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ARTICLE INFO ABSTRACT

Recently, a new coronavirus (SARS-CoV-2) was discovered in China. Due to its high level of contagion, it has
already reached most countries, quickly becoming a pandemic. Although the most common symptoms are re-
lated to breathing problems, SARS-CoV-2 infections also affect the gastrointestinal tract culminating in in-
flammation and diarrhea. However, the mechanisms related to these enteric manifestations are still not well
understood. Evidence shows that the SARS-CoV-2 binds to the angiotensin-converting enzyme receptor 2 (ACE2)
in host cells as a viral invasion mechanism and can infect the lungs and the gut. Other viruses have already been
linked to intestinal symptoms through binding to ACE2. In turn, this medical hypothesis article conjectures that
the ACE2 downregulation caused by the SARS-CoV-2 internalization could lead to decreased activation of the
mechanistic target of mTOR with increased autophagy and lead to intestinal dysbiosis, resulting in diarrhea.
Besides that, dysbiosis can directly affect the respiratory system through the lungs. Although there are clues to
other viruses that modulate the ACE2/gut/lungs axis, including the participation of autophagy and dysbiosis in
the development of gastrointestinal symptoms, there is still no evidence of the ACE2/mTOR/autophagy pathway
in SARS-CoV-2 infections. Thus, we propose that the new coronavirus causes a change in the intestinal micro-
biota, which culminates in a diarrheal process through the ACE2/mTOR/autophagy pathway into enterocytes.
Our assumption is supported by premises that unregulated intestinal microbiota increases the susceptibility to
other diseases and extra-intestinal manifestations, which can even cause remote damage in lungs. These putative
connections lead us to suggest and encourage future studies aiming at assessing the aforementioned hypothesis
and regulating dysbiosis caused by SARS-CoV-2 infection, in order to confirm the decrease in lung injuries and
the improvement in the prognosis of the disease.
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Introduction

Coronavirus is a virus belonging to the Coronaviridaea family that
has simple and enveloped RNA-type genetic material [1,2]. It is related
to the development of severe acute respiratory syndrome (SARS), the
most severe form of the disease. According to WHO data, some out-
breaks of coronavirus infection have raised concerns from the world
population, such as SARS-CoV in 2002 (close to 8,000 cases and 800
deaths) and the Middle East Respiratory Syndrome, MERS-CoV, which
infected approximately 2,500 people, causing 858 deaths [3,4].

Recently, a new coronavirus was discovered in Wuhan, China.
SARS-CoV-2 has a lower lethality rate when compared to the previous

ones, but the contagion level is accentuated [5] reaching most of the
countries worldwide, quickly becoming a pandemic [6]. Although the
most common symptoms are related to respiratory problems, cor-
onavirus infections also affect the gastrointestinal tract. Recent studies
with SARS-CoV2 demonstrate a high concentration of viral genetic
material in the anal swab of infected patients (approximately 40%) [7]
and in wastewater [8,9], thus characterizing intestinal infection. In-
testinal infection by the virus can lead to a range of complications, from
inflammation and intestinal cramps to diarrhea and although variable,
can reach 30% of cases [10,11].

Conceptually, diarrhea is characterized by an increase in intestinal
transit causing in an intensified number of daily gut movements, 3
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times or more and may be accompanied by mucus or blood depending
on its origin, causing difficulty in the absorption of nutrients, loss of
electrolytes and water [12,13]. Among various etiological forms, there
is viral diarrhea, which can be resulting from adenovirus, human cali-
civirus, astrovirus, rotavirus and norovirus, as common examples [14].

Several factors may be included in the diarrheal process, such as a
decrease in resident microbiota due to the use of antibiotics (dysbiosis)
causing imbalance of intestinal homeostasis [15] through the ACE2,
which allows absorption of amino acids by enterocytes and conse-
quently the production of antimicrobial peptides [16]. The signaling of
intracellular pathways as the mechanistic target of rapamycin (mTOR)
is a set of kinase-type proteins [17] that are directly associated to cel-
lular autophagy, aiding in the flow of intestinal Na*/H* [18] and
channel openings through the ATPase pump (Na*/K™), which are also
involved in this disorder [19,20].

Dysbiosis has a fundamental role during the development of diar-
rheal conditions. However, it also plays an important role in the
homeostasis of other systems and organs. Ahluwalia and colleagues
[21] showed that changes in dysbiosis can cause disturbances in the
intestine-liver-brain axis, associated with a pro-inflammatory systemic
condition, altered brain function and liver cirrhosis. The imbalance of
intestinal microbiota can affect the respiratory system through the
lungs, since it contributes to pulmonary immunity and defense of the
host [22]. Therefore, studies of the intestinal microbiota have been
strongly related to the development of respiratory diseases [23,24].

The hypothesis

SARS-CoV-2 is known to bind to ACE2, which is also present in
enterocytes. The binding of the virus to the enzyme leads to its dereg-
ulation both in its ancestor SARS-CoV and in SARS-CoV-2. In other
viruses, a decrease in mTOR was observed, triggered by virus inter-
nalization, which has already been associated with increased autophagy
and dysbiosis. However, the mechanism of dysbiosis in infections by
SARS-CoV-2 remains unknown up to this date. We speculate that the
new coronavirus causes an alteration of the intestinal microbiota
through the ACE2/mTOR/autophagy pathway in the enterocytes,
which culminates in gastrointestinal symptoms in patients with COVID-
19.

Evaluation of the hypothesis

Due to the urgency to find new therapeutic targets against SARS-
CoV-2, several studies focus on understanding the coronavirus infection
and replication tactics. Literature reports evidences that the viral sur-
face spike glycoprotein (S protein) of SARS-CoV-2 binds to ACE2 and
also requires proteolytic cleavage of S protein by host proteases, such as
membrane-associated type II transmembrane serine protease
(TMPRSS2) as a viral invasion mechanism [25,26,27,28].

The virus is still known to have the capacity to infect and replicate
in intestinal cells, being the viral genetic material directly identified in
the intestine, since they also express ACE2 and TMPRSS2 [29,30,31].
That is believed because these patients can manifest enteric symptoms
such as diarrhea, vomiting and abdominal pain in earlier COVID-19
course [32,33,34,35]. On account of that, the implications of SARS-
CoV-2 on the gastrointestinal tract must be taken into account in in-
fection treatment and control [33,34,36].

Other coronaviruses caused by SARS-CoV and MERS-CoV have the
ability to survive in the gastrointestinal environment, infect intestinal
cells and cause diarrhea [32,37]. However, an important observation is
that while spike proteins in SARS-CoV and SARS-CoV-2 viruses bind to
ACE2 in enterocytes to promote their gastrointestinal effects, while
MERS-CoV binds to dipeptidyl peptidase 4 (DPP4), and can act by a
different mechanism [28,38].

Studies suggest that one of the reasons for the new coronavirus to
cause the diarrheal process is probably due to a change in mucosal
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permeability of infected intestinal cells, resulting in malabsorption in
the enterocytes [39]. Moreover, some other viruses cause intestinal
disturbances through the ACE2 dysregulation [40,41,42]. That is
probably because a putative ACE2 present in these cells is involved in
amino acids uptake, such as tryptophan, and that results in mTOR ac-
tivation, a regulator related to cell proliferation, synthesis and pro-
duction of proteins, which is activated directly by the detection of
nutrients or tryptophan/nicotinamide pathway [16]. mTOR acts on the
expression of antimicrobial agents by Paneth cells in the small intestine,
which regulates the intestinal microbiota. Studies suggest that when
ACE2 is downregulated, there is a tryptophan reduction, which causes a
decrease in mTOR activation and intestinal dysbiosis, resulting in
diarrhea and increased susceptibility to intestinal inflammation from
other diseases, such as colitis [16,43]. In addition, scientific studies
show that other proteins and substrates correlated with ACE2 dereg-
ulation, such as depletion of angiotensin 1-7 and neutral amino acid
transporter B’AT1 deficiency, are correlated with decreased amino acid
uptake, such as tryptophan, and gastrointestinal manifestations
[43,44,45].

Still, an important fact to be discussed and investigated is that the
mTOR present in the mTORC1 signaling complex is also related to
autophagy, an endocytosis and degradation process of damaged in-
tracellular components in a double-membrane structure, which fuses
with a lysosome for the autophagolysome formation [46,47]. Studies
show that this process is involved with a and p-coronavirus replication,
where the co-localization of proteins that participate in viral replication
with endogenous LC3 (a protein marker for autophagosome) has been
found [48]. The new coronavirus is believed to possibly use this same
replication mechanism in human hosts [47].

The mTOR inhibition causes the activation of intestinal autophagy,
demonstrated by the expression of the autophagosome marker Atg5.
This process causes the autophagic degradation of NHE3, the abundant
intestinal epithelial brush-border Na*/H* exchanger protein located in
enterocytes, related with the absorption of NaCl [18]. According to
Yang and coworkers [18], the administration of rapamycin, an inhibitor
of the mTORC1 complex, reduces NHE3 levels, with a consequent re-
duction in Na*/H™" exchange activity, with water absorption in the
humans and rodents gut, and increase in intestinal fluids, featuring
secretory-type diarrhea. Thus, we speculate that the role of mTOR
would be to limit the formation of the autophagosome. The reduction of
its activation, which is a consequent step followed by ACE2 down-
regulation during the SARS-CoV-2 infection into the intestinal cells,
may lead to autophagy triggered and a subsequent viral replication
accompanied by diarrhea.

Interestingly, studies have displayed that the autophagy process also
regulates the intestinal microbiota, where its increase is related to
diarrhea [49,50]. Atg5, a protein that is required for the autophago-
some formation, also regulates Paneth cells, which end up preventing
microorganisms from coming into contact with the intestinal epithelial
surface [49,50]. These evidences lead us to infer that the autophagy
process may be related to changes in the intestinal microbiota in
COVID-109. Still, the microbiota by itself can also prompt the mTOR and
directly regulate intestinal autophagy [51,52,53,54]. As seen earlier,
the deregulation of this pathway culminates in a secretory diarrheal
process.

As previously reported, the mechanisms related to enteric mani-
festations caused by the new coronavirus are still not well understood.
It is known that this virus alters the microbiota, but there is still no
evidence involving the ACE2/mTOR/autophagy pathway in this pro-
cess. The SARS-CoV-2 compilations show: i) interaction with ACE2 and
followed by its downregulation; ii) there are evidences of the occur-
rence of intestinal dysbiosis; iii) mTORC1 is downregulated in cells
infected with SARS-COV-2. Moreover, studies show that other cor-
onaviruses are accompanied by an altered microbiota
[33,55,56,57,58,59,60,61]. Upon entering the cells via ACE2 [25],
SARS-CoV-2 may be triggering the mTOR inhibition [57] that can
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culminate in the activation of autophagolysosomes and assembly into
intestinal cells, causing dysbiosis, intestinal inflammation and diarrhea,
as has been shown with the administration of rapamycin [18,43].
Moreover, deregulations in the ACE2 pathway and substrates cause a
reduction in the tryptophan uptake, a process identified as one of the
causes of mTOR inhibition in other studies, which are related to in-
testinal disorders [16,43,44,45]. Thus, we propose that SARS-CoV-2
causes alteration of the intestinal microbiota, which culminates in a
diarrheal process through the ACE2/mTOR/autophagy pathway in en-
terocytes. Our hypothesis and the supporting evidences discussed above
are shown in Fig. 1.

Thus, the confirmation of the hypothesis tested may generate new
therapeutic perspectives aimed at the microbiota focused on mitigate
diarrheal symptoms in patients infected by SARS-CoV-2. Still, the lit-
erature reports that unregulated intestinal microbiota may increase
susceptibility to other diseases and extra-intestinal manifestations,
since the enteric immune system is important in the homeostasis of the
immune system of other organs, such as the lung [62,63].

Consequences of the hypothesis and discussion

Alterations in the composition and function of digestive tract mi-
crobiota may mutually affect the respiratory tract through immune
regulation, through the so-called “intestine-lung axis” [62,63]. Fur-
thermore, a high level of pro-inflammatory cytokines caused by dys-
biosis was previously associated with impairment of lung integrity in
other diseases, such as tuberculosis [23]. Evidence shows that SARS-
CoV-2 damages the digestive system through a chain of inflammatory
responses [11].

However, up to the present date, no associations have yet been
made between such gastrointestinal harm and lung injuries in SARS-
CoV-2 infection through the orchestrated steps proposed in this hy-
pothetical article. We believe that microbiota dysregulation caused by
the possible increased autophagy from the ACE2/mTOR/autophagy
pathway is leading to a positive feedback, where the increase in pro-
inflammatory cytokines over intestinal dysbiosis may be associated

Gastrointestinal
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Dysbiosis
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Fig. 1. Suggested mechanism of intestinal
dysbiosis and diarrhea induced by SARS-
COV-2. After entering the body, SARS-COV-
2 manages to infect intestinal cells by
binding with ACE2, which leads to the dys-
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lead to autophagolysome formation that
cause reduction in Na+/H+ exchange ac-
tivity, increased water absorption and diar-
rhea. Moreover, the reduction of mTOR ac-
tivity decrease the antimicrobial peptides
production by Paneth cells, which will gen-
erate the intestinal dysbiosis and gastro-
intestinal problems related to intestinal mi-
crobiota imbalance.
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with a worsening of lung injuries in positive patients for SARS-CoV-2.
This evidence leads us to suggest and encourage future studies aimed at
regulating dysbiosis in COVID-19 or underlying diseases in patients
infected with the virus, as well as in patients undergoing antibiotic
therapy, in order to confirm the decrease in lung injuries and the im-
provement in the prognosis of the disease.

It is noteworthy that gastrointestinal symptoms are part of the
symptoms present in patients with COVID-19. Future studies are en-
couraged to investigate whether these patients previously had dysbiosis
caused by a basic disease or poor diet that may have been amplified by
the SARS-CoV-2 infection, using the path proposed in this medical
hypothesis. These reports corroborate and support our hypothesis, de-
monstrating the importance of future studies elucidating mechanisms
and treatments for diarrheal symptoms in SARS-CoV-2 infections in
order to better understand the association between viral infection and
symptoms on gastrointestinal tract, as well as the possible participation
of dysbiosis in worsening pulmonary symptoms.
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