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                                            Abstract 

            In the recent years, studies of the human microbiome have aroused great interest. 

Several evidences suggest a connection between the gut microbiome and the human immune 

response at the pulmonary level, which has been defined as the "gut-lung axis". The clinical 

symptoms of COVID-19 are varied and include gastrointestinal manifestations such as 

diarrhea, which has been linked to alterations in the gut microbiome; imbalance of the immune 

response; and delayed viral clearance. The aim of this narrative review was to address the role 

of the gut microbiome in the respiratory health and in particular, its association with the 

severity of COVID-19. The gut microbiome plays several important roles therefore; its 

balance is determinant for the human health, due to its relationship with several essential 

physiological processes, including maturation of both of the innate and the adaptive immune 

responses. Intestinal dysbiosis has an impact on the respiratory mucosa, and in turn on 

infection of the intestinal epithelial cells by SARS-CoV-2, which can induce intestinal 

inflammation and gastrointestinal symptoms. All these symptoms could contribute to an 

altered inflammatory immune response to SARS-CoV-2, favoring infection, dissemination and 

severity of the disease. Knowledge about the roles of the gut microbiome and its interactions 

in the context of SARS-CoV-2 infection could help to find biomarkers involved in COVID-

19-related dysbiosis, as well as to determine the possible therapeutic targets for treatment of 

these patients. 
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1. Introduction         

       Coronavirus disease 2019 (COVID-19) caused by 

SARS-CoV-2 virus; first appeared in China in 

December, 2019 and then rapidly spread worldwide 

(Wang et al., 2020). On January 30, 2020, the World 

Health Organization (WHO) announced the COVID-

19 epidemic as an international public health threat, 

and subsequently on March 11, 2020, officially 

declared it as a pandemic (Cucinotta and Vanelli, 

2020). 

      Clinical symptoms of COVID-19 can be 

manifested after 5-6 days of incubation, and they vary 

widely, ranging from an asymptomatic process to the 

appearance of several symptoms including; sore throat, 

dry cough, loss of taste and smell, nausea, shortness of 

breath, fatigue, myalgia, vomiting, diarrhea, 

pneumonia, multiple organ dysfunctions, and the 

development of acute respiratory distress syndrome 

(ARDS), finally leading to death (Huang et al., 2020). 

Advanced age and certain comorbidities such as 

obesity; hypertension and diabetes (all are associated 

with underlying inflammatory processes), are related 

to severity of the COVID-19 disease (Chinnadurai et 

al., 2020). In this regard, it is important to note that 

both aging and inflammation are interrelated complex 

systemic processes; involving participation of the 

immune mechanisms, in addition to other associated 

tissues such as the respiratory and gastrointestinal 

mucosal lining, which generate changes in the 

intestinal microbiome (Belkaid and Hand, 2014). The 

gastrointestinal tract has an extensive surface area, and 

in addition to its absorptive metabolic functions, it also 

harbors a robust immune system (Spahn and 

Kucharzik, 2004).  The complex mixture of 

microorganisms that make up the intestinal 

microbiome contributes to the well-being of the human 

host. Such microorganisms influence the local and 

systemic processes that include among the other 

processes; vitamin delivery (LeBlanc et al., 2013), the 

nutrient transformation (Sonnenburg and Bäckhed, 

2016); gut-lung communication (Dang and Marsland, 

2019) and maturation of the mucosal immunity 

(Honda and Littman, 2016; Thaiss et al., 2016).  

      The objectives of this review were to discuss the 

roles of the gut microbiome in strengthening the 

human immune system, and the possible effects that 

alterations of the gut microbiome may have on the 

severity of SARS-CoV-2 infection. 

2. The human gut microbiome 

       The term "microbiota" refers to the set of 

microorganisms that live both on the surface and 

inside the host, which include the bacteria; fungi, 

viruses, archaea and protozoa (Limon et al., 2017; 

Mirzaei and Maurice, 2017). In this sense, the human 

microbiota is made up of approximately as many 

microorganisms as the human cells (Sender et al., 

2016).  

      On the other hand, the term "microbiome" refers to 

the total microbial community (microbiota); the genes 

encoded by it and the associated biomolecules (Lloyd-

Price et al., 2016). In this context, the genes in the 

human cells are quantified as approximately 23,000 

genes (Yang et al., 2009), while genes in the 

microbiome are around 3 million (Qin et al., 2010; Qin 

et al., 2012). The beneficial roles of our microbiome 

are the maturation of the immune system; the 

development of appropriate immune responses, and 

help in maintenance of the homeostasis. This 

information has long been known from several studies 

on the gut, which is the organ where the microbial 

population is most abundant (Lozupone et al., 2012; 

Brestoff and Artis, 2013).  

       The symbiotic balance between the host and the 

gut microbiome is very sensitive to several factors, 

such as; the genetic background of the host, the use of 

antibiotics or other medications, diet, and the presence 

of allergens or infectious agents. All these factors 

together with the capacity to alter the composition of 
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the microbiome and induce an imbalance are known as 

"dysbiosis" (Levy et al., 2017). Dysbiosis can lead to 

increased susceptibility to the new disorders, such as 

growth of the potentially pathogenic commensals 

(Weiss and Hennet, 2017).  

       Metagenomics studies, which include methods of 

amplification and sequencing of specific regions of the 

microbial DNA that in the case of bacteria target the 

16S ribosomal gene (16S rDNA); a conserved region 

of the bacterial genome (Green et al., 2006), have 

allowed for more detailed and comprehensive 

definition of the gut microbiome of the healthy 

individuals. Moreover, these studies have provided 

knowledge about evolution of the gut microbiome 

throughout life, its dependence on diet, sex, 

geographical location, as well as on the body areas, 

and its alteration during the course of certain diseases 

(Ouwehand et al., 2004; Eckburg et al., 2005; 

Yatsunenko et al., 2012).   

       Several physiological functions are positively 

influenced by the gut microbiome. For example; 

development and maturation of the immune system is 

promoted by the emerging gut microbiome during the 

early childhood, and its activity is adjusted by the 

colonizing microorganisms throughout the human life 

(Belkaid and Hand, 2014). Consequently, dysbiosis 

has been associated with several acute and chronic 

inflammatory diseases (Lynch and Pedersen, 2016); 

however, the germ-free or microbiota-depleted animals 

are highly susceptible to several types of infections 

(Libertucci and Young, 2019). 

      In humans, the gut harbors the largest and most 

densely populated microbial ecosystem consisting of 

numerous species. However, bacteria are the most 

predominant microorganisms, and it is estimated that 

approximately 10
11

 - 10
12

 bacterial cells reside in the 

large intestine (Sjögren et al., 2009; Caballero and 

Pamer, 2015).  The majority of the gut microbiome is 

composed of strict anaerobes; although facultative 

anaerobes and aerobes are also present (Sekirov et al., 

2010). Despite of the large number of different 

bacterial phyla that have been identified; however, the 

overall bacterial population of the human gut is 

basically determined by only 2 genera namely; 

Bacteroidetes and Firmicutes, which account for 

approximately 92 % of the population. Meanwhile, 

other genera are also present including; 

Proteobacteria, Verrucomicrobes, Actinobacteria, 

Fusobacteria and Cyanobacteria (Eckburg et al., 2005; 

Cho and Blaser, 2012). 

Evolution of the gut microbiome is intimately related 

to maturation; development and modulation of the 

intestinal immune response, regulating expression of 

the immune mediators, as well as the development and 

recruitment of the local immune cells (Sekirov et al., 

2010; Caballero and Pamer, 2015). 

     Several previous studies on human newborns 

indicate that the early gut colonizers are acquired 

through contact with the maternals and with the 

environmental microorganisms (Palmer et al., 2007; 

Dominguez-Bello et al., 2010).This observation is 

supported by other studies evidencing an association 

between the composition of the infant gut microbiome 

and the route of birth in humans (Selma-Royo et al., 

2020; Wilson et al., 2021).  For example, vaginally 

born infants harbor microbial communities dominated 

by Lactobacillus spp. and Bifidobacterium spp., which 

are similar to those present in their mother's vaginal 

canal (Palmer et al., 2007; Biasucci et al., 2010). On 

the other hand, infants born by cesarean section are 

colonized primarily by common skin bacteria such as 

Staphylococcus spp. (Biasucci et al., 2010). These 

early colonizers carry the genes that determine the 

metabolism of sugars found in the breast milk, as well 

as those genes involved in the de novo synthesis of 

folate, which has critical metabolic functions in the gut 

(Yatsunenko et al., 2012).   

       During the first months of birth, an orderly 

developmental program takes place, where the 

composition of the gut microbiome as well as its 

functional capacity converge toward a mature 

configuration (Palmer et al., 2007; Biasucci et al., 

2010; Koenig et al., 2011; Yatsunenko et al., 2012).  

This process is marked by significant dietary changes 
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involving the introduction of solid foods during 

weaning (Palmer et al., 2007; Fallani et al., 2011; 

Yatsunenko et al., 2012; La Rosa et al., 2014). During 

this transition state, the gut microbiome develops the 

ability to extract energy from the complex 

carbohydrates; metabolize the xenobiotics and 

participate in the biosynthesis of several vitamins such 

as cobalamin; biotin and thiamine; in addition, the gut 

microbiome adopts the characteristics of a mature 

microbiome (Nicholson et al., 2012). 

3. Gut dysbiosis 

       When a set of microorganisms residing in a 

specific body area is maintained in equilibrium with 

the host (symbiosis), it is referred to as a healthy state. 

In contrast, disruption of this balance (dysbiosis) is 

associated with a disease, and is characterized by 

altered diversity and relative proportions of the 

microbial species (Cho and Blaser, 2012). The gut 

dysbiosis therefore refers to the imbalance in 

composition of the gut microbiome, compared to the 

pattern exhibited by an individual that is considered 

healthy (Weiss and Hennet, 2017). Gut dysbiosis can 

be caused by variety of factors, within which are: 

infection processes, aging, use of antibiotics, dietary 

changes, nutritional status, in addition to other 

medications including the anticancer drugs, gastric 

acid suppressing agents (Weiss and Hennet, 2017), and 

certain inflammatory conditions such as diabetes and 

obesity (Singer-Englar et al., 2019).  

       Numerous risk factors have been proposed in the 

pathogenesis of the intestinal dysbiosis, such as the use 

of antibiotics, especially when administered orally 

(Jernberg et al., 2007, Jakobsson et al., 2010). 

Alterations of the gut microbiome have also been 

demonstrated to take place under several conditions 

such as uptake of diets rich in fats, sugars and obesity 

(Turnbaugh et al., 2009; Ju et al., 2019). In this 

context, the use of certain drugs becomes particularly 

important. For example, metformin that is a standard 

drug used in the treatment of type 2 diabetes has been 

reported to affect the composition of the gut 

microbiome through elevating the E. coli levels 

(Forslund et al., 2015).  

      On the other hand, the conventional non-steroidal 

anti-inflammatory drugs, such as naproxen, ibuprofen 

and aspirin, alter the composition of the gut 

microbiome when administered for long periods of 

time, which results in an increase in members of the 

families Bacteroidaceae and Enterobacteriaceae 

(Rogers and Aronoff, 2016). Additionally, because the 

prolonged use of these drugs can lead to stomach 

ulcers; thus the proton pump inhibitors are usually 

prescribed in conjunction, to alleviate these side 

effects on the gastric and small intestinal mucosa. 

However, these drugs have also been observed to alter 

the gut microbiome, contributing to an increased risk 

of Clostridium difficile-associated diarrhea (Freedberg 

et al., 2015; Tsai et al., 2017), as demonstrated in Fig. 

(1). 

4. The gut microbiome and its relationship 

with the immune system 

       Studying the gut microbiome and its connection to 

the functioning of the innate and adaptive immune 

systems is a growing and very active area of scientific 

research. Homeostasis of the immune system is 

achieved in part, through a complex interaction 

between the gut microbiome and the mucosal immune 

system (Peterson et al., 2015). The gut microbiome 

promotes the postnatal development of the immune 

system and calibrates its activity throughout life 

(Belkaid and Harrison, 2017). This occurs because the 

microorganisms present in the gut act as sources of 

antigens, which continuously stimulate the Gut-

Associated Lymphoid Tissue (GALT), and 

accordingly the immune system (Wasilewska and 

Wroblewska, 2018). This interaction largely includes 

the involvement of cellular recognition receptors (i.e. 

Toll-like and NOD-type) and signaling metabolites 

such as the short-chain fatty acids (SCFA), which are 

produced by the colonizing microorganisms. 

Accordingly, these bacterial products can enter the 

circulation to reach the distant body sites (Clarke et 

al., 2010; Trompette et al., 2014). 
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Fig. 1. Early microbial colonization results from several factors such as genetics, microbial exposure to both the mother and the 

environment, in addition to infection processes that require the use of antibiotics and\or other medications. This, in turn, sets in 

motion a cross-dialogue between the microbiome and the host, mediated by changes in nutrition; immunity, barrier function, 

metabolism and gene expression. The disruption of this balance leads to a dysbiosis, which can generate a systemic 

inflammatory process of varying degree associated with different disorders 

 

       The first evidences that the microbiome plays a 

key role in intestinal immunity arises from studies 

involving the germ-free mice (GFM) bred in a sterile 

environment, and the specific pathogen-free mice 

(SPFM) treated with broad-spectrum antibiotics, where 

the normal microbiota has been depleted (Macpherson 

and Harris, 2004). Such previous studies conducted on 

the various inflammatory contexts have revealed that 

the microbiome regulates both the innate and the 

adaptive immunity; with functional consequences for 

the host defense against the pathogens, in addition to 

immune tolerance to the non-pathogenic stimuli 

(Deshmukh et al., 2014; Khosravi et al., 2014). In this 

regard, SPFM have impaired myeloid cell 

development in the bone marrow, reduced numbers of 

circulating granulocytes, and are highly susceptible to 

the systemic bacterial infection (Deshmukh et al., 

2014; Khosravi et al., 2014). Additionally, the innate 

lymphoid cells (ILCs), which are innate immune 

homologues of the CD
4+

 helper T cells; but unlike the 

latter lack the antigen-specific receptor expression, 

also exhibit developmental dysfunction in GFM. 

Similarly, interleukin-22 (IL-22) production by group 

3 ILCs (ILC3) is significantly reduced in absence of 
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the microbiota, which is critical for the host immunity 

against the enteric bacterial infections (Britanova and 

Diefenbach, 2017). 

        Compared to SPFM, the GFM produce fewer 

intraepithelial lymphocytes (Bandeira et al., 1990), 

and show a significant decrease in the immunoglobulin 

A-secreting plasma cells in the lamina propria (Crabbé 

et al., 1968), in addition to fewer regulatory T cells 

(Treg) (Ostman et al., 2006). Meanwhile, the GFM 

also show a decrease in angiogenin-4 (Ang4) mRNA, 

a class of microbicidal protein that is secreted by 

Paneth cells in the intestinal lumen (Hooper et al., 

2003). In addition, the Peyer's plaques in GFM contain 

a less developed germinal center than that recorded in 

the conventional mice (McDermott and Huffnagle, 

2014).  

     The GFM and SPFM are valuable tools to assess 

the immunological effects of the various microbial 

species commonly found in the healthy gut 

microbiome. In this regard, GFM colonization with the 

segmented filamentous bacteria promotes germinal 

center formation and IgA production (Lecuyer et al., 

2014), Th17 cell activation (Gaboriau-Routhiau et al., 

2009) and IL-22 interleukin production by the ILC3 

cells in the terminal ileum (Atarashi et al., 2015). 

These studies highlight the role of the intestinal 

microbiome in the regulation of the human immune 

system, and suggest that alterations in its composition 

may lead to the development of pathological processes 

involving both the intestinal and systemic immune 

activation. 

       The symbiotic relationship between the 

microbiome and the host is mutually beneficial. The 

host provides an important habitat and nutrients, 

whereas the gut microbiome supports development of 

the metabolic system and maturation of the intestinal 

immune system by providing beneficial nutrients, i.e. 

through vitamin synthesis (Kau et al., 2011) and short-

chain fatty acids (SCFA) (McDermott and Huffnagle, 

2014). However, the underlying mechanisms that 

would explain how the gut microbiome trains the 

immune system inside and outside the gut, as well as 

specific contribution of the bacterial species involved 

during interaction of the microbiome and the immune 

system components are still under study. Despite of 

this, Romani et al., (2015) reported that metabolites 

released by the gut microbiome, which are 

intermediate and/or end products of the dietary 

constituents of the commensal metabolism, can exert 

indispensable actions on the host immunity and health. 

For example, the non-digestible carbohydrates such as 

cellulose and the soluble dietary fibers are integral 

components of the human diet. However, humans lack 

the enzymes necessary to degrade these 

polysaccharides. In contrast, the anaerobic commensal 

bacteria that reside in the cecum and large intestine 

can ferment these fibers resulting in the generation of 

SCFAs such as propionate; acetate and butyrate. The 

host can detect these SCFAs through the butyrate 

receptor GPR109a8, the intracellular receptor PPARγ, 

and the surface proteins GPR41 and GPR43 (Alex et 

al., 2013).  

      In mammals, butyrate serves as the predominant 

energy substrate for the colonocytes and the 

enterocytes (Guarner and Malagelada, 2003; De 

Vadder et al., 2014). Propionate is taken up mainly by 

the liver, whereas acetate is released in the peripheral 

tissues (Guarner and Malagelada, 2003). In the human 

intestine, bacteria of the phylum Bacteroidetes secrete 

high concentrations of acetate and propionate, whereas 

bacteria of the phylum Firmicutes generate large 

amounts of butyrate (Guarner and Malagelada, 2003). 

      Administration of SCFAs leads to alterations in 

hematopoiesis, resulting in enhanced myeloid 

production due to the development of an elevated 

number of myeloid precursors (Balmer et al., 2014; 

Khosravi et al., 2014), which improves the allergic 

reactions (Trompette et al., 2014), and promotes 

clearance of the systemic infections (Balmer et al., 

2014; Khosravi et al., 2014). 

      Another prominent example on how the 

microbiome causes the immune maturation at the 

tissue level involves the microbial metabolism of 

tryptophan. The commensal Lactobacilli; are shown to 
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utilize tryptophan as an energy source to produce the 

aryl hydrocarbon receptor (AhR) ligands, such as the 

metabolite indole-3-aldehyde (Zelante et al., 2013). 

AhR is a ligand-activated transcription factor of 

critical importance for the intestinal lymphoid follicle 

(ILF) organogenesis. AhR-expressing immune cells 

include RORγt+ innate lymphoid group 3 (ILC3) cells 

that are involved in ILF genesis; in addition, AhR 

expression is required for functional activation of the 

ILC3 cells (Kiss et al., 2011). Moreover, AhR-induced 

IL-22 production in the ILCs drives the secretion of 

the antimicrobial peptides including; lipocalin-2, 

S100A8 and S100A9, which contribute to protection 

from infection by Candida albicans (Zelante et al., 

2013). 

5. Relationship of the gut microbiome to the 

immune response at the pulmonary level 

       Several previous research studies have evidenced 

that changes in the composition of the gut microbiome 

generate multiple systemic effects (Gresse et al., 2017; 

Martinez et al., 2017; Mashaqi and Gozal, 2019; 

Sharma and Tripathi, 2019). In this regard, some 

studies have shown that the gut microbiota dysbiosis 

critically affects the antimicrobial immune responses 

at the pulmonary level (Chunxi et al., 2020).  For 

example, compared to the conventionally bred 

animals, GFM and/or SPFM mice are more vulnerable 

to lung infections of both bacterial and viral origins 

(Clarke et al., 2010; Ichinohe et al., 2011; Brown et 

al., 2017). In this regard, studies on SPFM have shown 

that the microbiome promotes the interferon gamma 

(IFN-γ)-induced macrophage antiviral activity; 

inflammasome activation, CD
8+

 T cell responses and 

antibody production during influenza virus infection 

(Ichinohe et al., 2011; Abt et al., 2012). In this 

context, the flavonoid-derived bacterial metabolite 

known as desaminotyrosine has been identified as a 

modulator of IFN-γ-induced antiviral responses (Steed 

et al., 2017).    

       Another study conducted by Oh et al., (2014) 

revealed that antibody production in response to 

trivalent inactivated influenza vaccine (TIV) in GFM 

or SPFM is impaired, but has been restored by oral 

reconstitution of the microbiota with a flagellated 

strain of E. coli. The TLR5 receptor-mediated flagellin 

sensing has promoted the plasma cell differentiation 

directly, and stimulated the lymph node macrophages 

to produce plasma cell growth factors.  

      Although these previously described reports 

revealed that microbiota depletion impairs the antiviral 

immunity during infection and after vaccination; 

however, they have indicated also that the microbiome 

composition or diet influences susceptibility to the 

viral infection. Indeed, due to difference in 

microbiome compositions, the free-living wild mice 

have expressed increased resistance to the influenza 

infection compared to the laboratory mice (i.e. free of 

specific pathogens), as reported by Rosshart et al., 

(2017). On the other hand, other previous studies on 

patients undergoing allogeneic hematopoietic stem cell 

transplantation have showed an association between 

the butyrate-producing gut bacteria and protection 

against the lower respiratory tract viral infections 

(Haak et al., 2018). 

            In addition, experiments with GFM have 

shown that absence of the gut microbiota induces a 

state of decreased interleukin-10 (IL-10)-mediated 

inflammatory response, making these animals 

drastically susceptible to Klebsiella pneumoniae 

infection (Fagundes et al., 2012). Similarly, the 

alcohol-fed mice are more susceptible to K. 

pneumoniae infection, in part, due to the alcohol-

induced intestinal dysbiosis (Samuelson et al., 2017). 

Previous studies of Clarke et al., (2010); Clarke, 

(2014); Brown et al., (2017) demonstrated that the 

microbiota is a source of peptidoglycan, which 

systemically stimulates the innate immune system, 

thereby enhancing neutrophil destruction of two 

important pathogens: Streptococcus pneumoniae and 

Staphylococcus aureus . This requires signaling 

through two pattern recognition receptors namely; 

NOD1 and NOD2.         

        Gauguet et al., (2015) study has reported that 

defense against Staphylococcus aureus pneumonia in 



Robalino et al., 2022 

1642 
Novel Research in Microbiology Journal, 2022 

mice is dependent on pulmonary IL-22 production, 

which is promoted by intestinal colonization with the 

segmented filamentous bacteria (SFB).  

The intestinal microbiome also influences infection 

with Mycobacterium tuberculosis. In this regard, mice 

treated with a cocktail of antibiotics have shown an 

increased susceptibility to infection by this bacterium, 

which correlates with a decrease in the number of IFN-

γ and TNF-α producing Th1 cells, in addition to an 

increase in the populations of the Treg cells (Khan et 

al., 2016).  

       Moreover, it is worth mentioning that, an 

increased population of the butyrate-producing 

bacteria in the intestinal microbiome is associated with 

increased resistance to the viral respiratory infection 

(Haak et al., 2018). Meanwhile, a recent study that 

used an experimental model of influenza virus 

infection in mice has shown that infection with the 

virus concomitantly caused an alteration in the 

composition of the intestinal microbiota, and 

impairment of the barrier properties of the intestine, 

accompanied by a decrease in SCFA production, thus 

favoring secondary enteric bacterial infection (Sencio 

et al., 2021).  

      The above mentioned evidences have indicated 

that the gut microbiome contributes to maintenance of 

the body homeostasis and regulates the immune 

responses both at the gastrointestinal level and in the 

distant organs, such as the lungs. The possible 

mechanisms involved, include; development of 

immune tolerance through the regulatory T cells Tregs, 

regulation of the T cell populations outside the 

gastrointestinal tract, regulation of the systemic 

inflammatory response and production of SCFA 

(Samuelson et al., 2015; Chunxi et al., 2020). 

6. Intestinal dysbiosis and its association with 

the severity of SARS-CoV-2 infection 

       Numerous research studies have revealed the 

importance of the intestinal microbiome on the 

maturation; development and quality of the immune 

response both locally and systemically (Al Nabhani 

and Eberl, 2020; Weström et al., 2020; Oh et al., 

2021). This is in addition to the relationship between 

the intestinal microbiome and the immune response at 

the pulmonary level, which has made it possible to 

describe what is known as the intestine-lung axis 

(Enaud et al., 2020). This axis suggests that 

modifications of the intestinal microbiome affect the 

immune responses of the respiratory tract (Dang and 

Marsland, 2019). For this reason, it is perfectly 

rational to establish a connection between the gut 

microbiome and the evolution of SARS-CoV-2 

infection.  

       The gastrointestinal symptoms are frequent in 

patients with COVID-19 (Han et al., 2020). In this 

regard, the angiotensin II-converting enzyme (ACE2) 

used by the SARS-CoV-2 to enter the human cell is 

widely expressed on the surface of the enterocytes 

(Zhang et al., 2020). Presence of SARS-CoV-2 RNA, 

the nucleocapsid protein and ACE2 has also been 

observed in the epithelial cells of the stomach, 

esophagus, rectum and duodenum (Xiao et al., 2020). 

Moreover, RNA fragments are recorded in the stool 

samples collected from the infected patients (Chen et 

al., 2020; Park et al., 2021). Additionally, alteration of 

the intestinal microbiome has been described in 

patients with COVID-19, which opens the possibility 

that SARS-CoV-2 infection may induce dysbiosis 

(Zuo et al., 2020; Gu et al., 2020). Similarly, a study 

conducted by Yeoh et al., (2021) has showed that the 

composition of the gut microbiota in patients with 

COVID-19 correlates with the disease severity, which 

is characterized by a decrease in certain species such 

as Faecalibacterium prausnitzii, Eubacterium rectale, 

and several species of Bifidobacterium. Such dysbiosis 

has persisted after viral elimination. 

       As previously mentioned the SARS-CoV-2 

utilizes the ACE2 molecule; a member of the renin 

angiotensin system (RAS), to enter the host cell 

through the S1 subunit of the receptor binding domain 

(RBD). This process is facilitated by the trans-

membrane serine protease-2 (TMPRSS-2) and ADAM 

metallo-peptidase domain 17 (ADAM17) (Patel et al., 

2014; Hoffmann et al., 2020, Gupta et al., 2021). 
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       The ACE2 molecule plays a key role in the 

regulation of hemodynamics at both the tissue and 

systemic levels. ACE2 acts as a counter-regulator of 

the angiotensin-converting enzyme (ACE) activity; 

primarily by converting the angiotensin I peptide (Ang 

I) to angiotensin 1-9 (Ang 1-9), and the angiotensin II 

(Ang II) to the vasoprotective molecule angiotensin 1-

7 (Ang 1-7) (Vitiello and Ferrara, 2021). Angiotensin 

II is a peptide with pro-inflammatory, profibrotic and 

vasoconstrictive properties, and has the capacity to 

increase the oxidative stress and blood pressure; these 

 

 

effects are mediated mainly after its binding to type 1 

receptors (AT1R). On the other hand, Ang (1-7) binds 

to the Mas receptor (MasR) and promotes antioxidant, 

vasodilation and anti-proliferative effects, which are 

antagonistic to the action of Ang II (Azushima et al., 

2020). Therefore, the RAS consists of two 

fundamental axes, mainly; the axis shaped by 

ACE2/Ang (1-7)/ MasR, which counteracts the second 

axis shaped by ACE/Ang II/AT1R, as presented in Fig. 

(2). 

 

 

 

 

Fig. 2. Simplified view of the renin angiotensin system. The RAS is present locally and systemically. Angiotensin II is the main 

effector of this system, which through its receptor (AT1) is able to induce pulmonary damage. During SARS-CoV-2 invasion, 

ACE2 decreases its expression in type II alveolar epithelial cells, which generates a decrease in the conversion of Ang II to Ang 

(1-7). This impedes the protective action of Ang (1-7) by acting on its receptor (Mas R). This favors the activation of the 

ACE/AngII/AT1R axis and consequently decreases the activity of the ACE2/Ang-(1-7)/ MasR axis. (Ang I: angiotensin I, Ang 

II: angiotensin II, Ang-(1-7): angiotensin 1-7, Ang(1-9): angiotensin 1-9, MasR: G protein-coupled receptor Mas, AT1R: 

angiotensin II receptor 1) 
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The ACE2/Ang (1-7)/ MasR axis promotes 

vasodilatation, blood pressure lowering and has anti-

inflammatory activity; whereas the second axis 

promotes vasoconstriction; has pro-apoptotic, pro-

fibrotic and pro-inflammatory activities, in addition, it 

stimulates the oxidative stress (Azushima et al., 2020).  

       Taking this context into an account, it is important 

to note that SARS-CoV-2 competes with Ang II for 

binding to the ACE2 molecule. This induces a 

blockade of the ACE2 activity and therefore reduces 

expression of the enzyme (Cheema and Pluznick, 

2019). This down-regulation of ACE2 promotes ACE/ 

ACE2 imbalance and increases pathological activation 

of the ACE/Ang II/AT1R axis, leading thus to an 

increase in Ang II-mediated vasoconstriction, and a 

decrease in (Ang 1-7)-mediated vasodilation (Kotfis 

and Skonieczna-Żydecka, 2020). 

      The association between the intestinal dysbiosis 

and ACE2 enzyme activity in the gastrointestinal tract 

is poorly understood.  However, studies carried out in 

knock-out mice for the ACE2 molecule have shown an 

increased susceptibility to dysbiosis, colitis and 

intestinal inflammation, which are induced by the 

epithelial damage (Viana et al., 2020). On the other 

hand, older adults with reduced ACE2 levels and RAS 

alteration as observed in the cases of hypertension, 

kidney disease and diabetes, are at increased risk of 

dysbiosis, and these pathologies increase the risk of 

mortality by COVID-19 (Cole-Jeffrey et al., 2015; 

Simões et al., 2016; Malek Mahdavi, 2020; Zhang et 

al., 2021). In addition to inflammation and ACE2 

dysfunction, hypoxia that is a frequent clinical 

symptom recorded in patients with COVID-19; could 

be implicated in the occurrence of gastrointestinal 

symptoms, as it is known to be critical in the case of 

intestinal homeostasis, which includes the composition 

and functions of the microbiome (Singhal and Shah, 

2020). 

      Most of SARS-CoV-2 infections may be 

asymptomatic or cause mild symptoms in 

approximately 80 % of the recorded cases (Wang et 

al., 2020). However, in approximately 10-20 % of the 

cases, the patients may progress to an interstitial 

pneumonia and ARDS; especially in those individuals 

who have older age and associated comorbidities 

(Jordan et al., 2020; Sharma et al., 2021).   

       Data related to disease progression suggest that an 

underlying chronic inflammatory state may influence 

the severity of COVID-19, rather than the direct 

cytopathic effects of SARS-CoV-2 (Brodin, 2021). 

Interestingly, most of the risk factors associated with 

COVID-19 severity are related to a persistent and low-

grade inflammatory process; as described in several 

pathologies such as aging; obesity, diabetes and 

hypertension (Vas et al., 2020; Brodin, 2021). 

However, all these conditions have been related to 

dysbiosis. 

       A previous study of Sato et al., (2014) highlighted 

that dysbiosis is characterized by an increased 

translocation of the bacteria across the intestinal 

epithelium. In the healthy intestine, small amounts of 

translocated commensal bacteria are eliminated by the 

action of Th1 and Th17 lymphocytes, which are 

particularly induced by polysaccharides of Bacteroides 

spp. (Mazmanian and Kasper, 2006), and by the 

segmented filamentous bacteria attached to the mucosa 

(Ivanov et al., 2009). However, high numbers of the 

invading bacteria and permanent activation of the Toll-

like receptors lead to overproduction of the pro-

inflammatory cytokines, which damage the intestinal 

epithelium and cause chronic intestinal inflammation 

(Karczewski et al., 2014). 

      The role of gut dysbiosis in the immune 

responsiveness is especially evident in the older adults. 

Imbalance of the gut microbiome associated with 

aging has been sufficiently described, and a decrease 

in Bifidobacteria, Lactobacillus and the bacteria 

producing SCFA such as butyrate; that are necessary 

to maintain the integrity of the intestinal barrier, has 

been reported by Mangiola et al., (2018); Nagpal et 

al., (2018).  
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       Early in the SARS-CoV-2 outbreak, older adults 

have been observed to account for a disproportionate 

number of severe cases and deaths (Wang et al., 2020), 

which have been corroborated by several 

epidemiological and observational studies (Nikolich-

Zugich et al., 2020; Onder et al., 2020; Ruan et al., 

2020). Advanced age is considered as one of the main 

risk factors for COVID-19 complications. 

"Immunosenescence" is a term used to describe the 

age-related changes, where alterations in the immune 

system have been described as key determinants of the 

outcomes of infection with SARS-CoV-2 (Nikolich-

Zugich et al., 2020; Pedreañez et al., 2021). 

       Among hallmarks of the immune system, aging is 

associated with persistence of a pro-inflammatory 

state. Because of this association between advanced 

age and inflammation; the term "inflammatory aging" 

has been coined in 2000, to describe a constant and 

low-grade inflammatory state, which is characterized 

by the production of inflammatory mediators above 

the basal concentration (Franceschi et al., 2000). The 

elevated levels of pro-inflammatory factors in the 

older adults can have both local and systemic 

consequences. This increase in circulating levels of the 

pro-inflammatory cytokines and the other factors are 

considered to be determinant in the development and 

maintenance of immunosenescence (Franceschi et al., 

2000; Solana et al., 2012), and contribute in the 

development of chronic diseases of the lung and the 

other organs (Hearps et al., 2012; Franceschi and 

Campisi, 2014). 

      Several studies suggest that COVID-19-associated 

mortality is primarily attributed to the excessive 

inflammatory response; with the consequent release of 

large amounts of cytokines and chemokines, which 

contribute to the virus-induced hyper-inflammation 

that is termed as the "cytokine storm" (Huang et al., 

2020; Ruan et al., 2020). Therefore, taking into 

account the high mortality rates due to COVID-19 

among the older adults and people with underlying 

comorbidities, in addition to the presence of gut 

dysbiosis frequently observed under these conditions, 

it is feasible to hypothesize that perturbations of the 

gut microbiome could influence the disease severity 

and clinical course of COVID-19 (Villapol, 2020; 

Kalantar-Zadeh et al., 2020), as shown in Fig. (3). 

      In a recent study conducted by Yeoh et al., (2021) 

where 100 patients diagnosed with SARS-CoV-2 

infection have been evaluated, results have shown that 

the composition of the gut microbiome is significantly 

altered in patients with COVID-19, compared to the 

healthy individuals. A decrease has been observed in 

several gut commensals with immunomodulatory 

potentials, such as Eubacterium rectale; 

Faecalibacterium prausnitzii and Bifidobacteria, 

which remained low in the samples collected up to 30 

days after disease resolution. Furthermore, one of the 

most interesting aspects of this study is that dysbiosis 

observed in these COVID-19 patients has correlated 

with the disease severity; assessed through increased 

concentrations of the pro-inflammatory cytokines and 

the other blood markers including the C-reactive 

protein, in addition to the enzymes gamma-glutamyl 

transferase; lactate dehydrogenase and aspartate 

aminotransferase (Yeoh et al., 2021). 

      Another study conducted by Gu et al., (2020) 

evaluated the composition of the gut microbiota in 30 

patients with COVID-19; 24 patients with influenza A 

(H1N1) and 30 healthy controls. Results have shown 

that patients with COVID-19 have a significantly 

reduced bacterial diversity; an abundance of several 

opportunistic pathogens, such as Streptococcus, 

Actinomyces; Rothia and Veillonella, in addition to 

lower abundance of the beneficial symbionts.   

       Similarly, Zuo et al., (2020) performed a 

metagenomic sequencing analysis on the fecal samples 

collected from 15 patients with COVID-19 in Hong 

Kong. Results demonstrated that those patients have 

significant alterations in the fecal microbiota compared 

to the controls. Moreover, these fecal samples have 

been characterized by enrichment of the opportunistic 

pathogens and depletion of the beneficial commensals; 

where the gut dysbiosis persisted even after clearance 

of the SARS-CoV-2 and resolution of the respiratory 

symptoms.  
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Fig. 3. Schematic representation of the role of the gut-lung axis in COVID-19. The gut-lung axis is bidirectional, meaning that 

metabolites derived from the intestinal bacteria affect the lung via the blood, while inflammation of the lung modifies the 

intestinal microbiota. During SARS-CoV-2 infection, the virus can infect the lung cells and can also translocate through the 

circulation to the digestive tract, where SARS-CoV-2 binds to ACE2 on enterocytes. Dysbiosis of the intestinal microbiota as a 

consequence of infection breaks the integrity of the intestinal barrier. Inflammation in the gut induces altered permeability 

leading to translocation of bacterial antigens and toxins into the circulation, resulting in systemic inflammation 

 

       Another interesting study conducted at Rush 

University Medical Center (RUMC) where plasma 

samples from 60 SARS-CoV-2 positive individuals 

with varying degrees of severity and 20 negative 

controls have been analyzed, and reported that severe 

COVID-19 is associated with high levels of zonulin, 

which is a marker of tight junction permeability and 

translocation of the bacterial and fungal products into 

the blood such as LPS and -glucan. This marker of 

altered intestinal barrier integrity and microbial 

translocation correlates strongly with the higher levels 

of markers of systemic inflammation and immune 

activation, lower levels of markers of intestinal 

function, altered plasma metabolome and glucome, 

and higher mortality rate (Girón et al., 2021).  

       It has been recently reported by Yonker et al., 

(2021) that children with multi-systemic inflammatory 

syndrome have prolonged presence of SARS-CoV-2 in 

the gastrointestinal tract, which results in the release of 

zonulin; with subsequent trafficking of the SARS-

CoV-2 antigens into the bloodstream, thus triggering a 

state of hyper-inflammation. Increased zonulin levels 

indicate disruption of the tight junctions in the 
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intestinal epithelium, which may allow leakage of 

SARS-CoV-2 derived antigens into the bloodstream 

(Yonker et al., 2021). Zonulin release can be induced 

by various stimuli such as dysbiosis (Serek and 

Oleksy-Wawrzyniak, 2021). 

Conclusion 

       The gut microbiome performs several important 

functions, such as metabolizing the nutrients, resisting 

pathogenic colonization, maintaining the intestinal 

barrier and educating the immune system. Therefore, 

its balance is detrimental for the human health, due to 

its relationship with several essential physiological 

processes including maturation of both the innate and 

the adaptive immune responses. As have been 

discussed in this review, the intestinal dysbiosis has an 

impact on the respiratory mucosa, and infection of the 

intestinal epithelial cells by SARS-CoV-2 can induce 

dysbiosis; intestinal inflammation and gastrointestinal 

symptoms. In addition, the intestinal dysbiosis is a 

phenomenon observed in several comorbidities such as 

type 2 diabetes; obesity, hypertension, coronary artery 

disease, and in other aging-related disorders. Dysbiosis 

is associated with altered inflammatory immune 

response due to SARS-CoV-2, thus favoring infection; 

dissemination, and severity of the disease in these 

patients. It is unclear to what extent the composition of 

the gut microbiome is influenced by clinical 

management of these COVID-19 patients. However, 

caution is needed when interpreting the results, i.e. 

taking into account the antibiotic use, as many patients 

with COVID-19 receive antibiotic therapy empirically. 

Further studies are therefore needed to improve our 

knowledge about the role of the gut microbiome and 

its interactions in the context of SARS-CoV-2 

infection.   

Acknowledgements 

       The authors would like to thank Jorge Robalino, 

Patricio Salazar, Nelson Muñoz, Diego Tene and 

Adriana Pedreañez, who contributed to the conception 

and design of the study. The material preparation, data 

collection and analysis were performed by all the 

participants. 

Conflict of interest 

The authors declare no conflict of interests. 

Funding source 

       This research did not receive any specific grant 

from funding agencies in the public, commercial, or 

not-for-profit sector. 

Ethical approval 

Non-applicable. 

7. References 

Abt, M.C.; Osborne, L.C.; Monticelli, L.A.; 

Doering, T.A.; Alenghat, T.; Sonnenberg, G.F.; 

Paley, M.A.; Antenus, M.; Williams, K.L.; Erikson, 

J.; Wherry, E.J. and Artis, D. (2012). Commensal 

bacteria calibrate the activation threshold of innate 

antiviral immunity. Immunity. 37(1): 158-170. 

https://doi.org/10.1016/j.immuni.2012.04.011 

Al Nabhani, Z. and Eberl, G. (2020). Imprinting of 

the immune system by the microbiota early in life. 

Mucosal Immunology. 13(2): 183-189. 

https://doi.org/10.1038/s41385-020-0257-y 

Alex, S.; Lange, K.; Amolo, T.; Grinstead, J.S.; 

Haakonsson, A.K.; Szalowska, E.; Koppen, A.; 

Mudde, K.; Haenen, D.; Al-Lahham, S.; Roelofsen, 

H.; Houtman, R.; van der Burg, B.; Mandrup, S.; 

Bonvin, A. M.; Kalkhoven, E.; Müller, M.; 

Hooiveld, G. J. and Kersten, S. (2013). Short-chain 

fatty acids stimulate angiopoietin-like 4 synthesis in 

human colon adenocarcinoma cells by activating 

peroxisome proliferator-activated receptor γ. 

Molecular and Cellular Biology. 33(7): 1303-1316. 

https://doi.org/10.1128/MCB.00858-12 

Atarashi, K.; Tanoue, T.; Ando, M.; Kamada, N.; 

Nagano, Y.; Narushima, S.; Suda, W.; Imaoka, A.; 

Setoyama, H.; Nagamori, T.; Ishikawa, E.; Shima, 

https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1038/s41385-020-0257-y
https://doi.org/10.1128/MCB.00858-12


Robalino et al., 2022 

1648 
Novel Research in Microbiology Journal, 2022 

T., Hara, T.; Kado, S.; Jinnohara, T.; Ohno, H.; 

Kondo, T.; Toyooka, K.; Watanabe, E.; Yokoyama, 

S. and Honda, K. (2015). Th17 Cell Induction by 

Adhesion of Microbes to Intestinal Epithelial 

Cells. Cell. 163(2): 367-380. 

https://doi.org/10.1016/j.cell.2015.08.058  

Azushima, K.; Morisawa, N.; Tamura, K. and 

Nishiyama, A. (2020). Recent Research Advances in 

Renin-Angiotensin-Aldosterone System Receptors. 

Current Hypertension Reports. 22(3): 22. 

https://doi.org/10.1007/s11906-020-1028-6 

Balmer, M.L.; Schürch, C.M.; Saito, Y.; Geuking, 

M.B.; Li, H.; Cuenca, M.; Kovtonyuk, L.V.; 

McCoy, K.D.; Hapfelmeier, S.; Ochsenbein, A.F.; 

Manz, M.G.; Slack, E. and Macpherson, A.J. 

(2014). Microbiota-derived compounds drive steady-

state granulopoiesis via MyD88/TICAM signaling. 

Journal of Immunology. 193(10): 5273-5283. 

https://doi.org/10.4049/jimmunol.1400762 

Bandeira, A.; Mota-Santos, T.; Itohara, S.; 

Degermann, S.; Heusser, C.; Tonegawa, S. and 

Coutinho, A. (1990). Localization of gamma/delta T 

cells to the intestinal epithelium is independent of 

normal microbial colonization. The Journal of 

Experimental Medicine. 172(1): 239-244. 

https://doi.org/10.1084/jem.172.1.239 

Belkaid, Y. and Harrison, O.J. (2017). Homeostatic 

Immunity and the Microbiota. Immunity. 46(4): 562-

576. https://doi.org/10.1016/j.immuni.2017.04.008 

Belkaid, Y. and Hand, T.W. (2014). Role of the 

microbiota in immunity and 

inflammation. Cell. 157(1): 121-141. 

https://doi.org/10.1016/j.cell.2014.03.011  

Biasucci, G.; Rubini, M.; Riboni, S.; Morelli, L.; 

Bessi, E. and Retetangos, C. (2010). Mode of 

delivery affects the bacterial community in the 

newborn gut. Early Human Development. 86(Suppl 1): 

13-15. 

https://doi.org/10.1016/j.earlhumdev.2010.01.004 

Brestoff, J.R. and Artis, D. (2013). Commensal 

bacteria at the interface of host metabolism and the 

immune system. Nature Immunology. 14(7): 676-684. 

https://doi.org/10.1038/ni.2640 

Britanova, L. and Diefenbach, A. (2017). Interplay 

of innate lymphoid cells and the microbiota. 

Immunological Reviews. 279(1): 36-51. 

https://doi.org/10.1111/imr.12580 

Brodin, P. (2021). Immune determinants of COVID-

19 disease presentation and severity. Nature Medicine. 

27(1): 28-33. https://doi.org/10.1038/s41591-020-

01202-8 

Brown, R.L.; Sequeira, R.P. and Clarke, T.B. 

(2017). The microbiota protects against respiratory 

infection via GM-CSF signaling. Nature 

Communications. 8(1): 1512. 

https://doi.org/10.1038/s41467-017-01803-x 

Caballero, S. and Pamer, E.G. (2015). Microbiota-

mediated inflammation and antimicrobial defense in 

the intestine. Annual Review of Immunology. 33: 227-

256. https://doi.org/10.1146/annurev-immunol-

032713-120238 

Cheema, M.U. and Pluznick, J.L. (2019). Gut 

Microbiota Plays a Central Role to Modulate the 

Plasma and Fecal Metabolomes in Response to 

Angiotensin II. Hypertension. 74(1): 184-193. 

https://doi.org/10.1161/HYPERTENSIONAHA.119.1

3155 

Chen, Y.; Chen, L.; Deng, Q.; Zhang, G.; Wu, K.; 

Ni, L.; Yang, Y.; Liu, B.; Wang, W.; Wei, C.; Yang, 

J.; Ye, G. and Cheng, Z. (2020). The presence of 

SARS-CoV-2 RNA in the feces of COVID-19 

patients. Journal of Medical Virology. 92(7): 833-840. 

https://doi.org/10.1002/jmv.25825 

Chinnadurai, R.; Ogedengbe, O.; Agarwal, P.; 

Money-Coomes, S.; Abdurrahman, A.Z.; 

Mohammed, S.; Kalra, P.A.; Rothwell, N. and 

Pradhan, S. (2020). Older age and frailty are the chief 

predictors of mortality in COVID-19 patients admitted 

https://doi.org/10.1016/j.cell.2015.08.058
https://doi.org/10.1007/s11906-020-1028-6
https://doi.org/10.4049/jimmunol.1400762
https://doi.org/10.1084/jem.172.1.239
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1016/j.earlhumdev.2010.01.004
https://doi.org/10.1038/ni.2640
https://doi.org/10.1111/imr.12580
https://doi.org/10.1038/s41591-020-01202-8
https://doi.org/10.1038/s41591-020-01202-8
https://doi.org/10.1038/s41467-017-01803-x
https://doi.org/10.1146/annurev-immunol-032713-120238
https://doi.org/10.1146/annurev-immunol-032713-120238
https://doi.org/10.1161/HYPERTENSIONAHA.119.13155
https://doi.org/10.1161/HYPERTENSIONAHA.119.13155
https://doi.org/10.1002/jmv.25825


Robalino et al., 2022 

1649 
Novel Research in Microbiology Journal, 2022 

to an acute medical unit in a secondary care setting- a 

cohort study. BMC Geriatrics. 20(1): 409. 

https://doi.org/10.1186/s12877-020-01803-5 

Cho, I. and Blaser, M.J. (2012). The human 

microbiome: at the interface of health and disease. 

Nature reviews. Genetics. 13(4): 260-270. 

https://doi.org/10.1038/nrg3182 

Chunxi, L.; Haiyue, L.; Yanxia, L.; Jianbing, P. 

and Jin, S. (2020). The Gut Microbiota and 

Respiratory Diseases: New Evidence. Journal of 

Immunology Research. 2020: 2340670. 

https://doi.org/10.1155/2020/2340670 

Clarke, T.B. (2014). Early innate immunity to 

bacterial infection in the lung is regulated systemically 

by the commensal microbiota via nod-like receptor 

ligands. Infection and Immunity. 82(11): 4596-4606. 

https://doi.org/10.1128/IAI.02212-14 

Clarke, T.B.; Davis, K.M.; Lysenko, E.S.; Zhou, 

A.Y.; Yu, Y. and Weiser, J.N. (2010). Recognition of 

peptidoglycan from the microbiota by Nod1 enhances 

systemic innate immunity. Nature Medicine. 16(2): 

228-231. https://doi.org/10.1038/nm.2087 

Cole-Jeffrey, C.T.; Liu, M.; Katovich, M.J.; 

Raizada, M.K. and Shenoy, V. (2015). ACE2 and 

Microbiota: Emerging Targets for Cardiopulmonary 

Disease Therapy. Journal of Cardiovascular 

Pharmacology. 66(6): 540-550. 

https://doi.org/10.1097/FJC.0000000000000307 

Crabbé, P.A.; Bazin, H.; Eyssen, H. and Heremans, 

J.F. (1968). The normal microbial flora as a major 

stimulus for proliferation of plasma cells synthesizing 

IgA in the gut. The germ-free intestinal tract. 

International Archives of Allergy and Applied 

Immunology. 34(4): 362–375. 

https://doi.org/10.1159/000230130 

Cucinotta, D. and Vanelli, M. (2020). WHO Declares 

COVID-19 a Pandemic. Acta Biomedica: 91(1): 157–

160. https://doi.org/10.23750/abm.v91i1.9397 

Dang, A.T. and Marsland, B.J. (2019). Microbes, 

metabolites, and the gut-lung axis. Mucosal 

Immunology. 12(4): 843-850. 

https://doi.org/10.1038/s41385-019-0160-6 

De Vadder, F.; Kovatcheva-Datchary, P.; 

Goncalves, D.; Vinera, J.; Zitoun, C.; Duchampt, 

A.; Bäckhed, F. and Mithieux, G. (2014). 

Microbiota-generated metabolites promote metabolic 

benefits via gut-brain neural circuits. Cell. 156(1-2): 

84-96. https://doi.org/10.1016/j.cell.2013.12.016 

Deshmukh, H.S.; Liu, Y.; Menkiti, O.R.; Mei, J.; 

Dai, N.; O'Leary, C.E.; Oliver, P.M.; Kolls, J.K.; 

Weiser, J.N. and Worthen, G.S. (2014). The 

microbiota regulates neutrophil homeostasis and host 

resistance to Escherichia coli K1 sepsis in neonatal 

mice. Nature Medicine. 20(5): 524-530. 

https://doi.org/10.1038/nm.3542 

Dominguez-Bello, M.G.; Costello, E.K.; Contreras, 

M.; Magris, M.; Hidalgo, G.; Fierer, N. and Knight, 

R. (2010). Delivery mode shapes the acquisition and 

structure of the initial microbiota across multiple body 

habitats in newborns. Proceedings of the National 

Academy of Sciences of the United States of America. 

107(26): 11971-11975. 

https://doi.org/10.1073/pnas.1002601107 

Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; 

Purdom, E.; Dethlefsen, L.; Sargent, M., Gill, S.R.; 

Nelson, K.E. and Relman, D.A. (2005). Diversity of 

the human intestinal microbial flora. Science. 

308(5728): 1635-1638. 

https://doi.org/10.1126/science.1110591 

Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; 

Wieërs, G.; Guery, B. and Delhaes, L. (2020). The 

Gut-Lung Axis in Health and Respiratory Diseases: A 

Place for Inter-Organ and Inter-Kingdom Cross talks. 

Frontiers in Cellular and Infection Microbiology. 10: 

9. https://doi.org/10.3389/fcimb.2020.00009 

Fagundes, C.T.; Amaral, F. A.; Vieira, A.T.; 

Soares, A.C.; Pinho, V.; Nicoli, J.R.; Vieira, L.Q.; 

Teixeira, M.M. and Souza, D.G. (2012). Transient 

https://doi.org/10.1186/s12877-020-01803-5
https://doi.org/10.1038/nrg3182
https://doi.org/10.1155/2020/2340670
https://doi.org/10.1128/IAI.02212-14
https://doi.org/10.1038/nm.2087
https://doi.org/10.1097/FJC.0000000000000307
https://doi.org/10.1159/000230130
https://doi.org/10.23750/abm.v91i1.9397
https://doi.org/10.1038/s41385-019-0160-6
https://doi.org/10.1016/j.cell.2013.12.016
https://doi.org/10.1038/nm.3542
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1126/science.1110591
https://doi.org/10.3389/fcimb.2020.00009


Robalino et al., 2022 

1650 
Novel Research in Microbiology Journal, 2022 

TLR activation restores inflammatory response and 

ability to control pulmonary bacterial infection in 

germfree mice. Journal of Immunology. 188(3): 1411-

1420. https://doi.org/10.4049/jimmunol.1101682 

Fallani, M.; Amarri, S.; Uusijarvi, A.; Adam, R.; 

Khanna, S.; Aguilera, M.; Gil, A.; Vieites, J.M.; 

Norin, E.; Young, D.; Scott, J.A.; Doré, J. and 

Edwards, C.A. (2011). Determinants of the human 

infant intestinal microbiota after the introduction of 

first complementary foods in infant samples from five 

European centers. Microbiology. 157(5): 1385-1392. 

https://doi.org/10.1099/mic.0.042143-0 

Forslund, K.; Hildebrand, F., Nielsen, T.; Falony, 

G.; Le Chatelier, E.; Sunagawa, S.; Prifti, E.; 

Vieira-Silva, S.; Gudmundsdottir, V.; Pedersen, 

HK.; Arumugam, M.; Kristiansen, K.; Voigt, AY.; 

Vestergaard, H.; Hercog, R.; Costea, PI.;Kultima, 

JR.; Li, J.; Jørgensen, T.; Levenez, F. and 

Pedersen, O. (2015). Disentangling type 2 diabetes 

and metformin treatment signatures in the human gut 

microbiota. Nature. 528(7581): 262-266. 

https://doi.org/10.1038/nature15766 

Franceschi, C. and Campisi, J. (2014). Chronic 

inflammation (inflammaging) and its potential 

contribution to age-associated diseases. The Journals 

of Gerontology. Series A. 69(Suppl 1): S4–S9. 

https://doi.org/10.1093/gerona/glu057 

Franceschi, C.; Bonafè, M.; Valensin, S.; Olivieri, 

F.; De Luca, M.; Ottaviani, E. and De Benedictis, 

G. (2000). Inflamm-aging. An evolutionary 

perspective on immunosenescence. Annals of the New 

York Academy of Sciences. 908: 244-254. 

https://doi.org/10.1111/j.1749-6632.2000.tb06651.x 

Freedberg, D.E.; Toussaint, N.C.; Chen, S.P.; 

Ratner, A.J.; Whittier, S.; Wang, T.C.; Wang, H.H. 

and Abrams, J.A. (2015). Proton Pump Inhibitors 

Alter Specific Taxa in the Human Gastrointestinal 

Microbiome: A Crossover 

Trial. Gastroenterology. 149(4): 883-885.e9. 

https://doi.org/10.1053/j.gastro.2015.06.043 

Gaboriau-Routhiau, V.; Rakotobe, S.; Lécuyer, E.; 

Mulder, I.; Lan, A.; Bridonneau, C.; Rochet, V.; 

Pisi, A.; De Paepe, M.; Brandi, G.; Eberl, G., Snel, 

J.; Kelly, D. and Cerf-Bensussan N. (2009). The key 

role of segmented filamentous bacteria in the 

coordinated maturation of gut helper T cell 

responses. Immunity. 31(4): 677-689. 

https://doi.org/10.1016/j.immuni.2009.08.020 

Gauguet, S.; D'Ortona, S.; Ahnger-Pier, K.; Duan, 

B.; Surana, N.K.; Lu, R.; Cywes-Bentley, C.; 

Gadjeva, M.; Shan, Q.; Priebe, G.P. and Pier, G.B. 

(2015). Intestinal Microbiota of Mice Influences 

Resistance to Staphylococcus aureus Pneumonia. 

Infection and Immunity. 83(10): 4003-4014. 

https://doi.org/10.1128/IAI.00037-15 

Giron, L.B.: Dweep, H.: Yin, X.: Wang, H.; Damra, 

M.; Goldman, A.R.; Gorman, N.; Palmer, C.S.; 

Tang, H.Y.; Shaikh, M.W.; Forsyth, C.B.; Balk, 

R.A.; Zilberstein, N.F.; Liu, Q.; Kossenkov, A.; 

Keshavarzian, A.; Landay, A. and Abdel-Mohsen, 

M. (2021). Plasma Markers of Disrupted Gut 

Permeability in Severe COVID-19 Patients. Frontiers 

in Immunology. 12: 686240. 

https://doi.org/10.3389/fimmu.2021.686240 

Green, G.L.; Brostoff, J.; Hudspith, B.; Michael, 

M.; Mylonaki, M.; Rayment, N.; Staines, N.; 

Sanderson, J.; Rampton, D.S. and Bruce, K.D. 

(2006). Molecular characterization of the bacteria 

adherent to human colorectal mucosa. Journal of 

Applied Microbiology. 100(3): 460-469. 

https://doi.org/10.1111/j.1365-2672.2005.02783.x 

Gresse, R.; Chaucheyras-Durand, F.; Fleury, M.A.; 

Van de Wiele, T.; Forano, E. and  Blanquet-Diot, S. 

(2017). Gut Microbiota Dysbiosis in Post weaning 

Piglets: Understanding the Keys to Health. Trends in 

Microbiology. 25(10): 851-873. 

https://doi.org/10.1016/j.tim.2017.05.004 

Gu, S.; Chen, Y.; Wu, Z.; Chen, Y.; Gao, H.; Lv, 

L.; Guo, F.; Zhang, X.; Luo, R.; Huang, C.; Lu, H.; 

Zheng, B.; Zhang, J.; Yan, R.; Zhang, H.; Jiang, 

H.; Xu, Q.; Guo, J.; Gong, Y.; Tang, L.  et al. 

https://doi.org/10.4049/jimmunol.1101682
https://doi.org/10.1099/mic.0.042143-0
https://doi.org/10.1038/nature15766
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1053/j.gastro.2015.06.043
https://doi.org/10.1016/j.immuni.2009.08.020
https://doi.org/10.1128/IAI.00037-15
https://doi.org/10.3389/fimmu.2021.686240
https://doi.org/10.1111/j.1365-2672.2005.02783.x
https://doi.org/10.1016/j.tim.2017.05.004


Robalino et al., 2022 

1651 
Novel Research in Microbiology Journal, 2022 

(2020). Alterations of the Gut Microbiota in Patients 

with Coronavirus Disease 2019 or H1N1 Influenza. 

Clinical Infectious Diseases. 71(10): 2669-2678. 

https://doi.org/10.1093/cid/ciaa709 

Guarner, F. and Malagelada, J.R. (2003). Gut flora 

in health and disease. Lancet. 361(9356): 512-519. 

https://doi.org/10.1016/S0140-6736(03)12489-0. 

Gupta, V.K.; Murthy, M.K. and Patil, S. (2021). 

Can Host Cell Proteins Like ACE2, ADAM17, 

TMPRSS2, Androgen Receptor be the Efficient 

Targets in SARS-CoV-2 Infection?. Current Drug 

Targets. 22(10): 1149-1157. 

https://doi.org/10.2174/1389450121999201125201112 

Haak, BW.; Littmann, ER.; Chaubard, JL.; 

Pickard, AJ.; Fontana, E.M; Adhi, F.; Gyaltshen, 

Y.; Ling, L.; Morjaria, SM.; Peled, JU.; van den 

Brink, MR.; Geyer, AI.; Cross, JR.; Pamer, EG. 

and Taur, Y. (2018). Impact of gut colonization with 

butyrate-producing microbiota on respiratory viral 

infection following allo-HCT. Blood. 131(26): 2978–

2986. https://doi.org/10.1182/blood-2018-01-828996. 

Han, C.; Duan, C.; Zhang, S.; Spiegel, B.; Shi, H.; 

Wang, W.; Zhang, L.; Lin, R.; Liu, J.; Ding, Z. and 

Hou, X. (2020). Digestive Symptoms in COVID-19 

Patients with Mild Disease Severity: Clinical 

Presentation, Stool Viral RNA Testing, and Outcomes. 

The American Journal of Gastroenterology. 115(6): 

916-923. 

https://doi.org/10.14309/ajg.0000000000000664 

Hearps, A.C.; Martin, G.E.; Angelovich, T.A.; 

Cheng, W.J.; Maisa, A.; Landay, A.L.; 

Jaworowski, A. and Crowe, S.M. (2012). Aging is 

associated with chronic innate immune activation and 

dysregulation of monocyte phenotype and function. 

Aging Cell. 11(5): 867-875. 

https://doi.org/10.1111/j.1474-9726.2012.00851.x 

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; 

Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, 

TS.; Herrler, G.; Wu, NH.; Nitsche, A.; Müller, 

MA.; Drosten, C. and Pöhlmann, S. (2020). SARS-

CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 

and Is Blocked by a Clinically Proven Protease 

Inhibitor. Cell. 181(2): 271-280.e8. 

https://doi.org/10.1016/j.cell.2020.02.052 

Honda, K. and Littman, D.R. (2016). The microbiota 

in adaptive immune homeostasis and 

disease. Nature. 535(7610): 75-84. 

https://doi.org/10.1038/nature18848. 

Hooper, L.V.; Stappenbeck, T.S.; Hong, C.V. and 

Gordon, J.I. (2003). Angiogenins: a new class of 

microbicidal proteins involved in innate immunity. 

Nature Immunology. 4(3): 269-273. 

https://doi.org/10.1038/ni888 

Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, 

Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; Cheng, Z.; 

Yu, T.; Xia, J.; Wei, Y.; Wu, W.; Xie, X.; Yin, W.; 

Li, H.; Liu, M.; Xiao, Y. et al. (2020). Clinical 

features of patients infected with 2019 novel 

coronavirus in Wuhan, China. Lancet. 395(10223): 

497-506. https://doi.org/10.1016/S0140-

6736(20)30183-5 

Ichinohe, T.; Pang, I.K.; Kumamoto, Y.; Peaper, 

D.R.; Ho, J.H.; Murray, T.S. and Iwasaki, A. 

(2011). Microbiota regulates immune defense against 

respiratory tract influenza A virus infection. 

Proceedings of the National Academy of Sciences of 

the United States of America. 108(13): 5354-5359. 

https://doi.org/10.1073/pnas.1019378108 

Ivanov, I.I.; Atarashi, K.; Manel, N.; Brodie, EL.; 

Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.C.; 

Santee, C.A.; Lynch, SV.; Tanoue, T.; Imaoka, A.; 

Itoh, K.; Takeda, K.; Umesaki, Y.; Honda, K. and 

Littman, D.R. (2009). Induction of intestinal Th17 

cells by segmented filamentous bacteria. Cell. 139(3): 

485-498. https://doi.org/10.1016/j.cell.2009.09.033 

Jakobsson, H.E.; Jernberg, C.; Andersson, A.F.; 

Sjölund-Karlsson, M.; Jansson, J.K. and  

Engstrand, L. (2010). Short-term antibiotic treatment 

has differing long-term impacts on the human throat 

https://doi.org/10.1093/cid/ciaa709
https://doi.org/10.1016/S0140-6736(03)12489-0
https://doi.org/10.2174/1389450121999201125201112
https://doi.org/10.1182/blood-2018-01-828996
https://doi.org/10.14309/ajg.0000000000000664
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/nature18848
https://doi.org/10.1038/ni888
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1016/j.cell.2009.09.033


Robalino et al., 2022 

1652 
Novel Research in Microbiology Journal, 2022 

and gut microbiome. PloS One. 5(3): e9836. 

https://doi.org/10.1371/journal.pone.0009836 

Jernberg, C.; Löfmark, S.; Edlund, C. and  

Jansson, J.K. (2007). Long-term ecological impacts 

of antibiotic administration on the human intestinal 

microbiota. The ISME Journal. 1(1): 56-66. 

https://doi.org/10.1038/ismej.2007.3 

Jordan, R.E.; Adab, P. and Cheng, K.K. (2020). 

Covid-19: risk factors for severe disease and death. 

BMJ. 368: m1198. https://doi.org/10.1136/bmj.m1198 

Ju, M.; Liu, Y.; Li, M.; Cheng, M.; Zhang, Y.; 

Deng, G.; Kang, X. and Liu, H. (2019). Baicalin 

improves intestinal microecology and abnormal 

metabolism induced by high-fat diet. European Journal 

of Pharmacology. 857: 172457. 

https://doi.org/10.1016/j.ejphar.2019.172457 

Kalantar-Zadeh, K.; Ward, S.A.; Kalantar-Zadeh, 

K. and El-Omar, E.M. (2020). Considering the 

Effects of Microbiome and Diet on SARS-CoV-2 

Infection: Nanotechnology Roles. American Chemical 

Society. ACS Nano. 14(5): 5179-5182. 

https://doi.org/10.1021/acsnano.0c03402 

Karczewski, J.; Poniedziałek, B.; Adamski, Z. and 

Rzymski, P. (2014). The effects of the microbiota on 

the host immune system. Autoimmunity. 47(8): 494-

504. https://doi.org/10.3109/08916934.2014.938322 

Kau, A.L.; Ahern, P.P.; Griffin, N.W.; Goodman, 

A.L. and Gordon, J.I. (2011). Human nutrition, the 

gut microbiome and the immune 

system. Nature. 474(7351): 327-336. 

https://doi.org/10.1038/nature10213. 

Khan, N.; Vidyarthi, A.; Nadeem, S.; Negi, S.; Nair, 

G. and Agrewala, J.N. (2016). Alteration in the Gut 

Microbiota Provokes Susceptibility to Tuberculosis. 

Frontiers in Immunology. 7: 529. 

https://doi.org/10.3389/fimmu.2016.00529 

Khosravi, A.; Yáñez, A.; Price, J.G.; Chow, A.; 

Merad, M.; Goodridge, H.S. and Mazmanian, S.K. 

(2014). Gut microbiota promote hematopoiesis to 

control bacterial infection. Cell Host and Microbe. 

15(3): 374-381. 

https://doi.org/10.1016/j.chom.2014.02.006 

Kiss, E.A.; Vonarbourg, C.; Kopfmann, S.; 

Hobeika, E.; Finke, D.; Esser, C. and Diefenbach, 

A. (2011). Natural aryl hydrocarbon receptor ligands 

control organogenesis of intestinal lymphoid 

follicles. Science. 334(6062): 1561-1565. 

https://doi.org/10.1126/science.1214914 

Koenig, J.E.; Spor, A.; Scalfone, N.; Fricker, A.D.; 

Stombaugh, J.; Knight, R.; Angenent, L.T. and 

Ley, R.E. (2011). Succession of microbial consortia in 

the developing infant gut microbiome. Proceedings of 

the National Academy of Sciences of the United States 

of America. 108: 4578-4585. 

https://doi.org/10.1073/pnas.1000081107 

Kotfis, K. and Skonieczna-Żydecka, K. (2020). 

COVID-19: gastrointestinal symptoms and potential 

sources of SARS-CoV-2 

transmission. Anaesthesiology Intensive 

Therapy. 52(2): 171-172. 

https://doi.org/10.5114/ait.2020.93867 

La Rosa, P.S.; Warner, B.B.; Zhou, Y.; Weinstock, 

G.M.; Sodergren, E.; Hall-Moore, C. M.; Stevens, 

H.J.; Bennett, W.E.; Jr, Shaikh, N.; Linneman, 

L.A.; Hoffmann, J.A.; Hamvas, A.; Deych, E.; 

Shands, B.A.; Shannon, W.D. and Tarr, P.I. (2014). 

Patterned progression of bacterial populations in the 

premature infant gut. Proceedings of the National 

Academy of Sciences of the United States of America. 

111(34): 12522-12527. 

https://doi.org/10.1073/pnas.1409497111 

LeBlanc, J.G.; Milani, C.; de Giori, G.S.; Sesma, 

F.; van Sinderen, D. and Ventura, M. (2013). 

Bacteria as vitamin suppliers to their host: a gut 

microbiota perspective. Current Opinion in 

Biotechnology. 24(2): 160-168. 

https://doi.org/10.1016/j.copbio.2012.08.005 

Lécuyer, E.; Rakotobe, S.; Lengliné-Garnier, H.; 

Lebreton, C.; Picard, M.; Juste, C.; Fritzen, R.; 

https://doi.org/10.1371/journal.pone.0009836
https://doi.org/10.1038/ismej.2007.3
https://doi.org/10.1136/bmj.m1198
https://doi.org/10.1016/j.ejphar.2019.172457
https://doi.org/10.1021/acsnano.0c03402
https://doi.org/10.3109/08916934.2014.938322
https://doi.org/10.1038/nature10213
https://doi.org/10.3389/fimmu.2016.00529
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.1126/science.1214914
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.5114/ait.2020.93867
https://doi.org/10.1073/pnas.1409497111
https://doi.org/10.1016/j.copbio.2012.08.005


Robalino et al., 2022 

1653 
Novel Research in Microbiology Journal, 2022 

Eberl, G.; McCoy, KD.; Macpherson, AJ.; 

Reynaud, CA.; Cerf-Bensussan, N. and Gaboriau-

Routhiau, V. (2014). Segmented filamentous 

bacterium uses secondary and tertiary lymphoid tissues 

to induce gut IgA and specific T helper 17 cell 

responses. Immunity. 40(4): 608-620. 

https://doi.org/10.1016/j.immuni.2014.03.009 

Levy, M.; Kolodziejczyk, A.A.; Thaiss, C.A. and 

Elinav, E. (2017). Dysbiosis and the immune system. 

Nature Reviews Immunology. 17(4): 219-232. 

https://doi.org/10.1038/nri.2017.7 

Libertucci, J. and Young, V.B. (2019). The role of 

the microbiota in infectious diseases. Nature 

Microbiology. 4(1): 35-45. 

https://doi.org/10.1038/s41564-018-0278-4 

Limon, J.J.; Skalski, J.H. and Underhill, D.M. 

(2017). Commensal Fungi in Health and Disease. Cell 

Host and Microbe. 22(2): 156-165. 

https://doi.org/10.1016/j.chom.2017.07.002 

Lloyd-Price, J.; Abu-Ali, G. and Huttenhower, C. 

(2016). The healthy human microbiome. Genome 

Medicine. 8(1): 51. https://doi.org/10.1186/s13073-

016-0307-y 

Lozupone, CA.; Stombaugh, JI.; Gordon, JI.; 

Jansson, JK. and Knight, R. (2012). Diversity, 

stability and resilience of the human gut 

microbiota. Nature. 489(7415): 220-230. 

https://doi.org/10.1038/nature11550 

Lynch, S.V. and Pedersen, O. (2016). The Human 

Intestinal Microbiome in Health and Disease. The New 

England Journal of Medicine. 375(24): 2369-2379. 

https://doi.org/10.1056/NEJMra1600266 

Macpherson, A.J. and Harris, N.L. (2004). 

Interactions between commensal intestinal bacteria 

and the immune system. Nature Review 

Immunology. 4(6): 478-485. 

https://doi.org/10.1038/nri1373. 

Malek Mahdavi, A. (2020). A brief review of 

interplay between vitamin D and angiotensin-

converting enzyme 2: Implications for a potential 

treatment for COVID-19. Reviews in Medical 

Virology. 30(5): e2119. 

https://doi.org/10.1002/rmv.2119 

Mangiola, F.; Nicoletti, A.; Gasbarrini, A. and 

Ponziani, F.R. (2018). Gut microbiota and aging. 

European Review for Medical and Pharmacological 

Sciences. 22(21): 7404-7413. 

https://doi.org/10.26355/eurrev_201811_16280 

Martinez, K.B.; Leone, V. and Chang, E.B. (2017). 

Western diets, gut dysbiosis, and metabolic diseases: 

Are they linked?. Gut Microbes. 8(2): 130-142. 

https://doi.org/10.1080/19490976.2016.1270811 

Mashaqi, S. and Gozal, D. (2019). Obstructive Sleep 

Apnea and Systemic Hypertension: Gut Dysbiosis as 

the Mediator?. Journal of Clinical Sleep Medicine 

(JCSM). 15(10): 1517-1527. 

https://doi.org/10.5664/jcsm.7990 

Mazmanian, S.K. and Kasper, D.L. (2006). The 

love-hate relationship between bacterial 

polysaccharides and the host immune system. Nature 

Review Immunology. 6(11): 849-858. 

https://doi.org/10.1038/nri1956 

Mirzaei, M.K. and Maurice, C.F. (2017). Ménage à 

trois in the human gut: interactions between host, 

bacteria and phages. Nature Review 

Microbiology. 15(7): 397-408. 

https://doi.org/10.1038/nrmicro.2017.30 

McDermott, A.J. and Huffnagle, G.B. (2014). The 

microbiome and regulation of mucosal 

immunity. Immunology. 142(1): 24-31. 

https://doi.org/10.1111/imm.12231 

Nagpal, R.; Mainali, R.; Ahmadi, S.; Wang, S.; 

Singh, R.; Kavanagh, K.; Kitzman, D.W.; 

Kushugulova, A.; Marotta, F. and Yadav, H. 

(2018). Gut microbiome and aging: Physiological and 

mechanistic insights. Nutrition and Healthy Aging. 

4(4): 267-285. https://doi.org/10.3233/NHA-170030 

https://doi.org/10.1016/j.immuni.2014.03.009
https://doi.org/10.1038/nri.2017.7
https://doi.org/10.1038/s41564-018-0278-4
https://doi.org/10.1016/j.chom.2017.07.002
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.1038/nature11550
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1038/nri1373
https://doi.org/10.1002/rmv.2119
https://doi.org/10.26355/eurrev_201811_16280
https://doi.org/10.1080/19490976.2016.1270811
https://doi.org/10.5664/jcsm.7990
https://doi.org/10.1038/nri1956
https://doi.org/10.1038/nrmicro.2017.30
https://doi.org/10.1111/imm.12231
https://doi.org/10.3233/NHA-170030


Robalino et al., 2022 

1654 
Novel Research in Microbiology Journal, 2022 

Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, 

R.; Gibson, G.; Jia, W. and Pettersson, S. (2012). 

Host-gut microbiota metabolic interactions. Science. 

336(6086): 1262-1267. 

https://doi.org/10.1126/science.1223813 

Nikolich-Zugich, J.; Knox, K.S.; Rios, C.T.; Natt, 

B.; Bhattacharya, D. and Fain, M.J. (2020). SARS-

CoV-2 and COVID-19 in older adults: what we may 

expect regarding pathogenesis, immune responses, and 

outcomes. Geroscience. 42(2): 505-514. 

https://doi.org/10.1007/s11357-020-00186-0 

Oh, S.F.; Praveena, T.; Song, H.; Yoo, J.S.; Jung, 

D.J.; Erturk-Hasdemir, D.; Hwang, Y.S.; Lee, 

C.C.; Le Nours, J.; Kim, H.; Lee, J.; Blumberg, 

R.S.; Rossjohn, J.; Park, S.B. and Kasper, D.L. 

(2021). Host immunomodulatory lipids created by 

symbionts from dietary amino acids. Nature. 

600(7888): 302-307. https://doi.org/10.1038/s41586-

021-04083-0 

Oh, J.Z.; Ravindran, R.; Chassaing, B.; Carvalho, 

F.A.; Maddur, M.S.; Bower, M.; Hakimpour, P.; 

Gill, K.P.; Nakaya, H.I.; Yarovinsky, F.; Sartor, 

R.B.; Gewirtz, A.T. and Pulendran, B. (2014). 

TLR5-mediated sensing of gut microbiota is necessary 

for antibody responses to seasonal influenza 

vaccination. Immunity. 41(3): 478-492. 

https://doi.org/10.1016/j.immuni.2014.08.009 

Onder, G.; Rezza, G. and Brusaferro, S. (2020). 

Case-Fatality Rate and Characteristics of Patients 

Dying in Relation to COVID-19 in Italy. Journal of the 

American Medical Association. 323(18): 1775-1776. 

https://doi.org/10.1001/jama.2020.4683 

Ostman, S.; Rask, C.; Wold, A.E.; Hultkrantz, S. 

and Telemo, E. (2006). Impaired regulatory T cell 

function in germ-free mice. European Journal of 

Immunology. 36(9): 2336-2346. 

https://doi.org/10.1002/eji.200535244 

Ouwehand, A.C.; Salminen, S.; Arvola, T.; Ruuska, 

T. and Isolauri, E. (2004). Microbiota composition of 

the intestinal mucosa: association with fecal 

microbiota?. Microbiology and Immunology. 48(7): 

497-500. https://doi.org/10.1111/j.1348-

0421.2004.tb03544.x 

Palmer, C.; Bik, E.M.; DiGiulio, D.B.; Relman, 

D.A. and Brown, P.O. (2007). Development of the 

human infant intestinal microbiota. PLoS Biology. 

5(7): e177. 

https://doi.org/10.1371/journal.pbio.0050177 

Park, S.K.; Lee, C.W.; Park, D.I.; Woo, H.Y.; 

Cheong, H.S.; Shin, H.C.; Ahn, K.; Kwon, M.J. and 

Joo, E.J. (2021). Detection of SARS-CoV-2 in Fecal 

Samples from Patients with Asymptomatic and Mild 

COVID-19 in Korea. Clinical Gastroenterology and 

Hepatology. 19(7): 1387-1394.e2. 

https://doi.org/10.1016/j.cgh.2020.06.005 

Patel, V.B.; Clarke, N.; Wang, Z.; Fan, D.; 

Parajuli, N.; Basu, R.; Putko, B.; Kassiri, Z.; 

Turner, A.J. and Oudit, G.Y. (2014). Angiotensin II 

induced proteolytic cleavage of myocardial ACE2 is 

mediated by TACE/ADAM-17: a positive feedback 

mechanism in the RAS. Journal of Molecular and 

Cellular Cardiology. 66: 167-176. 

https://doi.org/10.1016/j.yjmcc.2013.11.017 

Pedreañez, A.; Mosquera-Sulbaran, J. and Muñoz, 

N. (2021). SARS-CoV-2 infection represents a high 

risk for the elderly: analysis of pathogenesis. Archives 

of Virology. 166(6): 1565-1574. 

https://doi.org/10.1007/s00705-021-05042-w 

Peterson, C.T.; Sharma, V.; Elmén, L. and 

Peterson, S.N. (2015). Immune homeostasis, dysbiosis 

and therapeutic modulation of the gut microbiota. 

Clinical and Experimental Immunology. 179(3): 363-

377. https://doi.org/10.1111/cei.12474 

Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; 

Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; Peng, Y.; 

Zhang, D.; Jie, Z.; Wu, W.; Qin, Y.; Xue, W.; Li, 

J.; Han, L.; Lu, D.; Wu, P. et al. (2012). A 

metagenome-wide association study of gut microbiota 

in type 2 diabetes. Nature. 490(7418): 55-60. 

https://doi.org/10.1038/nature11450 

https://doi.org/10.1126/science.1223813
https://doi.org/10.1007/s11357-020-00186-0
https://doi.org/10.1038/s41586-021-04083-0
https://doi.org/10.1038/s41586-021-04083-0
https://doi.org/10.1016/j.immuni.2014.08.009
https://doi.org/10.1001/jama.2020.4683
https://doi.org/10.1002/eji.200535244
https://doi.org/10.1111/j.1348-0421.2004.tb03544.x
https://doi.org/10.1111/j.1348-0421.2004.tb03544.x
https://doi.org/10.1371/journal.pbio.0050177
https://doi.org/10.1016/j.cgh.2020.06.005
https://doi.org/10.1016/j.yjmcc.2013.11.017
https://doi.org/10.1007/s00705-021-05042-w
https://doi.org/10.1111/cei.12474
https://doi.org/10.1038/nature11450


Robalino et al., 2022 

1655 
Novel Research in Microbiology Journal, 2022 

Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, 

KS.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, 

F.; Yamada, T.; Mende, DR.; Li, J.; Xu, J.; Li, S.; 

Li, D.; Cao, J.; Wang, B.; Liang, H.; Zheng, H.; 

Xie, Y. et al. (2010). A human gut microbial gene 

catalogue established by metagenomic 

sequencing. Nature. 464(7285): 59-65. 

https://doi.org/10.1038/nature08821 

Rogers, M. and Aronoff, D.M. (2016). The influence 

of non-steroidal anti-inflammatory drugs on the gut 

microbiome. Clinical Microbiology and Infection. 

22(2): 178.e1-178.e9. 

https://doi.org/10.1016/j.cmi.2015.10.003 

Romani, L.; Zelante, T.; Palmieri, M.; Napolioni, 

V.; Picciolini, M.; Velardi, A.; Aversa, F. and 

Puccetti, P. (2015). The cross-talk between 

opportunistic fungi and the mammalian host via 

microbiota's metabolism. Seminars in 

Immunopathology. 37(2): 163-171. 

https://doi.org/10.1007/s00281-014-0464-2 

Rosshart, S.P.; Vassallo, B.G.; Angeletti, D.; 

Hutchinson, D.S.; Morgan, A.P.; Takeda, K.; 

Hickman, H.D.; McCulloch, J.A.; Badger, J.H.; 

Ajami, N.J.; Trinchieri, G.; Pardo-Manuel de 

Villena, F.; Yewdell, J.W. and Rehermann, B. 

(2017). Wild Mouse Gut Microbiota Promotes Host 

Fitness and Improves Disease Resistance. Cell. 171(5): 

1015-1028.e13. 

https://doi.org/10.1016/j.cell.2017.09.016 

Ruan, Q.; Yang, K.; Wang, W.; Jiang, L. and Song, 

J. (2020). Clinical predictors of mortality due to 

COVID-19 based on an analysis of data of 150 

patients from Wuhan, China. Intensive Care Medicine. 

46(5): 846-848. https://doi.org/10.1007/s00134-020-

05991-x 

Samuelson, D.R.; Shellito, J.E.; Maffei, V.J.; 

Tague, E.D.; Campagna, S.R.; Blanchard, E. E.; 

Luo, M.; Taylor, C.M.; Ronis, M.; Molina, P.E. and 

Welsh, D.A. (2017). Alcohol-associated intestinal 

dysbiosis impairs pulmonary host defense against 

Klebsiella pneumoniae. PLoS Pathogens. 13(6): 

e1006426. 

https://doi.org/10.1371/journal.ppat.1006426 

Samuelson, D.R.; Welsh, D.A. and Shellito, J.E. 

(2015). Regulation of lung immunity and host defense 

by the intestinal microbiota. Frontiers in Microbiology. 

6: 1085. https://doi.org/10.3389/fmicb.2015.01085 

Sato, J.; Kanazawa, A.; Ikeda, F.; Yoshihara, T.; 

Goto, H.; Abe, H.; Komiya, K.; Kawaguchi, M.; 

Shimizu, T.; Ogihara, T.; Tamura, Y.; Sakurai, Y.; 

Yamamoto, R.; Mita, T.; Fujitani, Y.; Fukuda, H.; 

Nomoto, K.; Takahashi, T.; Asahara, T.; Hirose, T. 

et al. (2014). Gut dysbiosis and detection of "live gut 

bacteria" in blood of Japanese patients with type 2 

diabetes. Diabetes Care. 37(8): 2343-2350. 

https://doi.org/10.2337/dc13-2817 

Sekirov, I.; Russell, S.L.; Antunes, L.C. and Finlay, 

B.B. (2010). Gut microbiota in health and disease. 

Physiological Reviews. 90(3): 859-904. 

https://doi.org/10.1152/physrev.00045.2009 

Selma-Royo, M.; Calatayud Arroyo, M.; García-

Mantrana, I.; Parra-Llorca, A.; Escuriet, R.; 

Martínez-Costa, C. and Collado, M.C. (2020). 

Perinatal environment shapes microbiota colonization 

and infant growth: impact on host response and 

intestinal function. Microbiome. 8(1): 167. 

https://doi.org/10.1186/s40168-020-00940-8 

Sencio, V.; Gallerand, A.; Gomes Machado, M.; 

Deruyter, L.; Heumel, S.; Soulard, D.; Barthelemy, 

J.; Cuinat, C.; Vieira, A.T.; Barthelemy, A.; 

Tavares, L.P.; Guinamard, R.; Ivanov, S.; 

Grangette, C.; Teixeira, M.M.; Foligné, B.; 

Wolowczuk, I.; Le Goffic, R.; Thomas, M. and 

Trottein, F. (2021). Influenza Virus Infection Impairs 

the Gut's Barrier Properties and Favors Secondary 

Enteric Bacterial Infection through Reduced 

Production of Short-Chain Fatty Acids. Infection and 

Immunity. 89(9): e0073420. 

https://doi.org/10.1128/IAI.00734-20. 

Sender, R.; Fuchs, S. and Milo, R. (2016). Revised 

Estimates for the Number of Human and Bacteria 

https://doi.org/10.1038/nature08821
https://doi.org/10.1016/j.cmi.2015.10.003
https://doi.org/10.1007/s00281-014-0464-2
https://doi.org/10.1016/j.cell.2017.09.016
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1371/journal.ppat.1006426
https://doi.org/10.3389/fmicb.2015.01085
https://doi.org/10.2337/dc13-2817
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1186/s40168-020-00940-8
https://doi.org/10.1128/IAI.00734-20


Robalino et al., 2022 

1656 
Novel Research in Microbiology Journal, 2022 

Cells in the Body. PLoS Biology. 14(8): e1002533. 

https://doi.org/10.1371/journal.pbio.1002533 

Serek, P. and Oleksy-Wawrzyniak, M. (2021). The 

Effect of Bacterial Infections, Probiotics and Zonulin 

on Intestinal Barrier Integrity. International Journal of 

Molecular Sciences. 22(21): 11359. 

https://doi.org/10.3390/ijms222111359 

Sharma, S. and Tripathi, P. (2019). Gut microbiome 

and type 2 diabetes: where we are and where to go?. 

The Journal of Nutritional Biochemistry. 63: 101-108. 

https://doi.org/10.1016/j.jnutbio.2018.10.003 

Sharma, A.; Bhatt, N.S.; St Martin, A.; Abid, M.B.; 

Bloomquist, J.; Chemaly, R.F.; Dandoy, C.; 

Gauthier, J.; Gowda, L.; Perales, M.A.; Seropian, 

S.; Shaw, B.E.; Tuschl, E. E.; Zeidan, A.M.; Riches, 

M.L. and Shah, G.L. (2021). Clinical characteristics 

and outcomes of COVID-19 in haematopoietic stem-

cell transplantation recipients: an observational cohort 

study. The Lancet Haematology. 8(3): e185-e193. 

https://doi.org/10.1016/S2352-3026(20)30429-4 

Simões E Silva, A.C. and Teixeira, M.M. (2016). 

ACE inhibition, ACE2 and angiotensin-(1-7) axis in 

kidney and cardiac inflammation and fibrosis. 

Pharmacological Research. 107: 154-162. 

https://doi.org/10.1016/j.phrs.2016.03.018 

Singer-Englar, T.; Barlow, G. and Mathur, R. 

(2019). Obesity, diabetes, and the gut microbiome: an 

updated review. Expert Review of Gastroenterology & 

Hepatology. 13(1): 3-15. 

https://doi.org/10.1080/17474124.2019.1543023 

Singhal, R. and Shah, Y.M. (2020). Oxygen battle in 

the gut: Hypoxia and hypoxia-inducible factors in 

metabolic and inflammatory responses in the intestine. 

The Journal of Biological Chemistry. 295(30): 10493-

10505. https://doi.org/10.1074/jbc.REV120.011188 

Sjögren, Y.M.; Tomicic, S.; Lundberg, A.; 

Böttcher, M.F.; Björkstén, B.; Sverremark-

Ekström, E. and Jenmalm, M.C. (2009). Influence 

of early gut microbiota on the maturation of childhood 

mucosal and systemic immune responses. Clinical and 

Experimental Allergy. 39(12): 1842-1851. 

https://doi.org/10.1111/j.1365-2222.2009.03326.x 

Solana, R.; Tarazona, R.; Gayoso, I.; Lesur, O.; 

Dupuis, G. and Fulop, T. (2012). Innate 

immunosenescence: effect of aging on cells and 

receptors of the innate immune system in humans. 

Seminars in Immunology. 24(5): 331-341. 

https://doi.org/10.1016/j.smim.2012.04.008 

Sonnenburg, J.L. and Bäckhed, F. (2016). Diet-

microbiota interactions as moderators of human 

metabolism. Nature. 535(7610): 56-64. 

https://doi.org/10.1038/nature18846 

Spahn, TW. and Kucharzik, T. (2004). Modulating 

the intestinal immune system: the role of lymphotoxin 

and GALT organs. Gut. 53(3): 456-465. 

https://doi.org/10.1136/gut.2003.023671. 

Steed, A.L.; Christophi, G.P.; Kaiko, G.E.; Sun, L.; 

Goodwin, V.M.; Jain, U.; Esaulova, E.; Artyomov, 

M.N.; Morales, D.J.; Holtzman, M.J.; Boon, A.; 

Lenschow, DJ. and Stappenbeck, T.S. (2017). The 

microbial metabolite desaminotyrosine protects from 

influenza through type I interferon. Science. 

357(6350): 498-502. 

https://doi.org/10.1126/science.aam5336 

Thaiss, CA.; Zmora, N.; Levy, M. and Elinav, E. 

(2016). The microbiome and innate 

immunity. Nature. 535(7610): 65-74. 

https://doi.org/10.1038/nature18847 

Trompette, A.; Gollwitzer, E.S.; Yadava, K., 

Sichelstiel, A.K.; Sprenger, N.; Ngom-Bru, C.; 

Blanchard, C.; Junt, T.; Nicod, L.P.; Harris, N.L. 

and Marsland, B.J. (2014). Gut microbiota 

metabolism of dietary fiber influences allergic airway 

disease and hematopoiesis. Nature Medicine. 20(2): 

159-166. https://doi.org/10.1038/nm.3444 

Tsai, C.F.; Chen, M.H.; Wang, Y.P.; Chu, C.J.; 

Huang, Y.H.; Lin, H.C.; Hou, M.C.; Lee, F.Y.; Su, 

T.P. and Lu, C.L. (2017). Proton Pump Inhibitors 

https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.3390/ijms222111359
https://doi.org/10.1016/j.jnutbio.2018.10.003
https://doi.org/10.1016/S2352-3026(20)30429-4
https://doi.org/10.1016/j.phrs.2016.03.018
https://doi.org/10.1080/17474124.2019.1543023
https://doi.org/10.1074/jbc.REV120.011188
https://doi.org/10.1111/j.1365-2222.2009.03326.x
https://doi.org/10.1016/j.smim.2012.04.008
https://doi.org/10.1038/nature18846
https://doi.org/10.1136/gut.2003.023671
https://doi.org/10.1126/science.aam5336
https://doi.org/10.1038/nature18847
https://doi.org/10.1038/nm.3444


Robalino et al., 2022 

1657 
Novel Research in Microbiology Journal, 2022 

Increase Risk for Hepatic Encephalopathy in Patients 

with Cirrhosis in A Population 

Study. Gastroenterology. 152(1): 134-141. 

https://doi.org/10.1053/j.gastro.2016.09.007 

Turnbaugh, P.J.; Ridaura, V.K.; Faith, J.J.; Rey, 

F.E.; Knight, R. and Gordon, J.I. (2009). The effect 

of diet on the human gut microbiome: a metagenomic 

analysis in humanized gnotobiotic mice. Science 

Translational Medicine. 1(6): 6ra14. 

https://doi.org/10.1126/scitranslmed.3000322 

Vas, P.; Hopkins, D.; Feher, M.; Rubino, F. and 

Whyte, M.B. (2020). Diabetes, obesity and COVID-

19: A complex interplay. Diabetes, Obesity and 

Metabolism. 22(10): 1892-1896. 

https://doi.org/10.1111/dom.14134 

Viana, S.D.; Nunes, S. and Reis, F. (2020). ACE2 

imbalance as a key player for the poor outcomes in 

COVID-19 patients with age-related comorbidities - 

Role of gut microbiota dysbiosis. Ageing Research 

Reviews. 62: 101123. 

https://doi.org/10.1016/j.arr.2020.101123 

Villapol, S. (2020). Gastrointestinal symptoms 

associated with COVID-19: impact on the gut 

microbiome. Translational Research. 226: 57-69. 

https://doi.org/10.1016/j.trsl.2020.08.004 

Vitiello, A. and Ferrara, F. (2021). Therapeutic 

Strategies for SARS-CoV-2 acting on ACE-2. 

European Journal of Pharmaceutical Sciences. 156: 

105579. https://doi.org/10.1016/j.ejps.2020.105579 

Wang, D.; Hu, B.; Hu, C.; Zhu, F.; Liu, X.; Zhang, 

J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; 

Zhao, Y.; Li, Y.; Wang, X. and Peng, Z. (2020). 

Clinical Characteristics of 138 Hospitalized Patients 

with 2019 Novel Coronavirus-Infected Pneumonia in 

Wuhan, China. JAMA. 323(11): 1061-1069. 

https://doi.org/10.1001/jama.2020.1585 

Wasilewska, E. and Wroblewska, B. (2018). 

Effectiveness and safety of probiotic preparations in 

clinical treatment of inflammatory bowel 

disease. Advances in Hygiene and Experimental 

Medicine.  72:159-174. 

https://doi.org/10.5604/01.3001.0011.6471 

Weiss, G.A. and Hennet, T. (2017). Mechanisms and 

consequences of intestinal dysbiosis. Cellular and 

molecular life sciences: CMLS. 74(16): 2959-2977. 

https://doi.org/10.1007/s00018-017-2509-x 

Weström, B.; Arévalo Sureda, E.; Pierzynowska, 

K.; Pierzynowski, S.G. and Pérez-Cano, F.J. (2020). 

The Immature Gut Barrier and Its Importance in 

Establishing Immunity in Newborn Mammals. 

Frontiers in Immunology. 11: 1153. 

https://doi.org/10.3389/fimmu.2020.01153. 

Wilson, B.C.; Butler, É.M.; Grigg, C.P.; Derraik, 

J.; Chiavaroli, V.; Walker, N.; Thampi, S.; Creagh, 

C.; Reynolds, A.J.; Vatanen, T.; O'Sullivan, J.M. 

and Cutfield, W.S. (2021). Oral administration of 

maternal vaginal microbes at birth to restore gut 

microbiome development in infants born by caesarean 

section: A pilot randomised placebo-controlled trial. 

eBioMedicine. 69: 103443. 

https://doi.org/10.1016/j.ebiom.2021.103443 

Xiao, F.; Tang, M.; Zheng, X.; Liu, Y.; Li, X. and 

Shan, H. (2020). Evidence for Gastrointestinal 

Infection of SARS-CoV-2. Gastroenterology. 158(6): 

1831-1833.e3. 

https://doi.org/10.1053/j.gastro.2020.02.055. 

Yang, X.; Xie, L.; Li, Y. and Wei, C. (2009). More 

than 9,000,000 unique genes in human gut bacterial 

community: estimating gene numbers inside a human 

body. PloS One. 4(6): e6074. 

https://doi.org/10.1371/journal.pone.0006074 

Yatsunenko, T.; Rey, F.E.; Manary, MJ.; Trehan, 

I.; Dominguez-Bello, MG.; Contreras, M.; Magris, 

M.; Hidalgo, G.; Baldassano, RN.; Anokhin, AP.; 

Heath, AC.; Warner, B.; Reeder, J.; Kuczynski, J. 

et al. (2012). Human gut microbiome viewed across 

age and geography. Nature. 486(7402): 222-227. 

https://doi.org/10.1038/nature11053 

https://doi.org/10.1053/j.gastro.2016.09.007
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1111/dom.14134
https://doi.org/10.1016/j.arr.2020.101123
https://doi.org/10.1016/j.trsl.2020.08.004
https://doi.org/10.1016/j.ejps.2020.105579
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.5604/01.3001.0011.6471
https://doi.org/10.1007/s00018-017-2509-x
https://doi.org/10.3389/fimmu.2020.01153
https://doi.org/10.1016/j.ebiom.2021.103443
https://doi.org/10.1053/j.gastro.2020.02.055
https://doi.org/10.1371/journal.pone.0006074
https://doi.org/10.1038/nature11053


Robalino et al., 2022 

1658 
Novel Research in Microbiology Journal, 2022 

Yeoh, Y.K.; Zuo, T.; Lui, G.C.; Zhang, F.; Liu, Q.; 

Li, A.Y.; Chung, A.C.; Cheung, C.P.; Tso, E.Y.; 

Fung, K.S.; Chan, V.; Ling, L.; Joynt, G.; Hui, 

D.S.; Chow, K.M.; Ng, S. et al. (2021). Gut 

microbiota composition reflects disease severity and 

dysfunctional immune responses in patients with 

COVID-19. Gut. 70(4): 698-706. 

https://doi.org/10.1136/gutjnl-2020-323020 

Yonker, L.M.; Gilboa, T.; Ogata, A.F.; Senussi, Y.; 

Lazarovits, R.; Boribong, B.P.; Bartsch, Y.C.; 

Loiselle, M.; Rivas, M.N.; Porritt, R.A.; Lima, R.; 

Davis, J.P.; Farkas, E.J.; Burns, M.D.; Young, N. et 

al. (2021). Multisystem inflammatory syndrome in 

children is driven by zonulin-dependent loss of gut 

mucosal barrier. The Journal of Clinical Investigation. 

131(14): e149633. https://doi.org/10.1172/JCI149633 

Zelante, T.; Iannitti, RG.; Cunha, C.; De Luca, A.; 

Giovannini, G.; Pieraccini, G.; Zecchi, R.; 

D'Angelo, C.; Massi-Benedetti, C.; Fallarino, F.; 

Carvalho, A.; Puccetti, P. and Romani, L. (2013). 

Tryptophan catabolites from microbiota engage aryl 

hydrocarbon receptor and balance mucosal reactivity 

via interleukin-22. Immunity. 39(2): 372-385. 

https://doi.org/10.1016/j.immuni.2013.08.003 

Zhang, L.; Han, H.; Li, X.; Chen, C.; Xie, X.; Su, 

G.; Ye, S.; Wang, C.; He, Q.; Wang, F.; Huang, F.; 

Wang, Z.; Wu, J. and Lai, T. (2021). Probiotics use 

is associated with improved clinical outcomes among 

hospitalized patients with COVID-19. Therapeutic 

Advances in Gastroenterology. 14: 

17562848211035670. 

https://doi.org/10.1177/17562848211035670 

Zhang, H.; Li, H.B.; Lyu, J.R.; Lei, XM.; Li, W.; 

Wu, G.; Lyu, J. and Dai, Z.M. (2020). Specific 

ACE2 expression in small intestinal enterocytes may 

cause gastrointestinal symptoms and injury after 2019-

nCoV infection. International Journal of Infectious 

Diseases (IJID). 96: 19-24. 

https://doi.org/10.1016/j.ijid.2020.04.027 

Zuo, T.; Zhang, F.; Lui, G.; Yeoh, Y.K.; Li, A.; 

Zhan, H.; Wan, Y.; Chung, A.; Cheung, C.P.; 

Chen, N.; Lai, C.; Chen, Z.; Tso, E.; Fung, K.; 

Chan, V.; Ling, L.; Joynt, G.; Hui, D.; Chan, F.; 

Chan, P. et al. (2020). Alterations in Gut Microbiota 

of Patients with COVID-19 During Time of 

Hospitalization. Gastroenterology. 159(3): 944-955.e8. 

https://doi.org/10.1053/j.gastro.2020.05.048 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1136/gutjnl-2020-323020
https://doi.org/10.1172/JCI149633
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1177/17562848211035670
https://doi.org/10.1016/j.ijid.2020.04.027
https://doi.org/10.1053/j.gastro.2020.05.048

