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A B S T R A C T

The novel Coronavirus disease of 2019 (nCOV-19) is a viral outbreak noted first in Wuhan, China. This disease is
caused by Severe Acute Respiratory Syndrome (SARS) Coronavirus (CoV)-2. In the past, other members of the
coronavirus family, such as SARS and Middle East Respiratory Syndrome (MERS), have made an impact in China
and the Arabian peninsula respectively. Both SARS and COVID-19 share similar symptoms such as fever, cough,
and difficulty in breathing that can become fatal in later stages. However, SARS and MERS infections were
epidemic diseases constrained to limited regions. By March 2020 the SARS-CoV-2 had spread across the globe
and on March 11th, 2020 the World Health Organization (WHO) declared COVID-19 as pandemic disease. In
severe SARS-CoV-2 infection, many patients succumbed to pneumonia. Higher rates of deaths were seen in older
patients who had co-morbidities such as diabetes mellitus, hypertension, cardiovascular disease (CVD), and
dementia. In this review paper, we discuss the effect of SARS-CoV-2 on CNS diseases, such as Alzheimer's-like
dementia, and diabetes mellitus. We also focus on the virus genome, pathophysiology, theranostics, and au-
tophagy mechanisms. We will assess the multiorgan failure reported in advanced stages of SARS-CoV-2 infection.
Our paper will provide mechanistic clues and therapeutic targets for physicians and investigators to combat
COVID-19.

1. Introduction

A virus is neither a dead nor alive particle that uses a host to thrive
and replicate. The host could be any healthy body (animals or plants)

[1–4]. Normally, viruses are classified by their replication and growth
methods. A common virus, the influenza (flu) virus, causes cold-like
symptoms such as chills, headaches, muscle aches, and fever, and sur-
vives in the human body for 20 days [5]. Viruses have a preferred host
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and rarely jump hosts to cause disease (e.g.; Coronavirus) [6,7]. The
coronavirus family has been around for many years and is a zoonotic
virus found in bats, camels, and cats. Viruses from this family do not
prefer human beings as hosts possibly due to the high core body tem-
perature (37 °C) [8]. The survival temperature of coronaviruses may be
below 35 °C. However, as a result of mutations in the coronavirus, some
members of this family can survive in humans. Evidence of such genetic
alterations was seen in the first corona outbreak of 2003. However,
SARS could not transmit as effectively across populations as the current
SARS-CoV-2 [9,10]. Genetic alterations may have also led to the current
SARS-CoV-2 [11,12].

The most recent outbreak from the coronavirus family was seen in
December of 2019 in China and was named SARS CoV-2. The disease
caused by the virus was named coronavirus disease (COVID-19)
(Fig. 1). While the case fatality rate for the SARS-CoV outbreak was
10–12% and that of MERS was 30–34%, SARS-CoV-2 had a much lower
case fatality rate of 2–3% (CDC report 2020) [13]. However, SARS-CoV-
2 is more infectious than its predecessors, thus more lethal despite a
lowercase fatality rate (Fig. 2). The SARS-CoV-2 virus spreads when the
infected person sneezes and coughs into the air (droplets). The virus
particles may survive in the air for 14–16 h depending on outside
temperature and may travel a distance of 3–4 ft [14,15].

Viral genome sequences obtained from infected patients in the
United States of America are similar to those of patients in China. This
similarity used to suggest a single emergence of the virus from an an-
imal reservoir [14,16,17]. The SARS-CoV outbreak jumped from bats to
civet cats, and then from civet cats to humans [16]. In 2012, the second
outbreak from the coronavirus family, Middle East respiratory syn-
drome coronavirus (MERS-CoV), was transmitted from camels to hu-
mans in the Arabian Peninsula [16]. SARS-CoV-2 is postulated to have
been transmitted from bats to humans. Pangolins may have been an
intermediary host (Fig. 1). Researchers also note that SARS-CoV-2 has
mutated at least once, based on the identification of two strains of the
coronavirus [10,14,16,17].

In this review paper, we focus on the structure, genome, epide-
miology, pathophysiology, diagnosis, and therapeutics of SARS-CoV-2.
Furthermore, we emphasize the role of comorbidities such as diabetes,
hypertension, coronary diseases, and obesity in SARS-CoV-2 suscept-
ibility. We will also explore the neuroinvasive nature of SARS-CoV-2.

2. Coronavirus and COVID-19 overview

Corona in Latin means crown. Coronaviruses have a crown-like
appearance under the electron microscope (EM) due to the presence of

Fig. 1. Route of Transmission of CoVs in to humans: a. SARS-CoV; Primary source is Bats and Civet Cats are intermediate reservoirs; b) MERS-CoV; Primary source is
Bats and Camels are intermediate reservoirs; c) COVID-19; Primary source is Bats and Pangolins are intermediate reservoirs (putative).
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Fig. 2. The number cases and deaths data was taken from WHO (https://who.sprinklr.com/) and CDC till May 14th, 2020. The Case Fatality was calculated as the
ration of No. of Confirmed Covid-19 cases over No. of Covid-19 deaths. However, Case fatality rate is low for SARS-CoV2 (3–4%) in comparison with SARS-CoV
(9.6%), MERS-CoV (34%). Case fatality rate Source from https://www.worldometers.info/coronavirus/coronavirus-death-rate/
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spike glycoproteins on its envelope. It belongs to the coronaviridae
family and Nidovirales order. There are different groups of cor-
onaviruses including alpha (α), beta (β), gamma (γ), and delta (δ)
groups. The α-coronaviruses are Human Coronavirus-229E
(HCoV229E), and Human Coronavirus NL63 (HCoV-NL63) whereas β-
coronaviruses are Human Coronavirus OC43 (HCoV-OC43), SARS-CoV,
HKU-1, MERS-CoV, and SARC-CoV-2. The SARS-CoV-2 is a new strain
from the coronavirus family, initially named as a novel coronavirus
(nCov-2019), that had not been previously identified in humans
[13,16].

It is believed that COVID-2019 might have been transmitted from
bats to human beings through pangolins (putative) [13,16]. The
common signs of COVID-19 infection in immune-compromised in-
dividuals are fever, dry cough, shortness of breath, and muscle pain. In
severe cases, this infection may cause pneumonia, renal failure, and
death. Earlier studies also noted organ localization of SARS-CoV to the
small intestine, kidney, stomach, liver, cerebrum, pituitary gland,
parathyroid gland, and sweat glands. This localization was identified in
autopsy samples by detecting N protein and viral RNA [18].

3. Structure of SARS-CoV-2 (COVID-19)

SARS-CoV-2 appears round and has an envelope. On its envelope, it
has spike proteins (S1 and S2) and conjugated proteins (glycoproteins).
The spike proteins play a crucial role in binding to Angiotensin-
Converting Enzyme-2 (ACE-2) receptors of host cells to enter the cell by
endocytosis. The membrane protein (M) which is present on the en-
velope determines the shape of the virus. The interaction of envelope
(E) glycoprotein with M protein forms the viral envelope [19].

SARS-CoV-2 is a non-segmented positive sense single-strand RNA
(ssRNA) 30 kb in size (Fig. 3). It commandeers the host's cellular ma-
chinery for its duplication. The genome contains sequences for papain-
like proteases, replicases, helicases, endoribonuclease, and Spike pro-
teins (S1 & S2). The spike proteins which are present in SARS-CoV-2 are
different from those of SARS-CoV [19,20].

4. Genome and proteome of SARS-CoV-2

Three strains of the novel coronavirus, namely Wuhan/ IVDC-HB-

01/2019 (HB01), Wuhan/IVDCHB-04/2019 (HB04), and Wuhan/IVDC-
HB-05/2019 (HB05), have shown great similarity with only five nu-
cleotide differences in their entire genome. The SARS-CoV-2 genome
has 14 open reading frames (ORFs) and encodes 27 proteins. The 5′
terminus ORFs (Orf1ab and orf1a) encodes pp1 proteins and 15 non-
structural protein sequences (nsps). The 3′-terminus of the SARS-CoV-2
genome contains S, M, E, and N structural proteins and accessory
proteins-3a, 3b, p6, 7a. 7b, 8b, 9b, and orf14. Interestingly, at the
amino acid level, SARS-CoV-2 is almost identical to SARS-CoV. It only
has a few minor differences. For example, the 8a protein is present in
SARS-CoV-2 but is absent in SARS- CoV. The 8b protein is longer in
SARS-CoV-2 (121 amino acids) than in SARS-CoV (84 amino acids). The
3b protein is smaller in SARS-CoV-2 (22 amino acids) than in SARS-CoV
(154 amino acids) (Fig. 4) [21]. Further functional characterization
studies need to be done.

5. Epidemiology of COVID-19

The R0, or reproductive ratio, is the rate of transmission for various
diseases. The R0 for COVID-19 is around 2–3 while that of influenza is
1. This means that a patient who is positive for COVID-19 may spread
this virus to three other people through air droplets (sneezing or
coughing). Each of those individuals can spread to three more people
[22].

The series interval (SI), is the time interval between the appearances
of COVID-19 symptoms in the first person to the day when there is an
appearance of symptoms in a second person. The SI for COVID-19 is
5–7.5 days while that of influenza is around 2.5 days [13,22]. The ex-
tended incubation period increases the virulence of the virus as it can
transmit far and wide before showing itself. As of May 20th, the total
number of confirmed cases exceeded 4,864,881 with 321,818 deaths
globally. The United States of America (USA) had 1,528,235 confirmed
cases and 91,664 deaths (Fig. 2) [23]. According to the Center for
Disease Control and Prevention, as of June 22, there have been over
2,275,645 confirmed cases and 119,923 confirmed deaths in the US
[17]. At the same time, the World Health Organization has recorded
over 8,860,331 confirmed cases and 465,740 deaths globally due to
SARS-CoV-2 [23].

Fig. 3. a) Structure of SARS-CoV2: Labeled with spike proteins, M-proteins, HE, E, and RNA with Nucleocapsid (N) proteins.
b) Transmission electron microscopic (TEM) images- SARS-CoV2 marked with arrow head, image credit: Centers for Disease Control and Prevention (CDC)|CS
Goldsmith and TG Ksiazek (left) and NIAID (right).
c). Colored TEM with predominant spike proteins on envelope of SARS-CoV2 (COVID-19), image credit: NIAID-RML/NATIONAL INSTITUTES OF HEALTH/SCIENCE
PHOTO LIBRARY.
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6. Who is at risk for this COVID-19

The median age for SARS-CoV-2-infected patients is between the
ages of 47–56 years old with males comprising more than half of the
cases. People who are over 45 years old as well as those with co-
morbidities (hypertension patients, severe obesity (> 40 kg/m2), dia-
betes mellitus (DM), coronary disease, and pneumonia), are at greater
risk for adverse outcomes due to COVID-19 [24–33]. In the USA,
around 10.5% of the population (34.2 million) have DM and subse-
quently are at a higher risk for COVID-19. DM patients also had co-
morbidities such as severe obesity (15.5%) and hypertension (64%). As
the number of comorbidities increase, so does a patient's risk of adverse
outcomes if they contract COVID-19 [13].

7. Times course of SARS CoV 2/COVID-19 in the human body

The average incubation period for SARS-CoV-2 is 5.2 days, and 98%
of those who develop SARS-CoV-2 symptoms do so within 11.5 days.
The clinical symptoms of SARS-CoV-2 vary starting with an asympto-
matic stage that can progress to acute respiratory disease (ARD) and
pneumonia [24,34–37]. However, the prevalence of asymptomatic
cases is significant (20–86% of all infections). Asymptomatic in-
dividuals have a positive viral nucleic acid test without any SARS-CoV-
2 symptoms [38–42]. Interestingly, respiratory viral load and trans-
mission rates are the same in both patients (asymptomatic & sympto-
matic) [40,42]. Many confirmed COVID-19 patients did not have any
significant abnormalities in chest imaging such as ground-glass opa-
cities, patchy shadowing, and interstitial abnormalities [24,37]. Pa-
tients with pneumonia, on the other hand, have respiratory symptoms
and positive findings in chest imaging that may progress into multi-
organ failure, shock, and death [24,37,43].

8. Pathophysiology of SARS-CoV-2

The route of transmission of SARS-CoV-2 could be coughing and
sneezing. The virus enters the lungs through the respiratory tract and
attacks alveolar epithelial type 2 (AT2) cells. AT2 produces a surfactant
to decrease the surface tension within alveoli to reduce the collapsing
pressure. It has been reported that the spike proteins of SARS-CoV-2
bind to the ACE-2 receptors on AT2 cells [44,45]. ACE2 receptors are
also found on the tubular epithelium of the kidney, heart, enterocytes,
pancreas, and endothelial cells [46–49]. Hoffmann et al. [20] demon-
strated the role of ACE2 and TMPRSS2 (cellular serine protease) in
SARS-CoV-2 entry into the host cell. Integrins may also induce con-
formational changes in the ACE2 receptor during its interaction with
SARS-CoV-2 [20]. Once inside the host cell, the virus releases its po-
sitive sense ssRNA. The ssRNA uses the host cell ribosome to produce
polyproteins. It also uses RNA dependent RNA polymerases to duplicate

its RNA. The packaging structure of the cell distributes synthesized
spike proteins to vesicle carriers. The proteinases in the cytoplasm
cleave the synthesized polyproteins (nucleocapsid enzymes, spike pro-
teins, M-protein, E-protein, etc.) of SARS-CoV-2 [50].

The virus also releases specific inflammatory mediators to stimulate
macrophages (Fig. 5) [20,50,51]. Activated macrophages release cyto-
kines (IL-1, IL-6, and TNFα) and chemokines (CXCL10 and CCL2) into
the bloodstream. The release of these molecules causes vasodilation and
increased capillary permeability. The leakage of plasma into the in-
terstitial spaces of the alveoli cells will accumulate around the alveoli
[24,28,32,52,53] and compress it. As a result, there is a decrease in
surfactant levels in AT2 cells. The cascade events ultimately lead to
alveolar collapse and impaired gaseous exchange.

Concurrently, there is an increase in inflammatory cytokine (cyto-
kine storm) secretion [54]. The inflammatory mediators, through
CD4+ T helper (Th1) cells, enhance the production and recruitment of
neutrophils and macrophages using IL-17, IL-21, and IL-22 [53]. In the
later stages of the disease, all these steps cause difficulty in breathing,
hypoxemia, and cough [55–57].

The hypothalamus controls body temperature. The released IL-1, IL-
6, and TNF-α will travel in the blood and affect the hypothalamus
[24,28,32,52,53]. They will trigger the release of prostaglandin, PGE2,
and causes an increase in body temperature. Considering the hypoxic
condition, sympathetics can induce tachycardia. All these abnormal
inflammatory responses can lead to septic shock and multi-organ failure
[58,59]. In short, due to pneumonia, the vasodilation that decreases
effective blood volume (BV) and peripheral resistance (PR) can lead to
hypotension, reduced perfusion rate of the heart, and multi-organ
failure [24,37,60].

9. Coronaviruses and dementia patients

Currently, > 50 million people around the world are living with
dementia. Every 3 s, a new case of dementia is being diagnosed and this
number is expected to double every 20 years [61,62]. Dementia has also
emerged as a pandemic disease in an aging society [63]. As a result, the
hit from both pandemics, SARS-CoV-2, and dementia, is a major con-
cern especially in China and in the United States.

In the United States, dementia patients usually stay in dedicated
nursing homes or at their own homes, sometimes with a spouse. In
China, however, much of the population lives in multi-generational
homes where the elderly stay with their children and grandchildren.
This increases the risk of exposure to the virus.

Asides from the risk of exposure, the effects of dementia, particu-
larly that of memory- loss, make it difficult for the elderly to properly
protect themselves from the virus as they may forget to follow neces-
sary safeguards such as wearing masks [63]. Prudent care is required
for these patients as a precaution.

Fig. 4. Genome of SARS-CoV2 origi-
nated in china: SARS-CoV2 (IVDC-HB-
01/2019 (HB01) strain) RNA genome
organization with pp1ab and pp1a
proteins. The “orf1ab” is the largest
gene, and it encodes for the “pp1ab”
protein; contains nsp1-nsp10 and
nsp12-nsp16 (15 nsps); another protein
“pp1a” protein (coded by orf1a) con-
tains nsp1-nsp10 (10 nsps). Structural
proteins are encoded by the four
structural genes, including spike (S),
envelope (E), membrane (M), and nu-
cleocapsid (N) genes. NSPS; non struc-
tural protein sequence, Orf; Open reading
frame Credit: Adapted from Wu et al.,
Cell Host Microbe. 2020 Mar
11;27(3):325–328.
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10. The interplay of coronaviruses between brain and respiratory
system

There has not been much study into how the virus affects CNS
conditions or how well it infiltrates the CNS. However, researchers have
noted that the infection of SARS-CoV, MERS, and SARS-CoV-2 infects
the brainstem [64]. A few studies also postulate that coronaviruses
might spread to the medullary cardiorespiratory center through sy-
napses [65].

10.1. Neuroinvasive nature of HCoV-OC43

In 1980, Burks et al. found the coronavirus (CoV) infection in au-
topsy samples of multiple sclerosis (MS) patients [66]. In 1992, Murray
et al. confirmed the presence of CoV in MS patients [67]. In 2000,
Arbour et al. reported that 67% of HCoV-OC43 infections in autopsy
samples had MS. This research demonstrated a significant relationship
between respiratory pathogens and CNS disease [68].

In 2003, Jacomy and Talbot reported the neuroinvasive and neu-
rotropic properties of HCoV-OC43 in mice. In brief, mice were infected
intranasally (IN) with HCoV-OC43 and then viral RNA was confirmed in
brain tissue by RT-PCR and later in the spleen. These findings suggested
that HCoV-OC43 infected the CNS and other organs [69]. The re-
searchers then performed intracerebral inoculation (IC) to understand
brain transmission [69]. The presence of HCoV-OC43 in the cortex,
hippocampus, spinal cord, brain stem, cerebellum, striatum, colliculus
superior, and hypothalamus was confirmed by RT-PCR, western blot-
ting (N-protein), immunofluorescence, and TEM. Both microgliosis and
astrogliosis were seen in brain tissue. The presence of HCoV-OC43 RNA
was confirmed in the lungs, spleen, heart, liver, and muscle [69]. Glass
et al. found SARS-CoV in the brain of the mice [70]. In 2006, Jacomy
et al. showed the effect of HCoV-OC43 on neuronal and glial cells [71].

Researchers also noted that impairments in T-cell immune responses
and microglia can exacerbate the encephalitis caused by some viruses
[72].

In 2004, Yeh et al. found HCoV-OC43 in the CSF and nasophar-
yngeal samples of children who had acute disseminated en-
cephalomyelitis [73]. In the following year, Xu et al. detected and

confirmed SARS-CoV in the brain autopsy sample of a patient using
quantitative real-time PCR, ELISA, and indirect fluorescence assay (N-
protein of SARS-CoV). In this study authors also investigated IL-1β, IL-
2, IL-4, IL-6, IL-8, IL-10, IL-12, TNF-α, IFN-γ, granulocyte-macro-
phage–colony-stimulating factor, Mig, IP-10, monocyte chemoat-
tractant protein 1, macrophage inflammatory protein 1α, and regulated
on activation, normal T cell expressed and secreted (RANTES). The
researchers noted that the levels of IP-10 and Mig were increased.
Chemokine CXCR3 was also increased in the same patient. All these
cytokines and chemokines are involved with the host defense me-
chanisms. Elevated IP-10 and Mig might have affected the T-cell im-
mune system and helped the SARS-CoV to enter into the brain tissue
with the aid of CD68+ monocytes/macrophages and CD3+ T lympho-
cytes [74].

One study reported a high incidence of coronavirus (CoV) in chil-
dren with CNS diseases. In this study, cytokine analysis revealed high
levels of granulocyte colony-stimulating factor (G-CSF) both in CNS
illness and respiratory infection children. However, only CNS illness
patients had an elevated granulocyte-macrophage colony-stimulating
factor (GM-CSF). CNS illness patients also had high levels of IL-6, IL-8,
and MCP-1. All these parameters indicate an alteration in the immune
system in CNS infected coronavirus patients [75]. In 2004, St-Jean et al.
suggested that HCoV-OC43 entered the brain through nasal infection
[76]. The ablation of the olfactory bulb prevented the spread of the
mouse hepatitis virus (MHV), which is genetically related to the family
of HCoV-OC43, through nasal transmission [77]. These findings sug-
gested the infection of CoV to the CNS and the spread of the virus from
CNS to peripheral cells through trans-neuronal pathways.

In 2016, Morfopoulou et al. found the association of HCoV-OC43
with encephalitis using deep sequencing and quantitative real-time PCR
of a brain biopsy sample from an 11- month old boy who was suffering
from severe combined immunodeficiency with encephalitis symptoms.
RNA sequencing of the brain biopsy was continued for two months with
continuous cord blood transplantation to confirm the presence of
HCoV-OC43 [78]. Studies of mice human neuronal cell lines have also
found HCoV-OC43 infection of neurons in encephalitis [79,80].

Fig. 5. Pathophysiology of SARS-CoV2.

J. Vallamkondu, et al. BBA - Molecular Basis of Disease 1866 (2020) 165889

5



10.2. Neuroinvasive nature of SARS-CoV and SARS-CoV-2

In 2003, Hung et al. showed SARS-CoV infection in the CSF sample
and tracheal aspirates of a patient with neurological manifestations
[81]. In the following year, Lau et al. reported SARS-CoV infection in
CSF samples of a pregnant woman with a history of convulsions [82]. In
2020, Filatov et al. followed a patient with SARS-CoV-2 infection and
encephalopathy. The patient was a 74-year-old male patient with a
history of Parkinson's disease, COPD, atrial fibrillation, cardiac stroke
(embolic), and cellulitis. The patient had ground-glass opacities (bi-
lateral) with pleural effusion in his chest X-ray. Imaging also showed
subpleural opacities and consolidations (patchy). EEG was carried out
to assess the mental status of the patient. A CT scan showed en-
cephalomalacia in the temporal region (left) that was persistent with
embolic stroke. The patient was treated with lopinavir-ritonavir and
hydroxychloroquine (HCQ).

Current literature on SARS-CoV-2 does not show the capability of
the virus to cross the blood-brain barrier (BBB) and cause meningitis
and encephalitis [83]. However, the virus is part of the coronavirus
family that has been shown to affect the brain and cause CNS illness.
Further study of SARS-CoV-2 neuroinvasive capabilities needs to be
done.

11. SARS-CoV-2 infection and diabetes mellitus

In a 2020 meta-analysis of 76,993 patients by Emami et al., re-
searchers found that COVID-19 patients often had many underlying
comorbidities such as DM, hypertension, smoking, chronic obstructive
pulmonary disease (COPD), and cardiovascular diseases [84].

In old age, there is a higher incidence of hypertension, obesity, and
DM. All these metabolic syndrome consequences may increase mor-
tality and morbidity in SARS-CoV-2 individuals [24–29]. Furthermore,
patients with one comorbidity, often have others as well. It is not clear
whether coronary vascular disease (CVD), severe obesity, and hy-
pertension in DM patients contribute to the SARS-CoV-2 infection
progression. However, the higher plasma glucose levels and DM are
predictive factors for mortality and morbidity in SARS-CoV infection
[85–87]. The higher mortality and morbidity in DM patients with
predisposing factors like CVD, hypertension, and severe obesity could
be due to the increased viral load through ACE2 receptors in the pan-
creas, heart, and kidney. There could be altered endosomal pH, reduced
viral clearance, T-cell immune dysfunction, and hyperactivation of in-
flammatory signaling cascades. There is a heightened expression of
ACE2 in rodent models of DM. Increased ACE2 amplifies the ability of
SARS-CoV-2 to enter cells. While insulin treatment reduced ACE2 ex-
pression, hypoglycemic agents (glucagon-like peptide – 1, liraglutide,
and pioglitazone), anti-hypertensive agents (like ACE inhibitors), and
statins heightened the ACE2 expression [88–94]. In 2020, Rao et al.
[95] conducted phenome-wide Mendelian randomization (MR) study
and found the disease (traits) causally linked with ACE2 expression
[95].

In 2018, Fernandez et al. found augmented expression of the furin
protein in DM patients. Furin facilitates the SARS-CoV-2 entry by
cleaving spike proteins (S1 and S2 domain). These findings show a
burgeoning relationship between DM and SARS-CoV-2 that requires
further investigation to elucidate molecular and cellular mechanisms.
Such a study can help assess the risk of adverse outcomes in DM pa-
tients infected with SARS-CoV-2 [96]. This area of the study shows
promise as such relationships have been seen before. In 2019, Kulcsar's
study revealed delayed inflammation, reduced CD4+ T cells, and re-
duced expression Ccl2 and Cxcl10 in MERS-CoV infected humanized
diabetic mice. These mice had reduced levels of TNF-α, IL-6, IL-12-b,
and Arg1 and a heightened expression of IL-17a. Therefore, co-
morbidities, such as diabetes, can increase disease severity via a dys-
regulated immune response [13,97–99].

12. Speculations of SARS-CoV-2 on autophagy/endocytic pathway

Macro-autophagy, or autophagy, is a highly conserved process by
which damaged proteins and organelles are engulfed by double-mem-
brane vesicles called autophagosomes and degraded by lysosomes that
fuse with the autophagosome to form an autolysosome [100,101]. It is
involved in aging, cell survival, cell death, and immune mechanisms
[102,103]. Autophagy is under the control of various autophagy-related
genes (ATGs). The first step of autophagy is under the control of ubi-
quitin-like ligase 1 (ULK1)/ATG1 complex and it is also called the in-
itiation step. The initiation step is a downstream target of mitochond-
rially targeted rapamycin (mTOR) complex 1. The second step of
autophagy also called the elongation step, is under the control of the
ATG-14 gene complexed with Beclin and PI3K kinases. In the last step
of autophagy, all the damaged and accumulated contents are degraded
by the autolysosome [104,105]. Many studies suggest that autophagy
may play a role in dementia, cancer, and viral infectious diseases.

The significance of autophagy in cellular and pathological systems
was highlighted in the SARS-CoV outbreak of 2002. In 2004, Prentice
et al. demonstrated nsp6 of SARS-CoV might play a crucial role in
mediating autophagy [106]. Autophagy in other viruses has also been
investigated. Autophagy proteins ATG5 and ATG7 did not affect viral
replication in MHV [107,108]. In 2011, Cottam et al. [109] found an
induction of autophagy using replicase nsp6 in the infectious bronchitis
virus (IBV) [109]. Overexpression of PLP2 in SARS-CoV halts autop-
hagosome formation [110,111].

Numerous investigators have worked to inhibit coronavirus infec-
tion using the autophagy/endocytic pathway. S-protein meditated entry
of the endocytic pathway by SARS can be inhibited using HCQ,
Bafilomycin, A1, and NH4Cl. The clathrin-dependent endocytosis
pathway, another target for possible endocytic inhibition, can be in-
hibited by Chlorpromazine/ MβCD and Amiodarone [112–116]. MERS
and MHV infection were successfully controlled using HCQ, Bafilo-
mycin, Chlorpromazine, Bufalin, Ouabain, A1, and NH4Cl [117–119].
However, there are only a few studies of such an approach being used in
SARS-CoV-2 [120,121].

Currently, the role of autophagy is still debatable in SARS-CoV,
MERS-CoV, and SARS-CoV-2. Regardless, targeting autophagy might
have a potential role in the treatment of COVID-19. Researchers have
tried drugs such as HCQ to inhibit viral replication and to elevate en-
dosomal pH, but the efficacy and side effects are not favoring such
approaches [122].

13. Identification of SARS-CoV-2 and therapeutics

13.1. COVID-19 diagnostics

1. Fluid swab test: To rule out influenza flu when the individual
comes with COVID-19 symptoms [123].

2. Quantitative real-time PCR: The sensitivity ranges from 40 to
85% but it is the gold standard diagnostic approach in detecting
COVID-19 [124].

3. Nucleic acid amplification test (NAAT): Viral RNA will be am-
plified [125,126].

4. Complete blood picture report: Estimate the counts of RBC, WBC,
and platelets. There is reduced lymphopenia in 80% of individuals
[13].

5. Liver function tests: Estimate the AST, ALT, and acute-phase
proteins to assess the prognosis of multi-organ failure [13].

6. Renal function tests: Estimate the creatinine and BUN levels to
assess the perfusion of kidneys [13].

7. Procalcitonin levels: The viral infection may cause a super-
infection with bacteria. Elevated procalcitonin levels may show a
superinfection of COVID-19 with a bacterial infection [13].

8. CRP/D-Dimer/Other marker levels: Elevated levels of supporting
markers such as CRP, IL-6, LDH, ferritin, D-dimer, and ESR may
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indicate an advanced stage of SARS-CoV-2 infection [13].
9. Troponin and CK-MB levels: Elevated troponins and CK-MB re-

veal a lack of proper perfusion to the heart that can increase
mortality.

10. Imaging studies: a) Chest X-Ray (CXR): COVID-19 has a ground-
glass appearance

b) CT scan: COVID-19 shows ground-glass opacities, consolidation
(of proteins), and crazy paving pattern (CPP) in lungs; c) UltraSound
(US): COVID-19 has pleural line thickenings, increased B-lines, and
consolidation with air bronchogram [126–129].

14. Therapeutics of COVID-19

1. Fluid Treatment: Providing IV fluids such as normal saline, lactate
ringer's solution, and oral fluids can help control the perfusion rate
by not overloading the lungs [130].

2. Fever Control: It can be achieved by giving Tylenol or para-
cetamol.

3. Remdesivir: This was a drug used for Ebolavirus treatment as it
inhibited RNA dependent RNA polymerase. Earlier findings have
shown an inhibitory role of Remdesivir on the replication of SARS-
CoV and MERS-CoV. Researchers are postulating that it may have a
therapeutic benefit on SARS-CoV-2 replication as well [131].

4. Hydroxychloroquine (HCQ): HCQ is an anti-antimalarial drug
that may inhibit the synthesis of new SARS-CoV-2 [122].

5. Ritonavir and Lopinavir (M-Pro) protease inhibitors: These
drugs may inhibit the conversion of various polyproteins into the
different components (S, M, E, HE, and enzymes) of SARS-CoV-2
[132].

6. Harvoni and Epclusa: Dual protease inhibitor [133,134].
7. Tocilizumab: Tocilizumab prevents the inflammatory role of IL-6

on alveolar capillaries and the accumulation of interstitial fluids
[135].

8. Corticosteroids: Corticosteroids can be used to reduce inflamma-
tion by acting on phospholipase 2 to prevent the formation of
leukotrienes and prostaglandins (PGE2) [136].

9. Tetracyclines: Tetracyclines are antibiotics that bind to the matrix
metalloproteinases (MMPs) and may reduce SARS-CoV-2 infiltra-
tion. The coronaviruses utilize MMPs for its replication, infiltration,
and cell-cell adhesion [137].

10. Vitamin D: Vitamin D supplementation may reduce pro-in-
flammatory cytokines [138].

11. Vaccines: Vaccines play a pivotal role to combat against SARS-
CoV-2 but it may not be available for another 12–18months. Okada
et al. [139] suggests that two vaccines, SARS-Nucleocapsid (N) and
SARS-M, can elicit T-cell immune responses by modulating IFN γ
production and cytotoxic T-cell activity respectively to combat
SARS-CoV. The application of these vaccines for SARS-CoV-2 is still
questionable [139]. However, few universities and institutes have
developed vaccines that are in the clinical trial stage of develop-
ment. These vaccines may available for humans in 2–3months but
their efficacy may be questionable.

12. Other: Walls et al. developed two antibodies to elicit a humoral
response for SARS-CoV and MERS-CoV. The SARS-CoV S antibody
elicited conformational changes in preventing viral entry into the
host cell [51].

In addition to the above therapeutics, investigators are trying to
develop different drug molecules by targeting the structure of spike
proteins (S1 & S2 domains), E-protein, M-protein, Nucleocapsid (N)
protein, proteases, HE esterase, and helicases.

14.1. Spike proteins

Spike proteins play a pivotal role in mediating the fusion of SARS-

CoV-2 to the host cell's membrane. Therefore, this mechanism can be
exploited for possible therapy [19]. The spike protein is a transmem-
brane protein with 180–200 kDa size, the N-terminal region faces ex-
tracellularly and the C-terminal region faces intracellularly. It has three
regions: transmembrane (TM) region, ectodomain (ED) region, and
intracellular domain. The extracellular domain splits into S1 (three S1
heads) and S2 (trimeric stalk). The S1 has two domains: the N-terminal
domain (NTD) and C-terminal domain (CTD) [19]. The spike proteins
are present on the surface virus (SARS-CoV-2) in trimeric form and
facilitate entry into the host cells by the interaction of the host's ACE2
(receptor binding domain, RBD) and the virus' S2 via an S2-membrane
fusion subunit [10,44]. The RBD amino acid sequence of SARS-CoV-2
for spike proteins is not much different from that for Bat-RaTG13,
Pangolin, Human SARS-CoV, Bat-SARS-CoV Related, and Bat-SARS-
CoV. It is a true polybasic cleavage sequence and O-linked glycans se-
quence.

Previous studies of SARS-CoV and spike proteins may shed great
light on the viral entry of SARS-CoV-2. The 18 amino acid residues of
ACE2 interact with 14 amino acids of SARS-CoV spike proteins. The
R453 and K341 of ACE2 are involved in the virus-host interaction. Few
investigators blocked the entry of SARS-CoV by using the Anti-ACE2
antibody in E6 cells [47,140]. In 2004, an in-vitro study of 293 T cells
by Kao et al. found 104 compounds with anti-SARS-CoV entry activity
in host cells by targeting ACE2, H, M, and Helicases. The compounds
such as VE607, HE602, and MP576 effectively inhibited viral entry
(through ACE2), helicases, and M protein activity respectively [141].

14.2. S2 domain role

The S2 domain has two repeated, heptad, and hydrophobic regions
known as HR1 and HR2. T20 (enfuvirtide) which is approved by USFDA
against AIDS may significantly interact with the HR2 region of the
SARS-CoV by inhibiting endocytosis into the host cell. However, in
mutant strains of SARS-CoV, this enfuvirtide molecule fails to inhibit
endocytosis [142]. Xia et al. found that the peptide OC43-HR2P, de-
rived from the HR2 domain of HCoV-OC43, exhibits broad fusion in-
hibitory activity against multiple HCoVs. EK1, the optimized form of
OC43-HR2P, showed substantially improved pan-CoV fusion inhibitory
activity [143]. This domain needs to be further studied in SARS-CoV-2.

14.3. Other host receptor interactions

Cinanserin is a 5-HT (serotonin) receptor antagonist that comfor-
tably binds to the substrate receptor site by interacting with H41 and
E166 of MPro. Cinanserin might have an anti-SARS-CoV-2 transmission
in humans. Ebselen also has shown mild antiviral activity by inhibiting
MPro [144].

In 2020, Vankadri et al. hypothesized the interaction of N- and O-
linked glycosylation sites of the SARS-CoV-2 spike protein with CD26 to
avoid host defense. Intervening molecules might have therapeutic
benefits against SARS-CoV-2 [145].

Neutralizing antibodies (NAb's) against spike proteins might have
therapeutic benefits for SARS-CoV-2 as they were proven effective to
combat SARS-CoV. Previous findings revealed NAb's 80R, CR3014,
3022, CR3396, B1, 201, 68, 1F8, 5E9 had a therapeutic action against
SARS-CoV [146,147].

14.4. Envelope (E) protein

The envelope protein is a small structural protein in SARS-CoV that
is made up of 76–109 amino acids with a molecular weight ranging
from 8.4 to 12 kDa. The structure of the E protein varies among the
coronavirus family. The E protein is responsible for passage and as-
sembly in viral morphogenesis. It also acts as a virulence factor and is
responsible for the formation of ion channels. The E-protein localizes
around the Golgi apparatus and the endoplasmic reticulum [148,149].
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In 2009, Pervushin et al. found reduced channel activity with the
hexamethylene amiloride in HEK-293 cells [150].

In 2020, Gupta et al. used an in-silico approach to inhibit SARS-CoV-
2 E protein with phytochemicals such as Belachinal, Macaflavanone E,
and Vibsanol B. Its therapeutic applications need to be validated in
humans [151].

14.5. M-protein

The M protein is responsible for maintaining the shape of the viral
envelope, for stabilizing the nucleocapsid protein, and for processing
virions. The structure of M-protein contains three domains (TM) and
involves multiple interactions with other CoV proteins. However, in
CoV assembly, M-M, M-N, and M-V are the most important domains.
The M-N interaction is important for nucleocapsid-RNA complex sta-
bilization and forms the viral core. It also activates IFN-β & NF-κB
pathways through Toll-like receptor (TLR) signaling cascades (TRAF3
independent mechanism). The TLR and TLR4 antagonists through M-
proteins blockers may impede the growth of SARS-CoV or CoV-2
[152–155].

14.6. Nucleocapsid protein (N)

The N-region is highly conserved among coronaviruses and it has
three major disordered regions: N-terminal domain (NTD), central
linker domain, and C-terminal (tail)- domain (CTD). The CTD and NTD
are the most important functional and structural domains in cor-
onaviruses. The NTD is responsible for RNA binding. The CTD domain
is responsible for the dimerization of N-proteins. The N-proteins reg-
ulate replication, transcription, and translation in all host cells. They
eventually regulate host cell metabolism, cell cycle, and apoptosis.
Molecules that prevent NTD binding can have therapeutic benefits
against SARS-CoV-2 [156–161]. In 2014, Lin et al. found reduced RNA
binding and RNA replication in HCoV-OC43 with NTD inhibitors (PJ34)
[158].

In 2012, Roh designed a biochip to analyze the N-protein inhibitors
with the aid of nano-based ribonucleotides. In this study, the researcher
examined polyphenolic compounds, (−)-catechin gallate and (−)-gal-
locatechin gallate reduced RNA binding with NTD [162]. NP111,
NP331, and NP 351 inhibited N-protein activity in the host cell
[163–167]. A few investigators targeted CTD of HCoV-229E to mitigate
viral replication in the host cell with the N377–389 of C-tail sequence
oligomerization inhibition.

All these findings suggest that targeting N-protein can ameliorate
the COVID-19 transmission by inhibiting RNA replication.

14.7. Protease (3CL protease and papain like protease)

The SARS-CoV genome contains 16 NSPS comprised of PP1a and ab.
In SARS-CoV 3C like proteases (3CLpro) and the main proteases (papain-
like protease-PLpro) are involved in cleaving PP1a and ab to release
NSPS [168–170]. In the literature, compounds like N-(benzo[1,2,3]
triazol-1-yl)-N-(benzyl) acetamido) phenyl) carboxamides, ML188, and
ML300 have an inhibitory activity on 3CLpro. The MPro activity gets
inhibited by metal-conjugated and peptidomimetic compounds, aryl
boronic acids, quinolinecarboxylate derivatives, thiophene carboxylate,
phthalhydrazide-substituted ketoglutamine analogues, some flavo-
noids, and small molecule inhibitor N3. Commercial drugs like bepo-
tastine, epirubicin, vapreotide, valrubicin, colistin, icatibant, epopros-
tenol, perphenazine, caspofungin, and aprepitant also bind similarly as
HIV protease inhibitors like ritonavir. Many protease inhibitors may
also act on SARS-CoV-2 and prevent its transmission [171–180].

14.8. Hemagglutinin esterase (HE) and helicases

Hemagglutinin esterases are envelope glycoproteins that mediate

reversible adhesion to O-acetylated sialic acids by destroying receptors
and lectins. The HE inhibitors may be potential therapeutics in COVID-
19 prevention [181]. Helicases are responsible for replication, tran-
scription, and translation of the virus [182]. However, due to cell
toxicity issues of the different antagonists and inhibitors, helicases may
not be a therapeutic target for SARS-CoV-2 [183–186].

14.9. Appreciation of High altitude pulmonary edema (HAPE) therapeutics
for COVID-19

HAPE and COVID-19 are respiratory syndrome disorders that have
similar pathophysiological pathways. The arterial blood gas analysis
(ABG) in both cases presents the same pattern of disturbances asso-
ciated with tachypenia and hypoxia but not limited to the ground glass
opacities, CPP, consolidations, and pulmonary edema. The HAPE pa-
tients are treated with acetazolamide to reduce hypoxic vasoconstric-
tion and to heighten the ventilation and lung vital capacity. Since
COVID-19 presents similarly to HAPE, HAPE drugs, such as nifedipine,
PDI, and acetazolamide, might have therapeutic benefits against SARS-
CoV-2 [187].

14.10. Other potential approaches to encounter COVID-19

In the host cell, SARS-CoV-2 requires low pH for its survival.
Molecules that alter this survival pH may help prevent infection pro-
gression. In 2014, Stadler et al. demonstrated inhibition of SARS-CoV
infection by amiodarone in Vero cells by altering endosomal pH [188].

Spike proteins (S) are present in the trimeric form and are highly
conserved in both SARS-CoV and SARS-CoV-2 with 77% amino acid
sequence similarity and possible epitope cross-reactivity [189]. In one
study CR3022, a neutralizing antibody isolated from one SARS patient's
plasma binds to the RBD of SARS-CoV [190]. In 2020, Yuan et al. de-
termined the crystal structure of CR3022 when bound to the RBD of
SARS-CoV at a resolution of 3.1A0. The researchers noted 86% con-
servation of residues between SARS-CoV and SARS-CoV-2 in the epi-
tope. However, there are differences in affinity for CR3022 between
SARS-CoV and SARS-CoV-2 potentially as a result of differences in the
non-conserved residues and N-glycosylation (N370 of SARS-CoV)
[191]. Based on these findings CR3022 neutralizing antibody may
confer in-vivo protection for SARS-CoV-2.

15. Conclusions and future directions

As the pandemic unfolds, further investigation into risk factors,
disease progression, and drug therapy is needed. This article in-
vestigates the neuroinvasive nature of coronaviruses, the risks of co-
morbidities such as diabetes, and potential therapeutic targets and
drugs. Future studies should strive to identify the precise molecular and
cellular links between coronavirus infections and its dissemination to
the pancreas, liver, kidney, heart, and brain. Such studies can, for ex-
ample, help physicians treat patients with compromised immune sys-
tems as a result of liver cirrhosis or AIDS [192–195]. Currently, drugs
such as HCQ and Remdesivir are being used to prevent SARS-CoV-2
transmission. Many nations across the globe are also employing con-
valescent plasma therapy. The mechanism of viral entry of SARS-CoV-2,
governed by spike proteins, might also play a potential role for ther-
apeutic targets. The presentation of multiple possible targets of therapy
in this review should be further investigated. The SARS-CoV-2 pan-
demic caught the world by surprise and the only way to keep fighting it
is by learning more about it.
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