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Abstract

Background: SARS-CoV-2 (nCoV) is the causative virus of COVID-19 disease. It belongs to the
Coronaviridae family which includes other members causing other forms of severe acute respiratory
diseases. Although nCoV shares great genetic similarity with its relatives, it possesses specific
structural components that render it peculiar in replication, pathogenicity, and response to drugs.

Objectives: To elaborate the molecular structures of nCoV and correlate them with the COVID-19,
reveal the mechanism of disease pathogenicity towards rationalizing the use of the old drugs, and
establishment of the base of development of novel drugs.

Methods: Different search engines such as Google, PubMed-PMC-NCBI, Elsevier Coronavirus
Research Hub, Wikipedia, Microsoft Academic Search, RefSeek-Academic Search Engine, were
examined using the main search stream as the nCoV, its structural domains, molecular bases of
pathogenicity, and authors’ names as s keyword in the search.

Results: Detailed molecular studies of different structural and nonstructural components of nCoV
had been extensively elaborated to an extent made it possible to pinpoint the drug binding sites,
revealed the mechanism by which nCoV induces pathological changes.

Conclusion: Our knowledge of the molecular structure of nCoV is of great importance in the
determination of mutation sites, gain an insight into the pathology of the disease, and in providing
data that could be the basis for systematic drug repurposing approaches. It also constitutes the
cornerstone for the development of novel drugs and establishes a solid COVID-19 treatment
strategy in the future.

Keywords: SARS-CoV-2; COVID-19; Angiotensin-converting enzyme 2; Spike protein; RNA-
dependent RNA polymerase; Cytokine storm; Pneumonia; Coagulopathy; Antiviral therapy

Abbreviations

ACE2: Angiotensin-Converting Enzyme 2; B°ATI1: amino acid transporter (SLC6A19);
3CLpro: 3C-like protease; CD4+ and CD8+: helper and cytotoxic T-lymphocyte; CLD: Collectrin-
Like Domain; COVID-19: Coronavirus Disease; CT: C-terminal; CTD: C-terminal dimerization
domain; HE: Hemagglutinin Esterase; HR: Heptad Repeat; IL: Interleukin; E: Envelope protein;
ER: Endoplasmic Reticulum; ERGIC: ER-Golgi Intermediate Compartment; M: membrane/matrix
protein; Mpro: Main protease; N: Nucleocapsid protein; N7-MTase: guanine-N7-methyltransferase;
NLR: Nucleotide-binding domain leucine-rich repeat; NLRP3: pyrin domain-containing receptor
3 inflammasome; nsp: niche-specific proteins, nonstructural protein; NT: N-terminal; NTD:
N-terminal RNA-binding domain; O-MTase: O-methyltransferase; ORF: Open-Reading Frame;
PAI-1: Plasminogen Activator Inhibitor-1; PLpro: Papain-Like cysteine protease; RAS: Renin-
Angiotensin system; RBD: Receptor-Binding Domain; RdRp; RNA-dependent RNA polymerase
(replicase); RNP: viral nucleocapsid+ protein ribonucleoprotein; (+) and (-) ssRNA: positive
and negative-single-strand (sense) RNA; gRNA and sgRNA: genomic and subgenomic RNA;
RTC: Replication-Transcription Complex; SARS: Severe Acute Respiratory Syndrome; S: Spike
glycoprotein; SARS-CoV-2: new coronavirus (nCoV); TMPRSS2: Transmembrane Protease, Serine
2; TPC2: two-pore channel subtype 2; VLP: Virus-Like Particles

Introduction

The COVID-19 disease is caused by Severe Acute Respiratory Syndrome (SARS) coronavirus
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(CoV), SARS-CoV-2 (referred to as nCoV hereafter). The infection
source of COVID-19 maybe bats, pangolins, murine, etc. It is a major
health concern implicated in an alarming pandemic global outbreak.
The COVID-19 patients have symptoms of varying degrees, ranging
from fever or a mild cough to pneumonia and extensive multiple
organ (brain, cardiovascular, renal) dysfunctions. The number of
confirmed global COVID-19 cases exceeded 16.5 million with more
than 655.112 deaths, 3.96% of total cases [1].

Ithasbeenreported that thenCoV is different from MERS-CoVsin
terms of the whole genome sequence. Moreover, nCoV is structurally
and functionally different from its other SARS-CoV’s relatives. While
there are no amino acid substitutions in nonstructural proteins,
envelope, or accessory proteins, 380 amino acid substitutions had
been detected between the amino acid sequences of nCoV and the
corresponding SARS and SARS-like viruses, which may shed light
into how differs structurally and functionally from SARS-CoVs [2].

Various animal species had been incriminated as a source of
human COVID-19 sources. The virus potentially recognizes the
Angiotensin (Ang)-Converting Enzyme 2 (ACE2) receptor from
a diversity of animal species, except mice and rats, because mouse
or rat ACE2 contains a histidine at the position 353, which does
not fit into the virus-receptor interaction. The nCoV Receptor-
Binding Domain (RBD) likely recognizes ACE2 from pigs, ferrets,
cats, orangutans, monkeys, and humans with similar efficiencies,
because these ACE2 molecules are identical or similar in the critical
virus-binding residues, implicating these animal species as possible
intermediate hosts for nCoV infections. The situation involving bat
ACE2 is complex because of the diversity of bat species. It is likely
that nCoV’s RBD recognizes bat ACE2 from Rhinolophus sinicus bats
as its receptor, but the same is not valid for other species [3].

Although the structure of the virus is a complex one, the molecular
components are extensively elaborated. Our knowledge of the
structure of nCoV is indispensable for the development of effective
antiviral drugs and vaccines. Indeed, the knowledge of the molecular
structures of the virus, and the seriousness of the disease prompted
greater investment for drug development that may be useful not only
for the present pandemic but for the future possible outbreaks too.

This review aims to reveal the molecular structures of the
virus that are used by the virus to invade human cells, replicate,
multiply, harm the cell, and spread out. A plethora of researches
and publications relevant to epidemiology and molecular biology
of COVID-19 and nCoV can be found in the literature. However,
the mechanistic correlation of these structures with virus infectivity
awaits more elucidation. Accordingly, we tried in this review to
highlight the molecular structures of nCoV that are responsible for
the virus’s pathological effect and could be potential targets for anti-
coronavirus drugs.

Methods

Based on publications (especially recently published literature,
official documents, and selected up-to-date preprints) we reviewed
the virology, pathology, and treatment of COVID-19 infection using
two main search streams: 1. the virus nCoV structure, virulence,
and susceptibility to antivirals; 2. the disease-COVID-19, clinical
manifestations, pathology, and treatment. The authors’ names were
referred to as an additional keyword in the search. The search was
conducted using several search engines including Google, PubMed-

PMC-NCBI, medRxiv, Elsevier Coronavirus Research Hub,

Bilayer Lipid
Envelope (1)

Figure 1: Schematic drawing of the molecular structures of nCoV.
Abbrevations are explained in the text. The numbers 1-5 indicate possible
targets for drugs.

Wikipedia, Microsoft, and RefSeek-Academic Search Engines.

Structural characteristics of nCoV

The nCoV is lipid-enveloped, spherical, or oval particles
measuring 80-120 nm (average 100 nm) in diameter. The viral
envelopes are acquired from membranous structures of various
components of the host cell including the plasma membrane, internal
cell membranes such as the Endoplasmic Reticulum (ER), and the
Golgi complex. For most viruses, the envelope lipids are expected to
contain the components of these membranes such as phospholipids,
sphingolipids, and some cholesterol. However, the lipid composition is
not the same across sub-cellular membranes. The mammalian plasma
membranes having higher cholesterol and sphingolipid content,
whereas ER-Golgi Intermediate Compartment (ERGIC) contains
more phosphatidylcholine, but less cholesterol and sphingolipids
than the plasma membrane. Since coronaviruses are known to bud
from ERGIC before being transported by exocytosis, it is expected
that nCoV envelop may contain more phosphatidylcholine [4].

nCoV is a positive (+)-single-strand (sense) RNA (+ssRNA) virus,
belongs to Lineage b, Genus f3 that is a member of Coronavirinae
subfamily of the family Coronaviridae which in turn comprises the
order Nidovirales [5]. The genomic RNA (gRNA) and non-genomic
structural component of nCoV had been determined. The structural
peculiarities are shown in Figure 1 and detailed in the following
sections.

Structural proteins and glycoproteins

The viral genome encodes more than 20 proteins. Of these four
major structural proteins play important role in nCoV infectivity:
the spike (S) glycoprotein, nucleocapsid (N) protein, membrane
(M) protein, and the envelope (E) protein. All of these proteins are
required to produce a structurally complete integrated viral particle.
Individually, each protein primarily plays a role in the structure of
the virus particle, but they are also involved in other aspects of the
replication cycle.

Spike glycoprotein unit (S)

It is class I fusion protein, densely glycosylated, and integrated
over the surface of the virus. S is a globular club-like, pear-shaped,
or petal-shaped transmembrane structure protrudes some 17-20 nm

from the viral surface. The individual S domains assemble into groups
of three on the outer membrane, giving the nCoV its characteristic
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“corona-like” appearance. Structurally, each S is composed of two
non-covalently bound subunits, S1 and S2, each assembled into
trimmers (Masters). S mediates attachment and fusion of the virus
with the host cell membranes, and ensures viral entry into the host
cell [6].

The S1-subunit contains the RBD. It binds to the extracellular
Peptidase Domain (PD) of ACE2 by its polar residues. This binding
initiates fusion of the nCoV with cell membrane by induction of
conformational changes in the S2 subunit. S1 should be first activated
in order to modify S2 and induce fusion. Moreover, to engage a host-
cell receptor, the RBD of S1 undergoes hinge-like conformational
movements that transiently hide (down receptor-inaccessible
state) or expose (up conformation-(receptor-accessible state) the
determinants of receptor binding [7].

On the other hand, the S2-subunit contains amino acid sequences
necessary for membrane fusion and endocytosis. A critical proteolytic
cleavage event within the S2 subunit, acting in concert with the S1-
S2 cleavage site to mediate membrane fusion and virus infectivity
had been proposed as a novel priming mechanism for a viral fusion
protein. The S2 is composed of two Heptad Repeats (HR) HR1 and
HR2 (heptad repeat is a structural motif that consists of a repeating
pattern of seven amino acids containing hydrophobic, charged and
polar residues). HR1 forms a homotrimeric assembly forms a six-
helix bundle with HR2, exposes the site for HR2 binding on the cell
membrane, and helps bring the viral and cellular membranes into
close proximity, allowing the virus to bind with the cell membrane
and thence enter into the cell. On the other hand, HR2 islocated close
to the membrane anchor. The conformation changes induced after
binding of S1 to ACE2 bring fusion peptide, located in the N-terminal
(NT) of HR1, and the transmembrane anchor into close proximity
[8]. During viral infection, the trimeric S unit is cleaved into S1 and
S2 subunits, and S1 subunits are released in the transition to the
post-fusion conformation [9,10]. When S1 binds to the host receptor
ACE2, another cleavage site on S2 is exposed and is cleaved by host
proteases, such as Transmembrane Protease, Serine 2 (TMPRSS2), a
process that is critical for viral infection [9,11]. The S glycoproteins,
especially S1, maybe a potential target for specific drugs.

Envelope protein (E)

The E is the smallest integral membrane protein of the major
structural proteins and is found in relatively low numbers in the virus
particle. The nCoV possesses a unique and characteristics E. This E
contains at least one a-helical Transmembrane Domain (TMD). In
particular, arginine, positively charged amino acid, replaces Glutamate
or Glycine, negatively charged and neutral respectively [12]. E proteins
present at low concentration in the nCoV virus but found abundantly
in internal membranes of infected cells, from ER to Golgi where it
participates in the virus assembly and budding. The majority of the
protein is localized at the site of intracellular trafficking, compared
to the ER, Golgi, and ERGIC, where it participates in nCoV assembly
and budding [13]. The E protein is thought to have several functions
that contribute to virus growth and its ability to cause disease. The E
protein-PDZ-Binding Motif (PBM), a domain involved in protein-
protein interactions, is a major determinant of viral virulence. The
PBM of E protein was found to be directly involved in SARS-CoV
pathogenesis by binding the host’s syntenin protein resulting in
overexpression of inflammatory cytokines contributing to the so-
called “cytokine storm” [14]. Furthermore, the E-formed channel
can be embedded into the ERGIC-Golgi membranes and facilitate

Ca®* transport resulting in the activation of the nucleotide-binding
domain Leucine-rich Repeat (NLR) and pyrin domain-containing
receptor 3 (NLRP3) inflammasome followed by an overproduction of
interleukin (IL)-1 S [13].

The E is involved in important stages of the virus’s morphogenesis
and life cycle, such as assembly, budding, envelope formation,
pathogenesis [15], membrane permeabilizing activity [16,17], and
interactions with other viral and host cell proteins [15]. Absence,
or inactivation, of E protein results in attenuated viruses, due to
alterations in either virion morphology or tropism [16]. During the
replication cycle, E protein is abundantly expressed inside the infected
cell, but only a small portion is incorporated into the virus envelope
[18]. Coronaviruses are distinct from other enveloped viruses in that
they bud in the ERGIC, from where they acquire their membrane
envelope. Once in the lumen of the ERGIC, infectious viruses make
their way through the host secretory pathway to, ultimately, be
released from the infected cell [19]. Accordingly, the E protein is
localized mainly to the ER and Golgi complex where it participates
in the assembly, budding, and intracellular trafficking of infectious
viruses [20]. Additionally, the E-protein participates in the formation
of viroporin-viral proteins with ion channel activity that plays
an important role in several processes including virus replication
and alters the properties of host cell membranes. Coronaviruses
have three types of ion channels: pentameric assemblies composed
of single TMD (E and 8a protein), and 3a with three TMD. The
E protein has short hydrophilic amino terminus followed by a
large hydrophobic TMD. The hydrophobic region can generate
oligomerization and form an ion-conductive pore in membranes. The
E viroporin is cation-selective, demonstrating a preference for the
monovalent cations Na* and K* [21]. It has been suggested that the
viral viroporins and PBMs are suitable targets for antiviral therapy
and for the mutation in attenuated SARS-CoV vaccines. Mutation of
the E-protein could disrupt the ion-conductivity and the normal viral
assembly [22], hence control the E protein dynamics is a promising
target for preventing pathogenesis associated with the COVID-19. In
this respect, blockade of E-protein ion channels by hexamethylene
amiloride [23], belachinal, macaflavanone E, and vibsanol B [17], or
deletion of E-protein by inhibitor [24] all had been shown to block
the E-protein ion channel conductance in the cell membrane and
inhibit replication of coronavirus.

Nucleocapsid (N) protein

The N protein consists of three distinct but highly conserved
parts: NT RNA-binding domain (NTD), C-terminal dimerization
domain (CTD), and an intrinsically disordered central Ser/Arg
(SR)-rich linker. The NTD is responsible for RNA binding, CTD for
oligomerization, and (SR)-rich linker for primary phosphorylation
[25].

Unlike the other major structural proteins, N is a multifunctional
protein that interacts with other viral membrane proteins during the
assembly of the virus particles. N is the only protein that functions
primarily to bind to the nCoV RNA genome, making up the capsid
around the enclosed RNA. Multiple copies of the N link together to
form a spiral that tightly wraps and coils the RNA. This allows the long
RNA molecule to fit into the small virus particle and forms a protein
coat around the RNA that protects it from damage. It also assists in
RNA folding and release. Moreover, N protein participates in RNA
package, budding and release. N protein has a role in determining
the ratio of the genome- to sub-genome-length minus strands and,
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in the absence of N, this ratio is perturbed, with the underproduction
of genome-length templates. N protein does not function as a
replication-transcription switch. It may act as an RNA chaperone,
where chaperone activity results in the transient dissociation of RNA
structures, important for the initiation of minus-strand synthesis.
The coronaviruses possess helical nucleocapsids. This is not common
among plus-stranded RNA viruses but is typical of minus-stranded
RNA viruses. It is possible that the role of the coronavirus N protein is
to associate with the gRNA to produce a template that is “configured”
to balance the ratio of Replication-Transcription Complexes (RTCs)
engaged in either transcription or replication [26].

N protein has an important function in the early stages of infection
when the RNA molecule is first released into the host cell, acting to
reduce the cell’s natural defenses against the virus. Moreover, N
induces the intrinsic apoptotic pathway, resulting in cleavage of N
by cysteine-aspartic proteases, caspase-6 and/or caspase-3. Of note,
caspase activation is highly cell type-specific in nCoV [27]. Three
lines of evidence support implication of N in virus RNA synthesis:
first: N protein binds to the leader RNA sequences present at the
5" end of gRNA and subgenomic RNA (sgRNA) [28]; second: in
addition to a cytoplasmic distribution in the host cell, at least a
fraction of the N protein colocalizes with the RTCs early in infection
[29]; third: there is clearly a requirement for sustained translation
of the N protein in trans or in cis form for optimal replication of
nCoV RNA [30]. Although N is largely involved in processes relating
to the viral genome, it is also involved in other aspects of the nCoV
replication cycle and the host cellular response to viral infection [31].
Interestingly, localization of N to the ER-Golgi region has proposed a
function for it in assembly and budding [32]. Moreover, N protein is
required for synthesis and release of Virus-Like Particles (VLPs) and
incorporation of S into C-like protease, suggesting that requirements
for nCoV differ from those of other coronaviruses, which require M
and E but not N protein [33].

Membrane protein (M, Matrix protein)

The M protein is the most abundant membrane-embedded
structural protein and it is believed to be the central organizer for
the coronavirus assembly. It defines the shape and integrity of the
viral envelope, but alone, it is not sufficient for virus formation [34].
It interacts with all other major coronavirus structural proteins.
Interaction of M with S is necessary for retention of S in the ERGIC,
and assembly of new viruses [35]. On the other hand, binding of M
to N stabilizes the nucleocapsid (N protein-RNA complex), as well as
the internal core of the virus, and ultimately promotes the completion
of viral assembly [36]. Together, M and E make up the viral envelope
and their interaction is sufficient for the production and release of
VLPs [37].

Nonstructural components

The coronavirus gRNA encodes both structural proteins of the
virus and nonstructural proteins important for viral RNA synthesis.
These proteins are known as replicase-transcriptase proteins.
Moreover, there are nonstructural proteins that are nonessential for
virusreplicationbut conferaselective activity in the viral pathogenicity.
These are referred to as niche-specific proteins, nonstructural protein
(nsp). In CoVs, nsps are recruited to RTCs that synthesize both gRNA
and sgRNA. The nsps display a variety of activities such as proteinase,
polymerase, endonuclease, and methyltransferase [26]. At least one
nsp (nsp 12), and one structural protein (N) are involved in viral
RNA synthesis. The other vital components are proteases. Proteases

are very important for virus entry to cells and replication. They
represent potential targets for antiviral drugs. The proteases are 2
types: host/human- and virus-originated proteases. The proteases are
important in polyproteins processing, replication, and maturation of
the structural proteins.

The nCoV uses two host proteolytic enzymes to prim S
glycoprotein. S can be cleaved by both the furin (at the of S1 and S2
and within S2) and the TMPRSS2 (at proteolytic cleavage site within
S2). Furin belongs to the proprotein convertases, responsible for the
maturation of a huge number of inactive protein precursors. It cleaves
SARS-CoV-2 spike, inactive protein precursors, into their biologically
active products, thus facilitating viral entrance into host cells.
TMPRSS2, a human cell surface serine protease together with furin
enhances S1 binding to ACE2, and S2 fusion with the cell membrane,
resulting in membrane fusion and endocytosis of nCoV. ACE2 and
TMPRSS2 are essential in airway cells for nCoV infection [38]. On
the other hand, while other coronaviruses utilize three proteases
for proteolytic processing, SARS-CoV is known to encode only two
proteases, which include a papain-like cysteine protease (PLpro)
[39] and a chymotrypsin-like cysteine protease known as 3C-like
protease (3CLpro, main protease, M pro) [40]. These proteases are
vital to virus replication; they cleave the two translated polyproteins
(PP1A and PP1AB) into individual functional components [41]. The
3CLpro enzyme, is indispensable to the viral replication and infection
process, thereby making it an ideal target for antiviral therapy.

Additional-accessory structures

An additional, accessory structural protein may be present
not in nCoV but in other related lineages. Hemagglutinin Esterase
(HE) is one of these enzymes. It is a homodimeric N-glycosylated
class I membrane glycoprotein [24]. It occurs only in a subset of
closely related coronaviruses; these viruses, designated group 2
coronaviruses, including human coronavirus OC43 (HCoV-OC43).
Conceivably, HE synthesis might exert a negative effect on viral
replication in cultured cells by drawing on the cell's economy or even
by directly interfering with the production of other viral proteins,
in particular the S protein, e.g., by competing for folding enzymes,
chaperones, and other resources in the ER. Still, this does not seem
to be the case. The HE is not required for replication, but it aids in
the release of virus particles from an infected cell, may be involved in
virus entry, and appears to be important for infection of the natural
host-cell [42].

The other accessory protein that had been detected in other
coronavirus strains but not in nCoV is M2. The M2 protein of
influenza A and B viruses forms tetrameric proton channels that are
important for the viral life cycle. After the virus enters the infected
cell by endocytosis, the M2proton channel opens in response to
the low pH of the endosome, allowing proton flux into the virus,
which triggers the dissociation of the viral RNA from the membrane
proteins, and fusion of the viral and endosomal membranes. These
events release the viral RNA to the cytoplasm for replication by the
host cell. In a later stage of virus replication, it is the M2 protein
that maintains the high pH of the trans-Golgi network and prevents
premature conformational changes [43].

Many RNA viruses, including the coronaviruses, have evolved
mechanisms for generating cap structures at the 5'ends of viral gRNA
and sgRNA, through consecutive methylations by virally encoded
guanine-N7-methyltransferase (N7-MTase), at the N7 position of
the capped guanine, and by 2-O-methyltransferase (2'-O-MTase) at
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the ribose 2’-O-position of the first nucleotide. This mechanism plays
a critical role in pre-mRNA splicing, mRNA export, RNA stability
(via the blocking of degradation by 5’-3’ exoribonuclease), translation
initiation (by promoting host eukaryotic translation initiation factor
4E binding), and escaping the host’s innate immune system.

nCoV structure as drug target

The repurposed-old antiviral drugs display their effects on various
structural and nonstructural targets in nCoV (Figure 1):

Lipid bilayer: The ability of the virus to infect host cells could
be modified by disrupting the virus membrane which eventually
impacts on transmembrane protein structures. The lipid envelope
is highly sensitive to agents that disrupt lipid bio-membranes. It
has been reported that ethanol (60-70%) causes interdigitation of
phospholipids, whereas chlorhexidine (0.12%), fatty acids, hydrogen
peroxide (0.5%) and povidone-iodine (0.23-1%) disrupt envelope [4].

S glycoprotein:  Furin  inhibitors, and  piperazine
carboxamide interfere with ACE2 recognition by S. Moreover,
Ritonavir>Remdesivir>Lopinavir has high docking affinity for human
furin protease [44]. CP-1 and a pan-coronavirus fusion inhibitor
lipopeptide (EK1C4) target S2 and interfere with the conformational
changes leading to blockade of the virus-cell fusion process [45].
Phthalocyanine and hypericin (derived from Hypericum perforatum-
St. John’s Wort) bind to a pocket in S glycoprotein and prevent fusion

[46].

Viral nucleocapsid protein ribonucleoprotein (RNP): RNP
is formed by the interaction of N protein with RNA in a process
known as Protein-Protein Interaction (PPI), in which N-NTD is
associated with the 3™-end of the viral RNA genome. It serves multiple
critical functions during the viral life cycle including expression of
gRNA packing, viral transcription, and assembly in the infectious
cell. The NTD of SARS-CoV-2 contains a potential hydrophobic
pocket that could be a unique excellent drug-targeting candidate
[24]. 5-benzyloxygramine stabilizes the N-NTD dimers through
simultaneous hydrophobic interactions with both partners (N
protein and RNA), resulting in abnormal N protein oligomerization
that disrupts PPI [47]. Moreover, cepharanthine inhibits N, S, NF«xB
transcription factor, and reduces the cell membrane fluidity. Ergot
alkaloids dock to SARS-CoV-2 N protein [48].

E protein: Nocardamine is a macrocyclic siderophore (binding
Fe** jons with extremely high affinity). Nocardamine- and its
noncyclic relative deferoxamine-complex fit to and bind with high
affinity at E channel mouth, and effectively block it. Moreover, E is
also blocked by other compounds such as hexamethylene amiloride,
and glycyrrhetic acid, glycyrrhizic acid hydrolysis product aglycone
[23].

Neuraminidase (NA): Oseltamivir, Peramivir and Zanamivir are
available neuraminidase inhibitors used in the treatment of influenza.

Virus invasion of human cells

The main infection route is known to-day is either enteral or nasal.
In the case of the enteral route the virus attaches to the pharyngeal
mucosa, then travels en route to either down the gastrointestinal
system (diarrhea) or to the lungs (pneumonia) and from there to the
general circulation. Although the respiratory symptoms prevail, the
gastrointestinal system is also a target of nCoV. The involvement of
the digestive system in COVID-19 may be underestimated due to
the vast majority of patients initially develop respiratory symptoms.

Vomiting and diarrhea could be seen in some patients (5-6%). Two
factors could determine the nCoV infection via the gastrointestinal
system: gastric pH and disease. It has been reported that SARS-
CoV is completely inactivated by a highly acidic (pH 1-3) gastric
environment. Accordingly, in order for the SARS-CoV-2 virus to
invade epithelial cells without being inactivated in the stomach, the
gastric pH must be neutral. Patients who tested positive on respiratory
specimens but tested negative on the stool are generally younger than
older patients who are virus-positive in stool samples, suggesting
that aging is involved in the ease of virus enteral invasion. This is
expected as the pH at gastric mucosa surface increases in the elderly
(pH 5-7) and those with atrophic gastritis due to Helicobacter pylori
(pH=3). In these cases, nCoV is not inactivated but instead enters the
epithelial cells of the stomach, and further invades the epithelial cells
of the small and large intestines [49]. The virus could find its way to
the brain either from the nasal olfactory area (close to the brain) or
from the circulation. Wherever the nCoV meets ACE2 it hijacks it
and initiates an eight-phase cycle intracellularly: 1. Attachment to cell
membrane; 2. ACE2 and S priming fusion, endocytosis 3. Uncoating
and release; 4. RARp polymerase-translation and replication; 5. ER,
ERGIC assembly, packing, and storage; 6. Nucleocapsid formation-
RNA folding; 7. Vesicular storage, budding, and release (Figure 2).

1) Attachment to cell membrane: although different components
of the viral envelope glycoproteins are essential for membrane fusion
to occur, attachment of S to ACE?2 initiates the invasion process.

2) ACE2 and S priming, fusion, endocytosis: in order for fusion to
take place, ACE2 and the S protein needs to be cleaved and activated
by proteases found in the cell membrane (furin, TMPRSS2). This
step is critical, as it allows for the fusion sequences to be exposed.
Following binding of RBD in S1 subunit to the ACE2 receptor on
the target cell, HR1 and HR2 domains in S2 subunit of S protein
interact with each other to form a six-helix bundle (6-HB) fusion
core, bringing viral and cellular membranes into close proximity for
fusion and infection [50].

Host proteases (trypsin and furin) participate in virus-plasma
membrane fusion. They cleave coronavirus S protein in two sites
located at the boundary between the SI and S2 subunits (S1/S2
site). This stage is followed by cleavage of the S2 domain (S2' site),
fusion and endocytosis. The fusion processes are enhanced at low pH
in severe infections. Moreover, Phosphatidylinositol 3-phosphate
5-kinase, two-pore channel subtype 2 (TPC2), and cathepsin L are
important for entry into cells [51].

3). Uncoating and release: once entered into the cytoplasm, it
is most likely that COVID-19 employs a unique three-step method
for membrane fusion to enter early endosome involving receptor
binding and induced conformational changes, intracellular proteases
and further activation of membrane fusion mechanism [52]. Then,
early endosome transfers to the late endosome and finally to the
lysosome. At this stage, the envelope, structural proteins, and the
viral nucleocapsid had been digested and removed. Finally, the viral
genetic material, ssSRNA, is fully released into the cytoplasm [53]. On
the other hand, nCoV may also find its way to the double-membrane
vesicles, which are substrates for autophagy and conversion to
the autophagosome. The latter combines with lysosomes to form
autosomes where the viral components are also processed and the
gRNAs are released.

4). RdRp polymerase-translation and replication: being a (+)
ssRNA is an important property of nCoV, because this enables it to
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harbor RdRps sequences (replicase) within it. These sequences are
typically capped and polyadenylated (polyA) and used directly to
synthesize proteins in the cytoplasm but not the nucleus, and without
the help of a complementary RNA intermediary. RdRps catalyze
RNA-dependent formation of phosphodiester bonds between
ribonucleotides. The nCoV RdRp (also named nspl2) is a key
component of the replication/transcription machinery. Interestingly,
nCoV shares high homology with SARS-CoV, suggesting that its
function and mechanism of action might be well conserved once
released from the gRNA to cytoplasm by proteolysis. RdRp firstly
converts (+) ssSRNA to a (-) ssSRNA) complementary to the viral
(+) ssRNA. It is noteworthy to mention that (-) ssRNA cannot be
translated into protein directly. Instead, it must first be transcribed
into a (+) ssRNA. Moreover, the expression of the coronavirus
replicase-transcriptase protein genes is mediated by the translation of
the gRNA. RdRps are considered among primary targets for antiviral
drugs including Favipiravir and Remdesivir.

The nCoV genome possesses 14 Open-Reading Frames (ORFs)
encoding 27 proteins. The replicase-transcriptase proteins are
encoded in ORFla and ORF1b and are synthesized initially as two
large polyproteins, PP1a and PP1ab. The synthesis of pplab involves
programmed ribosomal frame shifting during translation of ORFla
[54]. During or after synthesis, these polyproteins are cleaved
by virus-encoded proteinases with PLpro and 3CLpro [55]. The
replicase-transcriptase proteins, together with other viral and cellular
proteins, assemble into membrane-bound RTC copying, gRNA, or
sgRNA. RTCs accumulate at peri-nuclear regions and are associated
with double-membrane vesicles [56]. Moreover, autophagy is also
implicated in the replication of the virus, a process partly related to
the formation of double-membrane vesicles inside the host cell.

5). ER, ERGIC assembly, packing, and storage: the (-) ssSRNA

either replicates to (+) ssRNA (which if correctly folded will
be introduced to ER-Golgi compartment), or to discontinuous
transcription yielding the structural proteins (M, S, and E) in ER,
then transfer to ERGIC.

6). Nucleocapsid formation-RNA folding: nucleocapsids are
formed from the encapsidation of correctly replicated genomes by
N protein in the cytoplasm, and as a result, they coalesce within the
ERGIC membrane in order for self-assembly into a new virus.

7). Vesicular storage, budding, and release: finally, the newly
formed mature viruses transfer to smooth-walled vesicles that
transport to the cell membrane, and leave the cell via exocytosis
(Figure 2). In the meantime, the stress of viral production on the ER
eventually leads to cell death-apoptosis [57].

Angiotensin-converting enzyme 2 (ACE2)

The ACE2-MasR forms the “good” arm of the renin-angiotensin
system (RAS; RAAS in case aldosterone is added) against the “bad”
arm formed by Ang II-AT1R [58]. ACE2 cleaves Ang II directly to the
vasodilator peptide Ang-(1-7), and indirectly to Ang I through the
production of Ang-(1-9) which is then processed by ACE/Neprilysin
to Ang-(1-7), thus acting as a pivotal element in balancing the
vasoconstrictor effects of these peptides and preventing hypertension.
However, ACE2 is now well known to play an important role in
nCoV infection, because it serves as the entry point into cells for the
virus. ACE exists in two isoforms: somatic ACE, and testis-specific
ACE, tACE [59]. The architecture of the ACE2 structure is very
similar to that of tACE. ACE2 is zinc metallopeptidase, homodimeric
type I integral-membrane protein. Each of its protomer is composed
of a single TMD a short cytoplasmic CT tail, and NT ectodomain-
extracellular with one Zn** containing claw-like negatively charged
active site of the PD. Moreover, there is a deep pouch containing the
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catalytic site on the ectodomain (in ACE there are two active sites).
Typically the virus receptors contain ridges that bind to structures
containing loops, cavities, and ridges in the proteins mediating entry
[60].

ACE2 functions as the chaperone for the membrane trafficking
of the amino acid transporter B’AT1, which mediates uptake of
neutral amino acids into cells in a sodium-dependent manner. ACE2
and B"AT1 interact with each other and the two assemble as a dimer
of heterodimers, with the Collectrin-Like Domain (CLD) of ACE2
mediating homo-dimerization. The expression of B°’AT1depends on
the presence of ACE2. However, the expression and distribution of
ACE2 are broader than B°AT1. In addition to kidneys and intestine,
where B°AT1 is mainly expressed, ACE2 is more widely expressed.
On the alignment of B°AT1 complex with nCoV’s S1 RBD, a ternary
complex is formed enabling simultaneous binding of two S proteins
to ACE2 homodimer [61].

ACE2 is more than a door-way for nCoV to enter cells. ACE2 has
been identified in various tissues. High ACE2 gene expression was
initially reported in the heart, kidney, and testis [62]. Later studies
showed ACE2 expression in a wide variety of tissues, including the
brain [63] where ACE2 is expressed predominantly in glial cells [64],
although nCoV has been detected almost exclusively in neurons in
the brains of infected patients, suggesting the distribution of ACE2 to
the CNS [65]. Moreover, ACE2 is also extensively expressed in most
of the cardiovascular-relevant tissues [66]. It is also widely expressed
especially in type II alveolar epithelial cells, bronchiolar epithelial
cells, endothelial cells, and arterial smooth muscle cells of the lung
[67].

In addition to its importance in regulating and protecting the
cardiovascular system, ACE2 also plays a protective role in acute
lung injury. Down-regulation of ACE2 was found in the lungs after
acute lung injury, including SARS-CoV infection [68]. One of the
main targets employed by nCoV to gain entry into host human cells
is the ACE2 receptors [69]. The S protein of nCoV binds ACE2 with
higher affinity than does SARS-CoV [61]. The negatively charged
ridges surrounding the channel within ACE2 may provide a possible
binding site for the positively charged RBD of the S-glycoprotein
[59]. In addition to cleavage of S, TMPRSS2 also cleaves ACE2
arginine and lysine residues in specific clusters present in C terminals
close to the TM domain of ACE2. Cleavage of the ACE2 by TMPRSS2
enhances viral uptake, whereas cleavage of the spike S glycoprotein
activates the latter for membrane fusion [70].

The expression of ACE2 is subject to variation, which may be one
of the factors involved in the difference in the severity of COVID-19
among patients. Moreover, ACE2 polymorphism could be one
of the causes of individual variation with regard to infection rate
and severity. Also, it is still debated whether smoking predisposes
to COVID-19 or helps prevent the disease. It is well known that
smoking is associated with increased ACE2 in the lungs [71]. This
is expected to be in favor of the virus entry to cell initially, but as
the disease progresses nCoV depletes ACE2. Accordingly, increased
ACE2 could avert the nCoV-induced depletion of ACE2, or it
may substitute for the nCoV-shedded ACE2. However, smoking
(especially chronic) is well known to inflict extensive pulmonary and
cardiovascular damages (lung edema, inflammation, DNA damage,
activation of proteases, increased secretions) that all increase severity
of COVID-19 [72]. While ACE level is not changed by age or sex,
it has been reported that men are more prone to being affected by

COVID-19, maybe because of a high smoking rate.

Pathogenicity

The route of transmission and pathogenesis of COVID-19 is still
debated. Although the respiratory route is salient, mounting evidence
supports the involvement of the gastrointestinal system as a route of
infection. The gastrointestinal tract (intestine) tropism of SARS-CoV
was verified by the viral detection in biopsy specimens and stool even
in discharged patients, which may partially provide explanations for
the gastrointestinal symptoms such as nausea, vomiting and diarrhea,
and potential recurrence, and transmission of nCoV from persistently
shedding human [73]. Whereas up to 60% of patients suffering from
SARS had a liver impairment, mild to moderate liver injury, including
elevated aminotransferases, hypoproteinemia, and prothrombin time
prolongation, has been reported in the existing clinical investigations
of COVID-19. However, the exact mechanism of COVID-19-induced
gastrointestinal symptoms largely remains elusive. Previously, the
prevalent persuasion was that nCoV-2 could not infect the liver due
to its lack of ACE2. However, recent studies had revealed a significant
enrichment of ACE2 expression in cholangiocytes (59.7% of cells)
instead of hepatocytes (2.6% of cells), suggesting that COVID-19
might lead to direct damage to the intrahepatic bile ducts [74].

Mitochondrial dysfunction is another important pathogenic
change that is involved both in COVID-19 pathogenicity and effect
of some drugs. The nCoV sequesters the protons, generated from the
electron transfer chain, and uses them for release and replication.
Sequestration of the protons leads to disruption of mitochondrial
oxidative phosphorylation and impairment of the electrochemical
gradient required for ATP synthesis. The dcrease of ATP production
that is caused by disrupted oxidative phosphorylation compensates
by upregulation of glycolysis with subsequent increased production
of lactic acid and acidosis that also results in virus’s favor. On the
other hand, drugs like chloroquine also sequester mitochondrial
protons. This mechanism is implicated in chloroquine-toxicity, but it
is expected to be involved in chloroquine’s antiviral activity because
the virus will be deprived of protons [75]. The mitochondrial effect
may explain the resistance of the youngs to COVID-19 or their
asymptomatic experience of the disease, possibly due to their better
adaptation to ATP requirement and their capability to synthesize
more mitochondria [76]. It may also provide an answer to the better
clinical effects obtained with early chloroquine treatment [77].

When it comes to the respiratory route, three stages could
be delineated according to the clinical picture of the disease and
laboratory findings.

Stage 1: Asymptomatic incubation period; 1-2 days after
inhalation of the virus. The virus likely binds to epithelial cells in the
nasal cavity and starts replicating. There is local propagation of the
virus but with a limited innate immune response. The extent of SARS-
CoV-2 binding to the ACE2 receptors is limited to the nasal, oral and
pharyngeal epithelial cells. The virus is likely to cause mild symptoms
that may be confused with a common cold or flu. At this stage, the
virus can be detected by nasal and pharyngeal swabs. Although the
viral burden may be low, these individuals are infectious. The patients
may experience smell or taste impairments but often recover without
any interventions.

Stage 2: Non-severe symptomatic period; a few days after the
first stage 80% of the infected patients exhibit mild clinical symptoms
that are mostly restricted to the upper and conducting airways. The
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virus propagates and migrates down the respiratory tract along the
conducting airways, and a more robust innate immune response is
triggered in this stage and leads to primarily respiratory symptoms
such as persistent cough, shortness of breath, and low blood oxygen
level. A moderate pulmonary involvement with or without hypoxia is
probable. Nasal swabs or sputum yields the virus. Moreover, CXCL10
is a chemokine secreted by several cell lines including alveolar type
IT cells in response to both SARS-CoV and influenza. CXCL10 plays
a crucial role in the development of COVID-19-related symptoms.
The level of CXCLI10 (or some other innate response cytokine) may
be predictive of the subsequent clinical course [78]. About 20% of the
infected patients will progress to stage 3.

Stage 3: Severe respiratory symptomatic stage; characterized by
pulmonary infiltrates, lung injuries, and severe pulmonary symptoms
such as dyspnea. The virus now reaches the gas exchange units of the
lung and infects alveolar type II cells because SARS-CoV preferentially
infects type II cells, where ACE2 receptors are abundant, compared to
type I cells [79]. The virus replicates intracellularly, the infected cells
undergo apoptosis and die, and the released viral particles infect type
IT cells in adjacent units. These cells in the end will die and secondary
pathway for epithelial regeneration will be triggered. The pathological
result is diffuse alveolar damage with fibrin rich hyaline membranes
and a few multinucleated giant cells. One of the cardinal diagnostic
pulmonary changes observed in CT images is accumulation of fluid
and the hazy lung opacity-characteristic white patches “ground
glass powder”, composed of the exudates in the alveoli. Hyaline
membranes formation is another pulmonary pathological finding
observed in COVID-19 [80].

Inflammation and immune response

The core inflammatory reaction that takes place in COVID-19,
cytokine storm, is different from that caused by prostaglandins.
Accordingly, in order for the selected treatment to be effective, it
should target the cytokines. S-glycoprotein induces pyroptosis where
cells release interleukins and mitochondrial cytc. IL-6 is one of the
main cytokines involved in COVID-19 pathologies. It is produced by
various cell types, including T- and B-cells, lymphocytes, monocytes,
and fibroblasts. IL-6 is a proinflammatory cytokine that is involved
in diverse physiological processes such as T-cell activation, induction
of immunoglobulin secretion, initiation of hepatic acute-phase
protein synthesis, and stimulation of hematopoietic precursor
cell proliferation and differentiation. Moreover, the caspases have
identified roles not only in apoptosis but also in pyroptosis. However,
inthe case of COVID-19, they are not essential in apoptosis [81]. Of the
caspases, caspase 1 is required for pyroptosis [82]. It has been reported
that nCoV activates caspase 1 via NLRP3 inflammasome [83]. Active
caspase-1 cleaves and activates the inflammatory cytokines, such as
pro-IL-1f and pro-IL-18, and the pore-forming protein gasdermin D
that causes inflammatory cell death [84]. Glyburide and parthenolide
inhibit NLRP3 [85]. The molecular effects of nCoV are the conduit
for the laboratory findings of inflammation in COVID-19 patients
such as elevated C-reactive protein, IL-6, D-dimer, serum ferritin,
and lactate dehydrogenase during the first week after illness onset.

Pulmonary effects

The respiratory system is the main route implicated in COVID-19
human-to-human transmission, possibly due to its high ACE2
expression. The transmission is believed to occur through respiratory
droplets (particles>5-10 ym in diameter) from coughing and
sneezing. Aerosol transmission is also possible in case of exposure to

elevated aerosol concentrations in closed spaces. The nCoV mainly
settles into type II alveolar cells [79]. Following the nasal entrance
of nCoV, a two-phased immune/inflammation response takes place
[86]. The first phase is the immune-based protective phase. An innate
immune response is required to eliminate the virus and to preclude
disease progression to the severe stages. Therefore, strategies to boost
immune responses (antisera or pegylated IFN«) at this stage are
certainly important. The second phase is inflammation-phase. The
severe pulmonary inflammatory reactions are the main cause of life-
threatening respiratory disorders. However, the protective immune
response is impaired, nCoV propagates, induces massive destruction
of pulmonary tissues, and induces extensive cytokines release largely
by pro-inflammatory macrophages and granulocytes. The severe
inflammatory reaction and fever are attributed to cytokine storm
that is caused by IL-6, but not by T cells because lymphocytopenia
is evident in this stage. Moreover, nCoV inhibits type 1 interferons,
which together with cytokine storm may orchestrate infiltration of
mononuclear cells (monocyte, macrophages) and neutrophils in lung
parenchyma [87].

Cardiovascular and hematological system

Several studies suggest an association between pre-existing
COVID-19. Pre-existing
cardiovascular diseases may also increase the adverse effects of
drugs. Moreover, nCoV can result in heart dysfunction due to the
intensively expressed ACE2 in the myocardial cells that act as
receptors for this virus. Hemoglobin and neutrophil count decrease
in many COVID-19 patients and the index values of serum ferritin,
erythrocyte sedimentation rate, C-reactive protein, albumin, and
lactate dehydrogenase of many patients increase significantly. Each
hemoglobin molecule contains four hem moieties, each surrounded
by one of the four globins (2« and 28) forming a tetrahedral structure.
Each hem is composed of one iron bound to four porphyrins. It has
been reported that some structural and nonstructural components
of nCoV could bind porphyrin. The ORFS, possibly coordinately
with other components, could bind the porphyrin and detach it
from the iron [88] leading to the release of iron. This will lead to
nonfunctional hemoglobin because the oxygen and carbon dioxide
carrying capacity of hemoglobin will be reduced, and eventually lead
to alveolar cells degeneration and formation of the ground-glass-
like images in the lung. Moreover, excessive iron will accumulate
in the tissues. Consequently, reactive oxidant species will increase
and lead to tissue (pulmonary, cardiac, kidney, intestine) damage,
and fibrin and thrombus accumulation in lung tissue. Moreover,
hyperferritinemia linked to fatality takes place. Accordingly, iron
chelators (e.g. desferrioxamine) may be useful and could be added to
treatment protocols.

cardiovascular diseases and severe

The other important pathological change observed in various
stages of COVID-19 patients is coagulopathy that could take place
as hypercoagulation or extra- and intra-pulmonary bleeding. It
depends on the interaction of hyperinflammatory mediators and the
immune system and the degree of the cell and organ damage. The
pathways that lead to coagulopathy include: 1. hyperinflammation-
induced endothelitis and endothelial damage. These changes result
in deterioration of endothelial function, down-regulation of ACE2,
an increase of Angll, vascular permeability, excessive thrombin
generation [89], and elevation of tissue factor and plasminogen
activator inhibitor-1, PAI-1 [90]; 2. hypoxemia: triggers expression of
hypoxia-inducible factors which may promote further inflammation,
increase blood viscosity, induce platelets and coagulation factors
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activation, increase tissue factor expression, increase PAI-1, and
inhibit the endogenous anticoagulant proteins. On the other hand,
necrotizing hemorrhage in the brain [91] and colon [92] had been
reported in some COVID-19 patients. Moreover, hemorrhage and
infarction secondary to microhemorrhage induced by inflammation-
or infection-linked vascular damage are all detected in some
COVID-19 patients’ lungs.

COVID-19 also involves macrophage activation syndrome that
triggers immuno-thrombosis characterized by diffuse pulmonary
intravascular coagulopathy, increased D-dimer and cardiac enzyme
levels and hyperferritinemia [93]. Hyaline membrane formation
is also expected to be involved in the coagulopathy and alveolar
degeneration [80]. The initial coagulopathy of COVID-19 presents
with a prominent elevation of D-dimer and fibrin/fibrinogen
degradation products, while abnormalities in prothrombin time,
partial thromboplastin time, and platelet counts are relatively
uncommon. The increased D-dimer could indicate plasmin
hyperactivity. This is expected to result from decreased pH that is
produced by excessive hypoxia, and correlate with a parallel rise in
markers of inflammation (e.g. C-reactive protein). Unlike the pattern
seen in classic disseminated intravascular coagulation from bacterial
sepsis or trauma, prothrombin time in COVID-19 patients is not
elongated, and D-dimer value is lesser, but platelet count is higher
than non-COVID-19 patients [94].

Lymphopenia and thrombocytopenia are the other two
prominent hematological changes observed in COVID-19 patients.
The nCoV can induce lymphopenia and thrombocytopenia, directly
or indirectly, via apoptosis and inhibition of the hematopoietic stem
or progenitor cells by induction of antibodies, immune complexes,
and CD13 or CD66a cells. Moreover, COVID-19 is associated with
CD4+ and CD8+ T-cell lymphopenia, which may result from a
combination of virus-induced direct cytopathic effects, as well as
enhanced T-cell apoptosis due to a dysregulated cytokine milieu [95].
While depletion of CD8+T cells at the time of infection has no effect
on viral replication or clearance, depletion of CD4+T cells results in
an enhanced immune-mediated interstitial pneumonitis and delayed
clearance of nCoV from the lungs. These effects are associated with
reduced neutralizing antibody, cytokine production, and reduced
pulmonary recruitment of lymphocytes [96]. On the other hand, the
pulmonary damage due to nCoV-ventilation disturbance will decrease
pulmonary healthy capillary bed, which will lead to decreased platelet
production. The lung damage could also induce platelet aggregation
and pulmonary thrombosis which increases platelet consumption.
These effects collectively decrease the circulating platelets and
eventually cause thrombocytopenia.

Hypokalemia

Hypokalemia prevails in COVID-19 patients. The degree of
hypokalemia is correlated with several clinical features reflecting
the severity of COVID-19 [97]. It is well known that sufficient and
appropriate levels of plasma K* have a protective role in preventing
myocardial failure through weakening cellular hyperpolarity and
depolarization. Therefore, frequent plasma/serum K* blood test is
useful for determination of K* level and maintain it between 4.0-5.5
mmol/L in plasma, or 4.5 and 5.5 mmol/L in serum, serum generally
has more K* than plasma. The levels below these values indicate
hypokalemia (3-3.5 mM) or severe hypokalemia (<3 mM) [98].
A low prevalence of optimal concentration of plasma K* implies a
massive risk for the patients” heart to when it occurs in COVID-19

patients. Moreover, higher prevalence (28%) of pH values over 7.45
had been reported in the patients with severe hypokalemia because
severe hypokalemia led to alkalosis due to H*-K* exchange between
intracellular and extracellular fluid [99].

The prevalence of hypokalemia among COVID-19 patients and
its association with the severity of the disease, necessitates elucidation
of the mechanisms of hypokalemia, in order to understand its
cause and correct it. In the current situation, two probable causes
of hypokalemia are proposed: increased gastrointestinal and/or
urinary loss. Gastrointestinal loss of K* might not contribute much
to hypokalemia in COVID-19 because only a small proportion (31%)
of patients with hypokalemia show diarrhea, and no significant
difference had been detected for K* level in these patients. Therefore,
hypokalemia might principally result from increased urine loss,
because urine K* excretion extensively increases in the hypokalemic
patients. Additionally, increased urine K* excretion as the primary
cause of hypokalemia is consistent with the pathogenesis of nCoV.
This virus, by degrading ACE2, drives RAAS towards enhanced
ACE-Ang II-AT1R. The final effect of this disturbance of RAS is the
increased distal delivery of sodium and water to collecting tubule of
the kidney and enhanced potassium secretion in exchange for Na*
absorption. This effect is similar to the effect of aldosterone that
stimulates water and sodium reabsorption and potassium excretion
and thus increases body water and blood pressure. It is noteworthy
to mention that continual K* supplement has very little effect on
the return of normokalemia when the urine loss of K* persists in
severe COVID-19 patients. However, the patients who are inclined
to recovery responded well to K* supplement treatment and steadily
return to normokalemia. This phenomenon indicates the end of K*
loss in urine due to disordered RAAS balance, indicating retrieval of
the ACE2 function. It could be suggested that return of normokalemia
might be a reliable biomarker for monitoring ACE2 function [97].

Brain infection

The nCoV is neuroinvasive, detected in CSF, exhibits neurotropic
properties, with the potential to induce CNS damage and neurological
diseases. Based on an epidemiological survey on COVID-19, the
median time from the first symptom to dyspnea is 5.0 days, to
hospital admission is 7.0 days, and to the intensive care is 8.0 days
[100]. This latency period may be enough for the virus to get access
to the brain via nasal mucosa and circulation. The juxtaposition of
the nasal cavity with the brain’s olfactory nerves and olfactory bulb
makes it a very important channel for nCoV to reach the brain from
the nose. This renders the nasal cavity a pathway for brain infection
besides the circulation. In case nCoV contrive a way to the brain
through the nose, its entrance could be through the olfactory tract
in the early stages of infection, then reach the entire brain (including
the brainstem where centers regulating important cardiovascular and
respiratory functions are located) and cerebrospinal fluid through the
olfactory nerve and olfactory bulb within 7 days [101]. Brain infection
exhibits a three-stage pathogeny:

Stage 1: limited to the nasal and gustatory epithelial cells, with
possible smell or taste impairment.

Stage 2: robust immune response leading to cerebral blood
vessels inflammation, the formation of blood clots in cerebral arteries
and veins leading to stroke, fatigue, sensory loss, hemiplegia or
tetraplegia, or ataxia in some patients.

Stage 3: During the cytokine storm, the integrity of the blood-
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brain barrier is disrupted, leading to the entry of cytokines, blood
components, and viral particles into the brain. This stage can be
characterized by seizures, confusion, coma, loss of consciousness, or
death.

The coronavirus, like other neurotropic viruses, causes three
main diseases in the nervous system [102]. These include: 1. viral
encephalitis: acute onset involving neuronal damage; 2. acute toxic
encephalitis-refers to a type of reversible brain dysfunction syndrome
caused by factors such as systemic toxemia, metabolic disorders, and
hypoxia during the process of acute infection. The basic pathological
changes in this disease include cerebral edema, with no evidence of
inflammation; 3. acute viral cerebrovascular diseases expected to
arise from the cytokine storm and hyperfibrinolysis. The diseases
may be caused by several mechanisms: a) direct injury caused by
inflammatory and immunologic responses induced by interleukins
that disrupt the blood-brain barrier and induce neuronal damage and
demyelination; b) ACE2 downregulation/or loss; ¢) hypoxic injury
(anaerobium and metabolic acidosis). Subsequent to pulmonary
infection and dysfunction, COVID-19 patients often suffer from
severe hypoxia [103]. This will lead to brain mitochondrial disorder,
acidosis, cerebral vasodilatation and disruption of circulation,
neuronal and interstitial edema, intracranial hypertension, and injury
to the nervous system, and various neurological signs ranging from
light (headache, nausea, and vomiting, etc.) to more severe neurologic
manifestations (epileptic seizures), acute cerebrovascular diseases
and impaired consciousness [104].

Conclusion

The COVID-19 outbreak continues, the number of cases and
deaths are gradually increasing all over the world, of course by
changing the spreading center. Our knowledge of the molecular
structure of nCoV is of great value for determining the sites which
could be targets for selective and effective novel antiviral drugs.
Several drugs that had been used to treat other coronaviruses and
diseases are being used in different parts of the world with different
success degrees and efficacy. Moreover, our knowledge of details of
nCoV structure is of great importance in determining the sites where
the virus mutates, and those which could be useful for development
of effective and specific vaccines.
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