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ARTICLE INFO ABSTRACT

Keywords: From late 2019, whole world has been facing COVID-19 pandemic which is caused by SARS-CoV-
COvID-19 2 virus. This virus primarily attacks the respiratory tract and enter host cell by binding with
Corolnavlrusv angiotensin 2 converting enzyme receptors present on alveoli of the lungs. Despite its binding in
iggzung axis the lungs, many patients have reported gastrointestinal symptoms and indeed, RNA of the virus

have been found in faecal sample of patients. This observation gave a clue of the involvement of
gut-lung axis in this disease development and progression. From several studies reported in past
two years, intestinal microbiome has shown to have bidirectional link with lungs i.e., gut dys-
biosis increases the tendency of infection with COVID-19 and coronavirus can also cause per-
turbations in intestinal microbial composition. Thus, in this review we have tried to figure out the
mechanisms by which disturbances in the gut composition can increase the susceptibility to
COVID-19. Understanding these mechanisms can play a crucial role in decreasing the disease
outcomes by manipulating the gut microbiome using prebiotics, probiotics, or combination of
two. Even, faecal microbiota transplantation can also show better results, but intensive clinical
trials need to be done first.

Gut microbiome

1. Introduction

From the past two decades, three serious respiratory tract infections caused by coronaviruses have been emerged in humans. It
includes a) Severs acute respiratory syndrome (SARS) caused by SARS-CoV-1, emerged in 2002, b) Middle east respiratory syndrome
(MERS) caused by MERS-CoV, emerged in 2012, and c) coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2, emerged in 2019
and has affected millions of life all over the globe and is still affecting [1]. The COVID-19 pandemic spreads all over the globe with its
first case identified in Hubei province of China in late 2019 [2]. On March 11, 2020, World Health organisation has declared it as a
pandemic [3]. As of August 19, 2022, 591, 683, 619 cases have been confirmed all over the world including 6,443,306 deaths. The
confirmed cumulative cases and confirmed deaths as of August 10, 2022 in seven largest countries of the world have been depicted in
Fig. 1 [4].

Interestingly, it has been observed that several cases remained asymptomatic whereas, millions of deaths have also been reported
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Abbreviations

ACE2 Angiotensin converting enzyme 2
APC Antigen presenting cells

AMP Anti-microbial peptides

AhR Aryl hydrocarbon receptor

CoV Coronavirus

COVID-19 Coronavirus disease 2019

GM Gut-microbiome

M Intestinal microbiota

PAMP  Pathogen associated molecular patterns
PRR Pathogen recognition receptor

RAS Renin Angiotensin system

Trp Tryptophan

by the same virus. Thus, its aetiology seems to be very complex. It effects mainly the respiratory tract of the human body but several
side effects related to gastrointestinal tract like diarrhoea, vomiting etc were also observed in many cases [5,6]. The Gastrointestinal
symptoms which appeared in several patients have given a hint regarding the involvement of Gut-lung axis in the disease development
and progression. Moreover, increased complications have been observed in either aged patients or the patients with associated
co-morbidities like hypertension, diabetes, metabolic, renal, or cardiovascular diseases, or both [7-12]. This observation gave the hint
for the role of gut microbiome (GM) in the disease aetiology. This is due to the fact that decrease microbial diversity and abundance
have been observed in these patients. Therefore, properly understanding the gut lung axis would help in deciphering the role of GM in
the disease development/progression and the role of lung infections in altering the GM towards development of inflammatory cascade
[1].

It has been noted that aged patients have decreased abundance of various symbiotic strains of the bacteria (like Lactobacillus and
Bifidobacterium) in gut. In addition, these patients also possess lesser number of beneficial bacterial metabolites like butyrate in their
gut [13]. Moreover, the patients with chronic inflammation in gastrointestinal tract have higher tendency to develop cytokine storm if
exposed to coronavirus [14]. All these evidences clearly linked the involvement of GM in development or the progression of COVID-19.
Hence, simultaneous treatment with prebiotics or probiotics can help in correcting gut dysbiosis which would eventually leads to the
fast recovery of the patients. Therefore, understanding these mechanisms properly would help in designing the treatment strategy with
better results. Therefore, in this review, we have tried to provide evidences linking the GM with COVID-19.

2. Mechanism of action of COVID-19

Coronavirus majorly attacks lungs, but in the critically ill patients it attacks many other organs of the body. It attacks in four
different phases a) viral entry, b) host immune response, c¢) hyperinflammatory response, and finally d) organ failure. In most of the
patients, the virus got cleared in first two stages, but in immunocompromised, aged or patients with co-morbidities, the attack got
exaggerated and all the four stages were seen [15-17].

2.1. Viral entry

Initial entry of the CoV takes place by binding with the angiotensin converting enzyme-2 (ACE2) receptors present in the alveoli of
the lungs [18-20]. To understand the role of ACE2, it is very important to first understand the Renin angiotensin system (RAS). The
role of RAS has been important in explaining the development and progression of COVID-19 infection. Angiotensinogen is a peptide
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Fig. 1. a) Cumulative cases and b) cumulative deaths (in the seven largest countries by area) due to COVID-19 as of August 10, 2022.
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which is majorly produced in the liver and then distributed in the whole body. The increase in the level of this peptide triggers the
release of renin from the kidneys. Renin eventually converts this peptide into angiotensin 1. This decapeptide, angiotensin I is further
cleaved by ACE2 to the octapeptide i.e., angiotensin II. This octapeptide finally acts on angiotensin 1 and 2 receptors (AT1R and AT2R)
present in different organs and exerts different pharmacological actions. Binding of angiotensin II to AT1R receptor leads to the
pro-oxidant, vasoconstrictive, pro-inflammatory, pro-hypertensive and pro-fibrotic actions, whereas its binding on AT2R leads to
opposite effects as that of AT1R activation [21].

Coronavirus have shown to bind to ACE2 enzyme and this in turns leads to decreased formation of angiotensin II and increased
concentration of angiotensin I in the body [22]. ACE2 enzyme is majorly present in respiratory tract but it is also present in other
tissues like gut, liver, heart, kidneys etc [18]. In the alveolar cells of the lungs, coronavirus bind to the ACE2 receptors and the presence
of Transmembrane serine protease 2 (TMPRSS2) enzyme causes degradation of spike protein present on the surface of CoV, which in
turns help in entry of the virus inside the alveolar cells. This same mechanism is observed for all the three coronaviruses [23-25].

2.2. Host immune response

As soon as the virus enters the cell, it started causing degradation of human alveolar cells. This in turns causes release of pathogen
associated molecular patterns (PAMP) which bind to the pattern recognition receptors (PRR), like toll like receptors or nucleotide
binding receptors present on the alveolar macrophages that act as antigen presenting cells (APC) [26]. This recognition helps in
fighting the infection by stimulating several pathways i.e., a) causes release of type 1 interferons (IFN) [27,28], b) releases various
proinflammatory cytokines by stimulating NF-kB signalling and [29], c) production of antibodies against the infection [30]. All these
combinations of innate and adaptive immunity help the host to protect itself from the external virus molecule within 15 days.

2.3. Hyperinflammatory response

If the acute inflammatory response is not controlled, it will start harming the body by causing the excess release of pro-
inflammatory cytokines which is referred to as a cytokine storm [29,31,32]. Most important inflammatory mediators are IL-2,
IL-10, IL-6, IL-17, granulocyte colony stimulating factor, IFN etc. T helper cells (Th1l and Th2) also plays an important role in this
cytokine storm [31,33].
2.4. Organ failure

If this inflammatory cascade of cytokine storm is not controlled, it eventually leads to the spread of infection to the whole body and
in turns finally causes multiple organ failure [17]. This complete mechanism has been depicted in Fig. 2.
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Fig. 2. Mechanism of attack of coronavirus in the human body.
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3. Gut microbiota (GM) and gut-lung axis

GM also called as intestinal microbiota (IM), or gut microbiome comprise of trillions of micro-organisms which reside in the
gastrointestinal tract [34,35]. It starts developing after the birth and takes almost two years to become stable in composition and
abundance. It comprised of more than 1000 different species of the bacteria, of which 90% of the species belongs to four phylai.e.,
Bacteroidetes, firmicutes, actinobacteria and proteobacteria [36].

The GM interacts with the lungs through gut-lung axis. Accumulating evidences highlights the importance of gut-lung axis as a
bidirectional link between the gut dysbiosis and inflammatory conditions in the lungs [37]. The perturbations in the gut composition
not only causes inflammatory cascade in intestine [38] but also in non-intestinal organs like lungs, liver, brain, skin etc [39]. As here
we are talking about gut lung axis, the recent studies have shown the involvement of dysbiosis in various lungs related diseases like
chronic obstructive pulmonary disease, allergy, cystic fibrosis, asthma and many more [40,41]. These inflammatory cascade in
non-intestinal organs were mediated by translocation of microbes or microbial metabolites to the lungs because of the disruption of
intestinal membrane which was caused by dys-biotic conditions [36,42,43]. This fact was demonstrated by Prasad et al. that the
presence of gut permeability marker i.e., fatty acid binding protein-2, gut microbial antigens i.e., peptidoglycan and lipopolysac-
charides were drastically increased in patients suffering from COVID-19 as compared to healthy subjects [44]. Furthermore, the
microbes present in the lungs itself got dysbalanced in case of chronic lung cancer despite of gut microbes dys-balance [45,46]. Thus, it
has been noted that perturbations in microbial community of intestinal can lead to disturbances in lungs and vice versa [36].

3.1. Role of GM in immune response

The research in past two decades have outlined the importance of GM in modulating the immune response in the human body both
locally and systemically. It is not only involved in proper development but also in proper maturation and its functioning of the immune
system [47]. Indeed, many researchers have concluded that perturbations in gut microbiome through diet, drugs, alcohol, diseases etc
ultimately leads to hampering of the proper functioning of the immune system [48]. This eventually leads to excess release of cytokines
both locally and systemically, if not controlled [49]. All these effects on immune system were exerted by the proper balance of bacterial
metabolites like short chain fatty acids (SCFAs), Trp, bile acids etc [50]. Furthermore, a decrease in the concentration of SCFAs
producing bacteria have been reported in the patients suffering from COVID-19 [51-53].

GM have shown to have impact on cells of both innate and adaptive immune system. Several commensal bacteria like Bifido-
bacterium infantis, Bacteroides fragilis and Clostridium cluster have demonstrated to play an important role in proper development of T
regulatory cells, which is involved in the production of potent anti-inflammatory molecule i.e., IL-10 [54]. The balance between T
regulatory and T helper 17 cells is very crucial for preventing the inflammatory response in the body. This balance got disturbed once
the level of commensal bacterial species decreases and pathogenic bacterial species increases [54,55]. Furthermore, Lopez P et al.,
have demonstrated the ability of four Bifidobacterium species in the proper development of dendritic cells which is one of the most
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important APC. Hence, this study gave a prominent hint of role of GM in proper development of innate immune cells [56]. Moreover,
administration of Bifidobacterium lactis to the healthy volunteers have shown drastic increase in the levels of NK cells, mononuclear
leukocytes, macrophages etc [57].

The interactions of immune system in symbiotic and dys-biotic conditions were illustrated in Fig. 3.

3.2. Bidirectional link of ACE2 and GM

It has been observed that patients who were hospitalized due to COVID-19 have shown to have reduced diversity and abundance of
microbes in the gut. Moreover, it has been observed that the beneficial probiotic strains like Lactobacillus and Bifidobacterium have
been reduced whereas, pathogenic strains increased [53,58,59]. These studies have given a clue that there is an involvement of GM in
either the disease development/progression or the GM dysbiosis occurs due to COVID-19. Hence, there is a need to understand the
causal effect relationship between gut dysbiosis and COVID-19 progression [60].

Presence of ACE2 receptors in the gut might seems to be an important mediator between GM and COVID-19. It has been noted that
ACE2 receptors are present in the gut which act as chaperone for amino acid transporter i.e., B°’AT1 which transports neutral amino
acids across the gut mainly glutamine and tryptophan (Trp) [61-63]. Furthermore, a study by Hashimoto et al. have shown that there
is a decreased amino acids levels observed in the serum, specifically Trp in ACE2 knock out animals. This decreased level of Trp was
accompanied with gut dysbiosis and reduction in the level of antimicrobial peptides. Moreover, the beneficial effects of Trp in these
animals were corrected by administering the Trp directly [64]. The role of Trp in modulating the diversity and abundance of GM have
been explained in various studies. All the protective effects were exerted due to the production of its metabolite i.e., indole [65,66].
Moreover, experimental studies have shown that gain of function of ACE2 leads to improvement in gut barrier whereas, loss of function
of ACE2 leads to further weaking of gut barrier [64,67]. Furthermore, a study by Andring et al. have also shown the role of B°AT1 in
COVID-19 [62]. Indeed, a study by Stevens et al. have confirmed the role of B’AT1 in COVID-19 by exposing the lyophilized enterocyte
brush border membrane vesicles to increased doses of high-energy electron radiation. This indicated the interaction of B°AT1 with
ACE2 receptors [68]. These results explain that how the decrease in the concentration of ACE2 would leads to perturbations in the gut
microbial diversity [63]. Therefore, this helps us in explaining how the COVID-19 infection would leads to the gut dysbiosis.

Now comes the question, does gut dysbiosis leads to increase in susceptibility and progression of COVID-19 infection? The answer
to this seems to be yes. As explained in section 3.1, that GM plays a very critical role in the development and functioning of immune
system, thus with overacted immune system there is a very high probability that the patients would suffer from COVID-19 and they also
develop cytokine storm once infected with the virus [14,69,70]. Thus, there is a bidirectional link between COVID-19 development and
gut dysbiosis. This mechanism has been illustrated in Fig. 4.
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3.3. Role of co-morbidities in COVID-19 progression

Accumulating data have shown that aged people with pre-existing lung, metabolic, renal, cardiovascular diseases [8] or diabetes
[10,12,71,72] are at much higher risk of suffering from severe complications from COVID-19 infection [73,74]. Moreover, the aged
persons with co-morbidities have more need for intensive care with high mortality [75,76]. Thus, these studies point out that
something is common in between the elder age patients and persons with co-morbidities. Two hypotheses for this have been pointed
out in literature, a) dys-biotic gut environment, and b) increased expression of ACE2 in these persons. So, we will explain these two one
by one.

Firstly, an altered gut environment has been observed in both elderly patients and the patients suffering for co-morbidities. Due to
this dys-biotic condition, the intestine and systemic circulation is more prone towards inflammatory responses, which in turns causes
prolonged cytokine storm and finally complicating the conditions of patients suffering from COVID-19. Interestingly, lower abundance
of Bacteroides species have been found in persons with co-morbidities and COVID-19 patients [1,77-79].

One more hypothesis have been proposed by Fang et al. related to increased complications in patients suffering from diabetes or
hypertension and COVID-19. Mostly, the patients suffering from hypertension were treated with either ACE2 inhibitors or angiotensin
II type 1 receptor blockers, which in turns up regulates the ACE2 receptors in the body by the negative feedback mechanism. Therefore,
with increased concentration of ACE2, there is increased chances of entry of COVID-19 in this body. Furthermore, the use of thia-
zolidinediones and ibuprofen in the diabetes also leads to up-regulation of ACE2 receptors [77]. Moreover, a study by Jing Li et al. have
shown that increase in expression of ACE2 expression in gut leads to more susceptibility to COVID-19 in hypertensive rats [80]. Hence,
increasing the ACE2 concentration in the lungs increase the susceptibility to COVID-19, whereas increase concentration of ACE2 in the
gut promotes the symbiotic condition and thus decreases susceptibility to COVID-19 [72].

These two hypotheses are depicting the dual role of ACE2 receptors in both increased and increased susceptibility to the COVID-19
infection. These hypotheses are shown in Fig. 5. Hence, a lot more research is needed to confirm these findings and come to some
conclusions.

4. Conclusions and future directions

From the past two years a lot of researchers have been exploring the role of gut microbiome in the development and progression of
COVID-19 in patients. These researches have given strong evidences of the involvement of gut dysbiosis in increased susceptibility to
the disease. Moreover, aged patients with associated co-morbidities are most vulnerable to this disease. The most probable reason for
this is gut dysbiosis which have been observed in patients suffering from hypertension, diabetes, cardiovascular diseases etc. But, one
more hypothesis have also been reported which is stated above. Indeed, these clinical features have given an alternative way to help
people in decreasing both the incidence and complications from this disease. It is advised to keep the gut microbiomes in a balance by
taking proper diet, doing exercises, administering probiotics, prebiotics and symbiotics. These small lifestyle changes can help in
balancing the gut environment which in turns leads to proper development and functioning of host immunity and eventually
decreasing the probability of cytokine storm in the patients suffering from COVID-19.
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