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Gastrointestinal microbiota and inflammasomes
interplay in health and disease: a gut feeling
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ABSTRACT

The intricate interplay between the gut microbiota

and the Gl tract has garnered significant attention, as
growing evidence has identified the inflammasome

as a crucial yet underexplored master regulator in
microbiota-driven diseases. Triggered by a variety of
dangers, inflammasomes are supramolecular complexes
that regulate immune response. A large number of
bacterial-derived inducers have been characterised so far.
Although structurally divergent, threats are neutralised
by the inflammasome, which is then classified into
three families: (1) nucleotide-binding oligomerisation
domain, leucine-rich repeat-containing proteins, (2)
absent in melanoma 2-like receptors and (3) pyrin.

An unbalanced microbiota composition, expressed

by a dysbiotic phenotype, might therefore induce
undesired inflammasome activation, altering the local
host homeostasis. Recent studies on the 'microbiota-
inflammasome axis" have uncovered unexpected

roles for inflammasome signalling in various types

of Gl cancer and IBD. Additionally, beyond local gut
functions, microbiota influences stress responses and
neurological health through aberrant secretion of
inflammasome-processed cytokines, linking gut-derived
signals to systemic diseases via the vagus nerve and
the hypothalamic-pituitary-adrenal axis. Besides the
standard experimental approaches, this complex network
of interactions is now being addressed by Artificial
intelligence, which emphasises the profound impact of
the gut microbiota on Gl health, cancer progression and
brain function, opening new avenues for therapeutic
intervention in Gl diseases, cancer and neurological
disorders. Ultimately, microbiota-inflammasome
interactions manage a regulatory framework that
influences inflammation, cancer progression and
systemic diseases, positioning it as both a mediator and
a promising therapeutic target in Gl malignancies and
systemic diseases of the central nervous system.

INTRODUCTION

The GI tract is a remarkable body part that performs
various essential tasks, working in harmony across
different systems and timeframes. In recent years,
scientists have made significant progress in under-
standing how the GI tract cells, tissues and organs
work together to perform its essential functions.
The primary role of the GI tract is to regulate
nutrient digestion, absorption, excretion and
immune protection.' In particular, it manages the
body’s balance of essential electrolytes and acid-
base through the digestion and assimilation of food,
along with key immune, endocrine and barrier
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= The Gl tract regulates nutrient digestion,
absorption, excretion and exerts key immune
and endocrine functions.

= Unbalanced microbiota (dysbiosis) can lead to
inflammasome activation, disrupting the host
homeostasis.

= Dysbiosis is linked to multiple Gl diseases,
including IBD, obesity, cardiovascular disease,
cancer and neurological disorders such as
Parkinson’s and Alzheimer’s disease.

WHAT THIS STUDY ADDS

= The microbiota-inflammasome axis influences
Gl cancer and neurological health, linking gut
signals to systemic diseases through the vagus
nerve and hypothalamic-pituitary-adrenal axis.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Artificial Intelligence is being used to explore
dysbiosis-inflammasome interactions, offering
new insights into therapeutic possibilities.

responsibilities. The proper function of the GI tract
depends on a highly integrated system that includes
the microbiota—a diverse community of bacteria,
protozoa, viruses, archaea and fungi and myogenic,
neural, humoral and immune components that
regulate anatomical, endocrine, metabolic and
immunological processes." The human microbiota
consists of trillions of microorganisms primarily
residing in the gut; it is established after birth and
shapes the immune system.”> With over 100 bacte-
rial phyla and about 150 times more genes than the
human genome, the microbiota performs essential
protective functions that influence nearly every
aspect of human biology in a symbiotic relationship
with its host, serving as a competitor against patho-
genic microbes.” In healthy subjects, Firmicutes
and Bacteroides constitute over 90% of the entire
gut microbiota, followed by Proteobacteria and
Actinobacteria.” Microbial colonisation in the gut
begins at birth and progresses through a succession
of taxonomic changes until it achieves balanced,
adult-like diversity.® Increased evidence over the
past decade has shown that early dysbiosis modu-
lates physiological, metabolic and immunological
functions across several regions, including the GI
tract and neurological tissues. These effects span a
range of conditions from obesity and diabetes to
intestinal, cardiovascular or neurological diseases,
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with long-term implications.*'® After childhood, the unique
proportion of the various species remains quasi-stable in the
individual life span, although in the elderly a shift has been
observed from Firmicutes towards Proteobacteria and Alistipes.*
The microbiota’s recognised roles include preservation of: (1)
the homeostatic intestinal mucosal barrier, which provides
deterrence against pathogenic microbes, and is therefore vital
for overall health and disease prevention'?; (2) the fine balance
between the pro-inflammatory and anti-inflammatory local and
systemic responses, ensuring the maintenance of the immune
system in a perpetually vigilant state for successful protection
against insults'?; (3) the neutralisation of harmful pathogens
through the release of antimicrobial metabolites'’; (4) the
management of nutrient fermentation, synthesis of vitamins and
drug metabolism'? and (5) the delivery of essential nutrients,
such as short-chain fatty acids to colonic epithelial cells,'* along
with important functions in brain development.* Over the past
decade, research has greatly expanded our understanding of the
biochemical connections between the central nervous system
(CNS), the autonomic nervous system (ANS) and the enteric
nervous system, often referred to as the ‘second brain’, forming
what is now known as the gut-brain axis (GBA).'? This crosstalk,
mediated by nerves within the GI tract, connects the gut to the
brain, allowing the latter to influence intestinal activities and the
gut to modulate neural tasks.'® The vagus nerve, or cranial nerve
X, is the longest nerve of the ANS and is primarily responsible
for the gut-brain dialogue between the CNS and the GI tract. It
regulates parasympathetic functions and transmits motor signals
to organs such as the pancreas, bile ducts, spleen, stomach,
GI tract, lungs, heart and bronchial structures. It also receives
sensory feedback from these organs and plays a key role in the
inflammatory reflex, controlling innate immunity and the inflam-
matory response during infection and tissue damage.'* Thus,
the balance between the different microbial strains, a condition
called eubiosis, which mirrors the host’s health status, along with
the crosstalk between the GI and anatomically distant districts, is
crucial in maintaining the proper GI functions and homeostasis,
aspects aimed at reducing the risk of developing critical illness. '’
The eubiosis phenotype is age-dependent and constantly influ-
enced by the host genome, prolonged broad-spectrum antibiotic
usage and environmental and lifestyle factors, which define the
biological diversity among individuals.'® Hence, a shift towards
a more pronounced dysbiotic scenario, a condition character-
ised by a compromised composition and abundance of specific
phyla, might alter the natural individual’s susceptibility to
various diseases, framing the so-called ‘leaky gut’ syndrome
and, consequently, microbial dissemination in the host blood-
stream.'” The best-characterised microbiota-related GI diseases
can be subdivided into six macro areas, summarised in figure 1:
(1) the GI and hepatic diseases, which encompass IBS, IBD
and liver diseases; (2) metabolic diseases, such as obesity and
diabetes'® '’; (3) cardiovascular diseases, including heart failure,
atherosclerosis and hypertension; (4) immune-related disorders,
such as allergy,'® eczema,”® ocular disorders,?! asthma'®; (5)
oncological diseases, such as colorectal cancer (CRC)," hepa-
tocellular carcinoma,? cholangiocarcinoma,” pancreatic ductal
adenocarcinoma (PDA),'s gastric cancer (GO)'3; (6) neurolog-
ical, neuroinflammatory and psychiatric disorders, like autism
spectrum disorder (ASD), anxiety, depression, Parkinson’s
disease (PD) and Alzheimer’s disease (AD),'® multiple sclerosis
(MS),** stress® and addiction.?® While beneficial strains strive to
support the host’s life, dysfunctional microbiota manipulates the
innate immune system, sabotaging the individual’s health. A key
mechanism involves the persistent activation of inflammasomes,

a complex of receptors and sensors within innate immune cells.?’
Although inflammasomes are essential for maintaining cellular
integrity and tissue homeostasis, chronic activation or dysbiotic
microbiota can harm the GI tract and GBA. Artificial intelligence
(AI) techniques have now emerged as a powerful tool for deci-
phering the complexities of the microbiome in the context of
several GI diseases. The Al-based approach facilitates predictive
modelling, biomarker discovery and a deeper understanding
of underlying biological mechanisms that traditional methods
may overlook.”® This review explores the fascinating interplay
between the gut microbiota and inflammasomes, highlighting
how this relationship affects GI health and other body systems,
such as the GBA. We also explore potential Al implementation
strategies to harness this knowledge as a tool helping to develop
innovative therapies.

INFLAMMASOMES, NOVEL INSIGHTS ON THE MOLECULAR
MECHANISM OF ACTIVATION

The inflammasome is an intracellular multiprotein complex
thought to play a crucial role in GI disorders mediated by
microbiota dysfunctions. Structurally defined as an inducible
supramolecular complex, the inflammasome recognises various
dangers, which ultimately licence its activation. This complex
comprises three key components: a sensor unit, an adapter mole-
cule and an effector component that work together to detect
and respond to cellular stress or microbial signals. To date,
the inflammasome is broadly classified into three families of
sensor proteins: (1) nucleotide-binding oligomerisation domain,
leucine-rich repeat-containing proteins (NLRs), (2) absent in
melanoma 2 (AIM2)-like receptors and (3) pyrin. Differences
in the N-terminus effector domain further classify the NLR
family into two subgroups: NLRP, containing a pyrin domain
and NLRC, containing a CARD domain, with a caspase activa-
tion and recruitment domain (figure 2). Distinct cell types, such
as immune cells (eg, monocytes, macrophages, dendritic cells)
and non-immune cells (eg, intestinal epithelial cells, fibroblasts),
express various combinations of these inflammasomes. This
enables comprehensive detection of mechanistically disparate
microbial inputs. On engagement by exogenous insults, such as
pathogen-associated molecular patterns and damage-associated
molecular patterns (DAMPs), the sensor proteins begin to
self-assemble and signal through the inflammasome complex.
Surprisingly, a crucial hallmark of inflammasome activation is
the formation of a single supramolecular punctum (also known
as a speck or pyroptosome) per cell. Although chemically diverse,
all sensor proteins converge on the same adaptor protein, named
apoptosis-associated speck-like protein containing a CARD
(ASC), which forms an intracellular filament measuring approx-
imately 1-3um in length that, in turn, signals to the cysteine
protease, caspase-1. Active caspase-1 (p20 fragment) operates
on three substrates: pro-inflammatory interleukin (pro-IL)-1p,
pro-IL-18 and the effector protein gasdermin D (GSDMD).
Caspase-1 cleaves the N-terminus fragment of GSDMD, which
oligomerises into a ring-shaped structure able to permeate
the plasma membrane, thus allowing the release of the bioac-
tive cytokines IL-1B and IL-18 into the stream, concomitantly
with a form of inflammatory cell death, known as pyroptosis.
Moreover, a recent study by Kayagaki et al showed that efficient
plasma membrane rupture (PMR) relies on a parallel process
mediated by ninjurin 1 (NINJ1). However, the detailed molec-
ular mechanism of activation on induction of lytic cell death is
still under intense investigation. Likewise, GSDMD-executed
plasma membrane ring-shaped pores, structural and imaging
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Figure 1  Overview of the microbiota-derived pathological outcomes. Several pathological conditions have been associated with changes

in microbiota composition, encompassing metabolic diseases, such as obesity and diabetes; cardiovascular diseases, including heart failure,
atherosclerosis and hypertension; immune-related disorders, such as allergy, eczema, ocular disorders and asthma; oncological diseases, such as
colorectal cancer (CRC), hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), pancreatic ductal adenocarcinoma (PDA) and gastric cancer (GC);
neurological, neuroinflammatory and psychiatric disorders, which involve autism spectrum disorder (ASD), anxiety, depression, Parkinson’s disease and
Alzheimer's disease (PD and AD), multiple sclerosis (MS), stress and addiction.

data demonstrate the presence of ‘cookie”-like disks of oligo-
merised NINJ1 encircling and releasing membrane patches,
ultimately resulting in membrane fragmentation and complete
PMR.**° Several inflammasome cell context-specific types have
so far been characterised in mammals: NLRP1, NLRP3, NLRP6,
NLRP7, NLRPY9, NLRP10, NLRP11, NLRP12, NLRC4,
NLRCS, AIM2, IFI16 and pyrin, among which the NLRP3 acti-
vation mechanism is the most well-studied (figure 3).

THE INFLAMMASOME: A MISSING MASTER REGULATOR OF
MICROBIOTA-DRIVEN GI PATHOPHYSIOLOGY

It is well accepted that most of the GI functions may rely on
microbial components that colonise the digestive tract of every
individual. When tissue homeostasis at the GI level is disrupted,
the microorganisms can shift from commensals to pathogenic
species. The host genome, diet, lifestyle and antibiotic consump-
tion are among the key factors responsible for altered pheno-
types that could radically unbalance the commensal proportions
and lead to dysbiosis. Changes in this composition are crucial for
the initiation and maintenance of the inflammatory milieu that
guides a broad spectrum of Gl-related diseases such as IBD,
including Crohn’s disease (CD) and UC, coeliac disease, various
types of GI cancer®® and diabetes.?! ** Inflammasomes represent

a key bridge linking microbiota-driven molecular events to the
disease onset. While inflammasome-derived signals are consid-
ered beneficial against threats, chronic activation may lead to
disease onset. Consequently, its regulation must be tightly tuned
since an uncontrolled activation could result in widespread
systemic inflammation. Given the high density of the microbial
community within the GI tract, as well as the role of the host
inflammasome as a microbial sensor, it is reasonable that these
two components operate reciprocal regulation. Recent examples
describing the direct and indirect crosstalk between dysbiotic
microbiota and inflammasome regulation underlie some of the
major classes of inflammasomes so far described (online supple-
mental table 1). Proteolytic cleavage by lethal toxin, derived
from the Gram-positive bacteria Bacillus anthracis, triggers the
oligomerisation of the NLRP1 C-terminus domain and caspase-1
activation.* In addition, IpaH7.8 E3 ubiquitin ligase secreted by
Shigella flexneri triggers NLRP1 following ubiquitination.** As
for indirect stimuli, two agents have been identified so far,
including Toxoplasma gondii,”” Listeria monocytogenes.*®
Contrasting literature has been reported on the role of NLRP1 in
IBD. While Williams et al showed that NLRP1-deficient mice,
which exhibit low levels of IL-1p and IL-18, are more vulnerable
to developing colitis than their wild-type counterparts,®” another
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Architectural organization of the major inflammasome classes
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Figure 2 Domain architecture of different inflammasome sensors and their interacting ligands represented by distinct bacterial species. The NLR
sensor proteins are composed of the effector domain for caspase-1 recruitment (CARD), pyrin domain (PYD) for apoptosis-associated speck-like
protein containing a CARD (ASC) recruitment, a nucleotide-binding and oligomerisation domain NACHT and a leucine-rich repeats domain (LRR),
indispensable for the binding to NEK7 and fully NLRP3 activation. In addition, the NACHT and the LRR domains are required for auto-inhibition of
the sensor proteins in the absence of stimulation. Absent in melanoma 2-like receptors (ALRs) comprise a PYD domain and the double-stranded
DNA-binding domain HIN200. Finally, the pyrin sensor necessitates a coiled-coil and B-box domain for activation. On recruitment and assembly via
PYD domain, ASC then interacts with pro-caspase-1 via CARD/CARD interactions. Therefore, the bipartite nature of ASC represents the core structure
of these inflammasomes. The inflammasome sensor NLRP1 recognises double-stranded RNA (dsRNA); NLRP3 is triggered by a variety of stimuli that
converge to a potassium efflux and calcium intracellular mobilisation; NLRP6 binds to dsRNA; NLRC4 interacts with flagellin; AIM2 is triggered by

dsDNA, whereas pyrin inflammasome senses Clostridioides difficile toxin A/B.

research group, led by Tye et al in 2018, disclosed competencies
of NLRP1 in modulating the abundance of butyrate-producing
commensals, which exacerbate IBD.*® In particular, IL-18, but
not IL-1B, derived from the activation of the NLRP1 inflam-
masome, alters the percentage of butyrate-producing bacteria (of
the Clostridiales order), known to enhance mucus synthesis and
the expression of tight junction proteins, both indispensable to
preserve the epithelial intestinal barrier (EIB) functions, thus
causing susceptibility to IBD.*” Therefore, more confirmations
are needed to attribute protective or harmful tasks to NLRP1 in
the IBD background. Moreover, Proteus mirabilis (a colonising
pathobiont residing in the GI tract) is capable—by synthesising
haemolysin—of promoting robust NLRP3 inflammasome activa-
tion that induces the maturation and release of IL-1pB, respon-
sible for intestinal inflammation.*® Similarly, Aeromonas
hydrophila,' Aeromonas dhakensis* and L. monocytogenes®
have been linked to the activation of the NLRP3 inflammasome.
A form of oral dysbiosis caused by Klebsiella aerogenes or Entero-
bacter species causes robust production and release of

pro-inflammatory cytokines via activation of the macrophage
NLRP3, thus inducing periodontitis and colitis.** Likewise,
NLRP1 and NLRP3, the NLRP6 inflammasome, is also subjected
to the metabolic activity of the gut microbiome. Sulfur-containing
amino acid taurine, histamine and spermine, deriving from
commensal symbionts,* as well as lipoteichoic acid from Gram-
positive pathogen L. monocytogenes, induce expression and
secretion of IL-18 via the formation of intracellular liquid-like
condensed phase (also known as liquid-liquid phase separa-
tion).*® In this context, IL-18 performs a pivotal activity in
enhancing immunity. In 2015, Levy et al demonstrated that
IL-18 promotes antimicrobial peptides (AMPs) production from
the intestinal epithelial cells to shape the intestinal microenvi-
ronment.* AMPs suppress the overgrowth of colitogenic patho-
bionts that are responsible for chronic intestinal inflammation,
such as Prevotellaceae and those belonging to the phylum
Saccharibacteria,*” as well as Akkermansia municiphila, whose
colonisation degrades goblet cells-deriving mucin, the major
component involved in the mucus layer homeostasis.*® It has
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Figure 3 Mechanisms of canonical, non-canonical and alternative NLRP3 inflammasome activation. Canonical nucleotide-binding oligomerisation
domain, leucine-rich repeat and pyrin domain containing 3 (NLRP3) inflammasome activation requires two consequential steps: priming and
activation. On pathogens-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) recognition by toll-like receptors
(TLRs), the priming step (or signal 1, highlighted in yellow on the left) engages a complex of intermediate proteins named Myddosome, which, in turn,
signal to nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and incite the expression of NLRP3, pro-interleukin (IL)-1p and IL-18
(pro-IL-1B and pro-IL-18). The activation step (signal 2, highlighted in purple on the right) is provided by a wide range of PAMPs/DAMPs, accompanied
by a number of cellular events, such as ion fluxes, which ensure the proper inflammasome nucleation and culminates in the self-cleavage and
activation of pro-caspase-1. Active caspase-1 induces the maturation of gasdermin D into the active form (N-GSDMD) and the release of IL-1 and
IL-18 in the extracellular milieu, concomitantly with the inflammatory form of cell death known as pyroptosis. The non-canonical pathway is initiated
on recognition of internalised cytosolic lipopolysaccharide (LPS) by caspase-4/5 (or murine caspase-11) via direct binding, resulting in caspases
autoproteolysis and activation. Afterwards, active caspase-4/5/11 leads to the cleavage of GSDMD and the formation of plasma membrane pores,
which, in turn, trigger the K* efflux and the subsequent initiation of the NLRP3 inflammasome through the canonical pathway as a feed-forward

loop. The alternative pathway requires a single signal and the involvement of TIR-domain-containing adapter-inducing interferon-f3 (TRIF), receptor-
interacting protein kinase 1 (RIPK1), FAS-associated death domain (FADD)-caspase-8 complex, but not apoptosis-associated speck-like protein
containing a CARD (ASC) speck formation or K* efflux and does not culminate in pyroptosis.

been shown that the NLRP12 inflammasome controls IL-1f and
IL-18 production after Yersinia pestis infection, dampening the
infection.*” Furthermore, Salmonella typhimurium and Burk-
holderia pseudomallei trigger the NLRP12, which performs
negative regulation of pro-inflammatory cytokines in an
inflammasome-independent fashion.’® *' The inflammasome
NLRC4 senses flagellin protein from Gram-negative bacteria,
such as S. typhimurium,’* Pseudomonas aeruginosa,” S. flex-
neri** and Chromobacterium violaceum.” While hyperactiva-
tion of the NLRC4 inflammasome has been reported in a rare
disease known as autoinflammation with infantile enteroco-
litis,’¢ a balanced activation is considered beneficial. On
pathogen infection, IL-1B secreted via NLRC4 engagement by
intestinal mononuclear phagocytes—including macrophages and

dendritic cells—neutralises insults by preserving tolerance to
non-responder commensal microbes. Intriguingly, IL-1B stimu-
lates endothelial cells to express adhesion molecules, such as the
vascular cell adhesion protein-1 (VCAM-1), intercellular adhe-
sion molecule-2 or the selectin family proteins to recruit neutro-
phils at the intestinal mucosa to activate pathogen clearance.’’
Sellin et al reported that NLRC4 inflammasome activation can
potentially drive the clearance of Salmonella-infected entero-
cytes.’® AIM2 inflammasome recognises L. monocytogenes,
following decreased levels of A. muciniphila and Anaeroplasma,
while increasing those of Anaerostipes, Bifidobacterium, Flex-
ispira, Prevotella and Paraprevotella species, thus causing reduced
susceptibility to colitis and protection against CRC.*® The pyrin-
based inflammasome is an innate immune sensor developed by
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host organisms to recognise Rho guanosine triphosphatase-
inactivating bacterial toxins released in infections by diarrhoeal
pathogen Clostridioides difficile,”° or by the opportunistic
pathogen Burkholderia cenocepacia.®” On activation, the pyrin
inflammasome processes IL-18, thus promoting intestinal barrier
integrity and preventing colon inflammation and tumourigen-
esis.” Conversely, pyrin inflammasome activation through Y.
pestis virulent factor outer protein M inhibited the secretion of
IL-1B and IL-18, ultimately altering the intestinal barrier integ-
rity and promoting inflammation and tumourigenesis.®> The
dysbiosis-driven inflammatory environment, characterised by
high levels of immune mediators such as IL-1p and IL-18 within
the gut, holds the potential to modulate the so-called ‘second
brain’ activities by altering neurotransmission. Indeed, it has
been described that aberrant NLRP3 inflammasome activity
contributes to the onset of obesity, mainly due to a reshaping of
enteric tachykinin motor pathways.** Additionally, the enteric
neuroimmune circuit is orchestrated by the presence of enteric
neurons capable of activating the inflammasome complex and
releasing cytokines in the presence of certain microbes regu-
lating pathogen clearance in a pro-inflammatory scenario.® It is
now well established that GI function, both within the digestive
system and in relation to distal organs, depends on a balanced
ratio of symbiotic and dysbiotic microbial metabolites. The
inflammasome may serve as a key intermediary platform linking
the host to its intestinal microbiota.®® An imbalance in metabo-
lites may coincide with uncontrolled inflammasome activation in
the intestinal lumen, fostering a pro-inflammatory environment.
On the other hand, excessive inhibition of the inflammasome
can promote the expansion of pathobionts, as its proper activa-
tion depends on a finely tuned, multistep regulatory process that
remains only partially understood. Consequently, there is a
growing interest in developing inflammasome-targeted therapies
as part of personalised clinical management.

THE MICROBIOTA-INFLAMMASOME AXIS ERA: AN
UNEXPECTED GAME-CHANGER IN CANCER DEVELOPMENT
AND SUPPRESSION

It is well known that the tumour microenvironment (TME), also
named tumour immune microenvironment (TIME), offers an
attractive niche for microbial growth and immune cell migra-
tion and proliferation. However, their dynamic interaction and
influence on tumour physiology, therapy response and antitu-
mour immunity are still incompletely appreciated, probably due
to technological limitations. The interplay between microbial
dysbiosis and the inflammatory milieu is believed to be a crit-
ical factor in promoting several types of cancer. Documented
evidence supports several mechanisms through which a dysbi-
otic phenotype favours inflammasome-mediated carcinogenesis,
particularly in the context of GC, CRC and PDA, as focused
below. Conversely, in other circumstances, the microbiota-
inflammasome axis displays tumour suppression performances,
thus emphasising the diverse roles in tumourigenesis. Microbial
biomass can, indeed, directly interfere with cancer onset and
development by altering various aspects of the host genome
through the release of genotoxins (eg, colibactin, cytolethal
distending toxin and enteropathogenic Escherichia coli secreted
protein F (EspF)) or metabolites (eg, lithocholic and deoxycholic
acid, acetate, butyrate) that enhance the epithelial-mesenchymal
transition and/or cancer cell proliferation.®” Additionally, altered
microbe composition can indirectly contribute to all stages
of carcinogenesis, including proliferation, immunosuppres-
sion, angiogenesis and metastasis, by influencing the immune

landscape and altering the local cytokine profile within the
TIME, particularly IL-1B and IL-18, via inflammasome activa-
tion.” °® Acute and chronic inflammation, a status often linked
with dysbiosis, leads to the release of ASC-dependent mature
IL-18, which inhibits the caspase-8-mediated apoptosis pathway
while enhancing the survival and proliferation of GC cells.®” The
abundance of IL-1B within the TIME of GC is instrumental in
recruiting myeloid-derived suppressor cells, a key component of
the TME with several immunosuppressive activities.”’ ”* In the
same way, IL-18 suppresses the tumouricidal function of natural
killer (NK) cells through the expression of immuno-suppressive
co-stimulatory protein programmed cell death 1 on the cell
surface.”> Moreover, IL-18 contributes to the downregulation of
the cluster of differentiation 70 in GC cells, known to enhance
the cytotoxicity of NK cells and to induce tumour-specific T
cell memory, thus displaying immune escape features.”” Addi-
tionally, it has been shown that NLRP3-dependent IL-1B drives
immuno-suppressive CD4" T cell polarisation to the TIME of
PDA and instructs them to secrete IL-22, a molecule associated
with invasive growth in numerous malignancies, including those
involving the GI tract.”* Other studies have identified further
mechanisms of inflammasome-mediated immune suppression,
such as AIM2-dependent release of alarmin IL-1a, which facili-
tates tumourigenesis.” In addition, pro-inflammatory cytokines
confer migration abilities to several cancer cells. IL-1 and IL-18
facilitate the transmigration of malignant cells into the blood-
stream and intensify the surface expression of adhesion mole-
cules (such as VCAM-1) on endothelial as well as cancerous cells,
allowing dissemination and infiltration into remote niches.”®”’
Invasion and metastasis are processes driven by shifts from the
epithelial to mesenchymal phenotype in a programme named
epithelial-to-mesenchymal transition (EMT).”® In this context,
several studies reported a functional role of IL-1B and IL-18
in the EMT. IL-1 downregulates epithelial cadherin expression
while supporting the expression of zinc finger protein SNAIL
(also known as SNAI1), both EMT signatures in GC cells.”” *°
However, the inflammasome has also been shown to suppress
tumourigenesis as well, a role mostly characterised in CRC.
In particular, bioavailable IL-18 cytokine promotes epithelial
barrier regeneration during colitis-associated cancer®' %2 and
coordinates NK cell-mediated and T cell-mediated antitumour
immune responses.® IL-18 also inhibits the expression of IL-22,
which, if copiously available within the CRC microenvironment,
promotes tumourigenesis over time.** Novel insightful observa-
tions indicate inflammasomes as a primer in cancer development
and, conversely, suppression.”” Below, we outline the involve-
ment of different inflammasomes-microbiota axis in GI tumouri-
genesis (figure 4).

NLRP3 inflammasome

A few studies have investigated the interplay between NLRP3,
microbiota and CRC. MCC950-driven NLRP3 inhibition
increases the abundance of Firmicutes, while reducing that of
Bacteroidetes (whose presence is a recognised potential signature
in subjects with CRC), thus ascribing this compound in the list
of potential therapeutic tools against CRC. It was shown that
the NLRP3 influence on the microbiota composition is medi-
ated by altering the level of oxidation indicators. Administration
of Bacillus cereus restored the proper microbiota configuration
by restraining the toll-like receptor 4 (TLR4)-NF-xB-NLRP3
inflammasome signalling pathway.*> Moreover, certain micro-
bial species, including Enterococcus faecalis and Fusobacterium
nucleatum, can trigger the non-canonical NLRP3 inflammasome
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domain, leucine-rich repeat and pyrin domain containing 3 (NLRP3) activation, Enterococcus faecalis and Fusobacterium nucleatum sustain its
activation, which reflects an altered Firmicutes/Bacteroidetes ratio leading, ultimately, to colorectal carcinogenesis (CRC, upper panel). Absent

in melanoma 2 (AIM2) anti-tumourigenic properties are indirectly triggered by several Gram-positive and negative bacteria (lower left panel).
Clostridioides difficile mediates pro-tumourigenic tasks of the pyrin inflammasome (lower right panel).

activation, leading to an increased production of IL-1p, colitis
and ultimately to CRC.* Thus, a mutual regulation between
the NLRP3 inflammasome and microbial strains guarantees the
appropriate gut homeostasis (figure 4, upper panel).

AIM2 inflammasome

Elevated concentrations of Anaerostipes, Bifidobacterium, Flex-
ispira, Prevotella and Paraprevotella encourage AIM2’s antitu-
moral tasks. AIM2-depleted mice developed colitis, essentially
due to IL-18 shortage, as a common prerequisite in the early
stages of CRC. Interestingly, transferring gut bacteria from
wild-type to AIM2-deficient mice reversed the phenotype, thus
implying the involvement of the microbiota-AIM2 axis in regu-
lating gut homeostasis.®” In addition, the presence of a markedly
dysbiotic profile exacerbated the susceptibility of AIM2-deficient
mice to CRC, pointing to a significant contribution of AIM2 in
modulating microbial imbalances, controlling intestinal inflam-
mation and preventing tumour formation®® (figure 4, lower left
panel).

Pyrin inflammasome

Gut dysbiosis can produce inflammatory molecules that activate
the pyrin inflammasome. Certain pathogenic microorganisms,
like C. difficile, often isolated from colorectal cancerous lesions,

trigger pyrin inflammasome activation, contributing to chronic
inflammation. This persistent inflammation may promote a pro-
tumourigenic environment, increasing the risk of CRC develop-
ment*® (figure 4, lower right panel).

THE MICROBIOTA IN THE GUT-BRAIN AXIS: A
BIDIRECTIONAL CROSSTALK

The microbiota’s influence on brain function: a link to
neurological diseases

The microbiota in the GBA has gained significant attention
due to its role in bidirectional communication between the gut
microbiome and brain.®*=' It regulates immune, enteric and
neuroendocrine systems by producing neuroactive substances,
metabolites and hormones. GBA components include the
enteric, central and peripheral nervous systems, neuroendocrine
connections and humoral pathways. It involves neuropeptides,
signalling molecules from the gut microbiota or enterochro-
maffin cells, and active cytokines, such as IL-1B, secreted in
response to inflammasome activation induced by microbiota-
derived metabolites, thereby signalling to the enteric neurons
and vagus nerve (figure 5).”* Bidirectional signalling occurs
through inflammatory mediators, metabolic signalling, oxida-
tive stress markers, stress modulators, neuroendocrine factors
and vagus nerve communication.” Altered gut microbiota is
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Figure 5 The microbiota-gut-brain axis and the role of the vagus nerve. This schema illustrates the vagus nerve’s role in mediating communication
between the central nervous system (CNS) and the Gl tract, which is crucial for regulating various physiological processes, including inflammation.
In the intestinal lamina propria, macrophages respond to microbiota-derived metabolites by activating the inflammasome, leading to the release

of mature interleukin-1B (IL-1P), which signals to the enteric neuron and vagus nerve. Moreover, IL-18 induces the expression of the brain-derived
neurotrophic factor (BDNF) from glial cells, which contribute to the sensation of pain. This pro-inflammatory cytokine is part of the innate immune
response to infection or injury. The vagus nerve is essential for the ‘inflammatory reflex’, orchestrating innate immune responses and reactions to
infections and tissue injuries through bidirectional communication between the brain and the immune system.

linked to neurodevelopmental, mood and neurodegenerative
disorders. The microbiota can stimulate serotonin,”* dopamine”®
and gamma-aminobutyric acid (GABA)”® production, with
Bacteroides, Lactobacillus and Bifidobacterium identified as key
GABA producers.”” ** A crucial GBA regulator is the intestinal
barrier, comprising the mucus layer, epithelial barrier and gut
vascular barrier. The mucus layer, rich in mucins produced by
goblet cells, regulates microbiota-host interactions and immune
responses. Among well-established roles of the intestinal barrier,
the protection against external hazards and homeostasis main-
tenance stands out. Structural and functional alterations of this
barrier are features typically of IBS, characterised by visceral
hypersensitivity and chronic low-grade inflammation. Changes
in intestinal permeability facilitate the passage of the microorgan-
isms and derived metabolites from the gut lumen to the intestinal
lamina propria where they act as DAMPs, triggering inflam-
masome activation in resident macrophages and, consequently,
the release of IL-1.” % Active IL-1pB induces the expression of
the brain-derived neurotrophic factor (BDNF) from the enteric
glial cells, which further contribute to the sensation of pain.'"’
It has been shown that commensal bacteria, including Bacte-
roides, Firmicutes and Lactobacillus, produce IgA proteases and

protease inhibitors, which preserve the EIB integrity and prevent
pathogen colonisation.'” Subjects suffering from IBS display a
well-characterised microbial composition. Among other differ-
ences, individuals show an increased abundance of Akkermansia,
Methanobrevibacter, Clostridiales, Veillonella, Faecalitalea and
Prevotella, while a reduction in Ruminococcaceae UCG-003,
Lactobacillus, Turicibacter, Enterococcus, Weissella, Oxalobacter
and Bacteroides has been observed compared with healthy indi-
viduals.'® Molecularly, IBS is characterised by the downregu-
lation of tight junction-associated proteins, such as occludin,
zonula occludens-1 (ZO-1) and claudin-1, in the colon tissue,
reflecting a loss of barrier functions and immune activation.'**
Studies on germ-free (GF) mice showed similar outcomes, high-
lighting microbiota’s role in EIB integrity, immune system and
brain physiology, from early development to behaviour.'® '%¢
Microbiota also affects blood-brain barrier (BBB) permeability,
as GF mice show reduced tight junction protein expression,
leading to increased permeability.!”” In addition, these mice
display abnormal HPA axis development, with elevated plasma
adrenocorticotropic hormone (ACTH) and corticosterone levels
and reduced BDNF expression in response to stress. Probiotic
Bifidobacterium infantis, but not Escherichia coli, reversed these
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effects when administered early.'® It has been found that intes-
tinal barrier impairments and gut microbiome alterations are
linked to systemic neurological and neuropsychiatric manifesta-
tions, such as mild cognitive impairment (MCI), multiple system
atrophy (MSA), AD, PD, MS, ASD, anxiety and depression.
Two independent research groups noticed a decreased expres-
sion of occludin and altered distribution of ZO-1 in colonic
biopsies from subjects affected by PD and MSA compared with
age-matched healthy individuals.'” ''° Additionally, increased
intestinal permeability correlates with elevated level of a-synu-
clein in early PD."" Beside PD, increased serum levels of C-type
lectin-like receptor 2 and zonulin, also markers of intestinal
barrier alterations, were observed in patients with MCI and AD
compared with healthy subjects."'? Similarly, high concentrations
of zonulin, fatty acid-binding protein 2 and LPS in the plasma of
subjects affected by MS, anxiety, depression and ASD have been
diagnosed."*™'" Population screening led by Patel et al linked
IBS onset with anxiety and depressive episodes.'’® In partic-
ular, 30%-50% of patients with IBS have been found to suffer
from anxiety, depression and mood disorder."'” Another large-
scale analysis on patients with IBD reported stroke, dementia
and MS-related symptoms.!*® Lastly, CRC onset rarely leads
to neurological disorders, with few manifestations of vascu-
litis, sensory neuropathy and encephalomyelitis."””"'*! Recent
research performed on animal models of PD,'*? AD'?® and MS'**
exhibited analogous outcomes. Restoring barrier integrity may
offer a therapeutic strategy to prevent or slow neurodegenera-
tion. Leblhuber et al were able to effectively decrease the level of
faecal haptoglobin in subjects affected by AD through the daily
administration of a probiotic mix consisting of Lactobacillus and
Bifidobacterium, suggesting an improvement in intestinal perme-
ability.'"> These findings highlight microbiota’s critical role in
brain function and its potential as a therapeutic target for neuro-
logical and neuropsychiatric disorders.

The hypothalamic-pituitary-adrenal axis: the role of gut
microbiota in health and disease

The bidirectional communication between the gut and the
brain involves multiple pathways, including neuroanatomical
routes (such as the vagus nerve, autonomic nervous system
and enteric nervous system), the HPA axis, the immune
and lymphatic systems as well as microbial-derived meta-
bolic products.'?® 7 Among these pathways, the HPA axis
has historically been one of the most extensively studied.
HPA axis activation, mediated by glucocorticoids, is a key
regulatory pathway. Threats trigger immune responses,
releasing pro-inflammatory cytokines like tumour necrosis
factor (TNF)-a, IL-1B, IL-18, IL-6 and interferon (IFN)o/p,
which are part of the acute immune response and originate
from microglia, vascular and endothelial cells. The adaptive
immune response involves IL-2 and IFNy, crucial for viral
defence. Cytokines stimulate the HPA, leading to glucocor-
ticoid release, which suppresses further cytokine production
via negative feedback, protecting against excessive inflam-
mation. Glucocorticoids regulate immunity, shifting from
T helper (Th)1 (inflammatory) to Th2 (anti-inflammatory)
responses, inhibiting TNF-a and IL-2 while promoting IL-4,
IL-10 and IL-13."*% '’ Thus, glucocorticoids act as immu-
nosuppressors, modulating cytokine activity."** Cytokines
induce the release of glucocorticoid hormones, either directly
or through the corticotropin-releasing hormone (CRH).
CRH stimulates ACTH release from the adenohypophysis,
which, in turn, promotes the release of glucocorticoids,

dehydroepiandrosterone, aldosterone and its derivatives.'!

Cytokine receptors have been found along the HPA at all
levels. Hence, every segment of this axis provides a func-
tional bridge between hormones and cytokines. Peripheral
administration of low doses of endotoxin stimulates macro-
phages to release IL-1B, which enters the bloodstream and
behaves as a hormone, activating HPA and CRH release
(figure 6). However, IL-1p may also activate the produc-
tion and release of other cytokines and prostaglandins.'*?
Conversely, prolonged exposure to stress-related conditions
and/or subsequent hypercortisolaemia can trigger inflamma-
tory responses through chronic activation of the HPA axis,
leading to the dysregulation of the inflammatory feedback.'®?
For example, increased IL-1B secretion can create a posi-
tive feedback loop that enhances HPA activity, promoting
further glucocorticoid release. High doses of endotoxin can
directly impact the production of cytokines and prostaglan-
dins, influencing the HPA axis and triggering elevated levels
of IL-1B."*? Microglia, the brain’s primary immune surveil-
lance cells, can also be activated by chronic psychosocial
and/or physical stress and corresponding HPA activation.
Activated microglia secrete various pro-inflammatory cyto-
kines, including IL-1B, TNF-a and IL-6, while exhibiting
a reduced phagocytic potential.’*® Alternatively, microglia
can take on an anti-inflammatory phenotype, secreting cyto-
kines like IL-4 and IL-10 and transforming growth factor-f8
(TGF-B), associated with heightened phagocytic activity.
In response to stress and age-related neurodegeneration,
microglia are typically found in a pro-inflammatory state,
influenced by interactions between HPA activation and
microglial signalling. Chronic stress can ‘prime’ microglia,
making them more responsive to subsequent stimuli, which
is why stress is particularly harmful in AD development.
Glucocorticoid release through the HPA axis intricately
modulates the expression of immune-related genes in
microglia.’®* 13 Stress could also activate microglia through
another mechanism, namely via monoamine neurotransmit-
ters like norepinephrine released by sympathetic neurons
located in the locus coeruleus. Sympathetic activation
by repeated social defeat stress in mice leads to increased
microglial gene expression, including IL-1p and TNF-a at
an early stage, IL-6 later on, and CD14 and C-X3-C motif
chemokine receptor 1 throughout the stress period.'*® 137
Increased caspase-1 activity cleaves glucocorticoid recep-
tors, contributing to glucocorticoid resistance, hyper-
cortisolaemia in chronic stress and the positive feedback
between stress-induced HPA activation and neuroinflam-
mation.’*® The gut microbiota regulates the HPA axis and
mediates the interaction between stress and inflammation.
Chronic psychosocial stress disrupts the gut microbiota and
immune responses, further activating the HPA, affecting
the colon, mesenteric lymph nodes and pituitary gland,
and influencing gut epithelial integrity. While HPA hyper-
activation independently promotes neuroinflammation,
microbiota and its metabolites modulate pro-inflammatory
responses via GBA signalling, building resilience against
stress-induced changes linked to AD. Several studies suggest
the association between the gut microbiota and the HPA
axis. Stress-induced catecholamines support the growth of
Gram-negative bacteria, including E. coli, Yersinia entero-
colitica and P. aeruginosa,”> thus ultimately triggering LPS-
mediated amyloid-like plaque formation and AD onset.'*
HPA dysregulation reflects alterations in major depres-
sion, bipolar disorder and schizophrenia as well. Cheung
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Figure 6 The immune system and brain crosstalk: involvement of the hypothalamic-pituitary-adrenal (HPA) axis. This schema illustrates

the intricate interplay between the immune system and the brain, emphasising the roles of critical components such as the HPA axis, cortisol,
inflammasome and interleukin-1p (IL-1B). The HPA axis regulates the body's stress response and maintains equilibrium. Stress triggers the release
of corticotropin-releasing hormone (CRH) from the hypothalamus, which in turn stimulates the release of adrenocorticotropic hormone (ACTH) from
the pituitary gland. ACTH prompts the adrenal glands to produce cortisol, a steroid hormone, which regulates metabolism, immunity and stress. As
stress diminishes, cortisol levels return to normal, reinstating the balance. The HPA can also be activated by cytokines like IL-1p, released during
inflammation. For instance, on encountering toxins, macrophages undergo activation, initiating the inflammasome cascade and prompting the release
of IL-1P. This cytokine can subsequently activate the HPA axis, increasing cortisol production. Furthermore, cortisol suppresses the immune system
by inhibiting pro-inflammatory mediators such as cytokines, chemokines and prostaglandins, thereby mitigating inflammation. Notably, heightened
cortisol levels facilitate the shift from a cellular T helper 1 (Th1)/pro-inflammatory to a humoral T helper 2 (Th2)/anti-inflammatory immune response,
thus promoting an anti-inflammatory milieu and safeguarding tissue integrity.

et al reported higher abundance of Anaerostipes, Blautia,
Clostridiales, Klebsiella, Lachnospiraceae incertae sedis,
Parabacterioides,  Parasutterella,  Phascolarctobacterium
and Streptococcus species in patients affected by major
depression, compared with healthy individuals.'*' Bipolar
disorder has been associated with increased levels of Corio-
bacteriaceae and Flavonifractor and a lower abundance of
Faecalibacterium and Ruminococcaceae.'**™'** Lastly, lower
abundance of Firmicutes has been demonstrated in subjects
affected by schizophrenia.'*® Thus, although the detailed
mechanisms of bidirectional communication remain to be
fully elucidated, the role of the gut microbiota in immune
modulation and HPA axis dysfunction is emerging as highly
relevant for the prevention and treatment of neurodegener-
ative diseases, particularly dementia and other neurological
disorders. In addition to this, recent evidence indicates that

sleep deprivation induces gut dysbiosis and intestinal barrier
disruption, leading to microglial activation and cognitive
decline. Persistent sleep deprivation (<6 hours per night)
during midlife is associated with a 30% increased risk of
dementia. Furthermore, chronic sleep deprivation alters gut
microbiota, reducing mucus thickness and tight junction
protein levels in mouse colons via NLRP3 inflammasome
activation, which impairs BBB integrity, activates NLRP3
in the brain and leads to microglial activation and cogni-
tive impairment.'*® Studies have shown that compared with
control mice, faecal microbiota transplantation from sleep-
deprived mice replicates these pathological changes.'*’
A similar cognitive decline associated with sleep depriva-
tion has been observed in humans, where sleep depriva-
tion reduces short-chain fatty acid-producing species and
induces systemic inflammation through the TLR4/NF-«xB
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signalling pathway.'*® *° Future research will elucidate the
impact of the gut microbiome on brain circuits that regu-
late sleep and circadian rhythms.’*"%% This should help to
develop pharmacological tools that more effectively target
sleep and circadian disturbances.

DECIPHERING THE MICROBIAL ECOSYSTEM: THE
REVOLUTION OF ARTIFICIAL INTELLIGENCE IN MICROBIOTA
ANALYSIS AND THERAPEUTIC APPROACH

Given the complex interplay within the microbiota and the
vast amount of data generated by high-throughput technolo-
gies (eg, metabolomics, transcriptomics, metagenomics), there
is a growing reliance on computational modelling and Al to
bridge the gap between current knowledge and the develop-
ment of personalised, targeted interventions. The develop-
ment of various omics technologies has been widely applied
to explore the connections between microorganisms and host
metabolism. However, single-omics analyses offer only a frag-
mented view of the complex biological processes underlying
gut microbiota dynamics and human disease. Today, a holistic,
multi-omics approach is increasingly essential to unravel this
intricate network. Thus, a key advantage of Al in microbiology is
represented by its ability to efficiently process and decipher large
heterogeneous data. Machine learning (ML) and deep learning,
the two main algorithms of Al have emerged as the hallmark
21st century modernisation in all the medical contexts, including
microbiota-applied strategies. Recently, Oh et al successfully
developed an Al model, called DeepMicro, for the accurate
identification of bacterial species from metagenomic sequencing
(DNA analysis), enabling the simultaneous detection of multiple
pathogens difficult to culture and therefore predicting disease
associations.”** Intriguingly, research led by Pasolli et al devel-
oped an algorithm able to predict host characteristics from
microbiota composition with high accuracy.’ ML algorithms
can determine the most effective probiotic combination'*® and
personalise nutrition plans for IBS-affected patients.'”’ More-
over, the integration of large-scale metagenomics with Al makes
it possible to predict antibiotic resistance.”*® Thus, identifying
patterns in microbial composition related to a variety of patho-
physiological outcomes, including GI and neurological disorders,
has greatly enhanced our understanding of the complex interplay
between the microbiome and human health. However, current
Al applications need to overcome several challenges. First, high-
dimensional data with a relatively small sample size may hinder
the development of accurate prediction models.’ Another issue
is the integration of various omics when elucidating molecular
interactions underpinning diseases.'®® An additional key obstacle
is the highly individualised microbial community due to factors
like diet, geography, genetics and lifestyle. Thus, developing Al
models that are both accurate and generalisable across diverse
populations remains a complex task.'®" Below, we outline
emerging Al-based approaches linking microbial composition to
IBD diagnosis, CRC onset and neurological diseases, such as PD,
AD, ASD and depression.

Al application in IBD diagnosis

IBD is often misdiagnosed despite the abundance of diagnostic
tests. A pilot study conducted by Franzosa et al showed that
ML-assisted microbiota analysis could improve the diagnosis of
IBD. The authors performed faecal 16S metagenomic analysis
on nearly 700 patients with IBD, compared with healthy indi-
viduals, revealing 50 differential bacterial taxa between the two

groups and substantial discrepancies between CD and UC, thus
ensuring more accurate IBD diagnoses.'®

Al-assisted microbiota signature in CRC

Al-assisted microbiota profiling linked to GI cancer diagnosis is
still in its early stages. Only recently, in fact, has Al software
been employed to validate well-documented patterns of micro-
biota composition in subjects affected by CRC. For instance,
CRC-derived faecal samples displayed distinct microbiological
markers compared with healthy individuals, including abun-
dance of Porphyromonas, Peptostreptococcus, Parvimonas and
Fusobacterium, responsible for altering proliferation, progres-
sion, to promote angiogenesis, metastasis dissemination and
chemoresistance. Moreover, lower levels of the Lachnospiraceae
family, which trigger immune surveillance function of CD8* T
cells, linked therefore to antitumourigenic properties, have been
observed in patients with CRC. Similarly, Al-based approach
CRC samples display reduced levels of the Clostridiales order,
including Eubacterium eligens, Eubacterium ventriosum and
Anaerostipes.'® In addition, several predictive microbiome
signatures for CRC have been disclosed by Al, with high accu-
racy. No less importantly, models predicting patients with CRC
responsive to therapy by using the gut microbiota repertoire
have also been developed.'®*

Al application in neurological disorders

Al is currently being used to understand the mechanisms
connecting relationships between gut microbiota and brain
functions. Several Al models are now able to associate microbial
signatures with patterns attributable to mental health conditions.
Notably linked to decreased Lachnospiraceae and increased
Verrucomicrobiaceae levels, studies on dysbiosis-driven PD onset
are increasingly growing. Pietrucci et al tested three different ML
algorithms to analyse 16S rRNA sequences from 472 patients
with PD compared with 374 healthy individuals, revealing 22
bacterial families linked to PD prediction.'®® Numerous differ-
ences were revealed through Al-assisted metagenomics analysis
between ASD and normal samples. Genera belonging to the Acti-
nobacteria phylum, such as Bifidobacterium and Collinsella, and
members of the Firmicutes phylum, including Erysipelatoclos-
tridiaceae, Murdochiella, Butyricicoccus, Clostridium, Lachno-
spiraceae UCG-004 and E. eligens, were found to be decreased
in ASD cases compared with controls. In contrast, genera
belonging to the Bacteroidota phylum, including Prevotellaceae
and Parabacteroides, those from the Enterobacteriaceae family,
Sarcina, Anaerosporobacter and Oscillospira showed significant
increase.'®® A similar approach has been recently employed to
identify bacterial biomarkers for depressive disorder. ML identi-
fied eight altered species between 36 subjects affected by depres-
sive disorders vs 36 healthy individuals. The level of Alistipes,
Dysosmobacter, Actinomyces, Ruthenibacterium and Thomas-
clavelia was significantly increased, whereas Faecalibacterium,
Pseudobutyrivibrio and Roseburia were reduced.'®” Lastly,
another group led by Mohta and Oudah showed, through an
ML-based approach, a prevalence of Streptococcus and Dorea
in patients affected by MS compared with healthy cases, rather
characterised by a prevalence of Bacteroides uniformis.'*®

CONCLUSIONS AND PERSPECTIVES

Notoriously, the analysis of the human gut microbiome and the
association between bacterial species and the host phenotype
might result in cleaning the Augean stables labour. The intri-
cate circuit between the GI microbiota and the inflaimmasome,

De Luca R, et al. Gut 2025;0:1-15. doi:10.1136/gutjnl-2025-334938

"



Recent advances in basic science

the main component of the innate immune system, is pivotal in
maintaining gut health and systemic homeostasis throughout the
body. Unbalanced dynamics between those two systems might
reflect significant pathological outcomes. A dysbiotic pheno-
type, bridged to chronic inflammasome activation, increases
the body’s vulnerability to critical illness, exacerbating tissue
damage and the onset and progression of inflammatory condi-
tions, such as IBD, cancer and neurological disorders. Gaining a
deeper understanding of these relationships is, in fact, essential
to promote pioneering targeted therapies and preventive strate-
gies for these diseases. As we live in the era of Al integration in
every aspect of the medical field, it will surely assist in unrav-
elling the complexities of intestinal ecosystem-inflammasome
interactions, thus contributing to novel microbiota-based ther-
apeutic strategies. Emerging Al-based models can analyse large
datasets and detect patterns within complex biological systems,
providing new insights into how microbial communities and
immune responses are interconnected at the molecular level. In
addition, intensive scientific research armed with Al could effec-
tively identify novel biomarkers in dysbiosis or abnormal inflam-
masome activation, which are invaluable for disease prevention,
early diagnosis and tailoring personalised therapies based on
each individual’s unique microbiota composition, thus making
it possible to achieve.
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