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COVID-19 has resulted in a pandemic after its first appearance in a pneumonia patient in
China in early December 2019. As per WHO, this global outbreak of novel COVID-19 has
resulted in 28,329,790 laboratory-confirmed cases and 911,877 deaths which have been
reported from 210 countries as on 121" Sep 2020. The major symptoms at the beginning
of COVID-19 are fever (98%), tussis (76%), sore throat (17%), rhinorrhea (2%), chest pain
(2%), and myalgia or fatigue (44%). Furthermore, acute respiratory distress syndrome
(61.1%), cardiac dysrhythmia (44.4%), shock (30.6%), hemoptysis (5%), stroke (5%),
acute cardiac injury (12%), acute kidney injury (36.6%), dermatological symptoms with
maculopapular exanthema (36.1%), and death can occur in severe cases. Even though
human coronavirus (CoV) is mainly responsible for the infections of the respiratory
tract, some studies have shown CoV (in case of Severe Acute Respiratory Syndrome,
SARS and Middle East Respiratory Syndrome, MERS) to possess potential to spread to
extra-pulmonary organs including the nervous system as well as gastrointestinal tract
(GIT). Patients infected with COVID-19 have also shown symptoms associated with
neurological and enteric infection like disorders related to smell/taste, loss of appetite,
nausea, emesis, diarrhea, and pain in the abdomen. In the present review, we attempt
to evaluate the understanding of basic mechanisms involved in clinical manifestations of
COVID-19, mainly focusing on interaction of COVID-19 with gut-brain axis. This review
combines both biological characteristics of the virus and its clinical manifestations in order
to comprehend an insight into the fundamental potential mechanisms of COVID-19 virus
infection, and thus endorse in the advancement of prophylactic and treatment strategies.
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INTRODUCTION

There have been three outbreaks of human pathogenic
coronavirus (CoV) in the 21%' century namely, severe acute
respiratory syndrome CoV (SARS-CoV) in 2003, Middle East
respiratory syndrome CoV (MERS-CoV) in 2012 and new CoV
disease 2019 (COVID-19) (first reported in China in 2019),
causing transmission globally, which has caused global public
health problems and economic development related challenges
(Stadler et al., 2003; Cui et al.,, 2019; Lu et al., 2020; Memish
et al.,, 2020; Wu et al., 2020a; Zhou et al., 2020a). The COVID-19
pandemic has resulted in 28,329,790 laboratory-confirmed cases
and 911,877 deaths across 210 countries as on 12" Sep 2020,
as per World Health Organization (WHO) (Organization and
Organization, 2020). With the help of electron microscopy, it
has been found that the virus possesses an envelope with round
or oval particles called spikes (60-140 nm diameter) (Ahn et al.,
2020; Fan et al, 2020). The genome sequences of novel CoV-
2019 were related to SARS-CoV belonging to beta-CoV family
and it also showed ~79% and ~50% similarity to SARS-CoV and
MERS-CoV, respectively (Lu et al., 2020). Although SARS-CoV-2
is known to be infectious with a basic reproduction number
(Ro) of 3.77 (SARS, Ry = 3-5) (Li et al., 2020b; Yang et al.,
2020b), most of the cases are mild and have a low mortality rate
except among older patients (>60 years of age) and patients with
pre-existing comorbidities like hypertension, diabetes mellitus,
and cardiovascular diseases (Baghizadeh Fini, 2020; Chen et al.,
2020; Contini et al., 2020). It has been observed that many
patients suffering from SARS CoV-2 infection are also associated
with gastrointestinal and neurological symptoms. In SARS CoV
infections, the intestinal inflammation is mainly modulated by
the ACE2 receptor mediated mechanisms (that mainly regulate
the gut-microbial flora) and the similar mechanism may be
implicated in SARS CoV-2 infections as well (Yang et al., 2020a).
Disturbances of gut-microbial flora may be a factor behind
the CNS symptoms like confusion and delirium. The present
review is an attempt to underpin the possible interplay between
COVID-19, ACE2 and CNS and GIT symptoms.

SELECTION OF LITERATURES FOR
REVIEW

Relevant studies were retrieved from Science Direct, Medline,
Public Library of Science, Mendeley, PubMed, Springer Link, and
Google Scholar. We used multiple keywords like “microbiota,”
“microbiome;,” “microbial communities,” “gut-microbiota,”
“SARS-CoV-2 infection,” “COVID-19 infection,” “Pathogenesis
of COVID-19 infection,” “SARS CoV-2 transmission,” “SARS-
CoV-2 mediated gastrointestinal infection,” “COVID-19
infection associated psychotic problems;,” “COVID-19 infection
associated cerebrovascular changes,” “Relationship of gut
microbiota with brain” or “COVID-19 mediated inflammatory
response,” in combination with “Cytokine storm,” “Immunogenic
profile,” “SARS-CoV-2 mediated dysbiosis and dysbiosis altered
mRNA profile, “Immunomodulatory response changes brain
physiology” individually and in combination for literature

search. The overall method of article screening and selection
criteria are depicted in Figure 1. The articles in English language
are used to compile the information. We also screened the
reference list of the articles retrieved in order to find articles that
remained unidentified by initial search strategy.

COVID-19 INFECTION ASSOCIATED
CLINICAL FEATURE AND ILLNESS

As per WHO, COVID-19 is the third episode of spillover of an
animal CoV to humans in the last 20 years that has caused major
epidemic (Yang et al., 2020b). The main route of transmission of
SARS-CoV-2 is through aerosolized droplets (like other CoV),
additionally, the infection may also be transmitted through
direct physical contact, mother-to-child (Garcia, 2020; Harapan
et al., 2020). The nucleic acid of SARS-CoV-2 has also been
found in fecal specimens that suggest the potentiality of the
gastrointestinal tract (GIT) in the transmission, even though it
requires further studies in order to consider it as an established
fact (Holshue et al., 2020). The incubation period of SARS-CoV-
2 continues to be 5-14 days as per a retrospective study (Lu
etal., 2020); however, a more recent study suggests the incubation
period to be 24 days (Izzetti et al., 2020). At the beginning of
COVID-19 pandemic, the main symptoms were fever (98%),
tussis (76%), sore throat (17%), rhinorrhea (2%), chest pain
(2%), and myalgia or fatigue (44%). Further, acute respiratory
distress syndrome (61.1%), cardiac dysrhythmia (44.4%), shock
(30.6%), hemoptysis (5%), stroke (5%), acute cardiac injury
(12%), acute kidney injury (36.6%), dermatological symptoms
with maculopapular exanthema (36.1%) and death can occur in
severe cases (Figure 2) (Jiang et al., 2020; Kandeel and Al-Nazawi,
2020).

Although human CoV leads to infections of the respiratory
tract, some studies have also demonstrated its potentiality
to spread into extra-pulmonary organs including the nervous
system and the GIT, as observed in cases of SARS and MERS
(Kannan et al., 2020). As per recent reports, COVID-19 patients
have also presented with neurological and enteric infection
related symptoms such as disorders related to smell/taste, loss
of appetite, nausea, emesis, pain in the abdomen, and diarrhea
(Kotwani and Gandra, 2020; Lake, 2020).

SARS-COV-2 ORGANOTROPISM AND
MECHANISM OF TRANSMISSION

Pharmacologically, enough evidence has been collected to
establish the involvement of several important pathological
molecular mechanisms in the spread of SARS-CoV-2 via
aerosolized droplets into the lungs. The genome sequence of
SARS-CoV-2 consists of 29kb bases and 12 protein-coding
regions (lab, 1a, S, 3a,4, M, 6, 7a, 7b, 8, N, 10) (Walls et al., 2020).
Spike (S) protein mediates the entry of SARS-CoV-2 into the
host cells. This protein comprises of two functional subunits-S1
(for attaching with the host cell) and S2 (helps in the fusion with
the cellular membranes) (Li et al., 2020,a). The protein S of many
CoVs are separated at the border between S1 and S2 subunits,
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FIGURE 1 | Flow chart showing article search and selection criteria.

excluded =756

which stay bound non-covalently in prefusion conformation
(Walls et al., 2020). The S1 subunit (distal) carries receptor-
binding domain and helps in stabilizing the prefusion state of
membrane-anchored S2 subunit, which also acts as receptor for
fusion (Liu et al., 2020a,b). The protein S for all CoVs is further
cleaved by proteases of the host at the S2’ position, which is
situated upstream to the fusion peptide. Hence, entry of CoV
into the cells that are susceptible is a harmonious and complex
process, which needs an intensive mechanism of binding of
receptors and the proteolytic dispensation of the protein S that
helps in the promotion of virus-cell fusion (Liu et al., 2020c).
The most common entry mechanism of a virus into the host
cell is via endocytosis, which is a receptor-mediated process.
It is believed that the receptor, angiotensin-converting enzyme-
2 (ACE2; protein found on surface of cells), and TMPRSS2
(a gene that encode for transmembrane protease enzyme and
belong to serine protease family) are expressed in lung tissues
and epithelial cells, which are employed by CoV to establish
infection in the lungs (Ozma et al., 2020; Porfidia and Pola,
2020). There is also a known fact that ACE2 receptors are
expressed on heart, esophageal, ileal, renal tissues at a level higher
than that in the alveolar cells. This suggests the involvement
of multi-organ systems in severe SARS-CoV-2 infection (Rico-
Mesa et al., 2020). The virus binds with ACE2 receptors (present
on the plasma membranes of the epithelial cells) of host cells
particularly located on the respiratory tract and upper esophagus
(Shanmugaraj et al., 2020). The SARS-CoV-2 can also infect cell
types like stratified epithelial cells and enterocytes of colon and
ileum. In addition, virus also infects cholangiocytes, proximal
tubule cells of nephrons, urothelial cells of the urinary bladder,
and myocardial cells of heart (Shen et al., 2020). It is known that
the in vitro isolation of SARS-CoV-2 usually require 6 days in
cell lines like Vero-E6 and Huh-7, but virus infects the epithelial
cells lines within 96 h. However, the SARS-CoV-2 does not affect

T cells, CD4 or ACE2 cells (Sifuentes-Rodriguez and Palacios-
Reyes, 2020) and thus not damaging the immune systems.
Moreover, nucleotide sequencing analysis revealed seven major
genetic variations occurred in SARS CoV-2 indicating that the
ongoing human infection may be a recent incident. These genetic
variations may change the virus to remerge as more virulent
to infect digestive, circulatory, urogenital, and central nervous
system apart from respiratory tract infections (Hussain et al.,
2020).

PATHOGENESIS AND CLINICAL
CONSEQUENCES IN GASTROINTESTINAL
SYSTEM DURING SARS-COV-2 ATTACK

The clinical characteristics as well as the epidemiology of
disorders related to GIT in COVID-19 patients has been analyzed
by various researchers. Different studies report that various
percentage of COVID-19 patients were affected by GIT related
disorders like emesis, nausea, and diarrhea. In one study, a total
of 651 COVID-19 patients enrolled before they were treated with
antivirals or antibiotics and it was observed that 11.4% of the
patients suffered from at least one common symptom related
to the GIT namely diarrhea (Jin et al., 2020). In this study, the
disorders related to intestines persisted for a median of 4 days and
preceded symptoms related to the respiratory system. Symptoms
related to GIT were comparatively higher among critically ill
COVID-19 patients (23%) than in mild COVID-19 cases (8%)
(Sohrabi et al., 2020). Several studies involving varying numbers
of COVID-19 patients (n = 254, 59, 204, 58, 138, and 1099)
suggested development of disorders related to the GIT in 26, 25.4,
18.6, 11, 13.7, and 8.7% of the COVID-19 patients, respectively
(Borah et al., 2020; Cheung et al., 2020; Lin et al., 2020; Pan
etal., 2020; Wang et al., 2020a; Zhou et al., 2020b). Other studies
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carried out in the United States and Europe enrolling varying
number of patients (n = 278, 318, and 40) showed GIT related
signs and symptoms in 35, 61, and 55% patients, respectively.
The pooled data of prevalence of GIT symptoms including
anorexia (26.8%), diarrhea (12.5%), nausea/emesis (10.2%), and
pain/discomfort in the abdomen was seen in a meta-analysis
study that included 4243 COVID-19 patients across 6 countries
(Tian et al, 2020). SARS-CoV and SARS-CoV-2 have nearly
80% resemblance and hence, infections of GIT that mainly
mediated through ACE2 receptors was expected. ACE2 receptors
are expressed in enterocytes of the small intestine, and its rate of
binding affinity influences the rate of infectivity of the virus. In
addition, in comparison with the previous SARS-CoV outbreaks,
SARS-CoV-2 RNA was detectable in the stool samples though it
was not found in the respiratory tract (Velavan and Meyer, 2020).
In SARS-CoV infections, the intestinal inflammation is
mainly modulated by ACE2 receptor mediated mechanism and
therefore, its disruption by SARS-CoV-2 may result in diarrhea
and other GIT related complications. Recruiting inflammatory
cells from the bone marrow, systemic or local production
of inflammatory cytokines like interleukin (IL)-6, tumor
necrosis factor-alpha (TNF-a), IL-18, 2,7,8,9,10,17, monocyte
chemotactic protein 1 (MCPI1), macrophage inflammatory
protein 1A (MIP1A), macrophage inflammatory protein 1B
(MIP1B), macrophage inflammatory protein 3A (MIP3A),
elevated levels of procalcitonin, increased levels of ferritin
d-dimer, C-reactive protein (CRP), and activating JAK-STAT
protein may also contribute in the etiology of the GIT
complications (Wang et al., 2020b; Wu et al., 2020b). Further,
the excessive secretion of cytokines (cytokine storm) along the
GIT wall may result in tissue damage. This cellular damage
may also be induced by viral replication, which might impart
in the development of injury and inflammation of the gut
epithelium. These inflammatory cytokines stimulate the vagus
nerve to promote nausea, vomiting, and diarrhea that usually
occur in complicated cases of COVID-19 infections (Wu et al.,
2020c). A recent study carried out on complicated cases of
COVID-19 revealed that infection with SARS-CoV-2 could
alter the gut microbiota. This study reveals relatively increased
cases of opportunistic infections of GIT that mainly caused by
Streptococcus, Rothia, Veillonella, Erysipelothrix, Clostridium, and
Actinomyces species in COVID-19 patients (Xiao et al., 2020).
The ACE2 receptors in the intestines are known to act as co-
receptors for the intake of the nutrients including amino acid
(AA) from food. Apart from controlling dietary AA homeostasis,
ACE2 helps in regulating the development of gut-microbiota and
innate immunity mechanisms (Yang et al., 2020a). Earlier reports
reveals that the expression of AA transporter protein BAT1 was
not present in the small intestine of ACE2 mutant mice. Due
to lack of expression of BAT1 proteins in the intestines, the
serum concentration of non-essential AA valine (Val), threonine
(Thr), and tyrosine (Tyr) and the essential AA tryptophan (Trp)
were significantly decreased in Ace2™/” mice (Ye et al., 2020).
Further, these AAs (particularly Trp) acts as precursors for
the synthesis of monoamine neurotransmitters serotonin [5-
hydroxytyphtophan (5-HT)] and catecholamines in the brain.
Furthermore, the rate of production of 5-HT and catecholamines

was directly associated with their local substrate availability in the
brain (Yu et al, 2020). This might further result in reduction
in the production of 5-HT and catecholamines. Therefore,
severe COVID-19 patients with GIT related complications might
develop pathophysiological conditions like depression, delirium,
and confusion.

ALTERED GUT ACTIVITY MEDIATED
PSYCHOTIC CHANGES IN SEVERE
COVID-19 INFECTION

The gut-brain axis is a two-way system that connects cognitive
centers of the brain with peripheral working of the digestive
tract (Figure 3). It is evident that changes in gut microbiota
may have influence on the development of behavioral changes
like depression, delirium/confusion. This is in turn most likely
associated with the rate of absorption of Trp from the GIT and
production of 5-HT in the brain tissues. (Yu et al., 2020). The
gut microbiota or its metabolic end products stimulates vagus
nerve in order to transmit the impulses to the solitary nucleus
that also function as primary GIT sensory relay station, and
then to the most vital centers such as thalamus, hypothalamus,
locus ceruleus, amygdala, and periaqueductal gray (Al Omran
and Aziz, 2014). These electrical impulses produced in the
vagus nerve (as a result of stimulation of gut microbiota) will
have an effect on 5-HT concentration in the brain tissues
of both rodents and humans (Ressler and Mayberg, 2007).
The gut microbiota influence the various neurotransmitter
levels by stimulating the central nervous system and the gut
via the synthesis of metabolites (Galland, 2014; Evrensel and
Ceylan, 2015). These metabolites are the end products of
normal bactrial flora of the GIT, which include short-chain
fatty acids (SCFAs), bile acids, choline metabolites, lactate, and
vitamins. These metabolites can directly or indirectly regulate
the production of neurotransmitters (Galland, 2014). Immune
cells and inflammatory mediators play various functions in the
gut-brain axis communication ranging from physiological role in
sleep and memory to pathophysiological role in neuropsychiatric
conditions (Caspani et al, 2018). Litratures indicate that the
patients with depression usually possess high concentrations
of pro-inflammatory cytokines (for instance; IL-6, and TNEF-
a) as compared with normal individuals (Dantzer et al., 2008;
Dowlati et al., 2009). These pro-inflammatory cytokines in the
GIT may stiumulate vagus nerve in order to modulate central
stress circuitry followed by activation of hypothalamic-pituitary—
adrenal axis (Sternberg, 2006). Further, it is also known that
patients suffering from depression may have abundance of
Streptococcus, Rothia, Veillonella, Erysipelothrix, Clostridium, and
Actinomyces species in their gut microbiota (Amirkhanzadeh
Barandouzi et al., 2020) and it is established that an increased
growth of Streptococcus species would raise the levels of IL-6 and
TNF-a in humans (Jiang et al., 2015). This fact has been further
supported by various studies wherein higher concentrations of
pro-inflammatory cytokines (such as IL-1f and IL-6) and low
concentrations of anti-inflammatory cytokines (like IL-4 and IL-
10) were detected in patients enduring with depression (Berk
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et al,, 2013; Wong et al, 2016). Additionally, the intestinal
concentrations of 5-HT are retained by the enterochromaffin
cells that possess tryptophan hydroxylase and stimulated by the
metabolites of the gut like SCFA and bile acids (Annweiler
et al., 2020; Bobker and Robbins, 2020). Moreover, it has been
assumed that a reduction in levels of Trp might result in a
decrease of 5-HT, which may lead to delirium development
(Gunther et al., 2008). An increase in the levels of dopamine

and development of delirium are inter-linked. Also, dopamine is
linked to various metabolic pathways and Ca?* channels which
result in a marked elevation in the dopamine under an impaired
oxidative condition. The Ca?* influx in the cells results in an
elevated dopamine production which results in uncoupling of
oxidative phosphorylation mainly occur in the mitochondria
of the brain parenchymal cells (Calcagno et al., 2020). The
result is an elevated production of metabolites of dopamine
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that are toxic along with a decreased ATP production, which
inhibits the catechol-O-methyl transferase (COMT) activity, an
important enzyme that aids dopamine synthesis and breakdown
in the prefrontal cortex (Gunther et al., 2008; Maldonado, 2008;
Kambholz, 2010).

On the other hand, recently, a study showed resistance
of norepinephrine (NE) transporter (NET) knockout mice
toward depression-like behavioral changes, which are stress
induced, as well as expression of brain neurotrophin which
are seen in normal mice. Hence, depression and delirium
can be caused due to reduced levels of NE and elevated
concentrations of dopamine (Coleman et al.,, 2020; Das et al,,
2020). Besides, CRP may lead to the stimulation of the formation
of reactive oxygen species (ROS) which result in blood brain
barrier disruption, thereby causes delirium. As per studies, a
higher occurrence of delirium in post-operative hip surgery
patients is associated with higher concentrations of CRP and
IL-6 (Beloosesky et al, 2004; Macdonald et al, 2007). A
prospective study was conducted wherein they measured the
inflammatory biomarkers procalcitonin, and CRP in patients
ventilated mechanically (McGrane et al., 2011). An association
was found between delirium, less coma-free days, elevated levels
of CRP and procalcitonin, which implicated inflammation as a
vital mechanism in delirium pathophysiology.

CONCLUSION

In nutshell, there is a need to pay attention to patients
presenting initial symptoms related to the digestive system
particularly diarrhea during the diagnosis and management of
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SARS-CoV-2. In addition, on the occurrence of diarrhea or other
related symptoms during treatment, the patient should receive
a prompt integrative surveillance of psychotic results. Thus,
the treatment regimen should include anti-diarrhea therapy
along with the probiotics (necessary for reactivation of beneficial
intestinal microbiota) that will help in reducing the psychotic
consequences of the central nervous system. In addition to
antiviral intervention, the treatment regimen should include
rejuvenating electrolytes along with sufficient water intake.
Further, future studies are required to obtain insights into
association between SARS-CoV-2 and the gut-brain axis.
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