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Abstract: The COVID-19 pandemic caused by the SARS-CoV-2 virus has led to significant global
health implications. Although the respiratory manifestations of COVID-19 are widely recognized,
emerging evidence suggests that the disease may also significantly affect the gut microbiota, the
intricate community of bacteria that lives within the gastrointestinal system. This extensive article
intends to investigate the impact of COVID-19 on the gut microbiota, examining the underlying
mechanisms, clinical implications, and potential therapeutic interventions. Understanding the
complex interactions between COVID-19 and the gut microbiota will help us to gain valuable insights
into the broader consequences of this viral infection on human health.
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1. Introduction

The COVID-19 pandemic is a global health crisis caused by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), a single-stranded enveloped positive-sense RNA
virus with an average diameter of 75–150 nm that originated in Wuhan, China, at the end of
2019 and spread worldwide [1]. On 11 March 2020, the World Health Organization (WHO)
declared COVID-19 a global pandemic [2], and to date, almost 7-million people have died
from COVID-19 [3]. The virus predominantly affects the respiratory system, inducing
a spectrum of symptoms that can range from mild-to-severe respiratory impairment,
with several symptoms such as pyrexia, respiratory distress, pharyngitis, exhaustion, and
myalgia [4]. In more severe cases, COVID-19 infection may lead to the development of
pneumonia and acute respiratory distress syndrome (ARDS), which may require mechanical
ventilation and lead to a significant risk of mortality [5].

In addition to respiratory manifestations, the pathogenesis of COVID-19 may result in
systemic consequences such as the failure of multiple organs and physiological systems
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throughout the body [6]. COVID-19 manifests as inflammation of the cardiac muscle
(myocarditis) [7] and vascular organs (endotheliitis), which increases the risk of blood
clots, leading to pulmonary embolism and deep vein thrombosis [8]. Several reports have
suggested that COVID-19 is associated with arrhythmia [9] and myocardial infarction [10].
A group of neurological manifestations has been observed in patients with COVID-19,
including loss of taste and smell [11], generalized headache [12], dizziness with vertigo [13],
seizures [14], encephalitis [15], and Guillain–Barré syndrome [16]. However, the exact
mechanism underlying these effects is still under the laboratory bench. Several digestive
system symptoms, such as nausea, vomiting, diarrhea, and acute abdominal tenderness,
have been observed in some COVID-19 patients [17]. Renal impairment with acute renal
injury is found in COVID-19 patients as a result of an inflammatory reaction by the body or
a direct viral invasion of the kidneys [18].

The human gastrointestinal tract (GIT) is densely populated by the microbiota. The
gut microbiota, a collection of bacteria, viruses, and fungi that live in the gastrointestinal
tract, not only maintains mucosal immunity but also regulates the host’s systemic immune
response [19]. Gut microbiota plays an important role in a broad range of physiological
processes, from the digestion of complex polysaccharides to the regulation of neuronal
signaling. In recent decades, it is getting more and more attention because of its association
with a wide variety of diseases, ranging from metabolic disorders (e.g., diabetes and its
complications) [20–25] to autoimmune diseases (such as rheumatoid arthritis, inflammatory
bowel disease, and Type 1 diabetes), obesity [26], cancer [27], reproductive health [28–30],
and sexual disorders [31,32], as well as neurodevelopmental disorders (e.g., autism) and
neurodegenerative diseases (e.g., Alzheimer). Furthermore, modifying the microbiota in
the human body may be a key factor for the treatment of disease. According to recent
research on various respiratory disorders, gut microbiota may influence immunity and
inflammation in the lungs [33]. Several studies observed an association between gut
microbiota and SARS-CoV-2. In this review, we summarize the information that is currently
available on the interaction between the gut microbiome and the host’s immune response
to SARS-CoV-2. We continue to explore the relevance of the diversity of the gut microbiome
and the variations in its composition as diagnostic indicators, as well as the possibility of
the gut microbiome as an interventional target in influencing COVID-19 results.

1.1. Understanding the Composition and Diversity of the Gut Microbiota

Around 100-trillion microorganisms (bacteria, fungi, viruses, protozoa, and viruses)
are found in the human gut. The human genome is made up of 23,000 genes, while the
microbiome encodes over 3-million genes that produce more than thousands of metabo-
lites, impacting human health [34]. The composition and metabolism of the adult gut
microbial communities are affected by a combination of factors, including diet, demo-
graphics, use of medication, health status, and environmental components shaping the gut
environment [35–37]. Humans can be herbivorous, carnivorous, etc., depending on the
culture, food supply, etc. The diversity of the distinctive microbes of each habitat varies
considerably, even in healthy individuals, with a high specialization of niches within and
between individuals. According to the Human Microbiome Project Consortium, the overall
fecal microbiota richness was estimated to be 226 bacterial genera among 208 donors [38].
The microbiota of the human gut is dominated by two major phyla: Bacteroidetes and
Firmicutes [39,40].

1.2. Factors Influencing Gut Microbiota Composition, Including Diet, Lifestyle, and Medications

The intestinal microbiota is integral to human halobionts. Past studies have shown
that various factors, such as diet and drugs, play an important role in the composition and
diversity of the intestinal microbiome [34,41,42]. Dietary patterns, as well as individual
foods, can directly influence the diversity of the microbiome. Artificial sweeteners (su-
cralose, aspartame, saccharin) significantly increased Bacteroides, Clostridia, and other
aerobic bacteria in the gut. Food additives like emulsifiers in processed food reduced
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microbial diversity and increased inflammation promoting Proteobacteria [43,44]. Popular
food-restrictive diets (vegan, raw food, gluten-free diets) can also impact gut microbial
diversity. Some studies have shown the advantages of a vegan diet over an omnivorous
diet, but others have not proven this theory [45]. Apart from food, drugs are also a key
factor in the gut microbiota composition. Drugs such as proton pump inhibitors have
a significant impact on microbial composition, which could explain the higher levels of
gastrointestinal infection in people consuming these drugs. Antibiotics are impacting the
intestinal microbiome [46]. Earlier observational human studies have shown an obesogenic
effect in humans, even at low doses of antibiotics on food [47]. A Westernized lifestyle, such
as behaviors, habits, and dietary patterns, may involve the alteration of gut microbiota.
This lifestyle, which is characterized by a high intake of processed food, fructose corn syrup
as an alternative of sugar, and unhealthy fats, was found to result in a higher prevalence
of severe COVID-19 cases. Dietary habits can lead to underlying health conditions such
as obesity, diabetes, and cardiovascular disorders, which are associated with the advance-
ment of the diseases [48]. Several supplements such as Vitamin C, D, and zinc received
attention due to their potential immune-boosting properties [49]. However, some studies
suggested the effects of these supplements were inconclusive, and they are not proven
cures or preventatives for COVID-19 [50].

1.3. Gut Microbiota Alterations in COVID-19 Patients

Several research investigations (Table 1) have explored alterations in gut microbiota
in COVID-19 patients, illuminating the possible involvement of the gut microbiome in
relation to the illness. The aforementioned investigation insights into the association
between COVID-19 and gut microbiota dysbiosis, as well as its potential implications
for the severity and treatment of the disease. A study conducted by Zuo et al. (2020)
examined the gut microbiota composition in COVID-19 patients. The researchers observed
a substantial reduction of beneficial commensal bacteria, such as Bifidobacterium and
Lactobacillus, along with a corresponding increase in opportunistic pathogens, such as
Clostridium hathewayi [51]. Another study conducted by Gu and colleagues in 2020
reported that the alteration of gut microbiota decreased the amount of butyrate-producing
bacterial species, which are well-known for their potential anti-inflammatory effects.

Furthermore, investigations observed that patients with COVID-19 exhibit a reduction
of microbial diversity. A study by Zuo et al. (2021) showed a reduction in the prevalence of
bacterial species linked to elevated microbial diversity in COVID-19 cases, in comparison
with subjects without any underlying health conditions. The connection between a decline
in microbial diversity and higher vulnerability to inflammatory illnesses and infections
implies that it may be involved in the development of COVID-19 [52]. Interestingly,
modifications in the gut microbiota have also been correlated with the severity of COVID-19.
According to Yeoh and colleagues’ investigation conducted in 2021, it was identified that
severe cases of COVID-19 were distinguished by a condition of gut dysbiosis, resulting in a
decline in the presence of beneficial bacteria while allowing for an overgrowth of potential
pathogens [53]. In another investigation conducted by Gu et al. in 2020, it was observed
that patients with more severe symptoms have a discernible variation in the composition of
their gut microbiota in relation to those experiencing milder symptoms [54]. These studies
suggest a possible association between dysbiosis and the severity of symptoms associated
with COVID-19.

Dysbiosis in the gut microbiota can lead to impaired regulation of the immune re-
sponse, elevated systemic inflammation, and increased susceptibility to respiratory infec-
tions. Several studies have indicated that the dysbiosis of gut microbiota may play a role
in the pro-inflammatory conditions witnessed in severe cases of COVID-19. Dhar and
Mohanty (2021) reported that the alteration of pro-inflammatory cytokine levels observed
in COVID-19 patients, accompanied by the evidence of gut dysbiosis, suggests a potential
mechanism by which the gut microbiota influences the variability in disease outcomes [55].
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The gut microbiota has recently been identified as a promising diagnostic and prog-
nostic indicator for COVID-19. Researchers have identified specific microbial indicators
that enable differentiation between individuals afflicted with COVID-19 from healthy indi-
viduals. Qin Liu and colleagues developed a diagnostic model based on gut microbiota
demonstrating high efficacy in discerning patients with COVID-19 from those without the
infection. Moreover, specific microbial profiles have demonstrated a correlation with the
severity of diseases, proposing that gut microbiota analysis could serve as a promising
prognostic tool [56].

It is important to consider that the treatment of COVID-19 has a significant effect on
gut microbiota. The administration of antibiotics and antiviral agents has been reported
to potentially disturb microbial equilibrium, which may ultimately worsen dysbiosis. A
study by Lucie et al. reported in 2022 that COVID-19 patients receiving antibiotics had
greater dysbiosis compared to those not receiving antibiotics, suggesting the need for
prudent administration of antimicrobial agents to ameliorate the potential adverse effects
on the gut microbiota [57]. Yeoh and colleagues observed correlations between specific gut
microbial taxa and inflammatory markers such as C-reactive protein (CRP) and cytokines
with pro-inflammatory properties [53].

Research investigating gut microbiota alterations in COVID-19 patients has elucidated
the phenomenon of dysbiosis, a decline in microbial diversity, and potential associations
with the severity of the illness. The role of gut microbiota in modulating the immune re-
sponse and impact of systemic inflammation emphasizes its significance in the pathogenesis
of COVID-19.

Table 1. Recent studies regarding the effect of COVID-19 on gut microbiota.

Study Group Research Design Population Findings

Yeoh et al. [53] Two centers prospective cohort study 100 COVID-19 patients vs.
healthy individuals

- COVID-19 patients experience notable changes in
their GI microbiota, characterized by dysbiosis.

- Even after 30 days post-illness, dysbiosis
continued to persist.

- There is a significant correlation between
dysbiosis and the severity of COVID-19 illness, as
well as various serum pro-inflammatory markers.

Lv et al. [58] Single center cohort study
56 hospitalized COVID-19
patients with sex-matched

healthy subjects.

- Distinct variations in the metabolomes of
COVID-19 patients were observed in comparison
to those of healthy controls.

Gu et al. [54] Single center prospective study

30 COVID-19
patients compared
against 24 H1N1

patients

- COVID-19 leads to reduced bacterial diversity
(dysbiosis), increased opportunistic pathogens,
and decreased beneficial symbionts.

Zuo et al. [51] Single center prospective study
15 COVID-19

patients compared
against 15 healthy individuals

- COVID-19 patients exhibit significant dysbiosis in
their GI microbiota.

Cao J et al. [59] Cohort single center

108 COVID-19 patients, 22
patients with post COVID-19,
20 symptomatic pneumonia

controls

- COVID-19 infections affect the microbiome,
potentially influencing disease severity and
recovery.

Reinold et al. [60] Single center prospective study

54 COVID-19 patients received
antibiotics; 40 patients received

immunosuppression; over
15 patients were provided specific

SARS-CoV treatment

- COVID-19 illness shows significant change in gut
microbiotome

Nagata et al. [61] Single center prospective study

112 hospitalized patients with
SARS-CoV-2 infection and 112

non-COVID-19 control
individuals

- COVID-19 directly involves in gut dysbiosis
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1.4. Mechanisms of Gut Microbiota Dysbiosis in COVID-19

The complex and multifaceted causes of gut microbiota in COVID-19 are difficult to
exclude. Although we are still improving our knowledge, several likely explanations have
been suggested, according to existing research.

2. The Infiltration of Viruses and Disruption of the Intestinal Barrier

The infiltration of viruses and disruption of the intestinal barrier, SARS-CoV-2, the
virus responsible for COVID-19, has been detected in the gastrointestinal tract, suggesting
the possibility of direct viral invasion in the gut, suggesting the possibility of direct viral
invasion within the gut. This invasion can disrupt the intestinal barrier by compromising
its integrity, which results in increased gut permeability [62,63] As a result, deleterious
microbial constituents and toxins possess the capacity to migrate across the bloodstream,
eliciting an inflammatory reaction and dysbiosis [64].

2.1. Dysregulation of the Immune System

COVID-19 leads to cytokine storm, a hyperactive immune response characterized by
the release of interferons, interleukins, tumor necrosis factors, chemokines, and several
other mediators that causes injury to host cells (Figure 1). Systemic inflammation as a
result of cytokine storm is very obvious [65]. These hyperinflammatory conditions disrupt
the balance of the gut microbiota by eliminating both beneficial and harmful bacteria,
which leads to dysbiosis. Gut microbial metabolite short-chain fatty acids (SCFAs), such
as butyric acid and acetic acid, are pioneers for an immune response [66]. SCFAs can
also act as inhibitors of histone deacetylase (HDAC), which results from a reduction of
inflammatory responses by enhancing the amount and activity of T helper cells, regulatory
T cells, and Th17 effector cells [67–70]. High Lipopolysaccharide (LPS) levels were observed
in the circulation in severe and fatal lung injury cases [71]. The dysbiosis of gut microbiota
facilitates the translocation of LPS into the portal circulation, which stimulates the hepatic
kuffer cell to activate the NF–κB pathway and the secretion of TNF-α and IFN-β [51]. This
can cause hepatic inflammation, as well as systemic inflammation [72].
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2.2. Effects of Antibiotic Treatments

A group of investigations previously conducted imply that the use of antibiotics
can impact gut microbiota. Antibiotics such as amoxicillin [73], ciprofloxacin [74], and
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cefprozil [75] have been found to have short and long time alterations of the taxonomic,
genomic, and functional capacity of gut microbiota. The reduction of bacterial diversity has
been observed by using broad-spectrum antibiotics [76] which causes the expanding and
collapsing of the membership of specific indigenous taxa [77]. Antibiotics are widely used
during COVID-19 management to reduce bacterial co-infections [78], which disrupts the gut
microbiota by eliminating both beneficial and harmful microbiota [79]. This phenomenon
has the potential to induce dysbiosis, which may further aggravate the vulnerability to
secondary infections.

2.3. Dietary Modifications and Nutritional Alterations

Patients suffering from COVID-19 with severe symptoms experience altered dietary
habits. These alterations, such as a reduced intake of dietary fibers, can impact the gut
microbiome. Individuals consuming diets low in fiber tend to have reduced microbial
diversity [80]. Several studies show dietary fiber replaced with animal protein and fat can
alter microbial populations in the mortal gastrointestinal tract, as dietary fiber is the main
source of energy for the microbiome [81–85].

2.4. Hospitalization and Stress

COVID-19 patients undergo several stressful events due to the new, unexperienced
disease condition, such as isolation and hospitalization. Several studies show stressful
events induced depression and anxiety, and they disrupted the gut microbiome. This gut
dysbiosis persisted for at least 6 months [86].

3. Effects of Social Distancing and Quarantine

During COVID, social distancing and quarantining were prescribed, which led to
changes in the types and amounts of food consumed. A shifting of the dietary habits
impacts the gut microbiota composition and diversity [87]. Reducing the production of
fresh food leads to an increased consumption of processed foods, which negatively affects
gut health [88]. Social distancing and isolation can lead to increase stress, anxiety, and
depression. These mental health stresses affect the gut–brain axis and, ultimately, gut
microbiota alterations [89]. Quarantining may result in reduced physical activity levels,
which influences gut microbiota diversity and metabolism [90].

3.1. The Gut–Lung Axis

A very interesting finding was observed in 1998, when Lyte and colleagues observed
Anxiety-like behavior in rats after subclinical dosages of a single, unique bacterium (Campy-
lobacter jejuni) were administered to them orally [91]. Later studies supported this finding,
showing that mice exposed to C jejuni displayed anxiety-like behavior along with the activa-
tion of brain areas depending on signals ingested from the gut via the vagus nerve [92]. This
is the first study to understand the gut–brain axis. However, a recent study discusses the
gut–lung axis, which is a bidirectional communication pathway between the gastrointesti-
nal tract (the gut) and the lungs. Despite being technically separate, the gut–lung axis (GLA)
(Figure 2), along with possible anatomic interactions and intricate pathways involving their
respective bacteria, has been proven to exist. Recent research has demonstrated the connec-
tion between dysbiosis and a number of lung-related conditions, including allergies, cystic
fibrosis, asthma, and chronic obstructive pulmonary disease [93,94]. Due to the breakdown
of the intestinal barrier as a result of dysbiotic circumstances, the inflammatory cascade
in non-intestinal organs was mediated by the transfer of bacteria or microbial metabolites
to the lungs [95,96]. In contrast to healthy people, the presence of the gut permeability
marker fatty acid binding protein-2, as well as the gut microbial antigens peptidoglycan
and lipopolysaccharides, was significantly higher in patients with COVID-19 [97].
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Figure 2. Schematic illustration of the involvement of the gut–lung axis in managing COVID-19 dis-
ease with dysbiosis of the gut microbiota. Since the gut–lung axis is bidirectional, lung inflammation
affects the level of gut microbiota, while compounds originating from gut bacteria have an impact on
the lung through blood.

3.2. The Role of the ACE2 Receptor in SARS-CoV-2 Infection and Gut Microbiota Dysbiosis

A homolog of Angiotensin-Converting Enzyme (ACE), called ACE2, has been reported
as a negative regulator of the Renin–Angiotensin System (RAS), reducing the harmful effects
caused by Ang II signaling through Ang II receptor Type 1 (AT1R) [98]. The ACE2 receptor
plays a vital role in the infection process of the SARS-CoV-2 virus, which is responsible
for COVID-19 [93]. ACE2 is present on the surface of numerous cells throughout the
human body, including those in the digestive system, respiratory tract, lungs, heart, and
kidneys [99].

SARS-CoV-2 enters host cells by interacting with ACE2 receptors on the cell surface.
The virus’s spike protein interacts with ACE2 to help the virus enter the cell. Once the virus
has entered the host cell, it replicates and spreads, leading to COVID-19 symptoms. In the
respiratory tract, the ACE2 receptor is highly expressed, which results from respiratory
symptoms associated with COVID-19 [100].

ACE2 receptors are also highly expressed in the gut, particularly in the epithelial cells
of the small intestine. Yifei and his colleagues found the presence of SARS-CoV-2 RNA
in the feces of COVID-19 patients. SARS-CoV2 RNA was detected in stool samples from
28 out of 42 (66.67%) laboratory-confirmed COVID-19 patients; this finding was unrelated
to gastrointestinal symptoms or the severity of the illness [101]. Another study by Qun et al.
observed SARS-CoV-2 had already replicated in the patient’s rectum during the incubation
period, with no obvious intestinal pathological damage. In this case, the patient developed
a dry cough and fever in the early stage after the operation [102].

ACE2 plays a key role in controlling the effects of amino acid deficiency on microbial
ecology and intestinal inflammation [103,104]. The gut microbiome of COVID-19 patients
was significantly altered, with the opportunistic pathogen (such as Clostridium hathewayi
and Clostridium ramosum) and an inverse correlation between probiotic bacteria (such as
Lactobacillus and Bifidobacterium) and anti-inflammatory bacteria (such as Faecalibacterium
prausnitzii) [52,105]. Furthermore, the immunological response elicited by the SARS-CoV-2
infection may contribute to intestinal dysbiosis [106].

SARS-CoV-2 infection-related dysbiosis may have systemic effects beyond the gut.
Inflammatory bowel diseases (IBD) such as Crohn’s disease (CD) and ulcerative colitis (UC)
are the most common. There is evidence that shows that intestinal microbial dysbiosis has
a role in the pathogenesis of IBD [107]. Dysbiosis in systemic disease involves metabolic
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disorders and metabolic diseases such as obesity or T2D [108], immune disorders [109],
and mental health disorders [86].

3.3. Intestinal Inflammation and Gut Microbiota

Several gastrointestinal symptoms have been observed in a significant number of
COVID-19 patients. A study by Tian et al. from March 2020 found that anorexia was the
most often reported gastrointestinal symptoms in adults, occurring in between 39.9% and
50% of confirmed cases. Diarrhea was the second-most typical symptom, with it being
reported in 2% to 49.5% of patients. In adults who tested positive for COVID-19, the preva-
lence of nausea and vomiting varied between 1% and 29.4%. The prevalence of abdominal
pain in individuals with confirmed COVID-19 ranges from 2.2% to 6% in the literature [110].
The prevalence of abdominal pain among patients with confirmed COVID-19 ranges from
2.2% to 6%, which is less frequently described in the literature. In a study by Lei et al.,
among the 190 patients in our sample, 138 (69%) had at least one gastrointestinal symptom
at the time of diagnosis; if hypoxia/anorexia were excluded, 93 patients (48.9%) had at
least one gastrointestinal symptom. Diarrhea was one gastrointestinal symptom that was
linked to a reduced mortality rate. Diarrhea was verified as an independent predictor of
decreased mortality after multivariate analysis [111].

George Cholankeril and his group from Stanford University School of Medicine
analyzed data collected from 116 patients who tested positive for the coronavirus at Stanford
Health Care from 4–24 March 2020. 31.9% of the patients complained of gastrointestinal
problems. The majority of those polled described their symptoms as minor. According
to the study, 22% had a loss of appetite, 22% had nausea and vomiting, and 12% had
diarrhea [112]. A group of researchers from New York Presbyterian Columbia University
Medical Centre conducted a study on 147 patients. The most prevalent GI symptoms
for COVID-19 in 147 patients without pre-existing GI conditions had diarrhea (23%),
nausea/vomiting (21%), and abdominal pain (6.1%) at the time of hospitalization. At a
median follow-up time of 106 days, the most prevalent GI symptoms were abdominal pain
(7.5%), constipation (6.8%), diarrhea (4.1%), and vomiting (4.1%), with 16% reporting at
least one GI symptom (95% confidence interval from 11 to 23%) [113].

3.4. Consequences of Intestinal Inflammation on Gut Barrier Function and Bacterial Translocation

The gut barrier, a selectively permeable structure, is widely recognized as an essential
factor in the maintenance of intestinal homeostasis as it permits complex crosstalk between
commensal intestinal microbes. Gut microbial dysbiosis due to both genetic and environ-
mental factors can imbalance such equilibrium and may lead to intestinal inflammation,
which ultimately triggers pathogenic microbe invasion and different pathogenic conditions
such as inflammatory bowel diseases (IBD), Crohn’s disease, irritable bowel syndrome,
colorectal cancer, obesity, and Type-1 diabetes [35]. Inflammation can be triggered by
components of the invading bacterium that can lead to a series of inflammatory pathways
involving interleukins and other cytokines. In the same way, by-products of metabolic
processes in bacteria, including some short-chain fatty acids, may play a role in inhibit-
ing inflammatory processes. Persistently high levels of inflammatory mediators, such as
lipopolysaccharides and interleukins, can initiate pathological processes that can lead to
multiple chronic disorders [114–116].

3.5. Understanding the Interplay between the Gut Microbiota and the Immune System

There are two immune systems: the innate immune system and the adaptive immune
system. The gut microbiota plays a crucial role in the development and maturation of the
immune system, especially throughout childhood [117]. The immune system is trained
to recognize and respond to pathogens while maintaining tolerance to harmless antigens
through various mechanisms [118]. Microbial molecules and metabolites interact directly
with immune cells to activate, proliferate, and differentiate. These interactions play a
role in the regulation of immune responses and homeostasis [119]. The gut microbiota
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helps to maintain the integrity of the intestinal barrier. Microbes help to improve the gut
barrier by increasing mucus production and maintaining the structure of the intestinal
epithelial cell layer. A good gut barrier stops harmful bacteria and toxins from entering
your body, which can trigger your immune system [120]. Immune system dysfunction
caused by COVID-19 may contribute to intestinal barrier dysfunction. The disruption of
the intestinal barrier allows microbial components such as lipopolysaccharides (LPS) to
escape from the gut into the bloodstream. This translocation induces an immune response
and systemic inflammation, which can further affect the composition and function of the
gut microbiota [114].

3.6. Impact on Short-Chain Fatty Acids (SCFAs)

Through the anaerobic fermentation of dietary fiber, the gut microbiota creates short-
chain fatty acids (SCFAs). SCFAs, such as butyrate, propionate, and acetate, have important
immunomodulatory effects and contribute to gut health [121]. SCFAs can affect the lung’s
immunological milieu and the severity of allergic inflammation [122]. The generation of
SCFAs may be impacted by immunological dysregulation in COVID-19, altering immune
responses and gut microbiota composition [123]. Fen Zhang and colleagues performed
shotgun metagenomic sequencing on fecal samples from 66 antibiotics-naïve patients with
COVID-19 and 70 non-COVID-19 controls. They observed impaired SCFA biosynthesis
in the gut microbiome, which persisted beyond 30 days after recovery in patients with
COVID-19 [124].

4. Long-Term Health Consequences of Gut Microbiota Alterations

Gut microbiota alterations, such as dysbiosis or imbalances in the composition and
function of the gut microbial community, can have serious long-term health effects. Studies
have revealed a connection between obesity and metabolic disorders like insulin resistance
and Type 2 diabetes, as well as changes in the composition of the gut microbiota, such
as a decline in microbial diversity [125,126]. Imbalances in gut bacteria can affect energy
extraction from the diet, influence fat storage, and impact metabolic processes [127]. Inflam-
matory bowel illnesses, including Crohn’s disease and ulcerative colitis, have been linked
to imbalances in the gut microbiota that contribute to their onset and progression [128].
The progression of these disorders can be aided by disruptions in the delicate balance of
gut bacteria, which can result in persistent inflammation of the intestinal lining [84,129].
An association between changes in the gut microbiota and the emergence of allergies and
autoimmune illnesses is being supported by more research [130,131]. These disorders may
be triggered or made worse by dysbiosis or an imbalance of gut bacteria, which may affect
the immune system’s regulation [132,133]. Emerging research indicates a potential link
between gut microbiota and mental health issues such as anxiety and depression, as well as
neurodevelopmental abnormalities such as autism spectrum disorders [134]. These relation-
ships may be influenced by the gut–brain axis, a bidirectional communication link between
the gut and central neurological system [135]. Some studies suggest that imbalances in gut
microbiota composition may influence cardiovascular health by affecting lipid metabolism,
blood pressure regulation, and systemic inflammation [136]. It has been shown that the gut
microbiota changes as people age, and that changes in the gut’s bacterial composition may
be a factor in the development of age-related disorders like frailty, cognitive decline, and
chronic inflammation [137]. However, the causal relationship and underlying mechanisms
require further investigation.

Therapeutic Strategies and Interventions

Prebiotics and synbiotics on COVID-19-related gut dysbiosis is currently emerg-
ing. However, several therapies have been studied in the context of general gut health
and immune support, which may have implications for COVID-19 and its impact on
gut microbiota.
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Probiotics have been explored for their immune-modulating properties and potential
to support respiratory and gastrointestinal health. While there is limited direct data on
their influence on COVID-19-related gut microbiota disease, probiotics could potentially
help restore gut microbiota balance and improve gut health [138]. They play an important
role to supporting immune response, reducing inflammation, and maintaining intestinal
barrier integrity. However, further research is needed to establish their specific benefits in
the context of COVID-19 [139].

Prebiotics, like the ones that have been mentioned above, provide nourishment to
good gut microbes and encourage their growth. Prebiotics could be helpful by supporting
the growth of beneficial bacteria and restoring gut microbiota balance, which is relevant
to COVID-19-related gut dysbiosis. Prebiotics can contribute to a healthy gut barrier and
immune function. Prebiotic-rich food such as fruits, vegetables, and whole grains are
beneficial for overall gut health [140–143]. The Mediterranean diet has been demonstrated
to have a positive effect on a healthy gut microbiome since it stresses whole, plant-based
meals, healthy fats, and a moderate consumption of fish, poultry, and dairy while avoiding
red meat and processed foods. The diet is rich in dietary fibers, which act as a probiotic
and produce short-chain fatty acids (SCFAs). The Mediterranean diet also includes regular
consumption of fatty fish, which provide omega-3 fatty acids. These omega-3 fatty acids act
as an anti-inflammatory agent, which ultimately benefits gut microbiota. Several studies
show that following a Mediterranean diet can enhance gut microbial diversity, which is
regarded as a sign of a healthy gut microbiota [144–149].

Mesenchymal stem cell therapy [146] and fecal microbiota transplantation (FMT) is
an approved therapy for recurrent clostridium difficile infection. The donor’s stool shall
be reconstituted from a range of solutions, including homogenization, filtering, or strain,
and the following is administered after centrifugation either via the lower and upper GI
tracts, or as gelatin capsules [147]. Bacteria (Escherichia coli, Bifidobacterium, Lactobacilli, and
Faecalibacterium prausnitzii), viruses (Anelloviruses, Microviridae, and Siphoviridae), archaea
and fungus (Candida albicans), human colonocytes, and metabolites are among the fecal
components that can be transported by FMT [148–150]. In order to prevent or cure CDI or
IBD, FMT helps in the repair of an unbalanced gut microbiota.

5. Conclusions

The clinical effects of COVID-19 are catastrophic, and the GI tract’s contribution
is greatly underappreciated. Observational studies have shed light on the function of
dysbiosis in acute and post-acute COVID-19 situations, as well as their connection to
the severity of the illness. To uncover potential causal relationships between the human
microbiome and COVID-19, a whole scenario investigation must be conducted. It is
obvious that the microbiota has a significant role in how the host immune system reacts to
different illnesses, including COVID-19. Finally, this study sheds new insight on COVID-19,
emphasizing the critical role of gut microbiota and the importance of considering the
gut–lung axis in the fight against this pandemic. We hope that our findings will spark more
investigation and novel approaches to address COVID-19 and its systemic implications.
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43. Sacha, J.; Sacha, M.; Soboń, J.; Borysiuk, Z.; Feusette, P. Is It Time to Begin a Public Campaign Concerning Frailty and Pre-frailty?
A Review Article. Front. Physiol. 2023, 8, 484. [CrossRef] [PubMed]

44. Chassaing, B.; Koren, O.; Goodrich, J.K.; Poole, A.C.; Srinivasan, S.; Ley, R.E.; Gewirtz, A.T. Dietary emulsifiers impact the mouse
gut microbiota promoting colitis and metabolic syndrome. Nature 2015, 519, 92–96. [CrossRef] [PubMed]

45. Wu, G.D.; Compher, C.; Chen, E.Z.; Smith, S.A.; Shah, R.D.; Bittinger, K.; Chehoud, C.; Albenberg, L.G.; Nessel, L.; Gilroy, E.; et al.
Comparative metabolomics in vegans and omnivores reveal constraints on diet-dependent gut microbiota metabolite production.
Gut 2016, 65, 63–72. [CrossRef] [PubMed]

46. Jackson, M.A.; Goodrich, J.K.; Maxan, M.-E.; Freedberg, D.E.; Abrams, J.A.; Poole, A.C.; Sutter, J.L.; Welter, D.; Ley, R.E.; Bell, J.T.;
et al. Proton pump inhibitors alter the composition of the gut microbiota. Gut 2016, 65, 749–756. [CrossRef] [PubMed]

47. Blaser, M.J. Antibiotic use and its consequences for the normal microbiome. Science 2016, 352, 544–545. [CrossRef]
48. Holly, J.M.P.; Biernacka, K.; Maskell, N.; Perks, C.M. Obesity, Diabetes and COVID-19: An Infectious Disease Spreading from the

East Collides with the Consequences of an Unhealthy Western Lifestyle. Front. Endocrinol. 2020, 11, 582870. [CrossRef]
49. Firouzi, S.; Pahlavani, N.; Navashenaq, J.G.; Clayton, Z.S.; Beigmohammadi, M.T.; Malekahmadi, M. The effect of Vitamin C and

Zn supplementation on the immune system and clinical outcomes in COVID-19 patients. Clin. Nutr. Open Sci. 2022, 44, 144–154.
[CrossRef]

50. Thomas, S.; Patel, D.; Bittel, B.; Wolski, K.; Wang, Q.; Kumar, A.; Il’giovine, Z.J.; Mehra, R.; McWilliams, C.; Nissen, S.E.;
et al. Effect of High-Dose Zinc and Ascorbic Acid Supplementation vs Usual Care on Symptom Length and Reduction Among
Ambulatory Patients With SARS-CoV-2 Infection. JAMA Netw. Open 2023, 4, e210369. [CrossRef]

51. Zuo, T.; Zhang, F.; Lui, G.C.Y.; Yeoh, Y.K.; Li, A.Y.L.; Zhan, H.; Wan, Y.; Chung, A.C.K.; Cheung, C.P.; Chen, N.; et al. Alterations in
Gut Microbiota of Patients With COVID-19 During Time of Hospitalization. Gastroenterology 2020, 159, 944–955.e948. [CrossRef]

52. Zuo, T.; Liu, Q.; Zhang, F.; Lui, G.; Tso, E.; Yeoh, Y.K.; Chen, Z.; Boon, S.; Chan, F.K.L.; Chan, P.; et al. Depicting SARS-CoV-2
faecal viral activity in association with gut microbiota composition in patients with COVID-19. Gut 2021, 70, 276–284. [CrossRef]

53. Yeoh, Y.K.; Zuo, T.; Lui, G.C.-Y.; Zhang, F.; Liu, Q.; Li, A.Y.; Chung, A.C.; Cheung, C.P.; Tso, E.Y.; Fung, K.S.; et al. Gut microbiota
composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut 2021, 70, 698–706.
[CrossRef] [PubMed]

https://doi.org/10.3390/molecules26040882
https://doi.org/10.5772/intechopen.90710
https://doi.org/10.1007/s40618-019-01136-0
https://doi.org/10.1016/j.biochi.2019.10.014
https://doi.org/10.1007/s10735-019-09846-8
https://doi.org/10.1016/j.ygcen.2018.06.002
https://doi.org/10.1038/s41385-019-0160-6
https://doi.org/10.1038/nature11234
https://doi.org/10.1007/s10620-006-9285-z
https://doi.org/10.1101/gr.138198.112
https://doi.org/10.1038/nature11319
https://doi.org/10.1371/journal.pone.0063139
https://www.ncbi.nlm.nih.gov/pubmed/23671663
https://doi.org/10.1073/pnas.0504978102
https://www.ncbi.nlm.nih.gov/pubmed/16033867
https://doi.org/10.1038/4441022a
https://www.ncbi.nlm.nih.gov/pubmed/17183309
https://doi.org/10.1038/nature25973
https://www.ncbi.nlm.nih.gov/pubmed/29489753
https://doi.org/10.1038/s41586-022-04567-7
https://doi.org/10.3389/fphys.2017.00484
https://www.ncbi.nlm.nih.gov/pubmed/28744225
https://doi.org/10.1038/nature14232
https://www.ncbi.nlm.nih.gov/pubmed/25731162
https://doi.org/10.1136/gutjnl-2014-308209
https://www.ncbi.nlm.nih.gov/pubmed/25431456
https://doi.org/10.1136/gutjnl-2015-310861
https://www.ncbi.nlm.nih.gov/pubmed/26719299
https://doi.org/10.1126/science.aad9358
https://doi.org/10.3389/fendo.2020.582870
https://doi.org/10.1016/j.nutos.2022.06.006
https://doi.org/10.1001/jamanetworkopen.2021.0369
https://doi.org/10.1053/j.gastro.2020.05.048
https://doi.org/10.1136/gutjnl-2020-322294
https://doi.org/10.1136/gutjnl-2020-323020
https://www.ncbi.nlm.nih.gov/pubmed/33431578


Gastrointest. Disord. 2023, 5 352

54. Gu, S.; Chen, Y.; Wu, Z.; Chen, Y.; Gao, H.; Lv, L.; Guo, F.; Zhang, X.; Luo, R.; Huang, C.; et al. Alterations of the Gut Microbiota in
Patients with Coronavirus Disease 2019 or H1N1 Influenza. Clin. Infect. Dis. 2020, 71, 2669–2678. [CrossRef] [PubMed]

55. Dhar, D.; Mohanty, A. Gut microbiota and Covid-19- possible link and implications. Virus Res. 2020, 285, 198018. [CrossRef]
56. Liu, Q.; Su, Q.; Zhang, F.; Tun, H.M.; Mak, J.W.Y.; Lui, G.C.-Y.; Ng, S.S.S.; Ching, J.Y.L.; Li, A.; Lu, W.; et al. Multi-kingdom gut

microbiota analyses define COVID-19 severity and post-acute COVID-19 syndrome. Nat. Commun. 2022, 13, 6806. [CrossRef]
[PubMed]

57. Bernard-Raichon, L.; Venzon, M.; Klein, J.; Axelrad, J.E.; Zhang, C.; Sullivan, A.P.; Hussey, G.A.; Casanovas-Massana, A.; Noval,
M.G.; Valero-Jimenez, A.M.; et al. Gut microbiome dysbiosis in antibiotic-treated COVID-19 patients is associated with microbial
translocation and bacteremia. Nat. Commun. 2022, 13, 5926. [CrossRef]

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

59. Cao, J.; Wang, C.; Zhang, Y.; Lei, G.; Xu, K.; Zhao, N.; Lu, J.; Meng, F.; Yu, L.; Yan, J.; et al. Integrated gut virome and bacteriome
dynamics in COVID-19 patients. Gut Microbes 2021, 13, 1887722. [CrossRef]

60. Reinold, J.; Farahpour, F.; Schoerding, A.-K.; Fehring, C.; Dolff, S.; Konik, M.; Korth, J.; van Baal, L.; Buer, J.; Witzke, O.; et al. The
Fungal Gut Microbiome Exhibits Reduced Diversity and Increased Relative Abundance of Ascomycota in Severe COVID-19
Illness and Distinct Interconnected Communities in SARS-CoV-2 Positive Patients. Front. Cell. Infect. Microbiol. 2022, 12, 848650.
[CrossRef]

61. Nagata, N.; Takeuchi, T.; Masuoka, H.; Aoki, R.; Ishikane, M.; Iwamoto, N.; Sugiyama, M.; Suda, W.; Nakanishi, Y.; Terada-
Hirashima, J.; et al. Human Gut Microbiota and Its Metabolites Impact Immune Responses in COVID-19 and Its Complications.
Gastroenterology 2023, 164, 272–288. [CrossRef]

62. Tsounis, E.P.; Triantos, C.; Konstantakis, C.; Marangos, M.; Assimakopoulos, S.F. Intestinal barrier dysfunction as a key driver of
severe COVID-19. World J. Virol. 2023, 12, 68–90. [CrossRef] [PubMed]

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

64. Clerbaux, L.-A.; Filipovska, J.; Muñoz, A.; Petrillo, M.; Coecke, S.; Amorim, M.-J.; Grenga, L. Mechanisms Leading to Gut
Dysbiosis in COVID-19: Current Evidence and Uncertainties Based on Adverse Outcome Pathways. J. Clin. Med. 2022, 11, 5400.
[CrossRef] [PubMed]

65. Ragab, D.; Eldin, H.S.; Taeimah, M.; Khattab, R.; Salem, R. The COVID-19 Cytokine Storm; What We Know So Far. Front. Immunol.
2023, 11, 1446. [CrossRef]

66. Gonçalves, P.; Araújo, J.R.; Di Santo, J.P. A Cross-Talk Between Microbiota-Derived Short-Chain Fatty Acids and the Host Mucosal
Immune System Regulates Intestinal Homeostasis and Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2023, 24, 558–572.
[CrossRef] [PubMed]

67. Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty acids in health and
disease. Adv. Immunol. 2014, 121, 91–119. [CrossRef]

68. Hull, E.E.; Montgomery, M.R.; Leyva, K.J. HDAC Inhibitors as Epigenetic Regulators of the Immune System: Impacts on Cancer
Therapy and Inflammatory Diseases. BioMed Res. Int. 2016, 2016, 8797206. [CrossRef]

69. Husted, A.S.; Trauelsen, M.; Rudenko, O.; Hjorth, S.A.; Schwartz, T.W. GPCR-Mediated Signaling of Metabolites. Cell Metab. 2017,
25, 777–796. [CrossRef]

70. Li, M.; Van Esch, B.C.A.M.; Wagenaar, G.T.M.; Garssen, J.; Folkerts, G.; Henricks, P.A.J. Pro- and anti-inflammatory effects of short
chain fatty acids on immune and endothelial cells. Eur. J. Pharmacol. 2018, 831, 52–59. [CrossRef]

71. Li, Y.; Zeng, Z.; Li, Y.; Huang, W.; Zhou, M.; Zhang, X.; Jiang, W. Angiotensin-converting enzyme inhibition attenuates
lipopolysaccharide-induced lung injury by regulating the balance between angiotensin-converting enzyme and angiotensin-
converting enzyme 2 and inhibiting mitogen-activated protein kinase activation. Shock 2015, 43, 395–404. [CrossRef]

72. Tang, T.; Sui, Y.; Lian, M.; Li, Z.; Hua, J. Pro-Inflammatory Activated Kupffer Cells by Lipids Induce Hepatic NKT Cells Deficiency
through Activation-Induced Cell Death. PLoS ONE 2023, 8, e81949. [CrossRef] [PubMed]

73. De La Cochetière, M.F.; Durand, T.; Lepage, P.; Bourreille, A.; Galmiche, J.P.; Doré, J. Resilience of the dominant human fecal
microbiota upon short-course antibiotic challenge. J. Clin. Microbiol. 2005, 43, 5588–5592. [CrossRef] [PubMed]

74. Dethlefsen, L.; Huse, S.; Sogin, M.L.; Relman, D.A. The pervasive effects of an antibiotic on the human gut microbiota, as revealed
by deep 16S rRNA sequencing. PLoS Biol. 2008, 6, e280. [CrossRef] [PubMed]

75. Raymond, F.; Ouameur, A.A.; Déraspe, M.; Iqbal, N.; Gingras, H.; Dridi, B.; Leprohon, P.; Plante, P.-L.; Giroux, R.; Bérubé, È.; et al.
The initial state of the human gut microbiome determines its reshaping by antibiotics. ISME J. 2016, 10, 707–720. [CrossRef]

76. Dubourg, G.; Lagier, J.C.; Robert, C.; Armougom, F.; Hugon, P.; Metidji, S.; Dione, N.; Dangui, N.P.M.; Pfleiderer, A.; Abrahao, J.;
et al. Culturomics and pyrosequencing evidence of the reduction in gut microbiota diversity in patients with broad-spectrum
antibiotics. Int. J. Antimicrob. Agents 2014, 44, 117–124. [CrossRef]

77. Modi, S.R.; Collins, J.J.; Relman, D.A. Antibiotics and the gut microbiota. J. Clin. Investig. 2014, 124, 4212–4218. [CrossRef]
[PubMed]

78. Nandi, A.; Pecetta, S.; Bloom, D.E. Global antibiotic use during the COVID-19 pandemic: Analysis of pharmaceutical sales data
from 71 countries, 2020–2022. Eclinicalmedicine 2023, 57, 101848. [CrossRef]

https://doi.org/10.1093/cid/ciaa709
https://www.ncbi.nlm.nih.gov/pubmed/32497191
https://doi.org/10.1016/j.virusres.2020.198018
https://doi.org/10.1038/s41467-022-34535-8
https://www.ncbi.nlm.nih.gov/pubmed/36357381
https://doi.org/10.1038/s41467-022-33395-6
https://doi.org/10.1016/j.aca.2021.338267
https://www.ncbi.nlm.nih.gov/pubmed/33648648
https://doi.org/10.1080/19490976.2021.1887722
https://doi.org/10.3389/fcimb.2022.848650
https://doi.org/10.1053/j.gastro.2022.09.024
https://doi.org/10.5501/wjv.v12.i2.68
https://www.ncbi.nlm.nih.gov/pubmed/37033148
https://doi.org/10.1186/s12916-021-02212-0
https://www.ncbi.nlm.nih.gov/pubmed/35045853
https://doi.org/10.3390/jcm11185400
https://www.ncbi.nlm.nih.gov/pubmed/36143044
https://doi.org/10.3389/fimmu.2020.01446
https://doi.org/10.1093/ibd/izx029
https://www.ncbi.nlm.nih.gov/pubmed/29462379
https://doi.org/10.1016/b978-0-12-800100-4.00003-9
https://doi.org/10.1155/2016/8797206
https://doi.org/10.1016/j.cmet.2017.03.008
https://doi.org/10.1016/j.ejphar.2018.05.003
https://doi.org/10.1097/SHK.0000000000000302
https://doi.org/10.1371/journal.pone.0081949
https://www.ncbi.nlm.nih.gov/pubmed/24312613
https://doi.org/10.1128/JCM.43.11.5588-5592.2005
https://www.ncbi.nlm.nih.gov/pubmed/16272491
https://doi.org/10.1371/journal.pbio.0060280
https://www.ncbi.nlm.nih.gov/pubmed/19018661
https://doi.org/10.1038/ismej.2015.148
https://doi.org/10.1016/j.ijantimicag.2014.04.020
https://doi.org/10.1172/JCI72333
https://www.ncbi.nlm.nih.gov/pubmed/25271726
https://doi.org/10.1016/j.eclinm.2023.101848


Gastrointest. Disord. 2023, 5 353

79. De Nies, L.; Galata, V.; Martin-Gallausiaux, C.; Despotovic, M.; Busi, S.B.; Snoeck, C.J.; Delacour, L.; Budagavi, D.P.; Laczny, C.C.;
Habier, J.; et al. Altered infective competence of the human gut microbiome in COVID-19. Microbiome 2023, 11, 46. [CrossRef]

80. Walter, J. murine gut Microbiota—Diet trumps genes. Cell Host Microbe 2015, 17, 3–5. [CrossRef]
81. De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of

diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci.
USA 2010, 107, 14691–14696. [CrossRef]

82. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,
R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222–227. [CrossRef]
[PubMed]

83. Ou, J.; Carbonero, F.; Zoetendal, E.G.; DeLany, J.P.; Wang, M.; Newton, K.; Gaskins, H.R.; O’keefe, S.J. Diet, microbiota, and
microbial metabolites in colon cancer risk in rural Africans and African Americans. Am. J. Clin. Nutr. 2013, 98, 111–120. [CrossRef]
[PubMed]

84. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]
[PubMed]

85. Sonnenburg, E.D.; Sonnenburg, J.L. Starving our microbial self: The deleterious consequences of a diet deficient in microbiota-
accessible carbohydrates. Cell Metab. 2014, 20, 779–786. [CrossRef]

86. Dhar, D. Impending Mental Health Issues During Coronavirus Disease 2019–Time for Personalized Nutrition Based on the Gut
Microbiota to Tide Over the Crisis? Front. Neurosci. 2023, 15, 831193. [CrossRef] [PubMed]

87. Leeming, E.R.; Johnson, A.J.; Spector, T.D.; Le Roy, C.I. Effect of Diet on the Gut Microbiota: Rethinking Intervention Duration.
Nutrients 2019, 11, 2862. [CrossRef]

88. Monroe-Lord, L.; Harrison, E.; Ardakani, A.; Duan, X.; Spechler, L.; Jeffery, T.D.; Jackson, P. Changes in Food Consumption
Trends among American Adults since the COVID-19 Pandemic. Nutrients 2023, 15, 1769. [CrossRef]

89. Zhou, L.; Li, H.; Zhang, S.; Yang, H.; Ma, Y.; Wang, Y. Impact of ultra-processed food intake on the risk of COVID-19: A
prospective cohort study. Eur. J. Nutr. 2022, 62, 275–287. [CrossRef]

90. Shah, S.; Mu, C.; Moossavi, S.; Shen-Tu, G.; Schlicht, K.; Rohmann, N.; Geisler, C.; Laudes, M.; Franke, A.; Züllig, T.; et al. Physical
activity-induced alterations of the gut microbiota are BMI dependent. FASEB J. 2023, 37, e22882. [CrossRef]

91. Lyte, M.; Varcoe, J.J.; Bailey, M.T. Anxiogenic effect of subclinical bacterial infection in mice in the absence of overt immune
activation. Physiol. Behav. 1998, 65, 63–68. [CrossRef]

92. Goehler, L.E.; Gaykema, R.P.; Opitz, N.; Reddaway, R.; Badr, N.; Lyte, M. Activation in vagal afferents and central autonomic
pathways: Early responses to intestinal infection with Campylobacter jejuni. Brain Behav. Immun. 2005, 19, 334–344. [CrossRef]

93. Rutten, E.P.A.; Lenaerts, K.; Buurman, W.A.; Wouters, E.F.M. Disturbed intestinal integrity in patients with COPD. Chest 2014,
145, 245–252. [CrossRef] [PubMed]

94. Anand, S.; Mande, S.S. Diet, Microbiota and Gut-Lung Connection. Front. Microbiol. 2023, 9, 2147. [CrossRef] [PubMed]
95. Shi, C.Y.; Yu, C.H.; Yu, W.Y.; Ying, H.Z. Gut-Lung Microbiota in Chronic Pulmonary Diseases: Evolution, Pathogenesis, and

Therapeutics. Can. J. Infect. Dis. Med. Microbiol. 2021, 2021, 9278441. [CrossRef] [PubMed]
96. Schuijt, T.J.; Lankelma, J.M.; Scicluna, B.P.; de Sousa e Melo, F.; Roelofs, J.J.T.H.; de Boer, J.D.; Hoogendijk, A.J.; de Beer, R.; de Vos,

A.; Belzer, C.; et al. The gut microbiota plays a protective role in the host defence against pneumococcal pneumonia. Gut 2016, 65,
575–583. [CrossRef]

97. Prasad, R.; Patton, M.J.; Floyd, J.L.; Fortmann, S.; DuPont, M.; Harbour, A.; Wright, J.; Lamendella, R.; Stevens, B.R.; Oudit, G.Y.;
et al. Plasma microbiome in COVID-19 subjects: An indicator of gut barrier defects and dysbiosis. Int. J. Mol. Sci. 2021, 23, 9141.
[CrossRef]

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

99. Salamanna, F.; Maglio, M.; Landini, M.P.; Fini, M. Body Localization of ACE-2: On the Trail of the Keyhole of SARS-CoV-2. Front.
Med. 2023, 7, 594495. [CrossRef]

100. Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2021, 23, 3–20.
[CrossRef]

101. Chen, Y.; Chen, L.; Deng, Q.; Zhang, G.; Wu, K.; Ni, L.; Yang, Y.; Liu, B.; Wang, W.; Wei, C.; et al. The presence of SARS-CoV-2
RNA in the feces of COVID-19 patients. J. Med. Virol. 2023, 92, 833–840. [CrossRef]

102. Qian, Q.; Fan, L.; Liu, W.; Li, J.; Yue, J.; Wang, M.; Ke, X.; Yin, Y.; Chen, Q.; Jiang, C. Direct Evidence of Active SARS-CoV-2
Replication in the Intestine. Clin. Infect. Dis. 2023, 73, 361–366. [CrossRef]

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

104. Wang, J.; Zhao, S.; Liu, M.; Zhao, Z.; Xu, Y.; Wang, P.; Lin, M.; Xu, Y.; Huang, B.; Zuo, X.; et al. ACE2 expression by colonic
epithelial cells is associated with viral infection, immunity and energy metabolism. MedRxiv 2020. [CrossRef]
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