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ABSTRACT

As a rapidly growing field of research over the past two decades, the Gut Microbiome has emerged as an im-
portant player with an integral role in human body functions. Its perturbed function correlates with several
diseases such as diabetes, obesity, liver dysfunction, degenerative conditions, and neurological conditions.
Studies utilizing the technological advancements with multi-omics methodologies continue to allow the detec-
tion and identification of gut microbes and provide mechanistic insights into their functioning. This review
provides an overall understanding of the gut microbiome, its function, and communication with the brain and
liver via the gut-brain axis and gut-liver axis. This review further discusses its role in some of the common
disease states and some ways to potentially modulate the gut microbiome.

Background

Microbes are a community of organisms that reside and co-associate with the human body including a variety
of organisms such as bacteria, viruses, and archaea (Turnbaugh et al., 2007). Once considered independent
organisms, they are now considered to be an integral part of the human body that plays a role in health, and
therefore sometimes also referred to as the ‘forgotten organ’ (O'Hara & Shanahan, 2006). Microbiome research
has gained tremendous scientific interest over the past few decades with numerous studies being published each
year. The Human Microbiome Project was launched in 2007 and supported by the National Institute of Health
(NIH), to enable the characterization of the human microbiome to allow exploration of its role in health and
disease (Turnbaugh et al., 2007).

Due to rapid growth in the field and the lack of a clear definition of the microbiome and its constituents,
the microbiome has been defined in several ways e.g. driven by ecology or the microbes’ habitat, based on
microbe-host dependency, or by identification methods such as genome or DNA sequence-based analysis or
their combination (Turnbaugh et al., 2007; Merriam-Webster Dictionary; Rogers & Zhang, 2016). Berg et al.
(2020) recently provided a clear definition of microbiota and microbiome based on the description provided by
Whipps (1988). They refer to the microbiome as an interactive microbial community, known as microbiota, in
an environment that includes components such as structural elements and metabolites produced by microbial
activity. The human microbiota is known to inhabit several organs including the gut, skin, mouth, nasal cavities,
lungs, and vagina (Turnbaugh et al., 2007), and also refers to the collective genomes of existing microorganisms
in these specific sites in the body.

This review provides an overview of the gut microbiome including its composition, detection methods,
functions, communication with the brain and liver via the gut-brain axis and the gut-liver axis respectively, and
potential ways of its modulation. As scientists explore this area of research and uncover more about the residents
of the microbiome, this review is focused around its involvement in various biological functions and physio-
logical changes that manifest in diseases. The crucial role of the gut microbiome can be seen with inflammatory
bowel disease (IBD), a condition associated with an altered intestinal microbiota (Frank et al., 2007). A recent
study by Britton et al. (2019) was performed in which they colonized germ-free mice with gut microbiota from
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healthy individuals and those with IBD to elicit the role of the gut microbiome in IBD pathogenesis. The com-
parative analysis showed that the mice colonized with healthy microbiota displayed a significantly better im-
mune response as shown by a higher number of regulatory T-cells, compared to the IBD colonized counterparts.

Microbiome Composition

Human microbiota consists of 10-100 trillion microorganisms, attributing approximately 1-3% of the body
mass. This number is 10 times the number of human cells, compromises 100 times more genes than the human
genome (O'Hara & Shanahan, 2006), and has metabolic activity equivalent to that of a human organ (Bocci,
1992). Multiple studies show that a well-balanced gut microbiome with constant interaction with the host im-
mune system is essential for health (Round & Mazmanian, 2009; Clemente et al., 2012).

With age, a dynamic, interactive microbiome changes and is prone to various factors such as ecological
and evolutionary changes which shape the microbial diversity (Ley et al., 2006). The fetal gut is sterile and
colonization begins immediately after birth, influenced by the mode of delivery, and thereafter continues to
change depending on various factors such as diet, environment, and medications (Ley et al., 2006). Gut micro-
bial flora consists of bacteria from the four phyla, namely, Firmicutes, Bacteroidetes, Actinobacteria, and Pro-
teobacteria, with a lower proportion of the latter two (Ley et al., 2007). Anaerobes such as Bifidobacterium,
Clostridium, Bacteroides, and Eubacteria, and aerobic bacteria including Escherichia, Enterococcus, Strepto-
coccus, and Klebsiella constitute the majority of gut microbiota and contribute to its diversity (Eckburg et al.,
2005). An increase in the ratio of Firmicutes/Bacteroidetes [F/B] with age and its association with gut dysbiosis
has been reported (Mariat et al., 2009). This increased [F/B] ratio has been noted in disease states such as obesity
and could be an indicator of host health (Indiani et al., 2018; Ley et al., 2006). According to some clinical
studies, the microbial diversity may contribute to aging as it is significantly lower in older individuals compared
to young adults, with a decrease in Bifidobacterium and Lactobacillus (Gavini et al., 2001; Odamaki et al.,
2016; Forssten & Ouwehand, 2022). Decreased microbial diversity and richness have been implicated in the
development of many age-related diseases such as colitis, cardiovascular and neurodegenerative disorders such
as Alzheimer’s and Parkinson’s disease (Mitsuoka, 2014; Carding et al., 2015; Tang & Hazen, 2017; de J.R.
De-Paula et al., 2018). A recent population study also reported the association of Type-2 Diabetes and insulin
resistance with gut microbial diversity (Chen et al., 2021). Such evidence underscores the important role of
microbiome diversity and richness in health and disease states.

Detection Methods

Detection of microbes became feasible with the introduction of phylogenetic markers such as the 16S rRNA
gene for microbial community analysis (Woese & Fox, 1977). While scientific advancements have allowed the
characterization of the microbiome in healthy individuals, there are still many microbes whose functions remain
unknown and others that are yet to be detected. Conventional biochemical and molecular approaches to detec-
tion such as 16s rRNA, DNA microarrays, fluorescence in-situ hybridization (FISH), and quantitative real-time
PCR (g-PCR) have enabled the detection of these microbes and thus enabled scientists to study and help under-
stand the microbial functions and diversity.

Advancements in whole-genome sequencing including metagenomics, metaproteomics, meta-
transcriptomics, and metabolomics have also promoted the identification of novel genes and insights into their
functional roles (Srivastava et al., 2019). Metagenomics, a DNA sequencing methodology involves coding the
bacterial DNA sequences and annotating genes to provide a more comprehensive structural and functional role
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for the microbial community. Metagenomics studies such as MetaHIT and American Human Microbiome Pro-
ject have been able to add millions of non-redundant genes to the gene catalog of the human gut microbiome
(HMPC, 2012; Kim et al., 2022). Furthermore, several studies have shown the functional involvement of met-
abolic pathways and their correlation to diseases using the -omics approach (Nicholson et al., 2005; Kim et al.,
2022). These approaches have further advanced the understanding of microbial activity, gene expression, and
role in metabolism. Interestingly, each individual has a specific microbial fingerprint which may therefore act
as a determinant of an individual’s risk of a certain disease (Tomasello et al., 2017). Such omics technologies
could perform molecular fingerprinting of gut microbiota. It has become conceivable to identify novel genes
and microbial functions that can be targeted for diagnostic purposes and be potentially used as a therapeutic
tool for personalized medicine (Nicholson et al., 2005; Tomasello et al., 2017; Di Domenico et al., 2022).

Microbiome Function

Interaction between the host gut mucosa and the intestinal epithelium is critical in the establishment of a natural
defense barrier, the development of the gut immune system, and metabolism. The microbiome has important
protective, structural, and metabolic functions of the gut microbiome and their perturbation can result in disease
states.

Protective Role

Maintenance of a symbiotic relationship promotes homeostatic balance and allows the growth of beneficial
microbes and prevents the overgrowth of pathogenic microbes. The intestinal mucosal layer not only provides
protection by preventing microbial contact with intestinal epithelial cells but also provides the microbes with
nutrients in the form of secreted glycoproteins (Kim & Ho, 2010). Furthermore, metabolites generated by the
microbes activate receptors such as Toll-like receptors (TLRs) and Nucleotide-binding and oligomerization
domains (NOD) like receptors (NLRs). They also produce mucin glycoproteins, antimicrobial peptides, and
local secretory IgA immunoglobulins whilst serving as signaling molecules (Schroeder & Béckhed, 2016). Ac-
tivation of these receptors can induce the signaling pathways essential for promoting mucosal barrier function
and preventing gut inflammation (Macpherson & Uhr, 2004; Clemente et al., 2012). Indeed there is evidence
that shows the ability of Lactobacillus reuteri to convert dietary histidine into histamine that modulates the
downstream mitogen-activated protein kinase (MAPK) signaling pathway (Thomas et al., 2012). Collectively,
these mechanisms prevent the translocation of the gut microbiota from the intestinal lumen to the circulation,
sustain the microbes by providing nutrients for metabolic needs, and build up gut immunity. Such immune
modulation can therefore be used to design treatment strategies against various diseases by targeting various
signaling pathways.

Metabolic Role

A critical role of the microbiome lies in its profound influence on host metabolism including the metabolism of
energy substrates, xenobiotics, synthesis of micronutrients like vitamins, and modulation of host immune de-
fenses through the release of gut hormones such as cholecystokinin, glucagon-like peptide, and the peptide YY.

Energy Metabolism

Metabolic function of the microbes is dependent largely on the fermentation of dietary carbohydrates that es-
cape digestion, non-digestible oligosaccharides, and also to a certain extent nutrients like glycoproteins secreted
by the intestinal cells. This nutrient metabolism carried by the microbes in anoxic gut environment results in
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the production of short-chain fatty acids like butyrate, propionate, and acetate, all of which are preferential
energy sources for the host intestinal epithelium (O'Hara & Shanahan, 2006; Morrison & Preston, 2016). The
short-chain fatty acids can be quickly oxidized to release high-energy molecules like Acetyl-CoA that partici-
pate in metabolic pathways and generate energy in the form of adenosine triphosphate (ATP). Additionally,
studies show gut microbiota play arole in the metabolism of macronutrients, carbohydrates, lipids, and proteins.
Members of Bacteroides express enzymes like transferases, hydrolases, and lyases that participate in carbohy-
drate metabolism, and modulate the activity of host lipid degrading enzymes like lipoprotein lipase (Rama-
krishna, 2013). Similarly, protein metabolism is also impacted by microbial proteinases and peptidases along
with host proteinases as they facilitate protein digestion and absorption (Rodriguez-Romero et al., 2022). Earlier
studies have shown gut bacteria to be a source of essential amino acids such as lysine and threonine through de
novo synthesis that contributes to amino acid homeostasis in the host (Metges, 2000). While amino acids and
their metabolites are important drivers of normal physiological functions, accumulation of excessive undigested
protein can result in a dysbiotic gut with an increased proportion of pathogenic microbes, rendering the host
susceptible to diseases (Rodriguez-Romero et al., 2022).

Xenobiotics Metabolism

Yet another involvement of the gut microbiome concerns the metabolism of xenobiotics, substances that are
not native to the host such as drugs, chemicals, food additives, environmental pollutants, and heavy metals
(Collins & Patterson, 2020). Indeed, studies have identified bacterial genes of gut microbes to metabolize sev-
eral drugs such as Levodopa used to treat Parkinson's disease, and Levamisole for parasitic infections (Zim-
mermann et al., 2019). While the direct metabolization of these substances involves the conversion of chemicals
or drugs into inactive metabolites, the microbiome can alter the absorption of drugs and indirectly change their
pharmacokinetics and pharmacodynamics by modulating the gene expression of host metabolic enzymes in the
intestine and liver, including cytochrome P450, transporters and other conjugative enzymes (Maurice et al.,
2013). Several such mechanisms employed by the gut microbiome on drug metabolism in clinical practice have
also been noted in the literature (Sun et al., 2019). While the effect of gut microbes on xenobiotic metabolism
is evident, the effect of xenobiotics on microbes should not be underestimated. The bidirectional interaction
and binding and sequestration of xenobiotics by microbes can affect the viability, diversity, and metabolism of
the microbiome as well.

Vitamin Synthesis

Besides providing an energy source for host cells, microbes are an excellent endogenous resource of micronu-
trients like vitamins (LeBlanc et al., 2013). Vitamins synthesized by gut commensal microbes include water-
soluble B vitamins such as biotin, riboflavin, folate, thiamine, pantothenic acid, and fat-soluble Vitamin K, all
of which can be utilized by the host cells (LeBlanc et al., 2013). Most water-soluble B-vitamins are critical in
energy metabolism and serve as coenzymes in various redox reactions, and help stabilize the microbial com-
munity in the gut (Pham et al., 2021). Similarly, Vitamin K is critical for the activation of clotting factors and
works as a free radical scavenger to protect our cells from oxidative damage. Phylloquinone and menaquinones,
two different dietary forms of Vitamin K, are also produced and modulated by the gut microbiota (Bentley &
Meganathan, 1982). Menaquinone also functions as a carrier in the bacterial electron transport system and qui-
none synthesis which are important for bacterial growth and survival (Fenn et al., 2017). The importance of
having a healthy gut microbiome becomes important as an endogenous source of vitamins because the human
body lacks the biosynthesis machinery to synthesize most vitamins and therefore relies on exogenous dietary
sources.

Immune System Development
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Another major role of the gut microbiome is its contribution to the development and modulation of gut immun-
ity. Colonization of the gut in early life plays a critical role in the maturation of the host immune system and
responses. This process usually lasts for ~ 3 years of age by which time the gut microbiome establishes itself in
a newborn sterile gut and stabilizes to an adult-like gut environment and equipping the host with immunity
(Gensollen et al., 2016). Hence, during the early years of life when the immune system is still immature, infants
are highly susceptible to infectious pathogens that can result in disease states like allergies, and autoimmune
and inflammatory disorders (Kamada et al., 2013; Zhang et al., 2017). While the non-optimal innate and adap-
tive responses of an immature immune system result in high susceptibility to infections, it also favors the im-
munoregulatory establishment of microbiota without severe inflammatory response (Kamada et al., 2013).
Early studies by Bauer (1963) in germ-free animals demonstrate the absence of commensal microbes associated
with defects in immune function. Similarly, literature affirms the association of microbial colonization with
protective immunoglobulin A (IgA) antibodies that confer humoral immunity, innate lymphoid cells that mirror
the phenotype and function of T-cells, and other immunomodulatory effector cells all contribute to immune
responses (Gomez de Agiiero et al., 2016). Various cytokines secreted by these cells also play important role in
early immune responses to allergens, and bacterial and parasitic infections that have been proven with in vivo
experiments in mice (Kamada et al., 2013; Hapfelmeier et al., 2010; Wesemann et al., 2013). Therefore, critical
early life interactions between the host immune and microbiota are important to the establishment and mainte-
nance of immune homeostasis and may impact susceptibility to infections and diseases later in life.

Gut Microbiome - Host Communication

Current literature describes an intricate network of the Gut microbiome and host communication through vari-
ous organ systems including the liver and brain that impacts a myriad of biological and physiological functions
(Clemente et al., 2012). While other organs such as the lungs, heart, and kidneys are reported to be affected by
gut dysbiosis, in this review the focus is on gut communication with the brain and liver via the gut-brain axis
and the gut-liver axis.

Gut-Brain Axis

Studies show the existence of bidirectional cross-talk between gut microbiota and host organ systems
directly through the toll-like receptors (TLRs) or by indirect signaling through microbial metabolites (Schroeder
& Bickhed, 2016). Modulation of the gut-brain axis occurs through multiple pathways which include the en-
docrine, immune and neural systems. Under stress, the hypothalamic-pituitary-adrenal axis (HPA axis) regu-
lates the cortisol secretion from the adrenal gland in response to the sequential release of corticotropin hormone
(CRH) secreted by the hypothalamus and adrenocorticotropic hormone (ACTH) released by the pituitary gland
(Misiak et al., 2020). Cortisol in turn affects the immune cells and modulates the gut permeability and intestinal
barrier integrity, all of which can change the gut environment and consequently alter the microbiota composi-
tion (Morais et al., 2020). As such the dysbiotic gut-brain communication and aberrant signaling further results
in abnormal brain physiology and perturbed function seen in the form of signs and symptoms such as increased
stress, pain, anxiety, cognition, mood changes, inflammation, and diseases. Further, microbial interaction with
the host immune cells initiates the production of pro-inflammatory cytokines that can reach the brain via blood
circulation and alter brain function. Inflammation affects the intestinal permeability rendering the gut ‘leaky’
causing intestinal dysbiosis which is recognized to be associated with metabolic disorders (Régnier et al., 2021).
Early studies by Cani et al. provide evidence that the bacterial lipopolysaccharide is capable of triggering en-
dotoxemia-mediated inflammation and participates in the development of insulin resistance (2007).

The gut, also known as the ‘second brain’, produces and consumes many of the same neurotransmitters
as the brain including dopamine, serotonin, norepinephrine, histamine, and gamma-aminobutyric acid (GABA)
(Strandwitz, 2018). A significant amount of serotonin is produced by the gut bacteria that contribute to anxiety
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and changes in mood, and behavior. Serotonin is known to exhibit antioxidant, and anti-inflammatory proper-
ties, besides serving as a precursor to melatonin, a chemical known to regulate circadian rhythm and the sleep
cycle. Literature provides the linkage of the role of melatonin and the gut-brain axis not just with sleep physi-
ology, but also with psychiatric, inflammatory, and neurodegenerative disorders (Anderson & Maes, 2015).
Further, the proinflammatory cytokines such as interleukins, in particular, IL-6 and IL-1f are somnogenic fac-
tors that have been found to have a strong association with sleep physiology (Kamada et al., 2013). Other
microbial metabolites such as short-chain fatty acids and tryptophan metabolites serve as precursors for neuro-
transmitters like glutamate, GABA, and dopamine that modulate the synaptic transmission in the enteric nerv-
ous system, regulate intestinal motility, secretion and inflammation, energy intake, and thermal homeostasis
(Auteri et al., 2015; de J.R. De-Paula et al., 2018; Ge et al., 2018).

Besides the enteric nervous system, the gut-brain axis uses other pathways that involve hormones for
communication and monitoring various stimuli and signals from the gut. The specialized enteroendocrine cells
present throughout the intestinal tract release hormones such as cholecystokinin (CCK), glucagon-like peptide-
1 (GLP-1), and peptide YY (PYY), in direct response to nutrients and microbial factors (Cani & Knauf, 2016).
These hormones secreted due to gut-brain interaction control various functions such as regulation of appetite,
gastric emptying, and secretion of pancreatic enzymes responsible for carbohydrate, protein, and lipid metabo-
lism (Covasa et al., 2019; Owyang & Logsdon, 2004; Ritter, 2004). In addition, recent literature reports that
gut sensory epithelial cells or neuropods are an emerging player involved in the transduction of sensory signals
through an existing neuronal network from the gut, vagus nerve, and the brain (Kaelberer et al., 2020). A 2018
study by Breit et al. affirms that the vagus nerve is a modulator of the gut-brain axis in psychiatric and inflam-
matory disorders. Thus, manipulation and regulation of microbiota-derived neuroactive metabolites may be of
strategic value in the treatment of many endocrinal, intestinal and neurological disorders.

Gut-Liver Axis

The gut-liver axis is another cross-talk mechanism that exists as a result of interactions affected by different
dietary, genetic, and environmental factors and affects the functional and physiological body responses. The
main component of the gut liver axis is the portal circulation that directs the venous blood away from the intes-
tine. Any damage to the gut barrier can therefore result in increased intestinal permeability and expose the liver
to potentially harmful substances, gut bacteria, and their toxic metabolites (Brandl et al., 2017). Additionally,
any dysbiosis due to alteration in microbial diversity and richness can further exaggerate this process of liver
damage and disease by altering the bile-acid metabolism (Betrapally et al., 2017). Literature provides increasing
evidence of the role of intestinal dysbiosis in the pathogenesis and progression of liver diseases such as alcoholic
liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), cirrhosis, immune-mediated diseases, and can-
cer. A study conducted on patients suffering from hepatocellular carcinoma showed a dramatic decrease in the
diversity of gut microbes as compared to healthy subjects (Ponziani et al., 2018). An increase in the pro-inflam-
matory Bacteroides species and decreased levels of anti-inflammatory Bifidobacterium were noted to be a likely
cause contributing to the progression of carcinogenesis. The role of gut dysbiosis has also been implicated in
the pathogenesis of autoimmune diseases such as biliary cirrhosis where the portal inflammation due to toxic
bacterial metabolites and change in bile acid composition progressively leads to fibrosis and cirrhosis. A recent
study by Tang et al. (2018) demonstrated a correlation between reduced gut microbial diversity and richness to
primary biliary cirrhosis. The link of the gut microbiome to Alcoholic liver disease (ALD) has long been asso-
ciated with alcohol-mediated damage to intestinal cells that results in increased gut permeability and eventual
hepatic injury and inflammation (Cassard & Ciocan, 2018). This finding is currently supported by meta-analysis
studies in patients with chronic liver disease which showed an imbalance in the native bacterial species (Shah
etal., 2017). Similar to ALD, the progression and pathogenesis of the non-alcoholic fatty liver disease (NAFLD)
to liver cirrhosis and hepatocellular carcinoma is linked to intestinal dysbiosis (Doulberis et al., 2017).
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Modulating the Gut Microbiome

Considering the significant role of the microbiome in overall health and its association with various disease
states, it is only rational to explore the ways to target the gut microbiota as a therapeutic strategy. With emerging
concepts and technological advances, the development of diagnostic, prognostic, and therapeutic tools to mod-
ulate the gut microbiota for the management of diseases seems feasible, however, challenges should be expected
in this new field of scientific research (Ghattargi et al., 2019; Sarada et al., 2021).

Since diet plays a major role in the constitution of the gut microbiome and is an influential modulator of the gut
microbiota, the role of probiotics, prebiotics, postbiotics, and synbiotics has been investigated (Liu et al., 2022).
Additionally, fecal microbiota transplantation (FMT) is currently being explored as a therapeutic strategy for
several diseases. All these modulators are further described below.

Probiotics are live microorganisms intended for health benefit upon consumption and are commonly
found in yogurt, other fermented foods, and dietary supplements. Most common probiotic bacteria belong to
the Lactobacillus and Bifidobacterium groups and are suggested to maintain microbial homeostasis in the gut
and prevent the colonization of pathogenic bacteria. The mechanism of action of probiotics is multifold and
includes inhibition of colonization of pathogenic bacteria by releasing antimicrobial peptides or bacteriocins.
They further confer resistance to colonization by competing for nutrients and space by adhering to intestinal
cells (Liu et al., 2022; Sherman et al., 2009). The distinct immunomodulatory effect of probiotics on immune
cells also helps reduce colonic inflammation. Probiotics can shift the gut microbial community towards the
more beneficial microbes that produce anti-inflammatory metabolites that promote the differentiation of anti-
inflammatory immune regulatory T-cells (Tregs) and inhibit the T-helper 17 (Th17) that produce highly inflam-
matory IL-17 cytokines (Sherman et al., 2009; Tanabe, 2013). Finally, probiotics interact with intestinal mucosa
to promote mucin production and therefore prevent a leaky gut and endotoxemia by preventing bacterial trans-
location to the systemic circulation (Sherman et al., 2009).

Prebiotics are dietary supplements consisting of non-absorbable fermentable dietary fibers (Holscher,
2017). They function by stimulating the growth of beneficial probiotic bacteria. Studies report the increase in
probiotic bacteria such as Faecalibacterium and Akkermansia after the administration of prebiotics (Zou et al.,
2020; Liu et al., 2022). They also are selectively fermented by probiotic bacteria in the gut, leading to the
synthesis of short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate, which can be used by
intestinal cells for energy (Zou et al., 2020; Liu et al., 2022). Further, prebiotics can inhibit pathogen coloniza-
tion by binding to bacterial receptors, thus preventing the attachment of pathogens to the intestinal cells (Zou
et al., 2020). Prebiotics has also been postulated to be directly absorbed into the intestinal cells and exert anti-
inflammatory action (Liu et al., 2022).

Postbiotics are the soluble byproducts and metabolites secreted by the gut microbiota and can help
maintain intestinal homeostasis by inhibiting the pathogenic bacteria while promoting the growth of beneficial
ones. The interferons and Immunoglobulin A are postbiotics that exert biological activities to protect the intes-
tinal epithelium and exert cytotoxic effect against aberrant cells to induce apoptosis (Zou et al., 2020; Liu et al.,
2022). Studies show that postbiotics can promote the integrity of the intestinal barrier by increasing the expres-
sion of tight junction proteins such as Occludin and Claudin-1, the antioxidant enzymes such as superoxide
dismutase, and the mucin in intestinal epithelial cells (Izuddin et al., 2020). Postbiotics may also interact with
several immune cells such as T-cells, B-cells, macrophages, and dendritic cells to exert an effect on the immune
system and immune response (Liu et al., 2022).

Fecal Microbiota Transplantation (FMT), also known as intestinal microbiota transplant or bacterio-
therapy, is another way to modulate the gut microbiota. The process works by transplanting fecal samples from
screened healthy donors to the colon of the recipient. The U.S. FDA approved FMT as an investigational treat-
ment and was successfully used for treating patients with recurrent, severe Clostridium difficile infection that
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causes colitis or colon inflammation leading to diarrhea (FDA, 2016; Burke & Lamont, 2014). This therapeutic
technique can re-establish the gut microenvironment to modulate the enteric and systemic immunity. Studies in
patients with metabolic syndrome show that FMT is able to improve insulin sensitivity most likely by altering
the microbiota in favor of beneficial butyrate-producing bacteria (Udayappan et al., 2014). There is significant
interest in the use of FMT for other diseases such as colorectal cancer (CRC), inflammatory bowel disease
(IBD), obesity, and liver disease (Smits et al., 2013). A recent study conducted preliminary human trials showed
beneficial effects of FMT in patients with severe alcoholic hepatitis with improvement in disease severity and
survival rate (Shasthry, 2020). Ongoing research and clinical trials continue to explore the use of FMT to restore
normobiosis in different pathological situations characterized by dysbiosis (Smits et al., 2013). However, it is
important to note that the impact of FMT may vary for each individual and is not without risks. Such risks
include the dissemination of pathogens and disease-causing genes from recipients and unknown long-term ef-
fects.

Conclusion

The gut microbiome is a complex but integral part of the human body. While research in the field has furthered
our knowledge and understanding of this field, a lot remains to be uncovered about the gut microbiome. Some
of the critical established roles of the gut microbiome lie within its protective and anti-microbial function and
metabolic regulation. Research further underscores its important communication role through its cross-talk with
other organs such as the brain and liver via the gut-brain and gut-liver axis, which when perturbed may result
in disease states. The technological advancements and methodologies in whole-genome sequencing such as
metagenomics, metaproteomics, metatranscriptomics, and metabolomics have allowed the identification of
novel genes and provided valuable information on the functional roles and mechanistic insights. With the pos-
sibility of creating individual microbiome profiles, such information could be potentially useful in personalized
medicine where treatment can be designed for specific individuals. While the use of probiotics, prebiotics,
postbiotics, and synbiotics are common ways to modulate the gut microbiome, another interesting option is the
use of fecal microbiota transplant (FMT). FMT is currently a treatment option for Clostridium difficile infec-
tions and is being explored as a potential therapeutic strategy in clinical trials. With ongoing research and in-
novative techniques, gut microbiome manipulation could prove to be a revolutionary way to target various
diseases.
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