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Abstract: Inflammatory bowel diseases (IBDs), encompassing Crohn’s disease and ulcera-
tive colitis, are complex chronic disorders characterized by an intricate interplay between
genetic predisposition, immune dysregulation, gut microbiota alterations, and environ-
mental exposures. This review aims to synthesize recent advances in IBD pathogenesis,
exploring key mechanisms and potential avenues for prevention and personalized therapy.
A comprehensive literature search was conducted across major bibliographic databases,
selecting the most recent and impactful studies on IBD pathogenesis. The review inte-
grates findings from multi-omics analyses, single-cell transcriptomics, and longitudinal
cohort studies, focusing on immune regulation, gut microbiota dynamics, and environmen-
tal factors influencing disease onset and progression. Immune dysregulation, including
macrophage polarization (M1 vs. M2) and Th17 activation, emerges as a cornerstone of IBD
pathogenesis. Dysbiosis, as a result of reduced alpha and beta diversity and overgrowth of
harmful taxa, is one of the main contributing factors in causing inflammation in IBD. Envi-
ronmental factors, including air and water pollutants, maternal smoking, and antibiotic
exposure during pregnancy and infancy, significantly modulate IBD risk through epige-
netic and microbiota-mediated mechanisms. While recent advances have supported the
development of new therapeutic strategies, deeply understanding the complex dynamics
of IBD pathogenesis remains challenging. Future efforts should aim to reduce the burden
of disease with precise, personalized treatments and lower the incidence of IBD through
early-life prevention and targeted interventions addressing modifiable risk factors.

Keywords: inflammatory bowel disease; pathogenesis; immune system; gut microbiota;
exposome; genetics; air pollution; water pollution

1. Introduction

Inflammatory bowel disease (IBD), encompassing Crohn’s disease (CD) and ulcerative
colitis (UC), is a complex condition characterized by chronic inflammation of the gastroin-
testinal tract. The pathogenesis of IBD is multifactorial and still not completely clarified.
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Interactions among genetic predispositions, environmental influences, immune system
dysfunctions, and alterations in the gut microbiota are involved. Gaining insight into
such topics is of paramount importance for unraveling the mechanisms underlying IBD
and developing effective therapeutic strategies and potentially for implementing effective
prevention strategies [1].

The mainstay of IBD pathogenesis lies in a dysregulated immune response to gut
microbiota. In healthy individuals, the immune system maintains a delicate balance that
allows for tolerance to commensal microbes while mounting an appropriate response to
pathogenic organisms. However, in genetically susceptible individuals, this balance is
disrupted. Environmental factors such as diet, infections, and stress can exacerbate this
dysregulation, leading to an inappropriate inflammatory response. This inflammatory mi-
lieu is primarily driven by T-helper (Th) cell responses. Th1l and Th17 cells are particularly
implicated in Crohn’s disease and ulcerative colitis, respectively. The activation of these
cells results in the production of pro-inflammatory cytokines that perpetuate tissue damage
and inflammation [2].

Genetic factors also play a significant role in IBD susceptibility. Numerous suscepti-
bility loci have been identified through genome-wide association studies, indicating that
specific genetic variations can influence an individual’s immune response and microbiome
composition. For instance, genes associated with autophagy and immune regulation are
critical in maintaining intestinal homeostasis. However, genetic predisposition alone does
not account for the entirety of disease variance; environmental triggers are essential in
modulating these genetic risks [3].

The gut microbiota further complicates the pathogenesis of IBD. Dysbiosis, or an
imbalance in microbial communities within the gut, has been consistently observed in IBD
patients. This dysbiosis is characterized by reduced microbial diversity and an increase in
pathogenic bacteria, which can breach the intestinal barrier and activate immune responses.
The interplay between dysbiosis and immune dysfunction creates a feedback loop that
exacerbates inflammation and contributes to the chronic nature of IBD [4].

Finally, the exposome—encompassing all environmental exposures—intersects with
the other mentioned factors to influence disease outcomes. Factors such as dietary habits,
antibiotic use, and exposure to pollutants can significantly impact gut health [5].

The pathogenesis of IBD is a multifaceted interplay between genetic susceptibility,
environmental triggers, immune system dysregulation, and gut microbiota alterations. Re-
cent advances in research have shed light on these aspects, revealing new avenues also for
therapeutic interventions. This review discusses recent studies, emerging fields of research
and novel insights that continue to enhance our understanding of IBD pathogenesis. Gain-
ing insight into these topics is crucial for developing effective therapeutic strategies and
exploring preventive approaches. Furthermore, a deeper understanding of pathogenetic
mechanisms could pave the way for novel tools to identify patients with severe prognoses
or therapy resistance at an early stage. Last but not least, novel biomarkers for non-invasive
disease monitoring could emerge [6].

Building on these recent advances, this review delves deeper into the multifaceted
pathogenesis of IBD, examining the interplay between the immune system, gut microbiota
alterations, genetic predispositions, and environmental factors. Each section integrates
established knowledge with the latest discoveries, offering novel perspectives that could
inform therapeutic strategies, diagnostic tools, or preventive approaches.

2. The Innate and Adaptive Immune System

An aberrant immune response against epithelial elements and the intestinal microflora
is the point of convergence of all the pathogenetic mechanisms of IBD [7].
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The immune system includes two main compartments: innate and adaptive responses.
The advent of single cell transcriptomics has revolutionized the investigation of the immune
system, particularly T-cell populations. Recent studies indicate that, in the context of IBD,
while the epithelial and stromal compartments undergo significant transcriptional shifts, the
immune system exhibits profound alterations in both cell composition and abundance [8].

2.1. Innate Immune System

The epithelial layer, encompassing enterocytes and goblet cells, is the first gate of innate
immunity. It plays a protective role thanks to its barrier function against pathogens [9].
Furthermore, the depletion or destruction of the mucus layer has been associated with
the development of UC [10]. Previous studies have already highlighted that intestinal
goblet cells play a role in the onset of Th17-based colitis, by delivering soluble antigens to
CD103* dendritic cells. Recent evidence shows that the mucus reduction observed in UC
is associated with a reduction in both the number and size of goblet cells. Furthermore,
reduced glycosylation of the mucin 2 (MUC?2) protein amplifies the inflammatory response
to E. coli, driven by NF-kB signaling [11]. Evidence from single-cell RNA sequencing
suggests that mucosal barrier malfunctioning may stem from the production of ectopic
mucin. Specifically, transcripts of mucin 1 (MUC1), a mucin typically produced in the
stomach, have been identified in the colonic mucosa of patients with CD [8]. Remarkably,
recent studies based on single-cell transcriptomics show that ileal epithelial cells from
pediatric patients with treatment-naive CD have an overexpression of SI00A9, a calprotectin
subunit. This finding underscores the direct involvement of the epithelial barrier to the
immune process underlying IBD [12].

Among the cellular populations involved in innate immunity, innate lymphoid cells
(ILCs) are coming to the spotlight. ILCs are circulant and resident lymphocytes with a
role in regulating tissue homeostasis and immune responses [13]. Various subtypes of
ILCs have been identified, including ILC1s, which are primarily expressed in the upper
gastrointestinal tract, and ILC3s, predominantly found in the ileum and colon [14]. Within
this cellular subset, the enigmatic and controversial role of ILC3s is being investigated.
ILC3s produce IL-17 and IL-22 and express receptors for IL-1 and IL-23 [15]. On one
side, an imbalance in the activity of ILC3s is associated with reduced gut barrier integrity
and increased susceptibility to inflammation. For example, Bao and colleagues recently
demonstrated that, in a dextran sodium sulfate (DSS) mouse model of colitis, the exposure
to bacterial sphingolipids leads to a reduced IL-22 secretion from ILC3s with consequent
worsening of colitis [16]. On the contrary, in other models of colitis (such as anti-CD40
antibody-induced acute colitis), the inflammation is driven by the IL-22 produced by
ILC3s [17]. Furthermore, specific subsets of ILC3s, such as NKp44*, have a protective effect
against CD and UC [18].

Macrophages, key players in innate immunity, mainly arise from monocytes and can
be classified into M1 (inflammatory) and M2 (anti-inflammatory) types. M1 macrophages,
activated by cytokines like IFN-y and TNF-«, release cytokines (IL-12, IL-23) and reactive
species that drive inflammation and pathogen clearance. In the gut, they disrupt tight
junctions and induce epithelial cell apoptosis, worsening inflammation. M2 macrophages,
marked by IL-4, IL-10, and CD206, promote tissue repair and resolve inflammation [19,20].
In UC, especially during the active phase, most macrophages in the lamina propria exhibit
the M1 phenotype, which contributes to mucosal damage by disrupting tight junction
proteins, compromising the epithelial barrier, and inducing apoptosis in epithelial cells.
This results in heightened inflammation and further exacerbation of the disease [21]. On the
contrary, increasing the proportion of M2 macrophages can alleviate symptoms of colitis in
murine models, suggesting their protective role in IBD [22,23]. Novel insights on the role of
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macrophage polarization derive from single-cell and spatial transcriptomics. Garrido-Trigo
and colleagues, upon identifying M0 macrophages within the colonic mucosa, highlighted
significant variability in the transcriptional profiles of M1 macrophages in patients with
IBD. Three major categories of M1 macrophages were identified: M1 ACODI1 (aconitate
decarboxylase 1), M1 CXCL5 (CXC ligand 5), and the IDA (inflammation-dependent
alternative) macrophage cluster. Notably, M1 macrophages in patients with UC (but not
CD) exhibited elevated expression of neuregulin 1, a gene belonging to the epidermal
growth factor family [24].

Myeloid cells, mainly neutrophils and macrophages, are also responsible for SI00A9
calprotectin subunit. The role of calprotectin as an IBD biomarker has been known for
some time [25]. However, recent evidence on the role of S100A9 in contributing to IBD
pathogenesis is coming to the spotlight. In fact, SI00A9 acts as an alarmin, a type of
signaling molecule that is released during cellular stress or injury. It can activate immune
responses by binding to Toll-like receptor 4 (TLR4) and other receptors, leading to the
production of pro-inflammatory cytokines such as IL-1f3, IL-6, and TNF-«. Furthermore,
it also contributes to further neutrophils’ recruitment. Notably, SI00A9 may also interact
with the gut microbiota, promoting dysbiosis. These features suggest that ST00A9 could
represent a new actor in the pathogenesis of IBD [26,27].

Natural killer (NK) cells, involved in both innate and adaptive immunity, recognize
stress-induced and virus-infected cells. Found in the gut epithelium and stroma, they inter-
act with various cell types and encounter antigens from microorganisms and the microbiota.
In a healthy state, NK cells support immune responses by producing IFN-y, enhancing
anti-bacterial defenses [28]. In IBD patients, peripheral NK cells are dysregulated and
produce high levels of pro-inflammatory cytokines, such as IL-17A and TNF-«, but exhibit
diminished killing abilities. Additionally, these NK cells show reduced mitochondrial mass
and impaired oxidative phosphorylation, indicating compromised cellular metabolism.
The activity of mMTORC1 (mammalian target of rapamycin complex 1), a key metabolic
regulator, is also limited in both resting and cytokine-stimulated NK cells, contributing to
their dysfunctional state in IBD. In CD, mucosal NK cells expressing NKp44 and NKp46
produce pro-inflammatory cytokines like IFNy upon activation by intestinal macrophages,
contributing to local inflammation. Conversely, in UC, NK cells appear to regulate the
Th1/Th2 balance, with NKG2D* NK cells playing a potential regulatory role in modulating
Th2-mediated responses [29]. The mechanisms of the innate immune system implicated in
IBD pathogenesis are summarized in Figure 1.

2.2. Adaptive Immune System

Unlike the innate immune response, which acts as the first line of defense, the adaptive
immune system is characterized by its ability to recognize specific antigens and mount a
tailored response. In IBD, this response often becomes dysregulated, leading to chronic
inflammation. The pathogenesis of IBD is thought to involve an inappropriate immune
reaction against the gut microbiota and dietary antigens in genetically susceptible individ-
uals. Key players in the adaptive immune response include various T-cell subsets, such
as T helper cells (Th1, Th2, Th17), cytolytic CD8" cells, and regulatory T cells (Tregs). An
imbalance between pro-inflammatory and anti-inflammatory Tregs is the mainstay of IBD
pathogenesis [30,31].

Th1 polarization remains a mainstay of immune activation in IBD. Recent evidence
obtained with single-cell transcriptomics confirms the presence of IENG* TNF* T cells in
mucosal and blood samples of patients with IBD, especially CD [32]. However, over the
last years, increasing attention has been given to the role of Th17. In inflamed biopsies
from patients with IBD, Medina and colleagues found a predominance of Th17 polarized
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lymphocytes overexpressing STAT3 (signal transducer and activator of transcription 3) and
IL23R. Interestingly, according to single-cell transcriptional analysis, several lymphocytes
showed a hybrid Th1/Th17 transcriptional profile, expressing genes such as CCL20 (C-C
motif chemokine ligand 20), GZMA (granzyme A), GZMK (granzyme K), ITGA1 (inte-
grin subunit alpha 1), CXCR3 (C-X-C motif chemokine receptor 3), GYG1 (glycogenin-1),
CXCR6, LGALS3 (Galectin-3), and CCL5. Such cellular subpopulation was more abundant
in inflamed tissues rather than non-inflamed areas and biopsies from healthy controls [33].
New transcriptional factors associated with the stimulation or inhibition of Th17 differenti-
ation are being investigated. For example, the transcription factor ELF4 can both suppress
inflammatory Th17 cell activity and induce macrophage M2 polarization [34].
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Figure 1. Dysregulated immune responses contributing to inflammation and tissue damage in IBD
pathogenesis. Epithelial barrier disruption and neutrophil recruitment trigger the release of S100A9,
which activates Toll-like receptor 4 (TLR4) signaling in M1 macrophages. These macrophages pro-
duce pro-inflammatory cytokines (TNFe, IL-6, IL-12, IL-1$), promoting inflammation and reducing
phagocytosis (A). Altered production and glycosylation of mucin molecules contribute to amplify
inflammation via NFkB (B). Dysregulated T-cell responses include reduced regulatory T cell (Treg)
activity (C) and increased Th1, Th17, and mixed Th1/Th17 responses, producing IFNy, TNF«, IL-17,
and IL-22. These cytokines induce recruitment of inflammatory cells and expression of chemokines
(CCL20, GZMA, ITGA1, etc.), amplifying tissue damage (D). NK cells with impaired mTORC1
signaling show reduced cytotoxicity, further aggravating inflammation (E). Innate lymphoid cells
(ILC3) produce IL-17 and IL-22, enhancing CD8" T cell activation and exacerbating tissue injury (F).

It must be mentioned that a recent study by Tanemoto and colleagues proved the
existence of a cellular subpopulation presenting mixed CD4/CDS8 transcriptional activity.
Such cells are closer to the CD4* population in terms of transcriptional analysis but also
express CD8-related transcripts such as perforins or granzymes [35]. Activated cytotoxic
CD8" T cells contribute to the initiation and progression of IBD. Several subtypes of CD8*
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are known, including conventional cytotoxic (or cytolytic) T lymphocytes (CTLs) and
CD8" regulatory T cells [36]. Extensive insight into the role of CD8" in UC is provided by
Corridoni et al. thanks to single-cell transcriptomics. On one side, CD8* lymphocytes are
implicated in tissue damage through the production of TNF-« and other pro-inflammatory
cytokines; on the other hand, some post-effector CD8" T cells exhibit regulatory char-
acteristics that may help mitigate excessive inflammation. Furthermore, the study also
identifies terminally differentiated dysfunctional CD8* T cells that express IL-26, a cytokine
shown to attenuate acute colitis severity in a humanized mouse model [37]. CD8* cells
have been found to be related to disease activity, especially in CD. In fact, both in blood
and intestinal samples of patients with active CD, CD39-expressing CD8" T cells often
showed signs of exhaustion, meaning they were less effective at responding to infections or
inflammation [38].

Finally, an imbalance in the number and functionality of T regulatory lymphocytes is
associated with the onset of IBD. Foxp3™ Treg cells are essential for suppressing inflamma-
tion, primarily through the production of IL-10 in response to TGF{31 (transforming growth
factor beta 1) stimulation [39]. Interestingly, it has been recently postulated that diets with
high amounts of fatty acids can induce ferroptosis of such cellular subtype, leading to
colitis worsening [40]. Surprisingly, single-cell transcriptional analysis in mucosal samples
of patients with UC shows that Tregs are numerically increased in comparison to healthy
controls. This could be related to the need for dampening inflammation. Conversely,
transcriptional profiles of this cellular lineage are altered in UC, with the overexpression
of transcripts (including SATBI, special AT-rich sequence-binding protein-1, and ZEB2,
Zinc finger E-box-binding homeobox 2) that should be instead be suppressed for normal
Treg functioning. It has to be remarked that, according to new evidence, tissue and circulat-
ing Tregs are not the only to be considered: in fact, mesenteric lymph nodes represent a
critical site of effect of Tregs [41,42]. The key mechanisms of the adaptive immune system
contributing to IBD pathogenesis are illustrated in Figure 1.

Given the critical role of the immune system in the pathogenesis of IBD, innovative
therapeutic strategies are being explored to modulate immune responses and promote heal-
ing, one of which involves the application of mesenchymal stem cells (MSCs). MSCs possess
unique properties, including immunomodulation, anti-inflammatory effects, and tissue
regeneration, which make them suitable for addressing the complex pathogenesis of IBD. In
Crohn’s disease, MSC therapy has received Food and Drug Administration approval for use
in refractory cases, especially for complications such as fistulas and sphincter insufficiency.
The mechanism of action of MSCs involves the secretion of bioactive factors that modulate
the immune response, reduce inflammation, and promote healing of damaged intestinal
tissue. They achieve this by downregulating pro-inflammatory cytokines and enhancing
anti-inflammatory pathways, thereby restoring intestinal homeostasis. Moreover, MSCs
exhibit low immunogenicity, allowing them to evade immune detection and reducing the
risk of adverse reactions [43-45].

3. Gut Microbiota

Nowadays, the dissemination of integrated multi-omic analysis allows us to define
disease-specific signatures. Common and recognizable profiles that characterize and distin-
guish IBDs are defined. For example, a recent study provides a multi-omic-based definition
of gut microbiota, mycobiota, and metabolic signature in UC [46].

From an early age, the composition of microbiota is influenced and modified by
several factors, including exposure to antibiotics. A systematic review has evaluated the
impact of antibiotics on the infant gut microbiome composition and resistome in infants in
low- to middle-income countries settings. Antibiotics disrupt microbiome diversity and
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taxonomy, with effects likely mediated by antibiotic class, duration of administration, and
follow-up time [47]. The association between antibiotic exposure and an increased risk
of developing IBD has been confirmed by a recent meta-analysis involving 99,104 IBD
patients and 2,273,336 controls, reporting an odds ratio (OR) of 1.66 (95% CI, 1.28-2.16) [48].
Notably, exposure to cephalosporins was strongly associated with new-onset IBD (OR,
1.62; 95% CI, 1.26-2.08), as was exposure to penicillins (OR, 1.50; 95% CI, 1.14-1.98) and
macrolides (OR, 1.50; 95% CI, 1.14-1.98). Similarly, quinolones (OR, 1.49; 95% CI, 1.45-
1.54), tetracyclines (OR, 1.49; 95% CI, 1.44-1.54), and metronidazole/tinidazole (OR, 1.34;
95% CI, 1.30-1.38) were significantly linked to an increased IBD risk [47]. In children,
the cumulative frequency of antibiotic use plays a critical role in the risk of developing
IBD. While a single dispensation within the year preceding diagnosis was not significantly
associated with IBD risk, cumulative exposure—defined as two or more dispensations
within the same timeframe—was linked to a significantly higher risk. Prolonged antibiotic
exposure further increases the risk of developing IBD, with an odds ratio (OR) of 1.49
(95% CI, 1.12-1.98) for exposure over three years and 1.46 (95% CI, 1.37-1.55) for exposure
over two years [48]. Data from Sweden and Norway further underscore the importance
of early antibiotic use. Among 103,046 children, 395 developed IBD, with a higher risk
observed in those exposed to antibiotics during the first year of life (HR = 1.33; 95% CI,
1.01-1.76) compared to those without exposure. In contrast, the frequency of infections did
not show a significant association with IBD risk [49].

The composition of microbiota in IBD patients significantly differs compared to healthy
individuals. Beta-diversity, defined as the difference in types of microbes between multiple
samples, and alpha-diversity, defined as the difference within an ecosystem or a sample, are
both reduced in microbiota of IBD patients compared to healthy individuals, particularly
if looking at the stability of the microbiome of patients over time [50]. As confirmed by
recent meta-analysis, which has included 13 studies, reduced alpha-diversity is a consistent
feature of both CD and UC but was more pronounced in CD (OR of 3.20, 95% CI: 2.09-4.88,
p <0.001) [51]. More in depth, key alterations include a decrease in beneficial Firmicutes and
Bacteroidetes, alongside an increase in pathogenic Proteobacteria. Recent studies have con-
firmed such trend reporting that, specifically, the abundance of Faecalibacterium prausnitzii
and Roseburia intestinalis, both known for their anti-inflammatory properties, is markedly
reduced in IBD patients, while Escherichia coli and other members of the Proteobacteria
phylum show increased prevalence, correlating with disease severity and inflammation
levels [52,53].

Gut microbiota contributes to determining intestinal inflammation mainly through
its interaction with the immune system (Figure 2). For example, germ-free mice colonized
by gut microbiota from IBD patients show an elevation of Th17 and Th2 cells, with con-
comitant reduction of RORyt* Treg cells [54]. Interestingly, recent evidence shows that
adherent-invasive Escherichia coli (AIEC) has the ability to attach to and penetrate epithelial
cells, stimulating the secretion of interleukin-1 beta (IL-13) from macrophages, which stim-
ulates the differentiation of Th17 cells; in the same way, Klebsiella pneumoniae and Klebsiella
aerogenes enhance the release of pro-inflammatory cytokines (particularly IL-13 and IL-18)
from dendritic cells and macrophages, promoting the differentiation of Th1 and Th17 cells.
Moreover, mucolytic bacteria like Ruminococcus gnavus are able to produce polysaccharides
that stimulate tumor necrosis factor (TNF) secretion from dendritic cells [55]. Similarly,
mice administered with DSS show more elevated IL-6 and IL-1p serum concentrations and
monocyte-chemoattractant protein (MCP)-1 when receiving oral gavage of C. difficile after
the DSS [56].
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Figure 2. The impact of gut microbiota dysregulation on IBD pathogenesis. Reduced microbial
diversity, depletion of beneficial taxa such as Faecalibacterium prausnitzii and Roseburia intestinalis,
and enrichment of pathogenic taxa like Proteobacteria are the core features of gut dysbioisis. This
disruption impairs gut permeability by reducing key amino acids and altering microbial composition,
allowing microbial components to penetrate the intestinal barrier (A). Translocated microbial peptides
and metabolites, such as flagellins and LPS, enter systemic circulation, triggering IgG production and
amplifying inflammation (B). Immune system activation involves increased inflammatory cytokine
production following exposure to microbial products, as observed in germ-free mice receiving fecal
transplants from IBD patients. Pathogenic bacteria, including Klebsiella spp. and Ruminococcus gnavus,
further stimulate macrophages and dendritic cells to release pro-inflammatory cytokines like IL-13,
IL-18, and TNF (C). Additionally, dysbiosis disrupts TRPV1* nociceptor signaling, reducing levels of
the anti-inflammatory mediator Substance P. This impairment compromises vagus nerve-mediated
tissue repair, enhances inflammation, and deranges pain perception (D).

As mentioned, the intestinal mucus layer plays a central role in maintaining gut home-
ostasis. Understanding how gut microbiota interacts with mucus layer could represent
a key factor in elucidating IBD pathogenesis. To such a purpose, a recent study demon-
strated that mice deficient in the MUC2 protein also exhibit specific microbiota features
impacting colitis severity [57]. Furthermore, the administration of Lactobacillus reuteri leads
to a mitigation of colitis symptoms in DSS-induced colitis mice. This effect is mediated by
the synthesis of indole-3-acetic acid (IAA), a tryptophan derivate, and to the thickening
of the colonic mucus layer [58]. The mucus layer is not the only constituent of intestinal
permeability. The association between gut microbiome composition and impaired barrier
function is a mainstay of the IBD pathogenesis. Recent evidence suggests that decreased
prevalence of Adlercreutzia (with anti-inflammatory properties), coupled with increased
abundance of Colidextribacter (with a role in cellular oxidative stress), are related to impaired
intestinal permeability. Moreover, the depletion of microbial pathways associated with the
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biosynthesis of the amino acids glutamate, tryptophan, and threonine suggests the role of
microbiota-metabolites in driving altered gut permeability [59].

Gut microbiota could induce damage even outside of the gut. In fact, translocation of
pathogens from mucosal surfaces into peripheral tissues can directly stimulate immune
cells to produce many proinflammatory cytokines, increasing intestinal inflammation [60]
(Figure 2). A cross-sectional study focused on characterizing the adaptive immunoglobulin
response to human-derived microbiota flagellins in CD and UC. In particular, patients with
CD, but not patients with UC, show increased serum IgG antibody responses to human
ileal-localized Lachnospiraceae flagellins, with a subset of patients that also show increased
CD4 cells against such antigens [61]. More recently, a correlation between a subset of
commensal gut microbiota constituents that translocate across the gut barrier and systemic
immunoglobulin G (IgG) responses has been described in mice and humans. In particular,
the systemic IgG ranges were detectable against translocating gut bacteria and taxa that
can be proinflammatory, such as Bifidobacterium, Collinsella, Faecalibacterium, and Blautia
genera. In addition, patients with CD exhibited greater IgG targeting of gut commensals
than UC patients [62].

The taxonomical impairment in gut microbiota results in a shift in the metabolomic
profile of IBD patients. Functional modifications also play an important role in developing
IBD [63]. The most relevant modifications are represented by higher levels of organic
acids and amino acids such as tryptophan, glutamine, arginine, 5-hydroxytryptophan, and
histidine, along with a decrease in short-chain fatty acids (SCFA) [64]. However, the role
of these metabolites in IBD is still unsolved. The latest evidence reveals that a mixture
of SCFA-producing bacterial strains attenuates UC in DSS-mice models by inducing M2
macrophage polarization and inhibiting JAK/STAT3/FOXO3 axis activation [65].

In recent years, focus has been given to the so-called “neglected microbiome” (fungi,
protozoa, and viruses), which have also shown a great relevance in the IBD pathogenesis.
Regarding the gut virome, Siphoviridae and Myoviridae (which belong to the order of Cau-
dovirales) are significantly enriched in IBD patients, while Quimbyviridae are decreased [66].
Specific changes have also been highlighted between CD and UC patients in terms of
virome. Patients with CD exhibit greater prevalence of the Hepeviridae family and a reduc-
tion of the Virgaviridae family; conversely, UC patients show an abundance of transcripts
encoded by Orthoepadnaviridae [67]. The alterations in the virome significantly contribute
to the pathogenesis of IBD through different pathways, such as altering the integrity of
the intestinal mucosa; stimulating the immune response by influencing the host bacteria;
releasing bacterial components after lysis or transcytosis; and inducing IFN type-I response
in immune cells, which can worsen intestinal inflammation and increase the severity of the
disease [68]. A recent study demonstrates how bacteriophage can influence the bacteria mi-
crobiota. Monocolonized germ-free mice with Bacteroides fragilis NCTC 9343 in the presence
of Barc2635, a lytic double-stranded DNA bacteriophage belonging to the Caudoviricete,
show a switch of the polysaccharide A (PSA) promoter of B. fragilis in the “OFF” state caus-
ing reduced a decrease in Tregs with a consequent reduction in inflammation [69]. Fecal
virome transplantation (FVT) experiments using human fecal virus-like particles (VLPs)
in a mouse model confirmed the roles of IBD viral signatures in disease progression. The
expression levels of E-cadherin, 3-catenin, and occludins were upregulated in the HF-FVT
(Healthy Donor Fecal Virome Transplantation) group and downregulated in the IBD-FVT
group, indicating worsened gut permeability in the IBD-FVT group. Additionally, the
IBD-FVT group exhibited significantly greater levels of inflammatory cytokines, including
TNF-«, IL-6, IFN-y, and IL-1$3. These findings indicate that the colonization of viruses from
healthy donors has a mitigating effect on colitis in a mouse model, whereas that of viruses
from IBD patients exacerbates colitis with a substantial expansion of IBD-enriched viral



Biomedicines 2025, 13, 305

10 of 27

operational taxonomic units (vOTUs) within the mouse gut microbiota [66]. The rise of
high-throughput sequencing also allowed a better understanding about fungal dysbiosis
and the implication in the pathogenesis of IBD. Didymellaceae, Saccharomycetales, Malassezia,
Wickerhamomyces, Cutaneotrichosporon, Saccharomyces, Clavispora, Alternaria, and Candida
are major fungal markers in UC [46]. In 2,4,6-trinitrobenzenesulfonic acid (TNBS)-derived
colitis mice models, fungi depletion protects against the progression of the disease. The
mechanisms through which fungi promote pro-inflammatory response in IBD relies on
CD4* T cells, which are stimulated to produce IFN-y, IL-17A, and TNF-« [70]. The loss of
integrity of IECs through the disruption of tight junction (T]) Occludin and ZO-1 lead to the
penetration of pathogens like fungi and bacteria into the mucosal barrier and consequently
activate TLRs, Dectin-1, and caspase-recruitment domain 9 (CARDY), inducing a more
severe inflammatory phenotype [71].

Finally, gut microbiota could play a role in determining IBD susceptibility, even
through the interaction with the peripheral nervous system (PNS) (Figure 2). For example,
a recent study analyzed the role of TRPV1* nociceptors in regulating the composition of
the intestinal microbiota through substance P, which limits inflammation and promotes
intestinal tissue protection, restoring intestinal homeostasis. In particular, in the absence of
TRPV1* nociceptors, vancomycin-sensitive Gram-positive bacterial communities lead to
enhanced susceptibility to DSS-induced colitis in mice. Moreover, mono-colonization of a
consortium of Gram-positive bacteria Clostridium spp. in germ-free mice with disrupted
nociception was able to exacerbate intestinal inflammation. In contrast, mono-colonization
of nociceptor-sufficient germ-free mice with Clostridium spp. was tissue protective. Mech-
anistically, disruption of nociception resulted in decreased levels of substance P, and the
therapeutic delivery of substance P promoted tissue-protective effects exerted by TRPV1*
nociceptors in a microbiota-dependent manner [72].

Building on the growing understanding of the gut microbiota’s role in inflammation
and disease, fecal microbiota transplantation (FMT) has gained attention as a therapeutic
strategy to restore microbial balance by transferring fecal microbiota from healthy donors
to recipients. FMT has demonstrated its effectiveness in Clostridioides difficile infection [73].
Starting from this, FMT has been tested as a new promising therapeutic strategy in IBD. As
evidence of the role of the gut microbiota as a trigger of inflammation, studies have been
performed on FMT in patients with mild-to-moderate UC, demonstrating effectiveness
in inducing clinical remission, despite the heterogeneity in design protocols, regarding
routes of FMT administration, inclusion criteria, and follow-up periods. These results
confirmed the possible use of FMT as a therapeutic option in UC patients. Nevertheless,
the insufficient data about long-term effects and the variability in study designs currently
do not allow FMT to be recommended as a standard treatment in clinical practice [73,74].
The efficacy of FMT in CD remains unclear. Some studies suggest a potential role in
the induction and maintenance of clinical response and remission. However, the lack of
randomized clinical trials and robust data currently does not support the application of
FMT in CD patients [75].
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4. Genetics

Genetics has long been recognized as a predisposing factor in the development of IBD,
but its role has evolved over the years. While the focus on genetic factors may not be as
prominent as it once was, recent studies continue to reveal intriguing insights into how
genetic variations contribute to IBD susceptibility.

4.1. Polygenic Contributions to IBD

Several genes have been historically linked to an increased risk of IBD. Nucleotide
Binding Oligomerization Domain Containing 2 (NOD2) was the first gene identified as a
susceptibility factor for CD. Itis involved in recognizing bacterial components and initiating
immune responses. Variants in this gene impair autophagy, affecting bacterial clearance
and immune regulation [76]. Among the genes associated with IBD, IL23R is notable for
its protective alleles. The R381Q polymorphism reduces the risk of Crohn’s disease by
approximately threefold, and additional rare protective variants, such as G149R and V3621,
further support the gene’s protective role. These findings underscore the importance of
IL23R in the IL23/Th17 signaling pathway, which plays a critical role in regulating CD4*
Th17 cell differentiation. These insights underscore the therapeutic potential of targeting
this pathway in IBD. Mutations in autophagy-related genes, such as ATG16L1 (Autophagy-
Related 16 Like 1) and IRGM (Immunity-Related GTPase M), have been linked to immune
response dysregulation. Additionally, genes involved in interleukin signaling pathways,
including STAT3, TYK2, and JAK2, as well as PTPN2 (Tyrosine-protein phosphatase non-
receptor type 2), which is associated with other autoimmune diseases, have been shown to
contribute to the development of IBD [77].

An interesting genetic locus possibly involved in the predisposition to IBD is
OCTN1/SIc22a4. OCTNI1 (organic cation transporter, novel, type 1) is an organic cation
transporter expressed in various tissues throughout the body. It is particularly abundant in
intestinal epithelial cells, especially in the small intestine and colon, where it plays a crucial
role in the absorption of specific molecules. Additionally, OCTN1 was also found in the
proximal tubules of the kidney, liver, skeletal muscle, and placenta. In the gut, OCTN1
could be involved in the traffic of bacterial molecules, contributing to IBD pathogenesis.
Polymorphisms in OCTN1 had been previously associated with predisposition of IBD (UC
in particular) and occurrence of GI cancer in young individuals. Furthermore, OCTN1 facil-
itates the absorption of ergothioneine, a key antioxidant that protects intestinal cells from
oxidative stress. When OCTN1 is dysfunctional, antioxidant protection is reduced, making
the gut more vulnerable to inflammation. Recent evidence has shed new light on the role
of this genetic locus. According to Del Chierico and colleagues, OCTN1 deficient mice
(OCTN1~/~) show reduced DSS-induced colitis severity and a higher baseline percentage
of Treg, T memory, Th2, and Th17 cells [78-81].

CARD?9 has recently emerged as a potential predisposing factor for IBD. This enig-
matic protein interacts with Toll-like receptors (TLRs) to activate innate immunity via
mitogen-activated protein kinases (MAPK) and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB). The majority of CARD9 variants (such as rs10870077, rs4077515,
and rs10781499) have a proinflammatory effect and represent predisposing variants to
IBD. In contrast, uncommon variants such as rs141992399 and rs200735402 have an anti-
inflammatory effect and act as protective from IBD [82]. It has been recently demonstrated
that CARD? also drives cellular apoptosis. In particular, CARD9-deficient mice show
increased neutrophil apoptosis and are more susceptible to intestinal inflammation [83].
Finally, CARD?9 is involved in the recovery from colitis through the production of IL-22 and
other antimicrobial peptides [84]. Several other functions have been proposed for CARD9Y,
including other immunomodulatory activities and control of tumorigenesis [82].
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Polymorphisms and genetic variants of genes encoding for inflammatory cytokines
have acquired recent relevance in the field of IBD susceptibility. TNF superfamily member
15 (TNFSF15) is the gene that encodes tumor necrosis factor-like cytokine 1A (TLA1), a
member of the TNF cytokines superfamily. It interacts with its receptor DR3, encoded by
the TNFRSE25 gene. Several roles are being investigated for TNFSF15 variants, including
IBD susceptibility and fibrosis development [85]. More in depth, the binding of TNFSF 15
to DR3 results in increased bacterial uptake via PDK1 by phagocytic cells. Furthermore,
the TNFSF 15-DR3 interaction leads to increased production of reactive oxygen species
and reactive nitrogen species, as well as the activation of autophagy pathways. Taken
all together, these modifications lead to increased intracellular bacterial clearance [86]. A
Genome-Wide Association Study (GWAS) and a Transcriptome-Wide Association Study
(TWAS), conducted on a Japanese population, identified a significant association between
TNFSF15 expression in whole blood and the development of CD [87]. This association
has been confirmed by a meta-analysis including eight studies and a total of 2682 patients.
rs6478109 polymorphisms were significantly associated with the onset of CD (not UC),
independent from disease phenotype [88].

4.2. Monogenic IBD

Monogenic forms of IBD, although rare, are typically severe and resistant to con-
ventional therapies [89]. Unlike polygenic or idiopathic IBD, monogenic forms follow
Mendelian inheritance patterns and are associated with specific genetic mutations [90]. Ad-
vances in next-generation sequencing have led to the identification of over 80 causal genes,
IL10RA/IL10RB (interleukin 10 receptor alpha/beta), XIAP (X-linked inhibitor of apoptosis
protein), CYBB (cytochrome b-245 beta chain), LRBA (lipopolysaccharide-responsive and
beige-like anchor protein), and TTC7A (tetratricopeptide repeat domain 7A), which provide
valuable insights into distinct disease mechanisms [91]. These mutations often disrupt key
immune processes, underscoring the importance of precise genetic diagnosis. Mutations
in genes regulating phagocyte functions—such as bacterial killing, cell migration, or in-
flammatory pathways—can drive monogenic IBD. For instance, antimicrobial activity is
notably impaired in chronic granulomatous disease (CGD), which is linked to NADPH
oxidase complex mutations. Nearly half of CGD patients develop intestinal inflamma-
tion, illustrating how genetic disruptions in microbial clearance can directly contribute to
IBD pathogenesis [92]. Furthermore, recent discoveries, such as mutations in CYBC1 and
Protein Kinase C Delta (PRKCD), have highlighted additional failures in microbial killing
mechanisms that exacerbate disease severity [93,94]. Endothelial cell dysfunction also plays
a critical role in some forms of monogenic IBD. Mutations in CD55, for example, enhance
complement activation, which damages cells and amplifies inflammation [95]. Similarly,
mutations in solute carrier organic anion transporter family member 2A1 (SLCO2A1) impair
prostaglandin clearance, leading to chronic intestinal bleeding and further complicating
disease management [93]. Together, these genetic abnormalities demonstrate the complex
cellular disruptions underlying monogenic IBD.

Monogenic IBD is often characterized by early onset, atypical family history, unusual
endoscopic findings, and extra-intestinal manifestations. These clinical features can help
distinguish it from polygenic forms, enabling earlier and more targeted interventions. While
emerging therapies such as hematopoietic stem cell transplantation and gene therapy using
lentiviral vectors have shown promise, significant challenges remain in translating these
advances into routine clinical practice [96]. Concerns about long-term safety and scalability
highlight the need for continued research and validation of these novel approaches.



Biomedicines 2025, 13, 305

13 of 27

4.3. Genetics—Microbiota Interactions

Recent research has brought increasing attention to the dynamic interplay between
host genetics and the gut microbiota in the pathogenesis of IBD. This relationship is bidi-
rectional, with host genetic variations influencing microbial communities, while microbial
proteins, in turn, modulate host gene expression. Understanding this complex interaction
is key to uncovering novel pathways in IBD development and progression. Host genetic
variations play a significant role in shaping the composition and functionality of the gut
microbiota. For example, variants in genes such as IL17REL (interleukin 17 receptor E-like),
MYREF (myelin regulatory factor), SEC16A (SEC16 homolog A, endoplasmic reticulum ex-
port factor), and WDR78 (WD repeat domain 78) have been linked to changes in microbiota
diversity. In particular, MYRF variations are associated with reduced production of short-
chain fatty acids (SCFAs), which are essential for maintaining gut health and mitigating
inflammation [79]. These findings suggest that genetic predispositions can directly impact
the microbial environment, creating conditions conducive to IBD. Conversely, microbial
proteins can influence host gene expression, further complicating the immune response.
For example, a study by Sudhakar and colleagues (2022) demonstrated how specific micro-
bial proteins interact with host genes to modulate immune responses and inflammatory
pathways in Crohn’s disease [97]. These interactions underscore the intricate feedback loop
between the microbiome and host genetics, wherein dysbiosis not only results from but
also exacerbates genetic vulnerabilities.

This evolving understanding of genetics—microbiota interactions has significant impli-
cations for IBD treatment. It highlights the potential for integrated therapeutic approaches
that target both genetic and microbial contributors to disease. By combining genetic pro-
filing with microbiota analysis, clinicians may be able to develop personalized treatment
strategies that address the root causes of IBD.

5. The Exposome

Several modifiable environmental factors, collectively referred to as the “exposome”,
have been investigated for their association with IBD risk [98]. While smoking remains
the only well-established risk factor [99], evidence for other modifiable factors influencing
disease susceptibility is steadily emerging, though preventive strategies have yet to be fully
developed. We have comprehensively gathered all available evidence on environmental
modifiable risk factors for CD and UC, categorizing them by life period—childhood or
adulthood—in which they exert influence.

5.1. Childhood Exposures

Several prenatal and birth-related factors have been suggested to influence the de-
velopment of CD or UC in various studies. Growing evidence suggests that in utero
environmental exposures can influence epigenetic programming in the fetus, potentially
shaping lifelong health risks, including susceptibility to inflammatory conditions [100-102].
These epigenetic modifications may also be inherited by future generations, representing
transgenerational epigenetic inheritance [103,104]. For instance, studies have identified
that an excessive intake of certain micronutrients, such as folate, vitamin B12, or methion-
ine, in the maternal diet could increase the risk of colitis in offspring [105]. Additionally,
maternal infections during pregnancy might trigger IL-6 production, leading to epigenetic
changes in fetal intestinal epithelial stem cells and predisposing the child to inflammatory
diseases [106]. These early-life exposures are part of the broader childhood exposome, as
highlighted in a 2020 study by van der Sloot et al., which investigated 36 factors and identi-
fied prenatal smoking as a significant risk factor for CD (OR 1.89; 95% CI 1.38-2.59) and a
nominally significant risk factor for UC (OR 1.61; 95% CI 1.16-2.23), even after accounting
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for smoking in later life [107]. Mechanistically, maternal smoking has been associated with
persistent alterations in DNA methylation, miRNA dysregulation, and gut microbiome
alterations in the exposed offspring [108-110].

In contrast, breastfeeding has been shown to exert a protective effect against CD (OR
0.71; 95% CI 0.59-0.85), UC (OR 0.78; 95% CI 0.67-0.91), and overall IBD (OR 0.74; 95%
CI 0.66-0.83), with longer breastfeeding durations linked to lower disease risk [111,112].
Notably, this protective effect is stronger in Asian populations for CD (OR 0.31; 95% CI 0.20—
0.48) compared to Caucasians, and in studies conducted before 2000, where IBD risk was
reduced more significantly (OR 0.58 versus 0.82) [111]. Similarly, van der Sloot et al. identi-
fied a modest protective effect of breastfeeding on CD (OR 0.56; 95% CI 0.37-0.87) [107],
while Gordon et al. (2022) reported that any form of breastfeeding, including mixed feeding,
reduced UC onset risk (OR 0.48; 95% CI 0.25-0.93, p = 0.03), although no significant effect
was observed for CD in twin pairs with IBD [113]. Breastfeeding’s protective effect is
hypothesized to stem from its role in establishing a healthy gut microbiota and supporting
innate mucosal immunity development [114,115]. Conversely, the absence of breastfeeding
has been linked to increased Clostridium difficile colonization and other immune-mediated
diseases, including IBD.

Similarly, other early-life factors, such as mode of delivery, have been investigated
for their potential influence on IBD risk. The impact of cesarean delivery, however, has
shown inconsistent findings, with some studies linking cesarean births to an increased risk
of CD (OR 1.38; 95% CI 1.12-1.70), but not UC or overall IBD [116-118]. Other research
has found no significant differences in the incidence of CD or UC between cesarean and
vaginal deliveries [112]. In the same vein, factors such as preterm birth, birthweight, and
birth length have not been consistently associated with IBD risk [107].

On the other hand, as previously discussed in the gut microbiota section, the use of
antibiotics during pregnancy or early life has been implicated as a potential risk factor
for IBD. Antibiotics may disrupt the gut microbiota, reducing its diversity and taxonomic
richness while altering its metabolic function [119-121]. For example, antibiotics have been
associated with an increased risk of CD (OR 1.74; 95% CI 1.35-2.23) and IBD overall (OR
1.57; 95% CI 1.27-1.94), with a dose-response effect observed in pediatric CD (OR 2.75;
95% CI 1.72—4.38) [122]. This impact is especially pronounced in CD, where antibiotics
exacerbate dysbiosis, a characteristic feature of the disease [123,124].

The “hygiene hypothesis” has also been proposed to explain IBD pathogenesis, sug-
gesting that reduced exposure to environmental microorganisms disrupts immune system
balance, increasing susceptibility to autoimmune conditions. A meta-analysis found that liv-
ing near farm animals (OR 0.46; 95% CI 0.20-0.72), having pets (OR 0.77; 95% CI 0.59-0.94),
sharing a home (OR 0.49; 95% CI 0.25-0.75), bed-sharing (OR 0.54; 95% CI 0.43-0.65), and
having two or more siblings (OR 0.93; 95% CI 0.88-0.98) were protective against CD [125].
Similarly, these factors, except having siblings, along with access to hot water (OR 0.76; 95%
CI 0.57-0.95) and a personal toilet (OR 0.73; 95% CI 0.59-0.88), conferred protection against
UC [126]. Conversely, urban living has been associated with a higher incidence of CD (IRR
1.42; 95% CI 1.26-1.60) and IBD overall (OR 1.35; 95% CI 1.15-1.58) [127]. However, more
recent studies have not confirmed the association between sibling presence and IBD risk,
although other hygiene-related markers still point to a protective pattern. Notably, pet
ownership during early life was shown to exert a protective effect, particularly in the first
year of life, against CD (OR 0.30; 95% CI 0.22 —0.40) and UC (OR 0.32; 95% CI 0.24-0.44),
with significant effects persisting throughout childhood [107].

Infection with Helicobacter pylori appears to offer protection against IBD, with a
stronger effect observed in children compared to adults (OR 0.24 vs. 0.46) [128-131]. This
association is thought to be mediated by immune modulation, including Toll-like receptor
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2 activation, interleukin-10 production, inhibition of type I interferon and interleukin-12
production, and regulatory T-cell accumulation [132-134]. Reduced exposure to infectious
agents during childhood may limit microbiota diversity and promote a pro-inflammatory
Th2 immune response, increasing IBD risk [119,135]. Additionally, maternal exposure to
farm environments has been shown to increase both the number and function of cord-blood
regulatory T cells [136].

Other factors associated with increased IBD risk include low fruit intake, low physi-
cal activity, appendectomy, frequent childhood gastroenteritis admission, previous expo-
sure to antibiotics and certain vaccinations, and early dietary introduction of gluten and
sugar [137,138]. Notably, Piovani et al., among seven vaccinations, found that only the
poliomyelitis vaccine was associated with IBD in a small meta-analysis [139]. Similarly,
Ungaro et al. reported a significant association between antibiotic exposure and an elevated
risk CD (OR 1.74; 95% CI 1.35-2.23) and IBD overall (OR 1.57; 95% CI 1.27-1.94), but
not UC. A dose-response relationship was identified, with a stronger effect observed in
pediatric CD (OR 2.75; 95% CI 1.72-4.38). All antibiotic classes, except for narrow-spectrum
penicillins, were linked to an increased risk of IBD [122]. The biological plausibility of
these findings is supported by the known impact of antibiotics on the gut microbiota.
Antibiotics reduce both the taxonomic richness and diversity of the microbiome [119,120],
impairing its metabolic function [121]. This disruption appears more pronounced in CD
compared to UC, as antibiotics have been shown to exacerbate the dysbiosis characteristic
of CD [123,124]. Stressful life events, such as parental divorce or a family death, have also
been implicated [140,141]. Chronic stress is a well-established risk factor for both IBD onset
and exacerbation. Recent findings highlight the role of enterochromaffin cells (EC) in gut
sensing mechanisms that influence anxiety-like behaviors, as well as the impact of chronic
stress and elevated corticosteroid levels on inflammatory enteric glial cells, which in turn
activate immune cells [142,143]. This cascade can lead to various physiological alterations
in the intestine, including increased gastrointestinal secretion, increased intestinal perme-
ability, reduced mucosal blood flow, and alterations of the gut microbiota composition,
thereby increasing the risk of IBD [144-146]

5.2. Adulthood Exposures

Besides childhood, numerous environmental factors have been studied for IBD risk
also in adulthood. One of the most common problems of the modern era is air pollution,
and in recent years the interest in this topic has also grown in the field of IBD [144,147,148].
From a pathogenetic point of view, environmental pollutants can alter the redox balance at
the level of the intestinal barrier, oxidizing the lipids of the intestinal epithelium [149,150].
Oxidative stress, moreover, can cause damage to the mucous layer of the gastrointestinal
tract, leading to bacterial invasion, triggering immune responses, and initiating IBD [149].
It has been shown that exposure to PM2.5 increases the concentrations of oxidized low-
density lipoproteins [151]. Furthermore, exposure to particulate matter and ozone modifies
intestinal permeability by damaging the intercellular barriers [152]. Kaplan et al. showed
that residential exposures to sulfur dioxide (50;) and nitric oxide (NO;) might increase the
risk of early-onset UC and CD, respectively [148]. Such exposures also seem to influence
the course of the disease; an increase in the density of pollutant emission by 1-log was
associated with a 40% increase in the rate of IBD hospitalizations (incidence RR = 1.40; 95%
CI: 1.31-1.50, for both UC and CD hospitalization) [153]. Finally, in a large Italian study,
long-term exposure to PM2.5 levels above 20 pg/m> was associated with a significant
increase in the development of IBD (adjusted OR of 1.21 95% CI: 1.03-1.42) compared to
those below 20 pug/m?3 [154]. Liu et al. analyzed (455,210 people aged 40-69 years) the
long-term associations between exposure to air pollution and the risk of IBD [155]. They
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found significant associations for UC with PM2.5, PM2.5-10, PM10, NO,, and Nox. In
contrast, Okafor et al. found no associations between PM2.5, O3, diesel PM, traffic density,
and IBD [156].

Besides air, the ingestion of pollutants via water sources has also been recently inves-
tigated as a relevant factor for the incidence and course of IBD [157,158]. The presence
of antagonists of steroid receptors, endocrine-disrupting chemicals (EDCs), and the in-
teraction with the glucocorticoid receptor and peroxisome-proliferator-activated receptor
gamma (PPAR-y) may play an important role in the pathogenesis of IBD through in vitro
studies. However, there are no supporting in vivo studies. Concerning metal elements and
disinfectants in drinking water, they have been associated with alterations in the micro-
bial environment in the intestinal tract and exacerbate immune system responses [159].
Some observational studies have shown that iron nitrate and sulfite in drinking water is
associated with a higher incidence of IBD [160-162]. A recent large Chinese study found
an association between increased concentrations of manganese, mercury, selenium, sulfur
tetraoxide (SOy), chlorine, and nitrate nitrogen (NO3-N) and a higher risk of IBD [163].

Among environmental risk factors, cigarette smoking stands out as one of the most
well-established, with distinct effects on UC and CD [99,164]. In UC, smoking seems to
modulate the immune system and reduce the production of TNF-« through the action of
nicotine on the nicotinic acetylcholine receptor. However, the mechanism by which it exerts
its protective effect in UC has not been clearly defined [164]. In CD, smoking can increase
carbon monoxide (CO), causing an alteration of the vasodilation capacity in microvessels,
resulting in ischemia and perpetuation of ulceration and fibrosis [165]. In CD, smoking has
been associated with both the development of the disease and its course, particularly for
CD. A prospective study including 229,111 women, showed that smoking increases the
risk of developing CD among current smokers with a HR of 1.90 (95% CI: 1.42-2.53) [166].
The increased risk is associated with the number of packs smoked. It also seems to increase
the risk of penetrating intestinal complications, as well as the need for surgery [99,167].
Notably, smoking cessation has been associated with a reduction in disease risk, as former
smokers show a lower HR of 1.35 (95% CI: 1.05-1.73) compared to active smokers (HR
1.90, 95% CI: 1.42-2.53) [166]. Additionally, smoking cessation positively impacts disease
progression, leading to improvements such as a reduction in disease flares, decreased
reliance on steroids, and less frequent need for immunosuppressive therapy [168,169].

In this context of pathogenic environmental factors in IBD, sleep disorders have been
investigated and are emerging as potential risk factors (OR: 3.09) for IBD development,
exacerbation, and diminished quality of life [170]. Sleep disorders were observed in 59.6%
of patients with IBD, which was significantly higher than in healthy individuals [171]. It
has been hypothesized that they may not only be a result but rather a cause of chronic
inflammatory diseases. In support of this hypothesis, alterations in some non-rapid eye
movement (NREM) sleep stages, where the greatest impact of immune regulation and the
decrease in colonic contractility occurs, can lead to a reduction in mucosal integrity [172].
Furthermore, in healthy young volunteers with disturbed sleep, increases in key cytokines
involved in the pathological processes of IBDs, such as interleukins IL-1{3, TNF-«, and IL-6,
have been found [171]. However, there is a scarcity of longitudinal studies that investigate
sleep disorders in the pathogenesis of IBD.

Regarding diet, it has been shown that diet can induce epigenetic changes related
to IBD. The human diet is influenced by environmental and cultural practices and can
influence intestinal inflammation through various pathways. They seem to be related
to the alteration of the expression of miRNAs, the alteration of the composition of the
intestinal microbiome and metabolome, and the influence of the integrity and permeability
of the gastrointestinal barrier [173]. The elements of the Western diet, characterized by
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a low content of fiber, fruits, and vegetables, and a lack of micronutrients, as well as a
diet high in fat, seem to be associated with epigenetic changes, such as a decrease in
certain miRNAs (miR-143/145a, miR-148a, and miR-152) in colonocytes, increasing the
aggravation of colitis [174]. Furthermore, a high-fat diet can modify the miRNA profile
of visceral adipose exosomes towards a pro-inflammatory phenotype, predisposing the
intestine to inflammation through the promotion of M1 macrophage polarization [175].
A diet high in fat has been associated with an increased risk of developing UC with a
high intake of total fat, polyunsaturated fatty acids (PUFAs), and omega-6 fatty acids, as
well as an increased risk of CD with a high intake of PUFAs, omega-6 fatty acids, and
saturated fats [176]. From animal studies, the mechanism could be due to a possible
increase in colonic epithelial natural killer T cells and a reduction in circulating Tregs [177].
In addition, a diet high in saturated fats can alter the composition of bile acids, which
can favor the proliferation of sulfate-reducing bacteria, leading to an increase in hydrogen
sulfide, which is toxic to the mucosa. A diet low or deficient in methyl donors can contribute
to intestinal inflammation by reducing the expression of histone deacetylase (SIRT1). This
reduction promotes endoplasmic reticulum stress and abnormal intestinal expression of
CEA Cell Adhesion Molecule 6 (CEACAMS®), facilitating the colonization of adherent-
invasive Escherichia coli and subsequent inflammation [178].

Fewer data are available on the consumption of animal proteins and food additives.
Some recent data report a greater exposure of CD patients to a larger number of processed
foods and food additives compared to control groups, which could predispose to the devel-
opment of CD and ongoing inflammation [179]. Food additives such as aluminum, titanium
dioxide (TiO2), and microparticles/nanoparticles have been implicated in murine models
of colitis [180,181]. TiO2 can be absorbed by intestinal epithelial cells and can exacerbate
inflammation in predisposed individuals [179]. Furthermore, there are studies in the litera-
ture that have associated the consumption of meat with the risk of IBDs, although human
studies in this area are still rather heterogeneous [182,183]. Regarding alcohol, chronic ex-
posure can increase the expression of miR-122a and miR-155 in the intestine, decreasing the
expression of occludins, leading to increased intestinal permeability, activation of TNF-«
and NF-kB in the intestine, respectively [184]. In contrast, polyphenols, present mainly in
fruits and vegetables [185-187], can reduce the risk of intestinal inflammation, mainly by
modifying the miR profile and inhibiting HDACs. Furthermore, in humans, a high intake
of dietary fiber, particularly from cruciferous fruits and vegetables, has been associated
with a reduced risk of CD (HR = 0.59; 95% CI: 0.39-0.90) [188,189]. The protective effect of
fiber was observed as statistically significant in those who consumed more than 22.1 g/day.
A high intake of fruit has also been associated with a 73-80% reduction in the risk of CD in
the same study [190]. The role of environmental exposures across childhood, cumulative
lifetime, and adulthood in IBD pathogenesis is summarized in Figure 3.
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Figure 3. Environmental exposures contributing to IBD pathogenesis across the lifespan. The figure
highlights risk factors at different life stages—childhood exposure, including maternal smoking, lack
of breastfeeding, and reduced microbial diversity associated with the “hygiene theory”; cumulative
lifetime exposure, such as antibiotic use, infections, stressful events, and urban living; and adult-
hood exposure, including air and water pollution, smoking, Western diets, and sleep disturbances.
These exposures may influence immune responses and gut microbiome composition, increasing
susceptibility to inflammation and IBD development.

6. Conclusions

Our findings from the most recent research confirm that IBDs are complex disorders
driven by the intricate interplay between genetic predisposition, immune dysregulation,
gut microbiota alterations, and environmental exposures. Although knowledge on this
topic continues to grow, much remains to be understood. More in depth, the intersection of
these pathogenic mechanisms and the relative contribution to disease onset and progression
needs to be investigated. Future research is essential to further elucidate these dynamics
and improve our understanding of IBD pathogenesis.

In the meantime, preventive strategies during pregnancy and early childhood offer sig-
nificant potential. Maternal smoking, poor nutrition, and antibiotic exposure in childhood
have been associated with increased IBD risk, whereas breastfeeding and diets rich in fiber
and polyphenols provide protective effects by fostering healthy immune and microbiota
development. These insights underscore the importance of addressing modifiable factors
during these critical life stages.

Therapeutically, efforts to restore microbial diversity, repair epithelial barrier function,
and modulate immune responses represent promising approaches. Advances in multi-
omics technologies and exploration of neglected microbiome components, such as the
virome and mycobiome, will further enhance our understanding and open new avenues
for precision medicine. Thanks to these scientific advancements, the next objectives will
focus on reducing the burden of IBD, developing effective and personalized treatments
and minimizing adverse effects. The ultimate goal will be reducing the incidence of IBD by
integrating early-life prevention strategies with innovative therapeutic approaches.
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