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Introduction

The human gut microbiota is a complex microbial ecosystem that consists of a
diverse population of mainly prokaryotes that have a symbiotic relationship with
the human host. Most of these have a (facultative) anaerobic lifestyle and belong
to a few abundant phyla, including Firmicutes, Bacteroidetes, Actinobacteria, Proteo-
bacteria, and Verrucomicrobia (Hugon et al., 2015; de Vos et al., 2022). The Firmi-
cutes and Bacteroidetes phyla accommodate the most abundant species and constitute
over 90% of the human gut microbiota (Béckhed et al., 2005; Eckburg et al., 2005).

The gut microbiota exerts a considerable influence on the host, being involved in
food metabolism and the production of numerous bioactive compounds, immunomo-
dulation, regulation of endocrinological functions and neurological signaling, path-
ogen exclusion, and elimination of toxins. Thus, the microbiome has a significant
potential to affect our health by affecting our physiological, immunological, and
nutritional status (Hooper et al., 1998; Neish, 2009; Van Treuren and Dodd, 2020).

From being sterile at birth, our gut is rapidly colonized in the first few days of
life, being affected by such factors as mode of delivery (Grolund et al., 1999),
type of feeding (Orrhage and Nord, 1999), and antibiotic therapy (Gibson et al.,
2015). Although the gut microbiome develops rapidly in diversity and complexity
in the first few years after birth, it becomes relatively stable in adulthood, and spe-
cific microbiota signatures have been detected in longitudinal analysis over 10 years
(Rajilic-Stojanovic et al., 2013). In addition, the composition of our microbiome is
highly individual (Gacesa et al., 2022), is similar in genetically related subjects
(Turnbaugh et al., 2009), and differs among individuals of different ethnicities
(Deschasaux et al., 2018). Moreover, interindividual differences in the composition
of the gut microbiome can be overwhelmingly explained by an individual’s
geographic location as shown in a large-scale clinical microbiome study conducted
in China (He et al., 2018).
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Although our microbiome is relatively stable, it may be modified by various fac-
tors such as food components, major dietary changes, and pharmaceutical treatments
that target the composition, stability, and activity of the microbiota (Sommer et al.,
2017). After the discovery of microbial life, Antonie van Leeuwenhoek reported in
1681 the first observation relating a disturbed microbial composition to the diarrhea
he was experiencing, possibly after drinking dirty Amsterdam canal water (Dobell,
1932). More than two centuries later, Metchnikoff hypothesized that replacing the
“bad” bacteria in the gut with lactic acid bacteria could normalize bowel health
and thus prolong life (Metchnikoff and Mitchell, 1907). Hence, it has long been spec-
ulated that the gut microbiota bears a significant functional role in maintaining gut
health and numerous studies have been performed to elucidate what role the human
gut microbiome plays in human health. Most of our knowledge about this microbial
organ and what role it plays in our physiology is becoming clearer, thanks to recent
advances in sequencing technology, and “omics” tools which have helped us to reveal
the complexity and composition of the gut microbiota and its functionality. Dysbiosis
is often used to designate an alteration of the composition of the gut microbiota, but
this term is a misnomer because a healthy gut microbiota has not been well defined
because it is also highly personalized, affected by diet, and extremely complex
(Gacesa et al., 2022; Zoetendal et al., 2008; Zoetendal and de Vos, 2014). However,
the presence of changes in gut microbiota composition has been described as the ma-
jor hallmark that is associated with, or contributes to, diseases that have been linked to
the gut microbiome. Although these are associations and not causalities in most cases,
microbiota changes have been linked with diseases occurring within and outside of
the gut, including inflammatory bowel disease (IBD; Lee and Chang, 2021), irritable
bowel syndrome (IBS; Hou et al., 2022; Pittayanon et al., 2019), obesity (Barczynska
et al., 2018), type II diabetes (Gurung et al., 2019), colorectal cancer (CRC; Cheng
et al., 2020; Thomas et al., 2019), and cardiovascular diseases (Fromentin et al.,
2022; Talmor-Barkan et al., 2022). Therefore, the aim of this chapter is to give an
overview of the extensive role of our gut microbiome in health and disease.

Gut Microbiota and Immune System-Related Diseases

Millions of years of coevolution have created a complex mutualistic relationship be-
tween the commensal microbiota and its host that begins at birth. The immune sys-
tem shapes the microbiota composition and, in turn, the microbiota induces the
maturation of the immune system and directs the development of immune responses.
The immune system has evolved, recognizing commensal bacteria and responding
and adapting to foreign and self-molecules, hence protecting the host from patho-
gens while preserving the symbiotic relationship (Hooper et al., 2012). In turn,
the gut bacterial community has developed to modulate structures and cells of the
immune system, all of which have important roles in the process of tolerance and
susceptibility to inflammation (Belkaid and Harrison, 2017).

Studies using germ-free (GF) animals have shown that the gut microbiota is
required for the normal generation and maturation of gut-associated lymphoid
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tissues (Cebra et al., 1998) to regulate the development of specific immune cells in
the gut, such as the T helper 17 (Th17) and Foxp3+ regulatory T cells (Ivanov et al.,
2008; Lathrop et al., 2011), and to induce the differentiation of immunoglobulin A—
producing B cells (Strugnell and Wijburg, 2010), and to promote CD8+ T cells dif-
ferentiation into memory cells (Bachem et al., 2019). Therefore early-life exposure
to microbial antigens is critical for proper immune development. By recognizing self
from nonself, presenting a broad range of antigens during the first days of life and at
weaning (critical window) will lower the risk for autoimmune diseases and exacer-
bated responsiveness to allergens later in life that may increase the susceptibility to
inflammatory pathologies, including allergies and asthma (Al Nabhani et al., 2019;
Fujimura and Lynch, 2015; Hooper et al., 2012).

Allergies and Asthma

The prevalence of allergic diseases, such as atopic dermatitis (eczema), food al-
lergies, and asthma, has increased over the last decades, becoming a major health
problem in high-income countries. This increase has coincided with lifestyle-
associated environmental changes that may affect the host microbiota, such as
increased hygiene, smaller family sizes, dietary changes, and excessive antibiotic
use (von Mutius and Smits, 2020).

Early life environmental exposures are critical to immune system training and
function and, consequently, allergy and asthma pathogenesis (Lynch and Vercelli,
2021). Indeed, epidemiological studies have shown an inverse relationship between
rates of childhood allergies and exposure to microbial-rich environments, suggesting
that exposure to high levels of certain allergens and bacteria early in life might be
beneficial. In a study conducted by Ege et al. (2011), school children growing up
in predominantly rural areas were shown to be protected from asthma and atopy,
whereas a study by Ownby et al. (2002) demonstrated that exposure to two or
more dogs or cats in the first year of life reduced subsequent allergic sensitization.
A birth cohort study in an inner-city environment conducted by Lynch et al. (2014)
found the lowest rates of atopy and wheezing in children with higher bacterial diver-
sity that had been exposed to high levels of cockroach, mouse, and cat allergen if
compared with children with lower exposure to these allergens. Moreover, dust
microbiota composition was shown to be a reproducible predictor of asthma risk
in a modeling study conducted by Kirjavainen et al. (2019). By comparing data
collected in two Finnish birth cohorts, Lukas 1 (farm home model) and Lukas 2
(non-farm home model), and validating the model using a German cohort, it was
shown that children living in a non-farm home with a rich indoor dust microbiota,
similar to the microbiota of a farm, have decreased risk to develop asthma.

Several clinical studies have shown that reduced diversity of intestinal micro-
biota in early life is associated with an increased risk of developing atopic diseases
and asthma in infants (Abrahamsson et al., 2012, 2014; Bisgaard et al., 2011; Forno
et al., 2008; Wang et al., 2008). Vancomycin treatment of newborn mice has been
shown to reduce gut microbiota diversity and disrupt the balance of pro-
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inflammatory and regulatory immune response, enhancing the susceptibility to
experimental allergic asthma (Russel et al., 2012), whereas asthma in children
has been positively associated with prenatal and postnatal antibiotic prescriptions
in an English birth cohort (Souza da Cunha et al., 2021). Moreover, a retrospective
cohort study using twin pairs discordant for eczema/asthma has shown that early-life
antibiotic use is associated with asthma, independently of genetic and environmental
factors. However, the antibiotic effect on eczema onset could not be dissociated from
familial and genetic factors (Slob et al., 2020).

Substantial effort has been devoted to identifying specific bacterial species or taxa
that correlate with the development of, or protection against, allergy-related disorders.
However, the results are still conflicting and differ significantly depending on the study,
probably because of differences in sample populations and the methods applied for
microbiota analysis. Although Lynch et al. (2014) described the presence of allergy-
protective bacteria, particularly from the Prevotellaceae, Lachnospiraceae, and Rumi-
nococcaceae families, in the house dust of urban neighbourhoods; Ege et al. (2011) did
not identify any protective microorganisms in the rural environment studied. Abra-
hamsson et al. (2012) reported a lower diversity of Bacteroidetes and Proteobacteria
in infants with atopic eczema, but the same group did not find associations between
asthma and the relative abundance of any phylum or genus in a second study (Abra-
hamsson et al., 2014). A study by Arrieta et al. (2015) found that babies that had low or
undetectable levels of the bacterial genera Lachnospira, Veillonella, Faecalibacterium,
and Rothia at 3 months of age had an elevated risk to develop asthma-like symptoms
by their first birthday, whereas infants at lower asthma risk had relatively robust levels
of these bacteria in their intestine when they were 3 months old. It is interesting to note
that the group confirmed the protective effect of these bacteria in a second experiment
that showed an improvement in airway inflammation in GF mice inoculated with these
four bacterial taxa. It is of interest to note that the absence of similar bacteria, including
Rothia spp., were included in a classifier predicting later-life asthma in a large cohort
of Finnish infants that had been exposed to unusually high levels of antibiotics earlier
in life (Korpela et al., 2016). An increasing body of evidence has identified maternal
weight gain and maternal and child obesity to be related to asthma development and
severity, with alterations in the gut microbiome as a potential mechanism linking both
diseases (Peters et al., 2018). In adults, pronounced deviations in the gut microbiota
have been reported in notably obese subjects with asthma in comparison with healthy
controls (Michalovich et al., 2019). This study found that asthma severity was
inversely correlated to the abundance of Akkermansia muciniphila, which upon addi-
tion in a murine asthma model appeared to reduce hyperactivity and inflammation.

Rheumatoid Arthritis

The gut microbiota and its interactions with the host mucosal immune system may
also play a role in rheumatoid arthritis (RA) onset and progression in genetically pre-
disposed individuals (Bergot and Giri, 2019). RA is a systemic autoimmune inflam-
matory disease, and its development is associated with the dysregulation of normal
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immune function with increased production of proinflammatory cytokines and acti-
vation of autoreactive B and T lymphocytes (Brandl et al., 2021). Animal models of
inflammatory arthritis have demonstrated that bacterial colonization can be an envi-
ronmental trigger for the development of the disease. Wu et al. (2010) showed that
segmented filamentous bacteria (SFB) introduced into GF animals can induce Th17
cells to produce IL-17, a cytokine that stimulates the production of auto-antibodies,
provoking the onset of arthritis. However, it should be emphasized that SFB have
only anecdotally been described to be present in humans. Hence, a study that further
embarked on the molecular mechanism of SFB in inducing Th17 cell accumulation
in mice also described the isolation of human bacteria that could mimic this
signaling system (Atarashi et al., 2015). In other animal studies, Abdollahi-
Roodsaz et al. (2008) demonstrated that contamination of ILIrn—/— GF mice
with a single species, Lactobacillus bifidus, results in the activation of toll-like re-
ceptor (TLR)-2 and TLR4 with the rapid development of arthritis, whereas Jubair
et al. (2018) demonstrated that modification of the gut microbiota through the
administration of broad-spectrum antibiotics modulates mucosal inflammation,
reducing the severity of arthritis in collagen-induced arthritis (CIA) animal model.
Furthermore, clinical studies have been done to investigate if intestinal microbiota
composition in patients with RA differs from healthy subjects. Scher et al. (2013)
demonstrated that the species Prevotella copri was more abundant in patients
suffering from untreated RA than in healthy subjects, but this discrepancy was
not observed in chronic RA patients receiving treatment. And in this same study,
colonization of mice with P. copri exacerbated the severity of dextran sulfate
sodium—induced colitis, suggesting that this organism has a potential proinflamma-
tory function. Zhang et al. (2015) also reported alterations in the microbiota compo-
sition of RA patients when compared with healthy controls, which was partially
resolved after RA treatment. Bacteria from the Haemophilus species were depleted,
whereas Lactobacillus salivarius was overrepresented in individuals with RA, and
this deviation was most marked in patients suffering from very active RA. In a recent
study, Chen et al. (2021) reported that alterations in the gut microbiota were mainly
in abundance but not in composition in a small cohort of Chinese subjects. Bacteria
from the genus Bacteroides, Faecalibacterium, and Bifidobacterium were decreased,
whereas 97 other genera, including Lactobacillus, Streptococcus, and Akkermansia,
were increased in the RA group compared to the healthy group. Moreover, fecal
metabolic profiles suggested that RA can lead to significant changes in metabolites,
as observed for the two long-chain fatty acids 9,12-octadecadiynoic acid and 10Z-
nonadecenoic acid, which were increased in the RA patients and strongly positively
correlated with the phylum Verrucomicrobia and the genus Akkermansia.

SCFA have also been shown to have a role in RA development. In a study by
Lucas et al. (2018) SCFA treatment significantly attenuated the severity of inflam-
mation and modulated bone metabolism in two mouse models of inflammatory
arthritis (CIA model and K/BxN serum-induced (SIA) model), whereas Tajik
et al. (2020) demonstrated that the administration of butyrate can restore intestinal
barrier function inhibiting the onset of arthritis in mice. Moreover, Rosser et al.
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(2020) reported that butyrate levels were reduced in feces from RA patients
compared to healthy controls, and in an animal model of antigen-induced of arthritis
(AIA). Moreover, this study demonstrated that supplementation with butyrate can
reduce arthritis severity in AIA mice by influencing B cell development and Breg
function. Altogether these studies suggest that modulation of gut microbiota compo-
sition and manipulation of microbial end-products may be a potential therapeutic
approach to ameliorate RA.

Gut Microbiota and Intestinal Diseases
Recurrent Clostridioides Difficile Infections

Clostridioides difficile infection (CDI) is a possibly life-threatening condition with
symptoms ranging from mild diarrhea and abdominal pain to severe colitis and
sepsis. CDI manifests commonly after some perturbation to the existing gut micro-
biota, such as antibiotic treatment, allowing the rapid expansion of a spore-
forming, toxin-producing pathogenic bacterium Clostridioides difficile. Although
certain antibiotics, such as vancomycin, may effectively treat bouts of CDI, continued
exposure to antibiotics prevents the re-establishment of gut microbiota and the cessa-
tion of antibiotic treatment eventually leads to the recurrence of CDI. First described
in 1958 as a treatment for pseudomembranous enterocolitis, inoculation of new mi-
crobes to the intestinal environment via a process called fecal microbiota transplan-
tation (FMT) has since proved effective at treating recurrent CDI (rCDI) (Guery et al.,
2019). In the first randomized clinical trial comparing the efficacies of FMT, vanco-
mycin, and vancomycin with bowel lavage in the treatment of rCDI, duodenal infu-
sion of donor feces to rCDI patients resulted in the resolution of symptoms in 15/16
of patients whereas only 4/13 patients receiving vancomycin and 3/13 patients
receiving vancomycin with bowel lavage went into remission (van Nood et al.,
2013). Subsequent clinical trials have reported similar findings with efficacy rates
varying from 80% to 94% depending on the FMT protocol (Guery et al., 2019; Li
et al., 2016). These successes have led to numerous investigations into using FMT
to treat other diseases and disorders but so far, its clinical application has been limited
to the treatment of rCDI. The exact biological mechanisms behind FMT’s effective-
ness in treating rCDI remain unclear albeit it likely involves multiple complementary
processes (Khoruts and Sadowsky, 2016). The intestinal microbiota composition of
rCDI patients pre-FMT is characterized by a low diversity of bacterial species
coupled with the overgrowth of inflammatory bacteria (Fuentes et al., 2014), a state
frequently described as gut dysbiosis. FMT reverts this aberrant state back to a
healthy microbial ecosystem that inhibits C. difficile by competing for nutrients, acti-
vating host defenses, and limiting the pool of certain bile acids that stimulate the
growth of C. difficile (Fuentes et al., 2014; Khoruts and Sadowsky, 2016; Mullish
et al., 2019). Further highlighting the role of the microbial ecosystem in resisting
the colonization of pathogenic bacteria, recent studies have shown that the decreased
abundance of certain key bacterial species is what allows C. difficile to colonize the
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intestinal milieu in the first place which thus increases the risk for CDI after antibiotic
treatment (Berkell et al., 2021; Haran et al., 2021). Overall, FMT’s success in treating
rCDl is a unique example showing how bugs can be better than drugs although a lot of
uncertainty remains (Hanssen et al., 2021). Recent studies based on deep metage-
nomic analysis revealing strain-specific signatures have identified the basic principles
relating to the successful establishment of newly administered microbes in the com-
plex gut ecosystem (Lee et al., 2022; Schmidt et al., 2022). Hence, it may be expected
that innovative products based on synthetic microbial consortia will be developed that
can be used to treat recurrent CDI and other diseases.

Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is an umbrella term for several immune disorders
of the gastrointestinal tract characterized by chronic mucosal inflammation. The two
most common clinical phenotypes of IBD are Crohn’s disease (CD) and ulcerative
colitis (UC). The causes of IBD are still incompletely understood but cumulative ev-
idence suggests that the development of these diseases involves genetic, environ-
mental, immunological, and microbial factors (Lee and Chang, 2021). Currently,
the main hypothesis states that IBD arises in genetically susceptible individuals
due to an abnormal immune reaction against intestinal microbiota. However,
although microbial changes are evident in IBD patients, it remains unclear whether
intestinal microbiota alterations are the cause, or the consequence of the disease and
which microbial species act as the main contributors to disease development (Lee
and Chang, 2021).

Because IBD is a heterogeneous disease with varying phenotypes affecting
different parts of the gastrointestinal tract, it is difficult to establish all-
encompassing microbial changes applicable to all IBD phenotypes. Nevertheless,
evidence from human studies suggests that, compared to healthy controls, decreased
microbial diversity, reduced abundance of Bacillota (Firmicutes), and increased
abundance of Pseudomonadota (Proteobacteria) are common features in IBD-
associated microbiota (Halfvarson et al., 2017; Machiels et al., 2014; Ni et al.,
2017; Rashed et al., 2022; Russo et al., 2019; Zhang et al., 2022). Considering
that the Bacillota phylum includes several notable butyrate-producing bacteria,
such as Faecalibacterium prausnitzii, and Roseburia spp, whereas the Pseudomona-
dota phylum consists mainly of Gram-negative, proinflammatory bacterial species,
it seems likely that the microbial alterations contribute to the overt inflammatory
processes present in IBD. These microbial findings have raised the question of
whether IBD patients could benefit from FMT. However, although some studies
have shown promising results, especially in the treatment of UC, the overall efficacy
of FMT in the treatment of IBD remains unclear and appears to be highly dependent
on the donor microbiota, and the chosen FMT protocol (Haifer et al., 2022; Rashed
et al., 2022; Zhang et al., 2022).

Microscopic colitis (MC) is a chronic inflammatory disease of the colon that pri-
marily manifests as chronic watery diarrhea and abdominal pain (Zabana et al.,
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2022). Compared to CD and UC where mucosal inflammation is visible to the naked
eye, MC diagnosis is based on a microscopic evaluation of colonic mucosal biopsies
(hence the name “microscopic”). MC is divided into two main subtypes: collagenous
colitis (CC) and lymphocytic colitis (LC). Both subtypes show increased inflamma-
tory infiltrate underneath the colonic epithelial layer, but CC also features a thick-
ened subepithelial collagen layer. The cause of MC remains unclear but as in CD
and UC, the pathophysiological processes likely involve an aberrant immune
response to luminal antigens in predisposed individuals (Zabana et al., 2022).
Although the intestinal microbiota changes in MC are less well-characterized than
in CD or UC, the current evidence suggests that microbiota could play a role in
the pathophysiology of MC. For example, recent studies have reported a reduced
abundance of bacteria in the Ruminococcaceae family (Carstens et al., 2019; Hertz
et al., 2022) which includes butyrate-producing F. prausnitzii, decreased abundance
of mucin-degrading Akkermansia (Carstens et al., 2019; Fischer et al., 2015; Rin-
dom Krogsgaard et al., 2019), and increased abundance of proinflammatory,
sulfur-reducing bacteria Desulfovibrionales (Millien et al., 2019). Interestingly,
the microbiota composition in MC patients appears to resemble the disease state
as individuals with active disease display more microbial alterations than individuals
in remission (Carstens et al., 2019) and corticosteroid treatment shifts microbiota
composition toward healthy controls (Rindom Krogsgaard et al., 2019). Regarding
MC and FMT, one case study (Giinaltay et al., 2017) and one small pilot study (Hol-
ster et al., 2019) have shown that a subset of CC patients may benefit from FMT but
reports have also described new onset MC cases following FMT (Zabana et al.,
2022) which highlights the uncertainty in our current knowledge of microbial
interactions.

Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a multifactorial functional gastrointestinal disor-
der with a prevalence of 10%—20%. IBS patients suffer from various symptoms,
such as pain and cramps, diarrhea and/or constipation, bloating, flatulence, feelings
of incomplete defecation, and relief of pain or discomfort upon defecation. The eti-
ology of IBS is still not well understood, and IBS diagnosis is often based on the
exclusion of other intestinal diseases such as IBD. However, it is generally accepted
that dysregulation along the microbe-gut-brain axis is present in IBS, as shown by
the high prevalence of psychological comorbidities and an increased visceral hyper-
sensitivity in IBS patients (Kennedy et al., 2014). In addition, low-grade intestinal
inflammation is present in the intestinal mucosa of some patients, and there is evi-
dence that the immune system reacts abnormally to the commensal microbiota,
especially in the case of postinfectious IBS (Sundin et al., 2015a, 2015b).

Ample evidence from human studies shows that IBS patients’ intestinal micro-
biota not only differs from healthy controls but also within different IBS subtypes
(Hou et al., 2022; Pozuelo et al., 2015; Rangel et al., 2015; Sundin et al., 2015a; Sun-
din et al., 2020; Tana et al., 2010). A recent systematic review including 24 studies
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comparing specific microbial species between IBS patients and healthy controls
(Pittayanon et al., 2019) reported that IBS patients consistently appear to display
increased abundance of the Enterobacteriaceae family that includes several patho-
genic bacteria and the family Lactobacillaceae that includes organic acid -producing
genus Lactobacillus previously linked to IBS symptoms (Tana et al., 2010). In addi-
tion, the IBS-associated microbiota seems to have reduced abundance of Faecali-
bacterium prausnitzii and Bifidobacterium (Pittayanon et al., 2019) which are
both considered beneficial for maintaining intestinal health. It should be noted
that many of these findings arise from analyses using fecal samples, not mucosal
samples where the microbial composition might differ substantially (Hou et al.,
2022; Sundin et al., 2020). Nevertheless, several of the aforementioned studies
have reported correlations between IBS symptoms and both mucosa-associated
and fecal microbiota suggesting that microbiota-modifying treatments might pro-
vide solutions for IBS symptom management. For example, certain probiotic com-
binations have shown beneficial effects on IBS symptoms although no consensus
exists on which probiotic strain or combination would be universally effective
(Ford et al., 2018). Similarly, individual studies on FMT have reported improve-
ments in IBS symptoms following FMT (Holster et al., 2019; Holvoet et al.,
2021; Lahtinen et al., 2020) but due to the heterogeneity of IBS symptoms, IBS sub-
types, and FMT protocols, the overall efficacy of FMT on alleviating IBS symptoms
remains unclear (Zhao et al., 2022).

Colorectal Cancer

An imbalance between the colonic microbiota and the intestinal epithelium might
lead to an immune cell invasion and chronic inflammation, which in turn might result
in colorectal carcinogenesis. Animal studies have shown that the presence of micro-
biota is necessary for the development of colorectal cancer (CRC) (Keku et al., 2015).
Considering the significant individual and societal disease burden of CRC, extensive
research efforts have attempted to find the microbial alterations that possibly drive
tumorigenesis in CRC patients. Perhaps the most consistent finding in these studies
is the increased abundance of Fusobacterium nucleatum in CRC patients compared
to healthy controls (Cheng et al., 2020; Kong et al., 2022; Thomas et al., 2019; Wirbel
etal., 2019; Yachida et al., 2019). Fusobacterium nucleatum are Gram-negative bac-
teria that are prevalent in the oral cavity where it is associated with periodontal dis-
ease. Interestingly, a recent meta-analysis found that CRC patients also display higher
abundancies of oral bacterial species in general in their fecal microbiota than healthy
controls (Thomas et al., 2019). Other bacterial species associated with CRC develop-
ment and progression include for example Bacteroides fragilis and Peptostreptococ-
cus stomatis, among others (Cheng et al., 2020; Obon-Santacana et al., 2022; Thomas
et al., 2019; Wirbel et al., 2019). In addition to characterizing changes in CRC-
associated microbiota, metagenomic analyses have revealed microbial species that
could be used to predict and diagnose early-onset CRC and disease progression as
studies have shown cancer-stage specific changes in microbiota composition and
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function (Thomas et al., 2019; Yachida et al., 2019; Yu et al., 2017). However, some
of the microbial changes might just reflect the presence of the tumor itself, and not
necessarily the pathological processes (Obon-Santacana et al., 2022). In addition, a
recent metagenomic analysis showed marked differences between early-onset CRC
(<50 years) and late-onset CRC with late-onset CRC being associated with increased
abundance of Fusobacterium nucleatum and the depletion of short-chain fatty acids
(SCFA) (Kong et al., 2022). Overall, these findings suggest that the intestinal micro-
biota is an important factor for CRC risk and development although the role of micro-
biota as a clinical prognostic test is still unclear.

Gut Microbiota and Diseases of the Nervous System
Anxiety and Depression

Psychological disorders, such as anxiety and depression, are to some degree co-
morbidities in all the diseases previously mentioned. The microbe—gut—brain
axis is a well-accepted entity and is involved in these disorders. However, it remains
uncertain whether mental and microbial factors are a cause or consequence.

A direct connection between intestinal microbiota and mood disorders is well
documented in animal models. GF mice show less anxiety-like behavior compared
with conventionalized mice, suggesting that the development of this behavior can be
affected by the intestinal microbiota (Neufeld et al., 2011). In addition, the coloni-
zation of GF mice with microbiota of a different species resulted in behavioral
changes (Bercik et al., 2011). FMT from mice with depressive-like features showed
recipient mice to express similar depressive-like features and decreased neuromodu-
latory signaling via the endocannabinoid system, due to a low amount of ligands
originating from fatty acid precursors (Chevalier et al., 2020). Enhancing the endo-
cannabinoid signaling and complementing the microbiota with the probiotic Lacto-
bacillus plantarum normalized behavior and triggered neurogenesis.

In humans it is known that enteropathogens may affect mood, probably via the
immune system. Reichenberg et al. (2001) showed in a placebo-controlled study
that healthy volunteers experienced increased anxiety and depressive mood after
intravenous infusion with Salmonella abortusequi endotoxins. The authors hypoth-
esized that this effect on emotional perception was probably generated because of
the host’s immune system release of cytokines. Moreover, the common observation
that many patients with chronic hepatitis C develop depression during interferon
treatment led to the theory that depression is an inflammatory state (Udina et al.,
2012). However, a recent body of studies shows conflicting results on whether mi-
crobial composition, in terms of diversity, is altered in patient groups suffering
from depression and/or anxiety (Simpson et al., 2021).

Unfortunately, not many human studies on the effect of altered intestinal micro-
biota composition on brain function have been performed yet, but a few studies us-
ing probiotics showed an effect on mental factors. A milky drink containing the
probiotic Lactobacillus casei Shirota improved the mood of volunteers with initially
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poor mood, but it had no effect on the general study populations (Benton et al.,
2007). In addition, the administration of Lactobacillus helveticus R0O052 and Bifido-
bacterium longum RO175 was studied in a double-blind, placebo-controlled, ran-
domized trial (Messaoudi et al., 2011). Taking this mix of probiotics for 30 days
improved psychological distress in healthy subjects. Many more studies have
been conducted over the past 10 years and a recent meta-analysis of probiotic inter-
vention studies showed high variability in results with only some minor detectable
improvements for psychiatric distress and depression with probiotic interventions
(Le Morvan de Sequeira et al., 2022).

Autistic Spectrum Disorder

Children with autistic spectrum disorder (ASD) are more likely to suffer from intes-
tinal problems than children in the general population (Horvath et al., 1999). Several
studies reported an altered microbiota composition in children with autism, indi-
cating that microbiota possibly plays a role in this disorder. For instance, Wang
etal. (2011) showed that children with autism have lower relative abundance of Bifi-
dobacterium species and mucolytic bacterium A. muciniphila in their feces
compared with children without autism. It should be mentioned that the altered
bowel habits per se could be the reason for altered microbiota composition. In addi-
tion, altered microbiota composition in ileal and cecal mucosa has been reported
(Williams et al., 2011, 2012). However, results are equivocal, probably because of
different sampling and analysis methods as well as small patient numbers (Konig
et al., 2015). A comprehensive study that investigated the causality between altered
gut microbiota composition and ASD progression in children found that ASD
behavior led to less diverse dietary patterns that were reflected in decreased micro-
biota diversity (Yap CX et al., 2021). This study places previous findings on the role
of gut microbiota in ASD pathophysiology under a new light, though replication
studies are needed to verify the results. However, even though altering microbial
composition could potentially reduce bowel symptoms and improve ASD behavior,
the findings so far are inconclusive. One small pilot study investigated the effect of
vancomycin, an antibiotic that is poorly absorbed in the intestine, in children with
autism and reported that autistic behavior was improved during the 8 weeks of inter-
vention (Sandler et al., 2000). Although this result did not persist after treatment, it
showed that the intestinal microbiota-brain connection might be of importance in
ASD. In addition, the metabolites that are produced by gut microbiota, such as pro-
pionate, acetate, and valerate, were found in lower levels in patients with autism than
in children from the general population, suggesting that in addition to the micro-
biota, metabolites could also play an important role in ASD (Adams et al., 2011).
Meta-analysis of intervention studies with prebiotics, probiotics, and synbiotics do
not, however, clearly support the early findings of beneficial effects (Tan et al.,
2021). The effects of FMT are not well characterized but one trial found significant
improvements to both ASD—and bowel symptom outcomes after FMT treatment
(Kang et al., 2017, 2019).
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Alzheimer’s Disease

There is increasing evidence of impaired gastrointestinal function in Alzheimer’s dis-
ease (AD). Using an AD male transgenic mouse model, Karri et al. (2010) showed
that alterations in gastrointestinal tract morphology, a shift in microbiota composi-
tion, and an increase of amyloid protein expression in the gut could play a key
role in the pathophysiology of this disease. The amyloid precursor protein (APP)
is found in many tissues in the body. Proteolysis of this protein results in the gener-
ation of misfolded B-amyloid, which forms the amyloid plaques in the brain of AD
patients. Fecal transplantation from AD patients into mice was shown to increase
markers of stress for the endoplasmic reticulum in the brain (Wang et al., 2022), a
process that can lead to protein misfolding. In mice, APP expression increased after
repeated injection of lipopolysaccharide (LPS; Lee et al., 2008), and systemic admin-
istration of LPS in mice leads to acute neurodegeneration (Qin et al., 2007). In addi-
tion, increased plasma levels of LPS were found in AD patients (Zhang et al., 2009).
The authors suggested that plasma LPS originates from the translocation of
commensal and pathogenic bacteria and may play an important role in the pathology
of AD, possibly through neuroinflammation. However, these findings need to be care-
fully interpreted as microbial contamination from the gut during autopsy handling
could interfere with the results. In a study it was reported that in the microbiota of
a mouse model for AD, certain microbes were depleted, including A. muciniphila
(Harach et al,, 2017). Interestingly, mice models of AD treated with
A. muciniphila showed improved intestinal barrier function and reduced B-amyloid
formation in the brain (Ou et al., 2020). Mounting evidence further supports a poten-
tially important role for the gut microbiota in AD pathophysiology, where GF mice
versus specific-pathogen-free AD mice models show a reduction of AD pathology in
the former compared to the latter (Chen et al., 2021). FMT from AD patients into an-
imal models of AD further exacerbates AD hallmark pathologies (Chen et al., 2021).
Human studies are very limited but do show that the gut microbiota is different at
different stages of AD (mild, moderate) (Chen et al., 2022a).

Parkinson’s Disease

In addition to a dysfunctional motor system, most Parkinson’s disease (PD) patients
suffer from constipation. It was long thought that gastrointestinal problems in PD pa-
tients were a consequence of the disease (Abbott et al., 2001). However, a study found
almost half of all PD patients in a cohort of 200 patients to suffer from constipation
before the onset of the actual disease (Savica et al., 2009), suggesting a relation be-
tween early gastrointestinal problems and later development of PD (Konig et al.,
2015). It has been shown that PD patients have significantly increased gut permeability
and an increased amount of Escherichia coli in sigmoid colon biopsies (Forsyth et al.,
2011). Hypothetically, the E. coli could translocate to the epithelium and lamina prop-
ria because of this increased epithelial permeability. A study investigating the micro-
biota in PD patients showed that the abundance of Prevotellaceae is reduced compared
with healthy controls (Scheperjans et al., 2015). Recent studies have found certain
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butyrate-producing bacteria reduced in patients with PD (Romano et al., 2021), this
could render the intestinal barrier weakened and at higher risk for microbial translo-
cation. The level of fecal SCFA, including butyrate, has been shown to negatively
correlate with PD (motor) severity (Chen et al., 2022b). Another study found that
the abundance of Enterobacteriacea correlated with the severity of gait difficulty
and postural instability, suggesting that the microbiota could be associated with motor
symptoms in PD (Scheperjans et al., 2015). The most recent metagenomic study (Wal-
len et al., 2022) showed PD patients to harbor a gut microbiota that is significantly
increased in the amount of pathogens and microbial components that can trigger
inflammation, toxicity, and dysregulation of neurotransmitters. Interestingly, a bacte-
rial component called curli, produced by Escherichia coli, could induce a-synuclein
(hallmark protein of PD) pathology and lead to neurodegeneration. This study signif-
icantly highlights the important role of gut microbiota in PD pathophysiology.

Gut Microbiota and Metaholic Diseases
Obesity

Obesity is a worldwide public health concern with multifactorial origins involving
genetic, metabolic, and environmental factors. It is interesting to note that some in-
dividuals seem to be more susceptible to “obesogenic” environmental factors, such
as sedentary lifestyles and high-calorie intake, than others (Tims et al., 2013).
Although genome-wide association studies have identified several loci associated
with obesity susceptibility, human genome variation itself cannot explain the
observed variance in energy homeostasis and the apparent heritability of body
mass index (BMI; Xia and Grant, 2013).

Numerous studies have revealed that the gut microbiota is strongly associated
with host energy regulation and homeostasis and may play a critical role in the
development of obesity. Bickhed et al. (2004) were one of the first groups to suggest
that the microbiota may be an environmental factor affecting the host predisposition
toward adiposity. They showed that the gut microbiota regulates the host capacity for
harvesting energy from the diet as well as energy storage in mice. In 2006, Turn-
baugh et al. (2006) demonstrated that germ-free (GF) C57BL/6J mice colonized
with a microbiota obtained from obese (ob/ob) donors exhibited a greater increase
in body fat than mice colonized with microbiota from lean donors. In addition,
numerous animal studies have shown that microbiota-related metabolites, in partic-
ular, SCFA may play an important role in obesity. Results from these studies have
indicated that SCFAs can regulate host energy metabolism in the development of
diet-induced obesity, e.g., by increasing de novo lipogenesis, inhibiting lipolysis,
and increasing circulating levels of gut hormones involved in appetite and food
intake regulation (Ge et al., 2008; Hong et al., 2005; Karaki et al., 2008; Samuel
et al., 2008). However, in clinical studies there are mixed results regarding the rela-
tionship between SCFAs and obesity with some studies reporting a positive correla-
tion between fecal SCFA concentrations and obesity (Rahat-Rozenbloom et al.,
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2014; Riva et al., 2017) and others reporting a negative correlation (Barczynska
et al., 2018). It should be noted, however, that the higher fecal butyrate levels
observed in individuals with obesity may reflect a difference in absorption or micro-
bial utilization and not necessarily a higher production.

Although there are some conflicting results, an obesity-associated gut microbiota
has been characterized by a decline in Bacteroidetes and a compensatory increase of
the Firmicutes phylum (Armougom et al., 2009; Kasai et al., 2015; Ley et al., 2005;
Turnbaugh et al., 2009) and by a reduction in microbial diversity and richness (Cotil-
lard et al., 2013). Ley et al. demonstrated a lower abundance of Bacteroidetes and a
proportional increase in Firmicutes in genetically obese ob/ob mice (Ley et al., 2005)
and in a small cohort of obese people (Ley et al., 2006) when compared with lean
controls. Moreover, in the clinical study by Ley et al. (2006), the proportion of Bac-
teroidetes was shown to increase with weight loss when people followed low-calorie
diets. These results led the group to hypothesize that the increased ratio of Firmicutes
to Bacteroidetes could promote the accumulation of adipose tissue and that manipu-
lation of gut microbial communities could be an alternative approach in the treatment
of obesity. Another study found that the Firmicutes/Bacteroidetes ratio increased with
increasing BMI (Koliada et al., 2017). In addition, several other clinical studies have
reported a significant reduction in the proportion of Bacteroidetes in obese patients
compared with lean individuals (Armougom et al., 2009; Kasai et al., 2015; Turn-
baugh et al., 2009). However, other studies have contradicted these findings.
Schwiertz et al. (2010) reported a lower ratio of Firmicutes to Bacteroidetes in obese
adults compared with lean controls and several other studies have found no correla-
tion between human obesity and the proportions of Bacteroidetes and Firmicutes
(Duncan et al., 2008; Galley et al., 2014; Hu et al., 2015; Tims et al., 2013). One study
showed that Bacteroidetes were depleted in the intestinal samples of morbidly obese
patients as compared with lean subjects (Verdam et al., 2013). Further analysis of this
cohort using a metaproteomics approach showed that although their numbers were
decreased, the activity of the Bacteroidetes was highly increased in morbidly obese
patients, most likely as a consequence of their pH sensitivity (Kolmeder et al., 2015).
This finding highlights the fact that it is the activity rather than the mere presence of
intestinal microbes that determines their functionality.

Other studies have associated obesity with specific bacterial groups. It has been
shown that the abundance of SCFA producers including Eubacterium ventriosum is
associated with obesity (Tims et al., 2013), while other studies have shown that buty-
rate producers may be associated with leanness (Gophna et al., 2017; Remely et al.,
2014). Another study demonstrated that the abundance of Bacteroides thetaiotaomi-
cron, a glutamate-fermenting commensal, was markedly decreased in individuals
with obesity and that this was inversely correlated with glutamate concentrations
in serum (Liu et al., 2017). Recently, the family Christensenellaceae was found to
be associated with weight loss and its relative abundance was inversely related to
host BMI (Waters and Ley, 2019). Another recent study showed an inverse associ-
ation between the presence of the genus Blautia and visceral fat accumulation in Jap-
anese adults (Ozato et al., 2019).
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Type Il Diabetes

Type II diabetes (T2D) is a complex metabolic disorder influenced by genetic and
environmental components and aggravated by several risk factors, including age,
family history, diet, sedentary lifestyle, and obesity (Karlsson et al., 2013; Qin
et al., 2012). Similar to obesity, T2D has become a major public health issue
throughout the world. Both diseases are characterized by a state of chronic low-
grade inflammation with abnormal expression and production of multiple inflamma-
tory mediators accompanied by gut microbiota changes (Larsen et al., 2010).

In a large metagenomics study by Qin et al. (2012), Chinese patients with T2D
were shown to have a moderate degree of gut microbial aberrations, with a decrease
in the abundance of some universal butyrate-producing bacteria and an increase in
various opportunistic pathogens, such as Bacteroides caccae, Clostridium hathewayi,
Clostridium ramosum, Clostridium symbiosum, Eggerthella lenta, and E. coli. In
addition, mucin-degrading species A. muciniphila and sulfate-reducing species
Desulfovibrio sp. were also enriched in the samples of the T2D patients. In retrospect,
the abundance of A. muciniphila could be attributed to the use of metformin in T2D
patients and the fact that metformin is stimulating the growth of this mucolytic bac-
terium (Lee and Ko, 2014). The functional changes in the T2D patients were charac-
terized by an enrichment of markers of membrane transport of sugars, branched-chain
amino acid, methane, and xenobiotic metabolism, and sulfate reduction. By contrast,
a decreased level of bacterial chemotaxis, flagellar assembly, butyrate biosynthesis,
and metabolism of cofactors and vitamins was observed in T2D patients. Markers
related to oxidative stress resistance and drug resistance were greatly enriched, sug-
gesting that T2D patients may have a more hostile gut environment. Another large
metagenomics study, conducted by Karlsson et al. (2013), also demonstrated compo-
sitional and functional alterations in the gut microbiome of European women with
T2D. Increased numbers of Lactobacillus species and decreased numbers of Clos-
tridium species were observed in the T2D group, and these changes were not corre-
lated with BMI. The pathways that showed the highest scores for enrichment in T2D
metagenomes were related to glycerol—lipid metabolism, fatty acid biosynthesis, and,
as also observed by Qin et al., membrane transport and oxidative stress resistance.
Both studies developed mathematical models based on the metagenomic profiles
gathered and used that to identify individuals with T2D. However, when Karlsson
et al. applied their European-cohort model to the Chinese cohort described by Qin
et al., they discovered that the discriminant metagenomic markers for T2D found
by them differed from the ones found by the Chinese group. This led the authors
to suggest that, although both studies have found functional alterations of the gut
microbiome directly linked to T2D development, metagenomic predictive tools for
T2D should be specific for the age and geographical location of the populations stud-
ied. However, after correcting for the confounding use of metformin and other drugs,
a series of robust signatures associated with T2D were found (Lee and Ko, 2014).

An altered microbiota in T2D may induce inflammatory processes and, in sup-
port of such a concept, several studies have demonstrated that patients with T2D
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exhibit remarkable endotoxemia. In a study by Larsen et al. (2010), T2D was asso-
ciated with a higher abundance of Gram-negative bacteria, belonging to the phyla
Bacteroidetes and Proteobacteria, and a lower abundance of Firmicutes. Higher
levels of Bacilli and the Lactobacillus group were also observed in the diabetic sub-
jects compared with controls. Of note, these compositional changes in the intestinal
microbiota were not related to the individual’s body mass. Although T2D is consid-
ered an attribute of obesity, in this study a higher Bacteroidetes to Firmicutes ratio
correlated positively with higher blood glucose levels but negatively with higher
body mass. These findings led the authors to suggest that overweight and diabetes
are associated with different groups of intestinal microbiota and that levels of
glucose tolerance should be considered when linking microbiota with obesity and
other metabolic diseases. Correspondingly, Membrez et al. (2008) demonstrated
that modulation of gut microbiota with antibiotics influences whole-body glucose
homeostasis, independent of body weight/body fat mass. In antibiotic-treated
mice, reduced liver TGs correlated with improved insulin resistance, suggesting
that the influence of gut microbiota on glucose and liver metabolism may have
similar mechanisms. Both groups hypothesized that higher amounts of Gram-
negative bacteria, as seen in cases of reduced glucose tolerance, increase the load
of circulating LPS, which is known to cause acute whole-body insulin resistance
and is a potent stimulator of inflammation (Cani et al., 2007). To further confirm
this hypothesis, a clinical study by Jayashree et al. (2014) revealed increased levels
of circulating LPS and LPS activity, associated with poor glycemic/lipid control and
subclinical inflammation, in patients with T2D compared with control subjects.
Moreover, Sato et al. (2014) also observed higher levels of LPS binding protein in
plasma samples of Japanese T2D patients compared with control subjects. However,
most of the gut bacteria detected at a higher rate in the blood of diabetic patients
were Gram-positive, not Gram-negative. Similar to the data presented by others,
counts of total Lactobacillus were significantly higher, whereas fecal counts of
the Clostridium coccoides group were significantly lower in T2D patients.
Specific bacterial groups with relatively high abundances in T2D subjects have
also been identified. These bacterial groups include, e.g., Blautia, Sporobacter, Par-
asutterella, Collinsella, Abiotrophia, Coprococcus, and Peptostreptococcus (Lam-
beth et al., 2015; Zhang et al., 2013; Zhao et al., 2019). Of note, and mentioned
earlier, opportunistic pathogenic bacterial species with a proinflammatory functional
potential are frequently described in T2D, including Escherichia coli and Bacter-
oides caccae (Furet et al., 2010; Lambeth et al., 2015; Qin et al., 2012).
Butyrate-producing bacteria have particularly been shown to be depleted in sub-
jects with T2D, specifically the species Faecalibacterium prausnitzii, Eubacterium
rectale, and Roseburia intestinalis (Forslund et al., 2015; Furet et al., 2010; Qin
etal., 2012; Sedighi et al., 2017; Zhang et al., 2019). In a recently published system-
atic review, the potential role of different bacterial taxa in T2D was investigated.
Among the commonly reported findings, the genera of Bifidobacterium, Bacter-
oides, Faecalibacterium, Akkermanisa, and Roseburia were negatively associated
with T2D, while the genera Ruminococcus, Fusobacterium, and Blautia were
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positively associated with T2D (Gurung et al., 2019). In a recent study, several novel
microbial metabolites related to the gut microbiota, including, e.g., creatine, urate,
and kynureate were associated with decreased insulin secretion and insulin sensi-
tivity and thus, an increased risk of T2D (Vangipurapu et al., 2020).

Overall, the microbiome in subjects with prediabetes and T2D appears to be rela-
tively depleted in bacterial butyrate producers and to exhibit an increase in species
with a pro-inflammatory functional potential.

Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of meta-
bolic syndrome and the leading cause of chronic liver disease in the Western world.
It is defined as the presence of fat accumulation in the hepatic cells in the absence
of any secondary causes of liver injury, such as significant alcohol consumption,
the use of steatogenic medications, or hereditary disorders (Agel and DiBaise,
2015). NAFLD is characterized by a broad spectrum of hepatic pathology that
ranges from simple steatosis to nonalcoholic steatohepatitis (NASH) and even
cirrhosis, fibrosis, and hepatocellular carcinoma. Most individuals with NAFLD
remain asymptomatic without any histological or biochemical injury, but 20%
progress to develop NASH, a chronic hepatic inflammation, characterized by stea-
tosis, inflammation, and hepatocyte injury with or without cirrhosis (Henao-Mejia
et al., 2012; Jiang et al., 2015).

There is growing recognition that a disturbed gut microbiota may be one of
several crucial factors in the pathophysiology of NAFLD and NASH (Festi et al.,
2014; Gupta et al., 2022). Henao-Mejia et al. (2012) observed that inflammasome-
deficient mice develop massive hepatic steatosis and liver inflammation accompanied
by changes in the configuration of the gut microbiota. They found that Porphyromo-
nas, a type of bacteria that has been associated with complications of chronic liver
disease and with several components of the metabolic syndrome in mice and humans,
was increased in the inflammasome-deficient mouse model. Inflammasome depletion
was associated with a potentially pathogenic microbiota resulting in increased influx
and accumulation of bacterial products, such as LPS in the liver. This led to the stim-
ulation of TLR4 and TLRY and increased the expression of hepatic TNF-a expres-
sion, which drives NASH progression. Miele et al. (2009) also investigated the
mechanisms underlying the transition from steatosis to NASH. They provided the
first evidence that NAFLD in humans is associated with increased gut permeability
and that this abnormality is related to the increased prevalence of small intestinal bac-
terial overgrowth (SIBO). In this study, tight junction integrity disruption was shown,
as evidenced by a lower expression of zona occludens-1 in the duodenal mucosa of
patients with NAFLD compared with healthy subjects. The prevalence of SIBO in
patients with NAFLD was more than twice as high compared with healthy subjects;
however, the characteristics of the microbiota were not assessed in this study. The
composition of gut microbiota in patients with NAFLD was investigated in a compre-
hensive clinical study by Jiang et al. (2015). In this study, subjects with NAFLD had
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an increased abundance of species assigned to Clostridium, Streptococcus, Escheri-
chia, Anaerobacter, and Lactobacillus, whereas Oscillobacter, Odoribacter, and
Allistipes spp. were less abundant. Gut microbiota changes were also accompanied
by increased intestinal permeability and inflammation in subjects with NAFLD (Jiang
etal., 2015). In alignment with the results by Jiang et al. (2015), Zhu et al. (2013) also
reported increased levels of Escherichia spp. in NASH patients when compared with
controls. Moreover, NASH patients exhibited significantly elevated blood ethanol
levels. Ethanol activates nuclear factor-kf3 (NF-kf) signaling pathways and causes
tissue damage by impairing gut barrier function and contributing to portal endotox-
emia (Rao et al., 2004; Xu et al., 2011). Children with steatosis or NASH have also
been reported to be depleted in Oscillospira spp. and to have higher abundance of
Dorea and Ruminococcus spp. when compared with controls (Chierico et al.,
2017). Tt was recently also demonstrated that a high abundance of the alcohol-
producing bacteria Klebsiella pneumoniae in the gut accelerates the pathogenesis
of NAFLD (Yuan et al., 2019). A recent integrative multi-omics approach also
demonstrated that subjects with liver steatosis have low microbial gene richness
and increased genetic potential for the processing of dietary lipids and endotoxin
biosynthesis (notably from Proteobacteria), hepatic inflammation and dysregulation
of aromatic and branched-chain amino acid metabolism (Hoyles et al., 2018).

Overview of Some Potential Therapies That Are Currently
Being Used to Re-Establish a Healthy Gut Microbiota

Given that a disturbed gut microbiota has been associated with numerous diseases,
several therapeutic options are currently being used with the aim to re-establish a
healthy, beneficial ecosystem within the gut. Such potential therapies include the
use of probiotics and prebiotics, which act by increasing the numbers and/or activity
of beneficial bacteria within the gut, and fecal transplantation, which introduces a
healthy, diverse microbiota by replacing the existing microbiota. More than 1000
cultured bacterial isolates have been described in detail (Rajili¢-Stojanovic et al.,
2012), a number that is ever increasing (Bilen et al., 2018). This is of significant in-
terest because culturing the intestinal microbiota has rather been neglected when the
fast DNA-based approaches have been developed. A culturing renaissance is indeed
taking place because it turns out that insight into cultures is needed when trying to
develop new therapies (Browne et al., 2016; Lagier et al., 2018).

To date, many examples of beneficial effects have been associated with the use of
probiotic bacteria in health and various diseases, including Clostridium difficile-
associated diarrhea, IBD, IBS, obesity, and depression (Goldenberg et al., 2017,
Saez-Lara et al., 2015; Sanders et al., 2013). Beneficial effects of probiotics can
be due to the direct effect of the bacterium itself, or the products it produces, as
well as the effects that the probiotic bacterium has on the composition and/or activity
of the resident microbiota (Plaza-Diaz et al., 2019). Indeed, probiotics can interact
with the host’s epithelial cells and other cells in the human body through
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physicochemical, enteroendocrine, and immune signals in the same way as the
commensal gut microbiota, and although the use of a probiotic bacterium does
not give rise to detectable changes in the composition of the fecal microbiota, its
metabolic activity may be altered (McNulty et al., 2011). However, several studies
showing positive effects of different probiotic strains are obtained from animal
models, and despite convincing and reproducible results from such studies, data
from clinical trials are still uncertain. Reasons for this may partly include poor study
design (dosage, time, etc.) and poor choice of strain. In addition, it should be pointed
out that humans and mice have different microbiota. This is exemplified in the recent
metagenomic comparison that revealed extensive functional similarity between
mouse and man microbiota but indicated that only 4% of the mouse microbial genes
were found with high identity in the human microbiome (Xiao et al., 2015). More-
over, although numerous probiotic strains have been identified, there is a current
need to discover organisms that elicit more robust therapeutic responses, that are
compatible with the host, and that can affect the host in a well-controlled, physiolog-
ical manner. Therefore, potential new microbial therapeutics, so-called “next-
generation probiotics” or “live biotherapeutic products,” are being investigated using
advanced “omics” technologies and more sophisticated culturing methodologies,
tools that are massively increasing our knowledge of the composition and function
of the human gut microbiome (O’ Toole et al., 2017).

Prebiotics are growth substrates (e.g., fructooligosaccharides, galactooligosac-
charides, inulin, resistant starch) that act as enhancers for bacteria that are already
present in the human colon by stimulating their growth and/or activity (Cunning-
ham et al., 2021; Sanders et al., 2013). The most used prebiotics specifically act
as growth enhancers for lactobacilli and bifidobacteria; however, this concept of
prebiotics has been expanded from solely focusing on the “bifidogenic effect”
and nowadays it also includes other beneficial members of the gut microbiota.
One example of this is the butyrate-producing bacterium F. prausnitzii, which
currently is regarded as an important, functionally active bacterium within the hu-
man gut. For example, reduced numbers of F. prausnitzii have been detected in pa-
tients with Crohn’s disease (Sokol et al., 2009), and given that this bacterium is also
associated with antiinflammatory effects (Sokol et al., 2008), it makes it a strong
target for disease therapy. F. prausnitzii has been shown to respond to inulin supple-
ments and to pectins as growth substrates (Ramirez-Farias et al., 2009; Lopez-Silas
etal., 2012). Thus, increasing our knowledge about which bacterial species are pre-
sent at lower abundance in a diseased state compared with a healthy state, will
enable us to selectively target these repressed bacteria by using a prebiotic substrate
that we know can boost the growth and the activity of these bacteria. Prebiotic fi-
bers, in addition to other nondigestible carbohydrates that we cannot break down
with our own enzymes, can also give rise to SCFAs. SCFAs (acetate, propionate,
and butyrate) are not only important for gut health, but they also act as signaling
molecules, for example by stimulating the production of gut and neuroactive pep-
tides (Parnell and Relmer, 2009; Psichias et al., 2015). In addition, they can enter
our circulatory system and thereby they may directly affect metabolism and the
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function of peripheral tissues (Smith et al., 2013; Gao et al., 2009). It has been
shown that SCFA released in the distal and not the proximal colon reach circulation
and reduce insulin resistance in prediabetic subjects (Canfora et al., 2019). Most
prebiotic supplements consist of highly purified fibers that are fermented in the
proximal colon while fibers included in plant cells may reach the distal colon (Puhl-
mann and de Vos, 2022). Hence these latter, so called intrinsic fibers, may have
beneficial effects beyond purified fibers. Indeed, a recent intervention in subjects
at risk for T2D consuming intact plant cells delivering a complex fiber showed
high levels of fecal SCFA, increased bowel function and improvement of glycemic
control (Puhlmann et al., 2022).

An increasing number of diseases have been reported to be cured by using FMT
(Biazzo and Deidda, 2022; Smits et al., 2013). As previously described, in this treat-
ment the intestinal microbiota of a patient is removed via lavage and largely replaced
by the fecal microbiota of a healthy donor. The success of FMT in recurrent CDI
enormously stimulated the field, notably because it showed the power of microbes
(van Nood et al., 2013). In a more sophisticated comparative study aimed to address
the role of the intestinal microbiota in metabolic disease, not only transplantation
with a lean donor fecal microbiota was performed but also autologous transplanta-
tion with the patient’s own microbiota was performed in a blinded way. In this way,
it was shown that intestinal microbiota can affect host energy metabolism and insu-
lin sensitivity (Vrieze et al., 2012). By using a similar approach, patients suffering
from UC could be maintained in remission after transplantation with a healthy donor
sample (Rossen et al., 2015). All of these FMT studies are highly relevant and
demonstrate the impact of the intestinal microbiota. In some cases, such as in recur-
rent CDI, transplantations are becoming mainstream. However, several issues asso-
ciated with safety, delivery mode, and storage are limiting factors for large-scale
treatments (Cammarota et al., 2017; DeFilipp et al., 2019; Wang et al., 2016). Hence,
considerable efforts are dedicated to designing so-called synthetic microbiomes
(Clark et al., 2021; Petrof et al., 2013; Shetty et al., 2019). Other diseases are
more complex and other avenues are taken, including reverse engineering, in which
microbial taxa are identified based on careful analysis of the microbial changes in
successful fecal transplantations (de Vos, 2013). These and other approaches of sin-
gle intestinal strains that may improve health are currently under development. One
is the intestinal mucosal inhabitant A. muciniphila (Belzer and de Vos, 2012). Mouse
experiments have shown this unusual representative of the Verrucomicrobia to be
capable of preventing diet-induced obesity and inflammation as well as regulatory
T cell stimulation (Everard et al., 2013; Shin et al., 2014). The basis for this effect
is an increased barrier function that was determined in human cell lines (Reunanen
etal., 2015). Of note this barrier improving effect of A. muciniphila was also demon-
strated in a proof-of-concept trial in obese humans (Depommier et al., 2019). These
and other intestinal strains hold great promise to be developed into new therapeutic
strains that can be used to improve human health and treat patients with deviations in
the intestinal microbiota (Cani et al., 2022).
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Conclusion

There is increasing evidence that changes in the gut microbiota are involved in
common gut diseases such as IBS and IBD, that it is a partaker in systemic diseases
such as allergies and metabolic diseases, and that it also may play a critical role in
the development of stress-related disorders, such as anxiety and depression. How-
ever, understanding these microbiota changes and defining a healthy microbiome is
challenging because of the tremendous complexity of the gut ecosystem and the
huge variability between healthy individuals. Rapid advances in sequencing tech-
nology, made predominantly during the past decade, have expanded our knowledge
about this second genome; nonetheless, further research is required to get new and
deeper insights into what actual role the human gut microbiome plays in health and
disease. A combination of classical microbiology (i.e., culturing bacterial isolates
of the gut microbiota), high-throughput sequencing techniques (including metatran-
scriptomics and metaproteomics), carefully designed animal experiments, and
notably clinical trials are needed to establish cause-and-effect relationships and
to establish interactions with key human cellular functions (i.e., to understand
microbiota-host relationships). On the basis of this, tailor-made treatment strate-
gies, designed to target specific deviations in microbiome structure and functioning,
may be developed.
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