
Citation: Shen, S.; Gong, M.; Wang,

G.; Dua, K.; Xu, J.; Xu, X.; Liu, G.

COVID-19 and Gut Injury. Nutrients

2022, 14, 4409. https://doi.org/

10.3390/nu14204409

Academic Editor: Rosa Casas

Received: 14 September 2022

Accepted: 18 October 2022

Published: 20 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Review

COVID-19 and Gut Injury
Sj Shen 1 , Muxue Gong 2, Gang Wang 3, Kamal Dua 4,5 , Jincheng Xu 6,7, Xiaoyue Xu 8 and Gang Liu 9,10,*

1 UNSW Microbiome Research Centre, St George and Sutherland Clinical Campus, University of New South
Wales, Sydney, NSW 2217, Australia

2 School of Clinical Medicine, Bengbu Medicine College, Bengbu 233030, China
3 Department of Respiratory and Critical Care Medicine, Clinical Research Center for Respiratory Disease,

West China Hospital, Sichuan University, Chengdu 610041, China
4 Discipline of Pharmacy, Graduate School of Health, University of Technology Sydney,

Ultimo, NSW 2007, Australia
5 Faculty of Health, Australian Research Centre in Complementary and Integrative Medicine, University of

Technology Sydney, Ultimo, NSW 2007, Australia
6 Stomatology Department, The First Affiliated Hospital of Bengbu Medical College, Bengbu 233004, China
7 School of Dental Medicine, Bengbu Medical College, Bengbu 233030, China
8 School of Population Health, University of New South Wales, Sydney, NSW 2052, Australia
9 School of Life Sciences, Faculty of Science, University of Technology Sydney, Ultimo, NSW 2007, Australia
10 Centre for Inflammation, Centenary Institute, Camperdown, NSW 2050, Australia
* Correspondence: gang.liu@uts.edu.au

Abstract: COVID-19 induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is currently a pandemic and it has led to more than 620 million patients with 6.56 million deaths
globally. Males are more susceptible to COVID-19 infection and associated with a higher chance
to develop severe COVID-19 than females. Aged people are at a high risk of COVID-19 infection,
while young children have also increased cases. COVID-19 patients typically develop respiratory
system pathologies, however symptoms in the gastrointestinal (GI) tract are also very common.
Inflammatory cell recruitments and their secreted cytokines are found in the GI tract in COVID-19
patients. Microbiota changes are the key feature in COVID-19 patients with gut injury. Here, we
review all current known mechanisms of COVID-19-induced gut injury, and the most acceptable
one is that SARS-CoV-2 binds to angiotensin-converting enzyme 2 (ACE2) receptor on host cells
in the GI tract. Interestingly, inflammatory bowel disease (IBD) is an inflammatory disorder, but
the patients with IBD do not have the increased risk to develop COVID-19. There is currently no
cure for COVID-19, but anti-viruses and monoclonal antibodies reduce viral load and shorten the
recovery time of the disease. We summarize current therapeutics that target symptoms in the GI tract,
including probiotics, ACE2 inhibitors and nutrients. These are promising therapeutic options for
COVID-19-induced gut injury.
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1. Introduction

Coronavirus disease-2019 (COVID-19) is induced by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) that was firstly reported in Wuhan in December 2019.
The outbreak of COVID-19 was raised as a big concern by the World Health Organization
and it eventually became a pandemic since early 2020. The virus has changed over the past
three years, with some strains listed as variants of concern that pose an increased risk to
global public health. These variants include Alpha (earliest samples were reported in UK
in September 2020), Beta (South Africa, May 2020), Gamma (Brazil, November 2020) Delta
(India, October 2020) and most recently Omicron (multiple countries in November 2021).
COVID-19 Omicron variants lead to mild symptoms, but it has the fastest and highest
infection rate compared with other variants. Recent Omicron BA.4 and BA.5 sub-variants
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have become the dominate virial strains globally. This virus infection results in respiratory
disorders, with COVID-19 patients exhibiting cough, fever, fatigue and some patients
developing acute respiratory distress syndrome (ARDS), including lung fibrosis and severe
pneumonia [1,2]. COVID-19 also leads to dysregulation in the gastrointestinal (GI) tract
and abdominal symptoms in COVID-19 patients, including anorexia, nausea, vomiting and
diarrhea. Anal swab specimens from COVID-19 patients tested positive for SARS-CoV-2
nuclei acid and SARS-CoV-2 can be isolated from stool samples from COVID-19 patients [3].
Many researchers have since focused on investigating the link between COVID-19 and
GI tract injury, and the mechanisms that underpin the connections of the lung and GI
tract. There has been significant progress in understanding of the relationship between
the digestive system and SARS-CoV-2 infection. In this review, we will summarize the key
pathological features, mechanisms of pathogenesis and treatments of COVID-19-induced
GI tract injury.

2. Epidemiology

By October 2022, more than 621 million people have been diagnosed with COVID-19;
this includes 247 million in Europe, 175 million in Americas, 82 million in the Western
Pacific, 60 million in South-East Asia, 22 million in the Eastern Mediterranean and 9 million
in Africa. COVID-19 leads to 6.56 million deaths globally [4]. Patients with COVID-19
show various disorders in the GI tract, with the most commonly reported symptoms being
diarrhea, vomiting, nausea and abdominal pain. In an early meta-analysis published in
2020, 7.7% of the included cohorts experienced diarrhea, 7.8% experienced nausea and
vomiting, and 3.6% experienced abdominal pain [5]. Interestingly, compared to studies
carried out within China, studies from other countries reported a higher proportion of
patients with these symptoms [5]. Subsequent reviews reiterated this large variance in
patients with GI tract symptoms that cohorts are from numerous countries including China,
USA, Europe, Australia and Singapore [6]. GI tract symptoms have since been consistently
reported in patients with COVID-19, regardless of whether the patients showed respiratory
tract symptoms or not. However, even within the Chinese studies, there are large variations,
with the range of patients having diarrhea being from 0% to 36.6% [5,6]. This suggests that
apart from overarching geographical and lifestyle factors that may result in deviations at a
country level, genetics and other intrinsic factors may play important roles in eliciting GI
tract damage in COVID-19 patients.

2.1. Sex Differences in COVID-19

Significant sex differences on COVID-19 prevalence have been widely reported. A
recent meta-analysis of including more than 220,000 participants shows that the prevalence
of COVID-19 is slightly higher in males than females (55% vs. 45%) [7]. Studies with
larger cohorts also show that males have greater COVID-19 severity associated with an
increased level of inflammation than women [8]. The mortality from COVID-19 in males
is 1.3–1.8-fold higher than females [9]. Although it remains unclear why males are more
susceptible to COVID-19 infection than females, a possible reason has been proposed that
females have a generally stronger immune system than males [8].

2.2. Age Difference in COVID-19

Many studies reported that people aged above 65 have a higher chance to acquire
COVID-19 infection and develop severe illness from COVID-19. Therefore, this group of
people has been recommended as the priority group for vaccination in most countries [10].
However, recent studies show that young children under 5 years of age also have increased
risk of getting COVID-19 [11]. Additionally, GI tract symptoms were not only reported in
adults, but also in young children. Several studies have shown that diarrhea was presented
in 8.8–44.1% and vomiting in 6.4–67.7% of pediatric patients with COVID-19 [11–13], and
27 of 171 (15.8%) of a cohort of pediatric patients presenting with asymptomatic respiratory
infections [11].
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Another complication of GI disease observed in children is multisystem inflammatory
syndrome in children (MIS-C). The symptoms of MIS-C include abdominal pain, diarrhea,
ongoing fever, cardiac dysfunction and multiple organ failure [14]. Severe MIS-C phenotype
and worse prognosis are commonly associated with symptoms including those of the GI
tract [15]. Due to similarities in presentation between MIS-C and Kawasaki disease in
patients, a recent study has examined and compared the levels of serum nitrogen terminal
pro-brain natriuretic peptide (NT-proBNP) and C-reactive protein (CRP) between these
patients. They also found that the patients with MIS-C have significantly high levels of
NT-proBNP and CRP that result in hyperactivation of the immune response and cytokine
storm in these patients [16].

3. Clinical Features of COVID-19

The GI tract is composed of three main compartments in relation to the immune
landscape: the epithelial (mucosal) layer, lamina propria (submucosa), and mucosa/gut-
associated lymphoid tissue (MALT/GALT). SARS-CoV-2 infection of the GI epithelium
induces an inflammatory and anti-viral response, which has been supported by in vitro
experiments using gut organoids [17]. Detection of viral single-stranded RNA (ssRNA) and
components by toll-like receptors (TLRs, a group of receptor proteins in innate immune
system) elicits the production and release of cytokines, of which the most-studied are
interferons (IFNs) and tumor necrosis factor (TNF)-α [18]. In addition, the microbial
communities that reside on mucosal surfaces such as within the GI tract (the gut microbiota)
have intricate links with host homeostasis and should not be discounted in COVID-19-
mediated GI symptoms [19–21]. Indeed, COVID-19 alters the gut microbiota (dysbiosis)
and induces inflammation and dysregulated immune responses in the gut [22]. Together,
these inflammatory mediators promote the recruitment of immune cells that initiate an
inflammatory response, leading to tissue damage and GI symptoms (Figure 1).
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Figure 1. Clinical features of COVID-19-induced gut injury. SARS-CoV-2 infects respiratory system,
and the virus translocate to gastrointestinal (GI) tract. This leads to immune cell recruitments in the
gut, including neutrophils, macrophages, dendritic cells and lymphocytes. The infection also results
in these immune cells to secrete cytokines and microbiota changes in the GI tract.
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3.1. Immune Cells in COVID-19

One of the initial responses of an infection is the activation of innate immune cells, and
COVID-19 is no exception. In particular, resident GI immune cells have the capacity to im-
mediately respond to infiltrating viruses. Studies show that SARS-CoV-2 infection leads to
disruption of intestinal epithelial cell barriers and activates immune cells in the GI tract [23].
Additionally, an abnormal gut epithelial–immune interaction drives the inflammatory
response in severe COVID-19 patients. However, the exact effect of intestinal inflammation
and the role of different type of immune cells in COVID-19 are still unclear. Neutrophils are
the first-line immune cells to be recruited to the site of infection. Macrophages and dendritic
cells (DCs) that locate the area are normally important in maintaining an appropriate level
of regulated immune response that maintains homeostasis between the host and the micro-
bial communities that reside on mucosal surfaces in the GI tract (the gut microbiota) [24].
These cells have a unique capacity to sense disruptions to gut homeostasis. Upon sensing of
viral (and other microbial) infections, resident immune cells rapidly produce cytokines and
chemokines that initiate the anti-viral responses [25]. ssRNA from SARS-CoV-2 detected
by TLR4, TLR7 and TLR8 on antigen-presenting cells such as macrophages quickly elicits
the production of pro-inflammatory cytokines including interleukin (IL)-1β, IL-2, IL-8,
IFN and TNF-α [26]. These and other molecules initiate the recruitment of cells from the
circulation. Both neutrophils and macrophages utilize their phagocytic capability to target
viruses and to remove the gut of cell debris, with apoptosis of infected cells contributing
to the anti-viral response [27]. Indeed, patients with COVID-19 exhibit neutrophilia with
increased levels of fecal calprotectin (a molecule mainly found in neutrophils), indicating
the link of neutrophil migration in the GI tract during COVID-19 [28,29]. Patients with
severe COVID-19 show significantly higher levels of neutrophil extracellular traps (NETs),
circulating double stranded DNA (dsDNA), histone–DNA complexes, neutrophilic elastase,
and myeloperoxidase (MPO)–DNA complexes [30]. In addition, stimulation of isolated
neutrophils from healthy people with lipopolysaccharide (LPS) in combination with or
without β-glucan elicits the production of NETs and increases pro-inflammatory cytokines,
including TNF-α, IL-6 and NFκB [30]. Together, these finding suggest neutrophil activity
with severe COVID-19.

In addition, DCs can also phagocytose virus and present viral proteins to innate
lymphocytes such as natural killer (NK) and NK T cells, or to adaptive lymphocytes such as
T and B cells. Plasmacytoid DCs are important producers of type I IFNs [31] and in murine
coronavirus infection models (including SARS-CoV-2), type I IFNs are crucial in early
stages to facilitate the activation of the adaptive immune response [32,33]. Nevertheless,
other coronaviruses, such as Middle-Eastern respiratory syndrome (MERS) and SARS,
impair the production of anti-viral cytokines [34], and recent studies have indicated similar
impairments of DC function and production of type I IFNs, in addition to decreased cell
numbers after SARS-CoV-2 infection [32,35].

Effective induction of the adaptive immune response, and indeed having robust T
and B cell responses, are postulated to be important for the resolution of SARS-CoV-2
infection [36]. CD4 T cells aid in generating an effective antibody response in B cells,
while also producing anti-viral cytokines, while CD8 T cells can directly kill infected host
cells. Indeed, individuals with IL-2-secreting T cells were resistant to infection [37]. T and
B cell responses have also been confirmed to be important in SARS-CoV-2 infections in
experimental models of COVID-19 in animals [38,39].

In patients with COVID-19, lymphopenia, including decreased CD4 and CD8 T cells,
B cells, and NK cells, has been observed, although the breadth of immune cells that SARS-
CoV-2 impacts is not consistent across all individuals [40–42]. It is currently thought
that lymphopenia occurs with direct lysis of lymphocytes, atrophy of lymphoid tissue,
or dysregulation of lymphocyte survival and apoptosis [42]. Since inflammation is also
observed in the gut, circulating leukocytes could instead be extravasating and accumulating
in the GI tissue, but this remains to be elucidated. Nevertheless, some studies suggest that
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this imbalance in immune homeostasis especially in patients with severe COVID-19 has
been linked to GI symptoms such as diarrhea [43].

3.2. Cytokines in the Gut with COVID-19

Cytokines link infections with an anti-viral immune response, and also bridge the
innate and adaptive arms of the immune response [44]. IFNs are a family of cytokines with
potent antiviral properties and includes type I (most predominantly IFN-α and IFN-β),
type II (IFN-γ) and type III (IFN-λ) [45]. One effect of IFNs is to prime the neighboring cells
for antiviral immune responses. Upon sensing of viral components, IFNs from infected cells
bind to IFN receptors (e.g., IFN alpha receptor (IFNAR)1, INFAR2, or IFN lambda receptor
(IFNLR1)/IL-10RB) in both an autocrine and paracrine manner [45]. This activates the Janus
kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway
and for IFN regulatory factors to bind IFN-stimulated response elements [46]. Ultimately,
this induces the expression of IFN-stimulated genes that are involved in inhibiting viral
replication and limiting transmission to other cells [46]. Some mechanisms of IFNs interfer-
ing with virus replication include IFNs inducing (1) RNases that degrade viral nucleotides,
(2) enzymes such as protein kinase RNA-activated (PKR) that block the translation of viral
RNA, and tripartite motif (TRIM) prevent the release of viral particles, and (3) apoptosis of
infect cells through upregulation of Fas ligand, programmed death-ligand 1 (PD-L1) and
TNF-related apoptosis-inducing ligand (TRAIL) [47]. In addition, IFNs are also involved
in the activation of both the innate and adaptive immune responses, such as through the
mobilization of cytotoxic T cells for cytolysis of infected cells [48]. Like all battles in nature,
there exists an arms race between host antiviral response and viral escape mechanisms.
Many viruses including influenza viruses, vaccinia virus, adenovirus, and hepatitis C virus
have the capacity to inhibit IFN response in one or multiple methods. These pathways
have been extensively reviewed [49], and include molecules that: (1) sequester viral nucleic
acid to prevent activation of signaling, (2) reduce the production of IFNs, such as through
inhibition of NF-κB, (3) bind IFNs to prevent its binding with and activation of IFN recep-
tors, (4) compete for binding with or inhibit phosphorylation and activation of co-factors
such as PKR, which are involved in the IFN signaling pathway. In parallel with these
findings on the importance of IFNs in viral infections, earlier studies indicate beneficial
functions of IFNs in combating SARS-CoV-2 [50]. However, overactivation of IFN signaling
can potentiate damaging inflammatory events instead [51]. Recent studies demonstrate
that IFNs have harmful effects on the immune system during COVID-19 [52]. Nevertheless,
the exact contribution of IFNs to COVID-19 and especially in how to combat SARS-CoV-2
infection in the gut remains to be fully understood.

Another important anti-viral cytokine is TNF-α. One capacity of TNF-α is the in-
duction of apoptosis in cells [53]. Studies utilizing animals with genetic mutations in
the TNF pathway observed increased susceptibility to infection, and cell culture of lung
epithelial cells with influenza virus showed a dose-dependent response in the production
of TNF-α [54]. Similarly, there is evidence for an important role of TNF-α in COVID-19. A
recent study indicated that as COVID-19 progresses into later stages, there is a shift from
IFN dominance to TNF-α [55]. In addition, TNF-α secreted by CD4 T cells also correlated
with more robust antibody responses, as measured at day 28 post-COVID-19 infection [55].
In patients with various chronic inflammatory conditions that receive anti-TNF therapy,
there are lower antibody response to COVID-19 vaccination [56,57], although the same
trend was not observed in patients with psoriatic arthritis [58]. There is little evidence
on whether or not anti-TNF-mediated inhibition of the humoral response impacts the gut
and COVID-19-induced GI damage. TNF-α has been shown to play an important role in
balancing cell survival and death, activation of pro-inflammatory NFκB signaling, and gut
homeostasis [59]. Depending on the microenvironment, TNF-α has roles in both protection
and damage to the gut barrier. Findings from experimental colitis models suggest a role
of TNF-α that is protective during acute disease, and deleterious in chronic inflamma-
tion [60,61]. Therefore, it is possible that TNF-α has an important anti-viral contribution
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against SARS-CoV-2, though further research is needed on how the gut microbiota and mi-
croenvironment affects signaling pathways and antibody production that are downstream
of TNF-α activation.

3.3. Gut Microbiota in COVID-19

COVID-19 patients develop alterations to the gut microbiota and metabolite composi-
tions. Patients with severe to critical COVID-19 showed significantly increased microbiota
differences both at baseline and after recovery from COVID-19 [62]. Furthermore, there
were significantly decreased levels of acetic acid, butyric acid, valeric acid, valproic acid,
and isoleucine in severe/critical COVID-19 patients, and all these metabolites except acetic
acid remained low even after recovery from disease [62]. Dysbiosis has also been associated
with respiratory dysfunction three months following severe COVID-19 [63], whereas a
stable gut microbiota composition correlated with favorable COVID-19 progression [64].
Another study found reduced gut microbiota richness in COVID-19 patients six months
following infection, and this was associated with increased levels of serum C reactive
protein (CRP, an inflammation marker to indicate infection) and severity of disease [65].
Pediatric patients with COVID-19 also showed reduced α- and β-diversity of the gut micro-
biota composition when compared to healthy controls, with an increase of Faecalibacterium,
Fusobacterium, and Neisseria, and reduced abundance of strains including Bifidobacterium,
Blautia, Ruminococcus, and Akkermansia [66]. Although no pediatric patient developed severe
COVID-19, those who were classified as mild or moderate exhibited reduced α-diversity
when compared with asymptomatic individuals [66]. Together, these studies indicate that
SARS-CoV-2 infection induces dysbiosis that likely adds to the complex immune–microbial
interactions in the gut microenvironment to result in GI symptoms.

In addition, the gut environment is also altered in patients with post-acute COVID-19
syndrome (PACS). A recent study reports that patients with PACS have persistent changes
in gut microbiota, in addition to GI symptoms including diarrhea (around 5% of study
cohort), abdominal pain (around 4%), and nausea (around 3%) at either 3 months or
6 months post-COVID-19 [67].

4. Mechanisms Underlying COVID-19 Induced GI Tract Injury

The SARS-CoV-2 virus binds to the angiotensin-converting enzyme 2 (ACE2) receptor
to cause COVID-19 [68]. In the respiratory tract, interaction of the ACE2 receptor on type
2 alveolar cells with SARS-CoV-2 results in pulmonary infection and inflammation. In
addition to the respiratory tract, researchers quickly identified ACE2 receptor expression
throughout the GI tract, including in the stomach, duodenum, ileum, and colon [69].
Current evidence indicates that SARS-CoV-2 enters cells within the GI tract to disrupt
ACE2 receptor expression and initiate inflammation and injury, while also able to modify
the gut microbiota and metabolite homeostasis (Figure 2).

4.1. SARS-CoV-2 Infection via ACE2 Binding and Injury in the Gut

In the GI tract, the ACE2 receptor is abundantly expressed on epithelial cells in the
small and large intestines, and less abundantly expressed in the esophagus [70]. Although
SARS-CoV-2 can bind other receptors, little is understood on whether entry into epithelial
cells of the GI tract is mediated by binding of receptors other than the ACE2 receptor. After
binding, the receptor/virus complex is internalized, and proteases such as transmembrane
serine protease 2 cleave the spike protein and enable release of the viral particle into the
cells [71]. Evidence indicates that during intestinal infection by SARS-CoV-2, there is direct
damage to the epithelial cells, leading to disruptions to the tight junctions and impairment
of gut barrier [70,71]. This process ultimately results in dysregulation of fluid balance and
GI tract symptoms, such as diarrhea.



Nutrients 2022, 14, 4409 7 of 19Nutrients 2022, 14, x FOR PEER REVIEW 7 of 20 
 

 

 
Figure 2. Mechanisms of SARS-CoV-2-induced gut injury. SARS-CoV-2 directly infects gut epithe-
lial cells, and results in impaired gut barrier function and microbial translocation. This induces 
inflammation (e.g., by cytokine storm) that potentiates dysregulation of gut microbiota, metabo-
lites, electrolytes, and gut barrier functions. The infection of SARS-CoV-2 into the host cells is asso-
ciated with neutrophilia and lymphopenia, to impairs the host anti-viral immune response that 
generates a positive feedback loop to promote further infection and damage. These process leads 
to damage of the GI tract and associated symptoms such as diarrhea. IFNs: interferons. IL: inter-
leukin. CRP: C-reactive protein. LPS: lipopolysaccharide. TNF: tumour necrosis factor 

4.1. SARS-CoV-2 Infection via ACE2 Binding and Injury in the Gut 
In the GI tract, the ACE2 receptor is abundantly expressed on epithelial cells in the 

small and large intestines, and less abundantly expressed in the esophagus [70]. Although 
SARS-CoV-2 can bind other receptors, little is understood on whether entry into epithelial 
cells of the GI tract is mediated by binding of receptors other than the ACE2 receptor. 
After binding, the receptor/virus complex is internalized, and proteases such as trans-
membrane serine protease 2 cleave the spike protein and enable release of the viral particle 
into the cells [71]. Evidence indicates that during intestinal infection by SARS-CoV-2, there 
is direct damage to the epithelial cells, leading to disruptions to the tight junctions and 
impairment of gut barrier [70,71]. This process ultimately results in dysregulation of fluid 
balance and GI tract symptoms, such as diarrhea. 

During the cell invasion process, there is removal of ACE2 receptor from the cell sur-
face, thus decreasing ACE2 receptor expression. This results in an imbalance in the renin–
angiotensin system (RAS) that modulates blood pressure and reduces ACE2-mediated 
protection against hypertension, which may lead to dysregulated functioning of multiple 
organ systems including the cardiovascular, pulmonary, and renal systems [72]. 

Figure 2. Mechanisms of SARS-CoV-2-induced gut injury. SARS-CoV-2 directly infects gut epithe-
lial cells, and results in impaired gut barrier function and microbial translocation. This induces
inflammation (e.g., by cytokine storm) that potentiates dysregulation of gut microbiota, metabolites,
electrolytes, and gut barrier functions. The infection of SARS-CoV-2 into the host cells is associated
with neutrophilia and lymphopenia, to impairs the host anti-viral immune response that generates
a positive feedback loop to promote further infection and damage. These process leads to damage
of the GI tract and associated symptoms such as diarrhea. IFNs: interferons. IL: interleukin. CRP:
C-reactive protein. LPS: lipopolysaccharide. TNF: tumour necrosis factor.

During the cell invasion process, there is removal of ACE2 receptor from the cell sur-
face, thus decreasing ACE2 receptor expression. This results in an imbalance in the renin–
angiotensin system (RAS) that modulates blood pressure and reduces ACE2-mediated
protection against hypertension, which may lead to dysregulated functioning of multiple
organ systems including the cardiovascular, pulmonary, and renal systems [72]. However,
ACE2 functions at a local GI tract level have only recently been extensively studied. Some
roles of ACE2 in the gut includes the regulation of absorption and release of fluids and elec-
trolytes, and regulation of metabolites (glucose and amino acids) [73,74]. At a physiological
level, ACE2 mediates the function of the GI tract including blood flow, gut motility, and
inflammation [75]. Thus, disruptions to these systems especially in fluid and metabolite
homeostasis likely contributes to GI tract symptoms. In addition, these changes in the GI
tract are intricately linked to the functions of the gut microbiota, and a result of SARS-
CoV-2-mediated dysregulation of ACE2 expression is the downstream dysbiosis. Studies
using ACE2-deficient animals observed reduced levels of tryptophan [74,76]. Although
not entirely elucidated, changes in tryptophan levels or its sensing consequent in reduced
levels of anti-microbial peptides in the gut are likely due to a subset of tryptophan-rich an-
timicrobial peptides [77], which may explain the observed dysbiosis in the ACE2-deficient
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animals. In particular, dysbiosis in ACE2-deficient animals was reverted with the supple-
mentation of tryptophan [76], suggesting that nutrient imbalance could be a mechanism of
ACE2-mediated dysbiosis.

4.2. Dysbiosis and Metabolite Imbalance Induce Gut Inflammation and Injury

Several changes to the gut microbial community have been observed in patients
with severe COVID-19, including increased Bifidobacterium longum, Blautia sp., Bacteroides
nordii and Burkholderia contaminans [78]. Dysbiosis is a known factor associated with
impaired gut barrier function and increased permeability [79]. It is unclear exactly how
changes in bacterial colonies result in a breakdown of the gut barrier. An overgrowth of
bacteria adds stress to the gut epithelial cells [80], while different bacterial ligands (such as
LPS from different bacterial genera) differentially modulate immune cell responses and
inflammation. Circulating LPS and increased pro-inflammatory cytokine levels correlate
with a breakdown in gut barrier integrity [81]. Many studies use endotoxemia, which has
been observed in COVID-19 patients as an indirect measure of gut permeability [30].

Dysbiosis also affects the homeostatic balance of metabolites in the gut lumen. COVID-
19 patients show alterations in gut microbial communities including decreased abundance
of Faecalibacterium prausnitzii and reduced capacity for the gut microbiota to produce
short-chain fatty acids (SCFAs) such as acetate, propionate, butyrate, valerate and L-
isoleucine [62]. While butyrate can be metabolized directly by cells in the gut and helps in
maintaining gut barrier integrity and function, all SCFAs have been shown to exert anti-
inflammatory and immunomodulatory roles in the host [82]. Interestingly, certain SCFAs
such as butyrate and isoleucine were observed to remain at a decreased level even after the
COVID-19 patient has recovered [62]. This suggests the long-term impacts of COVID-19
on the gut microbiome and metabolome, potentially inducing prolonged dysregulation of
host physiology and immunology. Dysbiosis-induced gut barrier dysfunction, bacterial
translocation and inflammation are correlated with COVID-19 and disease severity [78],
but also contribute to GI symptoms in these patients.

There is also evidence to indicate malnutrition as a result of SARS-CoV-2 infection [83].
Admission to the intensive care unit has been associated with the thickening of the small
intestine [84], which could be an inflammatory response to GI viral infection. In addi-
tion, there appears to be less metabolism and absorption of nutrients as determined by
metabolomics of feces in patients with COVID-19 [85]. A subset of patients also exhibited
more than 5% weight loss, which correlated with increased systemic inflammation and a
longer duration of COVID-19 [86]. Together with aforementioned alternations in ACE2
receptor expression and dysbiosis, it is plausible that SARS-CoV-2 infection of epithelial
cells in the gut, and especially in the small intestine, results in malnutrition and potentiates
dysbiosis, impairment of gut barrier function and systemic inflammation.

Ultimately, this creates a positive feedback loop for increased translocation of gut
microbes into systemic circulation, and the potentiation of inflammation [87], culminating in
systemic inflammation and cytokine storm that contribute to the worsening of gut damage
and increased severity of COVID-19 [87]. Increased circulating levels of bacterial DNA have
been observed in patients with severe COVID-19 [88]. A possible reason is an overwhelming
and dysregulated response targeting translocated bacteria that is evidenced by overall
increased inflammation (IL-6, IL-8, CRP) and reduced immune cells (lymphocytes, CD3,
CD4 and CD8 T cells) [78], as well as dysbiosis in the gut. Circulating bacterial components
LPS and β-glucan both induce strong immune responses and cytokine release and have
been correlated with disease in COVID-19 patients [30]. Increased levels of β-glucan were
seen in COVID-19 patients who also exhibited higher levels of TNF-α, IL-1β, IL-6, IL-8, and
LPS [30]. It is interesting that the level of β-glucan was not different in COVID-19 patients
with mild, moderate, or severe disease, but the levels of TNF-α, IL-8, and LPS significantly
increased with increasing disease severity [30]. This could indicate that LPS rather than
β-glucan has more direct influence on the cytokine storm. This further reiterates the impact
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of SARS-CoV-2 infection in the gut, leading to impaired gut permeability and bacterial
translocation and potentiates a damaging inflammatory response in the gut.

4.3. Other Mechanisms of COVID-19 Induced Gut Injury

Although we have focused on the bacterial and metabolic aspects of COVID-19 in-
duced gut injury, there are other mechanisms that contribute to COVID-19 induced gut
injury. For example, recent studies show that CD4 T cells and CXCR3-mediated recruitment
of T cells into the gut potentially result in diarrhea associated with COVID-19, indicating
the inflammatory immune response leads to subsequent gut dysfunction [89].

Severe COVID-19 patients have experience hypoxemia and require the use of continu-
ous positive airway pressure (CPAP) machines. Interestingly, administration of probiotic
bacteria SLAB51 (a formula of nine live bacterial strains) reduced the need for CPAP [90].
Indeed, hypoxia correlates strongly with COVID-19 mortality, and a subset of patients
with hypoxia remain asymptomatic for COVID-19 [91]. A recent study demonstrates that
elevated fecal calprotectin (increased gut permeability) is significantly associated with
nausea, vomiting, and diarrhea, and separately with hypoxemia [92]. Although there is no
direct evidence of gut hypoxia in relation to COVID-19, intermittent hypoxia affects the
gut and hepatic environment in type II diabetes and obstructive sleep apnea, which also
potentiates inflammation and gut epithelial damage [93,94].

Fluid and electrolyte imbalance also underlie GI tract symptoms in COVID-19. Viruses
such as rotavirus and SARS-CoV-2 may induce gut cells to secrete water and electrolytes
through direct interactions, or through osmotic flow as a result of damaged intestinal
epithelial cells and gut barrier [95].

Pneumonia increases the activity of the sympathetic nervous system [96]. In altered
nervous system activities in stroke patients and pre-clinical models, there is impaired gut
function, dysbiosis, and diarrhea [97,98]. Whether SARS-CoV-2 induces gut injury through
these and other mechanisms remain to be elucidated.

4.4. Inflammatory Bowel Disease (IBD) and COVID-19

IBD is an umbrella term for a range of chronic inflammatory disorders of the GI tract
that include Crohn’s disease (CD) and ulcerative colitis (UC) [99]. Initial research into
patients with COVID-19 have seen many similarities in the gut when compared to patients
with IBD. Patients with either IBD or COVID-19 develop inflammation associated with a
dysregulated immune response in the gut, and it was therefore postulated that IBD patients
may have an increased risk of developing COVID-19. A metabolomics study also showed
that patients with either IBD or COVID-19 have remarkable gut dysbiosis that is associated
with similar gut microbial changes, including the depletion of F. prausnitzii., E. rectale, R.
bromii and Lachnospiraceae, and the overgrowth of Enterococcus, E. coli and Shigella [100].
These changes to the gut microbiota composition are associated with an inflammatory
state in the gut and the periphery. Indeed, in a murine model of dextran sodium sulphate
(DSS)-induced experimental colitis, administration of F. prausnitzii was able to ameliorate
the development of colitis [101]. Evidence from both IBD and COVID-19 indicate the
presence of gut barrier dysfunction and resultant GI symptoms such as diarrhea (and blood
in stool in IBD). Many triggers, such as chemical agents (DSS) or viral infections, induce
colitis in the experimental setting by directly damaging enterocytes. It is thus expected
to raise the concern that IBD patients may be more susceptible to COVID-19 induced gut
injury, or experience worse GI damage and symptoms. Surprisingly, many recent studies
demonstrate that IBD patients have no or even low-risk to COVID-19 infection [102]. A
possible reason is that these patients have routinely received anti-TNF-α treatment, and anti-
TNF-α antibody is associated with lower hospitalization and less-severe COVID-19 [103].
A recent meta-analysis study has also confirmed that IBD patients received anti-TNF-α
therapy have lower risk of hospitalization than those treated with steroids or mesalamine
(an anti-inflammation drug to treat UC) [103].
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5. Treatment of COVID-19 and GI Injury
5.1. Current COVID-19 Treatment

There is currently no cure for COVID-19 patients, and only one medication has been
approved to treat COVID-19. The Food and Drug Administration (FDA) has approved
intravenous administration of the anti-viral drug Remdesivir (Veklury) to treat COVID-19
in hospitalized adults and children who are aged 12 and older. Remdesivir was originally
developed to treat hepatitis C, and researchers subsequently investigated its efficacy in
Ebola virus infection and now extended to COVID-19. Remdesivir inhibits the RNA-
dependent RNA polymerase (RdRp) in SARS-CoV-2 that is an essential enzyme for the
virus to replicate and transcribe their viral RNA into the host cells [104]. However, a
recent mortality trial shows that Remdesivir has limited effect on hospitalized patients with
COVID-19, in terms of reducing mortality, initiation of ventilation and duration of hospital
stay [105].

Molnupiravir is another antiviral drug that also targets RdRp of SARS-CoV-2, in
that it interferes with viral replication and blocks viral RNA transmission. In contrast to
Remdesivir that is administered by infusion, molnupiravir is delivered orally [106]. A
recent phase II study shows that unvaccinated COVID-19 patients who received 800 mg
molnupiravir orally twice daily for 5 days have faster viral RNA clearance than placebo
controls, indicating molnupiravir is a promising candidate of COVID-19 drugs [107].

Nirmatrelvir (Paxlovid) is authorized by the FDA for COVID-19 treatment. It is a
protease inhibitor, and it blocks viral protease MPRO which is an essential molecule for viral
replication [108]. Studies show an 89% reduction in the risk of hospitalization or death
4 weeks post-infection when Nirmatrelvir was given within 5 days of initial symptoms to
patients with mild to moderate COVID-19. However, there is currently not sufficient data
on clinical efficacy of Nirmatrelvir against SARS-CoV-2 variants and subvariants, such as
Omicron.

Baricitinib is a medication to treat rheumatoid arthritis by reducing inflammation
through inhibition of JAK1 and 2 signaling. The capacity of Baricitinib to treat COVID-19
was predicted by artificial intelligence algorithms. Studies shows that baricitinib results
in a rapid decline in SARS-CoV-2 viral load and IL-6 levels in COVID-19 patients [109].
Studies also show that a baricitinib and remdesivir combination reduces recovery time and
numerous serious adverse events in patients with COVID-19 [110].

Monoclonal antibodies are a class of antiviral interventions that bind to viruses and
block the entry of the virus into the host cells. Spike (S) protein is the primary antigenic
epitope of SARS-CoV-2, upon engaging the cell surface ACE2 receptor, and facilitates
binding and fusion of the virus with the target cells. Monoclonal antibodies directly
binding to the S protein can block the binding of virus to host cells in human. Some
monoclonal antibodies have been granted emergency use authorization to treat patients
with mild to moderate COVID-19. Studies show that a combination of casirivimab and
imdevimab is able to bind all known mutants of S protein in SARS-CoV-2 and reduces
viral load in experimental models of COVID-19 in animals [111]. These two antibodies
have also been shown to reduce viral load in COVID-19 patients based on partial results
from ongoing clinal trials [112]. Bamlanivimab and etesevimab is another combination of
antibodies that decreases viral load and shorten viral clearance time in patients with mild
to moderate COVID-19 [112].

Dexamethasone is a corticosteroid that is widely used to treat inflammatory disorders.
Inflammation is a key pathological feature in patients with severe COVID-19 and they have
significantly increased levels of inflammatory markers, including IL-1 and IL-6 [109,113].
In a UK clinical study, dexamethasone treatment reduces 28-day mortality of COVID-19
patients with ventilators by one third, and it further decreases the number of patients that
received oxygen by one fifth [113].
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5.2. Treatment for COVID-19 Induced Gut Injury

There are no effective treatments that specifically target COVID-19-induced gut injury.
However, some medications have a potential role to inhibit GI symptoms and maintain
intestinal microflora homeostasis in the patients with COVID-19. More than 70% residential
immune cells in human are located in the GI tract to protect against microbes, indicating a
strong link between the host immune system and microbiota [114]. The gut microbiota also
produces vitamins, fatty acids and bile acids that can regulate the immune response. For
example, studies show that lactic acid-producing bacteria stimulate the immune system
to generate antiviral antibodies [115]. Probiotics also play an important role in maintain-
ing gut microbiota composition, reducing inflammation and regulating immune response
against bacterial and virus infection. Previous in vivo studies show that the genus Lacto-
bacillus increases immune response against respiratory virus infection and also attenuates
diarrhea [116]. The effect of probiotics, including Lactobacillus, have been tested in a double-
blinded clinical trial (NCT04399252) in which patients take the Lactobacillus orally every
day reduce COVID-19 symptoms [117]. Bifidobacterium have an anti-inflammatory role in
regulating T cell infiltration and the secretion of proinflammatory cytokines, including
TNF-α and IL-10 [118]. A recent study shows that COVID-19 patients have a reduction
or even depletion of Bifidobacterium in their guts [119]. Studies also show that COVID-19
severity is associated with decreased Bifidobacterium and Faecalibacterium [119]. Therefore,
probiotics potentially protect against COVID-19-induced microbiota changes (Table 1).

Table 1. Current probiotics clinical trials related to gut injury of COVID-19 patients.

Sponsor Targets Clinical Trial
Identifier Status

I.M. Sechenov First Moscow State Medical
University, Moscow, Russia

Lactobacillus rhamnosus;
Bifidobacterium bifidum;

B. longum subsp. Infantis;
Bifidobacterium longum

NCT04854941 Completed

Centre de recherche du Centre hospitalier
universitaire de Sherbrooke, Sherbrooke,

Canada
2 strains (unknown) NCT05080244 Recruiting

King’s College Hospital NHS Trust Bifidobacterium; Lactobacillus NCT04877704 Not yet recruiting
Medi Pharma Vision Probiotics (unknown) NCT05474144 Completed

Bioithas SL, London, UK Probiotics (unknown) NCT04390477 Completed
Centre hospitalier de l’Université de

Montréal (CHUM), Montréal, Canada Probiotics (unknown) NCT04458519 Completed

Nordic Biotic Sp. Z o.o., Warsaw, Poland Probiotics (unknown) NCT04907877 Recruiting
Université de Sherbrooke, Sherbrooke,

Canada Probiotics (unknown) NCT05195151 Not yet recruiting

Biosearch S.A., Granada, Spain Lactobacillus Coryniformis K8 NCT04366180 Recruiting

ProbiSearch SL, Madrid, Spain Lactobacillus salivarius +
Vitamin D + Zinc NCT04937556 Completed

Vanderbilt University Medical Center,
Nashville, USA

Magnesium Citrate + probiotics
(unknown) NCT04941703 Recruiting

King Edward Medical University, Punjab,
Pakistan Streptococcus salivarius K12 NCT05043376 Completed

Universidade de Passo Fundo, Passo Fundo,
Brazil

Streptococcus salivarius K12;
Lactobacillus brevis CD2 NCT05175833 Completed

Indonesia University, Jakarta, Indonesia Probiotics (unknown) + Vitamin D NCT04979065 Recruiting
Biosearch S.A. Granada, Spain Lactobacillus NCT04756466 Active, not recruiting

Chinese University of Hong Kong, Hong
Kong, China

Microbiome immunity formula
(unknown) NCT04950803 Recruiting

Rutgers, The State University of New Jersey,
New Brunswick, USA

A combination of live microbials
(unknown) NCT04847349 Completed

Medical University of Graz, Graz, Austria Omni-Biotic Pro Vi 5 (unknown
probiotics) NCT04813718 Active, not recruiting
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Table 1. Cont.

Sponsor Targets Clinical Trial
Identifier Status

AB Biotek, Barcelona, Spain Saccharomyces cerevisiae NCT04798677 Completed
Medical College of Wisconsin,

Milwaukee, USA Lactobacillus Plantarum NCT05227170 Recruiting

Universidad Complutense de Madrid,
Madrid, Spain Ligilactobacillus salivarius NCT04922918 Recruiting

AB Biotics, SA, Mexico city, Mexico
Lactobacillus plantarum, Lactobacillus
plantarum, Lactobacillus plantarum,

Pediococcus acidilactici
NCT04517422 Completed

Duke University, Durham, USA Lactobacillus rhamnosus NCT04399252 Completed

SARS-CoV-2 binds to the human ACE2 receptor to enter host cells, and hACE2 expres-
sion is significantly increased in the gut of COVID-19 patients [120]. Therefore, prevention
of interactions between SARS-CoV-2 receptor-binding domain (RBD) and ACE2 may be
a strategy to inhibit COVID-19. ACE2 inhibitor was thought of as an important drug to
inhibit SARS-CoV-2 binding. However, ACE2 is a key molecule in maintaining the normal
function of many organs, including lungs, heart, kidneys and GI tracts, while maintaining
microbial ecology [76,121]. Therefore, direct inhibition of ACE2 in the body may cause
pathogenesis of other diseases among COVID-19 patients. Injection of hACE2 recombinant
protein is a promising approach to block the virus binding to ACE2 on the host cells in gut.
Previous studies have shown that soluble human ACE2 recombinant protein reduces SARS-
CoV-2 infection in capillary and kidney organoids [122]. Intravenous delivery of hACE2
recombinant protein twice daily has been used in a phase II clinical trial (NCT04335136).

Dietary nutrients are important to restore the function of digestion in the GI tract and
maintain mucosal immunity in COVID-19 patients with injury in the GI tract. Omega-3 fatty
acid and docosahexaenoic acid (DHA) can inactivate the enveloped virus by modulating
the host lipid condition for viral replication, indicating their role in the reduction of severity
and improving recovery of COVID-19 in the patients [123]. Carbohydrates and dietary
fiber are also involved in the regulation of immune responses in human in that taking
low-carbohydrate and high-fibrer food may affect COVID-19 with GI injury [124]. Vitamins,
folate and iron play an important role in boosting the immune system and deficiencies of
these nutrients reduce resistance against infection, such as SARS-CoV-2. Vitamin C has
been used to treat severe COVID-19 patients in a clinical trial (NCT04264533), but it was
terminated due to a decreased sample size in the second outbreak of COVID-19 in China.
Many other clinical trials (NCT04401150, NCT04357782, NCT04344184, NCT04682574,
NCT04710329) on using vitamin C to treat COVID-19 are currently under recruitment or in
the process of data analysis [125], and the results will be available to the public soon. There
is also preliminary evidence for the use of zinc supplementation to alleviate COVID-19
induced gut injury, especially to treat diarrhea [126]. In addition, in patients with PACS,
nutritional modulation through a combination of increased fiber (formulated under NBT-
NM108) and an investigational new drug (IND155864) reverted dysbiosis and reduced GI
tract symptoms including loss of appetite and nausea [127].

Other therapies are also being explored for COVID-19. A selection of herbal medicine
is not only safe but show a degree of efficacy to reduce COVID-19 symptoms, and the
use of these herbs could be further discussed for clinical study [128]. A new strategy to
treat COVID-19 aims to improve gut barrier function, such as larazotide, an antagonist of
zonulin, increases gut permeability. A pilot clinical trial in pediatric COVID-19 indicates
that children who received larazotide showed significantly faster improvement in GI
symptoms and a shorter length of stay in hospital [129]. Given the increasing evidence
that the gut microbiota and environment play an important role in COVID-19 induced
GI symptoms, other strategies such as symbiotics and postbiotics could also present as
valuable treatment, though these remain to be investigated in detail. Excitingly, there is
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evidence of using intestinal cells (Caco-2 cells) and organoids to test the characteristics of
SARS-CoV-2 variants, and for the effects of the gut microbiota, thereby assisting in quicker
translation of therapies into clinical practice [130,131].

SARS-CoV-2 infects the respiratory system, and the virus translocates to gastrointesti-
nal (GI) tract. This leads to immune cell recruitments in the gut, including neutrophils,
macrophages, dendritic cells and lymphocytes. The infection also results in these immune
cells to secrete cytokines and microbiota changes in the GI tract.

SARS-CoV-2 directly infects gut epithelial cells, and results in impaired gut barrier
function and microbial translocation. This induces inflammation (e.g., by cytokine storm)
that potentiates dysregulation of gut microbiota, metabolites, electrolytes, and gut barrier
functions. The infection of SARS-CoV-2 into the host cells is associated with neutrophilia
and lymphopenia, and impairs the host anti-viral immune response that generates a positive
feedback loop to promote further infection and damage. These processes lead to damage of
the GI tract and associated symptoms such as diarrhea. IFNs: interferons. IL: interleukin.
CRP: C-reactive protein. LPS: lipopolysaccharide. TNF: tumour necrosis factor.

6. Conclusions

SARS-CoV-2 predominately targets the respiratory system, but symptoms in the GI
tract is also very common in COVID-19 patients. In this review, we summarized clinical
features of COVID-19-induced gut injury. Inflammatory cells and their secreted cytokines
and microbiota are important in COVID-19-induced gut damage. GI symptoms in COVID-
19 patients should be considered and paid attention to in the diagnosis and treatment.
Therapeutics that target to the GI tract, such as probiotics, ACE2 inhibitors and dietary
nutrients, are promising options for COVID-19-inducd gut injury.

Author Contributions: The authors’ contributions were as follows: Conceptualization: G.L. and
X.X. methodology, G.L., software, S.S. and G.L. writing—draft preparation: S.S., X.X., M.G. and G.L.
Review and editing: G.L., X.X., G.W., K.D. and J.X. visualization and funding acquisition, G.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from Lung Foundation Australia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: G.L. was supported by a CREATE hope scientific fellowship from Lung Founda-
tion Australia. X.X. was supported by University of New South Wales Scientia Program. The Authors
acknowledge Saroj Khatiwada for his technical assistance to generate the Figure 2.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xu, J.; Xu, X.; Jiang, L.; Dua, K.; Hansbro, P.M.; Liu, G. SARS-CoV-2 induces transcriptional signatures in human lung epithelial

cells that promote lung fibrosis. Respir. Res. 2020, 21, 182. [CrossRef] [PubMed]
2. Fang, X.M.; Wang, J.; Liu, Y.; Zhang, X.; Wang, T.; Zhang, H.P.; Liang, Z.A.; Luo, F.M.; Li, W.M.; Liu, D.; et al. Combined and

interactive effects of alcohol drinking and cigarette smoking on the risk of severe illness and poor clinical outcomes in patients
with COVID-19: A multicentre retrospective cohort study. Public Health 2022, 205, 6–13. [CrossRef] [PubMed]

3. Zhong, P.; Xu, J.; Yang, D.; Shen, Y.; Wang, L.; Feng, Y.; Du, C.; Song, Y.; Wu, C.; Hu, X.; et al. COVID-19-associated gastrointestinal
and liver injury: Clinical features and potential mechanisms. Signal Transduct. Target. Ther. 2020, 5, 256. [CrossRef] [PubMed]

4. WHO. WHO Coronavirus (COVID-19) Dashboard. 2022. Available online: https://covid19.who.int (accessed on 10 October 2022).
5. Sultan, S.; Altayar, O.; Siddique, S.M.; Davitkov, P.; Feuerstein, J.D.; Lim, J.K.; Falck-Ytter, Y.; El-Serag, H.B.; AGA Institute.

AGA Institute Rapid Review of the Gastrointestinal and Liver Manifestations of COVID-19, Meta-Analysis of International Data,
and Recommendations for the Consultative Management of Patients with COVID-19. Gastroenterology 2020, 159, 320–334.e27.
[CrossRef]

6. Zhang, J.; Garrett, S.; Sun, J. Gastrointestinal symptoms, pathophysiology, and treatment in COVID-19. Genes Dis. 2021, 8, 385–400.
[CrossRef]

http://doi.org/10.1186/s12931-020-01445-6
http://www.ncbi.nlm.nih.gov/pubmed/32664949
http://doi.org/10.1016/j.puhe.2022.01.013
http://www.ncbi.nlm.nih.gov/pubmed/35219128
http://doi.org/10.1038/s41392-020-00373-7
http://www.ncbi.nlm.nih.gov/pubmed/33139693
https://covid19.who.int
http://doi.org/10.1053/j.gastro.2020.05.001
http://doi.org/10.1016/j.gendis.2020.08.013


Nutrients 2022, 14, 4409 14 of 19

7. Abate, B.B.; Kassie, A.M.; Kassaw, M.W.; Aragie, T.G.; Masresha, S.A. Sex difference in coronavirus disease (COVID-19): A
systematic review and meta-analysis. BMJ Open 2020, 10, e040129. [CrossRef]

8. Qi, S.; Ngwa, C.; Morales Scheihing, D.A.; Al Mamun, A.; Ahnstedt, H.W.; Finger, C.E.; Colpo, G.D.; Sharmeen, R.; Kim, Y.; Choi,
H.A.; et al. Sex differences in the immune response to acute COVID-19 respiratory tract infection. Biol. Sex Differ. 2021, 12, 66.
[CrossRef]

9. Strandberg, T.E.; Pentti, J.; Kivimaki, M. Sex Difference in Serious Infections: Not Only COVID-19. Epidemiology 2021, 32, e26–e27.
[CrossRef]

10. Team, C.-F. Variation in the COVID-19 infection-fatality ratio by age, time, and geography during the pre-vaccine era: A systematic
analysis. Lancet 2022, 399, 1469–1488. [CrossRef]

11. Lu, X.; Zhang, L.; Du, H.; Zhang, J.; Li, Y.Y.; Qu, J.; Zhang, W.; Wang, Y.; Bao, S.; Li, Y.; et al. SARS-CoV-2 Infection in Children. N.
Engl. J. Med. 2020, 382, 1663–1665. [CrossRef]

12. Xiong, X.L.; Wong, K.K.; Chi, S.Q.; Zhou, A.F.; Tang, J.Q.; Zhou, L.S.; Chung, P.H.; Chua, G.; Tung, K.; Wong, I.; et al. Comparative
study of the clinical characteristics and epidemiological trend of 244 COVID-19 infected children with or without GI symptoms.
Gut 2021, 70, 436–438. [CrossRef] [PubMed]

13. Xu, Y.; Li, X.; Zhu, B.; Liang, H.; Fang, C.; Gong, Y.; Guo, Q.; Sun, X.; Zhao, D.; Shen, J.; et al. Characteristics of pediatric
SARS-CoV-2 infection and potential evidence for persistent fecal viral shedding. Nat. Med. 2020, 26, 502–505. [CrossRef]
[PubMed]

14. Abrams, J.Y.; Godfred-Cato, S.E.; Oster, M.E.; Chow, E.J.; Koumans, E.H.; Bryant, B.; Leung, J.W.; Belay, E.D. Multisystem
Inflammatory Syndrome in Children Associated with Severe Acute Respiratory Syndrome Coronavirus 2: A Systematic Review.
J. Pediatr. 2020, 226, 45–54.e41. [CrossRef]

15. Guimarães, D.; Pissarra, R.; Reis-Melo, A.; Guimarães, H. Multisystem inflammatory syndrome in children (MISC): A systematic
review. Int. J. Clin. Pract. 2021, 75, e14450. [CrossRef] [PubMed]

16. Ganguly, M.; Nandi, A.; Banerjee, P.; Gupta, P.; Sarkar, S.D.; Basu, S.; Pal, P. A comparative study of IL-6, CRP and NT-proBNP
levels in post-COVID multisystem inflammatory syndrome in children (MISC) and Kawasaki disease patients. Int. J. Rheum. Dis.
2022, 25, 27–31. [CrossRef]

17. Lamers, M.M.; Beumer, J.; van der Vaart, J.; Knoops, K.; Puschhof, J.; Breugem, T.I.; Ravelli, R.B.G.; van Schayck, J.P.; Mykytyn,
A.Z.; Duimel, H.Q.; et al. SARS-CoV-2 productively infects human gut enterocytes. Science 2020, 369, 50–54. [CrossRef]

18. Khanmohammadi, S.; Rezaei, N. Role of Toll-like receptors in the pathogenesis of COVID-19. J. Med. Virol. 2021, 93, 2735–2739.
[CrossRef]

19. Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313–323. [CrossRef]

20. Donovan, C.; Liu, G.; Shen, S.; Marshall, J.E.; Kim, R.Y.; Alemao, C.A.; Budden, K.F.; Choi, J.P.; Kohonen-Corish, M.; El-Omar,
E.M.; et al. The role of the microbiome and the NLRP3 inflammasome in the gut and lung. J. Leukoc. Biol. 2020, 108, 925–935.
[CrossRef]

21. Shen, S.; Wong, C.H. Bugging inflammation: Role of the gut microbiota. Clin. Transl. Immunol. 2016, 5, e72. [CrossRef]
22. Hung, Y.P.; Lee, C.C.; Lee, J.C.; Tsai, P.J.; Ko, W.C. Gut Dysbiosis during COVID-19 and Potential Effect of Probiotics. Microorgan-

isms 2021, 9, 1605. [CrossRef]
23. Poletti, M.; Treveil, A.; Csabai, L.; Gul, L.; Modos, D.; Madgwick, M.; Olbei, M.; Bohar, B.; Valdeolivas, A.; Turei, D.; et al.

Mapping the epithelial-immune cell interactome upon infection in the gut and the upper airways. NPJ Syst. Biol. Appl. 2022, 8, 15.
[CrossRef] [PubMed]

24. Kamada, N.; Seo, S.U.; Chen, G.Y.; Nunez, G. Role of the gut microbiota in immunity and inflammatory disease. Nat. Rev.
Immunol. 2013, 13, 321–335. [CrossRef] [PubMed]

25. Pang, I.K.; Iwasaki, A. Control of antiviral immunity by pattern recognition and the microbiome. Immunol. Rev. 2012, 245, 209–226.
[CrossRef]

26. Manik, M.; Singh, R.K. Role of toll-like receptors in modulation of cytokine storm signaling in SARS-CoV-2-induced COVID-19. J.
Med. Virol. 2022, 94, 869–877. [CrossRef]

27. Nainu, F.; Shiratsuchi, A.; Nakanishi, Y. Induction of Apoptosis and Subsequent Phagocytosis of Virus-Infected Cells as an
Antiviral Mechanism. Front. Immunol. 2017, 8, 1220. [CrossRef] [PubMed]

28. Shokri-Afra, H.; Alikhani, A.; Moradipoodeh, B.; Noorbakhsh, F.; Fakheri, H.; Moradi-Sardareh, H. Elevated fecal and serum
calprotectin in COVID-19 are not consistent with gastrointestinal symptoms. Sci. Rep. 2021, 11, 22001. [CrossRef]

29. Shi, H.; Zuo, Y.; Yalavarthi, S.; Gockman, K.; Zuo, M.; Madison, J.A.; Blair, C.; Woodward, W.; Lezak, S.P.; Lugogo, N.L.; et al.
Neutrophil calprotectin identifies severe pulmonary disease in COVID-19. J. Leukoc. Biol. 2021, 109, 67–72. [CrossRef]

30. Saithong, S.; Worasilchai, N.; Saisorn, W.; Udompornpitak, K.; Bhunyakarnjanarat, T.; Chindamporn, A.; Tovichayathamrong,
P.; Torvorapanit, P.; Chiewchengchol, D.; Chancharoenthana, W.; et al. Neutrophil Extracellular Traps in Severe SARS-CoV-2
Infection: A Possible Impact of LPS and (1→3)-beta-D-glucan in Blood from Gut Translocation. Cells 2022, 11, 1103. [CrossRef]

31. Martin-Gayo, E.; Yu, X.G. Role of Dendritic Cells in Natural Immune Control of HIV-1 Infection. Front. Immunol. 2019, 10, 1306.
[CrossRef]

32. Greene, T.T.; Zuniga, E.I. Type I Interferon Induction and Exhaustion during Viral Infection: Plasmacytoid Dendritic Cells and
Emerging COVID-19 Findings. Viruses 2021, 13, 1839. [CrossRef] [PubMed]

http://doi.org/10.1136/bmjopen-2020-040129
http://doi.org/10.1186/s13293-021-00410-2
http://doi.org/10.1097/EDE.0000000000001408
http://doi.org/10.1016/S0140-6736(21)02867-1
http://doi.org/10.1056/NEJMc2005073
http://doi.org/10.1136/gutjnl-2020-321486
http://www.ncbi.nlm.nih.gov/pubmed/32430348
http://doi.org/10.1038/s41591-020-0817-4
http://www.ncbi.nlm.nih.gov/pubmed/32284613
http://doi.org/10.1016/j.jpeds.2020.08.003
http://doi.org/10.1111/ijcp.14450
http://www.ncbi.nlm.nih.gov/pubmed/34105843
http://doi.org/10.1111/1756-185X.14236
http://doi.org/10.1126/science.abc1669
http://doi.org/10.1002/jmv.26826
http://doi.org/10.1038/nri2515
http://doi.org/10.1002/JLB.3MR0720-472RR
http://doi.org/10.1038/cti.2016.12
http://doi.org/10.3390/microorganisms9081605
http://doi.org/10.1038/s41540-022-00224-x
http://www.ncbi.nlm.nih.gov/pubmed/35501398
http://doi.org/10.1038/nri3430
http://www.ncbi.nlm.nih.gov/pubmed/23618829
http://doi.org/10.1111/j.1600-065X.2011.01073.x
http://doi.org/10.1002/jmv.27405
http://doi.org/10.3389/fimmu.2017.01220
http://www.ncbi.nlm.nih.gov/pubmed/29033939
http://doi.org/10.1038/s41598-021-01231-4
http://doi.org/10.1002/JLB.3COVCRA0720-359R
http://doi.org/10.3390/cells11071103
http://doi.org/10.3389/fimmu.2019.01306
http://doi.org/10.3390/v13091839
http://www.ncbi.nlm.nih.gov/pubmed/34578420


Nutrients 2022, 14, 4409 15 of 19

33. Cervantes-Barragan, L.; Zust, R.; Weber, F.; Spiegel, M.; Lang, K.S.; Akira, S.; Thiel, V.; Ludewig, B. Control of coronavirus
infection through plasmacytoid dendritic-cell-derived type I interferon. Blood 2007, 109, 1131–1137. [CrossRef] [PubMed]

34. Kindler, E.; Thiel, V.; Weber, F. Interaction of SARS and MERS Coronaviruses with the Antiviral Interferon Response. Adv. Virus.
Res. 2016, 96, 219–243. [CrossRef] [PubMed]

35. Winheim, E.; Rinke, L.; Lutz, K.; Reischer, A.; Leutbecher, A.; Wolfram, L.; Rausch, L.; Kranich, J.; Wratil, P.R.; Huber, J.E.;
et al. Impaired function and delayed regeneration of dendritic cells in COVID-19. PLoS Pathog. 2021, 17, e1009742. [CrossRef]
[PubMed]

36. Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861–880. [CrossRef]
37. Kundu, R.; Narean, J.S.; Wang, L.; Fenn, J.; Pillay, T.; Fernandez, N.D.; Conibear, E.; Koycheva, A.; Davies, M.; Tolosa-Wright, M.;

et al. Cross-reactive memory T cells associate with protection against SARS-CoV-2 infection in COVID-19 contacts. Nat. Commun.
2022, 13, 80. [CrossRef]

38. McMahan, K.; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, J.; Peter, L.; Atyeo, C.; Zhu, A.; et al.
Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630–634. [CrossRef]

39. Zhuang, Z.; Lai, X.; Sun, J.; Chen, Z.; Zhang, Z.; Dai, J.; Liu, D.; Li, Y.; Li, F.; Wang, Y.; et al. Mapping and role of T cell response in
SARS-CoV-2-infected mice. J. Exp. Med. 2021, 218, e20202187. [CrossRef]

40. Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and immunological
features of severe and moderate coronavirus disease 2019. J. Clin. Investig. 2020, 130, 2620–2629. [CrossRef]

41. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

42. Tan, L.; Wang, Q.; Zhang, D.; Ding, J.; Huang, Q.; Tang, Y.Q.; Wang, Q.; Miao, H. Lymphopenia predicts disease severity of
COVID-19: A descriptive and predictive study. Signal Transduct. Target. Ther. 2020, 5, 33. [CrossRef] [PubMed]

43. Zhang, L.; Han, C.; Zhang, S.; Duan, C.; Shang, H.; Bai, T.; Hou, X. Diarrhea and altered inflammatory cytokine pattern in
severe coronavirus disease 2019: Impact on disease course and in-hospital mortality. J. Gastroenterol. Hepatol. 2021, 36, 421–429.
[CrossRef]

44. Liu, G.; Jarnicki, A.G.; Paudel, K.R.; Lu, W.; Wadhwa, R.; Philp, A.M.; van Eeckhoutte, H.; Marshall, J.E.; Malyla, V.; Katsifis, A.;
et al. Adverse roles of mast cell chymase-1 in chronic obstructive pulmonary disease. Eur. Respir. J. 2022, 60. [CrossRef] [PubMed]

45. Taylor, M.W. Interferons. In Viruses and Man: A History of Interactions; Springer: Berlin/Heidelberg, Germany, 2014; pp. 101–119.
[CrossRef]

46. Raftery, N.; Stevenson, N.J. Advances in anti-viral immune defence: Revealing the importance of the IFN JAK/STAT pathway.
Cell. Mol. Life Sci. 2017, 74, 2525–2535. [CrossRef] [PubMed]

47. Lin, F.C.; Young, H.A. Interferons: Success in anti-viral immunotherapy. Cytokine Growth Factor Rev. 2014, 25, 369–376. [CrossRef]
48. Welsh, R.M.; Bahl, K.; Marshall, H.D.; Urban, S.L. Type 1 interferons and antiviral CD8 T-cell responses. PLoS Pathog. 2012, 8,

e1002352. [CrossRef]
49. García-Sastre, A. Mechanisms of inhibition of the host interferon alpha/beta-mediated antiviral responses by viruses. Microbes

Infect. 2002, 4, 647–655. [CrossRef]
50. Schreiber, G. The Role of Type I Interferons in the Pathogenesis and Treatment of COVID-19. Front. Immunol. 2020, 11, 595739.

[CrossRef]
51. Broggi, A.; Ghosh, S.; Sposito, B.; Spreafico, R.; Balzarini, F.; lo Cascio, A.; Clementi, N.; de Santis, M.; Mancini, N.; Granucci, F.;

et al. Type III interferons disrupt the lung epithelial barrier upon viral recognition. Science 2020, 369, 706–712. [CrossRef]
52. Lee, J.S.; Shin, E.C. The type I interferon response in COVID-19: Implications for treatment. Nat. Rev. Immunol. 2020, 20, 585–586.

[CrossRef]
53. Aggarwal, B.B. Signalling pathways of the TNF superfamily: A double-edged sword. Nat. Rev. Immunol. 2003, 3, 745–756.

[CrossRef] [PubMed]
54. Seo, S.H.; Webster, R.G. Tumor necrosis factor alpha exerts powerful anti-influenza virus effects in lung epithelial cells. J. Virol.

2002, 76, 1071–1076. [CrossRef] [PubMed]
55. Van der Ploeg, K.; Kirosingh, A.S.; Mori, D.A.M.; Chakraborty, S.; Hu, Z.; Sievers, B.L.; Jacobson, K.B.; Bonilla, H.; Parsonnet, J.;

Andrews, J.R.; et al. TNF-alpha(+) CD4(+) T cells dominate the SARS-CoV-2 specific T cell response in COVID-19 outpatients and
are associated with durable antibodies. Cell Rep. 2022, 3, 100640. [CrossRef]

56. Alexander, J.L.; Kennedy, N.A.; Ibraheim, H.; Anandabaskaran, S.; Saifuddin, A.; Castro Seoane, R.; Liu, Z.; Nice, R.; Bewshea,
C.; D’Mello, A.; et al. COVID-19 vaccine-induced antibody responses in immunosuppressed patients with inflammatory bowel
disease (VIP): A multicentre, prospective, case-control study. Lancet Gastroenterol. Hepatol. 2022, 7, 342–352. [CrossRef]

57. Haberman, R.H.; Um, S.; Axelrad, J.E.; Blank, R.B.; Uddin, Z.; Catron, S.; Neimann, A.L.; Mulligan, M.J.; Herat, R.S.; Hong, S.J.;
et al. Methotrexate and TNF inhibitors affect long-term immunogenicity to COVID-19 vaccination in patients with immune-
mediated inflammatory disease. Lancet Rheumatol. 2022, 4, e384–e387. [CrossRef]

58. Venerito, V.; Stefanizzi, P.; Fornaro, M.; Cacciapaglia, F.; Tafuri, S.; Perniola, S.; Iannone, F.; Lopalco, G. Immunogenicity of
BNT162b2 mRNA SARS-CoV-2 vaccine in patients with psoriatic arthritis on TNF inhibitors. RMD Open 2022, 8, e001847.
[CrossRef]

59. Ruder, B.; Atreya, R.; Becker, C. Tumour Necrosis Factor Alpha in Intestinal Homeostasis and Gut Related Diseases. Int. J. Mol.
Sci. 2019, 20, 1887. [CrossRef]

http://doi.org/10.1182/blood-2006-05-023770
http://www.ncbi.nlm.nih.gov/pubmed/16985170
http://doi.org/10.1016/bs.aivir.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27712625
http://doi.org/10.1371/journal.ppat.1009742
http://www.ncbi.nlm.nih.gov/pubmed/34614036
http://doi.org/10.1016/j.cell.2021.01.007
http://doi.org/10.1038/s41467-021-27674-x
http://doi.org/10.1038/s41586-020-03041-6
http://doi.org/10.1084/jem.20202187
http://doi.org/10.1172/JCI137244
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1038/s41392-020-0148-4
http://www.ncbi.nlm.nih.gov/pubmed/32296069
http://doi.org/10.1111/jgh.15166
http://doi.org/10.1183/13993003.01431-2021
http://www.ncbi.nlm.nih.gov/pubmed/35777766
http://doi.org/10.1007/978-3-319-07758-1_7
http://doi.org/10.1007/s00018-017-2520-2
http://www.ncbi.nlm.nih.gov/pubmed/28432378
http://doi.org/10.1016/j.cytogfr.2014.07.015
http://doi.org/10.1371/journal.ppat.1002352
http://doi.org/10.1016/S1286-4579(02)01583-6
http://doi.org/10.3389/fimmu.2020.595739
http://doi.org/10.1126/science.abc3545
http://doi.org/10.1038/s41577-020-00429-3
http://doi.org/10.1038/nri1184
http://www.ncbi.nlm.nih.gov/pubmed/12949498
http://doi.org/10.1128/JVI.76.3.1071-1076.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773383
http://doi.org/10.1016/j.xcrm.2022.100640
http://doi.org/10.1016/S2468-1253(22)00005-X
http://doi.org/10.1016/S2665-9913(22)00069-8
http://doi.org/10.1136/rmdopen-2021-001847
http://doi.org/10.3390/ijms20081887


Nutrients 2022, 14, 4409 16 of 19

60. Naito, Y.; Takagi, T.; Handa, O.; Ishikawa, T.; Nakagawa, S.; Yamaguchi, T.; Yoshida, N.; Minami, M.; Kita, M.; Imanishi, J.;
et al. Enhanced intestinal inflammation induced by dextran sulfate sodium in tumor necrosis factor-alpha deficient mice. J.
Gastroenterol. Hepatol. 2003, 18, 560–569. [CrossRef]

61. Noti, M.; Corazza, N.; Mueller, C.; Berger, B.; Brunner, T. TNF suppresses acute intestinal inflammation by inducing local
glucocorticoid synthesis. J. Exp. Med. 2010, 207, 1057–1066. [CrossRef]

62. Zhang, F.; Wan, Y.; Zuo, T.; Yeoh, Y.K.; Liu, Q.; Zhang, L.; Zhan, H.; Lu, W.; Xu, W.; Lui, G.C.Y.; et al. Prolonged Impairment of
Short-Chain Fatty Acid and L-Isoleucine Biosynthesis in Gut Microbiome in Patients with COVID-19. Gastroenterology 2022, 162,
548–561.e4. [CrossRef]

63. Vestad, B.; Ueland, T.; Lerum, T.V.; Dahl, T.B.; Holm, K.; Barratt-Due, A.; Kasine, T.; Dyrhol-Riise, A.M.; Stiksrud, B.; Tonby, K.;
et al. Respiratory dysfunction three months after severe COVID-19 is associated with gut microbiota alterations. J. Intern. Med.
2022, 291, 801–812. [CrossRef] [PubMed]

64. Schult, D.; Reitmeier, S.; Koyumdzhieva, P.; Lahmer, T.; Middelhoff, M.; Erber, J.; Schneider, J.; Kager, J.; Frolova, M.; Horstmann,
J.; et al. Gut bacterial dysbiosis and instability is associated with the onset of complications and mortality in COVID-19. Gut
Microbes 2022, 14, 2031840. [CrossRef]

65. Debourdeau, A.; Vitton, V.; Barthet, M.A.; Gonzalez, J.M. If pneumatic dilation is not enough efficient for post fundoplication
dysphagia, is Per Oral Endoscopic Myotomy a good answer to manage it? Gut 2022, 71, 221–222. [CrossRef] [PubMed]

66. Romani, L.; del Chierico, F.; Macari, G.; Pane, S.; Ristori, M.V.; Guarrasi, V.; Gardini, S.; Pascucci, G.R.; Cotugno, N.; Perno, C.F.;
et al. The Relationship Between Pediatric Gut Microbiota and SARS-CoV-2 Infection. Front. Cell. Infect. Microbiol. 2022, 12, 908492.
[CrossRef] [PubMed]

67. Liu, Q.; Mak, J.W.Y.; Su, Q.; Yeoh, Y.K.; Lui, G.C.; Ng, S.S.S.; Zhang, F.; Li, A.Y.L.; Lu, W.; Hui, D.S.; et al. Gut microbiota dynamics
in a prospective cohort of patients with post-acute COVID-19 syndrome. Gut 2022, 71, 544–552. [CrossRef] [PubMed]

68. Zhang, H.; Penninger, J.M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:
Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586–590. [CrossRef]

69. Liang, W.; Feng, Z.; Rao, S.; Xiao, C.; Xue, X.; Lin, Z.; Zhang, Q.; Qi, W. Diarrhoea may be underestimated: A missing link in 2019
novel coronavirus. Gut 2020, 69, 1141–1143. [CrossRef]

70. Hikmet, F.; Mear, L.; Edvinsson, A.; Micke, P.; Uhlen, M.; Lindskog, C. The protein expression profile of ACE2 in human tissues.
Mol. Syst. Biol. 2020, 16, e9610. [CrossRef]

71. Senapati, S.; Banerjee, P.; Bhagavatula, S.; Kushwaha, P.P.; Kumar, S. Contributions of human ACE2 and TMPRSS2 in determining
host–pathogen interaction of COVID-19. J. Genet. 2021, 100, 12. [CrossRef]

72. Devaux, C.A.; Rolain, J.M.; Raoult, D. ACE2 receptor polymorphism: Susceptibility to SARS-CoV-2, hypertension, multi-organ
failure, and COVID-19 disease outcome. J. Microbiol. Immunol. Infect. 2020, 53, 425–435. [CrossRef]

73. Perlot, T.; Penninger, J.M. ACE2—From the renin-angiotensin system to gut microbiota and malnutrition. Microbes Infect. 2013, 15,
866–873. [CrossRef] [PubMed]

74. Singer, D.; Camargo, S.M.; Ramadan, T.; Schafer, M.; Mariotta, L.; Herzog, B.; Huggel, K.; Wolfer, D.; Werner, S.; Penninger, J.M.;
et al. Defective intestinal amino acid absorption in Ace2 null mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 303, G686–G695.
[CrossRef] [PubMed]

75. Garg, M.; Angus, P.W.; Burrell, L.M.; Herath, C.; Gibson, P.R.; Lubel, J.S. Review article: The pathophysiological roles of the
renin-angiotensin system in the gastrointestinal tract. Aliment. Pharmacol. Ther. 2012, 35, 414–428. [CrossRef] [PubMed]

76. Hashimoto, T.; Perlot, T.; Rehman, A.; Trichereau, J.; Ishiguro, H.; Paolino, M.; Sigl, V.; Hanada, T.; Hanada, R.; Lipinski, S.; et al.
ACE2 links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 2012, 487, 477–481. [CrossRef]
[PubMed]

77. Mishra, A.K.; Choi, J.; Moon, E.; Baek, K.H. Tryptophan-Rich and Proline-Rich Antimicrobial Peptides. Molecules 2018, 23, 815.
[CrossRef] [PubMed]

78. Sun, Z.; Song, Z.G.; Liu, C.; Tan, S.; Lin, S.; Zhu, J.; Dai, F.H.; Gao, J.; She, J.L.; Mei, Z.; et al. Gut microbiome alterations and gut
barrier dysfunction are associated with host immune homeostasis in COVID-19 patients. BMC Med. 2022, 20, 24. [CrossRef]

79. Nagpal, R.; Newman, T.M.; Wang, S.; Jain, S.; Lovato, J.F.; Yadav, H. Obesity-Linked Gut Microbiome Dysbiosis Associated with
Derangements in Gut Permeability and Intestinal Cellular Homeostasis Independent of Diet. J. Diabetes Res. 2018, 2018, 3462092.
[CrossRef]

80. Lauritano, E.C.; Valenza, V.; Sparano, L.; Scarpellini, E.; Gabrielli, M.; Cazzato, A.; Ferraro, P.M.; Gasbarrini, A. Small intestinal
bacterial overgrowth and intestinal permeability. Scand. J. Gastroenterol. 2010, 45, 1131–1132. [CrossRef]

81. Stevens, B.R.; Goel, R.; Seungbum, K.; Richards, E.M.; Holbert, R.C.; Pepine, C.J.; Raizada, M.K. Increased human intestinal
barrier permeability plasma biomarkers zonulin and FABP2 correlated with plasma LPS and altered gut microbiome in anxiety or
depression. Gut 2018, 67, 1555–1557. [CrossRef]

82. Gill, P.A.; van Zelm, M.C.; Muir, J.G.; Gibson, P.R. Review article: Short chain fatty acids as potential therapeutic agents in human
gastrointestinal and inflammatory disorders. Aliment. Pharmacol. Ther. 2018, 48, 15–34. [CrossRef]

83. Rizvi, A.; Patel, Z.; Liu, Y.; Satapathy, S.K.; Sultan, K.; Trindade, A.J. Gastrointestinal Sequelae 3 and 6 Months After Hospitalization
for Coronavirus Disease 2019. Clin. Gastroenterol. Hepatol. 2021, 19, 2438–2440. [CrossRef]

84. Wolfel, R.; Corman, V.M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Muller, M.A.; Niemeyer, D.; Jones, T.C.; Vollmar, P.; Rothe, C.;
et al. Virological assessment of hospitalized patients with COVID-2019. Nature 2020, 581, 465–469. [CrossRef] [PubMed]

http://doi.org/10.1046/j.1440-1746.2003.03034.x
http://doi.org/10.1084/jem.20090849
http://doi.org/10.1053/j.gastro.2021.10.013
http://doi.org/10.1111/joim.13458
http://www.ncbi.nlm.nih.gov/pubmed/35212063
http://doi.org/10.1080/19490976.2022.2031840
http://doi.org/10.1136/gutjnl-2021-324238
http://www.ncbi.nlm.nih.gov/pubmed/33785553
http://doi.org/10.3389/fcimb.2022.908492
http://www.ncbi.nlm.nih.gov/pubmed/35873161
http://doi.org/10.1136/gutjnl-2021-325989
http://www.ncbi.nlm.nih.gov/pubmed/35082169
http://doi.org/10.1007/s00134-020-05985-9
http://doi.org/10.1136/gutjnl-2020-320832
http://doi.org/10.15252/msb.20209610
http://doi.org/10.1007/s12041-021-01262-w
http://doi.org/10.1016/j.jmii.2020.04.015
http://doi.org/10.1016/j.micinf.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23962453
http://doi.org/10.1152/ajpgi.00140.2012
http://www.ncbi.nlm.nih.gov/pubmed/22790597
http://doi.org/10.1111/j.1365-2036.2011.04971.x
http://www.ncbi.nlm.nih.gov/pubmed/22221317
http://doi.org/10.1038/nature11228
http://www.ncbi.nlm.nih.gov/pubmed/22837003
http://doi.org/10.3390/molecules23040815
http://www.ncbi.nlm.nih.gov/pubmed/29614844
http://doi.org/10.1186/s12916-021-02212-0
http://doi.org/10.1155/2018/3462092
http://doi.org/10.3109/00365521.2010.485325
http://doi.org/10.1136/gutjnl-2017-314759
http://doi.org/10.1111/apt.14689
http://doi.org/10.1016/j.cgh.2021.06.046
http://doi.org/10.1038/s41586-020-2196-x
http://www.ncbi.nlm.nih.gov/pubmed/32235945


Nutrients 2022, 14, 4409 17 of 19

85. Lv, L.; Jiang, H.; Chen, Y.; Gu, S.; Xia, J.; Zhang, H.; Lu, Y.; Yan, R.; Li, L. The faecal metabolome in COVID-19 patients is altered
and associated with clinical features and gut microbes. Anal. Chim. Acta 2021, 1152, 338267. [CrossRef] [PubMed]

86. Di Filippo, L.; de Lorenzo, R.; D’Amico, M.; Sofia, V.; Roveri, L.; Mele, R.; Saibene, A.; Rovere-Querini, P.; Conte, C. COVID-19 is
associated with clinically significant weight loss and risk of malnutrition, independent of hospitalisation: A post-hoc analysis of a
prospective cohort study. Clin. Nutr. 2021, 40, 2420–2426. [CrossRef]

87. Prasad, R.; Patton, M.J.; Floyd, J.L.; Fortmann, S.; DuPont, M.; Harbour, A.; Wright, J.; Lamendella, R.; Stevens, B.R.; Oudit, G.Y.;
et al. Plasma Microbiome in COVID-19 Subjects: An Indicator of Gut Barrier Defects and Dysbiosis. Int. J. Mol. Sci. 2022, 23, 9141.
[CrossRef] [PubMed]

88. Lunjani, N.; Albrich, W.C.; Suh, N.; Barda, B.; Finnegan, L.A.; Dam, S.A.; Walter, J.; Sadlier, C.; Horgan, M.; O’Toole, P.W.; et al.
Higher levels of bacterial DNA in serum associate with severe and fatal COVID-19. Allergy 2022, 77, 1312–1314. [CrossRef]

89. Wang, X.; Wei, J.; Zhu, R.; Chen, L.; Ding, F.; Zhou, R.; Ge, L.; Xiao, J.; Zhao, Q. Contribution of CD4+ T cell-mediated inflammation
to diarrhea in patients with COVID-19. Int. J. Infect. Dis. 2022, 120, 1–11. [CrossRef]

90. Santinelli, L.; Laghi, L.; Innocenti, G.P.; Pinacchio, C.; Vassalini, P.; Celani, L.; Lazzaro, A.; Borrazzo, C.; Marazzato, M.; Tarsitani,
L.; et al. Oral Bacteriotherapy Reduces the Occurrence of Chronic Fatigue in COVID-19 Patients. Front. Nutr. 2021, 8, 756177.
[CrossRef]

91. Sirohiya, P.; Elavarasi, A.; Sagiraju, H.K.R.; Baruah, M.; Gupta, N.; Garg, R.K.; Paul, S.S.; Ratre, B.K.; Singh, R.; Kumar, B.; et al.
Silent Hypoxia in Coronavirus disease-2019: Is it more dangerous? -A retrospective cohort study. Lung India 2022, 39, 247–253.
[CrossRef]

92. Adriana, D.N.; Sugihartono, T.; Nusi, I.A.; Setiawan, P.B.; Purbayu, H.; Maimunah, U.; Kholili, U.; Widodo, B.; Thamrin, H.;
Vidyani, A.; et al. Role of fecal calprotectin as a hypoxic intestinal damage biomarker in COVID-19 patients. Gut Pathog. 2022, 14,
34. [CrossRef]

93. Wang, F.; Zou, J.; Xu, H.; Huang, W.; Zhang, X.; Wei, Z.; Li, X.; Liu, Y.; Zou, J.; Liu, F.; et al. Effects of Chronic Intermittent
Hypoxia and Chronic Sleep Fragmentation on Gut Microbiome, Serum Metabolome, Liver and Adipose Tissue Morphology.
Front. Endocrinol. 2022, 13, 820939. [CrossRef] [PubMed]

94. Tang, S.S.; Liang, C.H.; Liu, Y.L.; Wei, W.; Deng, X.R.; Shi, X.Y.; Wang, L.M.; Zhang, L.J.; Yuan, H.J. Intermittent hypoxia is involved
in gut microbial dysbiosis in type 2 diabetes mellitus and obstructive sleep apnea-hypopnea syndrome. World J. Gastroenterol.
2022, 28, 2320–2333. [CrossRef] [PubMed]

95. Pourfridoni, M.; Abbasnia, S.M.; Shafaei, F.; Razaviyan, J.; Heidari-Soureshjani, R. Fluid and Electrolyte Disturbances in COVID-19
and Their Complications. Biomed. Res. Int. 2021, 2021, 6667047. [CrossRef] [PubMed]

96. Corrales-Medina, V.F.; Musher, D.M.; Shachkina, S.; Chirinos, J.A. Acute pneumonia and the cardiovascular system. Lancet 2013,
381, 496–505. [CrossRef]

97. Regenhardt, R.W.; Takase, H.; Lo, E.H.; Lin, D.J. Translating concepts of neural repair after stroke: Structural and functional
targets for recovery. Restor. Neurol. Neurosci. 2020, 38, 67–92. [CrossRef] [PubMed]

98. Xiang, Y.; Li, F.; Peng, J.; Qin, D.; Yuan, M.; Liu, G. Risk Factors and Predictive Model of Diarrhea Among Patients with Severe
Stroke. World Neurosurg. 2020, 136, 213–219. [CrossRef]

99. Liu, G.; Mateer, S.W.; Hsu, A.; Goggins, B.J.; Tay, H.; Mathe, A.; Fan, K.; Neal, R.; Bruce, J.; Burns, G.; et al. Platelet activating
factor receptor regulates colitis-induced pulmonary inflammation through the NLRP3 inflammasome. Mucosal. Immunol. 2019,
12, 862–873. [CrossRef]

100. Cortes, G.M.; Marcialis, M.A.; Bardanzellu, F.; Corrias, A.; Fanos, V.; Mussap, M. Inflammatory Bowel Disease and COVID-19:
How Microbiomics and Metabolomics Depict Two Sides of the Same Coin. Front. Microbiol. 2022, 13, 856165. [CrossRef]

101. Kawade, Y.; Sakai, M.; Okamori, M.; Morita, M.; Mizushima, K.; Ueda, T.; Takagi, T.; Naito, Y.; Itoh, Y.; Shimada, T. Administration
of live, but not inactivated, Faecalibacterium prausnitzii has a preventive effect on dextran sodium sulfate-induced colitis in mice.
Mol. Med. Rep. 2019, 20, 25–32. [CrossRef]

102. Tripathi, K.; Godoy Brewer, G.; Thu Nguyen, M.; Singh, Y.; Saleh Ismail, M.; Sauk, J.S.; Parian, A.M.; Limketkai, B.N. COVID-19
and Outcomes in Patients with Inflammatory Bowel Disease: Systematic Review and Meta-Analysis. Inflamm. Bowel Dis. 2022, 28,
1265–1279. [CrossRef]

103. Kokkotis, G.; Kitsou, K.; Xynogalas, I.; Spoulou, V.; Magiorkinis, G.; Trontzas, I.; Trontzas, P.; Poulakou, G.; Syrigos, K.; Bamias, G.
Systematic review with meta-analysis: COVID-19 outcomes in patients receiving anti-TNF treatments. Aliment. Pharmacol. Ther.
2022, 55, 154–167. [CrossRef] [PubMed]

104. Kokic, G.; Hillen, H.S.; Tegunov, D.; Dienemann, C.; Seitz, F.; Schmitzova, J.; Farnung, L.; Siewert, A.; Hobartner, C.; Cramer, P.
Mechanism of SARS-CoV-2 polymerase stalling by remdesivir. Nat. Commun. 2021, 12, 279. [CrossRef]

105. Consortium, W.H.O.S.T.; Pan, H.; Peto, R.; Henao-Restrepo, A.M.; Preziosi, M.P.; Sathiyamoorthy, V.; Abdool Karim, Q.; Alejandria,
M.M.; Hernandez Garcia, C.; Kieny, M.P.; et al. Repurposed Antiviral Drugs for COVID-19—Interim WHO Solidarity Trial
Results. N. Engl. J. Med. 2021, 384, 497–511. [CrossRef] [PubMed]

106. Kabinger, F.; Stiller, C.; Schmitzova, J.; Dienemann, C.; Kokic, G.; Hillen, H.S.; Hobartner, C.; Cramer, P. Mechanism of
molnupiravir-induced SARS-CoV-2 mutagenesis. Nat. Struct. Mol. Biol. 2021, 28, 740–746. [CrossRef] [PubMed]

107. Fischer, W.A., 2nd; Eron, J.J., Jr.; Holman, W.; Cohen, M.S.; Fang, L.; Szewczyk, L.J.; Sheahan, T.P.; Baric, R.; Mollan, K.R.; Wolfe,
C.R.; et al. A phase 2a clinical trial of molnupiravir in patients with COVID-19 shows accelerated SARS-CoV-2 RNA clearance
and elimination of infectious virus. Sci. Transl. Med. 2022, 14, eabl7430. [CrossRef] [PubMed]

http://doi.org/10.1016/j.aca.2021.338267
http://www.ncbi.nlm.nih.gov/pubmed/33648648
http://doi.org/10.1016/j.clnu.2020.10.043
http://doi.org/10.3390/ijms23169141
http://www.ncbi.nlm.nih.gov/pubmed/36012406
http://doi.org/10.1111/all.15218
http://doi.org/10.1016/j.ijid.2022.04.006
http://doi.org/10.3389/fnut.2021.756177
http://doi.org/10.4103/lungindia.lungindia_601_21
http://doi.org/10.1186/s13099-022-00507-y
http://doi.org/10.3389/fendo.2022.820939
http://www.ncbi.nlm.nih.gov/pubmed/35178032
http://doi.org/10.3748/wjg.v28.i21.2320
http://www.ncbi.nlm.nih.gov/pubmed/35800187
http://doi.org/10.1155/2021/6667047
http://www.ncbi.nlm.nih.gov/pubmed/33937408
http://doi.org/10.1016/S0140-6736(12)61266-5
http://doi.org/10.3233/RNN-190978
http://www.ncbi.nlm.nih.gov/pubmed/31929129
http://doi.org/10.1016/j.wneu.2019.12.125
http://doi.org/10.1038/s41385-019-0163-3
http://doi.org/10.3389/fmicb.2022.856165
http://doi.org/10.3892/mmr.2019.10234
http://doi.org/10.1093/ibd/izab236
http://doi.org/10.1111/apt.16717
http://www.ncbi.nlm.nih.gov/pubmed/34881430
http://doi.org/10.1038/s41467-020-20542-0
http://doi.org/10.1056/NEJMoa2023184
http://www.ncbi.nlm.nih.gov/pubmed/33264556
http://doi.org/10.1038/s41594-021-00651-0
http://www.ncbi.nlm.nih.gov/pubmed/34381216
http://doi.org/10.1126/scitranslmed.abl7430
http://www.ncbi.nlm.nih.gov/pubmed/34941423


Nutrients 2022, 14, 4409 18 of 19

108. Owen, D.R.; Allerton, C.M.N.; Anderson, A.S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Boras, B.; Cardin, R.D.; Carlo, A.; Coffman,
K.J.; et al. An oral SARS-CoV-2 M(pro) inhibitor clinical candidate for the treatment of COVID-19. Science 2021, 374, 1586–1593.
[CrossRef]

109. Stebbing, J.; Krishnan, V.; de Bono, S.; Ottaviani, S.; Casalini, G.; Richardson, P.J.; Monteil, V.; Lauschke, V.M.; Mirazimi, A.;
Youhanna, S.; et al. Mechanism of baricitinib supports artificial intelligence-predicted testing in COVID-19 patients. EMBO Mol.
Med. 2020, 12, e12697. [CrossRef]

110. Kalil, A.C.; Patterson, T.F.; Mehta, A.K.; Tomashek, K.M.; Wolfe, C.R.; Ghazaryan, V.; Marconi, V.C.; Ruiz-Palacios, G.M.; Hsieh, L.;
Kline, S.; et al. Baricitinib plus Remdesivir for Hospitalized Adults with COVID-19. N. Engl. J. Med. 2021, 384, 795–807. [CrossRef]

111. Baum, A.; Ajithdoss, D.; Copin, R.; Zhou, A.; Lanza, K.; Negron, N.; Ni, M.; Wei, Y.; Mohammadi, K.; Musser, B.; et al. REGN-
COV2 antibodies prevent and treat SARS-CoV-2 infection in rhesus macaques and hamsters. Science 2020, 370, 1110–1115.
[CrossRef]

112. Taylor, P.C.; Adams, A.C.; Hufford, M.M.; de la Torre, I.; Winthrop, K.; Gottlieb, R.L. Neutralizing monoclonal antibodies for
treatment of COVID-19. Nat. Rev. Immunol. 2021, 21, 382–393. [CrossRef]

113. Group, R.C.; Horby, P.; Lim, W.S.; Emberson, J.R.; Mafham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski, A.;
et al. Dexamethasone in Hospitalized Patients with COVID-19. N. Engl. J. Med. 2021, 384, 693–704. [CrossRef]

114. Wiertsema, S.P.; van Bergenhenegouwen, J.; Garssen, J.; Knippels, L.M.J. The Interplay between the Gut Microbiome and the
Immune System in the Context of Infectious Diseases throughout Life and the Role of Nutrition in Optimizing Treatment
Strategies. Nutrients 2021, 13, 886. [CrossRef] [PubMed]

115. Vieco-Saiz, N.; Belguesmia, Y.; Raspoet, R.; Auclair, E.; Gancel, F.; Kempf, I.; Drider, D. Benefits and Inputs from Lactic Acid
Bacteria and Their Bacteriocins as Alternatives to Antibiotic Growth Promoters During Food-Animal Production. Front. Microbiol.
2019, 10, 57. [CrossRef]

116. Preidis, G.A.; Saulnier, D.M.; Blutt, S.E.; Mistretta, T.A.; Riehle, K.P.; Major, A.M.; Venable, S.F.; Barrish, J.P.; Finegold, M.J.;
Petrosino, J.F.; et al. Host response to probiotics determined by nutritional status of rotavirus-infected neonatal mice. J. Pediatr.
Gastroenterol. Nutr. 2012, 55, 299–307. [CrossRef] [PubMed]

117. Wischmeyer, P.E.; Tang, H.; Ren, Y.; Bohannon, L.; Ramirez, Z.E.; Andermann, T.M.; Messina, J.A.; Sung, J.A.; Jensen, D.; Jung,
S.-H. Daily Lactobacillus Probiotic versus Placebo in COVID-19-Exposed Household Contacts (PROTECT-EHC): A Randomized
Clinical Trial. medRxiv 2022. [CrossRef]

118. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.; Alegre,
M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350,
1084–1089. [CrossRef]

119. Hazan, S.; Stollman, N.; Bozkurt, H.S.; Dave, S.; Papoutsis, A.J.; Daniels, J.; Barrows, B.D.; Quigley, E.M.; Borody, T.J. Lost microbes
of COVID-19: Bifidobacterium, Faecalibacterium depletion and decreased microbiome diversity associated with SARS-CoV-2
infection severity. BMJ Open Gastroenterol. 2022, 9, e000871. [CrossRef]

120. Xu, J.; Chu, M.; Zhong, F.; Tan, X.; Tang, G.; Mai, J.; Lai, N.; Guan, C.; Liang, Y.; Liao, G. Digestive symptoms of COVID-19 and
expression of ACE2 in digestive tract organs. Cell Death Discov. 2020, 6, 76. [CrossRef]

121. Kuba, K.; Imai, Y.; Penninger, J.M. Multiple functions of angiotensin-converting enzyme 2 and its relevance in cardiovascular
diseases. Circ. J. 2013, 77, 301–308. [CrossRef]

122. Monteil, V.; Kwon, H.; Prado, P.; Hagelkruys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.; Hurtado Del Pozo, C.;
Prosper, F.; et al. Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues Using Clinical-Grade Soluble Human ACE2.
Cell 2020, 181, 905–913.e7. [CrossRef]

123. Zabetakis, I.; Lordan, R.; Norton, C.; Tsoupras, A. COVID-19: The Inflammation Link and the Role of Nutrition in Potential
Mitigation. Nutrients 2020, 12, 1466. [CrossRef] [PubMed]

124. Hajipour, A.; Afsharfar, M.; Jonoush, M.; Ahmadzadeh, M.; Gholamalizadeh, M.; Hassanpour Ardekanizadeh, N.; Doaei, S.;
Mohammadi-Nasrabadi, F. The effects of dietary fiber on common complications in critically ill patients; with a special focus on
viral infections; a systematic reveiw. Immun. Inflamm. Dis. 2022, 10, e613. [CrossRef] [PubMed]

125. Lotfi, F.; Akbarzadeh-Khiavi, M.; Lotfi, Z.; Rahbarnia, L.; Safary, A.; Zarredar, H.; Baghbanzadeh, A.; Naghili, B.; Baradaran, B.
Micronutrient therapy and effective immune response: A promising approach for management of COVID-19. Infection 2021, 49,
1133–1147. [CrossRef] [PubMed]

126. Santos, H.O. Therapeutic supplementation with zinc in the management of COVID-19-related diarrhea and ageusia/dysgeusia:
Mechanisms and clues for a personalized dosage regimen. Nutr. Rev. 2022, 80, 1086–1093. [CrossRef]

127. Wang, Y.; Wu, G.; Zhao, L.; Wang, W. Nutritional Modulation of Gut Microbiota Alleviates Severe Gastrointestinal Symptoms in a
Patient with Post-Acute COVID-19 Syndrome. mBio 2022, 13, e0380121. [CrossRef]

128. Silveira, D.; Prieto-Garcia, J.M.; Boylan, F.; Estrada, O.; Fonseca-Bazzo, Y.M.; Jamal, C.M.; Magalhães, P.O.; Pereira, E.O.; Tomczyk,
M.; Heinrich, M. COVID-19: Is There Evidence for the Use of Herbal Medicines as Adjuvant Symptomatic Therapy? Front.
Pharmacol. 2020, 11, 581840. [CrossRef]

129. Yonker, L.M.; Swank, Z.; Gilboa, T.; Senussi, Y.; Kenyon, V.; Papadakis, L.; Boribong, B.P.; Carroll, R.W.; Walt, D.R.; Fasano, A.
Zonulin Antagonist, Larazotide (AT1001), As an Adjuvant Treatment for Multisystem Inflammatory Syndrome in Children: A
Case Series. Crit. Care Explor. 2022, 10, e0641. [CrossRef]

http://doi.org/10.1126/science.abl4784
http://doi.org/10.15252/emmm.202012697
http://doi.org/10.1056/NEJMoa2031994
http://doi.org/10.1126/science.abe2402
http://doi.org/10.1038/s41577-021-00542-x
http://doi.org/10.1056/NEJMoa2021436
http://doi.org/10.3390/nu13030886
http://www.ncbi.nlm.nih.gov/pubmed/33803407
http://doi.org/10.3389/fmicb.2019.00057
http://doi.org/10.1097/MPG.0b013e31824d2548
http://www.ncbi.nlm.nih.gov/pubmed/22343914
http://doi.org/10.1101/2022.01.04.21268275
http://doi.org/10.1126/science.aac4255
http://doi.org/10.1136/bmjgast-2022-000871
http://doi.org/10.1038/s41420-020-00307-w
http://doi.org/10.1253/circj.CJ-12-1544
http://doi.org/10.1016/j.cell.2020.04.004
http://doi.org/10.3390/nu12051466
http://www.ncbi.nlm.nih.gov/pubmed/32438620
http://doi.org/10.1002/iid3.613
http://www.ncbi.nlm.nih.gov/pubmed/35478440
http://doi.org/10.1007/s15010-021-01644-3
http://www.ncbi.nlm.nih.gov/pubmed/34160789
http://doi.org/10.1093/nutrit/nuab054
http://doi.org/10.1128/mbio.03801-21
http://doi.org/10.3389/fphar.2020.581840
http://doi.org/10.1097/CCE.0000000000000641


Nutrients 2022, 14, 4409 19 of 19

130. Miyakawa, K.; Machida, M.; Kawasaki, T.; Nishi, M.; Akutsu, H.; Ryo, A. Reduced Replication Efficacy of Severe Acute Respiratory
Syndrome Coronavirus 2 Omicron Variant in “Mini-gut” Organoids. Gastroenterology 2022, 163, 514–516. [CrossRef]

131. Ahmadi Badi, S.; Malek, A.; Paolini, A.; Rouhollahi Masoumi, M.; Seyedi, S.A.; Amanzadeh, A.; Masotti, A.; Khatami, S.; Siadat,
S.D. Downregulation of ACE, AGTR1, and ACE2 genes mediating SARS-CoV-2 pathogenesis by gut microbiota members and
their postbiotics on Caco-2 cells. Microb. Pathog. 2022, 173, 105798. [CrossRef]

http://doi.org/10.1053/j.gastro.2022.04.043
http://doi.org/10.1016/j.micpath.2022.105798

	Introduction 
	Epidemiology 
	Sex Differences in COVID-19 
	Age Difference in COVID-19 

	Clinical Features of COVID-19 
	Immune Cells in COVID-19 
	Cytokines in the Gut with COVID-19 
	Gut Microbiota in COVID-19 

	Mechanisms Underlying COVID-19 Induced GI Tract Injury 
	SARS-CoV-2 Infection via ACE2 Binding and Injury in the Gut 
	Dysbiosis and Metabolite Imbalance Induce Gut Inflammation and Injury 
	Other Mechanisms of COVID-19 Induced Gut Injury 
	Inflammatory Bowel Disease (IBD) and COVID-19 

	Treatment of COVID-19 and GI Injury 
	Current COVID-19 Treatment 
	Treatment for COVID-19 Induced Gut Injury 

	Conclusions 
	References

