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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the global
coronavirus disease 2019 (COVID-19) outbreak. Along with the respiratory tract, the gastrointestinal
(GI) tract is one of the main extra-pulmonary targets of SARS-CoV-2 with respect to symptom
occurrence and is a potential route for virus transmission, most likely due to the presence of
angiotensin-converting enzyme 2. Therefore, understanding the mechanisms of GI injury is crucial for
a harmonized therapeutic strategy against COVID-19. This review summarizes the current evidence
for the clinical features of and possible pathogenic mechanisms leading to GI injury in COVID-19.
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aldosterone system; SARS-CoV-2; TMPRSS2; thrombosis; tryptophan

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the current
coronavirus disease 2019 (COVID-19) pandemic. The pathogenic mechanisms underlying COVID-19,
particularly with respect to multi-organ dysfunction, are not yet completely understood [1,2]. Emerging
epidemiological data about COVID-19 suggest an association between gastrointestinal (GI) injury and
SARS-CoV-2 infection in terms of clinical features, prognosis, and disease severity [3,4]. Although
respiratory transmission and symptoms are the primary route and presentation of COVID-19,
respectively, the GI system could be an alternative or additional route for virus transmission and
clinical manifestation, most likely due to the distribution of angiotensin-converting enzyme 2 (ACE2)
throughout the GI tract [5–8].

Therefore, the mechanisms underlying GI injury in COVID-19 patients need to be actively explored
to develop strategies for mitigating the spread of SARS-CoV-2. However, so far, limited information is
available concerning the mechanisms underlying COVID-19-associated GI injury. Here, we summarize
current evidence for the clinical features and possible pathogenic mechanisms leading to GI injury
in COVID-19.
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2. ACE2-Mediated Viral Entry

SARS-CoV-2 is transmitted via the respiratory system through saliva droplets or nasal discharge [2].
SARS-CoV-2 has also been suggested to be transmitted through the GI system as swallowed saliva or
via the consumption of contaminated food, although this route of transmission may account for only a
small proportion of COVID-19 cases [4,6]. The cellular entry of SARS-CoV-2 requires binding of the
SARS-CoV-2 spike protein to the membrane-bound form of ACE2, a receptor on the cell surface that
controls the cleavage of several peptides, on the target cell; this is followed by the priming of the spike
protein by the host transmembrane serine protease 2 (TMPRSS2) to facilitate cell entry [9–11]. ACE2 and
TMPRSS2 are expressed in several cell types other than lung alveolar cells, including the GI epithelium
and vascular endothelium [5,6,12]. Importantly, the expression levels of these proteins, particularly
ACE2, are much higher in the GI tract than in the lungs [7,13]. Attachment of the virus to ACE2 triggers
the internalization of the ACE2-virus complex into the target cell, leading to the downregulation of
ACE2 [14]. SARS-CoV-2 RNA is then released into the cytoplasm, and viral replication is initiated.

ACE2 is also present in the circulation in a soluble form, albeit at low levels [15]. Soluble ACE2,
which lacks the cytosolic and transmembrane domains, is cleaved from full-length ACE2 on the cell
membrane by a disintegrin and metalloproteinase (ADAM) 17 and released into the extracellular
environment [16–19]. Soluble ACE2 is enzymatically active and blocks the binding of the spike protein
to its receptor, indicating that it competitively inhibits viral entry into target cells. This mechanism
provides the virus with “false” ACE2 and leaves the membrane-bound ACE2 free to perform its
physiological tasks [20–22].

Notably, the expression of ACE2 or TMPRSS2 does not solely determine the course of COVID-19.
The body’s immune response, the viral load, and some unidentified receptors may independently or
jointly affect disease progression and prognosis.

3. Clinical GI Features

The clinical and experimental evidence discussed in the forthcoming sub-sections strongly suggests
that SARS-CoV-2 in swallowed saliva or in contaminated food could reach the intestine to actively
infect, as well as replicate in, the intestinal cells.

3.1. GI Symptoms

Clinical studies on patients with COVID-19 have shown that GI symptoms such as anorexia,
nausea/vomiting, abdominal pain, and diarrhea appear to precede or follow pulmonary symptoms,
with an incidence ranging from approximately 10 to 60% [23–27]. Studies reporting an association
between GI symptoms and disease severity/susceptibility to COVID-19 are controversial. Some studies
suggest that GI symptoms are associated with milder disease and a better prognosis [28]. In contrast,
the results of a systemic review and meta-analysis showed that abdominal pain [23] or diarrhea [24–27]
may be a risk factor for severe COVID-19. Interestingly, an animal study reported that intragastric
inoculation of SARS-CoV-2 causes productive infection and leads to pathological changes in the lungs,
suggesting that GI infection could contribute to pulmonary injury [29]. Therefore, early identification
of GI symptoms is crucial, as, in some patients, this can precede the development of pulmonary
symptoms. In contrast, some patients present with only GI symptoms and no pulmonary symptoms.

3.2. SARS-CoV-2 in the Feces

Emerging evidence has indicated that SARS-CoV-2 RNA can be detected via real-time
reverse-transcription polymerase chain reaction (RT-PCR) in fecal samples for a long period, even
after the pulmonary symptoms have resolved [24,30]. However, as RT-PCR may detect residual viral
genome, it remains unclear whether this represents active viral replication in the tissues or a previous
infection. More recently, independent laboratories reported the successful isolation of live SARS-CoV-2
from fecal samples of COVID-19 patients [31,32], suggesting that the presence of this virus in feces is
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the cause of GI symptoms and fecal–oral infection, rather than a mere bystander effect. This knowledge
is important for containing viral spread. It should be noted that GI involvement leads to higher viral
load and/or prolonged viral shedding [33], allowing the virus to disseminate to other organs, including
the lungs, liver, and kidneys. GI tropism of SARS-CoV-2 is further supported by the evidence of
elevated fecal levels of calprotectin, a protein marker for intestinal inflammation [34].

3.3. SARS-CoV-2 in GI Tissues

Studies based on single-cell RNA sequencing have confirmed the expression of ACE2 and
TMPRSS2 in the GI epithelium [35]. Xiao et al. performed GI biopsy during endoscopy on patients
positive for SARS-CoV-2 in the fecal samples and demonstrated that the cytoplasm of the epithelium
lining the GI tract, including the stomach, duodenum, and rectum, tested positive for ACE2 and viral
nucleocapsid protein. These results suggest that SARS-CoV-2 invades the mucosal cells of the stomach
and the intestine and produces infectious virions [36]. Importantly, active replication of SARS-CoV-2
was also demonstrated by the experimental infection of human small intestinal organoids [37,38].

3.4. SARS-CoV-2 and the Gastric Acid Barrier

Although gastric acid can significantly reduce virus viability, SARS-CoV-2 is not inactivated in the
stomach at gastric pH higher than 3.0 at room temperature [39,40]. This suggests the possibility that
the virus travels to the intestine by passing through the gastric acid barrier, at least under conditions
of chronic gastritis or Helicobacter pylori infection, the use of gastric acid inhibitors, or previous
gastrectomy [41]. However, to date, several studies exploring the association between the use of proton
pump inhibitors and increased disease severity/susceptibility to COVID-19 are controversial [42–44],
making it difficult to determine whether there is indeed an increased risk for SARS-CoV-2 infection and
COVID-19-related death for users of proton pump inhibitors. Future studies are needed to support or
counter this association.

3.5. GI Imaging

Some studies used abdominal diagnostic imaging in patients with SARS-CoV-2 infection to assess
their intestinal condition and provide evidence for GI involvement. The most frequently reported
observations are intestinal ischemia, including vessel thrombosis/embolism in the small bowel and/or
colon and ischemic colitis [45–51]. Bhayana et al. examined 42 abdominal CT scans of 412 hospitalized
patients with COVID-19 [48]. They identified bowel wall abnormalities, including pneumatosis and
portal venous gas suggestive of ischemia, in 31% of the CT scans, mostly in intensive care unit patients.
Laparotomy and pathology findings confirmed small bowel ischemia in some patients, which may
have been due to small vessel thrombosis, confirming that bowel abnormalities, including ischemia, are
common findings among critically ill COVID-19 patients; however, the cause of intestinal abnormalities
in patients who did not undergo surgery remains unclear.

The GI injury observed in COVID-19 is not limited to intestinal ischemia because cases without
evidence of ischemia have also been reported [46,52–55]. In a case report of a SARS-CoV-2 GI infection
causing acute hemorrhagic colitis, as diagnosed by colonoscopy, the biopsy showed slight expansion
of the lamina propria by edema, with normal cellularity, intact crypts, and no evidence of ischemia,
virocytes, or protozoa [52]. Massironi et al. identified endoscopic lesions in 70% (14/20) of colonoscopies
on patients with COVID-19 [46]. The main findings, other than four cases (20%) of histologically
confirmed colon ischemia, included five cases (25%) of segmental colitis associated with diverticulosis
and one case of diffuse hemorrhagic colitis; in three cases, the colonic mucosa appeared normal on
visualization, but histological evidence of microscopic (two cases) and lymphocytic (one case) colitis
was found. However, it is unclear whether the patients developed those lesions after SARS-CoV-2
infection or if these symptoms were already present in these patients before they contracted COVID-19
and were then exacerbated by the disease. At present, the specificity of these imaging findings to
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COVID-19 is unclear. Further investigations are needed to clarify the characteristics of the diagnostic
images of GI injury in COVID-19.

4. Pathogenic Mechanisms of GI Injury

GI injury in patients with COVID-19 is likely to have several etiological factors. Pathologically,
this injury can be divided into two groups: primary GI injury, in which SARS-CoV-2 transmits
to the GI tract by passing through the digestive system, and secondary GI injury, associated with
pulmonary SARS-CoV-2 infection, in which the virus transmits by passing through the respiratory
system (Figure 1). Primary GI injury is caused by direct cytotoxic damage, dysregulation of the
renin–angiotensin–aldosterone system (RAAS), or malabsorption of tryptophan in the intestinal
epithelium. Secondary GI injury is caused by endothelial damage and thrombo-inflammation in
the blood vessels or dysregulation of the immune system with systemic circulation. Gut dysbiosis
could also be responsible for primary or secondary GI injury. These factors can affect each other and
exacerbate GI injury. Such GI injury would likely lead to a higher viral load and/or prolonged viral
shedding, allowing the virus to disseminate to other organs.
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Figure 1. Proposed mechanisms of gastrointestinal (GI) injury in coronavirus disease 2019 (COVID-19):
primary GI injury, in which SARS-CoV-2 transmits through the digestive route, and secondary GI
injury—associated with pulmonary infection—in which the virus transmits through the respiratory
route. Gut dysbiosis could also be responsible for primary or secondary GI injury. SARS-CoV-2,
Severe acute respiratory syndrome coronavirus 2; ACE, angiotensin-converting enzyme; TMPRSS,
transmembrane serine protease; ADAM, a disintegrin and metalloproteinase; Ang, angiotensin; AT1R,
angiotensin type 1 receptor; AT2R, angiotensin type 2 receptor; RAAS, renin-angiotensin-aldosterone
system; mTOR, mammalian target of rapamycin.

4.1. Direct Virus-Mediated Cytotoxic Damage in the Intestinal Epithelium

The abundance of ACE2 in the GI epithelium makes the GI tract vulnerable to SARS-CoV-2 entry.
Once the virus enters the epithelium, direct cellular damage, possibly through pyroptosis and apoptosis,
might also actively contribute to injury and inflammation of the GI epithelium [8,56]. Moreover, this is
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supported by the intracellular staining of viral nucleocapsid protein in almost the entire GI tract [57].
At present, it is unclear whether SARS-CoV-2 infection can directly cause GI injury or if it simply
triggers an overwhelming host response, which could secondarily result in COVID-19-associated
GI dysfunction.

4.2. Dysregulation of the RAAS in the Intestinal Epithelium

ACE2 is a negative regulatory enzyme in the RAAS. In addition to its function as a receptor for viral
entry, it influences immune functions. The components of the RAAS are characteristic of the GI system,
as well as of the cardiovascular or renovascular system [58]. In the RAAS, ACE cleaves angiotensin I
(Ang I) to Ang II, which binds to the Ang type 1 receptor (AT1R) and mediates numerous systemic
and local processes, including vasoconstriction, inflammation, fibrosis, and thrombosis. In contrast,
ACE2 catalyzes the conversion of Ang II to Ang (1–7). Ang (1–7) binds to the G protein-coupled
receptor Mas to mediate vasodilatation, as well as anti-inflammatory, anti-fibrotic, and anti-thrombotic
effects. As Ang II/AT1R signaling also promotes an immune response, ACE2 might control immune
functions via the Ang (1–7)/Mas axis. The balance between the “adverse” ACE/Ang II/AT1R axis and
the “protective” ACE2/Ang (1–7)/Mas axis determines the overall homeostatic effect of the RAAS [59].

Functional studies based on colitis animal models have indicated that the modulation of
ACE2 expression affects the severity of intestinal inflammation. ACE2 deficiency causes enhanced
susceptibility to dextran sodium sulfate-induced colitis [60], suggesting that ACE2 plays a protective
role in colitis. Moreover, Ang (1–7) treatment alleviates colitis progression, whereas the blockade of Mas
aggravates the disease [61], indicating the protective role of the ACE2/Ang (1–7)/Mas axis. In contrast,
treatment with the ACE2 inhibitor GL1001 reduces the severity of colitis [62], suggesting that ACE2
plays a pathogenic role in intestinal inflammation. During SARS-CoV-2 infection, the downregulation
of ACE2 would potentially result in unopposed functions of Ang II and decreased levels of Ang (1–7),
thereby shifting the balance towards the pro-inflammatory side, which would contribute to epithelial
injury [63,64].

4.3. Malabsorption of Tryptophan in the Intestinal Epithelium

ACE2 also exhibits an RAAS-independent effect as a regulator of amino acid transport in the
intestine [65]. ACE2 binds the membrane-bound amino acid transporter B0AT1 as a chaperone and
contributes to the absorption of tryptophan, an essential amino acid with a critical role in intestinal
homeostasis [66,67]. Dietary tryptophan is absorbed via the B0AT1/ACE2 interaction on the luminal
surface of the small intestinal epithelium. This results in the activation of the mammalian target of
rapamycin (mTOR) directly through nutrient sensing and/or through the tryptophan–nicotinamide
pathway. mTOR in turn regulates the expression of antimicrobial peptides that affect the composition
of the gut microbiota [60].

A lack of ACE2 accentuates GI susceptibility to inflammation. ACE2-knockout mice do not
express B0AT1 in their small intestine and therefore exhibit decreased tryptophan uptake and the
subsequent activation of mTOR. This leads to decreased expression levels of antimicrobial peptides
and alteration in the gut microbiota, resulting in increased sensitivity to intestinal inflammation [60].
Based on the available literature, it is suggested that SARS-CoV-2 binds to ACE2 in the intestinal
epithelium, resulting in a disturbance in ACE2 functions, which leads to GI injury.

4.4. Endothelial Damage and Thrombo-Inflammation in Blood Vessels

ACE2 is highly expressed in the arterial and venous endothelium, suggesting that blood vessels
may also be susceptible to SARS-CoV-2 infection [12]. The importance of the endothelium in COVID-19
pathogenesis was emphasized by recent histopathological data that reported direct endothelial infection,
endothelial inflammation, and microvascular and macrovascular thrombosis in venous and arterial
circulation, along with inflammatory cell accumulation and endothelial and inflammatory cell death [68].
This suggests that SARS-CoV-2 infection facilitates the induction of endothelial inflammation as a
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direct consequence of viral involvement, host inflammatory response, and possibly apoptosis and
pyroptosis [69].

Endothelial activation/damage due to virus binding to ACE2, and the promotion of inflammation
and hyper-coagulation may explain the high thrombotic burden observed in COVID-19. This depends
on the complex interplay between increased endothelial dysfunction/damage, pro-inflammatory
cytokine release, and potential coagulopathy in severe disease, which collectively promote the activation
of coagulation. This can trigger excessive thrombin production, inhibit fibrinolysis, and activate
complement pathways, thereby initiating thrombo-inflammation that ultimately leads to microthrombi
deposition and microvascular dysfunction in different organs, including the GI system [70].

Neutrophil extracellular traps (NETs) are networks of extracellular fibers composed of DNA that
contain histones and granular proteins, such as myeloperoxidase and elastase, which may provide
a template for trapping platelets and for thrombus formation in the microcirculation [71]. NETs
induce tissue injury by exerting a direct toxic effect on endothelial cells; this toxicity may be a result
of the high local concentration of histones and granular proteins [72]. Recent evidence indicates that
NET formation is enhanced in the neutrophils of patients with COVID-19 [73,74]. Together with the
in vitro data, which demonstrated that viable SARS-CoV-2 can directly induce the release of NETs by
healthy neutrophils [75], this shows that an exaggerated level of NET release induced by the virus may
contribute to COVID-19-associated tissue damage, thrombosis, and fibrosis.

4.5. Dysregulation of the Immune System

SARS-CoV-2 disrupts normal immune responses, leading to an impaired immune system and
uncontrolled inflammatory responses in patients with COVID-19. SARS-CoV-2 not only activates
antiviral immune responses but also causes uncontrolled inflammatory responses that are characterized
by the activation of systemic and local cytokine-secreting cells with innate and adaptive immune
mechanisms [76,77].

The immunologic reactions in severe COVID-19 lead to the cytokine storm, which is an
out-of-control cytokine release, thereby creating a hyperinflammatory condition in the host [78].
A cytokine storm is induced by the activation of a large number of leukocytes, including B cells, T cells,
monocytes, neutrophils, and other resident cells, such as those in the epithelium and endothelium,
which release large numbers of pro-inflammatory cytokines [5,79–82]. In such a setting, the integrity of
the epithelial and endothelial barrier in nearby tissues may be weakened, thereby damaging multiple
organ systems, including those of the GI system. In the intestine, cytokine storm may contribute
to the activation of the mucosal immune system, which not only enhances an immune-mediated
inflammatory process but also affects the gut microbiota, leading to GI injury [8,83].

SARS-CoV-2 also leads to lymphopenia, lymphocyte activation and dysfunction, and granulocyte
and monocyte abnormalities, which cause a defect in antiviral response and immune regulatory
function of these cells [84]. Lymphopenia, a marker of impaired cellular immunity, is a cardinal
laboratory finding in patients with COVID-19, with a prognostic association in the vast majority of
published studies [85]. Patients also show marked reductions in the counts of CD4+ and CD8+ T
cells, natural killer cells, and B cells [77]. During severe COVID-19, the GI system faces widespread
inflammation and tissue damage caused by these events [86].

4.6. Gut Dysbiosis

It is well established that the gut microbiota plays a critical role in intestinal homeostasis and
that changes in its composition are involved in intestinal inflammation [87]. Several lines of evidence
suggest that SARS-CoV-2 infection is associated with alterations in the gut microbiota [88–90]. Zuo et al.
provided evidence of prolonged gut dysbiosis, characterized by the enrichment of pathogenic microbes
and opportunistic pathogens, along with the depletion of beneficial commensals in critically ill patients
with COVID-19, and its association with disease severity [88]. The gut dysbiosis observed in these
studies is multifactorial and involves epithelial dysfunction (especially impaired antimicrobial peptide
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production that controls the gut microbial community) [66,67], as well as immune cell dysfunction
(especially a cytokine storm) [78]. To date, it is not clear whether such dysbiosis is specific to SARS-CoV-2
infection or a consequence of critical illness. Further investigations based on larger cohorts are needed
to determine whether alterations in the gut microbiota influence the GI and pulmonary outcomes
of COVID-19.

If large studies confirm that the gut microbiota indeed affects the severity of COVID-19, targeting
the microbiota may be an attractive therapeutic strategy. At present, no direct clinical evidence suggests
that modulation of the gut microbiota has therapeutic value in patients with COVID-19. However,
it is tempting to speculate that targeting the gut microbiota through probiotics, prebiotics, and fecal
microbiota transplantation might be a potential therapeutic strategy [8].

4.7. Others

Hypoxia is a major symptom in patients with COVID-19 [91] and is also critical for intestinal
homeostasis, including microbiota composition and function [92]; thus, oxygen deprivation may be
important in the context of GI injury. The enteric nervous system could be affected by SARS-CoV-2,
either via direct viral infection or by the elicited immune response. It is possible that alterations in the
enteric nervous system may further aggravate GI injury [8].

5. SARS-CoV-2 and Liver Injury

ACE2 is expressed in cholangiocytes and hepatocytes (20 times higher in cholangiocytes than
hepatocytes), although to a lesser degree than lung alveolar cells and the GI epithelium [93]. Therefore,
up to 50% of COVID-19 patients experience various degrees of liver function abnormalities [94,95].
Since SARS-CoV-2 enters the mucous membranes in the intestine, it may access the biliary system
through the portal vein and bind to ACE2-positive cholangiocytes and hepatocytes, resulting in direct
damage to the liver (cytopathic effect) [96,97]. The hyper-inflammation seen with the cytokine storm,
hypoxia-associated metabolic derangements, and gut dysbiosis are other potential mechanisms of liver
damage [98,99]. Drug-induced liver injury, particularly secondary to antivirals and antibiotics, is also
an important consideration [100].

At present, the impact of SARS-CoV-2 on chronic liver diseases remains largely unknown.
A previous study has shown that patients with pre-existing hepatitis B infection had more severe
courses of COVID-19 [101]. Patients with liver cirrhosis have also been reported to be more susceptible
to SARS-CoV-2 infection, probably due to their immunocompromised status [102,103]. The impact
of SARS-CoV-2 on inappropriate alcohol consumption is under investigation [104]. The potential
adverse effects of viral infection on the prognosis of patients with chronic liver diseases need
further investigation.

6. Conclusions and Future Directions

We are slowly beginning to understand the complex pathogenesis of SARS-CoV-2 infections.
The widespread organ-specific complications of COVID-19, including those of the GI system, are now
increasingly being appreciated. An in-depth understanding of the GI injury and clinical manifestations
of this multi-organ disease remains imperative. The GI system could serve as a SARS-CoV-2 entry site
and a potentiating organ due to the widespread presence of ACE2 and TMPRSS2 in this system, which
may be involved in magnifying the systemic inflammatory response. Further studies are warranted to
provide novel insights into the GI system as a potential virus entry point or a potentiator of infection,
which will be pivotal for developing a harmonized therapeutic strategy against GI injury in COVID-19.

Author Contributions: Conceptualization, K.M.; software, H.T. and S.Y.; validation, M.M. and K.T.; resources,
H.T. and S.Y.; writing, K.M. and K.T.; visualization, K.M.; supervision, M.N. and S.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.



J. Clin. Med. 2020, 9, 3630 8 of 13

Acknowledgments: This work was supported partly by Health and Labour Sciences Research Grants for research
on intractable diseases from the Ministry of Health, Labour and Welfare of Japan.

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

References

1. Chan, J.F.W.; To, K.K.W.; Tse, H.; Jin, D.Y.; Yuen, K.Y. Interspecies transmission and emergence of novel
viruses: Lessons from bats and birds. Trends Microbiol. 2013, 21, 544–555. [CrossRef]

2. Wang, C.; Horby, P.W.; Hayden, F.G.; Gao, G.F. A novel coronavirus outbreak of global health concern. Lancet
2020, 395, 470–473. [CrossRef]

3. Galanopoulos, M.; Gkeros, F.; Doukatas, A.; Karianakis, G.; Pontas, C.; Tsoukalas, N.; Viazis, N.; Liatsos, C.;
Mantzaris, G.J. COVID-19 pandemic: Pathophysiology and manifestations from the gastrointestinal tract.
World J. Gastroenterol. 2020, 26, 4579–4588. [CrossRef] [PubMed]

4. Ding, S.; Liang, T.J. Is SARS-CoV-2 Also an Enteric Pathogen With Potential Fecal–Oral Transmission?
A COVID-19 Virological and Clinical Review. Gastroenterology 2020, 159, 53–61. [CrossRef] [PubMed]

5. Vabret, N.; Britton, G.J.; Gruber, C.; Hegde, S.; Kim, J.; Kuksin, M.; Levantovsky, R.; Malle, L.; Moreira, A.;
Park, M.D.; et al. Immunology of COVID-19: Current State of the Science. Immunology 2020, 52, 910–941.
[CrossRef]

6. Zhang, H.; Kang, Z.; Gong, H.; Xu, D.; Wang, J.; Li, Z.; Cui, X.; Xiao, J.; Meng, T.; Zhou, W.; et al. The digestive
system is a potential route of 2019-nCov infection: A bioinformatics analysis based on single-cell. BioRxiv 2020.
[CrossRef]

7. Bertram, S.; Heurich, A.; Lavender, H.; Gierer, S.; Danisch, S.; Perin, P.; Lucas, J.M.; Nelson, P.S.; Pöhlmann, S.;
Soilleux, E.J. Influenza and SARS-Coronavirus Activating Proteases TMPRSS2 and HAT Are Expressed at
Multiple Sites in Human Respiratory and Gastrointestinal Tracts. PLoS ONE 2012, 7, e35876. [CrossRef]
[PubMed]

8. Trottein, F.; Sokol, H. Potential Causes and Consequences of Gastrointestinal Disorders during a SARS-CoV-2
Infection. Cell Rep. 2020, 32, 107915. [CrossRef] [PubMed]

9. Glowacka, I.; Bertram, S.; Müller, M.A.; Allen, P.; Soilleux, E.; Pfefferle, S.; Steffen, I.; Tsegaye, T.S.; He, Y.;
Gnirss, K.; et al. Evidence that TMPRSS2 Activates the Severe Acute Respiratory Syndrome Coronavirus
Spike Protein for Membrane Fusion and Reduces Viral Control by the Humoral Immune Response. J. Virol.
2011, 85, 4122–4134. [CrossRef] [PubMed]

10. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.;
Wu, N.-H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [CrossRef] [PubMed]

11. Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.;
Luzuriaga, K.; Greenough, T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus. Nat. Cell Biol. 2003, 426, 450–454. [CrossRef] [PubMed]

12. Hamming, I.; Timens, W.; Bulthuis, M.L.C.; Lely, A.T.; Navis, G.J.; Van Goor, H. Tissue distribution of ACE2
protein, the functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis.
J. Pathol. 2004, 203, 631–637. [CrossRef] [PubMed]

13. Sungnak, W.; Network, H.L.B.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.;
Talavera-López, C.; Maatz, H.; Reichart, D.; et al. SARS-CoV-2 entry factors are highly expressed in
nasal epithelial cells together with innate immune genes. Nat. Med. 2020, 26, 681–687. [CrossRef] [PubMed]

14. Vaduganathan, M.; Vardeny, O.; Michel, T.; McMurray, J.J.; Pfeffer, M.A.; Solomon, S.D.
Renin–Angiotensin–Aldosterone System Inhibitors in Patients with Covid-19. N. Engl. J. Med. 2020, 382,
1653–1659. [CrossRef]

15. Iwata, M.; Enciso, J.E.S.; Greenberg, B.H. Selective and specific regulation of ectodomain shedding of
angiotensin-converting enzyme 2 by tumor necrosis factor α-converting enzyme. Am. J. Physiol. Physiol.
2009, 297, C1318–C1329. [CrossRef]

16. Wong, E.; Cohen, T.; Romi, E.; Levin, M.; Peleg, Y.; Arad, U.; Yaron, A.; Milla, M.E.; Sagi, I. Harnessing
the natural inhibitory domain to control TNFα Converting Enzyme (TACE) activity in vivo. Sci. Rep.
2016, 6, 35598. [CrossRef]

http://dx.doi.org/10.1016/j.tim.2013.05.005
http://dx.doi.org/10.1016/S0140-6736(20)30185-9
http://dx.doi.org/10.3748/wjg.v26.i31.4579
http://www.ncbi.nlm.nih.gov/pubmed/32884218
http://dx.doi.org/10.1053/j.gastro.2020.04.052
http://www.ncbi.nlm.nih.gov/pubmed/32353371
http://dx.doi.org/10.1016/j.immuni.2020.05.002
http://dx.doi.org/10.1101/2020.01.30.927806
http://dx.doi.org/10.1371/journal.pone.0035876
http://www.ncbi.nlm.nih.gov/pubmed/22558251
http://dx.doi.org/10.1016/j.celrep.2020.107915
http://www.ncbi.nlm.nih.gov/pubmed/32649864
http://dx.doi.org/10.1128/JVI.02232-10
http://www.ncbi.nlm.nih.gov/pubmed/21325420
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://dx.doi.org/10.1038/nature02145
http://www.ncbi.nlm.nih.gov/pubmed/14647384
http://dx.doi.org/10.1002/path.1570
http://www.ncbi.nlm.nih.gov/pubmed/15141377
http://dx.doi.org/10.1038/s41591-020-0868-6
http://www.ncbi.nlm.nih.gov/pubmed/32327758
http://dx.doi.org/10.1056/NEJMsr2005760
http://dx.doi.org/10.1152/ajpcell.00036.2009
http://dx.doi.org/10.1038/srep35598


J. Clin. Med. 2020, 9, 3630 9 of 13

17. Jones, J.C.; Rustagi, S.; Dempsey, P.J. ADAM Proteases and Gastrointestinal Function. Annu. Rev. Physiol.
2016, 78, 243–276. [CrossRef]

18. Black, R.A.; Rauch, C.T.; Kozlosky, C.J.; Peschon, J.J.; Slack, J.L.; Wolfson, M.F.; Castner, B.J.; Stocking, K.L.;
Reddy, P.; Srinivasan, S.; et al. A metalloproteinase disintegrin that releases tumour-necrosis factor-α from
cells. Nat. Cell Biol. 1997, 385, 729–733. [CrossRef]

19. Edwards, D.R.; Handsley, M.M.; Pennington, C.J. The ADAM metalloproteinases. Mol. Asp. Med. 2008, 29,
258–289. [CrossRef]

20. Monteil, V.; Kwon, H.; Prado, P.; Hagelkrüys, A.; Wimmer, R.A.; Stahl, M.; Leopoldi, A.; Garreta, E.;
Del Pozo, C.H.; 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]

21. Batlle, D.; Wysocki, J.; Satchell, K. Soluble angiotensin-converting enzyme 2: A potential approach for
coronavirus infection therapy? Clin. Sci. 2020, 134, 543–545. [CrossRef] [PubMed]

22. Alhenc-Gelas, F.; Drüeke, T.B. Blockade of SARS-CoV-2 infection by recombinant soluble ACE2. Kidney Int.
2020, 97, 1091–1093. [CrossRef] [PubMed]

23. Kumar, V.C.S.; Mukherjee, S.; Harne, P.S.; Subedi, A.; Ganapathy, M.K.; Patthipati, V.S.; Sapkota, B. Novelty
in the gut: A systematic review and meta-analysis of the gastrointestinal manifestations of COVID-19.
Bmj Open Gastroenterol. 2020, 7, e000417. [CrossRef] [PubMed]

24. Cheung, K.S.; Hung, I.F.; Chan, P.P.; Lung, K.; Tso, E.; Liu, R.; Ng, Y.; Chu, M.Y.; Chung, T.W.; Tam, A.R.; et al.
Gastrointestinal Manifestations of SARS-CoV-2 Infection and Virus Load in Fecal Samples From a Hong
Kong Cohort: Systematic Review and Meta-analysis. Gastroenterolgy 2020, 159, 81–95. [CrossRef]

25. Jin, X.; Lian, J.S.; Hu, J.H.; Gao, J.; Zheng, L.; Zhang, Y.M.; Hao, S.R.; Jia, H.Y.; Cai, H.; Zhang, X.L.; et al.
Epidemiological, clinical and virological characteristics of 74 cases of coronavirus-infected disease 2019
(COVID-19) with gastrointestinal symptoms. Gut 2020, 69, 1002–1009. [CrossRef]

26. Lin, L.; Jiang, X.; Zhang, Z.; Huang, S.; Zhang, Z.; Fang, Z.; Gu, Z.; Gao, L.; Shi, H.; Mai, L.; et al.
Gastrointestinal symptoms of 95 cases with SARS-CoV-2 infection. Gut 2020, 69, 997–1001. [CrossRef]

27. Wan, Y.; Li, J.; Shen, L.; Zou, Y.; Hou, L.; Zhu, L.; Faden, H.S.; Tang, Z.; Shi, M.; Jiao, N.; et al. Enteric
involvement in hospitalised patients with COVID-19 outside Wuhan. Lancet Gastroenterol. Hepatol. 2020, 5,
534–535. [CrossRef]

28. Aghemo, A.; Piovani, D.; Parigi, T.L.; Brunetta, E.; Pugliese, N.; Vespa, E.; Omodei, P.D.; Preatoni, P.; Lleo, A.;
Repici, A.; et al. COVID-19 Digestive System Involvement and Clinical Outcomes in a Large Academic
Hospital in Milan, Italy. Clin. Gastroenterol. Hepatol. 2020, 18, 2366–2368.e3. [CrossRef]

29. Sun, S.H.; Chen, Q.; Gu, H.J.; Yang, G.; Wang, Y.X.; Huang, X.Y.; Liu, S.S.; Zhang, N.N.; Li, X.F.; Xiong, R.; et al.
A Mouse Model of SARS-CoV-2 Infection and Pathogenesis. Cell Host Microbe 2020, 28, 124–133.e4. [CrossRef]

30. Zheng, S.; Fan, J.; Yu, F.; Feng, B.; Lou, B.; Zou, Q.; Xie, G.; Lin, S.; Wang, R.; Yang, X.; et al. Viral load dynamics
and disease severity in patients infected with SARS-CoV-2 in Zhejiang province, China, January-March 2020:
Retrospective cohort study. BMJ 2020, 369, m1443. [CrossRef]

31. Wang, W.; Xu, Y.; Gao, R.; Lu, R.; Han, K.; Wu, G.; Tan, W. Detection of SARS-CoV-2 in Different Types of
Clinical Specimens. JAMA 2020, 323, 1843–1844. [CrossRef] [PubMed]

32. Xiao, F.; Sun, J.; Xu, Y.; Li, F.; Huang, X.; Li, H.; Zhao, J.; Huang, J.; Zhao, J. Infectious SARS-CoV-2 in Feces of
Patient with Severe COVID-19. Emerg. Infect. Dis. 2020, 26, 1920–1922. [CrossRef] [PubMed]

33. Wei, X.S.; Wang, X.; Niu, Y.R.; Ye, L.L.; Peng, W.B.; Wang, Z.H.; Yang, W.B.; Yang, B.H.; Zhang, J.C.;
Ma, W.L.; et al. Diarrhea Is Associated With Prolonged Symptoms and Viral Carriage in Corona Virus Disease
2019. Clin. Gastroenterol. Hepatol. 2020, 18, 1753–1759.e2. [CrossRef] [PubMed]

34. Effenberger, M.; Grabherr, F.; Mayr, L.; Schwaerzler, J.; Nairz, M.; Seifert, M.; Hilbe, R.; Seiwald, S.;
Scholl-Buergi, S.; Fritsche, G.; et al. Faecal calprotectin indicates intestinal inflammation in COVID-19. Gut
2020, 69, 1543–1544. [CrossRef] [PubMed]

35. Qi, F.; Qian, S.; Zhang, S.; Zhang, Z. Single cell RNA sequencing of 13 human tissues identify cell types and
receptors of human coronaviruses. Biochem. Biophys. Res. Commun. 2020, 526, 135–140. [CrossRef]

36. Xiao, F.; Tang, M.; Zheng, X.; Liu, Y.; Li, X.; Shan, H. Evidence for Gastrointestinal Infection of SARS-CoV-2.
Gastroenterology 2020, 158, 1831–1833.e3. [CrossRef]

37. Zhou, J.; Li, C.; Liu, X.; Chiu, M.C.; Zhao, X.; Wang, D.; Wei, Y.; Lee, A.C.-Y.; Zhang, A.J.; Chu, H.; et al.
Infection of bat and human intestinal organoids by SARS-CoV-2. Nat. Med. 2020, 26, 1077–1083. [CrossRef]

http://dx.doi.org/10.1146/annurev-physiol-021014-071720
http://dx.doi.org/10.1038/385729a0
http://dx.doi.org/10.1016/j.mam.2008.08.001
http://dx.doi.org/10.1016/j.cell.2020.04.004
http://dx.doi.org/10.1042/CS20200163
http://www.ncbi.nlm.nih.gov/pubmed/32167153
http://dx.doi.org/10.1016/j.kint.2020.04.009
http://www.ncbi.nlm.nih.gov/pubmed/32354636
http://dx.doi.org/10.1136/bmjgast-2020-000417
http://www.ncbi.nlm.nih.gov/pubmed/32457035
http://dx.doi.org/10.1053/j.gastro.2020.03.065
http://dx.doi.org/10.1136/gutjnl-2020-320926
http://dx.doi.org/10.1136/gutjnl-2020-321013
http://dx.doi.org/10.1016/S2468-1253(20)30118-7
http://dx.doi.org/10.1016/j.cgh.2020.05.011
http://dx.doi.org/10.1016/j.chom.2020.05.020
http://dx.doi.org/10.1136/bmj.m1443
http://dx.doi.org/10.1001/jama.2020.3786
http://www.ncbi.nlm.nih.gov/pubmed/32159775
http://dx.doi.org/10.3201/eid2608.200681
http://www.ncbi.nlm.nih.gov/pubmed/32421494
http://dx.doi.org/10.1016/j.cgh.2020.04.030
http://www.ncbi.nlm.nih.gov/pubmed/32311512
http://dx.doi.org/10.1136/gutjnl-2020-321388
http://www.ncbi.nlm.nih.gov/pubmed/32312790
http://dx.doi.org/10.1016/j.bbrc.2020.03.044
http://dx.doi.org/10.1053/j.gastro.2020.02.055
http://dx.doi.org/10.1038/s41591-020-0912-6


J. Clin. Med. 2020, 9, 3630 10 of 13

38. 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]

39. Chin, A.W.H.; Chu, J.T.S.; A Perera, M.R.; Hui, K.P.Y.; Yen, H.L.; Chan, M.C.W.; Peiris, M.; Poon, L.L.M.
Stability of SARS-CoV-2 in different environmental conditions. Lancet Microbe 2020, 1, e10. [CrossRef]

40. Darnell, M.E.; Subbarao, K.; Feinstone, S.M.; Taylor, D.R. Inactivation of the coronavirus that induces severe
acute respiratory syndrome, SARS-CoV. J. Virol. Methods 2004, 121, 85–91. [CrossRef]

41. Uno, Y. Why Does SARS-CoV-2 Invade the Gastrointestinal Epithelium? Gastroenterology 2020, 159, 1622–1623.
[CrossRef] [PubMed]

42. Almario, C.V.; Chey, W.D.; Spiegel, B. Increased Risk of COVID-19 Among Users of Proton Pump Inhibitors.
Am. J. Gastroenterol. 2020, 115, 1707–1715. [CrossRef] [PubMed]

43. Lee, S.W.; Ha, E.K.; Yeniova, A.Ö.; Moon, S.Y.; Kim, S.Y.; Koh, H.Y.; Yang, J.M.; Jeong, S.J.; Moon, S.J.;
Cho, J.Y.; et al. Severe clinical outcomes of COVID-19 associated with proton pump inhibitors: A nationwide
cohort study with propensity score matching. Gut 2020. [CrossRef] [PubMed]

44. Freedberg, D.E.; Conigliaro, J.; Wang, T.C.; Tracey, K.J.; Callahan, M.V.; Abrams, J.A.; Sobieszczyk, M.E.;
Markowitz, D.D.; Gupta, A.; O’Donnell, M.R.; et al. Famotidine Use Is Associated With Improved Clinical
Outcomes in Hospitalized COVID-19 Patients: A Propensity Score Matched Retrospective Cohort Study.
Gastroenterology 2020, 159, 1129–1131.e3. [CrossRef]

45. Norsa, L.; Pietro, B.; Indriolo, A.; Valle, C.; Aurelio, S.; Sironi, S. Poor Outcome of Intestinal Ischemic
Manifestations of COVID-19. Gastroenterol. 2020, 159, 1595–1597. [CrossRef]

46. Massironi, S.; Viganò, C.; Dioscoridi, L.; Filippi, E.; Pagliarulo, M.; Manfredi, G.; Conti, C.B.; Signorelli, C.;
Redaelli, A.E.; Bonato, G.; et al. Endoscopic Findings in Patients Infected With 2019 Novel Coronavirus in
Lombardy, Italy. Clin. Gastroenterol. Hepatol. 2020, 18, 2375–2377. [CrossRef]

47. Chan, K.H.; Lim, S.L.; Damati, A.; Maruboyina, S.P.; Bondili, L.; Hanoud, A.A.; Slim, J. Coronavirus disease
2019 (COVID-19) and ischemic colitis: An under-recognized complication. Am. J. Emerg. Med. 2020.
[CrossRef]

48. Bhayana, R.; Som, A.; Li, M.D.; Carey, D.E.; Anderson, M.A.; Blake, M.A.; Catalano, O.A.; Gee, M.S.;
Hahn, P.F.; Harisinghani, M.; et al. Abdominal Imaging Findings in COVID-19: Preliminary Observations.
Radiology 2020, 297, E207–E215. [CrossRef]

49. De Barry, O.; Mekki, A.; Diffre, C.; Seror, M.; El Hajjam, M.; Carlier, R.Y. Arterial and venous abdominal
thrombosis in a 79-year-old woman with COVID-19 pneumonia. Radiol. Case Rep. 2020, 15, 1054–1057.
[CrossRef]

50. Meini, S.; Zini, C.; Passaleva, M.T.; Frullini, A.; Fusco, F.; Carpi, R.; Piani, F. Pneumatosis intestinalis in
COVID-19. Bmj Open Gastroenterol. 2020, 7, e000434. [CrossRef]

51. Besutti, G.; Bonacini, R.; Iotti, V.; Marini, G.; Riva, N.; Dolci, G.; Maiorana, M.; Spaggiari, L.; Monelli, F.;
Ligabue, G.; et al. Abdominal Visceral Infarction in 3 Patients with COVID-19. Emerg. Infect. Dis. 2020, 26,
1926–1928. [CrossRef] [PubMed]

52. Carvalho, A.; Alqusairi, R.; Adams, A.; Paul, M.; Kothari, N.; Peters, S.; DeBenedet, A.T. SARS-CoV-2
Gastrointestinal Infection Causing Hemorrhagic Colitis. Am. J. Gastroenterol. 2020, 115, 942–946. [CrossRef]
[PubMed]

53. Tang, L.; Cheng, X.; Tian, C.; Wang, R.; Zhou, H.; Wu, W.; Yan, L.; Zeng, X. Computed tomography
(CT) intestinal alterations of Coronavirus Disease 2019 (COVID-19) from the imaging perspective: A case
description. Quant. Imaging Med. Surg. 2020, 10, 1145–1149. [CrossRef] [PubMed]

54. Hosoda, T.; Sakamoto, M.; Shimizu, H.; Okabe, N. SARS-CoV-2 enterocolitis with persisting to excrete
the virus for approximately two weeks after recovering from diarrhea: A case report. Infect. Control.
Hosp. Epidemiol. 2020, 41, 753–754. [CrossRef] [PubMed]

55. Guo, Y.; Hu, X.; Yu, F.; Chen, J.; Zheng, W.; Liu, J.; Zeng, P. Abdomen CT findings in a COVID-19 patient with
intestinal symptoms and possibly false negative RT-PCR before initial discharge. Quant. Imaging Med. Surg.
2020, 10, 1158–1161. [CrossRef]

56. Li, S.; Jiang, L.; Li, X.; Lin, F.; Cao, Y.; Li, B.; Jiang, T.J.; An, W.; Liu, S.; Liu, H.; et al. Clinical and pathological
investigation of patients with severe COVID-19. JCI Insight 2020, 5, 138070. [CrossRef]

57. Perisetti, A.; Gajendran, M.; Mann, R.; Elhanafi, S.; Goyal, H. COVID-19 extrapulmonary illnes–special
gastrointestinal and hepatic considerations. Disease-a-Month 2020, 101064. [CrossRef]

http://dx.doi.org/10.1126/science.abc1669
http://dx.doi.org/10.1016/S2666-5247(20)30003-3
http://dx.doi.org/10.1016/j.jviromet.2004.06.006
http://dx.doi.org/10.1053/j.gastro.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32283099
http://dx.doi.org/10.14309/ajg.0000000000000798
http://www.ncbi.nlm.nih.gov/pubmed/32852340
http://dx.doi.org/10.1136/gutjnl-2020-322248
http://www.ncbi.nlm.nih.gov/pubmed/32732368
http://dx.doi.org/10.1053/j.gastro.2020.05.053
http://dx.doi.org/10.1053/j.gastro.2020.06.041
http://dx.doi.org/10.1016/j.cgh.2020.05.045
http://dx.doi.org/10.1016/j.ajem.2020.05.072
http://dx.doi.org/10.1148/radiol.2020201908
http://dx.doi.org/10.1016/j.radcr.2020.04.055
http://dx.doi.org/10.1136/bmjgast-2020-000434
http://dx.doi.org/10.3201/eid2608.201161
http://www.ncbi.nlm.nih.gov/pubmed/32396504
http://dx.doi.org/10.14309/ajg.0000000000000667
http://www.ncbi.nlm.nih.gov/pubmed/32496741
http://dx.doi.org/10.21037/qims.2020.04.09
http://www.ncbi.nlm.nih.gov/pubmed/32489936
http://dx.doi.org/10.1017/ice.2020.87
http://www.ncbi.nlm.nih.gov/pubmed/32188528
http://dx.doi.org/10.21037/qims-20-463
http://dx.doi.org/10.1172/jci.insight.138070
http://dx.doi.org/10.1016/j.disamonth.2020.101064


J. Clin. Med. 2020, 9, 3630 11 of 13

58. 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]

59. Xiao, L.; Sakagami, H.; Miwa, N. ACE2: The key Molecule for Understanding the Pathophysiology of Severe
and Critical Conditions of COVID-19: Demon or Angel? Viruses 2020, 12, 491. [CrossRef]

60. 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.
Nat. Cell Biol. 2012, 487, 477–481. [CrossRef]

61. Khajah, M.; Fateel, M.M.; Ananthalakshmi, K.V.; Luqmani, Y.A. Anti-Inflammatory Action of Angiotensin
1–7 in Experimental Colitis. PLoS ONE 2016, 11, e0150861. [CrossRef] [PubMed]

62. Byrnes, J.J.; Gross, S.; Ellard, C.; Connolly, K.; Donahue, S.; Picarella, D. Effects of the ACE2 inhibitor GL1001
on acute dextran sodium sulfate-induced colitis in mice. Inflamm. Res. 2009, 58, 819–827. [CrossRef]
[PubMed]

63. 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] [PubMed]

64. Kuba, K.; Imai, Y.; Rao, S.; Gao, H.; Guo, F.; Guan, B.; Huan, Y.; Yang, P.; Zhang, Y.; Deng, W.; et al. A crucial
role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus–induced lung injury. Nat. Med.
2005, 11, 875–879. [CrossRef] [PubMed]

65. Camargo, S.M.; Singer, D.; Makrides, V.; Huggel, K.; Pos, K.M.; Wagner, C.A.; Kuba, K.; Danilczyk, U.;
Skovby, F.; Kleta, R.; et al. Tissue-Specific Amino Acid Transporter Partners ACE2 and Collectrin Differentially
Interact With Hartnup Mutations. Gastroenterology 2009, 136, 872–882.e3. [CrossRef] [PubMed]

66. Kuba, K.; Imai, Y.; Ohto-Nakanishi, T.; Penninger, J.M. Trilogy of ACE2: A peptidase in the renin–angiotensin
system, a SARS receptor, and a partner for amino acid transporters. Pharmacol. Ther. 2010, 128, 119–128.
[CrossRef]

67. He, F.; Wu, C.; Li, P.; Li, N.; Zhang, D.; Zhu, Q.; Ren, W.; Peng, Y. Functions and Signaling Pathways of
Amino Acids in Intestinal Inflammation. Biomed Res. Int. 2018, 2018, 1–13. [CrossRef]

68. Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.;
A Schuepbach, R.; Ruschitzka, F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet
2020, 395, 1417–1418. [CrossRef]

69. Pons, S.; Fodil, S.; Azoulay, E.; Zafrani, L. The vascular endothelium: The cornerstone of organ dysfunction
in severe SARS-CoV-2 infection. Crit. Care 2020, 24, 1–8. [CrossRef]

70. Marchandot, B.; Sattler, L.; Jesel, L.; Matsushita, K.; Schini-Kerth, V.B.; Grunebaum, L.; Morel, O. COVID-19
Related Coagulopathy: A Distinct Entity? J. Clin. Med. 2020, 9, 1651. [CrossRef]

71. Brinkmann, V. Neutrophil Extracellular Traps Kill Bacteria. Science 2004, 303, 1532–1535. [CrossRef] [PubMed]
72. Caudrillier, A.; Kessenbrock, K.; Gilliss, B.M.; Nguyen, J.X.; Marques, M.B.; Monestier, M.; Toy, P.; Werb, Z.;

Looney, M.R. Platelets induce neutrophil extracellular traps in transfusion-related acute lung injury. JCI
2012, 122, 2661–2671. [CrossRef] [PubMed]

73. Middleton, E.A.; He, X.Y.; Denorme, F.; Campbell, R.A.; Ng, D.; Salvatore, S.P.; Mostyka, M.;
Baxter-Stoltzfus, A.; Borczuk, A.C.; Loda, M.; et al. Neutrophil extracellular traps contribute to
immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood 2020, 136, 1169–1179. [CrossRef]
[PubMed]

74. Zuo, Y.; Yalavarthi, S.; Shi, H.; Gockman, K.; Zuo, M.; Madison, J.A.; Blair, C.N.; Weber, A.; Barnes, B.J.;
Egeblad, M.; et al. Neutrophil extracellular traps in COVID-19. JCI Insight 2020, 5, 138999. [CrossRef]
[PubMed]

75. Veras, F.P.; Pontelli, M.C.; Silva, C.M.; Toller-Kawahisa, J.E.; De Lima, M.; Nascimento, D.C.; Schneider, A.H.;
Caetité, D.; Tavares, L.A.; Paiva, I.M.; et al. SARS-CoV-2–triggered neutrophil extracellular traps mediate
COVID-19 pathology. J. Exp. Med. 2020, 217, 20201129. [CrossRef] [PubMed]

76. Mahmudpour, M.; Roozbeh, J.; Keshavarz, M.; Farrokhi, S.; Nabipour, I. COVID-19 cytokine storm: The anger
of inflammation. Cytokine 2020, 133, 155151. [CrossRef]

77. Azkur, A.K.; Akdis, M.; Azkur, D.; Sokolowska, M.; Van De Veen, W.; Brüggen, M.; O’Mahony, L.; Gao, Y.;
Nadeau, K.C.; Akdis, C.A. Immune response to SARS-CoV-2 and mechanisms of immunopathological
changes in COVID-19. Allergy 2020, 75, 1564–1581. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2036.2011.04971.x
http://dx.doi.org/10.3390/v12050491
http://dx.doi.org/10.1038/nature11228
http://dx.doi.org/10.1371/journal.pone.0150861
http://www.ncbi.nlm.nih.gov/pubmed/26963721
http://dx.doi.org/10.1007/s00011-009-0053-3
http://www.ncbi.nlm.nih.gov/pubmed/19517214
http://dx.doi.org/10.1007/s00134-020-05985-9
http://www.ncbi.nlm.nih.gov/pubmed/32125455
http://dx.doi.org/10.1038/nm1267
http://www.ncbi.nlm.nih.gov/pubmed/16007097
http://dx.doi.org/10.1053/j.gastro.2008.10.055
http://www.ncbi.nlm.nih.gov/pubmed/19185582
http://dx.doi.org/10.1016/j.pharmthera.2010.06.003
http://dx.doi.org/10.1155/2018/9171905
http://dx.doi.org/10.1016/S0140-6736(20)30937-5
http://dx.doi.org/10.1186/s13054-020-03062-7
http://dx.doi.org/10.3390/jcm9061651
http://dx.doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
http://dx.doi.org/10.1172/JCI61303
http://www.ncbi.nlm.nih.gov/pubmed/22684106
http://dx.doi.org/10.1182/blood.2020007008
http://www.ncbi.nlm.nih.gov/pubmed/32597954
http://dx.doi.org/10.1172/jci.insight.138999
http://www.ncbi.nlm.nih.gov/pubmed/32329756
http://dx.doi.org/10.1084/jem.20201129
http://www.ncbi.nlm.nih.gov/pubmed/32926098
http://dx.doi.org/10.1016/j.cyto.2020.155151
http://dx.doi.org/10.1111/all.14364


J. Clin. Med. 2020, 9, 3630 12 of 13

78. Tisoncik, J.R.; Korth, M.J.; Simmons, C.P.; Farrar, J.; Martin, T.R.; Katze, M.G. Into the Eye of the Cytokine
Storm. Microbiol. Mol. Biol. Rev. 2012, 76, 16–32. [CrossRef]

79. Behrens, E.M.; Koretzky, G.A. Review: Cytokine Storm Syndrome: Looking Toward the Precision Medicine
Era. Arthritis Rheumatol. 2017, 69, 1135–1143. [CrossRef]

80. Hirano, T.; Murakami, M. COVID-19: A New Virus, but a Familiar Receptor and Cytokine Release Syndrome.
Immunity 2020, 52, 731–733. [CrossRef]

81. Vardhana, S.; Wolchok, J. The many faces of the anti-COVID immune response. J. Exp. Med. 2020, 217,
20200678. [CrossRef] [PubMed]

82. Cummings, M.J.; Baldwin, M.R.; Abrams, D.; Jacobson, S.D.; Meyer, B.J.; Balough, E.M.; Aaron, J.G.;
Claassen, J.; E Rabbani, L.; Hastie, J.; et al. Epidemiology, clinical course, and outcomes of critically ill adults
with COVID-19 in New York City: A prospective cohort study. Lancet 2020, 395, 1763–1770. [CrossRef]

83. Scaldaferri, F.; Ianiro, G.; Privitera, G.; Lopetuso, L.R.; Vetrone, L.M.; Petito, V.; Pugliese, D.; Neri, M.;
Cammarota, G.; Ringel, Y.; et al. The Thrilling Journey of SARS-CoV-2 into the Intestine: From Pathogenesis
to Future Clinical Implications. Inflamm. Bowel Dis. 2020, 26, 1306–1314. [CrossRef] [PubMed]

84. Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Møller, R.; Jordan, T.X.; Oishi, K.;
Panis, M.; Sachs, D.; et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19.
Cell 2020, 181, 1036–1045.e9. [CrossRef] [PubMed]

85. Gupta, A.; Parikh, S.A.; Sehgal, K.; Nair, N.; Mahajan, S.; Shah, V.H.; Bikdeli, B.; Ahluwalia, N.; Ausiello, J.C.;
Wan, E.Y.; et al. Extrapulmonary manifestations of COVID-19. Nat. Med. 2020, 26, 1017–1032. [CrossRef]

86. Yang, L.; Liu, S.; Liu, J.; Zhang, Z.; Wan, X.; Huang, B.; Chen, Y.; Zhang, Y. COVID-19: Immunopathogenesis
and Immunotherapeutics. Signal Transduct. Target. Ther. 2020, 5, 1–8. [CrossRef]

87. Lavelle, A.; Sokol, H. Gut microbiota-derived metabolites as key actors in inflammatory bowel disease.
Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 223–237. [CrossRef]

88. Zuo, T.; Zhang, F.; Lui, G.C.; Yeoh, Y.K.; Li, A.Y.; Zhan, H.; Wan, Y.; Chung, A.C.; Cheung, C.P.; Chen, N.; et al.
Alterations in Gut Microbiota of Patients With COVID-19 During Time of Hospitalization. Gastroenterology
2020, 159, 944–955.e8. [CrossRef]

89. Gu, S.; Chen, Y.; Wu, Z.; Chen, Y.; Gao, H.; Lv, L.; Guo, F.; Zhang, X.; Luo, R.; Huang, C.; et al. Alterations of
the Gut Microbiota in Patients With Coronavirus Disease 2019 or H1N1 Influenza. Clin. Infect. Dis. 2020, 709.
[CrossRef]

90. Tao, W.; Zhu, S.; Zhang, G.; Wang, X.; Guo, M.; Zeng, W.; Xu, Z.; Liu, L.; Zhang, K.; Wang, Y.; et al. Analysis
of the intestinal microbiota in COVID-19 patients and its correlation with the inflammatory factor IL-18 and
SARS-CoV-2-specific IgA. medRxiv 2020. [CrossRef]

91. Cavezzi, A.; Troiani, E.; Corrao, S. COVID-19: Hemoglobin, iron, and hypoxia beyond inflammation.
A narrative review. Clin. Pr. 2020, 10, 1271. [CrossRef] [PubMed]

92. Singhal, R.; Shah, Y.M. Oxygen battle in the gut: Hypoxia and hypoxia-inducible factors in metabolic and
inflammatory responses in the intestine. J. Biol. Chem. 2020, 295, 10493–10505. [CrossRef] [PubMed]

93. Chai, X.; Hu, L.; Zhang, Y.; Han, W.; Lu, Z.; Ke, A.; Zhou, J.; Shi, G.; Fang, N.; Fan, J.; et al. Specific ACE2
Expression in Cholangiocytes May Cause Liver Damage After 2019-nCoV Infection. bioRxiv 2020. [CrossRef]

94. A Alqahtani, S.; Schattenberg, J.M. Liver injury in COVID-19: The current evidence. United Eur. Gastroenterol. J.
2020, 8, 509–519. [CrossRef] [PubMed]

95. Fix, O.K.; Hameed, B.; Fontana, R.J.; Kwok, R.M.; McGuire, B.M.; Mulligan, D.C.; Pratt, D.S.; Russo, M.W.;
Schilsky, M.L.; Verna, E.C.; et al. Clinical Best Practice Advice for Hepatology and Liver Transplant Providers
During the COVID-19 Pandemic: AASLD Expert Panel Consensus Statement. Hepatology 2020, 72, 287–304.
[CrossRef]

96. Zhang, Y.; Zheng, L.; Liu, L.; Zhao, M.; Xiao, J.; Zhao, Q. Liver impairment in COVID-19 patients:
A retrospective analysis of 115 cases from a single centre in Wuhan city, China. Liver Int. 2020, 40, 2095–2103.
[CrossRef]

97. Xu, Z.; Shi, L.; Wang, Y.; Zhang, J.; Huang, L.; Zhang, C.; Liu, S.; Zhao, P.; Liu, H.; Zhu, L.; et al. Pathological
findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir. Med. 2020, 8,
420–422. [CrossRef]

98. Li, H.; Liu, L.; Zhang, D.; Xu, J.; Dai, H.; Tang, N.; Su, X.; Cao, B. SARS-CoV-2 and viral sepsis: Observations
and hypotheses. Lancet 2020, 395, 1517–1520. [CrossRef]

http://dx.doi.org/10.1128/MMBR.05015-11
http://dx.doi.org/10.1002/art.40071
http://dx.doi.org/10.1016/j.immuni.2020.04.003
http://dx.doi.org/10.1084/jem.20200678
http://www.ncbi.nlm.nih.gov/pubmed/32353870
http://dx.doi.org/10.1016/S0140-6736(20)31189-2
http://dx.doi.org/10.1093/ibd/izaa181
http://www.ncbi.nlm.nih.gov/pubmed/32720978
http://dx.doi.org/10.1016/j.cell.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32416070
http://dx.doi.org/10.1038/s41591-020-0968-3
http://dx.doi.org/10.1038/s41392-020-00243-2
http://dx.doi.org/10.1038/s41575-019-0258-z
http://dx.doi.org/10.1053/j.gastro.2020.05.048
http://dx.doi.org/10.1093/cid/ciaa709
http://dx.doi.org/10.1101/2020.08.12.20173781
http://dx.doi.org/10.4081/cp.2020.1271
http://www.ncbi.nlm.nih.gov/pubmed/32509258
http://dx.doi.org/10.1074/jbc.REV120.011188
http://www.ncbi.nlm.nih.gov/pubmed/32503843
http://dx.doi.org/10.1101/2020.02.03.931766
http://dx.doi.org/10.1177/2050640620924157
http://www.ncbi.nlm.nih.gov/pubmed/32450787
http://dx.doi.org/10.1002/hep.31281
http://dx.doi.org/10.1111/liv.14455
http://dx.doi.org/10.1016/S2213-2600(20)30076-X
http://dx.doi.org/10.1016/S0140-6736(20)30920-X


J. Clin. Med. 2020, 9, 3630 13 of 13

99. Scarpellini, E.; Fagoonee, S.; Rinninella, E.; Rasetti, C.; Aquila, I.; LaRussa, T.; Ricci, P.; Luzza, F.; Abenavoli, L.
Gut Microbiota and Liver Interaction through Immune System Cross-Talk: A Comprehensive Review at the
Time of the SARS-CoV-2 Pandemic. J. Clin. Med. 2020, 9, 2488. [CrossRef]

100. Bangash, M.N.; Patel, J.; Parekh, D. COVID-19 and the liver: Little cause for concern.
Lancet Gastroenterol. Hepatol. 2020, 5, 529–530. [CrossRef]

101. Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al.
Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720.
[CrossRef] [PubMed]

102. Zhang, C.; Shi, L.; Wang, F.S. Liver injury in COVID-19: Management and challenges.
Lancet Gastroenterol. Hepatol. 2020, 5, 428–430. [CrossRef]

103. Mao, R.; Liang, J.; Shen, J.; Ghosh, S.; Zhu, L.R.; Yang, H.; Wu, K.C.; Chen, M.H. Implications of COVID-19
for patients with pre-existing digestive diseases. Lancet Gastroenterol. Hepatol. 2020, 5, 425–427. [CrossRef]

104. Testino, G.; Pellicano, R. Alcohol consumption in the COVID-19 era. Minerva Gastroenterol. E Dietol. 2020, 66,
90–92. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/jcm9082488
http://dx.doi.org/10.1016/S2468-1253(20)30084-4
http://dx.doi.org/10.1056/NEJMoa2002032
http://www.ncbi.nlm.nih.gov/pubmed/32109013
http://dx.doi.org/10.1016/S2468-1253(20)30057-1
http://dx.doi.org/10.1016/S2468-1253(20)30076-5
http://dx.doi.org/10.23736/S1121-421X.20.02698-7
http://www.ncbi.nlm.nih.gov/pubmed/32221278
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	ACE2-Mediated Viral Entry 
	Clinical GI Features 
	GI Symptoms 
	SARS-CoV-2 in the Feces 
	SARS-CoV-2 in GI Tissues 
	SARS-CoV-2 and the Gastric Acid Barrier 
	GI Imaging 

	Pathogenic Mechanisms of GI Injury 
	Direct Virus-Mediated Cytotoxic Damage in the Intestinal Epithelium 
	Dysregulation of the RAAS in the Intestinal Epithelium 
	Malabsorption of Tryptophan in the Intestinal Epithelium 
	Endothelial Damage and Thrombo-Inflammation in Blood Vessels 
	Dysregulation of the Immune System 
	Gut Dysbiosis 
	Others 

	SARS-CoV-2 and Liver Injury 
	Conclusions and Future Directions 
	References

