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Abstract

Crohn’s disease is a multifactorial inflammatory bowel disease that involves genetic susceptibility, dysregulated immune responses, and
environmental triggers. This study was a narrative review of the regulatory mechanisms and pathological significance of Crohn’s disease.
Scientific databases wete searched, including: PUBMED, Embase, Google Scholar, Web of Science, and Scopus. The studies considered
were original research articles, meta-analyses, randomized controlled trials, and systematic reviews published between 2020 and 2026. A
total of 118 articles were screened for eligibility (except those articles used during the ‘Introduction section’). A total of 98 articles were
eligible, while 20 were ineligible. The articles reviewed provided information on the fundamental pathophysiology of Crohn’s disease
and its regulatory mechanisms; genetic and molecular drivers; immune regulation and dysregulation; the microbiome and environmental
factors; and emerging therapeutic targets and mechanisms. The fundamental pathophysiology and regulatory mechanisms identified
include: intestinal barrier dysfunction, defective bacterial clearance, transmural inflammation and granuloma formation, fibrosis and
stricture formation, and mesenteric fat hypertrophy. Other parameters highlichted were the microbiome and environmental factors,
including dysbiosis of the gut microbiota, smoking, dietary factors, and vitamin D deficiency. Others were medications, psychological
and environmental stress, infections, urbanization, pollution, and exposomes. New findings include: exposome-diet epigenome and E-
cigarettes. Emerging therapeutic targets and mechanisms were emphasized: anti-TNF/IL-12/IL-23 inhibitors, adhesion molecule
inhibitors, restoring barrier formation, and mesentery-based surgery. Despite Crohn’s disease being studied extensively, and many
pathophysiological and regulatory mechanisms elucidated, there has not been a radical cure for the ailment. This necessitated research
and a consequent development of new treatment approaches.
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Introduction

Crohn’s disease (CD) is a multifactorial inflammatory bowel
disease (IBD) that involves genetic susceptibility, dysregulated
immune responses, and environmental triggers [1]. CD causes
transmural inflammation due to abnormal helper T-cell activity
and cytokine signaling, which lead to noncaseating granuloma
formation and progressive tissue injury in any segment of the
gastrointestinal tract, but it mostly affects the terminal ileum
and proximal colon [2]. Some of the symptoms of CD are
abdominal pain, chronic diarrhea, weight loss, fatigue,
arthropathy, and skin lesions [3]. Diagnosis of CD is done by
endoscopy, histopathology, X-ray, Magnetic Resonance
Imaging (MRI), Computed Tomography (CT), and Ultrasound;

ileocolonoscopy and histology are the diagnostic gold standard
[4]. Management of CD includes anti-inflammatory drugs,
immunomodulators, biologic therapies, and surgery [5]. Current
treatment rationale for patients with CD focuses on endoscopic
healing and alteration of disease progression [6]. The use of
early effective advanced therapies and the development of
therapies that target alternative novel pathways with improved
safety profiles have resulted in a new era of healing in CD
management [7]. In CD, the physiology and functioning of the
epithelial barrier are inhibited due to the correlation of various
factors, such as the environment, genetics, and intestinal
microbiota [8]. The symptoms of CD are very troublesome and
cause significant reductions in quality of life, sometimes
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occurring with paralyzing permanent damage to the digestive
tract, requiting enteral or parenteral nutrition throughout life
[9]. Medical biology and the analysis of metalloproteinases have
also proved helpful in diagnosing changes occurring as a result
of CD [10]. CD can affect individuals of all ages, from children
to the elderly, leading to significant morbidity and diminished
quality of life [11]. CD is marked by periods of exacerbation and
remission and can lead to complications such as strictures,
fistulas, and abscesses, and with rising prevalence globally,
understanding and managing CD is necessary for improvement
of patient outcomes [12]. The development of CD is
characterized by a breakdown of homeostatic immune-bacterial
communication, due to failure of mucosal defense mechanisms
at various stages and a consequent compromise in the integrity
of the epithelial barrier, leading to accelerated influx of
intraluminal antigens and intact microorganisms within the
immunologically rich lamina propria [13].

Overview of the regulatory —mechanisms and
pathophysiology of Crohn’s disease

CD is a complex and multifactorial disease that is influenced by
a combination of genetic and environmental factors. Some
important factors involved in the development of the illness are
nucleotide-binding oligomerization domain-2, smoking, and
vitamin D [14]. Activation of the immune system and
consequent inflammation depend on the working balance
between effector T cells (Th1, Th17, and Th9 subsets), Th cell
lineages, and regulatory T cells, which are present in the
intestinal mucosa, and these have also been shown to be
dysregulated in CD patients [15]. MictoRNAs (miRNAs) play
an important role in regulating gene expression in CD, and there
is significant intestinal tissue-specific variability, and identified
major alterations in the miIRNA-mRNA interactome, which
might be involved in CD [16]. As CD progresses, fibrosis and
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narrowing of the intestine occur, leading to severe
complications such as intestinal obstruction, and with the
progressive intestinal inflammation, cytokines and growth
factors, including transforming growth factor (TGF-B),
stimulate intestinal myofibroblasts, contributing to fibrosis of
the intestine, smooth muscle hypertrophy, and mesenteric fat
hypertrophy [17]. Another contributory factor in CD is
autophagy, which is the primary intracellular degradation
mechanism, in which damaged organelles and self-cytoplasmic
proteins are transported to the lysosome for degradation [18].
The regulatory T cells (Tregs), characterized by the transctiption
factor Forkhead box P3 (FoxP3) expression, are crucial for
maintaining immune homeostasis through Programmed Cell
Death Protein 1/Programmed Death-Ligand 1 (PD-1/PD-L1)
interaction, IL-10 release, and granzyme B (GrB) production
[19]. CD is associated with myofibroblast activation, and
transcription factors such as Charged Multivesicular Body
Protein 1A (CHMP1A), T-Box Transcription Factor 3 (TBX3),
and Ring Finger Protein 168 (RNF168) were identified as
regulators of fibrotic complications [20]. Genetic and
transcriptional analyses have revealed main genes and gene
variants, as well as their protein products, and an additional layer
of epigenetic regulation, contributing to disease severity,
complications, and response to medical therapy, and this led to
the development of novel diagnostic, prognostic, and
therapeutic strategies for the management of CD [21]. Other
factors that were implicated in the pathogenesis of CD are
related to immune dysregulation, and they include macrophage
polarization (M1 vs M2) and Th17 activation, dysbiosis, as a
result of reduced alpha and beta diversity and overgrowth of
harmful taxa, and environmental factors, including air and water
pollutants, maternal smoking, and antibiotic exposure during
pregnancy and infancy [22]. These are shown in Figure 1 below
[23].

Stable RORyt NOX
M1 Macrophage Polarization
NF-kB/STAT3 t .
Epithelial Apoptosis INOS
MUC2}

o

Intestinal Fibrosis
e e |

\>-

A
Z
2
©
£
Q.
.
2

Th17/Treg Imbalance
Thi7t

ROS — TGF -p/Smad

Extracellular Ma!nx Deposition

Tregl
® &

B cellt

Q & BAFFt

Thit

Source: Link.Springer.com [23].
Figure 1: Multi-layer pathophysiology of Crohn’s Disease [23]
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Rationale for this narrative review

Review of this kind is urgently needed at this time due to several
factors, including expanding therapeutic capabilities in which
the approval of next-generation medications, such as advanced
1L-23 inhibitors, selective JAK inhibitors, and S1P modulators,
has expanded treatment options beyond traditional anti-TNFs.
This review helps clinicians contextualize these mechanisms
within the immune cascade. Current management has shifted
from merely controlling symptoms to achieving transmural,
endoscopic, and histological healing. The review evaluated
modern biomarkers that make this objective monitoring
possible. Furthermore, researchers have unveiled deep
complexities regarding the interaction between genetic
susceptibility, microbial dysbiosis, and the intestinal mucosal
immune system. Therefore, there is a pressing need to integrate
these findings into a unified pathogenic framework. With the
incidence of CD rising in newly industrialized countries,
assessing recent pathogenetic insights is crucial for adapting
global diagnostic and management protocols.

Methodology

This study is a narrative review in which some scientific
databases, including PUBMED, Embase, Google Scholar, Web
of Science, and Scopus, were searched. A total of 118 articles
were screened, and 98 were found to be eligible.

Search terms/keywords

The keywords used during the literature search include:
"Crohn's disease” OR "Crohn disease"” OR "CD" OR
"Inflammatory Bowel Disease*" OR "IBD" "Pathogenesis" OR
"Pathophysiology" OR "Immunology" OR
"Immunopathogenesis" OR "Immune dysregulation” OR
"Inflammatory cascade*" OR "Molecular mechanisms" OR
"Cellular pathways" OR "Autophagy" OR "Microbiome" OR
"Cytokines" OR "Th1" OR "Th17" OR '"Intestinal
permeability" OR "Recent advance*" OR "New insights" OR
"Emerging" OR "Novel" OR "Treatments" OR "Biologics" OR
"Therapeutics" OR "Genomics" OR "Translational research"
OR "2024" OR "2025" OR "2026".

Inclusion criteria

The studies considered were original research articles, meta-
analyses, randomized controlled trials, and systematic reviews.
Observational studies and case reports that worked on Crohn’s

disease, particularly  pathophysiology —and  regulatory
mechanisms, were also eligible. Articles reviewed gave
information  about = Crohn’s  disease: Fundamental

Pathophysiology & Regulatory Mechanisms, Genetic and
Molecular Drivers, Immune Regulation & Dysregulation,
Microbiome and Environmental Factors, and Emerging
Therapeutic Targets and Mechanisms. Only those articles
written in the English language were considered to be eligible.

Exclusion criteria
Studies not focusing on Crohn’s disease, its pathophysiology,
and regulatory mechanisms.
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Search strategy

The search terms were categorized into three groups: group 1 is
under Crohn's Disease, using MeSH Terms such as "Crohn
Disease” OR "Inflaimmatory Bowel Diseases", "Crohn's
Disease" OR "Crohns Disease" OR "Regional Enteritis" OR
"Granulomatous Enteritis". Group 2 involve the Regulatory
Mechanisms & Pathology using keywords like “pathogenesis”
OR "pathological significance”" OR "regulatory mechanisms"
OR '"immune regulaton" OR "mucosal immunity" OR
"intestinal batriet" OR dysbiosis OR "genetic susceptibility."
Group 3 considered Recent Advancements and used "recent
advancements”" OR "recent developments" OR "emerging
therapies” OR "molecular pathways" OR "targeted therapy"
OR "biological agents" OR 2020 OR 2021 OR 2022 OR 2023
OR 2024 OR 2025 OR 2026.

Screening of articles

A total of 118 articles were screened from the databases.
Sections of the articles considered during the screening were the
titles, abstracts, and the main text, which were considered only
when information in the title and abstract was not adequate to
make immediate decisions. At the end of the screening process,
98 articles were included in the study, while 20 articles were
excluded.

Data extraction

Data from eligible articles were collected and analyzed by two
reviewers (D.1.O and H.O.A), recorded, and discussed in detail
by all four authors. The data were extracted using a pre-
specified form. The column headings of the form included serial
number, Name of first authot/year, Title, Study characteristics,
intervention/dosages/frequencies. Extracted data included
study design, participant demographics, Crohn’s disease
pathophysiology, regulatory mechanisms, and intervention
details. Discrepancies were resolved by consensus.

Data analysis/synthesis

Data were synthesized in order to highlight pathophysiology
and regulatory mechanisms, the interventions, and the
outcomes. As such, polygenic risk factors, specifically mutations
in susceptibility genes such as NOD2, epithelial barrier
dysfunction, immune dysregulation, and microbial dysbiosis,
transmural inflammation, and fibrostenotic & fistulizing
phenotypes; targeted biologics, and patient-derived organoids
were highlighted.

Results

The findings of this review included the various factors that play
major roles in the pathophysiology and regulation of CD. These
were grouped into the fundamental pathophysiology, genetic
and molecular drivers, immune regulation and dysregulation,
microbiome and environmental factors, and exposomes and
new findings, as shown in Table 1. Emerging therapeutic targets
and mechanisms were also highlighted in Table 2. These results
were discussed in detail in the discussion section, and all the
findings were adequately referenced.
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Table 1: Summary of the major Crohn’s disease regulatory mechanisms and their components

S/n Major regulatory mechanisms Components
1 Fundamental pathophysiology and Intestinal barrier dysfunction, defective bacterial clearance, transmural
regulatory mechanisms inflaimmation, granuloma formation, fibrosis and stricture formation, and
mesenteric fat hypertrophy.

2 Genetic and molecular drivers Several susceptibility loci, nucleotide binding oligomerization domain 2 (NOD?2),
interactome and signaling, autophagy defects, endoplasmic reticulum stress, and
unfolded protein response.

3 Immune regulation and dysregulation Th1 and IL.23/Th17, innate immune hyperactivity, dystegulation of T regulatory
cell activity, innate lymphoid cells, and leucocyte migration and adhesion.

4 Microbiome and environmental factors Dysbiosis of gut microbiota, smoking, dietary factors, vitamin D deficiency,
medications, psychological and environmental stress, microbiome and
infections, urbanization, and pollution.

5 Exposomes and new findings Exposome-diet epigenome and E-cigarettes.

Table 2: Emerging therapeutic targets and mechanisms highlighted in the study

S/n

Emerging therapeutic targets and mechanisms

Example of therapeutic agents

1 Anti-Tumor Necrosis Factor o (A-TNF-a)
2 TNF-o/11.-12/11.-23 axis inhibitors

3 Adhesion molecule inhibitors
4

Restoring barrier formation

Adalimumab, Infliximab, Certolizumab, Golimumab

Ustekinumab, Risankizumab, Guselkumab, Mirikizumab

Vedolizumab, Natalizumab, Etrolizumab
Anti-TNF-a Agents: Drugs like Infliximab and Adalimumab
JAK Inhibitors like Upadacitinib

5 Mesentery-based surgery approaches Extended Mesenteric Excision
Mesenteric Exclusion (Kono-S Anastomosis)
Combined Extensive Resection & Antimesenteric Anastomosis
Discussion with increased intestinal barrier permeability, and altered

Fundamental Pathophysiology & Mechanisms

Intestinal Barrier Dysfunction: Many studies have reported
intestinal barrier dysfunction as a contributory factor to CD.
Some of the elements that constitute the intestinal barrier
include enzymes, bile acids, the water layer, epithelial layer, and
enterocyte layer. The intestinal barrier acts as an interface
between the luminal contents of food, commensal and
pathogenic bacteria, and the gastrointestinal tract. The role of
barrier dysfunction is of significant research interest in the
development and targeted treatment of chronic inflammatory
gastrointestinal conditions, such as IBDs. This stems from the
fact that intestinal barrier dysfunction, such as increased barrier
permeability, leads to IBD, like CD [24]. This is because
increased intestinal permeability enables bacterial toxins,
antigens, and other harmful substances to cross the epithelial
barrier, exacerbating inflammation and contributing to systemic
complications [25, 26, 27].

Defective Bacterial Clearance: In CD, multiple factors,
including intestinal dysbiosis and possibly damaged epithelial
barrier due to ulceration and inflaimmatory conditions, caused
significantly higher influx of translocating and potentially
invading bacteria [28]. These bacterial invaders have access to
the bloodstream due to an impaired host—microbe gut
interaction and bacterial overgrowth and dysbiosis, coupled
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inflammatory responses, and these in turn favor a sustained
inflammatory response in CD patients [29]. The breakdown of
homeostatic immune-bacterial communication, which took
place at the intestinal mucosa due to failure of mucosal defense
mechanisms at various stages, led to inadequate clearance of
these invading microorganisms and prevented the timely and
complete resolution of acute inflammatory responses [30].

Transmural Inflammation and Granuloma Formation:
This was also implicated in CD evolution, which was mediated
by a complex alteration of the inflimmatory response,
characterized by alterations of the innate immunity of the
intestinal mucosa barrier together with a remodeling of the
extracellular matrix through the expression of metalloproteins
and increased adhesion molecules expression [31]. Transmural
inflammation observed in CD was driven by aberrant helper T-
cell activity and cytokine signaling and led to noncaseating
granuloma formation and progressive tissue injury, which
affected the gastrointestinal tract, especially the terminal ileum
and proximal colon [32,33].

Fibrosis and Stricture Formation: In some CD patients,
chronic inflammation led to re-modelling of the extracellular
matrix and fibrosis, which, in combination with expansion of
smooth muscle layers, left the bowel segment narrowed and
stiff and resulted in strictures [34]. Over the past few decades,
remarkable progress has been made in the field of mechanisms
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of fibrosis in CD, including the feature of fibrosis progressing
independently of inflammation, the role of microbiome and
mesenteric fat—influencing fibrosis, and reversibility of fibrosis;
but up to 70% of CD patients still eventually undergo surgery
mainly due to fibrostenotic strictures [35]. Fibrosis occurred due
to prolonged inflammation and abnormal wound healing,
involving complex interactions between immune cells,
mesenchymal cells, cytokines, and the gut microbiota, and the
main fibrogenic mechanisms included the activation of
fibroblasts and myofibroblasts, cytokine signaling, and
distupted turnover of the extracellular matrix [36]. Cutrently,
antifibrotic therapy has not been discovered, but some progress
has been made in an attempt to quantify stricture morphology
for clinical practice and trials; however, determination of the
degree of fibrosis within a stricture is still difficult, requiring
more research [37].

Mesenteric Fat Hypertrophy: Mammalian fat tissue is not
solely a reservoir for excess nutrients but also an active and
dynamic organ involved in the development of metabolic
syndromes and the regulation of immunity and inflammation
[38]. The profile of mesenteric adipose tissue (MAT) secretome
had a significant role in the pathogenesis of CD, especially that
of creeping fat (CtF), and this suggested a modification of the
adaptive immune response, and a more pro-angiogenic and pro-
fibrotic profile [39, 40]. Mesenteric fat hypertrophy was
significantly associated with stricture behavior, blood platelets,
C-reactive protein, fecal calprotectin, and bowel wall thickness;
it was correlated with intestinal stenosis and disease activity in
patients with CD [41]. Fibrofatty proliferation of mesenteric fat
was a common finding on magnetic resonance enterography
(MRE) in CD patients, and it is independently associated with
increased risk of hospitalizations and surgery [42].

Genetic and Molecular Drivers of Crohn’s disease
Genetic Susceptibility Loci: Inverse variance weighted (IVW)
analysis identified 56 protein quantitative trait loci (pQTL)
genes significantly associated with CD risk, with six genes
including: Human Leukocyte Antigen class I heavy chain A
(HLA-A), Macrophage Stimulating 1 (MST1), and Cadherin 5
(CDHS5), passing false discovery rate (FDR) correction, and
sharing causal variants with CD, suggesting that HLA-A
represents a genetically validated immune susceptibility marker
in CD [43]. Meta-analysis, including Genome-wide association
studies (GWASs) have identified a number of genetic risk loci
associated with CD, such as Interleukin-12 Receptor Subunit
Beta-2 (IL-12RB2), Intetferon Regulatory Factors 1/Solute
Cattier Family 22 Member 5 (IRF1/SLC22A5), Signal
Transducer and Activator of Transcription 3 (STAT3), a
Chromosomal Location at 6p21.31, and IL.-12 family and type
I interferon signaling pathways, some of which conferred
susceptibility to the diseases [44, 45].

Nucleotide-binding oligomerization domain 2 (NOD2)
Interactome and Signaling: NOD2 is the first susceptibility
gene to be discovered for CD, and because of its impact in
clinical practice, more research followed its discovery, leading
to the finding that these genetic variants increased the risk of
developing the disease, and can aid in tailoring diagnosis and
treatment [46]. Mutations and single-nucleotide polymorphisms
of NOD2 created a genetic predisposition for autoimmune CD,
and polymorphisms in NOD2 were the strongest known
genetic risk factors in the development of CD, in which three
common NOD2 variants (R702W, G908R, and 3020insC) were
linked to the development of the disease [47, 48]. NOD2
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primarily acted as a cytoplasmic pattern recognition receptor
(PRR) that recognized muramyl dipeptide (MDP), the basic unit
of bacterial cell wall; thus, NOD2 played a major role in the
sensing of pathogens, and also had a wide range of
immunomodulatory effects, and it was involved in the
pathogenesis of several inflaimmatory diseases, including CD
[49].

Autophagy Defects in Crohn’s disease: In CD, significant
abnormalities in autophagy wetre observed, as evident in the
expression of three main autophagy-related genes, including
Beclin 1 (BECN1) (macroautophagy), Phosphatase and tensin
homolog-induced kinase 1 (PINKI1) (mitophagy), and
Lysosome-associated ~membrane protein 2 (LAMP2)
(chaperone-mediated autophagy), in tissue samples from
patients with CD [50]. Dysregulation of autophagy components
influenced inflammatory responses [51, 52, 53]. A significant
reduction in the autophagosomal marker, light chain 3 beta II
(Lc3b-1I), in patients with active inflaimmation and stenosis may
play a pivotal role in CD by failing to eliminate detrimental
molecules and pathogenic bacteria, thereby promoting fibrosis
[54, 55]. Autophagy was essential for gut homeostasis and the
regulation of immune responses, and when autophagy was
impaired, dysbiosis occurred, which individually contributed to
CD, and their combined impact intensified inflammation [56,
57]. Increased gut serotonine (5-HT) inhibited autophagy and
led to enhanced colitis susceptibility [58]. Dysregulation of
autophagy in CD was revealed by the identification of several
susceptibility genes, such as NOD2 and ULK1 [59].
Endoplasmic Reticulum (ER) Stress & unfolded protein
response (UPR): In a recent study, CD was marked by an
abnormal immune response and excessive pro-inflammatory
cytokines, which led to impaired protein processing and
endoplasmic reticulum (ER) stress, that was caused by the
accumulation of misfolded proteins, which triggered the
unfolded protein response (UPR) through Inositol-requiring
enzyme 1/X-box binding protein 1 (IRE1/Xbp-1), Protein
kinase R-like ER kinase/eukatyotic initiation factor 2o
(PERK/elF2a), and Activating transctiption factor 6 (ATFG)
pathways, and these were linked to intestinal inflammation [60].
During the development of IBD, the stress on the endoplasmic
reticulum and the beginning of the unfolded protein response
were very important; some chemicals, including 4-
methylumbelliferone 8-carbaldehyde (4p8C), small molecule
agonists of X-box binding protein 1, and Integrated Stress
Response Inhibitor (ISRIB), worked on the inositol-requiring
enzyme 1, turned on transcription factor 6, and activated
protein kinase RNA-like endoplasmic reticulum kinase
pathways, which helped to ease the symptoms of the disease
[61, 62]. The complex networking and dynamic
microenvironment in the intestine demanded highly functional
cells, ultimately burdening the endoplasmic reticulum, and
leading to endoplasmic reticulum stress, which contributed to
the pathogenesis of CD [63, 64].

Immune Regulation & Dysregulation in Crohn’s disease

(Thl) and IL-23/Th17 pathways: Pro-inflaimmatory
cytokines I1.-17 and IL.-23 were implicated in the pathogenesis
of CD. IL-23, a member of the IL-12 family of cytokines,
enhanced and affected the expansion of pathogenic T helper
type 17 (Th17) cells through various mechanisms, which
include maintenance of Th17 signature genes, upregulation of
effector genes or suppression of repressive factors, inducing a
cascade of pro-inflammatory molecules like TNF, IFNy, 11.-22,
lymphotoxin, IL-13 and lipopolysaccharide (LPS) and
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mediating signaling synergistically with TNF to drive expression
of inflammatory genes [65]. Tatrgeting 11.-12/23 was effective
for the treatment of both moderate-to-severe CD, and
ustekinumab (an IL-12/23p40 antagonist) was effective for
such indication [66]. Studies indicated that an imbalance
between T helper 17 (Th17) and regulatory T (Treg) cells
contributed significantly to the development of CD, while
intestinal Tregs suppress inflaimmation and were critical for
maintaining tissue homeostasis [67]. Th17 cell differentiation
was regulated by intestinal bacteria and cytokines, and Th17
cells  regulated  the  intestinal immune
microenvironment by secreting cytokines, such as IL-17, IL-21,
and IL-26 [68, 69, 70, 71].

Innate Immune Hyperactivity: CD evolution was mediated
by a complex alteration of the inflammatory response, which
was characterized by alterations of the innate immunity of the
intestinal mucosa barrier, together with a remodeling of the
extracellular matrix through the expression of metalloproteins,
and increased adhesion molecules expression, such as Mucosal
Vascular Addressin Cell Adhesion Molecule-1 (MAcCAM-1)
[31]. CD was triggered through the activation of excessive

mucosal

innate and adaptive immune responses against luminal antigens,
and identification of mechanisms underlying the amplification
of the immune steps in the diseased tissue, facilitated the
development of several immune-related biotherapeutic
compounds that largely improved the management of CD [72,
73]. Alterations in the innate and adaptive immune systems were
involved in the pathogenesis of CD due to hyperactive antigen-
presenting cells, intestinal barrier disruption, and increased
autophagy activity [74, 75].

Dysregulated T Regulatory Cell (Treg) Activity: The
function of T regulatory (Treg) cells was to maintain immune
homeostasis by secreting anti-inflammatory cytokines like IT.-
10 and Transforming Growth Factor-beta (TGF-8) [76]. This
Treg cell function was impaired, or their number was reduced
in CD, leading to an imbalance in the immune system, and
thereby worsening intestinal inflaimmation [76, 77]. Tregs were
strongly influenced by cellular stress, the Unfolded Protein
Response (UPR), microbial dysbiosis, and reduced short-chain
fatty acids (SCFAs), and these modified their stability, metabolic
programming, and function [64, 78, 79]. Effector CD4+ T cells
and regulatory CD4+ T cells (Treg) were central players in
maintaining the balance between tolerance and inflammation
[80, 81, 82, 83]. Phenotypic and functional characterization of
Treg cells over the last decade was used to optimize the
procedures for in vitro expansion of these cells for developing
therapeutic interventional strategies [84]. Several types of cells
were differentially expressed between stricture and non-
stricture CD; Treg cells accounted for a larger proportion and
were significantly increased in stenotic tissues of stricture CD
[85, 86].

Innate Lymphoid Cells (ILCs): Innate lymphoid cells (ILCs)
were noted to be a large family of cells of the immune system
that performed various functions in immune defense,
inflammation, and tissue remodeling. They are a distinct form
of lymphocytes different from T and B cells, and ILCs provide
host defense against the source of infection and initiate the
repair and remodeling processes to restore and maintain host
body homeostasis [87, 88]. In the blood of patients with CD,
ILCs were activated, and circulating signaling lymphocytic
activation molecule Family-1 (SLAMF1) + ILC2 were increased
in patients with less active disease, introducing SLAMF1+ ILC2
as an interesting therapeutic target [89].
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Leucocyte Migration & Adhesion: The soluble forms of cell
adhesion molecules (CAMs), particularly soluble intercellular
adhesion molecule-1 (sSICAM-1) and Endothelial-selectin (E-
selectin), reflected the extent of endothelial injury and served as
potential biomarkers of disease activity, supporting a role of
endothelial injury in disease pathogenesis [90]. IBD was
characterized by the accumulation of immune cells, myeloid
cells, and lymphocytes in the inflamed intestine, and blockade
of leukocyte migration to the intestine controlled the disease
and alleviated symptoms [91]. Peripheral monocytes from active
CD patients retained functional responsiveness to granulocyte-
macrophage colony-stimulating factor (GM-CSF) activation,
and displayed preserved migratory, adhesive, metabolic, and
differential cytokine production, which reflected disease-
specific regulation [92, 93]. Several observational studies
showed that circulating leukocytes were strongly associated with
IBD and that there was a causal relationship which existed
between circulating leukocytes and the risk of IBD [94].

Microbiome and Environmental Factors

Dysbiosis of Gut Microbiota: One of the major factors that
leads to CD is the alterations of gut microbiota and the immune
system, in which there were changes in alpha and beta diversity
in interaction networks, and increases in Proteobacteria
abundance when the disease becomes severe [95]. The main
pathogenic mechanisms of dysbiosis include: impaired intestinal
mucosal barrier function, inflammation activation, immune
dysregulation, and metabolic abnormalities, all of which involve
dysfunctions in the gut—brain axis, gut-liver axis, and others,
and cause broader effects [96]. Due to the symbiotic
relationship between the intestinal microbiome and the host,
any alteration in the gut microbiota would result in various
diseases, including CD, and anti-tumor necrosis factor (TNF)
drugs are currently used for the treatment of CD [97, 98]. In
patients with controlled CD, there were compositional
microbiota differences, including decreased genera of
Streptococens  and  _Actinobacillus, increased  Oribacterium  and
Prevotella  disease, increased epithelial integrity, decreased
intraepithelial lymphocytes, and increased peripheral CD4+ T
cells compared to controls [99]. In a study aimed to characterize
the fecal virome in children with CD, trans-kingdom
correlations were disrupted, particularly between Torgue teno
viruses and beneficial bacteria, such as Blautia [100]. Dysbiosis
was influenced by diet, lifestyle rhythms, hygiene conditions,
drugs, and the inflammatory state of IBD patients [101].
Patients with CD
diversity, increased numbers of pathogenic Enterobacteriaceae

showed reduced commensal microbial

and Proteobacteriaceae, reduced numbers of Faecalibacterinm
prausnitzii, and these were associated with an increased risk of
recurrence [102, 103, 104]. Dysbiosis induced pore formation in
the intestinal epithelium, and intestinal pathogens, antigens, and
toxins translocate via the impaired gut barrier into extra-
intestinal sites [105, 1006].

Environmental Triggers (The "Exposome") in Crohn’s
disease

Smoking: Smoking had negative effects on CD progression,
post-surgical recurrence, post-surgical complications after
intestinal resection, on its influence on the reservoir, and on the
modification of the natural evolution of CD towards fistulizing
and stenosing forms, all of which make a proper approach to
the problem imperative [107]. A hospital-based cohort study
conducted from the National Health Interview Survey Database
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of Taiwan showed that smoking does not affect CD occurrence,
but it was related to more aggressive behavior, which resulted
in a higher surgical rate [108, 109]. Smoking had more issues
with CD than other IBDs [110, 111, 112].

Dietary Factors: Conflicting results have been reported on
dietary factors in inflammatory bowel diseases, in which lower
intakes of vitamin C, dietary fiber, calcium, vegetables, decanoic
acid, milk, dairy foods, other processed foods, and B-carotene
were identified as risk factors [113, 114, 115, 116]. A 3-month
observational study, which was conducted at the University of
Calgary in Calgary, Alberta, Canada, between 2016 and 2018, in
66 outpatients with CD in clinical remission, reported that daily
intake of leafy green vegetables was associated with fecal
calprotectin, and increasing omega-3 was associated with C-
reactive protein [117]. Data linking dietary factors to CD
prevention and treatment were inconsistent, with the highest
quality evidence for CD treatment being exclusive enteral
nutrition [118].

Vitamin D Deficiency: CD patients exhibited vitamin D
deficiency, which increased disease activity, impaired mucosal
healing, and exhibited a higher risk of complications, including
infections and osteoporosis [119, 120]. In determining the
prevalence of vitamin D deficiency in adults with CD in
Birmingham, UK, vitamin D deficiency was found in 53.3% of
participants; an indication that patients with CD were at high
risk of vitamin D deficiency [121]. Low serum levels of vitamin
D have been associated with CD, but Limketkai ez a/ [122]
suggested that low vitamin D does not contribute to the
development of CD; instead, CD leads to low vitamin D.
Medications: Studies have found associations between oral
antibiotic use and CD in children and showed a link between
antibiotics and CD, in which people who had taken
metronidazole were five times more likely to develop CD [123].
Nonsteroidal anti-inflammatory drugs (NSAIDs), including
common over-the-counter medications like aspirin, ibuprofen,
and naproxen, and also prescription drugs such as celecoxib,
diclofenac, and indomethacin, increased the risk of CD [124].
Oral contraceptives, specifically combination birth control pills
such as estrogen-containing birth control, led to a higher risk of
CD by 24% [125].

Psychological and Environmental Stress: Stress exacerbated
symptoms of CD, as evident in patients with CD in the flare-up
phase who were subjected to a considerable increase in stress
level due to a deficit in social support [126]. Four novel factors
were discovered to be associated with CD, including prenatal
smoke exposure, having a bed partner, allergies, and cow’s milk
hypersensitivity, which were important for both understanding
disease etiology and future prevention strategies to decrease the
development of CD in genetically susceptible persons [127].
Diet and psychological stress were recognized contributors to
IBD, and those with higher perceived stress showed greater
symptom burden, softer stool consistency, more frequent
comfort food consumption (CFC), and stronger emotional
reliance on certain foods [128].

The "Exposome" Concept and New Findings

Exposome-Diet-Epigenome Axis: Epigenetics, acting by
DNA methylation, post-translational histone modifications, or
by non-coding RNAs, explained how the exposome influenced
the gene expression to contribute to intestinal inflaimmation
[129]. Recent studies in genomics and metabolomics unveiled
the intricate relationship between microbial influencers and
host epigenetics, in which the dynamics of gut microbiota and
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its metabolites were intricately alighed with DNA methylation,
histone methylation, lactylation, glycosylation, and non-coding
RNAs, which were vital players in epigenetics [130, 131].

E-cigarettes: Tobacco smoke and heat-not-burn tobacco
(HNBT) were established risk factors of CD postoperative
recurrence, and e-cigarettes were associated with increased
endoscopic recurrence of CD compared to nonsmoking [132].
Traditional cigarette use adversely impacted disease outcomes
in CD, but on multivariable analysis, current e-cigarette use was
not associated with a higher risk of the study outcome, and no
difference was observed separately among those who were
cutrent or former e-cigarette users [133]. Histologic and
transcriptome analyses revealed that chronic nicotine-free e-
cigarette use increased inflammation and reduced expression of
tight junction (T]) markers, caused barrier disruption,
downregulation of TJ protein, and enhanced inflaimmation in
response to infection, highlighting the harmful effects of the
non-nicotine component of e-cigarettes on the gut barrier [134].

Emerging Therapeutic Targets and Mechanisms
Anti-TNF/IL-12/IL-23 Inhibitors Targeting intetleukin-23
(IL-23) is an important therapeutic strategy for CD. Analysis
showed that targeting IL.-23 was superior to placebo for
inducing clinical remission in biologic-naive and biologic-
experienced patients, and it was associated with a decreased risk
of serious adverse events in induction and maintenance trials
compared to placebo [135]. IL-23p19 inhibitors—such as
risankizumab, mirikizumab, and guselkumab- have promising
results in patients with moderate-to-severe CD [136, 137].
Adhesion Molecule Inhibition: Biologic treatments used in
CD include tumor necrosis factor alpha inhibitors (anti-TNFa)
such as infliximab, adhesion molecule inhibitors, and 11.-12 and
IL-23  inhibitors, = which  target  the  underlying
immunopathogenesis seen in CD, primatily by decreasing pro-
inflammatory cytokines [138, 139]. Anti-TNF-a agents have
emerged as the first-line therapy for moderate to severe IBDs,
and anti-integrin antibodies have also become important for the
treatment, and vedolizumab is often used in cases of anti-TNF-
o failure and intolerance to other treatments [140].

Restoring Barrier Function: The intestinal barrier,
maintained by various types of columnar epithelial cells, played
a crucial role in regulating the interactions between the intestinal
contents (such as the intestinal microbiota), the immune system,
and other components [141]; and dysfunction of the intestinal
mucosa was a significant pathophysiological mechanism and
clinical manifestation of CD [141]. Immune-mediated
approaches did not address additional pathogenic mechanisms
of CD, such as impairment of the epithelial barrier and gut
microbial ecology; thus, innovative strategies, such as intestinal
epithelial barrier restoration, were required to bring the field
closer to a definitive cure [142, 143]. Pharmacologic activation
of HNF4o/y with plant-detived, non-toxic, translationally ready
agonists [N-trans caffeoyltyramine (NCT) and N-trans
feruloyltyramine (NFT)] restored barrier function, establishing
the first barrier-healing therapy for CD [144, 145].
Mesentery-Based Surgery: Increasing evidence suggested
that CD was a primary mesenteropathy and that resection of the
mesentery, ot its exclusion from an anastomosis, altered disease
progression [146]. Postoperative anastomotic recurrence of CD
was challenging and led to symptom recurrence and further
surgery; however, the role of mesentery in the postoperative
recurrence remained controversial [147, 148]. The structures of
the mesentery, including adipose tissue, nerves, and lymphatics,
played important roles in the pathogenesis and disease
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progression of CD, and preliminary evidence from studies
revealed that applying the principle of mesocolic excision to CD
surgery reduced the risk of postoperative recurrence [149, 150].
In patients undergoing surgery for CD, inclusion of the
mesentery was associated with similar short-term outcomes and
improved long-term outcomes compared with those seen when
the mesentery was retained [151].

Conclusion

Despite the fact that CD has been studied extensively, and many
pathophysiological and regulatory mechanisms have been
elucidated, there has not been any medication that provides a
complete cure for the ailment. This necessitated more research,
leading to the emergence of new therapeutic targets, including
mesentery-based surgery.
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