epithelial /endothelial cells, which causes vascular



Molecules 2021, 26, 2917

9 of 32

leakage and alveolar edema, as well as acute lung injury [29]. Several mechanisms are
involved in apoptosis activation by human COVID-19. It has been reported that human
COVID-19 stimulates apoptosis via ER, caspase-mediated, p38MAPK, and c-Jun N-terminal
kinase (JNK) dependent pathways, which are needed for viral replication [159,160]. From
another point of view, SARS-CoV triggers apoptosis through decreasing anti-apoptotic
B-cell lymphoma 2 (Bcl)-2 members (e.g., Bcl-2 and Bcl-xL) and key survival signaling
pathways such as Akt. The upregulation of Akt inactivated several pro-apoptotic molecules
such as glycogen synthase kinase-3f3 (GSK-3(3), caspase-9, Bad, and forkhead transcription
factor Foxol (FKHR), thereby hampering apoptotic pathways [161]. Virus infection can
trigger poly (ADP ribose) polymerase (PARP) and ultimately result in apoptosis. PARP
drives an important role in programmed cell death and cytokine release [162,163]. There-
fore, PARP inhibitors can be served as supportive treatments for alleviating the hallmarks
of COVID-19. Besides, viral infections disrupt mitochondrial membrane potential and
provoke pro-apoptotic factors such as cytochrome C, caspase-9, and caspase-3 [164,165].
Therefore, targeting particular mediators and enzymes of the apoptotic pathway is an
attractive strategy for fighting a viral infection.

5.4. Role of Autophagy in COVID-19

As another critical pathway for COVID-19, autophagy is an intracellular regulated
process that plays a pivotal role in the maintenance of cellular homeostasis [166]. Con-
sidering mechanistic changes in COVID-19, autophagy is a fundamental cell process
in the pathogenicity of disease. This process is characterized by the formation of the
double-membrane autophagosomes that subsequently fuse with acidic lysosomes to form
autolysosomes through a pH-dependent mechanism. The engulfed components are then
degraded with lysosomal enzymes [167]. There is increasing evidence that dysregulated
autophagy seems to play an essential role in the pathogenesis of SARS-CoV, as well as its
arising complications. Altered autophagy caused by viral infection is strongly associated
with severe tissue damage. On the other hand, autophagy could be considered a double-
edged sword in the pathogenesis of SARS-CoV. The pro-viral or antiviral role of autophagy
remains unclear [149]. The virus that enters the host cell can either be eliminated via
autophagy or escape autophagic degradation and replicate in the host cell [168]. A central
aspect of the pro-viral role of autophagy is to boost viral replication by the formation
of double-membrane vesicles in the host cells. In fact, virus replication in the host cell
begins at the ER-Golgi intermediate compartment, which is connected to autophagosome
biogenesis, where the viral genome possesses a critical interaction with the proteins that
are necessary to assemble a complete virus [169,170]. It has been identified that viral nsp6
protein was found to co-localize with the endogenous autophagy marker, LC3, suggesting
a possible collaboration between autophagy and COVID-19 replication [168]. Therapeutics
such as chloroquine and hydroxychloroquine elicit antiviral effects by inhibiting the fusion
of autophagosomes and lysosomes, and blocks the later stages of autophagic flux [171].
On the other hand, the induction of autophagy may combat viral infection by the degra-
dation of viral components and the augmentation of innate and adaptive immunity [172].
Induction of autophagy and inflammatory responses induced by viral infection contribute
to lung injury [173]. It has been reported that the inhibition of S-phase kinase-associated
protein 2 (SKP2), which is responsible for proteasomal degradation of Beclin 1, enhanced
autophagy, and subsequently attenuated the replication of MERS-CoV [174]. A novel
analysis has also highlighted the relation between autophagy mechanisms and antivi-
ral/inflammatory responses in COVID-19. In this sense, PI3K/Akt/ mammalian target
of rapamycin (mTOR) is a key control signaling pathway for autophagy that regulates
various autophagy mediators, such as Beclin, microtuble-associated protein light chain 3
(LC3), and autophagy-related (Atg). Human COVID-19-infected hepatocytes could induce
autophagy through ERK/MAPK and inhibition of the PI3K/Akt/mTOR pathway [175].
Additionally, JNK, AMP-activated protein kinase (AMPK), p38MAPK control the balance
of the autophagy response to viral infection [176-178]. Considering the role of the afore-
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mentioned mediators in autophagy, modulating autophagic pathways could pave the road
for combating SARS-CoV-2 infection [170].

Opverall, the inhibition of autophagy during the first phase of COVID-19 could prevent
the replication of SARS-CoV-2 and negatively regulate the IFN response. On the other
hand, autophagic pathways are in a near link to inflammation and immune responses in
COVID-19. Accordingly, dysregulation in autophagic pathways could lead to cytokine
storm and immune dysfunction. Consequently, autophagy modulation restores homeosta-
sis in the immune response of COVID-19 to represent an important challenge, indicating
the ability to improve antiviral response, restrict inflammation, and prevent other compli-
cations [179]. Therefore, a mechanistic targeting of autophagy should be considered a new
strategy in combating SARS-CoV-2.

6. Therapeutic Interventions for COVID-19

Shortly after the identification of COVID-19 in China, many studies demonstrated the
effectiveness and advantages of different classes of drugs when hoping to find a suitable
agent with promising effects in the prevention, control, recovery, and improvement of
related pathological conditions. It has been well-established that inflammation, apoptosis,
oxidative stress, autophagy, and host factors, as well as destructive signaling pathways, play
a crucial role in the pathogenesis of SARS-CoV-2. Therefore, modulation of the dysregulated
therapeutic targets and pathways is an attractive therapeutic avenue for COVID-19.

6.1. Targeting Autophagy and Apoptosis

Prevailing evidence has highlighted the cross-talk and the balanced interplay between
autophagy and apoptosis [180]. The over-accumulation of autophagosome promotes the
apoptotic pathway that eventually causes apoptotic death of the virally infected cells and
represses the virus replication cycle [181]. Therefore, providing alternative therapies that
potentially interfere with SARS-CoV-2 and lead to autophagy regulation is of great impor-
tance. To date, there are no proven effective therapies to prevent or cure COVID-19. An
accumulation of findings suggests that several drugs under clinical trials for SARS-COV-2
are autophagy/apoptosis modulators. For instance, chloroquine/hydroxychloroquine,
emtricitabine /tenofovir, IFN-a-2b, lopinavir/ritonavir, and ruxolitinib contribute to au-
tophagosome accumulation through inhibiting autolysosome formation and thereby dis-
rupt the replication of SARS-CoV-2 [182]. Additionally, corticosteroids suppress autophagy
by inhibiting LC3 recruitment [183]. Besides, ruxolitinib, as a JAK inhibitor can induce
autophagy through blocking mTORC [184].

Altogether, modulating apoptosis and autophagy seems to be a hopeful strategy in
combating COVID-19.

6.2. Targeting Oxidative Stress

Viral infections provoke cytokine storm, which in turn leads to oxidative damage.
Therefore, alleviation and management of oxidative damages can be achieved by a large
dose of antioxidants [185]. Vitamin C possesses well-characterized antioxidant properties,
being able to scavenge free radicals and thereby prevent cells and tissues from oxidative
damage [186]. Apart from its antioxidant property, evidence is accumulating that vitamin
C exhibits antiviral activity by augmenting IFN-o production, decreasing inflammation,
ameliorating endothelial dysfunction, and also direct virucidal activity [187]. A randomized
placebo-controlled trial revealed that the high dose of intravenous vitamin C can improve
pulmonary function and decrease the risk of ARDS in 308 patients diagnosed with COVID-
19 and transferred into the intensive care unit [188]. Vitamin E is a key lipophilic antioxidant
that mitigates lipid peroxidation [189]. This vitamin also regulates immune response
and stabilizes membrane cells. The important effects of vitamin E make it a potential
candidate for the alleviation of oxidative damage and inflammation induced by SARS-
COV-2 [190]. More importantly, astaxanthin, a lipid-soluble carotenoid that possesses a
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higher antioxidant effect than vitamin E and vitamin C, can be considered as a potential
option in counteracting COVID-19 complications [191].

6.3. Targeting SARS-CoV-2 Invasion

Targeting the lifecycle steps of SARS-CoV-2, including virus attachment and endocy-
tosis, viral replication, and transcription, as well as virus assembly and release, provides a
promising therapeutic approach. The auspicious drug targets encompass host factors (e.g.,
ACE2, TMPRSS2, and CD147), and NSPs (e.g., RNA-dependent RNA polymerase, and
3-chymotrypsin-like protease), along with structural proteins. Interestingly, serine protease
inhibitors, such as camostat, were identified as suppressing TMPRSS2 and effectively
decreasing mortality following SARS-CoV infection [11]. More importantly, Hoffmann et al.
revealed that this drug possesses the ability to abrogate SARS-CoV-2 entry into lung cells
by suppressing ACE2 and TMPRSS2 [192]. Based on preclinical investigations, a double-
blind randomized controlled clinical study was performed with 114 COVID-19 infected
patients to find whether camostat mesylate at a dose of 200 mg/3 times a day can diminish
a SARS-COV-2 viral load in early COVID-19 disease (NCT04353284). In an open-label
phase 2 clinical trial, meplazumab, an anti-CD147 antibody, inhibited SARS-CoV-2 spike
protein binding and could block the infection of SARS-CoV-2 in 20 COVID-19 patients with
pneumonia [103].

It has been reported that arbidol possesses an attractive mechanism of action that
affects the S protein/ACE2 interaction, halting viral membrane fusion [193]. A non-
randomized study revealed that treatment with arbidol for nine days decreased mortality
rates and enhanced discharge rates in 67 patients infected with COVID-19 [194]. As antivi-
ral chances, combined lopinavir/ritonavir combination as 3-chymotrypsin-like protease
inhibitors of anti-retroviral drugs was suggested as an effective drug against MERS-CoV
and SARS-CoV [195,196]. For this reason, several clinical trials have been performed to
investigate its effects on COVID-19. The results of those studies were not sufficient and
did not recommend combination therapy as a suitable medication [1,197]. The advan-
tages of new studies emphasized that arbidol monotherapy was more impressive than
lopinavir/ritonavir in the treatment of patients with COVID-19. About 14 days after the
treatment, viral load was not identified in the arbidol group, and the duration of the
positive RNA test was shorter in this group [198].

Favipiravir is a broad-spectrum RNA polymerase inhibitor, an antiviral compound
that showed a suitable activity versus the Crimean-Congo hemorrhagic fever, rabies,
oseltamivir-resistant, and wild-type influenza B virus in mice [199-201]. For this reason,
an open-label control study was performed to investigate the advantages of favipiravir
on COVID-19, and results showed improvement in the chest imaging in comparison
with the control group and might be a useful agent in the treatment of COVID-19 [202].
Moreover, remdesivir is a new nucleotide analog and RNA-dependent polymerase inhibitor
that showed considerable in vitro activity versus SARS-CoV-2 [203]. An emergency use
authorization for remdesivir was issued to adults and children hospitalized with COVID-19.
Wang et al. designed a double-blind, randomized trial to investigate the effect of remdesivir
in 237 patients with severe COVID-19. Compared with placebo, remdesivir could not
significantly reduce the duration of hospitalized time in patients with COVID-19 [204].
Besides, another RNA-dependent polymerase inhibitor, ribavirin, which is routinely used
in combination with IFN for hepatitis C virus infection, could not find enough evidence to
treat COVID-19 [205]. Darunavir is a protease inhibitor that has shown beneficial effects in
treating HIV-1 infection. In February 2020, a clinical trial was registered in China to peruse
the advantages of this drug in combination with cobicistat, a human cytochrome P-450 3A
enzyme inhibitor; thus far, no data support the efficacy and safety of this agent in humans
diagnosed with COVID-19 (NCT04252274).

There is inadequate and insufficient information thus far to know whether chloroquine
or hydroxychloroquine has a remarkable role in the treatment of COVID-19. Both hydroxy-
chloroquine and chloroquine have been documented to inhibit SARS-CoV-2 in vitro; how-
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ever, it seems that the antiviral potential of hydroxychloroquine is more than chloroquine.
The antiviral mechanisms of hydroxychloroquine and chloroquine are not fully realized,
but inhibiting viral fusion, changing the pH at the cell membrane surface, inhibiting and
suppressing the replication of nucleic acid, preventing viral assembly and release, and
decreasing the glycosylation of viral proteins are amongst their important possible antiviral
mechanism [203,206]. Even so, the obtained clinical data on either of the two compounds
are limited and have serious methodological problems. In an open-label study performed
in March 2020, the administration of 200 mg hydroxychloroquine three times per day for
ten days increased the rate of undetectable SARS-CoV-2 RNA in samples obtained from
nasopharyngeal in comparison with the placebo group [207]. Significant methodologic
problems reduced the value of those studies and made the results unreliable [208]. Another
randomized trial with a statistical population of 30 adults with COVID-19 was performed
in Shanghai. The results of those studies did not show a significant difference between the
group receiving hydroxychloroquine and the group receiving standard care [209]. Further-
more, adverse effects due to high doses of chloroquine and increased mortality prevented
patients from continuing the studies [210].

6.4. Targeting Inflammation

From an inflammatory point of view, the critical role of inflammatory responses and
enhanced inflammatory cytokines in COVID-19 are the most critical factors. In this regard,
the level of IL-6 showed a considerable correlation with the severity of COVID-19, and
the measure of this cytokine can be used as an important factor in predicting disease
severity [211]. Tocilizumab is a selective antagonist of the IL-6 receptor, which prevented
cytokine release syndrome and led to improving the conditions of a patient with severe
COVID-19 [212]. Several clinical studies have been conducted in various countries, includ-
ing the United States, Spain, Nepal, Malaysia, and Belgium, to investigate the effects of
this drug, but the full results of these studies have not yet been published (NCT04332094,
NCT04377659, NCT04331795, NCT04330638, NCT04317092, NCT04345445). Siltuximab
and sarilumab are other receptor antagonists of IL-6 that are in the early stages of clinical
research (NCT04329650, NCT04322188, NCT04341870, NCT04357808). Consistently, it
seems that the IFN-3 Subtype may be a suitable option for COVID-19 treatment. IFN-3
properly decreased the MERS-CoV in vitro and has had pleasant outcomes in an ani-
mal model of MERS-CoV infection, but no data evaluated the advantages of IFN-f5 on
SARS-CoV-2 [195,213,214].

As the importance of JAK/STAT in the pathogenesis of COVID-19 was shown previ-
ously, baricitinib is a JAK inhibitor that leads to the inactivation of STATs and a decrease
in the serum levels of IgG, IgA, IgM, and CRP. The limited data demonstrated that the
administration of baricitinib may modify cytokine-release syndrome due to COVID-19.
The results suggested this agent as a useful drug for damascening to the COVID-19 therapy
regimen [215]; for this reason, several clinical trials are in progress to sift the effect of
baricitinib in COVID-19 (NCT04340232, NCT04321993, NCT04362943).

Glucocorticoids are of the main classes of drugs possessing immunosuppressive, anti-
inflammatory, and antiproliferative activities through blocking IL-1cx and 3, NF-«kB, TNF-«,
AP-1, and increasing the synthesis of, IkB-«. The administration of glucocorticoids in
patients with influenza led to a delay in viral clearance and enhanced risk for mortality;
this was similar in patients with a MERS-CoV infection [216,217]. Furthermore, the admin-
istration of glucocorticoid drugs on patients with COVID-19 did not provide adequate and
acceptable results [218]. Nonsteroidal anti-inflammatory drugs (NSAIDs) have for a long
time been considered effective therapies against inflammatory diseases [219]. To determine
the efficacy of ibuprofen, a commonly prescribed NSAID, in COVID-19, a randomized
phase 4 clinical study was applied in 230 severe COVID-19 patients to treat them with
ibuprofen at a daily dose of 200 mg (NCT04334629). Additionally, a randomized phase 3
clinical trial was registered to assess the effectiveness of naproxen (250 mg twice a day) in
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patients (n = 584) infected with SARS-CoV2 (NCT04325633) [220]. Pre-clinical evidence has
previously been presented on the use of NSAIDs during COVID-19 [221].

6.5. Miscellaneous Agents

In addition to the aforementioned agents, antibiotics are used for possible effective-
ness in combating COVID-19. Azithromycin is a macrolide antibiotic with conflicting
information about its concomitant use with hydroxychloroquine for COVID-19 treatment.
However, a study conducted in May 2020 in France showed that the use of azithromycin in
combination with hydroxychloroquine before the beginning of COVID-19 complications
may be safe and led to a very low fatality rate in patients [222]. The significant potential
of both drugs for corrected QT interval prolongation, as well as the possibility for the
exacerbation of this complication in their simultaneous use, prevents their concomitant
administration, and it is not recommended [223,224]. As another antibiotic, teicoplanin was
shown to be effective against former coronaviruses and demonstrated an in vitro activity
against the novel coronavirus, but enough information and convincing evidence are not
available from clinical trials [225].

As another class of drugs, an anti-parasitic drug, ivermectin, showed a suitable in vitro
effect on SARS-CoV-2 [226]. For this reason, the authors advised investigating the possible
benefits of ivermectin in humans with COVID-19, and several clinical trials began in the
hope of achieving convincing results (NCT04360356, NCT04343092, and NCT04374279).
From another point of view, oseltamivir, a neuraminidase inhibitor, indicated for pro-
phylaxis and treatment of influenza, did not show any significant effect for treatment or
prophylaxis of COVID-19 [205]. From other drugs used against COVID-19, the Bacillus
Calmette-Guérin (BCG) vaccine could be mentioned for its use in the immunization against
tuberculosis and the prevention of leprosy. The BCG vaccine showed in vitro and in vivo
non-specific protective activities versus other respiratory tract infections. Statistical analysis
was conducted to investigate the effects of vaccine BCG in countries with and without
national vaccination programs in preventing and reducing COVID-19’s mortality. The
results showed that, in countries with vaccination programs, the prevalence and mortality
rate was estimated at 38.4 and 4.28 people per million, respectively. The death rate was
40/million in countries without BCG programs [227]. Therefore, it is hypothesized that the
vaccine may reduce the incidence and severity of COVID-19 in healthcare workers. In this
regard, several clinical trials are being conducted to investigate these effects (NCT04348370,
NCT04373291, NCT04327206, NCT04350931, NCT04328441). Increasing evidence has
shown that vitamin D deficiency is correlated with COVID-19-associated coagulopathy;,
inflammation, immune response dysfunction, and mortality [228]. From a mechanistic
angle, vitamin D displays antiviral activity through immunomodulation and induction
of autophagy [229]. It has been reported that vitamin D supplementation mitigates liver
disease progression and augments responses to therapy in hepatitis C virus patients [230].

Other miscellaneous compounds, antioxidation, immune-modulatory, and
anti-inflammatory activity of melatonin, as a neurohormone, made this compound one
of the drugs with the potential to be added to the therapeutic regimen of patients with
COVID-19 [231]. There is some other information on the protective effects of melatonin in
viral diseases, which may display these advantages in patients with COVID-19 [231].

7. Importance of Phytochemicals in Combating COVID-19

Phytochemicals are a consequential source of active chemicals constructed by plants,
with potential effects against pathogens. They have been introduced as influential resources
for drug discovery, possessing various human health benefits. Besides, a substantial spec-
trum of biological activities is reported for phytochemicals, such as anticancer, antibacterial,
neuroprotective, cardioprotective, immune-modulatory, anti-inflammatory, and antioxi-
dant effects [232,233]. Several steps in viral replication and infection can be also suppressed
by natural products [50]. Although many of these compounds have been shown to have
broad-spectrum antiviral effects, the mechanisms behind these effects have not yet been
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fully elucidated. Besides their potent antioxidant activities, inhibiting the synthesis of DNA
and RNA, suitable scavenging capacities, prevention of the virus entry, or reproduction of
the virus are some of the critical reported antiviral mechanisms of these compounds [234].
The immune-modulatory effect of natural products and the significant potential for sup-
pressing the inflammatory reaction, as one of the major reasons for mortality and morbidity
of SARS-CoV-2 infection, are other promising mechanisms of phytochemicals in the treat-
ment of SARS-CoV-2 [235]. We have previously reported the modulatory roles of natural
products on inflammatory, apoptotic, and oxidative stress pathways involved in the patho-
genesis of COVID-19-associated lung injury [35,236]. We have also shown that the neuronal
manifestations of COVID-19 could be potentially targeted by phytochemicals [35]. There-
fore, in the present study, we have focused on the inflammatory, apoptotic, oxidative
stress and autophagic pathways, and virus life cycle, as well as the phytochemical effects.
Flavonoids, polyphenolics, alkaloids, terpenoids, coumarins, and carotenoids are some of
the important groups of phytochemicals with antiviral, antioxidant, and anti-inflammatory
activities towards developing a suitable therapeutic option for COVID-19 [35].

As a group of multi-targeted agents, flavonoids and polyphenols are already rec-
ognized as potential therapeutic agents for the treatment of viral infections. Numerous
studies have shown that curcumin (a phenolic compound) possesses anti-inflammatory
and antioxidant roles, and interrupts the viral infection process via several mechanisms,
including hindering virus entry, replication, and budding, directly interfering with viral
proteins and repressing the gene expression of the virus [237-240]. From another point of
view, curcumin reduced the pro-inflammatory cytokines and virus-induced cytokine storm,
as well as alleviating lung injury, thereby indicating potential effects in the treatment of
COVID-19 [237,241]. According to computational methods, curcumin offers the ability
to inhibit the spike protein of SARS-CoV-2 and disrupts viral entry [242]. Another in
silico approach also revealed that curcumin and catechin were used as potential antiviral
polyphenols through the dual inhibition of host cell receptors to the virus (mediated by
ACE2?) and viral protein entry (S-protein). It should be mentioned that the binding affinity
of catechin was more than that of curcumin [243].

It has been previously documented that the bioactive flavonoid baicalein blocks
influenza A virus H3N2 through suppressing autophagy markers, Atg-5, Atg-12, and
LC3-II [244]. Baicalein could effectively abrogate the replication of SARS-CoV-2 in Vero
cells through diminishing 3C-like proteases (3CLP™) SARS-CoV-2 [245]. In another study,
baicalein mitigated Vero E6 cell damage induced by SARS-CoV-2. Additionally, this
nutraceutical agent alleviated the lesions of lung tissue and suppressed replication of SARS-
CoV-2 in mice. Furthermore, this compound improved respiratory function and reduced
inflammation, corroborated by decreasing the level of IL-1f3 and TNF-« in lipopolysac-
charide (LPS)-induced acute lung injury of mice [246]. Docking evidence revealed that
flavonoids biochanin A and silymarin strongly interact with the active site of SARS-CoV-2
spike glycoprotein and ACE2, respectively [247].

Further in vitro studies should be carried out on these flavonoids against SARS-CoV-2.
As a best-docked bioflavonoid, naringin exhibited a high-affinity binding at the binding
site of main protease (MP™) and spike glycoprotein of SARS-CoV-2 [248,249]. It has been
recently reported that two-pore channel 2 (TPC2) is a key requirement for SARS-CoV-2
entry [250]. Surprisingly, naringenin exhibited the capacity of potent antiviral activity
against SARS-CoV-2 and could successfully abrogate TPC2 in vitro [251]. Further in vivo
studies are needed to confirm the beneficial effect of naringenin.

It has been previously documented that phytoactive flavonoid taxifolin ameliorated
sepsis-induced pulmonary damage and edema by inhibiting the NF-«B pathway [252]. Ac-
cording to the molecular docking approach, taxifolin was found a potential inhibitor against
MPT SARS-CoV-2 [253]. As an effective candidate against SARS-CoV-2, the flavonoid silib-
inin declined immune response and inflammation by inhibiting STAT3, thereby facilitating
effects on the early stage SARS-CoV-2 infection [254]. A computational study proposed
that silibinin hinders the replication of SARS-CoV-2 via abrogating RNA-dependent RNA
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polymerase (RdRp) [255]. Silibinin offers excellent opportunities for further investigations
in preclinical and clinical trials as an anti-SARS-CoV-2 agent. It has been reported that
the flavonoid luteolin can disrupt the viral fusion and entry process and can also mitigate
SARS-CoV infection with ECsj values of 10.6 uM in a dose-dependent manner [256].

Resveratrol is a phenolic compound that appreciably inhibited MERS-CoV infection
and could enhance cellular survival behind virus infection. It could notably decrease an
essential protein expression for MERS-CoV replication (nucleocapsid N), and downreg-
ulated the in vitro apoptosis induced through MERS-CoV [257]. It has been also shown
that resveratrol potentially suppressed SARS-CoV-2 infection in vitro [258]. Emodin is
another chemical compound that belongs to the anthraquinone category. It was shown
to block and suppress the S protein and ACE2 interaction, leading to beneficial effects in
the treatment of SARS-CoV [259]. Hirsutenone, as a bioactive diarylheptanoid polyphenol
isolated from Alnus japonica (Thunb.) Steud. (Betulaceae), exerted strong antiviral activity
through diminishing papain-like protease (PLP™®) of SARS-CoV. It has been reported that
catechol and «, B-unsaturated carbonyl moiety play critical roles in protease blocking
activity [260].

Alkaloids are an important class of natural products with antiviral activities, which have
been extensively studied [261,262]. Molecular docking evidence proved the promising poten-
tial of such alkaloids in targeting SARS-CoV-2 RdRp, including 10’-hydroxyusambarensine,
cryptospirolepine, and strychnopentamine [263]. The bioactive alkaloid emetine, as a viral
entry inhibitor, has previously been shown to block MERS-CoV-mediated infection [264].
Interestingly, emetine inhibits SARS-CoV-2 replication in vitro, and a synergistic effect be-
tween the combination of remdesivir and emetine was observed [265]. As another alkaloid
compound, lycorine was strongly able to diminish the spread and replication of human
coronavirus OC43 (HCoV-OC43) in a mouse central nervous system [264]. It has also been
shown that two alkaloids lycorine and oxysophoridine possess the ability to suppress the repli-
cation of SARS-CoV-2 in vitro [266]. Consequently, tylophorine, a natural alkaloid, has shown
promising beneficial effects against coronavirus porcine transmissible gastroenteritis virus
(TGEV) through suppressing JAK2 mediated NF-«B activation related to the inflammatory
response. It also inhibited viral replication by interfering with the viral RNA complex [267].
As broad-spectrum antiviral agents, tylophorine based derivatives also blocked SARS-CoV-2,
with ECs values of 2.5-14 nM [268]. Such results indicated the potential of tylophorine as a
novel therapeutic intervention for COVID-19 infection.

In addition to phenolic compounds and alkaloids, terpenoids could also contain aus-
picious natural plant-derived secondary metabolites for combating COVID-19 [269]. As
a triterpenoid compound, glycyrrhizin has been successfully applied to mitigate virus-
induced inflammatory cascades and viral replication [270,271]. It has been well-established
that high-mobility group B1 (HMGB1) protein plays a key role in viral infection and repli-
cation [272,273]. Interestingly, an in silico study performed by Bailly et al. revealed that
glycyrrhizin is a potential binder of HMG box protein, and could thereby be a promising
candidate to be evaluated against COVID-19 [274]. Cumulative evidence has demon-
strated that natural coumarin compounds possess antioxidant, antiapoptosis, and anti-
inflammatory activities toward antiviral effects. Additionally, these agents effectively
disrupt various stages in the virus replication cycle, and could thereby be beneficial agents
for tackling SARS-CoV-2 [275]. Regarding coumarins, a recent in silico study revealed that
some naturally occurring coumarins, including corymbocoumarin, methylgalbanate, and
heraclenol, displayed potential antiviral activity through inhibiting MP™ [276]. Molecular
docking approaches indicated that natural coumarin compound toddacoumaquinone pos-
sesses a significant suppressing ability against MP™ of SARS-CoV-2, which is necessary for
viral replication [277]. Another in silico study also illustrated that the bioactive coumarin
inophyllum A remarkably targets MP™ [278].

Consequently, of other natural products, carotenoids seem to be of potential interest
in targeting various steps of the viral life cycle and host proteins [279]. As one of the most
potent/efficient carotenoids, astaxanthin has been a promising source of antioxidation and
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anti-inflammatory agents, with promising potential to combat viral infections and related
complications through targeting several destructive signaling mediators [191].

Altogether, several findings revealed that phytochemicals possess the ability to sup-
press SARS-CoV-2 infection. Unfortunately, almost all of the current evidence focused on
the efficacy of phytoactive compounds in silico and in vitro models of COVID-19, and the
main antiviral mechanisms remain elusive. Therefore, the beneficial effects of phytochemi-
cal against COVID-19 and main mechanisms require in-depth research to be verified by
preclinical and clinical studies. Toxicological aspects, pharmacokinetics and pharmaco-
dynamics properties and possible side effects, and structure-activity relationship (SAR)
analyses need appropriate assessment.

In silico studies indicated limonin [280], berberine [281], and fisetin [282] inhibited
ACE2 and spike protein [280], bound to ACE2, and increased Nrf2, HO-1, and TGF-f [281];
also led to the reduction of TNF-c, IL-6, IL-1(3 [282]. Other compounds such as tetrandrine,
lycorine, kazinol A [283], and sinigrin [284] inhibited the early stage in HCoV-OC43-
infection, and also inhibited the effects against different species of CoV [283], as well as
inhibited SARS-CoV 3CLP™ and PLP™ [283,284]. The results of in silico studies also demon-
strated that methyl rosmarinate, calceolarioside B, myricetin 3-O-beta-D-glucopyranoside,
betulinic acid, cryptotanshinone, dihomo-y-linolenic acid, kaempferol, quercetin, sugiol,
licoleafol, and amaranthine may have striking potential against COVID-19 [285,286]. Based
on in silico evidence, different flavonoids, likely tomentin A-E [287], chrysin [288], nar-
cissin [289], cyaniding [290], and hesperetin [291], interacted with ACE2 and declined its
neurological manifestation in COVID-19 [288-291], and also inhibited papain-like protease
in COVID-19 [287]. Docking evidence indicated that baicalin binds to TMPRSS2 and leads
to the inhibition of COVID-19 [204]. An in vitro study also indicated that geraniol has
inhibitory effects against viral spike protein and is a useful agent for therapy against
COVID-19 [292]. Additionally, other natural compounds have important roles in modulat-
ing those signaling pathways, such as malvidin, which leads to the reduction of Bax/Bcl-2,
caspase-3, IL-3, and TNF-« [50]. Additionally, osthole alleviated lung injury and inflam-
mation through preventing the downregulation of ACE2 and Angl-7 expression, thereby
possessing anti-inflammatory effects [293]. Moreover, daidzein reduced TLR4, MyDS88,
NF-kB, MPO, IL-6, and TNF-o [294], thymol reduced the level of NF-kB, IL-6, TNF-«,
and IL-1B [295], hyperin reduced TNF-«, IL-6, IL-13, and NF-«B [296], and cannabidiol
declined the levels of MPO, TNF-«, and IL-6 [297]. These natural products declined the
level of important mediators in signaling pathways of COVID-19, and have a vital function
in reducing the symptoms of COVID-19. Several phytochemicals with promising antiviral
effects are presented in Table 1. Figure 1 shows the proposed targets and related therapeutic
candidates for SARS-CoV-2.

Table 1. Candidate phytochemicals with promising antiviral effects.

Phytochemical Compound Study Type Mechanism of Antiviral Activity References
10’-hydrox- .
yusambarensine In silico JRdRp [263]
Antiviral effect, | ACE2, spike
. Berberine In vitro, In silico protein and increased Nrf2, HO-1 [281]
Alkaloid

| TGF-p1, ROS

Cryptospirolepine In silico IRdRp [263]
JViral entry
Emetin In vitro JMERS-CoV S-mediated infection, [264,265]

JSARS-CoV-2 replication
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Table 1. Cont.
Phytochemical Compound Study Type Mechanism of Antiviral Activity References
In vivo ISpread and replication of
Lycorine In vitro HCoV-0C43, [264,266]
4 SARS-CoV-2 replication
In vitro | Different species of CoV [283]
Oxysophoridine In vitro JSARS-CoV-2 replication [266,298]
Strychnopentamine In silico IRdRp [263]
Tetrandrine In vitro JHCoV-OC43-infected [283]
Tylophorine In vitro HAK2, iNF_KB.’ ¢11'1ﬂammat10n, [267,268]
lreplication
. Lo . 1Bax/Bcl-2, Caspase-3,
Anthocyanin Malvidin In vitro IL-1p, TNF-o [50]
Cannabinoid Cannabidiol In vitro JMPO, TNF-«, IL-6 [297]
Inophyllum A In silico JMPT, | replication [278]
Methylgalbanate In silico IMPT™, |replication [276]
Coumarin : JIL-6, TNF-a
Osthole In vitro $ACE2 and Ang1-7 [293]
Toddacoumaquinone In silico IMPT™, |replication [277]
Diarylheptanoid Hirsutenone In vitro JPLP™, |replication [260]
In vitro J3CLP™ |Vero E6 cells damage,
Baicalein In vivo Jlesions of lung tissue, | replication, [245,246]
JIL-1B3, JTNF-«, |inflammation
Biochanin A In silico Ispike glycoprotein [247]
In vitro
pro oot
Kaempferol In silico J3CLP™®, |replication [299]
. In vitro JViral entry |SARS-CoV infection
Luteolin In silico JTNF-o, IL-1B, IL-6, IL-18, NF-kB [256,300]
Flavonoid I vit ITPC2, viral infecti
. . n vitro , Jviral infection
Naringenin In silico JTNF-«, IL-1B, IL-6, IL-18, NF-kB [251,300]
- pro -
Naringin In silico IMPT™, |replication [249]
In silico 1Spike glycoprotein [248]
Silibinin In silico JRdRp [255]
JACE2
Silymarin In silico UL-6, IL-13, TNF-«, p46-p54, p42, [247]
P38, p44, NF-«B, and JNK.
Taxifolin In silico JMPro [253]
Cyanidin In silico JACE2 and RdRp [290]
. Kazinol A In vitro JSARS-CoV 3CLP™ and PLP™ [283]
Flavonoid
Narcissin In silico Bind to ACE2 [289]
Tomentin A-E In silico JPLP™ in COVID-19 [287]
A - JTMPRSS2 and lead to inhibition of
Baicalin In silico COVID-19 [204]
Flavone
Chrysin In silico LACE2 and decline neurological [288]

manifestation in COVID-19
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Table 1. Cont.

Phytochemical Compound Study Type Mechanism of Antiviral Activity References
JACE2,
Fisetin In vitro, In silico JTNF-«, IL-6, IL-13, [282]
T™Nrf2, GPx, SOD
. . JACE2 and reduce neurological sign
Flavonol Hesperetin In vitro in COVID-19 2911
. . JACE2 and reduce neurological sign
Hesperetin In vitro in COVID-19 [291]
Hyperin In vitro JTINF-«, IL-6, IL-13, NF-xB [296]
Sl . JTLR4, MyD88, NF-«B, MPO,
Isoflavone Daidzein In vitro 1L-6, TNF-o [294]
Catechin In silico 1Spike protein, |viral entry, | ACE2 [243]
Ispike protein, |viral entry, | ACE2
Curcumin In silico JTNF-«, IL-1B, IL-6, IL-18, [242,243,301]
Polyphenol NEF-«kB, COX-2
Ellagic acid In vitro JMP™, |replication [302]
Resveratrol In vitro JSARS-CoV-2 infection. [258,301]
Sinigrin In vitro JSARS-CoV 3CLP*® [284]
Carvacrol In silico 1Spike protein [292]
. . 1Spike protein,
Geraniol In vitro ITNF-g, IL-1B, IL-6, iNOS, COX-2 [292]
Terpenoid pro pro
Limonin In silico VACE2, SCLP, PLP', RdRp and [280]
spike protein
Thymol In vitro INF-«B, IL-6, TNF-o, IL-18, [295]

1SOD

ACE2: angiotensin-converting enzyme 2; Bcl-2: B-cell lymphoma 2; COX-2: cyclooxy-
genase; ERK: extracellular-regulated kinase; GPx: glutathione peroxidase; HCoV: human
coronavirus; HO-1: heme oxygenase-1; IL: interleukin; iNOS: inducible nitric oxide syn-
thase; JAK: Janus kinase; JNK: c-Jun N-terminal kinase; MP™: main protease; MERS-CoV:
Middle East respiratory syndrome coronavirus; MIP: macrophage inflammatory protein;
MPO: myeloperoxidase; NF-«B: nuclear factor-kappa B; PLP™: papain-like protease; RdRp:
RNA-dependent RNA polymerase; Nrf2: nuclear factor erythroid 2-related factor 2; ROS:
reactive oxygen species; SARS-CoV-2: severe acute respiratory syndrome coronavirus
2; SOD: superoxide dismutase; TGF-{3: tumor grows factor-f3; TLRs: toll-like receptors;
TNEF-a: tumor necrosis factor-«; TPC2: two-pore channel 2.
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Figure 1. Multiple dysregulated pathways in COVID-19. ACE2: angiotensin-converting enzyme 2; Atg: autophagy related;
Bcl-2: B-cell lymphoma 2; CAT: catalase; COX: cyclooxygenase; GST: glutathione S-transferases; HO: heme oxygenase; IFN:
interferon; IKKf3: IkB kinase {3; IL: interleukin; JAK: Janus kinase; LC3: light chain 3; NF-«B: nuclear factor kappa B; RdRP:
RNA-dependent RNA polymerase; RTK: receptor tyrosine kinase; STAT: signal transducer and activator of transcription;
TMPRSS2: transmembrane protease serine 2; TNF-a: tumor necrosis factor-a.

8. Discussion

Due to the complex pathological mechanisms behind COVID-19, revealing its precise
signaling pathways may open new roads for providing efficient therapies. COVID-19
employs various signaling pathways/mediators, including inflammation, oxidative stress,
apoptotic, and autophagy, to overcome the immune system. It has also been shown to alter
the expression of some host factors, including enzymes/mediators and co-receptors such
as ACE2, as well as ILs, TNF-«, IFN-y, Nrf2, Bax/caspases, and Beclin/LC3 to facilitate
cellular infection and subsequent complications (Figure 2). Despite advances, medicinal
therapy against COVID-19 remains challenging. Besides, considering the multiple media-
tors involved in the pathogenesis of COVID-19, and providing multi-target agents, could
be a more serious step toward controlling an infection. We previously reported the conven-
tional therapeutic agents which potentially target the inflammatory signaling pathways in
COVID-19 [124]. The current review introduces candidate therapeutic targets/treatment
in COVID-19, as well as the evidence of using candidate phytochemicals. In this regard,
phenolic compounds, alkaloids, terpenoids, coumarins, and carotenoids showed potential
anti-SARS-CoV-2 effects by targeting viral life cycle, virus entry/replication, spike proteins,
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ACE2, RdRP, PLP*, and MP™. It is worth mentioning that, despite preclinical mechanistic
studies on the effects of phytochemicals on SARS-CoV-2, more clinical investigations are
needed to confirm the results. More studies/methods are also needed to design a novel
drug delivery system that counteracts the pharmacokinetic limitations of phytochemicals
in COVID-19.

The proposed targets/treatments of SARS-CoV-2

| ! !

Apoptosis . ! |
Auptol:) hagy Oxidative stress Inflammation Virus life cycle

[ [ |

CQ/HCQ vitamin C (. T T ] =
IFN-¢-2b vitamin E NF-«B | | chmen —
i IL- - Eucaﬂoj t j t ﬂ
ruxolitinib astaxanthin 6 COX-2 JAK/STAT TNF i en
lopinavir/ritonavir T T
emtricitabin/tenofovir tocilizumab
ibuprofen E I
naproxen g,lucocortlcmds El)ldj j dmsgmj
baricitinib
ruxolitinib faVIplrawr
remdesivir meplazumab arbldol
ribavirine
camostat

Figure 2. The proposed targets and related therapeutic candidates in SARS-CoV-2. Atg: autophagy-related; CAT: catalase;
CQ: chloroquine; HCQ: hydroxyl chloroquine; GST-1 «: glutathione s-transferases-1a; HO-1: heme oxygenase; IFN:
interferon; IL: interleukin; JAK/STAT: Janus kinase (JAK)/signal transducer and activator of transcription (STAT); LC3:
light chain 3; NF-kB: nuclear factor kappa B; ROS: reactive oxygen species; RTK: receptor tyrosine kinase; SARS-CoV-2:
severe acute respiratory syndrome coronavirus 2; SOD: superoxide dismutase; TNF-«: tumor necrosis factor-«.

Further areas of research on novel pathophysiological signaling pathways of COVID-
19, especially on inflammatory, oxidative stress, apoptotic, and autophagic pathways,
will show more potential candidates in the management, prevention, and treatment of
COVID-19 complications. That said, more reports are still needed to confirm the benefits of
targeting the aforementioned pathways in COVID-19.

Author Contributions: Conceptualization, S.F., M.H.F. and ].E.; drafting of the manuscript, S.E, Z.N.,
S.Z.M. and S.P; software, S.F, reviewing and editing of the paper: S.F, ZN., EK.A.,, M.H.E, ES.-S.
and J.E.; All authors have read, revised and agreed to the published version of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: J.E. gratefully acknowledges funding from CONICYT (PAI/ACADEMIA N°79160109).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

Wang, D.; Hu, B.; Hu, C.; Zhu, F; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y. Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA 2020, 323, 1061-1069. [CrossRef]
[PubMed]

Wu, C,; Chen, X,; Cai, Y.; Zhou, X,; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; Zhang, Y. Risk factors associated with acute
respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern.
Med. 2020, 180, 934-943. [CrossRef] [PubMed]

Ahmed, S.F,; Quadeer, A.A.; McKay, M.R. Preliminary identification of potential vaccine targets for the COVID-19 coronavirus
(SARS-CoV-2) based on SARS-CoV immunological studies. Viruses 2020, 12, 254. [CrossRef]


http://doi.org/10.1001/jama.2020.1585
http://www.ncbi.nlm.nih.gov/pubmed/32031570
http://doi.org/10.1001/jamainternmed.2020.0994
http://www.ncbi.nlm.nih.gov/pubmed/32167524
http://doi.org/10.3390/v12030254

Molecules 2021, 26, 2917 21 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Peeri, N.C,; Shrestha, N.; Rahman, M.S.; Zaki, R.; Tan, Z.; Bibi, S.; Baghbanzadeh, M.; Aghamohammadi, N.; Zhang, W.; Haque, U.
The SARS, MERS and novel coronavirus (COVID-19) epidemics, the newest and biggest global health threats: What lessons have
we learned? Int. J. Epidemiol. 2020, 49, 717-726. [CrossRef]

Shen, K.; Yang, Y.; Wang, T.; Zhao, D,; Jiang, Y.; Jin, R.; Zheng, Y.; Xu, B.; Xie, Z; Lin, L. Diagnosis, treatment, and prevention
of 2019 novel coronavirus infection in children: Experts’ consensus statement. World |. Pediatr. 2020, 16, 223-231. [CrossRef]
[PubMed]

Buchholz, U.; Kiithne, A.; Bltimel, B. State of knowledge and data gaps of Middle East respiratory syndrome coronavirus
(MERS-CoV) in humans. PLoS Curr. 2013, 5.

Lai, C.-C.; Shih, T.-P.; Ko, W.-C.; Tang, H.-].; Hsueh, P.-R. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
corona virus disease-2019 (COVID-19): The epidemic and the challenges. Int. |. Antimicrob. Agents 2020, 55, 105924. [CrossRef]
Abedi, F,; Rezaee, R.; Karimi, G. Plausibility of therapeutic effects of Rho kinase inhibitors against Severe Acute Respiratory
Syndrome Coronavirus 2 (COVID-19). Pharmacol. Res. 2020, 156, 104808. [CrossRef]

Zhang, J.; Ma, K;; Li, H.; Liao, M.; Qi, W. The continuous evolution and dissemination of 2019 novel human coronavirus. J. Infect.
2020, 80, 671-693. [CrossRef]

Mehta, P.; McAuley, D.F; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, ]. COVID-19: Consider cytokine storm syndromes and
immunosuppression. Lancet 2020, 395, 1033-1034. [CrossRef]

Yang, N.; Shen, H.-M. Targeting the endocytic pathway and autophagy process as a novel therapeutic strategy in covid-19. Int. J.
Biol. Sci. 2020, 16, 1724-1731. [CrossRef] [PubMed]

Sriram, K.; Insel, P.A. A hypothesis for pathobiology and treatment of COVID-19: The centrality of ACE1/ACE2 imbalance. Br. J.
Pharmacol. 2020, 177, 4825-4844. [CrossRef] [PubMed]

Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X. Clinical features of patients infected with
2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

Cascella, M.; Rajnik, M.; Cuomo, A.; Dulebohn, S.C.; Di Napoli, R. Features, evaluation and treatment coronavirus (COVID-19).
In Statpearls [internet]; StatPearls Publishing: Treasure Island, FL, USA, 2020.

AminJafari, A.; Ghasemi, S. The possible of immunotherapy for COVID-19: A systematic review. Int. Immunopharmacol. 2020,
83, 106455. [CrossRef] [PubMed]

Revuelta-Herrero, J.L.; Chamorro-de-Vega, E.; Rodriguez-Gonzalez, C.G.; Alonso, R.; Herranz-Alonso, A.; Sanjurjo-Séez, M.
Effectiveness, safety, and costs of a treatment switch to dolutegravir plus rilpivirine dual therapy in treatment-experienced HIV
patients. Ann. Pharmacother. 2018, 52, 11-18. [CrossRef]

Laforge, M.; Elbim, C.; Frere, C.; Hémadi, M.; Massaad, C.; Nuss, P.; Benoliel, J.-].; Becker, C. Tissue damage from neutrophil-
induced oxidative stress in COVID-19. Nat. Rev. Immunol. 2020, 20, 515-516. [CrossRef]

Reddy, K.; Rogers, A.].; McAuley, D.E. Delving beneath the surface of hyperinflammation in COVID-19. Lancet Rheumatol. 2020,
2, €578-e579. [CrossRef]

Jose, R.J.; Manuel, A. COVID-19 cytokine storm: The interplay between inflammation and coagulation. Lancet Respir. Med. 2020.
[CrossRef]

Milne, S.; Yang, C.X.; Timens, W.; Bossé, Y.; Sin, D.D. SARS-CoV-2 receptor ACE2 gene expression and RAAS inhibitors. Lancet
Respir. Med. 2020, 8, e50—-e51. [CrossRef]

Helmy, Y.A; Fawzy, M,; Elaswad, A.; Sobieh, A.; Kenney, S.P.; Shehata, A.A. The COVID-19 pandemic: A comprehensive review
of taxonomy, genetics, epidemiology, diagnosis, treatment, and control. J. Clin. Med. 2020, 9, 1225. [CrossRef]

Jamwal, S.; Gautam, A.; Elsworth, J.; Kumar, M.; Chawla, R.; Kumar, P. An updated insight into the molecular pathogenesis,
secondary complications and potential therapeutics of COVID-19 pandemic. Life Sci. 2020, 257, 118105. [CrossRef]

Chan, J.E-W.; Kok, K.-H.; Zhu, Z.; Chu, H.; To, KK.-W.; Yuan, S.; Yuen, K.-Y. Genomic characterization of the 2019 novel
human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg. Microbes Infect.
2020, 9, 221-236. [CrossRef] [PubMed]

Wu, A; Peng, Y.; Huang, B.; Ding, X.; Wang, X.; Niu, P.; Meng, J.; Zhu, Z.; Zhang, Z.; Wang, ]. Genome composition and
divergence of the novel coronavirus (2019-nCoV) originating in China. Cell Host Microbe 2020, 27. [CrossRef] [PubMed]
Angeletti, S.; Benvenuto, D.; Bianchi, M.; Giovanetti, M.; Pascarella, S.; Ciccozzi, M. COVID-2019: The role of the nsp2 and nsp3
in its pathogenesis. J. Med. Virol. 2020, 92, 584-588. [CrossRef]

Krichel, B.; Falke, S.; Hilgenfeld, R.; Redecke, L.; Uetrecht, C. Processing of the SARS-CoV ppla/ab nsp7-10 region. Biochem. .
2020, 477,1009-1019. [CrossRef] [PubMed]

Ceraolo, C.; Giorgi, FM. Genomic variance of the 2019-nCoV coronavirus. J. Med. Virol. 2020, 92, 522-528. [CrossRef] [PubMed]
Mirzaei, R.; Karampoor, S.; Sholeh, M.; Moradi, P; Ranjbar, R.; Ghasemi, F. A contemporary review on pathogenesis and immunity
of COVID-19 infection. Mol. Biol. Rep. 2020, 47, 5365-5376. [CrossRef]

Ye, Q.; Wang, B.; Mao, J. The pathogenesis and treatment of the Cytokine Storm’in COVID-19. . Infect. 2020, 80, 607-613.
[CrossRef] [PubMed]

Xiang, P; Xu, X.; Gao, L.; Wang, H.; Xiong, H.; Li, R. First case of 2019 novel coronavirus disease with Encephalitis. ChinaXiv 2020,
2020, 00015.


http://doi.org/10.1093/ije/dyaa033
http://doi.org/10.1007/s12519-020-00343-7
http://www.ncbi.nlm.nih.gov/pubmed/32034659
http://doi.org/10.1016/j.ijantimicag.2020.105924
http://doi.org/10.1016/j.phrs.2020.104808
http://doi.org/10.1016/j.jinf.2020.02.001
http://doi.org/10.1016/S0140-6736(20)30628-0
http://doi.org/10.7150/ijbs.45498
http://www.ncbi.nlm.nih.gov/pubmed/32226290
http://doi.org/10.1111/bph.15082
http://www.ncbi.nlm.nih.gov/pubmed/32333398
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/j.intimp.2020.106455
http://www.ncbi.nlm.nih.gov/pubmed/32272396
http://doi.org/10.1177/1060028017728294
http://doi.org/10.1038/s41577-020-0407-1
http://doi.org/10.1016/S2665-9913(20)30304-0
http://doi.org/10.1016/S2213-2600(20)30216-2
http://doi.org/10.1016/S2213-2600(20)30224-1
http://doi.org/10.3390/jcm9041225
http://doi.org/10.1016/j.lfs.2020.118105
http://doi.org/10.1080/22221751.2020.1719902
http://www.ncbi.nlm.nih.gov/pubmed/31987001
http://doi.org/10.1016/j.chom.2020.02.001
http://www.ncbi.nlm.nih.gov/pubmed/32035028
http://doi.org/10.1002/jmv.25719
http://doi.org/10.1042/BCJ20200029
http://www.ncbi.nlm.nih.gov/pubmed/32083638
http://doi.org/10.1002/jmv.25700
http://www.ncbi.nlm.nih.gov/pubmed/32027036
http://doi.org/10.1007/s11033-020-05621-1
http://doi.org/10.1016/j.jinf.2020.03.037
http://www.ncbi.nlm.nih.gov/pubmed/32283152

Molecules 2021, 26, 2917 22 of 32

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Giacomelli, A.; Pezzati, L.; Conti, F.; Bernacchia, D.; Siano, M.; Oreni, L.; Rusconi, S.; Gervasoni, C.; Ridolfo, A.L.; Rizzardini, G.
Self-reported olfactory and taste disorders in patients with severe acute respiratory coronavirus 2 infection: A cross-sectional
study. Clin. Infect. Dis. 2020, 71, 889-890. [CrossRef]

Ryan, W. There Is A New Symptom of Coronavirus, Doctors Say: Sudden Loss of Smell or Taste. 2020. Available online:
https:/ /www.usatoday.com/story/news/health /2020/03 /24 / coronavirus-symptoms-loss-smell-taste /2897385001 / (accessed
on 25 March 2020).

Li, Y.C; Bai, W.Z.; Hashikawa, T. The neuroinvasive potential of SARS-CoV2 may play a role in the respiratory failure of
COVID-19 patients. J. Med. Virol. 2020, 92, 552-555. [CrossRef] [PubMed]

Koyuncu, O.0.; Hogue, 1.B.; Enquist, L.W. Virus infections in the nervous system. Cell Host Microbe 2013, 13, 379-393. [CrossRef]
[PubMed]

Fakhri, S.; Piri, S.; Majnooni, M.B.; Farzaei, M.H.; Echeverria, J. Targeting neurological manifestation of coronaviruses by candidate
phytochemicals: A mechanistic approach. Front. Pharmacol. 2020, 11, 2291.

Abdennour, L.; Zeghal, C.; Deme, M.; Puybasset, L. Interaction brain-lungs. Ann. Fr. D’anesthesie et de Reanim. 2012, e101-e107.
[CrossRef]

Poyiadji, N.; Shahin, G.; Noujaim, D.; Stone, M.; Patel, S.; Griffith, B. COVID-19-associated acute hemorrhagic necrotizing
encephalopathy: CT and MRI features. Radiology 2020, 296, E119-E120. [CrossRef]

Steardo, L.; Steardo, L., Jr.; Zorec, R.; Verkhratsky, A. Neuroinfection may contribute to pathophysiology and clinical manifesta-
tions of COVID-19. Acta Physiol. 2020, 229, e13473. [CrossRef] [PubMed]

Feng, G.; Zheng, K.I; Yan, Q.-Q.; Rios, R.S.; Targher, G.; Byrne, C.D.; Van Poucke, S.; Liu, W.-Y.; Zheng, M.-H. COVID-19 and liver
dysfunction: Current insights and emergent therapeutic strategies. J. Clin. Transl. Hepatol. 2020, 8, 18-24. [CrossRef]

Miller, A.J.; Arnold, A.C. The renin-angiotensin system in cardiovascular autonomic control: Recent developments and clinical
implications. Clin. Auton. Res. 2019, 29, 231-243. [CrossRef]

Long, B.; Brady, W.J.; Koyfman, A.; Gottlieb, M. Cardiovascular complications in COVID-19. Am. ]. Emerg. Med. 2020,
38, 1504-1507. [CrossRef]

Zhu, H.; Rhee, J.-W.; Cheng, P; Waliany, S.; Chang, A.; Witteles, RM.; Maecker, H.; Davis, M.M.; Nguyen, PK.; Wu, S.M.
Cardiovascular Complications in Patients with COVID-19: Consequences of Viral Toxicities and Host Inmune Response. Curr.
Cardiol. Rep. 2020, 22, 32. [CrossRef]

Bandyopadhyay, D.; Akhtar, T.; Hajra, A.; Gupta, M.; Das, A.; Chakraborty, S.; Pal, I; Patel, N.; Amgai, B.; Ghosh, R.K. COVID-19
pandemic: Cardiovascular complications and future implications. Am. ]. Cardiovasc. Drugs 2020, 20, 311-324. [CrossRef]
[PubMed]

Villapol, S. Gastrointestinal symptoms associated with COVID-19: Impact on the gut microbiome. Transl. Res. 2020, 226, 57-69.
[CrossRef] [PubMed]

Mackett, A.J.; Keevil, V.L. COVID-19 and Gastrointestinal Symptoms—A Case Report. Geriatrics 2020, 5, 31. [CrossRef] [PubMed]
Pan, X.-W.; Da Xu, H.Z.; Zhou, W.; Wang, L.-H.; Cui, X.-G. Identification of a potential mechanism of acute kidney injury during
the COVID-19 outbreak: A study based on single-cell transcriptome analysis. Intensive Care Med. 2020, 46, 1114-1116. [CrossRef]
Kissling, S.; Rotman, S.; Gerber, C.; Halfon, M.; Lamoth, F; Comte, D.; Lhopitallier, L.; Sadallah, S.; Fakhouri, F. Collapsing
glomerulopathy in a COVID-19 patient. Kidney Int. 2020, 98, 228-231. [CrossRef]

Durvasula, R.; Wellington, T.; McNamara, E.; Watnick, S. COVID-19 and Kidney Failure in the Acute Care Setting: Our Experience
from Seattle. Am. J. Kidney Dis. 2020, 76, 4-6. [CrossRef] [PubMed]

Fanelli, V.; Fiorentino, M.; Cantaluppi, V.; Gesualdo, L.; Stallone, G.; Ronco, C.; Castellano, G. Acute kidney injury in SARS-CoV-2
infected patients. Crit. Care 2020, 24, 155. [CrossRef]

Pour, PM.; Fakhri, S.; Asgary, S.; Farzaei, M.H.; Echeverria, ]. The signaling pathways, and therapeutic targets of antiviral agents:
Focusing on the antiviral approaches and clinical perspectives of anthocyanins in the management of viral diseases. Front.
Pharmacol. 2019, 10, 1207. [CrossRef]

Galimberti, S.; Petrini, M.; Barate, C.; Ricci, F.; Balduccdi, S.; Grassi, S.; Guerrini, F.; Ciabatti, E.; Mechelli, S.; Di Paolo, A. Tyrosine
kinase inhibitors play an antiviral action in patients affected by chronic myeloid leukemia: A possible model supporting their use
in the fight against SARS-CoV-2. Front. Oncol. 2020, 10, 1428. [CrossRef]

Miller, R.L.; Meng, T.-C.; Tomai, M.A. The antiviral activity of Toll-like receptor 7 and 7/8 agonists. Drug News Perspect. 2008,
21, 69-87. [CrossRef]

Koumbi, L. Current and future antiviral drug therapies of hepatitis B chronic infection. World |. Hepatol. 2015, 7, 1030-1040.
[CrossRef] [PubMed]

Khan, R.; Khan, A.; Ali, A.; Idrees, M. The interplay between viruses and TRIM family proteins. Rev. Med. Virol. 2019, 29, €2028.
[CrossRef]

Hakim, M.S.; Spaan, M.; Janssen, H.L.; Boonstra, A. Inhibitory receptor molecules in chronic hepatitis B and C infections: Novel
targets for immunotherapy? Rev. Med. Virol. 2014, 24, 125-138. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; Kriiger, N.; Mueller, M.A.; Drosten, C.; P6hlmann, S. The novel coronavirus 2019 (2019-nCoV)
uses the SARS-coronavirus receptor ACE2 and the cellular protease TMPRSS2 for entry into target cells. BioRxiv 2020. [CrossRef]
Badawi, S.; Ali, B.R. ACE2 Nascence, trafficking, and SARS-CoV-2 pathogenesis: The saga continues. Hum. Genom. 2021, 15, 1-14.
[CrossRef] [PubMed]


http://doi.org/10.1093/cid/ciaa330
https://www.usatoday.com/story/news/health/2020/03/24/coronavirus-symptoms-loss-smell-taste/2897385001/
http://doi.org/10.1002/jmv.25728
http://www.ncbi.nlm.nih.gov/pubmed/32104915
http://doi.org/10.1016/j.chom.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23601101
http://doi.org/10.1016/j.annfar.2012.04.013
http://doi.org/10.1148/radiol.2020201187
http://doi.org/10.1111/apha.13473
http://www.ncbi.nlm.nih.gov/pubmed/32223077
http://doi.org/10.14218/JCTH.2020.00018
http://doi.org/10.1007/s10286-018-0572-5
http://doi.org/10.1016/j.ajem.2020.04.048
http://doi.org/10.1007/s11886-020-01292-3
http://doi.org/10.1007/s40256-020-00420-2
http://www.ncbi.nlm.nih.gov/pubmed/32578167
http://doi.org/10.1016/j.trsl.2020.08.004
http://www.ncbi.nlm.nih.gov/pubmed/32827705
http://doi.org/10.3390/geriatrics5020031
http://www.ncbi.nlm.nih.gov/pubmed/32429041
http://doi.org/10.1007/s00134-020-06026-1
http://doi.org/10.1016/j.kint.2020.04.006
http://doi.org/10.1053/j.ajkd.2020.04.001
http://www.ncbi.nlm.nih.gov/pubmed/32276031
http://doi.org/10.1186/s13054-020-02872-z
http://doi.org/10.3389/fphar.2019.01207
http://doi.org/10.3389/fonc.2020.01428
http://doi.org/10.1358/dnp.2008.21.2.1188193
http://doi.org/10.4254/wjh.v7.i8.1030
http://www.ncbi.nlm.nih.gov/pubmed/26052392
http://doi.org/10.1002/rmv.2028
http://doi.org/10.1002/rmv.1779
http://doi.org/10.1101/2020.01.31.929042v1
http://doi.org/10.1186/s40246-021-00304-9
http://www.ncbi.nlm.nih.gov/pubmed/33514423

Molecules 2021, 26, 2917 23 of 32

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Haga, S.; Yamamoto, N.; Nakai-Murakami, C.; Osawa, Y.; Tokunaga, K.; Sata, T.; Yamamoto, N.; Sasazuki, T.; Ishizaka, Y.
Modulation of TNF-«x-converting enzyme by the spike protein of SARS-CoV and ACE2 induces TNF-a production and facilitates
viral entry. Proc. Natl. Acad. Sci. USA 2008, 105, 7809-7814. [CrossRef]

Clarke, N.E.; Turner, A.]. Angiotensin-converting enzyme 2: The first decade. Int. . Hypertens. 2012, 2012. [CrossRef] [PubMed]
Ni, W,; Yang, X.; Yang, D.; Bao, J.; Li, R.; Xiao, Y.; Hou, C.; Wang, H.; Liu, J.; Yang, D. Role of angiotensin-converting enzyme 2
(ACE2) in COVID-19. Crit. Care 2020, 24, 1-10. [CrossRef]

Koka, V.; Huang, X.R.; Chung, A.C.; Wang, W.; Truong, L.D.; Lan, H.Y. Angiotensin II up-regulates angiotensin I-converting
enzyme (ACE), but down-regulates ACE2 via the AT1-ERK/p38 MAP kinase pathway. Am. J. Pathol. 2008, 172, 1174-1183.
[CrossRef]

Zhang, R.; Wu, Y;; Zhao, M,; Liu, C.; Zhou, L.; Shen, S.; Liao, S.; Yang, K.; Li, Q.; Wan, H. Role of HIF-1« in the regulation ACE
and ACE2 expression in hypoxic human pulmonary artery smooth muscle cells. Am. . Physiol. Lung Cell. Mol. Physiol. 2009, 297,
L631-L640. [CrossRef]

Rivellese, F.; Prediletto, E. ACE2 at the centre of COVID-19 from paucisymptomatic infections to severe pneumonia. Aufoimmun.
Rev. 2020, 19, 102536. [CrossRef]

Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R. A novel coronavirus from patients
with pneumonia in China, 2019. New Engl. ]. Med. 2020, 382, 727-733. [CrossRef]

Dandekar, A.A.; Perlman, S. Inmunopathogenesis of coronavirus infections: Implications for SARS. Nat. Rev. Immunol. 2005,
5,917-927. [CrossRef]

Ziai, S.A.; Rezaei, M.; Fakhrri, S.; Pouriran, R. ACE2: Its potential role and regulation in severe acute respiratory syndrome and
COVID-19. J. Cell. Physiol. 2021, 236, 2430-2442.

Li, Y.; Zhou, W,; Yang, L.; You, R. Physiological and pathological regulation of ACE2, the SARS-CoV-2 receptor. Pharmacol. Res.
2020, 157,104833. [CrossRef]

Zhao, Y.; Zhao, Z.; Wang, Y.; Zhou, Y,; Ma, Y.; Zuo, W. Single-cell RNA expression profiling of ACE2, the receptor of SARS-CoV-2.
Am. |. Respir Crit Care Med. 2020, 202, 756-759. [CrossRef]

South, A.M.; Tomlinson, L.; Edmonston, D.; Hiremath, S.; Sparks, M.A. Controversies of renin-angiotensin system inhibition
during the COVID-19 pandemic. Nat. Rev. Nephrol. 2020, 16, 305-307. [CrossRef]

Valdes, G.; Neves, L.; Anton, L.; Corthorn, J.; Chacon, C.; Germain, A.; Merrill, D.; Ferrario, C.; Sarao, R.; Penninger, J. Distribution
of angiotensin-(1-7) and ACE2 in human placentas of normal and pathological pregnancies. Placenta 2006, 27, 200-207. [CrossRef]
Levy, A.; Yagil, Y,; Bursztyn, M.; Barkalifa, R.; Scharf, S.; Yagil, C. ACE2 expression and activity are enhanced during pregnancy.
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R1953-R1961. [CrossRef] [PubMed]

Rees, R.; Feigel, L; Vickers, A.; Zollman, C.; McGurk, R.; Smith, C. Prevalence of complementary therapy use by women with
breast cancer: A population-based survey. Eur. J. Cancer 2000, 36, 1359-1364. [CrossRef]

Guan, W.-J; Ni, Z.-Y,; Hu, Y; Liang, W.-H.; Ou, C.-Q.; He, ].-X,; Liu, L.; Shan, H.; Lei, C.-L.; Hui, D.S. Clinical characteristics of
coronavirus disease 2019 in China. New Engl. ]. Med. 2020, 382, 1708-1720. [CrossRef]

Fernandez-Atucha, A.; Izagirre, A.; Fraile-Bermudez, A.B.; Kortajarena, M.; Larrinaga, G.; Martinez-Lage, P.; Echevarria, E.; Gil, J.
Sex differences in the aging pattern of renin-angiotensin system serum peptidases. Biol. Sex. Differ. 2017, 8, 5. [CrossRef]
Lavrentyev, E.N.; Malik, K.U. High glucose-induced Nox1-derived superoxides downregulate PKC-BII, which subsequently
decreases ACE2 expression and ANG (1-7) formation in rat VSMCs. Am. |. Physiol. Heart Circ. Physiol. 2009, 296, H106-H118.
[CrossRef]

Chen, K,; Bi, J.; Su, Y.; Chappell, M.C; Rose, ].C. Sex-specific changes in renal angiotensin-converting enzyme and angiotensin-
converting enzyme 2 gene expression and enzyme activity at birth and over the first year of life. Reprod. Sci. 2016, 23, 200-210.
[CrossRef]

Li, Q.; Guan, X.; Wu, P; Wang, X.; Zhou, L.; Tong, Y; Ren, R.; Leung, K.S.; Lau, E.H.; Wong, ].Y. Early transmission dynamics in
Wuhan, China, of novel coronavirus—infected pneumonia. N. Engl. ]. Med. 2020, 382, 1199-1207. [CrossRef]

Oakes, ].M.; Fuchs, R.M.; Gardner, ].D.; Lazartigues, E.; Yue, X. Nicotine and the renin-angiotensin system. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2018, 315, R895-R906. [CrossRef] [PubMed]

Xudong, X.; Junzhu, C.; Xingxiang, W.; Furong, Z.; Yanrong, L. Age-and gender-related difference of ACE2 expression in rat lung.
Life Sci. 2006, 78, 2166-2171. [CrossRef] [PubMed]

Zhang, R.; Su, H.; Ma, X,; Xu, X,; Liang, L.; Ma, G.; Shi, L. MiRNA let-7b promotes the development of hypoxic pulmonary
hypertension by targeting ACE2. Am. ]. Physiol. -Lung Cell. Mol. Physiol. 2019, 316, L547-L557. [CrossRef]

Maruta, H.; He, H. PAK1-blockers: Potential Therapeutics against COVID-19. Med. Drug Discov. 2020, 6, 100039. [CrossRef]
[PubMed]

Awad, K.S.; Elinoff, ] M.; Wang, S.; Gairhe, S.; Ferreyra, G.A.; Cai, R,; Sun, J.; Solomon, M.A.; Danner, R.L. Raf/ERK drives the
proliferative and invasive phenotype of BMPR2-silenced pulmonary artery endothelial cells. J. Am. J. Physiol. Lung Cell. 2016, 310,
L187-1.201. [CrossRef]

Maruta, H. Herbal therapeutics that block the oncogenic kinase PAK1: A practical approach towards PAK1-dependent diseases
and longevity. Phytother. Res. 2014, 28, 656—-672. [CrossRef]

Rico-Mesa, ].S.; White, A.; Anderson, A.S. Outcomes in Patients with COVID-19 Infection Taking ACEI/ARB. Curr. Cardiol. Rep.
2020, 22, 31. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.0711241105
http://doi.org/10.1155/2012/307315
http://www.ncbi.nlm.nih.gov/pubmed/22121476
http://doi.org/10.1186/s13054-020-03120-0
http://doi.org/10.2353/ajpath.2008.070762
http://doi.org/10.1152/ajplung.90415.2008
http://doi.org/10.1016/j.autrev.2020.102536
http://doi.org/10.1056/NEJMoa2001017
http://doi.org/10.1038/nri1732
http://doi.org/10.1016/j.phrs.2020.104833
http://doi.org/10.1164/rccm.202001-0179LE
http://doi.org/10.1038/s41581-020-0279-4
http://doi.org/10.1016/j.placenta.2005.02.015
http://doi.org/10.1152/ajpregu.90592.2008
http://www.ncbi.nlm.nih.gov/pubmed/18945956
http://doi.org/10.1016/S0959-8049(00)00099-X
http://doi.org/10.1056/NEJMoa2002032
http://doi.org/10.1186/s13293-017-0128-8
http://doi.org/10.1152/ajpheart.00239.2008
http://doi.org/10.1177/1933719115597760
http://doi.org/10.1056/NEJMoa2001316
http://doi.org/10.1152/ajpregu.00099.2018
http://www.ncbi.nlm.nih.gov/pubmed/30088946
http://doi.org/10.1016/j.lfs.2005.09.038
http://www.ncbi.nlm.nih.gov/pubmed/16303146
http://doi.org/10.1152/ajplung.00387.2018
http://doi.org/10.1016/j.medidd.2020.100039
http://www.ncbi.nlm.nih.gov/pubmed/32313880
http://doi.org/10.1152/ajplung.00303.2015
http://doi.org/10.1002/ptr.5054
http://doi.org/10.1007/s11886-020-01291-4
http://www.ncbi.nlm.nih.gov/pubmed/32291526

Molecules 2021, 26, 2917 24 of 32

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Kam, Y.-W.; Okumura, Y.; Kido, H.; Ng, L.E; Bruzzone, R.; Altmeyer, R. Cleavage of the SARS coronavirus spike glycoprotein by
airway proteases enhances virus entry into human bronchial epithelial cells in vitro. PLoS ONE 2009, 4, €7870. [CrossRef]
Bittmann, S.; Luchter, E.; Weissenstein, A.; Villalon, G.; Moschiiring-Alieva, E. TMPRSS2-inhibitors play a role in cell entry
mechanism of COVID-19: An insight into camostat and nafamostat. . Regen Biol Med. 2020, 2, 1-3.

Thunders, M.; Delahunt, B. Gene of the month: TMPRSS2 (transmembrane serine protease 2). J. Clin. Pathol. 2020, 73, 773-776.
[CrossRef]

Ragia, G.; Manolopoulos, V.G. Inhibition of SARS-CoV-2 entry through the ACE2/TMPRSS2 pathway: A promising approach for
uncovering early COVID-19 drug therapies. Eur. J. Clin. Pharmacol. 2020, 76, 1623-1630. [CrossRef]

Shen, L.W.; Mao, H.J.; Wu, Y.L.; Tanaka, Y.; Zhang, W. TMPRSS2: A potential target for treatment of influenza virus and
coronavirus infections. Biochimie 2017, 142, 1-10. [CrossRef] [PubMed]

Hou, Y,; Zhao, J.; Martin, W.; Kallianpur, A.; Chung, M.K.; Jehi, L.; Sharifi, N.; Erzurum, S.; Eng, C.; Cheng, F. New insights into
genetic susceptibility of COVID-19: An ACE2 and TMPRSS2 polymorphism analysis. BMC Med. 2020, 18, 1-8. [CrossRef]
Tanabe, L.M.; List, K. The role of type II transmembrane serine protease-mediated signaling in cancer. FEBS J. 2017, 284, 1421-1436.
[CrossRef]

Hardy, B.; Raiter, A. Peptide-binding heat shock protein GRP78 protects cardiomyocytes from hypoxia-induced apoptosis. J. Mol.
Med. 2010, 88, 1157-1167. [CrossRef]

Lee, A.S. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic reticulum stress. Methods 2005,
35, 373-381. [CrossRef]

Ibrahim, I.M.; Abdelmalek, D.H.; Elshahat, M.E.; Elfiky, A.A. COVID-19 spike-host cell receptor GRP78 binding site prediction. J.
Infect. 2020, 80, 554-562. [CrossRef] [PubMed]

Chu, H,; Chan, C.-M.; Zhang, X.; Wang, Y; Yuan, S.; Zhou, ].; Au-Yeung, RK.-H.; Sze, K.-H.; Yang, D.; Shuai, H. Middle East
respiratory syndrome coronavirus and bat coronavirus HKU9 both can utilize GRP78 for attachment onto host cells. J. Biol. Chem.
2018, 293, 11709-11726. [CrossRef]

Balmeh, N.; Mahmoudi, S.; Mohammadi, N.; Karabedianhajiabadi, A. Predicted therapeutic targets for COVID-19 disease by
inhibiting SARS-CoV-2 and its related receptors. Inform. Med. Unlocked 2020, 20, 100407. [CrossRef]

Ulrich, H.; Pillat, M.M. CD147 as a target for COVID-19 treatment: Suggested effects of azithromycin and stem cell engagement.
Stem Cell Rev. Rep. 2020, 16, 434—440. [CrossRef]

Radzikowska, U.; Ding, M.; Tan, G.; Zhakparov, D.; Peng, Y.; Wawrzyniak, P.; Wang, M.; Li, S.; Morita, H.; Altunbulakli, C.
Distribution of ACE2, CD147, CD26 and other SARS-CoV-2 associated molecules in tissues and immune cells in health and in
asthma, COPD, obesity, hypertension, and COVID-19 risk factors. Allergy 2020, 75, 2829-2845. [CrossRef]

Watanabe, A.; Yoneda, M.; Ikeda, F; Terao-Muto, Y.; Sato, H.; Kai, C. CD147/EMMPRIN acts as a functional entry receptor for
measles virus on epithelial cells. J. Virol. 2010, 84, 4183-4193. [CrossRef]

Zhu, X,; Song, Z.; Zhang, S.; Nanda, A.; Li, G. CD147: A novel modulator of inflammatory and immune disorders. Curr. Med.
Chem. 2014, 21, 2138-2145. [CrossRef] [PubMed]

Tanaka, Y.; Sato, Y.; Sasaki, T. Suppression of coronavirus replication by cyclophilin inhibitors. Viruses 2013, 5, 1250-1260.
[CrossRef]

Wang, K.; Chen, W.; Zhou, Y.-S,; Lian, ].-Q.; Zhang, Z.; Du, P; Gong, L.; Zhang, Y.; Cui, H-Y.; Geng, J.-J]. SARS-CoV-2 invades host
cells via a novel route: CD147-spike protein. BioRxiv 2020. [CrossRef]

Bian, H.; Zheng, Z.-H.; Wei, D.; Zhang, Z.; Kang, W.-Z.; Hao, C.-Q.; Dong, K.; Kang, W.; Xia, J.-L.; Miao, J.-L. Meplazumab treats
COVID-19 pneumonia: An open-labelled, concurrent controlled add-on clinical trial. MedRxiv 2020. [CrossRef]

Klawitter, J.; Klawitter, ].; Schmitz, V.; Brunner, N.; Crunk, A.; Corby, K.; Bendrick-Peart, J.; Leibfritz, D.; Edelstein, C.L.; Thurman,
J.M. Low-salt diet and cyclosporine nephrotoxicity: Changes in kidney cell metabolism. J. Proteome Res. 2012, 11, 5135-5144.
[CrossRef]

Heinzmann, D.; Noethel, M.; Ungern-Sternberg, S.V.; Mitroulis, I.; Gawaz, M.; Chavakis, T.; May, A.E.; Seizer, P. CD147 is a novel
interaction partner of integrin M2 mediating leukocyte and platelet adhesion. Biomolecules 2020, 10, 541. [CrossRef] [PubMed]
Pushkarsky, T.; Yurchenko, V.; Vanpouille, C.; Brichacek, B.; Vaisman, I.; Hatakeyama, S.; Nakayama, K.I.; Sherry, B.; Bukrinsky,
M.I Cell surface expression of CD147/EMMPRIN is regulated by cyclophilin 60. J. Biol. Chem. 2005, 280, 27866-27871. [CrossRef]
[PubMed]

Yurchenko, V.; Constant, S.; Eisenmesser, E.; Bukrinsky, M. Cyclophilin-CD147 interactions: A new target for anti-inflammatory
therapeutics. Clin. Exp. Immunol. 2010, 160, 305-317. [CrossRef]

Tang, W.; Hemler, M.E. Caveolin-1 regulates matrix metalloproteinases-1 induction and CD147/EMMPRIN cell surface clustering.
J. Biol. Chem. 2004, 279, 11112-11118. [CrossRef]

Cui, J; Huang, W, Wu, B.; Jin, J; Jing, L.; Shi, W.P; Liu, Z.Y,; Yuan, L.; Luo, D, Li, L. N-glycosylation by N-
acetylglucosaminyltransferase V enhances the interaction of CD147 /basigin with integrin 31 and promotes HCC metastasis. J.
Pathol. 2018, 245, 41-52. [CrossRef]

Yu, C.; Lixia, Y.; Ruiwei, G.; Yankun, S.; Jinshan, Y. The Role of FAK in the Secretion of MMP9 after CD147 Stimulation in
Macrophages. Int. Heart ]. 2018, 59, 394-398. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0007870
http://doi.org/10.1136/jclinpath-2020-206987
http://doi.org/10.1007/s00228-020-02963-4
http://doi.org/10.1016/j.biochi.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/28778717
http://doi.org/10.1186/s12916-020-01673-z
http://doi.org/10.1111/febs.13971
http://doi.org/10.1007/s00109-010-0657-7
http://doi.org/10.1016/j.ymeth.2004.10.010
http://doi.org/10.1016/j.jinf.2020.02.026
http://www.ncbi.nlm.nih.gov/pubmed/32169481
http://doi.org/10.1074/jbc.RA118.001897
http://doi.org/10.1016/j.imu.2020.100407
http://doi.org/10.1007/s12015-020-09976-7
http://doi.org/10.1111/all.14429
http://doi.org/10.1128/JVI.02168-09
http://doi.org/10.2174/0929867321666131227163352
http://www.ncbi.nlm.nih.gov/pubmed/24372217
http://doi.org/10.3390/v5051250
http://doi.org/10.1038/s41392-020-00426-x
http://doi.org/10.1101/2020.03.21.20040691
http://doi.org/10.1021/pr300260e
http://doi.org/10.3390/biom10040541
http://www.ncbi.nlm.nih.gov/pubmed/32252487
http://doi.org/10.1074/jbc.M503770200
http://www.ncbi.nlm.nih.gov/pubmed/15946952
http://doi.org/10.1111/j.1365-2249.2010.04115.x
http://doi.org/10.1074/jbc.M312947200
http://doi.org/10.1002/path.5054
http://doi.org/10.1536/ihj.17-221
http://www.ncbi.nlm.nih.gov/pubmed/29563383

Molecules 2021, 26, 2917 25 of 32

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Fadini, G.P.; Morieri, M.L.; Longato, E.; Bonora, B.M.; Pinelli, S.; Selmin, E.; Voltan, G.; Falaguasta, D.; Tresso, S.; Costantini, G.
Exposure to DPP-4 inhibitors and COVID-19 among people with type 2 diabetes. A case-control study. DiabetesObes. Metab. 2020,
22,1946-1950.

Lu, G,; Hu, Y,; Wang, Q.; Qi, ].; Gao, F;; Li, Y.; Zhang, Y.; Zhang, W.; Yuan, Y.; Bao, J. Molecular basis of binding between novel
human coronavirus MERS-CoV and its receptor CD26. Nature 2013, 500, 227-231. [CrossRef] [PubMed]

Solerte, S.B.; Di Sabatino, A.; Galli, M.; Fiorina, P. Dipeptidyl peptidase-4 (DPP4) inhibition in COVID-19. Acta Diabetol. 2020,
57,779-783. [CrossRef]

Strollo, R.; Pozzilli, P. DPP4 inhibition: Preventing SARS-CoV-2 infection and/or progression of COVID-19? Diabetes/Metab. Res.
Rev. 2020, 36, €3330. [CrossRef] [PubMed]

Al-Kuraishy, HM.; Al-Niemi, M.S.; Hussain, N.R.; Al-Gareeb, A.L; Al-Harchan, N.A.; Al-Kurashi, A.H. The Potential Role of
Renin Angiotensin System (RAS) and Dipeptidyl Peptidase-4 (DPP-4) in COVID-19: Navigating the Uncharted. In Selected
Chapters from the Renin-Angiotensin System; IntechOpen: London, UK, 2020.

Wagner, L.; Klemann, C.; Stephan, M.; Von Horsten, S. Unravelling the immunological roles of dipeptidyl peptidase 4 (DPP4)
activity and/or structure homologue (DASH) proteins. Clin. Exp. Immunol. 2016, 184, 265-283. [CrossRef]

Zlotnik, A.; Yoshie, O. Chemokines: A new classification system and their role in immunity. Immunity 2000, 12, 121-127.
[CrossRef]

Klemann, C.; Wagner, L.; Stephan, M.; von Horsten, S. Cut to the chase: A review of CD26/dipeptidyl peptidase-4's (DPP4)
entanglement in the immune system. Clin. Exp. Immunol. 2016, 185, 1-21. [CrossRef]

Iacobellis, G. COVID-19 and diabetes: Can DPP4 inhibition play a role? Diabetes Res. Clin. Pract. 2020, 162. [CrossRef] [PubMed]
Bloomgarden, Z.T. Diabetes and COVID-19. |. Diabetes 2020, 12, 347-348. [CrossRef] [PubMed]

Adhikari, S.P;; Meng, S.; Wu, Y.-].; Mao, Y.-P; Ye, R.-X.; Wang, Q.-Z.; Sun, C.; Sylvia, S.; Rozelle, S.; Raat, H. Epidemiology, causes,
clinical manifestation and diagnosis, prevention and control of coronavirus disease (COVID-19) during the early outbreak period:
A scoping review. Infect. Dis. Poverty 2020, 9, 1-12. [CrossRef]

Filatov, A.; Sharma, P.; Hindi, F.; Espinosa, P.S. Neurological complications of coronavirus disease (COVID-19): Encephalopathy.
Cureus 2020, 12, €7352. [CrossRef]

Coyle, ].; Igbinomwanhia, E.; Sanchez-Nadales, A.; Danciu, S.; Chu, C.; Shah, N. A Recovered Case of COVID-19 Myocarditis and
ARDS Treated with Corticosteroids, Tocilizumab, and Experimental AT-001. Jacc: Case Rep. 2020, 2, 1331-1336. [CrossRef]
Yarmohammadi, A.; Yarmohammadi, M.; Fakhri, S.; Khan, H. Targeting pivotal inflammatory pathways in COVID-19: A
mechanistic review. Eur. . Pharmacol. 2020, 890, 173620. [CrossRef] [PubMed]

Min, C.-K,; Cheon, S.; Ha, N.-Y.; Sohn, KM.; Kim, Y.; Aigerim, A.; Shin, H.M.; Choi, J.-Y.; Inn, K.-S.; Kim, J.-H. Comparative and
kinetic analysis of viral shedding and immunological responses in MERS patients representing a broad spectrum of disease
severity. Sci. Rep. 2016, 6, 25359. [CrossRef] [PubMed]

Williams, A.E.; Chambers, R.C. The mercurial nature of neutrophils: Still an enigma in ARDS? Am. ]. Physiol. Lung Cell. Mol.
Physiol. 2014, 306, L217-L230. [CrossRef]

Channappanavar, R.; Perlman, S. Pathogenic human coronavirus infections: Causes and consequences of cytokine storm and
immunopathology. In Seminars in Immunopathology; Springer: Berlin/Heidelberg, Germany, 2017; pp. 529-539.

Cameron, M.J.; Bermejo-Martin, J.F; Danesh, A.; Muller, M.P,; Kelvin, D.J. Human immunopathogenesis of severe acute
respiratory syndrome (SARS). Virus Res. 2008, 133, 13-19. [CrossRef] [PubMed]

Colafrancesco, S.; Priori, R.; Alessandri, C.; Astorri, E.; Perricone, C.; Blank, M.; Agmon-Levin, N.; Shoenfeld, Y.; Valesini, G.
sCD163 in AOSD: A biomarker for macrophage activation related to hyperferritinemia. Immunol. Res. 2014, 60, 177-183.
[CrossRef]

Rosario, C.; Zandman-Goddard, G.; Meyron-Holtz, E.G.; D’Cruz, D.P; Shoenfeld, Y. The hyperferritinemic syndrome:
Macrophage activation syndrome, Still’s disease, septic shock and catastrophic antiphospholipid syndrome. BMC Med. 2013,
11, 185. [CrossRef]

Sharif, K.; Vieira Borba, V.; Zandman-Goddard, G.; Shoenfeld, Y. Eppur Si Muove: Ferritin is essential in modulating inflammation.
Clin. Exp. Immunol. 2018, 191, 149-150. [CrossRef] [PubMed]

Tisoncik, J.R.; Korth, ML.].; Simmons, C.P,; Farrar, J.; Martin, T.R.; Katze, M.G. Into the eye of the cytokine storm. Microbiol. Mol.
Biol. Rev. 2012, 76, 16-32. [CrossRef]

Merad, M.; Martin, ].C. Pathological inflammation in patients with COVID-19: A key role for monocytes and macrophages. Nat.
Rev. Immunol. 2020, 20, 355-362. [CrossRef]

Mahallawi, W.H.; Khabour, O.E; Zhang, Q.; Makhdoum, H.M.; Suliman, B.A. MERS-CoV infection in humans is associated with
a pro-inflammatory Th1 and Th17 cytokine profile. Cytokine 2018, 104, 8-13. [CrossRef]

Wong, C.; Lam, C.; Wu, A; Ip, W,; Lee, N.; Chan, L; Lit, L.; Hui, D.; Chan, M.; Chung, S. Plasma inflammatory cytokines and
chemokines in severe acute respiratory syndrome. Clin. Exp. Immunol. 2004, 136, 95-103. [CrossRef] [PubMed]

Nicholls, ].M.; Poon, L.L.; Lee, K.C.; Ng, W.E; Lai, S.T.; Leung, C.Y.; Chu, C.M.; Hui, PK,; Mak, K.L.; Lim, W. Lung pathology of
fatal severe acute respiratory syndrome. Lancet 2003, 361, 1773-1778. [CrossRef]

Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K,; Perlman, S. Dysregulated type I interferon and
inflammatory monocyte-macrophage responses cause lethal pneumonia in SARS-CoV-infected mice. Cell Host Microbe 2016,
19, 181-193. [CrossRef] [PubMed]


http://doi.org/10.1038/nature12328
http://www.ncbi.nlm.nih.gov/pubmed/23831647
http://doi.org/10.1007/s00592-020-01539-z
http://doi.org/10.1002/dmrr.3330
http://www.ncbi.nlm.nih.gov/pubmed/32336007
http://doi.org/10.1111/cei.12757
http://doi.org/10.1016/S1074-7613(00)80165-X
http://doi.org/10.1111/cei.12781
http://doi.org/10.1016/j.diabres.2020.108125
http://www.ncbi.nlm.nih.gov/pubmed/32224164
http://doi.org/10.1111/1753-0407.13027
http://www.ncbi.nlm.nih.gov/pubmed/32162476
http://doi.org/10.1186/s40249-020-00646-x
http://doi.org/10.7759/cureus.7352
http://doi.org/10.1016/j.jaccas.2020.04.025
http://doi.org/10.1016/j.ejphar.2020.173620
http://www.ncbi.nlm.nih.gov/pubmed/33038418
http://doi.org/10.1038/srep25359
http://www.ncbi.nlm.nih.gov/pubmed/27146253
http://doi.org/10.1152/ajplung.00311.2013
http://doi.org/10.1016/j.virusres.2007.02.014
http://www.ncbi.nlm.nih.gov/pubmed/17374415
http://doi.org/10.1007/s12026-014-8563-7
http://doi.org/10.1186/1741-7015-11-185
http://doi.org/10.1111/cei.13069
http://www.ncbi.nlm.nih.gov/pubmed/29023673
http://doi.org/10.1128/MMBR.05015-11
http://doi.org/10.1038/s41577-020-0331-4
http://doi.org/10.1016/j.cyto.2018.01.025
http://doi.org/10.1111/j.1365-2249.2004.02415.x
http://www.ncbi.nlm.nih.gov/pubmed/15030519
http://doi.org/10.1016/S0140-6736(03)13413-7
http://doi.org/10.1016/j.chom.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26867177

Molecules 2021, 26, 2917 26 of 32

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Channappanavar, R.; Fehr, A.R.; Zheng, ]J.; Wohlford-Lenane, C.; Abrahante, J.E.; Mack, M.; Sompallae, R.; McCray, P.B.;
Meyerholz, D.K,; Perlman, S. IFN-I response timing relative to virus replication determines MERS coronavirus infection outcomes.
J. Clin. Investig. 2019, 129, 3625-3639. [CrossRef] [PubMed]

Kindler, E.; Thiel, V.; Weber, F. Interaction of SARS and MERS coronaviruses with the antiviral interferon response. In Advances in
Virus Research; Elsevier: Amsterdam, The Netherlands, 2016; Volume 96, pp. 219-243.

de Wit, E.; van Doremalen, N.; Falzarano, D.; Munster, V.J. SARS and MERS: Recent insights into emerging coronaviruses. Nat.
Rev. Microbiol. 2016, 14, 523. [CrossRef] [PubMed]

Zumla, A; Hui, D.S; Perlman, S. Middle East respiratory syndrome. Lancet 2015, 386, 995-1007. [CrossRef]

Hogner, K.; Wolff, T.; Pleschka, S.; Plog, S.; Gruber, A.D.; Kalinke, U.; Walmrath, H.-D.; Bodner, J.; Gattenlohner, S.; Lewe-Schlosser,
P. Macrophage-expressed IFN-f3 contributes to apoptotic alveolar epithelial cell injury in severe influenza virus pneumonia. PLoS
Pathog. 2013, 9, €1003188. [CrossRef]

Bendickova, K.; Tidu, F; Fric, J. Calcineurin—-NFAT signalling in myeloid leucocytes: New prospects and pitfalls in immunosup-
pressive therapy. Embo Mol. Med. 2017, 9, 990-999. [CrossRef] [PubMed]

Park, Y.-J.; Yoo, S.-A.; Kim, M.; Kim, W.-U. The Role of Calcium-Calcineurin-NFAT Signaling Pathway in Health and Autoimmune
Diseases. Front. Immunol. 2020, 11, 195. [CrossRef]

Islam, A.B.; Khan, M.A.-A.-K. Lung biopsy cells transcriptional landscape from COVID-19 patient stratified lung injury in
SARS-CoV-2 infection through impaired pulmonary surfactant metabolism. Sci. Rep. 2020, 10, 19395. [CrossRef] [PubMed]
Luo, W,; Li, Y.-X; Jiang, L.-].; Chen, Q.; Wang, T.; Ye, D.-W. Targeting JAK-STAT Signaling to Control Cytokine Release Syndrome
in COVID-19. Trends Pharmacol. Sci. 2020, 41, 531-543. [CrossRef] [PubMed]

Bagca, B.G.; Avci, C.B. The potential of JAK/STAT pathway inhibition by ruxolitinib in the treatment of COVID-19. Cytokine
Growth Factor Rev. 2020, 54, 51-62. [CrossRef] [PubMed]

Delgado-Roche, L.; Mesta, F. Oxidative Stress as Key Player in Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
infection. Arch. Med. Res. 2020, 51, 384-387. [CrossRef]

Camini, F.C.; da Silva, T.F,; da Silva Caetano, C.C.; Almeida, L.T.; Ferraz, A.C.; Vitoreti, V.M.A.; de Mello Silva, B.; de Queiroz
Silva, S.; de Magalhaes, J.C.; de Brito Magalhaes, C.L. Antiviral activity of silymarin against Mayaro virus and protective effect in
virus-induced oxidative stress. Antivir. Res. 2018, 158, 8-12. [CrossRef] [PubMed]

Tan, H.-Y,; Wang, N.; Li, S.; Hong, M.; Wang, X.; Feng, Y. The reactive oxygen species in macrophage polarization: Reflecting its
dual role in progression and treatment of human diseases. Oxidative Med. Cell. Longev. 2016, 2016, 2795090. [CrossRef]
Warnatsch, A.; Tsourouktsoglou, T.-D.; Branzk, N.; Wang, Q.; Reincke, S.; Herbst, S.; Gutierrez, M.; Papayannopoulos, V. Reactive
oxygen species localization programs inflammation to clear microbes of different size. Immunity 2017, 46, 421-432. [CrossRef]
Wang, J.-Z.; Zhang, R.-Y.; Bai, ]. An anti-oxidative therapy for ameliorating cardiac injuries of critically ill COVID-19-infected
patients. Int. J. Cardiol. 2020, 312, 137-138. [CrossRef] [PubMed]

Komaravelli, N.; Casola, A. Respiratory viral infections and subversion of cellular antioxidant defenses. J. Pharm. Pharm. 2014, 5,
1000141.

Shukla, K.; Pal, P.B.; Sonowal, H.; Srivastava, S.K.; Ramana, K.V. Aldose reductase inhibitor protects against hyperglycemic stress
by activating Nrf2-dependent antioxidant proteins. J. Diabetes Res. 2017, 2017, 6785852. [CrossRef]

Hassan, S.; Jawad, J.; Ahjel, W,; Sing, B.; Sing, J.; Awad, M.; Hadi, R. The Nrf2 Activator (DMF) and Covid-19: Is there a Possible
Role. Med. Arch. 2020, 74, 134-138. [CrossRef]

Mao, H.; Tu, W,; Qin, G.; Law, HK.W,; Sia, S.F,; Chan, P-L.; Liu, Y.; Lam, K.-T.; Zheng, J.; Peiris, M. Influenza virus directly infects
human natural killer cells and induces cell apoptosis. . Virol. 2009, 83, 9215-9222. [CrossRef]

Tan, Y.-J; Fielding, B.C.; Goh, P.-Y.; Shen, S.; Tan, TH.; Lim, S.G.; Hong, W. Overexpression of 7a, a protein specifically encoded
by the severe acute respiratory syndrome coronavirus, induces apoptosis via a caspase-dependent pathway. J. Virol. 2004, 78,
14043-14047. [CrossRef]

Kvansakul, M. Viral infection and apoptosis. Viruses 2017, 9, 356. [CrossRef] [PubMed]

Ye, Z.; Wong, C.K; Li, P; Xie, Y. A SARS-CoV protein, ORF-6, induces caspase-3 mediated, ER stress and JNK-dependent
apoptosis. Biochim. Et Biophys. Acta Gen. Subj. 2008, 1780, 1383-1387. [CrossRef] [PubMed]

Mizutani, T.; Fukushi, S.; Saijo, M.; Kurane, I.; Morikawa, S. Phosphorylation of p38 MAPK and its downstream targets in SARS
coronavirus-infected cells. Biochem. Biophys. Res. Commun. 2004, 319, 1228-1234. [CrossRef] [PubMed]

Mizutani, T.; Fukushi, S.; Saijo, M.; Kurane, I.; Morikawa, S. Importance of Akt signaling pathway for apoptosis in SARS-CoV-
infected Vero E6 cells. Virology 2004, 327, 169-174. [CrossRef] [PubMed]

Gharote, M. A. Role of poly (ADP) ribose polymerase-1 inhibition by nicotinamide as a possible additive treatment to modulate
host immune response and prevention of cytokine storm in COVID-19. Indian J. Med. Sci. 2020, 72, 25-28. [CrossRef]

Bian, H.; Zhou, Y.; Yu, B.; Shang, D.; Liu, E; Li, B.; Qi, J. Rho-kinase signaling pathway promotes the expression of PARP to
accelerate cardiomyocyte apoptosis in ischemia/reperfusion. Mol. Med. Rep. 2017, 16, 2002—-2008. [CrossRef]

Zan,].; Liu, J.; Zhou, ].-W.; Wang, H.-L.; Mo, K.-K,; Yan, Y.; Xu, Y.-B.; Liao, M.; Su, S.; Hu, R.-L. Rabies virus matrix protein induces
apoptosis by targeting mitochondria. Exp. Cell Res. 2016, 347, 83-94. [CrossRef]

Chan, C.-M.; Ma, C.-W,; Chan, W.-Y,; Chan, H.Y.E. The SARS-Coronavirus Membrane protein induces apoptosis through
modulating the Akt survival pathway. Arch. Biochem. Biophys. 2007, 459, 197-207. [CrossRef]


http://doi.org/10.1172/JCI126363
http://www.ncbi.nlm.nih.gov/pubmed/31355779
http://doi.org/10.1038/nrmicro.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27344959
http://doi.org/10.1016/S0140-6736(15)60454-8
http://doi.org/10.1371/journal.ppat.1003188
http://doi.org/10.15252/emmm.201707698
http://www.ncbi.nlm.nih.gov/pubmed/28606994
http://doi.org/10.3389/fimmu.2020.00195
http://doi.org/10.1038/s41598-020-76404-8
http://www.ncbi.nlm.nih.gov/pubmed/33173052
http://doi.org/10.1016/j.tips.2020.06.007
http://www.ncbi.nlm.nih.gov/pubmed/32580895
http://doi.org/10.1016/j.cytogfr.2020.06.013
http://www.ncbi.nlm.nih.gov/pubmed/32636055
http://doi.org/10.1016/j.arcmed.2020.04.019
http://doi.org/10.1016/j.antiviral.2018.07.023
http://www.ncbi.nlm.nih.gov/pubmed/30076863
http://doi.org/10.1155/2016/2795090
http://doi.org/10.1016/j.immuni.2017.02.013
http://doi.org/10.1016/j.ijcard.2020.04.009
http://www.ncbi.nlm.nih.gov/pubmed/32321655
http://doi.org/10.1155/2017/6785852
http://doi.org/10.5455/medarh.2020.74.134-138
http://doi.org/10.1128/JVI.00805-09
http://doi.org/10.1128/JVI.78.24.14043-14047.2004
http://doi.org/10.3390/v9120356
http://www.ncbi.nlm.nih.gov/pubmed/29168732
http://doi.org/10.1016/j.bbagen.2008.07.009
http://www.ncbi.nlm.nih.gov/pubmed/18708124
http://doi.org/10.1016/j.bbrc.2004.05.107
http://www.ncbi.nlm.nih.gov/pubmed/15194498
http://doi.org/10.1016/j.virol.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15351204
http://doi.org/10.25259/IJMS_29_2020
http://doi.org/10.3892/mmr.2017.6826
http://doi.org/10.1016/j.yexcr.2016.07.008
http://doi.org/10.1016/j.abb.2007.01.012

Molecules 2021, 26, 2917 27 of 32

166.

167.
168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Lim, H.; Lim, Y.-M.; Kim, K.H.; Jeon, Y.E.; Park, K.; Kim, J.; Hwang, H.-Y; Lee, D.].; Pagire, H.; Kwon, H.]. A novel autophagy
enhancer as a therapeutic agent against metabolic syndrome and diabetes. Nat. Commun. 2018, 9, 1-14. [CrossRef] [PubMed]
Klionsky, D.J.; Emr, S.D. Autophagy as a regulated pathway of cellular degradation. Science 2000, 290, 1717-1721. [CrossRef]
Randhawa, PK.; Scanlon, K.; Rappaport, J.; Gupta, M.K. Modulation of Autophagy by SARS-CoV-2: A Potential Threat for
Cardiovascular System. Front. Physiol. 2020, 11, 1560. [CrossRef] [PubMed]

Gorshkov, K.; Chen, C.Z.; Bostwick, R.; Rasmussen, L.; Xu, M.; Pradhan, M.; Tran, B.N.; Zhu, W.; Shamim, K.; Huang, W. The
SARS-CoV-2 cytopathic effect is blocked with autophagy modulators. Biorxiv 2020. [CrossRef]

Bonam, S.R.; Muller, S.; Bayry, J.; Klionsky, D.J. Autophagy as an emerging target for COVID-19: Lessons from an old friend,
chloroquine. Autophagy 2020, 1-7. [CrossRef]

Sharma, P.; McAlinden, K.D.; Ghavami, S.; Deshpande, D.A. Chloroquine: Autophagy inhibitor, antimalarial, bitter taste receptor
agonist in fight against COVID-19, a reality check? Eur. |. Pharmacol. 2021, 897, 173928. [CrossRef]

Carmona-Gutierrez, D.; Bauer, M.A.; Zimmermann, A.; Kainz, K.; Hofer, S.J.; Kroemer, G.; Madeo, F. Digesting the crisis:
Autophagy and coronaviruses. Microb. Cell 2020, 7, 119-128. [CrossRef]

Zhang, R-H.; Zhang, H.-L.; Li, P-Y,; Gao, ].-P; Luo, Q.; Liang, T.; Wang, X.-J.; Hao, Y.-Q.; Xu, T.; Li, C.-H. Autophagy is involved
in the acute lung injury induced by HIN2 influenza virus. Int. Immunopharmacol. 2019, 74, 105737. [CrossRef]

Gassen, N.C.; Niemeyer, D.; Muth, D.; Corman, V.M.; Martinelli, S.; Gassen, A.; Hafner, K.; Papies, J.; Mosbauer, K.; Zellner, A.
SKP2 attenuates autophagy through Beclinl-ubiquitination and its inhibition reduces MERS-Coronavirus infection. Nat. Commun.
2019, 10, 1-16. [CrossRef]

Kindrachuk, J.; Ork, B.; Hart, B.J.; Mazur, S.; Holbrook, M.R.; Frieman, M.B.; Traynor, D.; Johnson, R.E; Dyall, J.; Kuhn, ] H. An-
tiviral potential of ERK/MAPK and PI3K/AKT/mTOR signaling modulation for Middle East respiratory syndrome coronavirus
infection as identified by temporal kinome analysis. Antimicrob. Agents Chemother. 2015, 59, 1088-1099. [CrossRef]

Granato, M.; Romeo, M.A ; Tiano, M.S.; Santarelli, R.; Gonnella, R.; Montani, M.S.G.; Faggioni, A.; Cirone, M. Bortezomib
promotes KHSV and EBV lytic cycle by activating JNK and autophagy. Sci. Rep. 2017, 7, 13052. [CrossRef] [PubMed]

Xie, N.; Yuan, K.; Zhou, L.; Wang, K.; Chen, H.-N,; Lei, Y,; Lan, J.; Pu, Q.; Gao, W.; Zhang, L. PRKAA /AMPK restricts HBV
replication through promotion of autophagic degradation. Autophagy 2016, 12, 1507-1520. [CrossRef] [PubMed]

Zhu, J.; Yu, W,; Liu, B.; Wang, Y.; Wang, J.; Xia, K.; Liang, C.; Fang, W.; Zhou, C.; Tao, H. Escin induces caspase-dependent
apoptosis and autophagy through the ROS/p38 MAPK signalling pathway in human osteosarcoma cells in vitro and in vivo.
Cell Death Differ. 2017, 8, e3113. [CrossRef] [PubMed]

Garcia-Pérez, B.E.; Gonzdlez-Rojas, ].A.; Salazar, M.1,; Torres-Torres, C.; Castrejon-Jiménez, N.S. Taming the Autophagy as a
Strategy for Treating COVID-19. Cells 2020, 9, 2679. [CrossRef]

Eisenberg-Lerner, A.; Bialik, S.; Simon, H.-U.; Kimchi, A. Life and death partners: Apoptosis, autophagy and the cross-talk
between them. Cell Death Differ. 2009, 16, 966-975. [CrossRef]

Shojaei, S.; Koleini, N.; Samiei, E.; Aghaei, M.; Cole, L.K.; Alizadeh, J.; Islam, M.I.; Vosoughi, A.R.; Albokashy, M.; Butterfield, Y.
Simvastatin increases temozolomide-induced cell death by targeting the fusion of autophagosomes and lysosomes. FEBS . 2020,
287,1005-1034. [CrossRef]

Shojaei, S.; Suresh, M.; Klionsky, D.J.; Labouta, H.I.; Ghavami, S. Autophagy and SARS-CoV-2 infection: A possible smart
targeting of the autophagy pathway. Virulence 2020, 11, 805-810. [CrossRef]

Kyrmizi, I.; Gresnigt, M.S.; Akoumianaki, T.; Samonis, G.; Sidiropoulos, P.; Boumpas, D.; Netea, M.G.; Van De Veerdonk, F.L.;
Kontoyiannis, D.P.; Chamilos, G. Corticosteroids block autophagy protein recruitment in Aspergillus fumigatus phagosomes via
targeting dectin-1/Syk kinase signaling. J. Immunol. 2013, 191, 1287-1299. [CrossRef]

Ishida, S.; Akiyama, H.; Umezawa, Y.; Okada, K.; Nogami, A.; Oshikawa, G.; Nagao, T.; Miura, O. Mechanisms for mtorcl
activation and synergistic induction of apoptosis by ruxolitinib and bh3 mimetics or autophagy inhibitors in jak2-v617f-expressing
leukemic cells including newly established pvtl-2. Oncotarget 2018, 9, 26834-26851. [CrossRef]

Wagener, F.A.; Pickkers, P; Peterson, S.J.; Immenschuh, S.; Abraham, N.G. Targeting the heme-heme oxygenase system to prevent
severe complications following COVID-19 infections. Antioxidants 2020, 9, 540. [CrossRef]

Feyaerts, A.F,; Luyten, W. Vitamin C as prophylaxis and adjunctive medical treatment for COVID-19? Nutrition 2020, 79-80, 110948.
[CrossRef] [PubMed]

Colunga Biancatelli, R M.L.; Berrill, M.; Catravas, ].D.; Marik, PE. Quercetin and vitamin C: An experimental, synergistic therapy
for the prevention and treatment of SARS-CoV-2 related disease (COVID-19). Front. Immunol. 2020, 11, 1451. [CrossRef]

Liu, E; Zhu, Y,; Zhang, J.; Li, Y.; Peng, Z. Intravenous high-dose vitamin C for the treatment of severe COVID-19: Study protocol
for a multicentre randomised controlled trial. BM] Open 2020, 10, e039519. [CrossRef]

Richard, C.; Lemonnier, F; Thibault, M.; Couturier, M.; Auzepy, P. Vitamin E deficiency and lipoperoxidation during adult
respiratory distress syndrome. Crit. Care Med. 1990, 18, 4-9. [CrossRef] [PubMed]

Soto, M.E.; Guarner-Lans, V.; Soria-Castro, E.; Manzano Pech, L.; Pérez-Torres, I. Is Antioxidant Therapy a Useful Complementary
Measure for Covid-19 Treatment? An Algorithm for Its Application. Medicina 2020, 56, 386. [CrossRef] [PubMed]

Fakhri, S.; Nouri, Z.; Moradi, S.Z.; Farzaei, M.H. Astaxanthin, COVID-19 and immune response: Focus on oxidative stress,
apoptosis and autophagy. Phytother. Res. 2020, 34, 2790-2792. [CrossRef]


http://doi.org/10.1038/s41467-018-03939-w
http://www.ncbi.nlm.nih.gov/pubmed/29650965
http://doi.org/10.1126/science.290.5497.1717
http://doi.org/10.3389/fphys.2020.611275
http://www.ncbi.nlm.nih.gov/pubmed/33329064
http://doi.org/10.1101/2020.05.16.091520
http://doi.org/10.1080/15548627.2020.1779467
http://doi.org/10.1016/j.ejphar.2021.173928
http://doi.org/10.15698/mic2020.05.715
http://doi.org/10.1016/j.intimp.2019.105737
http://doi.org/10.1038/s41467-019-13659-4
http://doi.org/10.1128/AAC.03659-14
http://doi.org/10.1038/s41598-017-13533-7
http://www.ncbi.nlm.nih.gov/pubmed/29026157
http://doi.org/10.1080/15548627.2016.1191857
http://www.ncbi.nlm.nih.gov/pubmed/27305174
http://doi.org/10.1038/cddis.2017.488
http://www.ncbi.nlm.nih.gov/pubmed/29022891
http://doi.org/10.3390/cells9122679
http://doi.org/10.1038/cdd.2009.33
http://doi.org/10.1111/febs.15069
http://doi.org/10.1080/21505594.2020.1780088
http://doi.org/10.4049/jimmunol.1300132
http://doi.org/10.18632/oncotarget.25515
http://doi.org/10.3390/antiox9060540
http://doi.org/10.1016/j.nut.2020.110948
http://www.ncbi.nlm.nih.gov/pubmed/32911430
http://doi.org/10.3389/fimmu.2020.01451
http://doi.org/10.1136/bmjopen-2020-039519
http://doi.org/10.1097/00003246-199001000-00002
http://www.ncbi.nlm.nih.gov/pubmed/2293967
http://doi.org/10.3390/medicina56080386
http://www.ncbi.nlm.nih.gov/pubmed/32752010
http://doi.org/10.1002/ptr.6797

Molecules 2021, 26, 2917 28 of 32

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell
2020, 181, 271-280.e8. [CrossRef]

Sanders, ].M.; Monogue, M.L.; Jodlowski, T.Z.; Cutrell, ].B. Pharmacologic treatments for coronavirus disease 2019 (COVID-19):
A review. JAMA 2020, 323, 1824-1836. [CrossRef] [PubMed]

Wang, Z.; Yang, B.; Li, Q.; Wen, L.; Zhang, R. Clinical features of 69 cases with coronavirus disease 2019 in Wuhan, China. Clin.
Infect. Dis. 2020, 71, 769-777. [CrossRef] [PubMed]

Chan, J.F; Yao, Y,; Yeung, M.L.; Deng, W.; Bao, L; Jia, L.; Li, F; Xiao, C.; Gao, H.; Yu, P; et al. Treatment With Lopinavir/Ritonavir
or Interferon-betalb Improves Outcome of MERS-CoV Infection in a Nonhuman Primate Model of Common Marmoset. J. Infect.
Dis. 2015, 212, 1904-1913. [CrossRef] [PubMed]

Groneberg, D.A.; Poutanen, S.M.; Low, D.E.; Lode, H.; Welte, T.; Zabel, P. Treatment and vaccines for severe acute respiratory
syndrome. Lancet Infect. Dis. 2005, 5, 147-155. [CrossRef]

Cao, B.; Wang, Y.; Wen, D.; Liu, W.; Wang, ].; Fan, G.; Ruan, L.; Song, B.; Cai, Y.; Wei, M. A trial of lopinavir-ritonavir in adults
hospitalized with severe Covid-19. New Engl. ]. Med. 2020, 382, 1787-1799. [CrossRef] [PubMed]

Zhu, Z.; Lu, Z;; Xu, T,; Chen, C,; Yang, G.; Zha, T,; Lu, J.; Xue, Y. Arbidol monotherapy is superior to lopinavir/ritonavir in
treating COVID-19. J. Infect. 2020, 81, e21-e23. [CrossRef]

Hawman, D.W.; Haddock, E.; Meade-White, K.; Williamson, B.; Hanley, PW.; Rosenke, K.; Komeno, T.; Furuta, Y.; Gowen, B.B.;
Feldmann, H. Favipiravir (T-705) but not ribavirin is effective against two distinct strains of Crimean-Congo hemorrhagic fever
virus in mice. Antivir. Res. 2018, 157, 18-26. [CrossRef] [PubMed]

Yamada, K.; Noguchi, K.; Kimitsuki, K.; Kaimori, R.; Saito, N.; Komeno, T.; Nakajima, N.; Furuta, Y.; Nishizono, A. Reevaluation
of the efficacy of favipiravir against rabies virus using in vivo imaging analysis. Antivir. Res. 2019, 172, 104641. [CrossRef]
Fang, Q.-Q.; Huang, W.-J; Li, X.-Y.; Cheng, Y.-H.; Tan, M.-]; Liu, J.; Wei, H.-].; Meng, Y.; Wang, D.-Y. Effectiveness of favipiravir
(T-705) against wild-type and oseltamivir-resistant influenza B virus in mice. Virology 2020, 545, 1-9. [CrossRef]

Cai, Q.; Yang, M.; Liu, D.; Chen, J.; Shu, D.; Xia, J.; Liao, X.; Gu, Y.; Cai, Q.; Yang, Y.; et al. Experimental Treatment with Favipiravir
for COVID-19: An Open-Label Control Study. Engineering 2020, 6, 1192-1198. [CrossRef]

Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and chloroquine effectively
inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020, 30, 269-271. [CrossRef]

Wang, Y.; Zhang, D.; Du, G.; Du, R.; Zhao, J.; Jin, Y;; Fu, S.; Gao, L.; Cheng, Z.; Lu, Q. Remdesivir in adults with severe COVID-19:
A randomised, double-blind, placebo-controlled, multicentre trial. Lancet 2020, 395, 1569-1578. [CrossRef]

Ziaie, S.; Koucheck, M.; Miri, M,; Salarian, S.; Shojaei, S.; Haghighi, M.; Sistanizad, M. Review of therapeutic agents for the
treatment of COVID-19. J. Cell. Mol. Anesth. 2020, 5, 32-36.

Yao, X.; Ye, F; Zhang, M.; Cui, C.; Huang, B.; Niu, P; Liu, X.; Zhao, L.; Dong, E.; Song, C. In vitro antiviral activity and
projection of optimized dosing design of hydroxychloroquine for the treatment of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). Clin. Infect. Dis. 2020, 71, 732-739. [CrossRef]

Gautret, P,; Lagier, ].C.; Parola, P.; Hoang, V.T.; Meddeb, L.; Mailhe, M.; Doudier, B.; Courjon, J.; Giordanengo, V.; Vieira, V.E.; et al.
Hydroxychloroquine and azithromycin as a treatment of COVID-19: Results of an open-label non-randomized clinical trial. Int. ].
Antimicrob. Agents 2020, 56, 105949. [CrossRef]

Cragg, G.M.; Kingston, D.G.; Newman, D.]J. Anticancer Agents from Natural Products; CRC Press: Boca Raton, FL, USA, 2011.
Chen, J.; Liu, D.; Liu, L.; Liu, P,; Xu, Q.; Xia, L.; Ling, Y.; Huang, D.; Song, S.; Zhang, D. A pilot study of hydroxychloroquine in
treatment of patients with common coronavirus disease-19 (COVID-19). J. Zhejiang Univ. Med. Sci. 2020, 49, 215-219.

Borba, M.G.S.; Val, EF.A.; Sampaio, V.S.; Alexandre, M.A.A.; Melo, G.C.; Brito, M.; Mourao, M.P.G.; Brito-Sousa, ].D.; Baia-da-
Silva, D.; Guerra, M.V.E; et al. Effect of High vs Low Doses of Chloroquine Diphosphate as Adjunctive Therapy for Patients
Hospitalized With Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Infection: A Randomized Clinical Trial.
JAMA Netw. Open 2020, 3, €208857. [CrossRef]

Liu, F; Li, L.; Xu, M.; Wu, J.; Luo, D.; Zhu, Y; Li, B.; Song, X.; Zhou, X. Prognostic value of interleukin-6, C-reactive protein, and
procalcitonin in patients with COVID-19. . Clin. Virol. 2020, 127, 104370. [CrossRef] [PubMed]

Michot, J.-M.; Albiges, L.; Chaput, N.; Saada, V.; Pommeret, E; Griscelli, F.; Balleyguier, C.; Besse, B.; Marabelle, A.; Netzer, EF; et al.
Tocilizumab, an anti-IL6 receptor antibody, to treat Covid-19-related respiratory failure: A case report. Ann. Oncol. 2020, 31, 961-
964. [CrossRef] [PubMed]

Hart, B.J.; Dyall, J.; Postnikova, E.; Zhou, H.; Kindrachuk, J.; Johnson, R.E; Olinger, G.G.; Frieman, M.B.; Holbrook, M.R,;
Jahrling, P.B.; et al. Interferon-beta and mycophenolic acid are potent inhibitors of Middle East respiratory syndrome coronavirus
in cell-based assays. J. Gen. Virol. 2014, 95, 571-577. [CrossRef]

Sallard, E.; Lescure, F.-X.; Yazdanpanah, Y.; Mentre, E,; Peiffer-Smadja, N. Type 1 interferons as a potential treatment against
COVID-19. Antivir. Res. 2020, 178, 104791. [CrossRef]

Cantini, F.; Niccoli, L.; Matarrese, D.; Nicastri, E.; Stobbione, P.; Goletti, D. Baricitinib therapy in COVID-19: A pilot study on
safety and clinical impact. . Infect. 2020, 81, 318-356. [CrossRef]

Arabi, Y.M.; Mandourah, Y.; Al-Hameed, F; Sindi, A.A.; Almekhlafi, G.A.; Hussein, M.A.; Jose, J.; Pinto, R.; Al-Omari, A.;
Kharaba, A. Corticosteroid therapy for critically ill patients with Middle East respiratory syndrome. Am. J. Respir. Crit. Care Med.
2018, 197, 757-767. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1001/jama.2020.6019
http://www.ncbi.nlm.nih.gov/pubmed/32282022
http://doi.org/10.1093/cid/ciaa272
http://www.ncbi.nlm.nih.gov/pubmed/32176772
http://doi.org/10.1093/infdis/jiv392
http://www.ncbi.nlm.nih.gov/pubmed/26198719
http://doi.org/10.1016/S1473-3099(05)70022-0
http://doi.org/10.1056/NEJMoa2001282
http://www.ncbi.nlm.nih.gov/pubmed/32187464
http://doi.org/10.1016/j.jinf.2020.03.060
http://doi.org/10.1016/j.antiviral.2018.06.013
http://www.ncbi.nlm.nih.gov/pubmed/29936152
http://doi.org/10.1016/j.antiviral.2019.104641
http://doi.org/10.1016/j.virol.2020.02.005
http://doi.org/10.1016/j.eng.2020.03.007
http://doi.org/10.1038/s41422-020-0282-0
http://doi.org/10.1016/S0140-6736(20)31022-9
http://doi.org/10.1093/cid/ciaa237
http://doi.org/10.1016/j.ijantimicag.2020.105949
http://doi.org/10.1001/jamanetworkopen.2020.8857
http://doi.org/10.1016/j.jcv.2020.104370
http://www.ncbi.nlm.nih.gov/pubmed/32344321
http://doi.org/10.1016/j.annonc.2020.03.300
http://www.ncbi.nlm.nih.gov/pubmed/32247642
http://doi.org/10.1099/vir.0.061911-0
http://doi.org/10.1016/j.antiviral.2020.104791
http://doi.org/10.1016/j.jinf.2020.04.017
http://doi.org/10.1164/rccm.201706-1172OC
http://www.ncbi.nlm.nih.gov/pubmed/29161116

Molecules 2021, 26, 2917 29 of 32

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.
230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Ni, Y.-N.; Chen, G.; Sun, J.; Liang, B.-M.; Liang, Z.-A. The effect of corticosteroids on mortality of patients with influenza
pneumonia: A systematic review and meta-analysis. Crit. Care 2019, 23, 1-9. [CrossRef] [PubMed]

Russell, C.D.; Millar, J.E.; Baillie, ].K. Clinical evidence does not support corticosteroid treatment for 2019-nCoV lung injury.
Lancet 2020, 395, 473-475. [CrossRef]

Wong, R.S. Disease-modifying effects of long-term and continuous use of nonsteroidal anti-inflammatory drugs (NSAIDs) in
spondyloarthritis. Adv. Pharmacol. Sci. 2019, 2019. [CrossRef] [PubMed]

Yousefifard, M.; Zali, A.; Zarghi, A.; Madani Neishaboori, A.; Hosseini, M.; Safari, S. Non-steroidal anti-inflammatory drugs in
management of COVID-19; a systematic review on current evidence. Int. J. Clin. Pract. 2020, 74, €13557. [CrossRef]

Russell, B.; Moss, C.; George, G.; Santaolalla, A.; Cope, A.; Papa, S.; Van Hemelrijck, M. Associations between immune-suppressive
and stimulating drugs and novel COVID-19—A systematic review of current evidence. Ecancermedicalscience 2020, 14. [CrossRef]
Million, M.; Lagier, J.-C.; Gautret, P.; Colson, P.; Fournier, P.-E.; Amrane, S.; Hocquart, M.; Mailhe, M.; Esteves-Vieira, V,;
Doudier, B.; et al. Early treatment of COVID-19 patients with hydroxychloroquine and azithromycin: A retrospective analysis of
1061 cases in Marseille, France. Travel Med. Infect. Dis. 2020, 35, 101738. [CrossRef]

Vouri, S.M.; Thai, T.N.; Winterstein, A.G. An evaluation of co-use of chloroquine or hydroxychloroquine plus azithromycin on
cardiac outcomes: A pharmacoepidemiological study to inform use during the COVID19 pandemic. Res. Soc. Adm. Pharm. 2021,
17,2012-2017. [CrossRef]

Sarayani, A.; Cicali, B.; Henriksen, C.H.; Brown, ].D. Safety signals for QT prolongation or Torsades de Pointes associated with
azithromycin with or without chloroquine or hydroxychloroquine. Res. Soc. Adm. Pharm. 2021, 17, 483-486. [CrossRef]

Baron, S.A.; Devaux, C.; Colson, P; Raoult, D.; Rolain, ].-M. Teicoplanin: An alternative drug for the treatment of COVID-19? Int.
J. Antimicrob. Agents 2020, 55, 105944. [CrossRef]

Caly, L.; Druce, ].D.; Catton, M.G.; Jans, D.A.; Wagstaff, K.M. The FDA-approved drug ivermectin inhibits the replication of
SARS-CoV-2 in vitro. Antivir. Res. 2020, 178, 104787. [CrossRef] [PubMed]

Hegarty, PK.; Kamat, A.M.; Zafirakis, H.; Dinardo, A. BCG vaccination may be protective against Covid-19. Preprint 2020.
[CrossRef]

Vyas, N.; Kurian, S.J.; Bagchi, D.; Manu, M.K; Saravu, K.; Unnikrishnan, M.K.; Mukhopadhyay, C.; Rao, M.; Miraj, S.S. Vitamin D
in prevention and treatment of COVID-19: Current perspective and future prospects. J. Am. Coll. Nutr. 2020, 1-14. [CrossRef]
Martineau, A.R.; Forouhi, N.G. Vitamin D for COVID-19: A case to answer? Lancet Diabetes Endocrinol. 2020, 8, 735-736. [CrossRef]
Rahman, A.H.; Branch, A.D. Vitamin D for your patients with chronic hepatitis C? J. Hepatol. 2013, 58, 184-189. [CrossRef]
[PubMed]

Zhang, R;; Wang, X.; Ni, L.; Di, X;; Ma, B.; Niu, S,; Liu, C.; Reiter, R.J. COVID-19: Melatonin as a potential adjuvant treatment. Life
Sci. 2020, 250, 117583. [CrossRef]

Moradi, S.Z.; Momtaz, S.; Bayrami, Z.; Farzaei, M.H.; Abdollahi, M. Nanoformulations of Herbal Extracts in Treatment of
Neurodegenerative Disorders. Front. Bioeng Biotechnol. 2020, 8, 238. [CrossRef]

Fakhri, S.; Moradi, S.Z.; Farzaei, M.H.; Bishayee, A. Modulation of dysregulated cancer metabolism by plant secondary
metabolites: A mechanistic review. Semin. Cancer Biol. 2020. [CrossRef] [PubMed]

Naithani, R.; Huma, L.C.; Holland, L.E.; Shukla, D.; McCormick, D.L.; Mehta, R.G.; Moriarty, R.M. Antiviral activity of
phytochemicals: A comprehensive review. Mini Rev. Med. Chem. 2008, 8, 1106-1133. [CrossRef]

McKee, D.L.; Sternberg, A.; Stange, U.; Laufer, S.; Naujokat, C. Candidate drugs against SARS-CoV-2 and COVID-19. Pharmacol.
Res. 2020, 157, 104859. [CrossRef]

Majnooni, M.B.; Fakhri, S.; Shokoohinia, Y.; Mohammadi, P.; Gravand, M.M.; Farzaei, M.H.; Echeverria, ]J. Phytochemicals:
Potential therapeutic interventions against coronaviruses-associated lung injury. Front. Pharmacol. 2020, 11, 1744. [CrossRef]
[PubMed]

Liu, Z.; Ying, Y. The inhibitory effect of curcumin on virus-induced cytokine storm and its potential use in the associated severe
pneumonia. Front. Cell Dev. Biol. 2020, 8, 479. [CrossRef] [PubMed]

Du, T; Shi, Y;; Xiao, S.; Li, N.; Zhao, Q.; Zhang, A.; Nan, Y.; Mu, Y.; Sun, Y.; Wu, C. Curcumin is a promising inhibitor of genotype
2 porcine reproductive and respiratory syndrome virus infection. Bmic Vet. Res. 2017, 13, 298. [CrossRef]

Praditya, D.; Kirchhoff, L.; Briining, J.; Rachmawati, H.; Steinmann, J.; Steinmann, E. Anti-infective properties of the golden spice
curcumin. Front. Microbiol. 2019, 10, 912. [CrossRef]

Kannan, S.; Kolandaivel, P. Antiviral potential of natural compounds against influenza virus hemagglutinin. Comput. Biol. Chem.
2017, 71, 207-218. [CrossRef]

Zahedipour, F.; Hosseini, S.A.; Sathyapalan, T.; Majeed, M.; Jamialahmadi, T.; Al-Rasadi, K.; Banach, M.; Sahebkar, A. Potential
effects of curcumin in the treatment of COVID-19 infection. Phytother. Res. 2020, 34, 2911-2920. [CrossRef]

Patel, A.; Rajendran, M.; Shah, A; Patel, H.; Pakala, S.B.; Karyala, P. Virtual screening of curcumin and its analogs against the
spike surface glycoprotein of SARS-CoV-2 and SARS-CoV. J. Biomol. Struct. Dyn. 2020. [CrossRef]

Jena, A.B.; Kanungo, N.; Nayak, V.; Chainy, G.; Dandapat, J. Catechin and Curcumin interact with corona (2019-nCoV /SARS-
CoV2) viral S protein and ACE2 of human cell membrane: Insights from Computational study and implication for intervention.
Sci. Rep. 2021, 11, 2043. [CrossRef] [PubMed]

Zhu, H.-Y;; Han, L.; Shi, X.-1.; Wang, B.-1.; Huang, H.; Wang, X.; Chen, D.-F; Ju, D.-W.; Feng, M.-Q. Baicalin inhibits autophagy
induced by influenza A virus H3N2. Antivir. Res. 2015, 113, 62-70. [CrossRef] [PubMed]


http://doi.org/10.1186/s13054-019-2395-8
http://www.ncbi.nlm.nih.gov/pubmed/30917856
http://doi.org/10.1016/S0140-6736(20)30317-2
http://doi.org/10.1155/2019/5324170
http://www.ncbi.nlm.nih.gov/pubmed/30838041
http://doi.org/10.1111/ijcp.13557
http://doi.org/10.3332/ecancer.2020.1022
http://doi.org/10.1016/j.tmaid.2020.101738
http://doi.org/10.1016/j.sapharm.2020.04.031
http://doi.org/10.1016/j.sapharm.2020.04.016
http://doi.org/10.1016/j.ijantimicag.2020.105944
http://doi.org/10.1016/j.antiviral.2020.104787
http://www.ncbi.nlm.nih.gov/pubmed/32251768
http://doi.org/10.13140/RG.2.2.35948.10880
http://doi.org/10.1080/07315724.2020.1806758
http://doi.org/10.1016/S2213-8587(20)30268-0
http://doi.org/10.1016/j.jhep.2012.07.026
http://www.ncbi.nlm.nih.gov/pubmed/22871501
http://doi.org/10.1016/j.lfs.2020.117583
http://doi.org/10.3389/fbioe.2020.00238
http://doi.org/10.1016/j.semcancer.2020.02.007
http://www.ncbi.nlm.nih.gov/pubmed/32081639
http://doi.org/10.2174/138955708785909943
http://doi.org/10.1016/j.phrs.2020.104859
http://doi.org/10.3389/fphar.2020.588467
http://www.ncbi.nlm.nih.gov/pubmed/33658931
http://doi.org/10.3389/fcell.2020.00479
http://www.ncbi.nlm.nih.gov/pubmed/32596244
http://doi.org/10.1186/s12917-017-1218-x
http://doi.org/10.3389/fmicb.2019.00912
http://doi.org/10.1016/j.compbiolchem.2017.11.001
http://doi.org/10.1002/ptr.6738
http://doi.org/10.1080/07391102.2020.1868338
http://doi.org/10.1038/s41598-021-81462-7
http://www.ncbi.nlm.nih.gov/pubmed/33479401
http://doi.org/10.1016/j.antiviral.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25446340

Molecules 2021, 26, 2917 30 of 32

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Liu, H; Ye, F; Sun, Q.; Liang, H.; Li, C,; Lu, R.; Huang, B.; Tan, W.; Lai, L. Scutellaria baicalensis extract and baicalein inhibit
replication of SARS-CoV-2 and its 3C-like protease in vitro. J. Enzym. Inhib Med. Chem. 2021, 36, 497-503. [CrossRef] [PubMed]
Song, J.; Zhang, L.; Xu, Y,; Yang, D.; Yang, S.; Zhang, W.; Wang, J.; Tian, S.; Yang, S.; Yuan, T. The comprehensive study on
the therapeutic effects of baicalein for the treatment of COVID-19 in vivo and in vitro. Biochem. Pharmacol. 2021, 183, 114302.
[CrossRef] [PubMed]

Gorla, U.S,; Rao, G.K,; Kulandaivelu, U.S.; Alavala, R.R.; Panda, S.P. Lead Finding from Selected Flavonoids with Antiviral
(SARS-CoV-2) Potentials against COVID-19: An in-silico Evaluation. Comb. Chem. High. Throughput Screen. 2020. [CrossRef]
Jain, A.S.; Sushma, P.; Dharmashekar, C.; Beelagi, M.S.; Prasad, S.K.; Shivamallu, C.; Prasad, A.; Syed, A.; Marraiki, N.; Prasad, K.S.
In silico evaluation of flavonoids as effective antiviral agents on the spike glycoprotein of SARS-CoV-2. Saudi J. Biol. Sci. 2021, 28,
1040-1051. [CrossRef]

Huseen, N.H.A. Docking Study of Naringin Binding with COVID-19 Main Protease Enzyme. Iraqi |. Pharm. Sci. 2020, 29, 231-238.
Ou, X,; Liu, Y.; Lei, X;; Li, P; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, ]J. Characterization of spike glycoprotein of
SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [CrossRef]

Clementi, N.; Scagnolari, C.; D’Amore, A.; Palombi, E; Criscuolo, E.; Frasca, E; Pierangeli, A.; Mancini, N.; Antonelli, G.; Clementi,
M. Naringenin is a powerful inhibitor of SARS-CoV-2 infection in vitro. Pharmacol. Res. 2020, 163, 105255. [CrossRef] [PubMed]
Chen, W.; Deng, W.; Chen, S. Inactivation of Nf-kb Pathway by Taxifolin Attenuates Sepsis-Induced Acute Lung Injury. Curr. Top.
Nutraceutical Res. 2020, 18, 176-182.

Gogoi, N.; Chowdhury, P,; Goswami, A.K; Das, A.; Chetia, D.; Gogoi, B. Computational guided identification of a citrus flavonoid
as potential inhibitor of SARS-CoV-2 main protease. Mol. Divers. 2020, 1-15. [CrossRef]

Verdura, S.; Cuyas, E.; Llorach-Parés, L.; Pérez-Sanchez, A.; Micol, V.; Nonell-Canals, A.; Joven, ].; Valiente, M.; Sanchez-Martinez,
M.; Bosch-Barrera, J. Silibinin is a direct inhibitor of STAT3. Food Chem. Toxicol. 2018, 116, 161-172. [CrossRef]

Bosch-Barrera, J.; Martin-Castillo, B.; Bux6, M.; Brunet, J.; Encinar, ].A.; Menendez, J.A. Silibinin and SARS-CoV-2: Dual targeting
of host cytokine storm and virus replication machinery for clinical management of COVID-19 patients. J. Clin. Med. 2020, 9, 1770.
[CrossRef]

Yi, L,; Li, Z.; Yuan, K;; Qu, X,; Chen, J.; Wang, G.; Zhang, H.; Luo, H.; Zhu, L.; Jiang, P. Small molecules blocking the entry of
severe acute respiratory syndrome coronavirus into host cells. J. Virol. 2004, 78, 11334-11339. [CrossRef]

Lin, S.-C.; Ho, C.-T.; Chuo, W.-H.; Li, S.; Wang, T.T.; Lin, C.-C. Effective inhibition of MERS-CoV infection by resveratrol. BMC
Infect. Dis. 2017, 17, 144. [CrossRef]

Yang, M.; Wei, J.; Huang, T.; Lei, L.; Shen, C.; Lai, J.; Yang, M.; Liu, L.; Yang, Y.; Liu, G. Resveratrol inhibits the replication of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in cultured Vero cells. Phytother. Res. 2020. [CrossRef]

Ho, T.-Y,; Wu, S.-L.; Chen, J.-C,; Li, C.-C.; Hsiang, C.-Y. Emodin blocks the SARS coronavirus spike protein and angiotensin-
converting enzyme 2 interaction. Antivir. Res. 2007, 74, 92-101. [CrossRef]

Park, ].-Y.; Jeong, HJ.; Kim, ].H.; Kim, Y.M.; Park, S.-J.; Kim, D.; Park, K.H.; Lee, W.S; Ryu, Y.B. Diarylheptanoids from Alnus
japonica inhibit papain-like protease of severe acute respiratory syndrome coronavirus. Biol. Pharm. Bull. 2012, 35, 2036-2042.
[CrossRef]

Qing, Z.-X; Yang, P,; Tang, Q.; Cheng, P,; Liu, X.-B.; Zheng, Y.-].; Liu, Y.-S.; Zeng, ].-G. Isoquinoline alkaloids and their antiviral,
antibacterial, and antifungal activities and structure-activity relationship. Curr. Org. Chem. 2017, 21, 1920-1934. [CrossRef]
Moradi, M.-T; Karimi, A.; Rafieian-Kopaei, M.; Fotouhi, F. In vitro antiviral effects of Peganum harmala seed extract and its total
alkaloids against Influenza virus. Microb. Pathog. 2017, 110, 42—49. [CrossRef]

Ogunyemi, O.M.; Gyebi, G.A ; Elfiky, A.A.; Afolabi, S.0.; Ogunro, O.B.; Adegunloye, A.P,; Ibrahim, .M. Alkaloids and flavonoids
from African phytochemicals as potential inhibitors of SARS-Cov-2 RNA-dependent RNA polymerase: An in silico perspective.
Antivir. Chem. Chemother. 2020, 28, 2040206620984076. [CrossRef]

Shen, L.; Niu, J.; Wang, C.; Huang, B.; Wang, W.; Zhu, N.; Deng, Y.; Wang, H.; Ye, F,; Cen, S. High-throughput screening and
identification of potent broad-spectrum inhibitors of coronaviruses. J. Virol. 2019, 93, e00023-19. [CrossRef]

Choy, K.-T.; Wong, A.Y.-L.; Kaewpreedee, P; Sia, S.E; Chen, D.; Hui, K.P.Y.; Chu, D.K.W.; Chan, M.C.W.; Cheung, P.P-H.; Huang,
X. Remdesivir, lopinavir, emetine, and homoharringtonine inhibit SARS-CoV-2 replication in vitro. Antivir. Res. 2020, 178, 104786.
[CrossRef]

Zhang, Y.-N.; Zhang, Q.-Y; Li, X.-D.; Xiong, ].; Xiao, 5.-Q.; Wang, Z.; Zhang, Z.-R.; Deng, C.-L.; Yang, X.-L.; Wei, H.-P. Gemcitabine,
lycorine and oxysophoridine inhibit novel coronavirus (SARS-CoV-2) in cell culture. Emerg. Microbes Infect. 2020, 9, 1170-1173.
[CrossRef]

Yang, C.-W,; Lee, Y.-Z.; Hsu, H.-Y,; Shih, C.; Chao, Y.-S.; Chang, H.-Y.; Lee, S.-]. Targeting coronaviral replication and cellular
JAK2 mediated dominant NF-«B activation for comprehensive and ultimate inhibition of coronaviral activity. Sci. Rep. 2017, 7,
4105. [CrossRef]

Yang, C.-W,; Lee, Y.-Z.; Hsu, H.-Y;; Jan, ].-T,; Lin, Y.-L.; Chang, S.-Y,; Peng, T.-T.; Yang, R.-B.; Liang, J.-J.; Liao, C.-C. Inhibition of
SARS-CoV-2 by highly potent broad-spectrum anti-coronaviral tylophorine-based derivatives. Front. Pharmacol. 2020, 11, 2056.
[CrossRef]

Kalhori, M.R.; Saadatpour, F.; Arefian, E.; Soleimani, M.; Farzaei, M.H.; Aneva, 1.Y.; Echeverria, ]. The Potential Therapeutic Effect
of RNA Interference and Natural Products on COVID-19: A Review of the Coronaviruses Infection. Front. Pharmacol. 2021, 12,
616993. [CrossRef]


http://doi.org/10.1080/14756366.2021.1873977
http://www.ncbi.nlm.nih.gov/pubmed/33491508
http://doi.org/10.1016/j.bcp.2020.114302
http://www.ncbi.nlm.nih.gov/pubmed/33121927
http://doi.org/10.2174/1386207323999200818162706
http://doi.org/10.1016/j.sjbs.2020.11.049
http://doi.org/10.1038/s41467-020-15562-9
http://doi.org/10.1016/j.phrs.2020.105255
http://www.ncbi.nlm.nih.gov/pubmed/33096221
http://doi.org/10.1007/s11030-020-10150-x
http://doi.org/10.1016/j.fct.2018.04.028
http://doi.org/10.3390/jcm9061770
http://doi.org/10.1128/JVI.78.20.11334-11339.2004
http://doi.org/10.1186/s12879-017-2253-8
http://doi.org/10.1002/ptr.6916
http://doi.org/10.1016/j.antiviral.2006.04.014
http://doi.org/10.1248/bpb.b12-00623
http://doi.org/10.2174/1385272821666170207114214
http://doi.org/10.1016/j.micpath.2017.06.014
http://doi.org/10.1177/2040206620984076
http://doi.org/10.1128/JVI.00023-19
http://doi.org/10.1016/j.antiviral.2020.104786
http://doi.org/10.1080/22221751.2020.1772676
http://doi.org/10.1038/s41598-017-04203-9
http://doi.org/10.3389/fphar.2020.606097
http://doi.org/10.3389/fphar.2021.616993

Molecules 2021, 26, 2917 31 of 32

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

Michaelis, M.; Geiler, J.; Naczk, P.; Sithisarn, P.; Leutz, A.; Doerr, HW.; Cinatl, J., Jr. Glycyrrhizin exerts antioxidative effects in
H5NT1 influenza A virus-infected cells and inhibits virus replication and pro-inflammatory gene expression. PLoS ONE 2011,
6, €19705. [CrossRef]

Murck, H. Symptomatic protective action of glycyrrhizin (Licorice) in Covid-19 infection? Front. Immunol. 2020, 11, 1239.
[CrossRef] [PubMed]

Sprague, L.; Lee, ].M.; Hutzen, B.].; Wang, P.-Y.; Chen, C.-Y.; Conner, J.; Braidwood, L.; Cassady, K.A.; Cripe, T.P. High mobility
group box 1 influences HSV1716 spread and acts as an adjuvant to chemotherapy. Viruses 2018, 10, 132. [CrossRef]

Treseid, M.; Sonnerborg, A.; Nowak, P. High mobility group box protein-1 in HIV-1 infection. Curr. HIV Res. 2011, 9, 6-10.
[CrossRef]

Bailly, C.; Vergoten, G. Glycyrrhizin: An alternative drug for the treatment of COVID-19 infection and the associated respiratory
syndrome? Pharmacol. Ther. 2020, 214, 107618. [CrossRef]

Hassan, M.Z.; Osman, H.; Ali, M.A.; Ahsan, M.]. Therapeutic potential of coumarins as antiviral agents. Eur. ]. Med. Chem. 2016,
123, 236-255. [CrossRef]

Lyndem, S.; Sarmah, S.; Das, S.; Roy, A.S. In silico screening of naturally occurring coumarin derivatives for the inhibition of the
main protease of SARS-CoV-2. Chem Rxiv. Prepr. 2020. [CrossRef]

Chidambaram, S.K.; Ali, D.; Alarifi, S.; Radhakrishnan, S.; Akbar, I. In silico molecular docking: Evaluation of coumarin based
derivatives against SARS-CoV-2. |. Infect. Public Health 2020, 13, 1671-1677. [CrossRef] [PubMed]

Chidambaram, S.; El-Sheikh, M.A.; Alfarhan, A .H.; Radhakrishnan, S.; Akbar, I. Synthesis of novel coumarin analogues:
Investigation of molecular docking interaction of SARS-CoV-2 proteins with natural and synthetic coumarin analogues and their
pharmacokinetics studies. Saudi J. Biol. Sci. 2021, 28, 1100-1108. [CrossRef]

Santoyo, S.; Jaime, L.; Plaza, M.; Herrero, M.; Rodriguez-Meizoso, I; Ibafiez, E.; Reglero, G. Antiviral compounds obtained from
microalgae commonly used as carotenoid sources. |. Appl. Phycol. 2012, 24, 731-741. [CrossRef]

Vardhan, S.; Sahoo, S.K. In silico ADMET and molecular docking study on searching potential inhibitors from limonoids and
triterpenoids for COVID-19. Comput. Biol. Med. 2020, 124, 103936. [CrossRef]

Yan, Y.Q.; Fu, YJ.; Wu, S.; Qin, H.Q.; Zhen, X; Song, B.M.; Weng, Y.S.; Wang, P.C.; Chen, X.Y; Jiang, Z.Y. Anti-influenza activity of
berberine improves prognosis by reducing viral replication in mice. Phytother. Res. 2018, 32, 2560-2567. [CrossRef]

Hussain, T.; Al-Attas, O.S.; Alamery, S.; Ahmed, M.; Odeibat, H.A.; Alrokayan, S. The plant flavonoid, fisetin alleviates cigarette
smoke-induced oxidative stress, and inflammation in Wistar rat lungs. J. Food Biochem. 2019, 43, €12962. [CrossRef] [PubMed]
Islam, M.T,; Sarkar, C.; El-Kersh, D.M.; Jamaddar, S.; Uddin, S.J.; Shilpi, J.A.; Mubarak, M.S. Natural products and their derivatives
against coronavirus: A review of the non-clinical and pre-clinical data. Phytother. Res. 2020, 34, 2471-2492. [CrossRef] [PubMed]
Lin, L.-T;; Hsu, W.-C.; Lin, C.-C. Antiviral natural products and herbal medicines. J. Tradit. Complementary Med. 2014, 4, 24-35.
[CrossRef] [PubMed]

ul Qamar, M.T.; Alqahtani, S.M.; Alamri, M.A.; Chen, L.-L. Structural basis of SARS-CoV-2 3CLpro and anti-COVID-19 drug
discovery from medicinal plantst. J. Pharm. Anal. 2020, 10, 313-319. [CrossRef] [PubMed]

Zhang, D.-H.; Wu, K.-L.; Zhang, X.; Deng, S.-Q.; Peng, B. In silico screening of Chinese herbal medicines with the potential to
directly inhibit 2019 novel coronavirus. J. Integr. Med. 2020, 18, 152-158. [CrossRef] [PubMed]

Cho, J.K,; Curtis-Long, M.].; Lee, K.H.; Kim, D.W.; Ryu, HW.; Yuk, H.J.; Park, K.H. Geranylated flavonoids displaying SARS-CoV
papain-like protease inhibition from the fruits of Paulownia tomentosa. Bioorganic Med. Chem. 2013, 21, 3051-3057. [CrossRef]
[PubMed]

Basu, A.; Sarkar, A.; Maulik, U. Molecular docking study of potential phytochemicals and their effects on the complex of
SARS-CoV2 spike protein and human ACE2. Sci. Rep. 2020, 10, 17699. [CrossRef] [PubMed]

Owis, A.L; El-Hawary, M.S.; El Amir, D.; Aly, O.M.; Abdelmohsen, U.R.; Kamel, M.S. Molecular docking reveals the potential of
Salvadora persica flavonoids to inhibit COVID-19 virus main protease. RSC Adv. 2020, 10, 19570-19575. [CrossRef]
Rameshkumar, M.R,; Indu, P.; Arunagirinathan, N.; Venkatadri, B.; El-Serehy, H.A.; Ahmad, A. Computational selection of
flavonoid compounds as inhibitors against SARS-CoV-2 main protease, RNA-dependent RNA polymerase and spike proteins: A
molecular docking study. Saudi J. Biol. Sci. 2021, 28, 448-458. [CrossRef] [PubMed]

Cheng, L.; Zheng, W.; Li, M; Huang, ].; Bao, S.; Xu, Q.; Ma, Z. Citrus fruits are rich in flavonoids for immunoregulation and
potential targeting ACE2. Preprints 2020, 2020020313. [CrossRef]

Maurya, VK,; Kumar, S.; Prasad, A K,; Bhatt, M.L.; Saxena, S.K. Structure-based drug designing for potential antiviral activity of
selected natural products from Ayurveda against SARS-CoV-2 spike glycoprotein and its cellular receptor. VirusDisease 2020, 31,
179-193. [CrossRef]

Shi, Y.; Zhang, B.; Chen, X.-J.; Xu, D.-Q.; Wang, Y.-X,; Dong, H.-Y,; Ma, S.-R; Sun, R.-H.; Hui, Y.-P; Li, Z.-C. Osthole protects
lipopolysaccharide-induced acute lung injury in mice by preventing down-regulation of angiotensin-converting enzyme 2. Eur. J.
Pharm. Sci. 2013, 48, 819-824. [CrossRef]

Seo, D.J.; Jeon, S.B.; Oh, H.; Lee, B.-H.; Lee, S.-Y.; Oh, S.H.; Jung, ].Y.; Choi, C. Comparison of the antiviral activity of flavonoids
against murine norovirus and feline calicivirus. Food Control. 2016, 60, 25-30. [CrossRef]

Wan, L.; Meng, D.; Wang, H.; Wan, S.; Jiang, S.; Huang, S.; Wei, L.; Yu, P. Preventive and therapeutic effects of thymol in a
lipopolysaccharide-induced acute lung injury mice model. Inflammation 2018, 41, 183-192. [CrossRef]


http://doi.org/10.1371/journal.pone.0019705
http://doi.org/10.3389/fimmu.2020.01239
http://www.ncbi.nlm.nih.gov/pubmed/32574273
http://doi.org/10.3390/v10030132
http://doi.org/10.2174/157016211794582632
http://doi.org/10.1016/j.pharmthera.2020.107618
http://doi.org/10.1016/j.ejmech.2016.07.056
http://doi.org/10.26434/chemrxiv.12234728.v1
http://doi.org/10.1016/j.jiph.2020.09.002
http://www.ncbi.nlm.nih.gov/pubmed/33008777
http://doi.org/10.1016/j.sjbs.2020.11.038
http://doi.org/10.1007/s10811-011-9692-1
http://doi.org/10.1016/j.compbiomed.2020.103936
http://doi.org/10.1002/ptr.6196
http://doi.org/10.1111/jfbc.12962
http://www.ncbi.nlm.nih.gov/pubmed/31368542
http://doi.org/10.1002/ptr.6700
http://www.ncbi.nlm.nih.gov/pubmed/32248575
http://doi.org/10.4103/2225-4110.124335
http://www.ncbi.nlm.nih.gov/pubmed/24872930
http://doi.org/10.1016/j.jpha.2020.03.009
http://www.ncbi.nlm.nih.gov/pubmed/32296570
http://doi.org/10.1016/j.joim.2020.02.005
http://www.ncbi.nlm.nih.gov/pubmed/32113846
http://doi.org/10.1016/j.bmc.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23623680
http://doi.org/10.1038/s41598-020-74715-4
http://www.ncbi.nlm.nih.gov/pubmed/33077836
http://doi.org/10.1039/D0RA03582C
http://doi.org/10.1016/j.sjbs.2020.10.028
http://www.ncbi.nlm.nih.gov/pubmed/33110386
http://doi.org/10.20944/preprints202002.0313.v1
http://doi.org/10.1007/s13337-020-00598-8
http://doi.org/10.1016/j.ejps.2012.12.031
http://doi.org/10.1016/j.foodcont.2015.07.023
http://doi.org/10.1007/s10753-017-0676-4

Molecules 2021, 26, 2917 32 of 32

296.

297.

298.

299.

300.

301.

302.

Hu, X,; Li, H.; Fu, L.; Liu, E; Wang, H.; Li, M.; Jiang, C.; Yin, B. The protective effect of hyperin on LPS-induced acute lung injury
in mice. Microb. Pathog. 2019, 127, 116-120. [CrossRef]

Lowe, H.I; Toyang, N.J.; McLaughlin, W. Potential of cannabidiol for the treatment of viral hepatitis. Pharmacogn. Res. 2017,
9,116-118.

Gani, M.A.; Nurhan, A.D.; Maulana, S.; Siswodihardjo, S.; Shinta, D.W.; Khotib, J. Structure-based virtual screening of bioactive
compounds from Indonesian medical plants against severe acute respiratory syndrome coronavirus-2. J. Adv. Pharm. Technol. Res.
2021, 12, 120.

Khan, A.; Heng, W.; Wang, Y,; Qiu, J.; Wei, X.; Peng, S.; Saleem, S.; Khan, M.; Ali, S.S.; Wei, D.-Q. In silico and in vitro evaluation
of kaempferol as a potential inhibitor of the SARS-CoV-2 main protease (3CLpro). Phytother. Res 2021. [CrossRef]

Laksmiani, N.P.L.; Larasanty, L.P.F,; Santika, A.A.G.].; Prayoga, P.A.A.; Dewi, A.A.LK,; Dewi, N.P.A K. Active Compounds
Activity from the Medicinal Plants against SARS-CoV-2 using in Silico Assay. Biomed. Pharmacol. J. 2020, 13, 873-881. [CrossRef]
Milenkovic, D.; Ruskovska, T.; Rodriguez-Mateos, A.; Heiss, C. Polyphenols could prevent SARS-CoV-2 infection by modulating
the expression of miRNAs in the host cells. Aging Dis. 2021. [CrossRef]

Pandey, A.K.; Verma, S. An in-silico evaluation of dietary components for structural inhibition of SARS-Cov-2 main protease. J.
Biomol. Struct. Dyn. 2020, 1-7. [CrossRef]


http://doi.org/10.1016/j.micpath.2018.11.048
http://doi.org/10.1002/ptr.6998
http://doi.org/10.13005/bpj/1953
http://doi.org/10.14336/AD.2021.0223
http://doi.org/10.1080/07391102.2020.1809522

	Introduction 
	COVID-19: Genetics and Structure 
	Clinical Features of COVID-19 Disease 
	SARS-CoV-2 Infection 
	ACE2 
	TMPRSS2 
	Glucose-Regulated Protein 78 (GRP78) 
	The Cluster of Differentiation 147 (CD147) 
	Dipeptidyl Peptidase (DPP4) 

	COVID-19: Pathogenesis, Dysregulated Pathways and Beyond 
	Role of Inflammation in COVID-19 
	Role of Oxidative Stress in COVID-19 
	Role of Apoptosis in COVID-19 
	Role of Autophagy in COVID-19 

	Therapeutic Interventions for COVID-19 
	Targeting Autophagy and Apoptosis 
	Targeting Oxidative Stress 
	Targeting SARS-CoV-2 Invasion 
	Targeting Inflammation 
	Miscellaneous Agents 

	Importance of Phytochemicals in Combating COVID-19 
	Discussion 
	References

