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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) recently emerged
as a highly virulent respiratory pathogen that is known as the causative agent of
coronavirus disease 2019 (COVID-19). Diarrhea is a common early symptom in a
significant proportion of patients with SARS-CoV-2 infection. SARS-CoV-2 can
infect and replicate in esophageal cells and enterocytes, leading to direct damage
to the intestinal epithelium. The infection decreases the level of angiotensin-
converting enzyme 2 receptors, thereby altering the composition of the gut
microbiota. SARS-CoV-2 elicits a cytokine storm, which contributes to
gastrointestinal inflammation. The direct cytopathic effects of SARS-CoV-2, gut
dysbiosis, and aberrant immune response result in increased intestinal
permeability, which may exacerbate existing symptoms and worsen the
prognosis. By exploring the elements of pathogenesis, several therapeutic options
have emerged for the treatment of COVID-19 patients, such as biologics and
biotherapeutic agents. However, the presence of SARS-CoV-2 in the feces may
facilitate the spread of COVID-19 through fecal-oral transmission and
contaminate the environment. Thus gastrointestinal SARS-CoV-2 infection has
important epidemiological significance. The development of new therapeutic and
preventive options is necessary to treat and restrict the spread of this severe and
widespread infection more effectively. Therefore, we summarize the key elements
involved in the pathogenesis and the epidemiology of COVID-19-associated
diarrhea.

Key Words: COVID-19; Diarrhea; Ionic imbalance; Viroporin; Angiotensin-converting
enzyme type 2; Leaky gut
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Core Tip: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replicates in
enterocytes, triggers ionic imbalances, activates the NLRP3 inflammasome pathway,
induces apoptosis, and exerts a dual effect on the autophagic process. These effects of
SARS-CoV-2 lead to the development of leaky gut. Increased permeability triggers the
absorption of lipopolysaccharide into the circulation, further exacerbating inflam-
mation induced by viral infection. In addition to drugs that affect the inflammatory
response and viral replication, agents targeting autophagy and apoptosis appear to be
potentially suitable for the treatment of coronavirus disease 2019 (COVID-19). The
fecal-oral route of SARS-CoV-2 transmission calls for strict and more consistent
adherence to hygiene rules to prevent the spread of COVID-19.

Citation: Megyeri K, Dernovics A, Al-Luhaibi ZII, Rosztéczy A. COVID-19-associated
diarrhea. World J Gastroenterol 2021; 27(23): 3208-3222

URL: https://www.wjgnet.com/1007-9327/full/v27/i23/3208.htm
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) recently emerged as a
highly virulent respiratory pathogen that is known as the causative agent of
coronavirus disease 2019 (COVID-19)[1]. SARS-CoV-2 enters the human body through
the airways and multiplies in the lungs. This novel coronavirus causes mild, severe,
and critical respiratory disease in 81%, 14%, and 5% of cases, respectively[2]. It may
also enter the bloodstream, which results in viremia and systemic spread throughout
the body.

In addition to the airways, the virus can multiply in the gastrointestinal (GI) tract
(GIT), urinary tract, and central nervous system. The infection elicits an intemperate
immune response characterized by a life-threatening cytokine storm and a corrupted
interferon (IFN) system, which is unable to eliminate the pathogen effectively. As a
result, a systemic inflammatory response syndrome occurs[3,4]. In the severe and
critical clinical manifestations of COVID-19, atypical pneumonia leading to pro-
gressive respiratory failure develops[2].

As of the 13* of January 2021, about 90 million people have been infected, and
nearly 2 million people have died during the COVID-19 pandemic[5]. Although the
leading COVID-19 symptoms are due to involvement of the respiratory system, it
often causes GI symptoms as well. Thus, we examined the current state of knowledge
on the pathogenesis, occurrence rate, clinical significance, and epidemiological
consequences of COVID-19-associated diarrhea.

TAXONOMIC CLASSIFICATION, STRUCTURE, AND REPLICATION OF
SARS-COV-2

SARS-CoV-2 belongs to the genus Betacoronavirus of the family Coronaviridae, which
comprises enveloped viruses with positive-sense single-stranded RNA genomes[1,6,
7]. The spherical or elliptical virions are pleomorphic with diameters of 80-160 nm([8,
9]. The capsid has helical symmetry, which is built up by the nucleocapsid (N) protein.
The spike (S), membrane (M), and envelope (E) proteins are located in the virion
envelope[10]. The S protein forms protrusions of 20 nm in length that provide a
characteristic crown-like appearance, which is reflected in the name of the viral family.
The S-protein is responsible for binding to the cell surface receptor[10].

Besides the S, E, M, and N structural protein genes, the genome of SARS-CoV-2
contains open reading frames (Orfs) that encode nine accessory proteins (3a, 3b, 6, 7a,
7b, 8, 9b, 9¢, and 10) and two polyproteins (ppla and pplab)[10-15]. Polyproteins ppla
and pplab are cleaved by viral proteases to form unique non-structural proteins (Nsp),
which play an important role in viral replication[10]. Although the accessory proteins
of SARS-CoV-2 are not essential for viral multiplication, they are implicated in the
pathogenesis[10].
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As the first step in infection, the S protein of SARS-CoV-2 binds to its corresponding
cell-surface receptor, angiotensin-converting enzyme type 2 (ACE2)[16,17]. The S
protein has two subunits: S1 and S2. The S1 subunit has a receptor-binding domain
and is responsible for receptor engagement, whereas the S2 subunit is involved in the
fusion process[17-19]. Following ACE2 binding, cellular proteases such as transmem-
brane protease/serine subfamily member 2 (TMPRSS2), TMPRSS4, and cathepsin L
cleave S protein into S1 and S2 subunits, and the virus enters the host cell by receptor-
mediated endocytosis[17,19-23]. Other proteases have also been shown to be able to
cleave S protein, including furin, trypsin-like proteases, elastase, plasmin, and factor
Xa. This suggests that these enzymes may also facilitate entry or expand the tissue
tropism of SARS-CoV-2[23-27].

Within the endosome, cathepsin-mediated activation of the S protein continues,
eventually causing the S2 subunit to gain a fusogenic effect that triggers the fusion of
the viral envelope and the endosomal membrane[25]. The nucleocapsid is then
released into the cytoplasm, where the translation of Orfla and Orflb results in the
formation of ppla and pplab, from which Nspl-16 are generated by proteolysis.
Nsp12 functions as an RNA-dependent RNA polymerase and associates with Nsp7
and Nsp8 to form the core of the replication and transcription complex (RTC) of SARS-
CoV-2[28,29]. The cofactors Nsp7 and Nsp8 form a hexadecameric ring structure that
has a primase function and generates RNA primers for the synthesis of the negative-
sense RNA[28,29].

RTC synthesizes the genomic RNA and a set of SARS-CoV-2 mRNAs through full-
length and subgenomic negative-sense RNA intermediates[28,29]. The replication of
the viral genome and transcription of viral genes takes place in double-membraned
vesicles[30,31]. The SARS-CoV-2 replication compartment provides a protected
environment which inhibits the antiviral effects of IFN and other cellular antiviral
defense mechanisms by hiding the viral genome, transcripts, and replicative interme-
diates from cellular nucleic acid sensors.

The viral mRNAs are translated in the rough endoplasmic reticulum, leading to the
formation of accessory proteins and structural proteins (N, M, E, and S). The M, E, and
S proteins then become embedded in the endoplasmic reticulum, whereas the N
proteins assemble with the newly synthesized full-length positive-sense RNA to form
the nucleocapsid[30,31]. After being transported to the ERGIC (endoplasmic
reticulum-Golgi intermediate compartment), the nucleocapsids bud through the
ERGIC membrane into its lumen[30,31]. The mature virions reach the cytoplasm
membrane via vesicular transport and are released from the cell[30,31].

THE MAIN CELLULAR EFFECTS OF SARS-COV-2

During multiplication, SARS-CoV-2 modulates several cellular aspects, including
signaling, transcription, translation, cell division, the IFN system, autophagy, and
apoptosis, as well as the biogenesis, function, and morphology of mitochondria and
intracellular vesicles. Phosphoproteomic profiling has revealed that SARS-CoV-2
infection affects the activity of 97 kinases. The activities of several members of the p38
pathway and the guanosine monophosphate-dependent protein kinases are
upregulated, while cell cycle kinases (CDK1/2/5), cell growth-related signaling
pathway kinases (AKT1/2), and regulators of the cytoskeleton are down-regulated
[32]. The functional changes in the signal transduction pathways have been shown to
play an important role in SARS-CoV-2-induced cytoskeletal damage, cytokine
production, and slow-down in cell proliferation at the S/G2 transition phase[32].

Transcriptomic profiles of SARS-CoV-2-infected primary human bronchial epithelial
cells, lung biopsy, and bronchoalveolar lavage fluid samples of COVID-19 patients
have demonstrated upregulated expression of genes implicated in metabolism,
immunity, and the stress responses of the endoplasmic reticulum and mitochondria
[33-35]. It has been shown that the M protein, Nsp7, and ORF9c stimulate lipogenesis,
while Nsp7, Nsp12, and ORFS trigger endoplasmic stress response, and Nsp7 induces
mitochondrial dysfunction[34]. Moreover, the M and E proteins, along with Nsp3a,
Nsp6, Nsp8, Nsp10, and Nsp13, were shown to be able to modify the structure and
function of the endomembrane system and vesicle trafficking, thereby facilitating
several steps of viral multiplication[36].

Interestingly, the expression of genes involved in the humoral immune response
and innate immune response-activating signal transduction are increased, whereas
genes implicated in cytokine-mediated signaling pathways are down-regulated[33]. A
multiplex gene expression analysis showed that the genes involved in type I IFN
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signaling were highly up-regulated, whereas the expression of IFN-stimulated genes (
ISGs) was decreased in severe COVID-19 patients[37]. The levels of pro-inflammatory
cytokines measured in sera of COVID-19 patients were highly increased in a pattern
corresponding to a cytokine storm[38-40].

Consistent with this observation, transcriptional activation of pro-inflammatory
cytokine genes was also detected in peripheral blood mononuclear cells and broncho-
alveolar lavage fluid[41]. The sera and lung tissue samples of patients have shown
interleukin (IL)-1p, IL-6, IL-10, IL-18, IL-33, transforming growth factor-, IFN-vy,
CSF2/GM-CSF (colony-stimulating factor 2/granulocyte-macrophage colony-
stimulating factor), CSF3/G-CSF, CC chemokines [CCL2/MCP-1, CCL3/MIP-1A,
CCL4/MIP-1B, CCL5/RANTES, CCLS8, CCL3L1] and CXC chemokines [CXCL1,
CXCL2 and CXCL10/1P10][38,39,41,42]. However, during SARS-CoV-2 infection, the
production of type I and III IFNs is decreased[37,43]. Thus, these data clearly
demonstrate that SARS-CoV-2 infection alters both the transcriptional and transla-
tional patterns in cells profoundly[32-43].

Other observations indicate that SARS-CoV-2 could trigger several cell-death
processes, including apoptosis, necrosis, pyroptosis, and anoikis, depending on the
type of cell[44-47]. The death of infected cells may contribute to tissue damage and
induce an inflammatory reaction[44-47]. It has also been revealed that SARS-CoV-2 Orf
3a stimulates the formation of the autophagic Beclin-1-Vps34-Atgl4 complex while
simultaneously inhibiting the Beclin-1 complex containing the UVRAG adaptor
protein[48]. Orf 3a thereby exerts a dual effect on the autophagic process manifesting
in the induction of the initial steps and a block in the fusion of the autophagosomes
with lysosomes[48].

DIARRHEA IN COVID-19

GIT involvement is frequent in COVID-19 patients and includes anorexia, nausea,
vomiting, diarrhea, and abdominal pain[49-62]. Among the specific GI symptoms,
diarrhea is the most common. Based on different studies, the prevalence of diarrhea
might range from 2% to 49.5%[50,61,63]. COVID-19-associated diarrhea is charac-
terized by loose or watery stools and is usually mild, self-limiting, and can even be the
only symptom of the infection[49,52,58,59,63]. The average frequency of bowel
movements is in the range of 3.3-4.3 times per day[53,58], and the average duration of
diarrhea is 3-5.4 d[52,53,58,59,63]. In some cases, however, diarrhea is more severe,
with patients experiencing more frequent bowel movements of up to 18-30 times per
day[58,63].

Rare cases with more severe GI symptoms have also been reported, such as acute
hemorrhagic colitis and GI bleeding[53,54,64]. Furthermore, the relationship between
GI symptoms and the severity of the disease has been investigated. Statistically
significant differences were not observed between COVID-19 patients with and
without GI symptoms in clinical severity, length of hospital stay, and mortality rate[49,
59,60]. SARS-CoV-2 mRNA could be detected in the stool of COVID-19 patients in
22%-54.5% of cases, and occasionally, the virus is detectable in the stool even after the
airway samples become negative[54,57,58,65-69]. Positive results have been obtained
from real-time reverse transcriptase-polymerase chain reaction (Rrt-PCR) tests of stool
even in patients without GI symptoms[58]. In patients with GI symptoms, the total
time between the onset of symptoms and viral clearance is significantly longer than in
those with only respiratory manifestations[58,70].

The reason why GI symptoms occur in only a subset of COVID-19 patients is
currently unknown. There are no significant differences between the two patient
groups in terms of demographics and certain coexisting conditions, such as pregnancy,
cancer, chronic renal disease, chronic obstructive pulmonary disease, or immunosup-
pression. A study conducted by Jin et al[52] revealed that the rate of chronic liver
disease in COVID-19 patients with GI symptoms is much higher than among those
without GI symptoms. Moreover, the incidence of COVID-19 with GI symptoms
displays familial clustering[52]. Based on these interesting observations, it is
reasonable to infer that genetic, immunological, and epidemiological factors are
involved in the development of COVID-19-associated diarrhea.
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PATHOGENESIS OF COVID-19-ASSOCIATED DIARRHEA

ACE?2, the cellular receptor of SARS-CoV-2, is widely expressed in many types of cells
and tissues of the GIT, including the esophagus, stomach, small intestine, colon,
rectum, pancreatic exocrine glands and islets, and gallbladder[71]. The expression
level of ACE2 in the GIT is highest in the ileum epithelial cells, especially in the
absorptive enterocytes[72]. It has also been demonstrated that ACE2 is co-expressed
with TMPRSS2/4 proteases in the GIT, with the highest level in the ileum[73]. These
observations indicate that several cell types in the GIT are potentially susceptible to
SARS-CoV-2 infection[71-73].

Studies demonstrating that viral RNA can be detected in the stool samples of
COVID-19 patients indicate that SARS-CoV-2 can indeed infect the GIT[54,57-59,66-
68]. It is estimated that feces and GI tissues contain 10*-10% and 10°-10* RN As per gram,
respectively[74,75]. Further studies revealed that SARS-CoV-2 establishes a productive
infection in intestinal epithelial cells and human small intestinal organoids, leading to
the production of new infectious progeny virions[20,76]. Viral particles within
intracytoplasmic vesicles and aggregates of SARS-CoV-2 virions attached to the
surface of enterocytes have been detected in intestinal organoids and post-mortem GIT
samples from COVID-19 patients by electron microscopy[76,77]. These observations
indicate that the GIT can be an entry site and an extra-pulmonary target organ of
SARS-CoV-2[20,71-73,76,77].

Further analyses were performed to determine whether infectious viruses are
present in the GIT or feces. In most cases, efforts to cultivate infectious SARS-CoV-2
from feces have failed, although Xiao et al[78] recently reported the successful isolation
of the virus from stool samples by using the Vero E6 cell line. Simulated large
intestinal fluid was shown to reduce the infectivity of the virus significantly[20]. Thus,
it is possible that most of the virus that multiplies in the enterocytes may be
inactivated in the lumen of intestines within a short time after release.

In vitro cultivation of SARS-CoV-2 has demonstrated that this virus elicits a
cytopathic effect (CPE) on some cell lines, whereas in other cell types, no cytomorpho-
logical abnormalities could be observed despite efficient viral replication[79]. In
human airway epithelial cells, SARS-CoV-2 causes CPE characterized by the formation
of multinucleated syncytia and cilium shrinking, and cell death largely occurs by way
of apoptosis[45]. In contrast, the colorectal adenocarcinoma Caco-2 cell line proved to
be susceptible to infection, but the multiplication of SARS-CoV-2 was not accompanied
by a visible CPE[79]. Likewise, intense tissue damage was not observed in the GIT of
COVID-19 patients[80].

SARS-CoV-2 can establish a persistent infection in human C2BBel intestinal cells
expressing a brush border[81]. Moreover, SARS-CoV-2 was shown to be more effective
in inducing the production of IFN-a, IFN-B, IFN-A1, IFN-A2, and IFN-A3 in human
intestinal tissues ex vivo than in lung tissue[80]. Therefore, it is also conceivable that a
specific immuno-inflammatory environment develops in the lungs and GIT as a result
of infection, which affects the rate of viral replication and cell demise in different ways.

Although SARS-CoV-2 causes no extensive tissue damage in the intestines, the
infection seems to harm the enterocytes in a much more sophisticated way. E protein
was shown to bind to the tight junction-associated PALS1 (Proteins Associated with
Lin Seven 1)[82]. PALS1 interacts with PAT] (PALS1-Associated Tight Junction
protein) and CRB3 (Crumbs 3), and the PALS1/PAT]/CRB3 complex that forms is
essential for the maintenance of tight junctions connecting epithelial cells[83]. E
protein causes functional impairment of PALS] and interferes with the formation of
tight junctions, leading to the disruption of intestinal barrier integrity[82]. By using a
biomimetic gut-on-chip system, Guo et. al. elegantly demonstrated that SARS-CoV-2
infection destroys tight junctions and adherent junctions in both the endothelium and
intestinal epithelium, which in turn may lead to leaky gut syndrome, local and
systemic invasion of normal microbiota members, and immune activation[84]

Figure 1).

( éfhe E iarotein of SARS-CoV-2 is a single-spanning membrane protein that forms a
homopentameric ion channel, which displays selective permeability for monovalent
ions (Na*, K*,and Cl) and Ca*[85]. E protein accumulates in the endoplasmic
reticulum and ERGIC/Golgi membranes and transports Ca?* from these compartments
to the cytoplasm. Elevated cytoplasmic Ca* concentration can increase the rate of
apical CI exit across the Ca*"-activated CI- channels and cyclic-nucleotide-activated
cystic fibrosis transmembrane conductance regulator[86].

SARS-CoV-2 also has another ion-channel protein, Orf3a, which is a K* ion channel
viroporin that exhibits plasma membrane and endomembrane localization[46,87].
Orf3a in the cytoplasmic membrane may cause leakage of K* ions from enterocytes.
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Figure 1 Mechanism involved in coronavirus disease 2019-associated diarrhea. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
binds to its corresponding cell-surface receptor, angiotensin-converting enzyme type 2. In the intestines, SARS-CoV-2 viroporins, E protein, dysregulation of the
renin-angiotensin-aldosterone system triggering ionic imbalance, disruption of barrier integrity and inflammation play important roles in the development of
coronavirus disease 2019-associated secretory diarrhea and leaky gut. ACE: Angiotensin-converting enzyme; IFN: Interferon; IL: Interleukin; TNFa: tumor necrosis
factor alpha; CFTR: CF transmembrane conductance regulator; CaCC: Ca®*-activated CI channel; NHE3: Na*-H* exchanger 3.
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Moreover, intracellular ionic imbalances triggered by SARS-CoV-2 viroporins (E
protein and Orf3a) can lead to the activation of the NLRP3 inflammasome (NOD-,
LRR-, and Pyrin domain-containing 3). This results in the secretion of IL-1p and cell
death in a process called pyroptosis[44,46]. By activating innate immune cells, IL-1p
contributes to the development of a local inflammatory environment and a systemic
cytokine storm. The direct action of viroporins and the indirect effects of cytokines
together can trigger an ionic imbalance of enterocytes, which may contribute to the
development of diarrhea (Figure 1).

During its multiplication, SARS-CoV-2 disturbs the function of the renin-
angiotensin-aldosterone system (RAAS). The main components of this system are
ACE, angiotensin II, and AT1R. Angiotensin II is known to elicit vasoconstriction,
oxidative stress, and inflammation following binding to AT1R[88]. The ACE2/
angiotensin (1-7)/Mas pathway is an important physiological negative regulator of the
ACE/angiotensin II/ AT1R axis and exerts anti-inflammatory effects[88]. SARS-CoV-2
uses ACE2 for entry as a receptor, which becomes degraded in the endolysosomal
compartment after being internalized along with the virion particles[17,19,20].

The viral infection has been shown to increase the expression of ADAM (A
Disintegrin and Metalloprotease) metallopeptidase domain 17 enzyme, which is
endowed with sheddase activity[89]. ADAM17 functions in the ectodomain shedding
of tumor necrosis factor alpha (TNF-a), EGFR ligands, and ACE2[90,91]. ADAM17-
mediated cleavage decreases ACE2 Levels on the cytoplasm membrane and thereby
shifts the delicate balance towards the ACE/angiotensin II/ ATIR pathway. In turn,
this can lead to pro-inflammatory predominance. It has also been demonstrated
recently that ACE2 forms dimer-of-heterodimer complexes with the neutral amino
acid transporter B’AT1 (Broad neutral Amino acid Transporter 1)[91]. B°’AT1 is
involved in the Na'-coupled transportation of tryptophan, phenylalanine, glutamine,
and leucine[91].
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The ADAM17-mediated cleavage of ACE2 ectodomain and attachment of SARS-
CoV-2 to the ACE2:B°AT1 complex may potentially compromise the transport of Na*
and neutral amino acids[88]. Impairment of the ACE2:B’AT1 complex and the
consequential amino acid starvation can decrease Na*uptake and affect the activation
state of the mechanistic target of rapamycin (mTOR) complex, which is an important
regulator of autophagy, xenophagy, metabolism, and various immune processes[88,92-
95]. Dysregulated RAAS may aggravate ionic imbalance and inflammation, which may
affect the metabolic state of cells, the composition of the microbiota, and cell viability,
leading to increasingly severe intestinal dysfunction[88,90,91,94,95] (Figure 1).

VIRUS-INDEPENDENT CAUSES OF COVID-19-ASSOCIATED DIARRHEA

If diarrhea is not included in the presenting symptoms and develops after admission,
it becomes challenging to ascertain the cause of diarrhea. Several confounding
variables, such as the hyperinflammatory response, altered gut flora, secondary
bacterial infections, antiviral agents, antibiotics, enteral feeding, and the use of proton
pump inhibitors can potentially cause diarrhea in hospitalized COVID-19 patients.

In approximately 20% of COVID-19 patients, the infection progresses to severe and
critical phases in which an extrapulmonary hyperinflammatory state develops due to
cytokine release syndrome[96]. Several cytokines may affect the course and clinical
manifestations of SARS-CoV-2 infection by increasing the intestinal and vascular
permeability as well as triggering the formation of thrombi in the small blood vessels
and the alteration of intestinal microbiota, leading to bacterial translocation towards
the bloodstream and the mesenteric lymph node[3,4]. The cytokine-mediated GI
damage may thereby further intensify the systemic immunological response and
contribute to the deterioration of the patient’s condition. A study conducted by Zhang
et al[97] revealed that the pro-inflammatory cytokine patterns are different in COVID-
19 patients with and without diarrhea. Moreover, diarrhea patients were more likely
to develop cytokine release syndrome and multi-organ damage[97]. Interestingly, the
levels of TNF-a, IL-6, and IL-10 were significantly higher in the sera of diarrhea
patients than in the non-diarrhea group[97]. TNF-a is known to increase the
expression of adhesion molecules on the surface of endothelial cells, platelets, and
leukocytes, thereby facilitating the adhesion of thrombocytes to the vessels and
initiating the formation of thrombi in the microcirculation of the GIT and other organs.
These effects increase vascular permeability and can lead to inflammation and dissem-
inated intravascular coagulation. Furthermore, TNF-a has the ability to disrupt the
intestinal tight junction barrier, which in turn contributes to the development of leaky
gut[98]. IL-6 exerts dual effects on the intestinal epithelium. It increases gut
permeability to small molecules with a radius < 4A (< 0.4 nm) via activating claudin-2
gene expression[99]. However, by stimulating epithelial proliferation and
regeneration, IL-6 plays a beneficial role in the maintenance of intestinal epithelial
integrity during acute injury[100]. IL-10 is an anti-inflammatory cytokine that restricts
uncontrolled immune responses to the intestinal microbiota and defends gut barrier
integrity[101,102]. In light of these data, it is reasonable to infer that TNF-a may be an
important factor in COVID-19-associated diarrhea, whereas without IL-10, the
cytokine storm and intestinal injury would be even more devastating. However,
further studies are needed to identify the precise role of each cytokine in the
development of COVID-19-associated diarrhea. Such studies could also contribute to a
better understanding of the potential adverse effects of anti-cytokine therapies on the
GIT.

Interesting observations revealed that the composition of intestinal microbiota is
profoundly altered in COVID-19 patients: The diversity is highly reduced, the
proportion of beneficial commensal bacteria is decreased and the opportunistic
pathogens are enriched compared with that found in healthy controls[103,104]. It has
also been demonstrated that some Bacteroides spp., capable of decreasing ACE2
expression in mice, displayed inverse correlation with the fecal SARS-CoV-2 load
[104]. The immune system and the intestinal microbiota are in a continuous dialog.
The presence of commensal microorganisms shapes host immunity, and alterations in
microbiota composition may lead to increased susceptibility to various pathological
conditions, including infections, inflammation, and metabolic and autoimmune
disorders. Thus, the altered microbiota observed in COVID-19 patients may be an
additional factor contributing to the development of diarrhea by weakening
colonization resistance, decreasing the production of beneficial bacterial metabolites,
and triggering a local immune recalibration.
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For clinical improvement and treatment of secondary bacterial infections, COVID-19
patients are treated with antiviral agents, antibiotics, and corticosteroids. Antiviral
agents such as the RNA polymerase inhibitors favipiravir and remdesivir may cause
diarrhea[105]. Diarrhea is also a common adverse drug reaction to antibiotics such as
cephalosporins, macrolides and fluoroquinolones, largely due to destruction of the
normal intestinal microbiota. Moreover, treatment of COVID-19 patients with broad-
spectrum antibiotics has the potential to increase the risk of Clostridioides difficile (C.
difficile) infection, including in survivors even long after recovery. In co-infections with
SARS-CoV-2 and C. difficile, intestinal damage is more extensive and diarrhea
symptoms are more severe[106]. To counteract the detrimental effects of various
proinflammatory cytokines, biological therapy is used in selected patient groups. IL-6
and IL-6 receptor inhibitors, such as tocilizumab, sarilumab and siltuximab, represent
another class of drugs that often cause diarrhea[107]. Although enteral feeding has
well- established, clear advantages over parenteral nutrition[108], adverse events, like
diarrhea, may develop. Tube feeding-related diarrhea can occur for several reasons,
mostly related to the circumstances of feeding (adaptation time, perfusion speed,
temperature) or the composition of the used enteral formula (osmolarity, fat content,
nutrient intolerance), and can be managed easily with careful observation of the
patients[109]. Not only is the use of PPIs during the course of COVID-19 infection
controversial[110], such drugs may induce diarrhea in general through the alteration
of GI microbiota by different mechanisms, including the direct consequences of
increased gastric pH itself. This safety issue was evaluated by a number of meta-
analyses based on retrospective observational or case-control studies, which suggested
an increased risk for enteral infections, especially C. difficile infections, in PPI-treated
patients[111-113]. In contrast, a recent long-term prospective study (COMPASS) failed
to show an increased risk of C. difficile infection in PPI users and only a slight increase
of enteral infections in general[114].

POTENTIAL CONSEQUENCES OF COVID-19-ASSOCIATED DIARRHEA

A great body of experimental and clinical evidence demonstrates that SARS-CoV-2
infects and replicates in the GIT, and the stool contains high copies of viral RNA,
although the amount of infectious virus in the stool appears to be low. The presence of
SARS-CoV-2 in the feces may potentially facilitate the spread of COVID-19 through
fecal-oral transmission among humans and contaminate the environment[115-117].
Thus, SARS-CoV-2 infection of the GIT has important epidemiological significance.

The feces of COVID-19 patients pose a serious epidemiological risk, which justifies
the use of all available methods of prevention, including protective equipment,
disinfection procedures, and vaccination. However, further studies are needed to
establish the efficiency of the fecal-oral spread of SARS-CoV-2 precisely. It would be
very useful if the concentration of infectious virion particles in the stool were
determined in asymptomatic individuals and different patient groups under
standardized parameters when discharge frequencies and the grade on the Bristol
stool scale are precisely recorded. It is possible that the rate of virus inactivation in the
intestinal lumen may significantly differ in COVID-19 patients.

SARS-CoV-2 can extensively contaminate the environment, and viral RNA can be
detected in sewage and solid waste[118,119]. Measurement of SARS-CoV-2 RNA in
wastewater is used for local monitoring of the epidemic situation, which facilitates the
implementation of preventive measures. Wastewater epidemiology involves using Rrt-
PCR to determine SARS-CoV-2 RNA in sewage, but how long the virus survives in
this environment has not been measured[118,119]. It would be essential to determine
the concentration of infectious virion particles to elucidate the risk of SARS-CoV-2
transmission via wastewater contamination.

CONCLUSION

Among the specific GI symptoms, diarrhea is the most common in COVID-19 patients.
The ACE2 receptor and other elements required for the attachment of this virus to the
various cell types are extensively expressed throughout the GIT. SARS-CoV-2 can
establish a productive infection in the enterocytes, leading to mild cellular damage.
The infection evokes an inflammatory response in the intestines, which is charac-
terized by the production of various pro-inflammatory cytokines and chemokines,
many of which are known to increase intestinal permeability. Direct effects of SARS-
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CoV-2 viroporins and dysregulation of the intestinal RAAS triggering ionic imbalance
and inflammation in the intestines seem to play important roles in the development of
COVID-19-associated secretory diarrhea and leaky gut.

Infection in the lungs and GIT also seems to display some different tissue-specific
features. The production of type I and III IFNs is more efficient in the GIT than in the
lungs. The antiviral IFNs may restrict viral replication in the GIT to some extent, which
may allow the development of a less cytopathogenic or persistent form of infection in
this anatomical region. SARS-CoV-2-mediated dysregulation of the ACE2:B°AT1
complex may modify the biological response of cells to the infection, and in
enterocytes, it may contribute to the development of diarrhea by inducing amino acid
starvation, which can decrease Na*uptake. These effects are not seen in the lungs,
however, as ACE2 does not form a complex with B°’AT1 in this organ. SARS-CoV-2
infection of the GIT is of pivotal epidemiological significance, but further studies are
needed to assess the extent of this risk.
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