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COVID-19 is a recent pandemic that is still a major health problem of modern times and

already more than 17.5 lakhs people succumbed to this deadly disease. This disease is

caused by novel coronavirus which is named SARS-COV-2 by the International Committee

on Taxonomy of Viruses. This virus originated from Wuhan city in Hubei province of China

in December 2019 and within a short period spread across the many countries in the globe.

There are a lot of basic as well as clinical research is going on to study the mode of

transmission and the mechanism of action of SARS-COV-2 infection and its therapeutics.

SARS-COV-2 is not only known to infect lungs, but it also infects other organs in the human

body including the gastrointestinal (GI) tract, the liver, and the pancreas via the

angiotensin-converting enzyme (ACE) 2, an important component of the renin-angiotensin

system. In this short review, we are mainly discussing the mode of SARS-COV-2 trans-

mission, physiological counterbalancing roles of ACE2 and ACE and the tissue patterns of

ACE2 expression, and the overall effect of COVID19 on human gastrointestinal System.

Therefore, this review sheds light on the possible mechanism of SARS-COV-2 infection in

the GI system and its pathological symptoms raising a potential possibility of GI tract

acting as a secondary site for SARS-CoV-2 tropism and infection. Finally, future studies to

understand the fecal-oral transmission of the virus and the correlation of viral load and

severity of GI symptoms are proposed to gain knowledge of the GI symptoms in COVID-19

to aid in early diagnosis and prognosis.
The novel coronavirus (nCov) identified in 2019 belongs to a Coronaviruses belong to the family Coronaviradae and further
strain of human coronaviruses (CoVs) which include 229E,

NL63, OC43, HKU1, Middle East respiratory syndrome (MERS-

CoV), severe acute respiratory syndrome (SARS-CoV) [1].
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Fig. 1 Schematic representation of the SARS-CoV-2. The

major structural proteins of SARS-CoV-2 consists of a spike

(S), membrane (M), and envelop proteins that are embedded

in the lipid bilayers and nucleic capsid (N) proteins covering

single-stranded RNA. The spike proteins of the SARS-CoV-2

for which they derived the name ‘corona’ are the key

structures that attach to host cell receptor proteins

angiotensin-converting enzyme 2 (ACE2). The S proteins
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Taxonomy of Viruses named nCoV as SARS-CoV-2 because it

shares more than 80% identity in nucleotide with the original

SARS-CoV, and the disease caused by SARS-CoV-2 as COVID-19

[2]. Of the seven strains, SARS-CoV, MERS-CoV, and SARS-CoV-

2 have a zoonotic origin and proven to be highly pathogenic:

SARS in 2003 and MERS in 2012 and COVID-19 in 2019 [3]. The

SARS outbreak of 2002 caused by the SARS-CoV lasted until

2004. SARS was first identified in Foshan in the Guangdong

province of China in November 2002. The major phase of this

outbreak lasted for about 8 months until July 2003 when WHO

declared that the virus has been contained. Cases were

continued to be reported until May 2004 [4]. 8422 people were

infected with the virus and 916 people died worldwide [5]. A

total of 29 countries were affected. China had the greatest

number of cases and deaths with 5329 and 336, respectively [6].

The Middle Eastern respiratory syndrome (MERS) outbreak of

2012 caused by MERS-CoV was first originated in Saudi Arabia

was mostly contained after it had caused 2521 cases and 866

deaths [7]. Most of the cases of MERS were confined to the

Arabian Peninsula. The first case of COVID-19 was originated in

theHubei Province in the city ofWuhan inChina in late 2019 [8].

Since then, the virus has spread at a rapid rate with more than

79.72 million infections and 1,749,340 fatalities globally as of

December 25, 2020.

consist of S1 and S2 subunits that attach to the ACE2 and the

cell membrane, respectively. The membrane envelops a

large single-stranded positive-sense RNA.
Mechanism of transmission

The genomics, epidemiology, and pathogenesis of SARS-CoV

and SARS-Cov-2 are also similar [9]. In addition to the ani-

mal to human transmission, human to human transmission

has been reported with SARS-CoV, MERS-CoV, and SARS-CoV-

2. Akin to SARS-CoV, the transmission of SARS-CoV-2 is

through droplet infection (respiratory secretions) and close

person-to-person contact [10e12]. Transmission through

asymptomatic cases appears to play a critical role in the

transmission of SARS-CoV-2. The primary infection of coro-

naviruses involves the respiratory tract, and the infection

causes the common cold, pneumonia, bronchiolitis, pharyn-

gitis, sinusitis, and other symptoms such as diarrhea [13].

Coronaviruses (CoVs) are either pleomorphic or spherical and

derive their name by the presence of characteristic club-

shaped projections on the membrane envelope that contains

a single-stranded RNA genome (size range between 26.2 and

31.7 kb, positive sense) that is packed in the nucleocapsid

protein [14]. The RNA genome of CoV is the largest among all

RNA viruses [15]. The genetic material of CoV is susceptible to

frequent recombination processes resulting in new strains

with altered virulence [16]. The spike (S) protein (trimeric),

membrane (M) protein, envelop (E) protein, and the nucleo-

capsid (N) protein are the important structural proteins of

SARS-CoV-2 [Fig. 1]. The surface S proteins play an important

role in infecting the host cell [17,18].

It was established that the angiotensin-converting enzyme

(ACE2) was the host receptor for the SARS-CoV-1 virus [19]. It

was also found that the many viruses belonging to corona-

viridae also used ACE2 as a host receptor. The spike (S) pro-

teins containing an S1 subunit and S2 subunit on the envelope

of coronaviruses promote the entry of the virus into the host

cells [20]. Similar to SARS-CoV, the receptor-binding domain
(RBD) within the S1 protein in SARS-CoV-2 binds to the ACE2,

albeit with much higher affinity and this correlates with

greater infection rates and efficient spread of SARS-CoV-2

among humans [21]. Unlike SARS-CoV, the S protein of

SARS-CoV-2 has a site that is activated by host cell protease

furin that is found in several tissues including the lung [22].

The entry of the virus causes internalization of ACE2 thus

reducing the availability of enzyme for cleavage of Angio-

tensin II, the main physiological function of ACE2 [23]. Upon

entry of the virus via ACE2, the viral RNA that is released

intracellularly manipulates the cellular programs of the host

for viral replication. Open reading frames of viral RNA are

translated resulting in RNA polymerase complex that is

responsible for replication and transcription of viral RNA.

Viral nucleocapsids, after assembly and budding off from the

lumen of ER-Golgi complex encase viral RNA to produce new

virions and that undergo exocytosis [24].
Physiology of ACE and ACE2

The Renin-Angiotensin-Aldosterone System (RAAS) plays a

major in the control of blood pressure and electrolytes in the

body [25]. Renin secreted from kidney converts angiotensi-

nogen that is produced and secreted by the liver to angio-

tensin I (Ang I). Angiotensin-converting enzyme (ACE)

converts Ang I to angiotensin II (Ang II) [26]. The major effects

of Angiotensin II, acting mainly via its cognate AT1 receptor

(AT1R), are vasoconstriction, reabsorption of sodium and

excretion of potassium in the kidney, aldosterone synthesis,

elevation of blood pressure and induction of pro-
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inflammatory pathways [27]. The octapeptide Ang II is cleaved

by the peptidase activity of ACE2 to a heptapeptide called

angiotensin (1e7) (Ang (1e7)) which has vasodilating, anti-

inflammatory and anti-fibrotic effects acting mainly via its

cognate Mas Receptor (MasR) [28]. There is also another

pathway, which ACE2 participates where it converts Ang II to

Ang (1e9) and later, under the action of ACE, it forms Ang

(1e7), but this pathway is considered to be of less significance

physiologically [29]. ACE2 is considered as a homolog of ACE,

but they have opposite actions in the body, ACE2/Ang (1e7)/

MasR pathway is considered anti-inflammatory and anti-

fibrotic whereas ACE/AngII/AT1R pathway is pro-

inflammatory and pro-fibrotic [Fig. 2]. The eventual function

of RAAS activation depends on the balanced activities of ACE/

AngII/AT1R and ACE2/Ang (�7)/MasR pathways. This balance

is influenced by a lot of factors like the blockade of the RAAS

using certain pharmacological drugs like ACE inhibitors for

certain diseases. Studies have shown that increased dietary

intake of sodium, fat, and fructose which are major risk fac-

tors for cardiovascular conditions distort the ACE/ACE2 bal-

ance and shift the curve more towards the ACE/Ang II/AT1R-

mediated pro-inflammatory and pro-fibrotic effects [30e33].
ACE2 expression

Since ACE2 is the target protein of SARS-CoV-2, clinical

symptoms of COVID-19 may be related to distribution and

abundanceofACE2,which is ubiquitous in its expression in the

body. The tissue distribution of ACE2 in the human body may

also suggest potential infection routes and targets of SARS-

CoV-2. ACE2 is predominantly expressed in the respiratory

tract lining on the alveolar epithelial cells (type II alveolar cells)

[34]. In the lungs,ACE2 acts as the entry point of the SARS-CoV-

1 and SARS-CoV-2 viruses [29,35,36]. This makes a strong case

for the respiratory tract as a route of transmission of SARS-
Fig. 2 Simplified scheme of the renin-angiotensin system, and AC

derived from kidney converts angiotensin to decapeptide angioten

Ang I to octapeptide angiotensin II (Ang II). ACE2 converts Ang II

Ang (1e9) which then yields Ang (1e7) upon further cleavage by A

cognate G protein-coupled receptor AT1 (AT1R), whereas the effe

protein-coupled Mas receptor (MasR). The ACE2/Ang1-7/MasR path

AT1R pathway. The effects of ACE/Ang II/AT1R pathway involves

extracellular regulated kinase1/2 (ERK1/2), Jun kinase (JNK) and t

(1e7)/MasR pathway involves an increase in nitric oxide (NO) form

the transcription factor FOXO1.
CoV-2 virus and the GI tract being another possible route of

transmission because it is also present on the small intestinal

epithelial cells in the gastrointestinal tract (GI Tract) in the

duodenum, jejunum, and ileum but not the colon [37,19,38]. In

a study conducted by Hamming et al. it was found that ACE2

was present in endothelial cells from small and large arteries

and veins in all the tissues studied in arterial smooth muscle

cells [38].ACE2 isalsopresent inorgans like thekidney,moreso

in the brush border of proximal tubular cells, and weakly in

other areas like the epithelia in distal tubules and collecting

ducts [38]. In theskin,ACE2waspresent in thebasal layerof the

epidermis, and in thenasal andoralmucosa andnasopharynx,

ACE2was expressed in the basal layer of the epithelium [38]. GI

manifestations are often associatedwith respiratory disorders

in COVID-19 patients. Although the evidence for the involve-

mentof the respiratory tract in thepathogenesis ofCOVID-19 is

evident, the direct evidence for the involvement of GI in the

pathogenesis is not clear. TheGImanifestation could be due to

the response of the immune system to viral infection. Recent

studies using the rhesus monkey model demonstrated the

relationship between GI dysfunction and lung infection

induced by SARS-CoV-2. Intranasal inoculation with SARS-

CoV-2 caused both lung infection and GI dysfunction that is

associated with detectable viral RNA in the contents of swabs

from nose, throat, and anus, and in the fecal samples. Intra-

gastric inoculation with SARS-CoV-2 also caused both lung

infection and GI dysfunction. These results indicate that both

the GI tract and respiratory system play important roles in

SARS-CoV-2 pathogenesis. Thedysfunction of theGI tractwith

intranasal inoculation and dysfunction of the lung with intra-

gastric inoculation could be due to the release of viruses from

the infected tissue and/or via inflammatory cytokines. The

bidirectional ‘gutelung axis’ is also possible due to microbial

metabolites and endotoxins resulting from the virus-induced

changes in respiratory tract flora and the gut microbiome.

Further studies are not needed to understand the variation in
E/AngII/AT1R and ACE2/Ang (1e7)/MasR pathways. A. Renin

sin I (Ang I). Angiotensin-converting enzyme (ACE) converts

to a heptapeptide Ang (1e7). ACE2 also acts on Ang I to form

CE. B. The effects of Ang II are mediated via activation of its

cts of Ang (1e7) are mediated via activation of its cognate G

way acts as a counter-regulatory pathway to the ACE/Ang II/

an increase in Ca2þ and activation of NAD(P)H oxidase,

he transcription factor NF-kB. The effects of the ACE2/Ang

ation, and activation of Akt and the phosphatase SHP-2 and
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the GI symptoms, the relationship between severity of symp-

toms and route of infection, use of antibiotics and antiviral

drugsonthegutmicrobiomeandtheroleofmicrobiomes in the

manifestation of GI dysfunction, the effect of COVID-19 on

underlying chronic GI dysfunctions such as inflammatory

bowel disorder, liver disorders, etc., and to define the impor-

tance of fecal testing for initial diagnosis and during discharge

[39]. In the oral mucosa, ACE2 was highly expressed on the

tongue and this could explain why COVID-19 patients experi-

ence altered taste sensation and a theorywas suggested that it

may be due to the binding of the virus to sialic acid receptors

[40]. A hypothesis as to how COVID-19 causes an altered sense

of smell was that it could directly damage the olfactory

pathway [41]. It was present in the endothelial and smooth

muscle cells in the brain and, ACE2 was absent in the spleen,

thymus, lymph node, and the cells of the immune system [38].
ACE2 in GI tract and GI symptoms of COVID19

Abundant expression of ACE2 in the epithelial cells of the GI

tract is also reported and the expression levels are higher than

lung [37e39]. The role of ACE2 in amino acid transport un-

derscores the importance of ACE2 in the GI tract [42]. The C-

terminal domain of ACE2 is a homolog of renal trans-

membrane glycoprotein which plays a role in the regulation of

neutral amino acids. It is discovered that ACE2 shares about

nearly 50% of its domains with collectrin [43]. Since both col-

lectrin and ACE2 are 50% similar, it is suggested that they

might have a similar function as well. Later, it is discovered

that ACE2 does indeed play an important role in the transport

of amino acids and this had a profound impact on the gut

microbiota [44]. These studies have shown that ACE2 knockout

animals had reduced levels of neutral amino acids in the

serum and tryptophan ismore significantly reduced compared

to the other neutral amino acids [44]. This lack of tryptophan

leads to decreased expression of antimicrobial peptides which

altered gut microbiota. The gut microbiota is successfully

restored following the administration of tryptophan [44]. An

important study recently hypothesized that coronary artery

disease (CAD) patients with decreased tryptophan levels were

found to have a reduced life expectancy which could mean

that ACE2 in the gut has a cardioprotective impact [45].

Expression of ACE2 on the luminal epithelial cells of the GI

tractsuggests thepossibilityofasecondarysite forentericSARS-

CoV-2 infection [39].Gastrointestinal symptomssuchasnausea,

vomiting, anddiarrheaare commonwith infectionofSARS-CoV

andMERS-CoV [46]. Similarly, although,SARS-CoV-2 infection is

manifested by respiratory symptoms suggesting droplet trans-

mission, gastrointestinal manifestations such as vomiting,

abdominal pain, and diarrhea are also reported [47]. The GI

symptoms seem toprecede the typical respiratory symptoms of

COVID-19. SARS-CoV-2 RNA is identified in anal/rectal swabs

and stool specimens of COVID-19 patients, suggesting also the

fecal-oral route of transmission [48]. Immunohistochemical

studies showed viral nucleocapsid protein in the cytoplasm of

gastric, duodenal, and rectal epithelial cells [49]. Interaction of

SARS-CoV-2withACE2 in theGI tractmay lead to damage to the

barrier function via disrupting barrier proteins ZO-1, occludin,

and claudins, and increase in inflammatory cytokine
production, which in turn may lead to dysbiosis and exacerba-

tion of intestinal inflammation [50,51]. Besides, intestinal

inflammation may augment dysbiosis and damage to the in-

testinal mucosal barrier function, and the intestinal lympho-

cytes, dendritic cells, and macrophages may perpetuate the

cytokine storm. In animalmodels, leaky gut can bemitigated or

exacerbatedwith either the gain or loss of ACE2 expression [51].

Co-morbid conditions such as diabetes, obesity, and hyperten-

sion may have adverse effects on gut microbiome [52], and

infection with SARS-CoV-2 and decrease in ACE2 function may

worsen the gut microbial dysbiosis [44]. Augmentation of

diabetes-induced dysbiosis by ACE2 deficiency was reported

[53].
ACE2 in the liver and liver symptoms of COVID19

In the liver, ACE2wasmainly expressed on the cholangiocytes

rather than the hepatocytes [54]. The classical ACE/AngII/

AT1R pathway of RAAS contributes to the development of

nonalcoholic fatty liver disease (NAFLD) [55,56]. The non-

conventional ACE2/Ang (1e7)/MasR pathway of RAAS shows

effects opposite to that of the classical axis. The loss of ACE2

seemed to worsen liver fibrosis in chronic liver injury models.

Importantly, the consequences of loss of the ACE2 gene in the

liver become apparent only after chronic injury [57]. In a study

conducted by Cao et al. it was discovered that the deletion of

ACE2 aggravates the development of hepatic steatosis,

oxidative stress, and inflammation. It was reported that

overexpression of ACE2 decreased the hepatic steatosis in db/

db mice [57,58]. These studies suggest that ACE2 has a pro-

tective role against inflammation. These studies also raise the

possibility that COVID-19 patients with co-morbid liver

dysfunction, the decrease in ACE2 expression and function

due to infection may lead to exacerbated liver dysfunction.

Impairment in liver function has been reported in patients

infected with both SARS-CoV and MERS-CoV [59]. Liver

impairment was also noted in several COVID-19 patients.

Biochemical markers were elevated in these patients which

signified mild-moderate hepatic dysfunction [60,61]. Markers

like liver function tests (AST, ALT, GGT, and ALP) were

elevated along with hypoalbuminemia, prolonged prothrom-

bin time, and increased CRP, LDH, and hyperferritinemia

which may indicate acute inflammation [60]. Patients with

severe COVID-19 seem to have higher rates of liver dysfunc-

tion [61]. The exact mechanism bywhich liver injury occurs in

COVID-19 is not clear, but it could involve direct infection or

secondary infection due to prior liver injury and/or drug-

mediated hepatotoxicity. Future studies on direct infection

of liver and secretion of the virus into the bile are necessary to

reveal see its route of presence in the GI tract. Studies on the

replication of the virus in the hepatocytes or cholangiocytes

and liver organoids are also important.
ACE2 in the pancreas and pancreatic symptoms
of COVID-19

A protective role for ACE2 was also reported in the pancreas.

Wang et al. in a cell culture model of pancreatic damage

https://doi.org/10.1016/j.bj.2021.01.001
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Fig. 3 Schematic diagram summarizing the role of ACE2/ANG-(1e7) in GI systems in normal physiology and presumably its

involvement in SARS-CoV-2 infection. A. Physiologically, ACE2/Ang (1e7) mediates neutral amino acid transport and facilitates

the release of antimicrobial peptides to decreases gut dysbiosis and prevent inflammation in the gastrointestinal (GI) tract,

promotes insulin sensitivity and decrease fibrosis and steatosis in the liver, and promotes b cell growth and insulin secretion

and decreases inflammation in the pancreas. B. Decrease in ACE2 function during SARS-Cov-2 infectionmay lead to an increase

in Ang II and a decrease in Ang (1-) levels resulting in a decrease in neutral amino acid transport and an increase in gut

dysbiosis and inflammation in the GI tract, decrease in insulin sensitivity and an increase in fibrosis and steatosis in the liver,

and an increase in inflammation and decrease in b cell growth resulting in insulin secretion in the pancreas. A decrease in ACE2

expression and function of ACE2/Ang (1e7) may play a key role in the pathogenesis of SARS-CoV-2. A decrease in ACE2

expression and activity and loss of protective effects of ACE2/Ang (1e7) due to co-morbid conditions such as old-age, diabetes,

liver diseases (e.g., NAFLD) and pancreatic inflammation may exacerbate the symptoms associated with SARS-CoV-2 infection.

Arrows indicate an increase or a decrease.
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showed that the non-conventional ACE2/Ang (1e7)/MasR

pathway inhibits pancreatitis significantly by increasing the

anti-inflammatory IL-10 cytokine and decreasing IL-6 and IL-8

which are pro-inflammatory [62]. Liu et al. showed that the

expression of ACE2was higher in the pancreas than lungs [63].

The expression of ACE2 was observed in both the exocrine

glands and islets. These studies suggest that entry of SARS-

CoV-2 into the pancreas may lead to b-cell dysfunction and

glucosemetabolism. Besides, in a subset of COVID-19 patients

elevated levels of serum amylase and lipases were reported

[64]. It was reported that patients who were positive for SARS-

CoV-1 which caused SARS had elevated blood glucose levels

[65,66] and this could be due to impairment of ACE2-mediated

protective mechanism in energy metabolism. A study was

done by Chhabra et al. where mice were infused with Ang II

[67]. After 7 days of infusion with Ang II, it was seen that these

mice had a significantly increased fasting blood glucose (FBG)

compared to before the infusion of Ang II. And after 14 days,

the effect of Ang II on FBG wasmore pronounced compared to

after 7 days. The infusion of Ang II was shown to have

significantly reduced the ACE2 expression in the islets and the

pancreas. This shows that reduced ACE2 activity may

adversely affect glycemic control. To test this relationship, on

the 7th day of Ang II infusion, the mice were injected with
intrapancreatic ACE2 and there was a significant improve-

ment in glycemic control which does show that ACE2 does

play an important role in glycemic control by improving in-

sulin secretion and reversing the insulin resistance due to Ang

II [67]. Future studies in COVID-19 patients involving imaging

will provide insights into pancreatic inflammation in COVID-

19 patients.
Conclusion

With the current COVID-19 pandemic taking center stage in

the form of an unprecedented health crisis, we are learning

new things about the SARS-CoV-2 daily. Although the infec-

tion with SARS-CoV-2 mostly affects the respiratory tract, the

manifestation of gastrointestinal symptoms is common in

many COVID-19 patients. Expression of SARS-CoV-2 receptor

ACE2, presence of viral proteins in the cytoplasm, and pres-

ence of SARS-CoV-2 in the anal swabs and feces provided in-

sights into the receptor-mediated entry into the host cells and

basis for its possible transmission route through the fecal

contents. The presence of ACE2 proteins in the GI tract, liver,

and pancreas, the protective function of ACE2 in these organs

against inflammation, the manifestation of GI symptoms in

https://doi.org/10.1016/j.bj.2021.01.001
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COVID-19 patients, and the possibility of possible fecal-oral

transmission has important implications in understanding

disease transmission, infection control, and disease man-

agement. Studies also suggest that patients with co-morbidity

are likely to present severe symptoms. Imbalance in ACE/

AngII/AT1R and ACE2/Ang (1e7)/MasR pathway to a predom-

inant ACE/AngII/AT1R pathway due to the binding of SARS-

CoV-2 to ACE2 resulting in attenuation of ACE2-mediated

protective effects may augment morbidity and mortality in

patients with co-morbid conditions associated with GI tract

[Fig. 3]. Further studies on gut involvement and exit of SARS-

CoV-2 in the feces and duration of virus viability in the envi-

ronment are necessary to investigate the possibility of fecal-

oral transmission of the virus, which is particularly relevant

in regions of poor sanitation. Equally important are studies on

the correlation between the amounts of fecal virus and the

severity of GI symptoms. Establishing that GI symptoms pre-

cede respiratory symptoms in COVID-19 may improve early

detection.
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