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Abstract: The management of patients with inflammatory bowel disease (IBD) aims to control
inflammation through the use of immunosuppressive treatments that target various points in the
inflammatory cascade. However, the efficacy of these therapies in the long term is limited, and they
often are associated with severe side effects. Although the pathophysiology of the disease is not
completely understood, IBD is regarded as a multifactorial disease that occurs due to an inappropriate
immune response in genetically susceptible individuals. The gut microbiome is considered one of
the main actors in the development of IBD. Gut dysbiosis, characterised by significant changes
in the composition and functionality of the gut microbiota, often leads to a reduction in bacterial
diversity and anti-inflammatory anaerobic bacteria. At the same time, bacteria with pro-inflammatory
potential increase. Although changes in microbiome composition upon biological agent usage have
been observed, their role as biomarkers is still unclear. While most studies on IBD focus on the
intestinal bacterial population, recent studies have highlighted the importance of other microbial
populations, such as viruses and fungi, in gut dysbiosis. In order to modulate the aberrant immune
response in patients with IBD, researchers have developed therapies that target different players
in the gut microbiome. These innovative approaches hold promise for the future of IBD treatment,
although safety concerns are the main limitations, as their effects on humans remain unknown.
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1. Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative
colitis (UC), is a chronic inflammatory condition that primarily affects the gastrointestinal
tract. The aetiopathogenesis of the disease has not yet been clarified, but it is believed
that an abnormal immune response is triggered by an imbalanced gut microbiome, due
to an unknown factor. Various complex interactions occur between the different factors
involved, such as the intestinal microbiome, the innate and adaptive immune systems,
soluble mediators, and host cells [1]. It is thought that the balance between bacterial
antigens and the host’s immune system is lost, leading to a disruption in the mucosal
barrier and the translocation of antigens to the lamina propria, which triggers acute and
chronic inflammatory immune responses.

2. Main Concepts Associated with the Human Gastrointestinal Microbiome
2.1. Microbiota and Microbiome

Research on IBD has traditionally focused on gut bacteria due to technical limita-
tions [2]. However, other intestinal microorganisms, such as fungi, protozoa, viruses, and
bacteriophages, may be involved in the pathogenesis of IBD [3].

The microbiota is a collection of microorganisms, including prokaryotes (bacteria and
archaea), eukaryotes (microbial parasites and fungi), and viruses, found in a specified
environment [4]. In the human gastrointestinal tract, the microbiota comprises all of these
microbial communities from the mouth to the anus. It is established early in life and
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becomes stable in the first 2 to 3 years of life. Although it is a dynamic ecosystem, it
maintains functional stability to perform its main functions: (a) barrier function, limiting
the establishment of pathogenic bacteria via competition for nutrients and the synthesis
of antimicrobial peptides; (b) nutrition, metabolising and synthesising nutrients; and
(c) interaction with the immune system for its development and maturation. The microbiota
composition is influenced by various factors and changes along the gastrointestinal tract,
being low at the upper gastrointestinal tract and increasing progressively towards the colon,
where it reaches its highest concentration and diversity. The luminal load of bacteria in the
colon can reach more than 1014 per gram of colonic content [5,6].

The term microbiome implies a broader concept that includes the microbiota, the
genes and gene products of the microbiota, and their surrounding microenvironment [7].
The microbiome interacts with the host through metabolites; some of them are diet-derived
metabolites and others are synthesised de novo by microorganisms. The main metabolic
pathways that are thought to be involved in gut homeostasis are short-chain fatty acid
(SCFA) production, bile acid metabolism, and tryptophan metabolism.

The mycobiome or fungal microbiome includes the fungal community of a specific
environment with its genetic and environmental information. Similarly, viruses can be
referred to as the virome. There is still a lack of accurate information on these populations
due to limitations in culture and sequencing techniques. The most abundant phyla of
the intestinal fungal microbiome are dominated by Ascomycota and Basidiomycota, and
the most frequent species are yeasts such as Candida, Malassezia and Saccharomyces [8,9].
Regarding the intestinal virome, it is divided into two subtypes. The first type is the virus
that infects eukaryotic cells, such as human cells. The second is the phages that infect
bacteria, also called bacteriophages, and they represent most of the viral species in the gut.
Given that bacteriophages can transfer genetic content between bacterial cells, they have a
relevant role in intestinal infections: they can transfer antibiotic resistance genes between
bacterial cells or cause the quick destruction of bacterial cells upon infection during the lytic
cycle. Consequently, these viruses can regulate the population levels of resident bacteria.
The human gut phage population, or phageome, is composed of either DNA or RNA.
Caudovirales and Microviridae are the main members of the human gut phage community,
with Caudovirales being the predominant phage [10].

Archaea are single-celled microorganisms with a structure similar to bacteria. They
are believed to constitute an ancient group that is intermediate between bacteria and
eukaryotes and are also present in the human gut microbiome. The most frequently
identified is Methanobrevibacter smithii, a methane-producing archaeon.

Research on the microbiome has evolved from characterising community compositions
to a more holistic approach that seeks to understand the dynamic interactions between
all constituents of the microbiome and the host over time, in both health and disease. In
Figure 1, all of these terms are represented.
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Figure 1. Schematic representation of the human intestinal microbiome. The microbiota is a broad 
concept that includes microorganisms (the microbiota), the genes and gene products of the micro-
biota, and the microenvironment. Most nutrients are digested and absorbed in the small intestine. 
However, dietary fibre remains intact until it reaches the colon. In the colon, a fermentation process 
is performed by enzymes produced by gut bacteria, resulting in short-chain fatty acid (SCFA) pro-
duction, including acetate, propionate, and butyrate. These metabolites participate in various cellu-
lar and immunological processes. They stimulate the production of mucins, reduce the intestinal 
permeability, and promote anti-inflammatory pathways. Among the SCFAs, butyrate is the main 
energy source for the intestinal epithelial cells and has modulator functions that lead to a decreased 
concentration of oxygen in the intestinal lumen. As a result, the number of obligate anaerobic bac-
teria, including those of the phylum Firmicutes, which produce butyrate, increases. Bile acids (BAs) 
are the end products of cholesterol catabolism and are released into the small intestine through the 
ampulla of Vater. They form micelles with lipid molecules and facilitate their absorption in the small 
bowel through the enterohepatic circulation. However, there is a small proportion of BAs that re-
main in the gut and is metabolised by the gut bacteria [11]. Tryptophan is an essential amino acid 
that should be ingested with the diet. Gut bacteria convert it into tryptamine and other products. 
These products can function as endogenous ligands for the aryl hydrocarbon receptor (AhR), an 
essential signalling pathway in the maintenance of gut homeostasis [12]. 

2.2. Mucosal Barrier and Mucins 
The mucus barrier creates a protective layer that covers the intestinal epithelial sur-

face. It is one of the first lines of defence in the gastrointestinal tract against external sub-
stances, digestive enzymes, and microorganisms. The mucus layer serves as a diffusion 
barrier, allowing small molecules such as ions, water, nutrients, and gases to reach the 
enterocytes. Additionally, it is part of the innate mucosal intestinal barrier and acts as the 
first line of immunological defence. Secreted and transmembrane mucins represent the 
major components of the mucus barrier [13]. Besides having a protective function, trans-
membrane mucins also participate in intracellular signal transduction and play an essen-
tial role in epithelial cell homeostasis by modulating junctional protein expression [13,14]. 

Furthermore, a recent study has shown that the intestinal aberrant mucin mRNA ex-
pression levels are associated with IBD presentation and activity, highlighting their po-
tential as biomarkers to monitor mucosal barrier function in IBD [15]. Mucins have also 

Figure 1. Schematic representation of the human intestinal microbiome. The microbiota is a broad
concept that includes microorganisms (the microbiota), the genes and gene products of the microbiota,
and the microenvironment. Most nutrients are digested and absorbed in the small intestine. However,
dietary fibre remains intact until it reaches the colon. In the colon, a fermentation process is performed
by enzymes produced by gut bacteria, resulting in short-chain fatty acid (SCFA) production, including
acetate, propionate, and butyrate. These metabolites participate in various cellular and immunological
processes. They stimulate the production of mucins, reduce the intestinal permeability, and promote
anti-inflammatory pathways. Among the SCFAs, butyrate is the main energy source for the intestinal
epithelial cells and has modulator functions that lead to a decreased concentration of oxygen in
the intestinal lumen. As a result, the number of obligate anaerobic bacteria, including those of the
phylum Firmicutes, which produce butyrate, increases. Bile acids (BAs) are the end products of
cholesterol catabolism and are released into the small intestine through the ampulla of Vater. They
form micelles with lipid molecules and facilitate their absorption in the small bowel through the
enterohepatic circulation. However, there is a small proportion of BAs that remain in the gut and is
metabolised by the gut bacteria [11]. Tryptophan is an essential amino acid that should be ingested
with the diet. Gut bacteria convert it into tryptamine and other products. These products can function
as endogenous ligands for the aryl hydrocarbon receptor (AhR), an essential signalling pathway in
the maintenance of gut homeostasis [12].

2.2. Mucosal Barrier and Mucins

The mucus barrier creates a protective layer that covers the intestinal epithelial surface.
It is one of the first lines of defence in the gastrointestinal tract against external substances,
digestive enzymes, and microorganisms. The mucus layer serves as a diffusion barrier,
allowing small molecules such as ions, water, nutrients, and gases to reach the enterocytes.
Additionally, it is part of the innate mucosal intestinal barrier and acts as the first line
of immunological defence. Secreted and transmembrane mucins represent the major
components of the mucus barrier [13]. Besides having a protective function, transmembrane
mucins also participate in intracellular signal transduction and play an essential role in
epithelial cell homeostasis by modulating junctional protein expression [13,14].
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Furthermore, a recent study has shown that the intestinal aberrant mucin mRNA
expression levels are associated with IBD presentation and activity, highlighting their
potential as biomarkers to monitor mucosal barrier function in IBD [15]. Mucins have also
immunological effects, binding directly to immune cells [14], and play a crucial role in
interacting with the gut microbiota, providing nutrients and attachment sites. Figure 2
shows a schematic representation of the human gut mucosal barrier.
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Figure 2. Overview of the intestinal mucosal barrier. The human gut is a vast surface of contact with
the environment that is colonised by trillions of gut microbes. The intestinal barrier comprises a thick
layer of mucus, a single layer of epithelial cells, and the inner lamina propria hosting innate and
adaptive immune cells. The intestinal epithelium, along with the mucus layer that covers it, acts as a
physical barrier.

2.3. Methods for the Analysis of the Microbiome: Multi-Omics

Research on the gastrointestinal microbiome has long been limited due to inadequate
technical methods. However, with the development of new sequencing techniques in recent
years, the complexity and diversity of the human gastrointestinal microbiome are being
revealed [16,17].

When analysing the microbiome, there are two main types of gut samples: stool
samples and biopsy samples. Stool samples examine the luminal content, while ileal or
colonic mucosal biopsies evaluate the mucosa-associated microbiome. There are differences
in the microbial composition between faecal and mucosal samples [18]. Most bacteria are
believed to be tightly adhered to the mucus layer. In the same way, the sampling site while
taking mucosal biopsies in patients with IBD may show different results, based on the
presence or absence of inflammation (inflamed versus non-inflamed tissue) [18].
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For decades, microbiology has relied on culture-dependent methods to identify bacte-
ria involved in human health or disease. Culture-dependent methods involve the cultiva-
tion of microorganisms in the laboratory and the determination of the viable population
of microorganisms. These methods enable the classification of bacteria to the species and
strain level. However, only a fraction of the microbial populations can be identified, due to
the bias towards bacteria that proliferate under laboratory conditions. Nonetheless, the
development of molecular diagnostic techniques, mainly next-generation sequencing (NGS)
techniques, represents a breakthrough in understanding the human gastrointestinal micro-
biome, enabling the discovery and characterisation of unculturable microorganisms and
the prediction of their functions [19,20]. Figure 3 summarises the multi-omics techniques
that can be used for the study of the human gut microbiome in IBD.
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Figure 3. Multi-omics for the study of the human gut microbiome in inflammatory bowel disease.
Metagenomics involves identifying the bacterial composition and diversity using techniques such
as 16S rRNA gene amplicon or shotgun sequencing. This method provides information on the
presence or absence of specific genes in the microbiome. Metatranscriptomics focuses on assessing
the functionality of the microbiome by analysing gene expression over time using RNA sequencing
techniques. Proteomics studies the entire set of proteins that a genome can express in a cell, known
as the proteome. Combining metagenomic and metaproteomic data, it is possible to characterise sig-
nalling proteins and pathways. Metabolomics explores the metabolome, which consists of metabolites
derived from both the host and microorganisms.

3. Changes in the Microbiome in Patients with Inflammatory Bowel Disease
3.1. Gut Dysbiosis

The human gut microbiome maintains a mutually beneficial relationship with the
colonised host. It is key in maintaining health by metabolising dietary components, produc-
ing essential components such as vitamin K and SCFAs, and assisting in the development
and function of the immune system [21].

The incidence of IBD is on the rise in newly industrialised countries, which is believed
to be associated with a Western lifestyle, urbanisation, and industrialisation. The “hygiene
hypothesis” suggests that there is a link between the increasing incidence of autoimmune
and allergic diseases in industrialised nations and the improvements in sanitation and
hygiene conditions [22]. This situation would limit the exposure to microorganisms, leading
to an impaired immune response later in life.

In the healthy population, there is a balance of bacterial species in the gut. More than
90% of the healthy bacterial species in the human gut microbiome belong to four major
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phyla: Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria. However, there is
a significant inter-individual microbial diversity difference (beta diversity) within these
major phylotypes [23].

The loss of this balance leads to gut dysbiosis, which is considered to be one of the
triggers of an inappropriate immune response in the development of IBD [24]. Studies
show differences in the abundance of some intestinal bacteria in patients with IBD as
compared to controls. Gut dysbiosis is characterised by an increase in the number of
mucosa-associated bacteria and a reduction in overall biodiversity. In patients with IBD,
there is a decrease in beneficial bacteria, such as those of the phylum Firmicutes, of which
the most studied is Faecalibacterium prausnitzii [25]. On the other hand, members of the
phylum Enterobacteriaceae, which includes Escherichia coli, are found to be increased in
IBD and are thought to play a pathogenic role in the development of the disease. Changes
in Bacteroides spp., particularly in patients with CD, have also been observed [26].

Until recently, faecal samples were commonly used to evaluate the gut microbiome
and its alpha diversity, which measures the within-individual composition of the gut
microbiome. It was thought that the alpha diversity was high in healthy individuals and
reduced in patients with IBD. However, advancements in technical methods have enabled
the study of the mucosal-associated microbiome, revealing lower alpha diversity and a
lower abundance of most microbes in healthy individuals [27].

Although other members of the gut microbiome, such as fungi and viruses, have been
less investigated, some data suggest their implication in IBD pathogenesis. Studies on the
fungal population in patients with IBD have shown controversial results. One hypothesis
is that intestinal inflammation results in a compromised mucosal barrier that allows the
proliferation of opportunistic fungi that interfere with the host immune system. Compared
with healthy individuals, an increased proportion of Candida albicans was observed [9].
However, data showing no pathogenic role of fungi have also been published [8]. The
abundance change in gut fungi is not only restricted to the faecal microbiome but also
occurs in the inflamed mucosa [28]. Gut dysbiosis also affects the compositions of the
virome and phaegome. While the faecal and mucosal virome remains unclear in both health
and IBD, a recent study explored the composition and functionality of the ileal mucosal
virome in healthy adults and in patients with CD [29]. There was substantial depletion in
the richness of bacteriophages, whereas the richness of eukaryotic viruses was increased,
suggesting that bacteriophages and eukaryotic viruses may have discrepant roles in the
pathogenesis of the disease.

The metabolic pathways of the gut microbiome are also altered in IBD. It is believed
that a decrease in SCFAs, and particularly a decrease in butyrate-producing bacteria and the
concentration of butyrate, may be involved in the development and persistence of chronic
intestinal inflammation in IBD. In the same way, metabolomic studies have revealed
disturbances in BA metabolism in patients with IBD, with an increase in primary BAs and
a reduction in secondary BAs [11]. Regarding tryptophan metabolism, there is decreased
production of AhR ligands in the microbiota of patients with IBD, and the AhR expression
in intestinal tissue can be decreased [30,31].

Unfortunately, it is difficult to determine whether the changes in the microbiome are
the cause or the consequence of inflammation. However, differences in the gut microbiota
composition have been observed in members of the same family, and even between twins.
This suggests that gut dysbiosis in IBD is more associated with the disease state than
with genetic or environmental factors [32]. Chronic inflammation may boost dysbiosis
through the metabolic and oxidative alteration of the intestinal environment [33]. There are
also intra-individual microbiota changes indicative of disease activity. The alterations in
the faecal microbiome composition are most marked in an active disease, particularly in
CD [34].
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3.2. Microbiota as a Biomarker

The term “biomarker” refers to a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathological processes, or phar-
macological responses to a therapeutic intervention [35]. The gut microbiome has been
evaluated as a biomarker for the diagnosis and monitoring of patients with IBD.

In a study conducted on children, microbiome analysis was used as a non-invasive
diagnostic technique to identify patients with suspected IBD [36]. This helped to select
those who required endoscopy for diagnosis confirmation [36]. A systematic review and
meta-analysis also observed that gut dysbiosis in newly diagnosed treatment-naïve patients
resulted in reduced microbial abundance, less biodiversity in the structure of microbial
communities, and differential bacterial abundances compared to the profiles of established
and treated patients or control groups [18].

Furthermore, the composition and functionality of the microbiome can also be mod-
ified by IBD treatment. The use of biological agents such as anti-TNF, anti-integrins, or
anti-interleukins has been observed to increase the diversity and promote recovery from in-
testinal eubiosis after administration in patients with CD [37]. This led to a relative increase
in SCFA-producing microorganisms, such as Firmicutes and Bacteroidetes, and a decrease
in the relative abundance of Proteobacteria. Therefore, changes in the gut microbiome
suggest its potential application as a biomarker to predict the treatment response in patients
with IBD.

The microbiota of patients with IBD in remission who discontinue anti-TNF therapy
has also been analysed. The results showed that patients who remained in remission over
time had a significant increase in the phyla Bacteroidetes and Firmicutes. Although there
is less scientific evidence with vedolizumab and ustekinumab, the results are in the same
direction [37].

Gut microbiome analysis was also helpful in differentiating patients with IBD from
patients with irritable bowel syndrome [38]. Although there were similarities between
these two populations compared to control individuals, the gut microbiota composition
was able to distinguish patients with IBD from those with irritable bowel syndrome.

However, the applicability of the gut microbiome as biomarker for the management of
IBD is limited due to its overlap with that of normal subjects, as well as its heterogenicity
prior to disease onset and during IBD evolution [39].

4. Modulation of the Gut Microbiome in Inflammatory Bowel Disease

The goal in the management of patients with IBD is to achieve mucosal healing,
which involves restoring the barrier function of the intestinal epithelium [40]. The current
therapies aim to reduce the aberrant immune response based on the degree of activity,
location, and behaviour of the disease [41–44]. Various approaches have been proposed
to modulate the gut microbiome and expand the therapeutic options beyond standard
medical therapies.

4.1. Early-Life Exposure

The development of the gut microbiome begins at birth and involves the acquisition
of bacterial communities from the mother. There is a gradual diversification of the gut
microbiome during this process, which can be modulated by different environmental factors.
The early stages of life represent a crucial opportunity to modulate the gut microbiome
and immune function, which can have a significant impact on health and disease later in
life [45].

Potential interventions that may reduce the risk of developing IBD during delivery
and early life include vaginal childbirth, breastfeeding, minimising the use of antibiotics,
avoiding exposure to tobacco smoke, maintaining a healthy diet, and exposure to nature [6].

Studies have shown that the increase in the number of caesarean sections runs parallel
to the increase in IBD cases. Newborns born by caesarean section have a skin-type micro-
biota, whereas vaginal newborns acquire the mother’s vaginal microbiota. Breastfeeding
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is associated with a lower incidence of IBD in children. Exposure to tobacco smoke has
been identified as a risk factor for the development of CD, but not UC. Patients who quit
smoking have an increased risk of UC, showing an inverse relationship. The incidence of
UC is lower in patients who have undergone an appendectomy. The use of medications
such as antibiotics or non-steroidal anti-inflammatory drugs has been associated with IBD.
Additionally, oral contraceptives have been found to increase the risk of CD. Vitamin D
deficiency is common in patients with newly diagnosed IBD and has been linked to an
increased risk of CD. Studies have shown that stress, anxiety, and depression increase
the risk of IBD, while exercise reduces the risk. Regarding vaccines, there is no evidence
to support that vaccinations administered during childhood can lead to the subsequent
development of IBD.

4.2. Physical Activity

Growing evidence suggests that physical activity has an impact on the gut micro-
biome [46]. Clinical interventions have shown that physical activity can affect the gut
microbial diversity and cause significant changes in the abundance of specific gut bacte-
rial groups and bacterial metabolites. However, there are limited data on the frequency,
intensity, and types of physical activity needed to guide implementation. Additionally, the
relationship between physical activity and the onset or natural history of IBD is not yet
fully understood.

4.3. Diet

Diet has become a crucial aspect in the management of IBD. In children with active
CD, exclusive enteral nutrition (EEN) can help to achieve remission rates of up to 80% [47].
However, in the adult IBD population, lower rates of efficacy, up to 45%, have been
observed, which could be due to lower rates of treatment adherence [48]. While the
mechanism of action is not fully understood, research suggests a paradoxical effect of
EEN on the microbiome, inducing a reduction in bacterial diversity and richness [49,50].
Therefore, the anti-inflammatory effect of EEN is considered to be more complex, rather
than the modulation of the gut microbiota. There are several hypotheses to explain the effect
of EEN in children with CD, including decreased exposure to food antigens, exogenous
bacteria, and/or bacterial components present in a regular diet, or a change in cytokine
profiles [51,52].

The ”Crohn’s Disease Exclusion Diet” combined with partial enteral nutrition is the
first dietary strategy involving the consumption of real food that provides convincing
evidence of reduced inflammatory activity in CD [53]. Currently, there is no evidence
to support the implementation of other predefined dietary regimens that involve the
significant restriction or complete exclusion of one or more suspect food groups in adult
patients with IBD [54–56]. While exclusion and elimination diets may improve symptoms
in patients with IBD, they have no effect on objective markers of inflammation.

However, according to some epidemiological studies, consuming ultra-processed
foods, food additives, and emulsifiers may increase the risk of developing IBD through var-
ious mechanisms. One theory suggests that consuming higher amounts of ultra-processed
foods may result in lower fibre intake, normally present in minimally processed food.
Another hypothesis links ultra-processed food with higher levels of salt and artificial
sweeteners, which can cause intestinal inflammation [57,58].

It is still unknown whether the dietary components that may act as triggers at the
onset of the disease are those that can worsen inflammation in patients with established
CD. It is pointed out that EEN formulas are highly processed products that can vary
significantly in terms of their macronutrient composition, non-nutrient components, and
food additives [59]. Therefore, these dietary components are unlikely to be either the
mechanisms that determine the success of EEN administration or significant CD triggers.



J. Clin. Med. 2024, 13, 4622 9 of 18

4.4. Antibiotics

Since the discovery of the first antibiotic in 1940, the use and spectrum of antimicrobial
activity have increased steadily. However, antibiotics have side effects on the resident
microbiota, inhibiting certain bacterial populations and enhancing others [60]. It has
been observed that, after antibiotic use, it takes months for the flora to return to its pre-
treatment state. Moreover, excessive and inappropriate antibiotic use can lead to not
only antimicrobial-resistant infections but also the increased incidence of chronic non-
communicable diseases. Antibiotic consumption during early life, coupled with genetic
susceptibility, may lead to changes in the gut microbiota that generate chronic inflammatory
changes in the immune system. This can ultimately result in the development of diseases,
including IBD. Two large national database studies, one conducted in the UK involving
over one million children and the other in Denmark with over half a million children, have
revealed that antibiotic exposure during childhood is associated with an increased risk of
developing IBD later in life [61,62]. This association was found to be dose-dependent, with
infants who received antibiotics in the first year of life being at a higher risk than those who
were not exposed to antibiotics.

On the other hand, the use of antibiotics for the management of IBD has been a topic
of discussion. Some studies have suggested that antibiotics may have a modest beneficial
effect on the control of IBD flares. However, recent systematic reviews conducted on both
paediatric and adult populations have found no significant difference in the effectiveness of
antibiotics compared to a placebo in treating CD and UC [63–65]. The only clear indication
for antibiotic treatment in IBD is in managing acute pouchitis in both adults and children,
beyond bacterial superinfections [43,66].

4.5. Probiotics

Probiotics are live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host [67]. The strains commonly used as probiotics are lactic
acid bacteria and Bifidobacteria, which are isolated from traditional fermented products,
as well as the human gut, faeces, and breast milk [68]. However, probiotics can also be
isolated from the guts of various animal species.

Probiotic strains can impact the intestinal environment by influencing the mucosal
immune mechanisms, interacting with commensal or potential pathogenic microbes, gener-
ating metabolic end products such as SCFAs, and communicating with host cells through
chemical signalling. These mechanisms are believed to contribute to their anti-inflammatory
properties, including the reduction of the incidence and severity of diarrhoea, which is one
of the most widely recognised uses of probiotics.

The World Gastroenterology Organisation (WGO) has recently published new clinical
guidelines that examine the use of probiotics and prebiotics in IBD [67]. According to the
guidelines, probiotics can be useful in the management of pouchitis for both primary and
secondary prevention. However, while some studies have shown that probiotics can help
to induce remission in patients with CD or UC, there is not enough robust evidence from
systematic reviews to recommend their use [69]. The benefits of probiotics in managing
pouchitis in patients who have undergone a proctocolectomy for UC have been known for
years. The European clinical guidelines recommend the use of a probiotic called VSL#3,
which is a combination of eight probiotic strains, for this indication [43]. Additionally, the
combination of Saccharomyces boulardii and VSL#3 showed favourable results in patients
with CD [70]. The European Society for Clinical Nutrition and Metabolism (ESPEN) recently
updated its recommendations on IBD management and added a new chapter on microbiota
modulation, specifically for children [66]. The updated guidelines suggest that probiotics
can be used as an alternative to standard 5-aminosalicylic acid therapy in patients with UC,
if the latter is not tolerated, for the treatment of mild to moderate active disease.
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4.6. Prebiotics

Modulating the gut microbiota composition through diet manipulation, specifically
through the use of prebiotics, has gained significant attention. Prebiotics are selectively
fermented ingredients that result in specific changes in the composition and/or activity
of the gastrointestinal microbiota, thus conferring benefits upon host health, such as a
decrease in potentially pathogenic microorganisms or the potentially harmful metabolic
activities of the microbiota [67].

Prebiotics typically consist of non-starch polysaccharides and oligosaccharides, al-
though other substances, such as resistant starch, conjugated linoleic acid, and polyphenols,
are being studied as candidate prebiotics. Most prebiotics are used as food ingredients.
Some commonly known prebiotics are oligofructose (also known as fructooligosaccharide,
FOS), inulin, galactooligosaccharides (GOSs), lactulose, and breast milk oligosaccharides
(human milk oligosaccharides or HMOs). The use of prebiotics in patients with IBD is
not yet well established. The results of a systematic review and meta-analysis showed
that prebiotics in IBD patients were associated with a less inflammatory pattern, based on
measurements of faecal calprotectin, the interleukin profile, a metabolome study, and the
detection of the increased presence of bifidobacteria [71].

4.7. Postbiotics

In 2021, the International Scientific Association for Probiotics and Prebiotics (ISAPP)
published a consensus document on postbiotics and defined them as preparations of
inanimate microorganisms and/or their components that confer a health benefit to the
host [72]. Short-chain fatty acids, which are a product of the interaction between the diet
and gut microbiota, have been subjected to clinical trials in humans, and the results have
been encouraging. For instance, in IBD clinical trials, butyrate enemas have been used to
treat UC, and they have led to a modest improvement in symptoms [73].

4.8. Faecal Microbiota Transplantation

Faecal microbiota transplantation (FMT) is a different approach to managing gut
dysbiosis. This procedure involves the infusion of faeces from healthy donors into the
gastrointestinal tracts of recipients to treat disease-associated gut dysbiosis. The procedure
was first used in 1958 as an enema to treat patients with life-threatening fulminant pseu-
domembranous enterocolitis, with good results [74]. However, the standardised use of
FMT for the treatment of recurrent colitis associated with Clostridioides difficile infection was
not established until the publication of the first clinical trial in 2013 [75]. In this study, the
authors compared the infusion of donor faeces preceded by an abbreviated regimen of van-
comycin and bowel lavage, a standard vancomycin regimen, and a standard vancomycin
regimen with bowel lavage. The study was stopped after only 43 of the 120 patients were
randomised, since the infusion of donor faeces was significantly more effective (81% of the
patients) than the use of vancomycin (31% of patients, p < 0.001) after the first infusion.

Following these results, the administration of FMT has been further developed. It is
now available through different routes, such as nasogastric sonde, enema, administration
via colonoscopy, and, more recently, administration in oral capsules.

New indications for FMT have been also investigated. Given the association between
gut dysbiosis and the development of IBD, the application of FMT for the management
of patients with IBD has been intensively explored. There are some promising results in
patients with UC refractory to the standard treatment. However, the studies in this field
are limited due to the heterogeneity of the inclusion criteria and the infusion protocols,
such as the recruitment of donors, the preparation of faecal material, the selection of the
route of administration, or the number of infusions. To address the lack of a regulatory
framework, an international panel of experts has proposed consensus-based statements
and recommendations based on the available evidence to move towards standardised
practices [75]. This first international Rome consensus conference on the gut microbiota and
FMT offers clear standardised protocols for donor selection and biobanking, the general
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organisation and criteria required to promote FMT as a recognised strategy for the treatment
of IBD.

This consensus document limits the application of FMT as a therapeutical option for
recurrent C. difficile infection. The recommended application of FMT in patients with UC is
framed to clinical research and not standard clinical practice due to the currently available
evidence. There is insufficient evidence to support the use of FMT in patients with CD in
clinical practice.

5. Potential Microbiome-Based Therapies for Inflammatory Bowel Disease

As knowledge of the gut microbiome advances, new approaches to managing the
chronic inflammatory response in IBD are being developed. Although they are still in the
preclinical phase, they provide innovative and interesting proposals.

5.1. Phagotherapie

Bacteriophages, viruses that selectively infect bacteria, have been investigated for
their therapeutic potential, as they can target and eliminate a specific bacterial strain. In a
recent proof-of-concept study, it was found that Klebsiella pneumoniae strains were strongly
associated with IBD and, subsequently, a combination phage therapy was developed to
selectively eliminate these strains [56]. The administration of a combination of bacterio-
phages to mice colonised with the pathogenic K. pneumoniae strain attenuated inflammation
in a colitis model and was found to be safe and viable in healthy subjects.

Furthermore, there are some interesting data about the imbalance of the gut virome
and bacteriophages in patients with C. difficile infection. Given the potential risks associated
with the transfer of living microorganisms during FMT, such as for infectious, metabolic, or
malignant diseases, researchers have investigated the transfer of a sterile faecal filtrate [76].
This filtrate contained bacterial debris, proteins, and antimicrobial and metabolic com-
pounds. The study involved five patients with C. difficile infection and, in all patients, the
transfer of the sterile faecal filtrate eliminated the symptoms of the disease for a minimum
period of 6 months. It was hypothesised that the transfer of bacteriophages in the filtrate
could have been involved in the success of the treatment, as all samples were dominated
by a rich variety of Lactococcus bacteriophages.

Another study focused on the phageomes of patients who received FMT for the
treatment of C. difficile infection [77]. The study revealed gut virome dysbiosis in these
patients, characterised by an increase in Caudovirales abundance and decreased Caudovirales
diversity, richness, and uniformity compared to healthy controls. The results showed
a high bacteriophage transfer ratio during FMT, resulting in a higher colonisation level
of Caudovirales phage species in the receptor. These results were associated with better
FMT efficacy.

5.2. Spore-Based Therapy

Firmicutes are bacteria that can form spores. These bacteria are relevant in gut home-
ostasis through the production of metabolites that can enhance the function of the gastroin-
testinal barrier and mucosal immune system [78]. The spores are intrinsically resistant
to gastric acid. Once they germinate, they become metabolically active bacteria that can
colonise the colon. Based on the evidence that Firmicutes bacteria and the associated
metabolites are reduced in the gut microbiome in patients with UC, a small phase 1b trial
with Firmicutes spores formulated into oral capsules was conducted. The trial found that
the oral administration of Firmicutes spores, after vancomycin preconditioning, induced
clinical remission in a significantly higher proportion of patients with mild to moder-
ately active UC than a placebo [79]. This clinical trial provided evidence of a favourable
safety profile.
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5.3. Next-Generation Probiotics and Live Biotherapeutics

The field of probiotics has advanced to the development of next-generation probiotics
(NGPs) and live biotherapeutic products (LBPs). Unlike traditional probiotics, these prod-
ucts have not been previously tested in humans. Instead, NGPs and LBPs are obtained
from the advanced sequencing and bioinformatic analysis of the human gut microbiome
and are primarily used to treat or cure disease conditions. In contrast to probiotics, which
are typically marketed as dietary food supplements after their evaluation to ensure safety,
NGPs are subject to a more strict regulatory framework. Faecalibacterium shows favourable
results as an LBP due to its role in host homeostasis and its positive effects in preclinical
animal models for several diseases, including IBD [80]. In fact, a phase 1 multicentre study
is ongoing to evaluate its safety and preliminary efficacy in patients with mild to moderate
CD with a corticosteroid-induced clinical response [81].

In 2004, researchers at the Wageningen Microbiology Laboratory in the Netherlands
isolated, for the first time, a strain capable of growing on a viscous substrate, such as
mucin, from the guts of healthy adults [82]. It was identified as a new species of the
genus Verrucomicrobiota called Akkermansia muciniphila, a mucin-degrading bacterium,
and represented as strain MucT [82]. For years, the MucT strain of A. muciniphila was the
only strain isolated from humans, but, in the last 5 years, new strains have been identified.
By degrading mucin, A. muciniphila produces acetate and propionate, which serve as
substrates for other bacteria and the host. Consequently, it promotes mucin turnover and
thickening, reinforcing the intestinal barrier and reducing the gut permeability to microbial
products. It is considered a biomarker of a healthy host metabolic profile, and the decreased
abundance of A. Muciniphila is related to several metabolic and inflammatory diseases,
such as IBD.

Although it is the most promising NGP, the clinical application of A. muciniphila is still
limited by several factors. Its role in IBD pathogenesis remains undefined, with studies
showing contradictory results [83–86]. This could be associated with the host genotype, the
strain specificity of A. muciniphila, or the coexistence of other enteropathogens. Secondly,
using live A. muciniphila for therapeutic purposes is challenging due to its instability as
an anaerobic bacterium. Cultivating and maintaining the bacteria’s stability and viability
outside of the gut is difficult. However, the pasteurisation of A. muciniphila and its approval
as a postbiotic has opened a new research line in managing metabolic diseases and other
inflammatory disorders [87]. Thirdly, the balance between different types of bacteria
populations in the gut microbiome may determine the susceptibility to inflammation-
associated colon tumorigenesis [88]. In some cases, A. muciniphila may exacerbate gut
inflammation and correlate with higher rates of tumorigenesis [89].

5.4. Targeting Altered Microbiome Function: AhR Agonists

Another promising approach is to restore the altered microbiome function. Data
have suggested that the end products of tryptophan metabolism are essential to maintain
intestinal homeostasis between the mucosal immune system and gut microbiota via AhR
by modulating the production of interleukin (IL)-22 [90]. A recent study conducted on a
large IBD cohort observed an imbalance in tryptophan metabolism [51]. The researchers
explored the metabolites of the kynurenine pathway in mice and humans and observed
a link between intestinal inflammation and this metabolic route. Intestinal inflammation
correlated negatively with the amounts of xanthurenic (XANA) and kynurenic (KYNA)
acids, which are AhR ligands. Supplementation with XANA or KYNA decreased the
colitis severity through effects on intestinal epithelial cells and T cells, involving AhR
activation [91]. These results set the scene for the use of metabolites derived from the gut
microbiota as biomarkers for dysbiosis and/or the targets of new therapeutic interventions
in patients with IBD.
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5.5. Bile Acids

There have been substantial scientific advances in the field of bile acids and the gut
microbiome with the discovery of a new pool of bile acid structures and their central role
in metabolism and immune homeostasis [92]. This might lead to the manipulation of BAs
through the bioengineering of the gut microbiota to modulate the BA pool.

6. Discussion

This review aimed to summarise the limited understanding of the role of the human
gut microbiome in the development and progression of IBD. The emergence and availability
of the new “multi-omics” technologies are expected to facilitate the better characterisation
of this dynamic and diverse ecosystem of commensal bacteria, fungi, and viruses.

There are still methodological challenges in studying the human gut microbiota [19].
The research on the IBD microbiome has mostly focused on high-level taxonomic classifica-
tion. However, to gain a more thorough understanding of the disease and its underlying
causes, it is necessary to study the microbiome at a strain level and investigate the func-
tionality of the microorganisms. Additionally, the available reference data required for
the use of NGS analyses are mostly limited to North America and Europe, which im-
plies a bias in the study of a disease that has been associated with industrialisation and
a Western lifestyle.

Regarding the collection process, most studies of the human gut microbiome have
used faecal samples due to practical reasons such as ease of acquisition, reduced costs,
and non-invasiveness. However, this method may not provide accurate information
about the mucosa-associated microbiome [18]. Mucosal biopsies collected by endoscopy
could offer a better representation of this population, although this technique presents
other limitations, such as the required fasting and colon cleansing, which could alter the
microbiome. Furthermore, it is not clear whether the DNA extraction methods and storage
conditions in biobanks affect the collected samples.

One of the main goals of studying the gut microbiome in patients with IBD is to find
biomarkers that can identify individuals at risk of developing IBD or those in the early
stages of the disease [18]. This could help to determine their prognosis, stratify patients for
different therapeutic approaches, or detect patients with a higher risk of relapse. However,
there is still limited knowledge about the composition and functionality of the microbiome,
especially in the viral and fungal populations. Identifying a biomarker that applies to all
patients is a complex task due to the intra- and inter-individual variability of the human
gut microbiome. Additionally, the exact role of dysbiosis in the development of IBD is
still unclear, and we cannot determine whether it precedes the inflammatory process or
is a reflection of the altered immune and metabolic environment [32]. To overcome this
challenge, it would be necessary to conduct well-designed longitudinal studies, progressing
from searching for correlations to searching for causation in the investigation of the role of
the microbiome in IBD.

Research is ongoing to develop microbiome-based interventions for patients with IBD,
but there is still no well-defined approach. Currently, efforts are being made to restore a
balanced microbiome through dietary modifications, the use of prebiotics and probiotics,
and FMT. However, investigations into the effect of the diet on patients with IBD face
several limitations, including the duration and timing of exposure to dietary patterns, the
methods used to assess dietary intake, and the detection of specific dietary components
such as food additives or food processing [54]. In the case of probiotics, the identification
of new strains with therapeutic potential will be aided by the development of advanced
techniques for the study of the microbiome [75,93]. As for FMT, it aims to restore the
diversity of the entire gut microbiome, and although it has shown some positive effects in
patients with UC, its use is still limited to research studies due to the many uncertainties
related to the mechanism of action and potential long-term effects [75].

Other potential strategies are currently being explored, and bacteriophages are gaining
relevance in this field. A recent publication identified changes in metagenomic samples
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from IBD cohorts that impacted the DNA inversion states and functionality of the gut mi-
crobiota, highlighting the correlation of bacteriophages with host inflammation in IBD [94].
However, there is still a long way to go before bacteriophages can be implemented for
the treatment of patients with IBD. It is essential to obtain a comprehensive sequencing
database and to understand the interactions between bacteriophages and human health.
In addition, one crucial aspect that needs to be addressed is whether bacteriophages can
activate aberrant immune responses. Genetically engineered probiotics are an exciting
prospect for the future treatment of patients with IBD [95]. Better culturing methods, more
affordable sequencing techniques, and more powerful tools are needed to facilitate their
development. Before implementation, preclinical trials and a strict regulatory process
are necessary to explore the safety and toxicity of the products. Lastly, the study of the
metabolome and its multiple pathways may offer new therapeutic lines in the future.

In conclusion, a better understanding of the human gut microbiome and its role in the
IBD pathogenesis could provide more precise tools for the management of IBD.
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