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Abstract: This review elucidates the pivotal role of pyroptosis, triggered by gut microbiota, in the development of multiple sclerosis
(MS), emphasizing its significance within the gut-brain axis. Our comprehensive analysis of recent literature reveals how dysbiosis in
the gut microbiota of MS patients—characterized by reduced microbial diversity and shifts in bacterial populations—profoundly
impacts immune regulation and the integrity of the central nervous system (CNS). Pyroptosis, an inflammatory form of programmed
cell death, significantly exacerbates MS by promoting the release of inflammatory cytokines and causing substantial damage to CNS
tissues. The gut microbiota facilitates this detrimental process through metabolites such as short-chain fatty acids and neuroactive
compounds, or self-structural products like lipopolysaccharides (LPS), which modulate immune responses and influence neuronal
survival. This review highlights the potential of modulating gut microbiota to regulate pyroptosis, thereby suggesting that targeting this
pathway could be a promising therapeutic strategy to mitigate inflammatory responses and preserve neuronal integrity in patients with
MS.

Keywords: multiple sclerosis, gut microbiota, pyroptosis, gut-brain axis, neuroinflammation, therapeutic targets

Introduction

Multiple sclerosis (MS) is a chronic, debilitating autoimmune disease primarily affecting the central nervous system
(CNS), leading to severe neurological deficits. It emerges as a frequently observed neurological condition, exhibiting an
annual incidence rate of 2.1 per 10" individuals [95% CI: 2.09, 2.12]." The pathogenesis of MS is marked by complex
interactions that result in inflammation and demyelination throughout the brain and spinal cord.? In MS, the disease
process begins with focal lymphocyte infiltration that damages myelin and axons.? Initially, this inflammation is transient
and may even be accompanied by some myelin regeneration,* though such regeneration is not sustained. As a result,
patients early in the disease course often experience neurological dysfunctions which may temporarily resolve. Over
time, the pathology evolves from these initial symptoms to a more severe and chronic state.” The hallmark of this
demyelinating disease is the formation of sclerotic plaques,® representing the end stage of a cascade of pathological
changes including ongoing inflammation,” repeated cycles of demyelination® and remyelination,” depletion of
oligodendrocytes,'” astrocytosis,'' and extensive neuronal and axon degeneration.'? The varied symptoms of MS, such
as visual and sensory disturbances, muscle weakness, coordination problems, and sometimes severe cognitive decline,
reflect the complex and multifaceted nature of this pathology. Moreover, the progression of MS is highly individualized
and remains unpredictable, complicating management and prognosis.'? Effective management of MS aims to improve
quality of life and ensure patient independence through a combination of strategies.'* These include early and continuous
immunomodulatory treatments, targeted rehabilitation to enhance functional capabilities, and the deployment of assistive
devices that aid mobility, all designed to more effectively manage symptoms.'* Despite the availability of these
interventions, completely halting the progression of MS poses a substantial challenge. To specifically address the
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inflammation associated with relapsing forms of MS, eight FDA-approved agents are currently available."> These
therapies target various components of the immune system, each with the goal of reducing and preventing further
inflammatory activity.'®'” Among the disease-modifying therapies (DMTs) are injectable treatments such as interferons
and glatiramer acetate, oral medications including fingolimod, dimethyl fumarate,'® and teriflunomide,'® and infusion
therapies like natalizumab,?® alemtuzumab,?' and ocrelizumab.?” Despite these diverse options, the complete prevention
of MS progression remains elusive, underscoring the need for continued innovation in treatment approaches.

Recent scientific research has underscored a profound link between human gut microbiota, dietary patterns, and the
onset of chronic degenerative diseases, indicating that variations in the microbiota’s composition and function are
associated with various chronic inflammatory mechanisms.”® This is particularly evident in MS, where the gut-brain
axis—characterized by bidirectional communication between the gut microbiota and the CNS—becomes a critical factor
in the disease’s pathogenesis. In MS patients, distinct microbiota profiles have been identified,** marked by a decreased
abundance of beneficial bacteria such as those in the Clostridia XIVa and IV clusters, and an increased presence of
potentially harmful bacteria that contribute to inflammation and autoimmunity.?> This dysbiosis disrupts immune home-
ostasis, enhances the permeability of both the intestinal and blood-brain barriers (BBB), and triggers autoimmune
reactions against CNS components.”*

Pyroptosis, an intensely inflammatory type of programmed cell death marked by the activation of caspase-1 or
caspase-11, plays a critical role in exacerbating the pathology of MS?” (Figure 1). Triggered by various inflammatory
signals, this process leads to cellular rupture and the emission of pro-inflammatory cytokines like interleukin 1p (IL-1pB)
and interleukin 18 (IL-18), which amplify the inflammatory response within the CNS.?® Recent studies have highlighted
that gut microbiota can induce pyroptosis, contributing to severe inflammatory conditions like intestinal inflammation,
cancer, and sepsis, and particularly impacting MS by exacerbating local and systemic inflammation. This dysregulation
disrupts cellular and neurological functions essential for CNS integrity, thereby accelerating the progression of MS.*

The review begins with an introduction to the relationship between Multiple Sclerosis (MS) and cell pyroptosis,
examining emerging evidence that suggests gut microbiota-induced pyroptosis significantly contributes to the pathogen-
esis of MS. It explores how microbial imbalances and related pathways can lead to CNS involvement through pyroptotic
mechanisms. Delving deeper, the review elucidates the cascade of events triggered by such imbalances and emphasizes
the potential of gut microbiota modulation as a therapeutic strategy. This approach not only underscores the intricate
connections between gut microbiota and MS but also suggests promising avenues for intervention to mitigate the
progression of the disease.

The Overview of Pyroptosis
Pyroptosis
Pyroptosis is a recently discovered form of programmed cell death, distinct in its evolutionary development and
mechanism from apoptosis or necrosis. This form of cell death has gained increasing attention, due to its significant
biological and medical relevance. Pyroptosis is generally categorized into apoptotic-like programmed death and non-
apoptotic death, with the latter typically involving necrosis. As a distinctive type of programmed cell death, pyroptosis
has recently been recognized for its unique features and mechanisms.?**°

In 1996, Chen et al’' were the first to observe caspase-1-dependent cell death in mouse cells during experimental
studies, although at that time this type of cell death was not fully understood and was often mistakenly identified as
apoptosis. It was not until 2001 that Cookson et al*” used the the term ‘pyroptosis’ to characterize caspase-1-dependent
programmed cell death, bringing significant attention to this unique form of cell death.

Pyroptosis is triggered by various inflammatory factors that induce the formation of pores in the cell membrane,
a process mediated by caspase-1 (Figure 2).>* Research has shown that the caspase enzymes involved in pyroptosis vary
among different organisms; in mice, the primary enzymes are caspase-1 and caspase-11, while in humans, they are
caspase-1, caspase-4, and caspase-5. Depending on the dependency factors and mediation mechanisms, pyroptosis can be

divided into classical and non-classical pathways.**
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Figure | The role of pyroptosis in exacerbating MS pathology. The activation pathways involving DAMPs, PAMPs, and LPS, leading to inflammasome activation. This process
triggers Gasdermin D-mediated cell death in neurons, astrocytes, oligodendrocytes, and microglia, exacerbating inflammation and autoimmunity in MS.

Classical Pathway

The classical pathway of pyroptosis primarily relies on the activation of caspase-1, with inflammasomes playing a crucial
role. Inflammasomes are large molecular complexes, approximately 700 kDa in size, consist of NOD-like receptors
(NLRs), the precursor of caspase-1 (pro-caspase-1), and the adaptor protein ASC (apoptosis-associated speck-like protein
containing a CARD). These complexes are key in activating pro-caspase-1, thereby inducing pyroptosis. The most
studied inflammasomes include NLRP-1, NLRP-3, NLRC-4, AIM-2, and PYRIN, each mediating distinct pyroptotic
activation pathways.

NLRP-1 primarily responds to muramyl dipeptide (MDP), a component of bacterial cell walls. NLRP-3 reacts to
various stimuli including cell stressors like asbestos, silica, and several viral transfections that produce aftermath such as
uric acid crystals. NLRP-4 mainly addresses stimuli related to alterations in the cellular genetic makeup.’>~° Extensive
research has been conducted on NLRP-3, which consists of the NLRP-3 complex, ASC, and pro-caspase-1. Upon
stimulation by pathogens or exogenous agents, NLRP-3 triggers the aggregation of reactive oxygen species, initiating the
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Figure 2 Inflammasomes in Pyroptosis. NLRP3, AIM2, Pyrin, NLRC4, and NLRPI inflammasomes activate caspase-| and caspase-4/5/1 |, which cleave GSDMD. This releases
its N-terminal domain to form membrane pores, initiating pyroptosis. Additionally, caspase-| converts pro-IL-IB to IL-1f, enhancing inflammation, while ATP via P2X7
receptors facilitates this process.

formation of the activation complex. This process involves the interaction of CARD domains (caspase activation and
recruitment domain) within the complex, linking NLRP-3 with pro-caspase-1. This stimulates the release of pro-caspase
-1’s enzymatic activity, cleaving it into the p10 and p20 subunits to form an active caspase-1. This enzyme then processes
and activates the precursors of IL-1p and IL-18, turning them into active cytokines. These cytokines, in turn, stimulate
a broad immune response, leading to various®’ inflammatory mediators and driving acute inflammatory responses.
Additionally, NLRP-1 and NLRC-4 can also directly interact with caspase-1 to exert their effects.*®

NLRPI Inflammasome

The NLRP1 inflammasome plays a crucial role in immune responses against pathogens and cellular damage. It is notably
activated by Bacillus anthracis’ lethal factor, triggering caspase- 1-mediated pyroptosis.>® This configuration underscores
the inflammasome’s capacity to induce inflammatory cell death, essential in combating pathogens and in autoimmune
disease defense.

A specific mutation in murine NLRP1a (Q593P) exacerbates autoimmune responses by enhancing caspase-1 and IL-
1B activation, resulting in more severe symptoms in models like lymphocytic choriomeningitis virus (LCMV) infection.*’
Conversely, mice lacking Nlrpla exhibit improved recovery from immune challenges, suggesting that NLRP1 modula-
tion could influence disease outcomes.

NLRP1’s role extends beyond infections to include neuroinflammatory conditions such as MS, Alzheimer’s disease,
and brain trauma, where it can trigger pyroptosis. In MS, dysregulated NLRP1 activation exacerbates the inflammatory
environment, contributing to tissue damage and symptom severity.*' Targeting the NLRP1 pathways could, therefore,
offer therapeutic potential to mitigate the effects of MS by controlling pyroptosis and associated inflammation.*’
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NLRP3 Inflammasome
The NLRP3 inflammasome is integral to the pathophysiology of MS mediating inflammatory responses and pyroptosis—a
highly inflammatory form of programmed cell death. It is activated by various damage-associated molecular patterns
(DAMPs), ATP, ROS, and calcium flux. Upon activation, NLRP3 facilitates the oligomerization and recruitment of the adaptor
protein ASC and pro-caspase-1 to the inflammasome complex, thus promoting the assembly and activation of pro-caspase
-1 This assembly leads to the conversion of pro-IL-1B and pro-IL-18 into their active forms, amplifying inflammatory
responses essential for MS progression.*’ Activated caspase-1 also promotes the cleavage of gasdermin D, resulting in pore
formation in the cell membrane, exacerbating cell lysis, and enhancing the secretion of inflammatory cytokines.*®
Furthermore, the interaction between Toll-like receptor 4 (TLR4) signaling and NLRP3 inflammasome activation is
critical.*” Signals via TLR4 lead to the recruitment of adaptor proteins like MyD88 and TRIF, which activate kinases
such as RIPK1 and proteins like FADD. These molecules facilitate Caspase-8 interactions, enhancing NLRP3 activation
and IL-1B production, thus bridging innate immune recognition with inflammatory cell death in MS.*® Additionally,
Caspase-8 can independently cleave gasdermin D, directly initiating pyroptosis and underscoring a complex network of
pathways converging on NLRP3 to drive inflammation and neurodegeneration in MS.*’

NLRC4 Inflammasome

The NLRC4 inflammasome, integral to the immune response, plays a critical role in pyroptosis through its
activation of caspase-1. This activation enables the processing and release of inflammatory cytokines such as
IL-1B and IL-18, essential for managing the inflammatory response in MS. The activation mechanism of the
NLRC4 inflammasome is distinguished by its interaction with NLR family, apoptosis inhibitory protein (NAIP)
proteins, which detect bacterial elements like flagellin and components of the type III secretion system (T3SS).
These interactions promote the oligomerization of NLRC4 and the recruitment of ASC and caspase-1, leading to
the assembly of the inflammasome complex that initiates pyroptosis.

AIM2 Inflammasome
The AIM2 inflammasome is triggered by the binding of double-stranded DNA (dsDNA) to its HIN200 domain,>
leading to the recruitment of the PYD domains and subsequent assembly of the inflammasome complex.”’ This
complex includes ASC and pro-caspase-1, ultimately resulting in caspase-1 activation and the initiation of the
pyroptotic cell death pathway, marked by the release of IL-1f and other pro-inflammatory cytokines, which are crucial
for MS pathogenesis.””

Pyrin

Pyrin is composed of a PYD domain, a B-box, and a coiled-coil domain, which facilitate its role in detecting modifications
induced by specific bacterial toxins. These toxins, including Clostridium difficile’s TcdB, Burkholderia cenocepacia’s C3,
and Bordetella pertussis’s PT,”* activate Rho GTPases, essential for the assembly of the Pyrin inflammasome. Once
activated, Pyrin recruits the adaptor protein ASC via its PYD domain to form the inflammasome. This complex subsequently
activates caspase-1, culminating in the processing and release of the pro-inflammatory cytokine IL-1p.>*

Non-Classical Pathway

Non-classical pyroptosis primarily depends on the activation of caspase-4/5/11, a process triggered by endogenous
polysaccharides such as LPS. Studies have shown that, following LPS treatment, caspase-11 in macrophages binds
specifically to LPS, thereby activating the enzyme and inducing pyroptotic cell death along with the secretion of IL-1§.
This occurs through the localization of TLR4 and the non-structural protein pannexin-1 on the cell membrane; in
humans, recognition by the TLR4/MD2 complex allows caspase-4/5 to bind effectively and initiate the downstream
signaling pathway that leads to inflammatory responses and cell death.>

Gasdermin D
Members of the Gasdermin family, particularly Gasdermin D (GSDMD), play a pivotal role in both classical and non-
classical pyroptosis pathway.>* The activation of GSDMD involves the cleavage of its C-terminal, which enables the
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release of caspase-1’s enzymatically active subunits, pl0 and p20. These subunits facilitate the further cleavage and
release of GSDMD’s N-terminal, which forms pores in the cell membrane.’® These pores are responsible for the
morphological changes characteristic of pyroptosis, leading to cell lysis and the propagation of pyroptosis. Studies
have demonstrated that the N-terminal of GSDMD, once cleaved, plays a crucial role in enhancing the cytotoxic effects
associated with this process. Furthermore, research by Shao et al has identified Gasdermin E (GSDME), another member

of the Gasdermin family, which also triggers cell death through pyroptosis.*’>’

The Role of Pyroptosis in MS

MS is an autoimmune disorder marked by chronic inflammation and characterized by the invasion of myelin-reactive
CD4+ T cells into the nervous system. This infiltration leads to demyelination, attacking oligodendrocytes® and
disrupting communication between the CNS and peripheral nervous system (PNS), which results in a spectrum of
mental, physical, and psychiatric issues. Currently, there is no definitive cure for MS, and it typically reduces patient life
expectancy by 5-10 years.” Further research has revealed heterogeneity in the disease response to treatments such as
interferon-beta (IFN-f), which has been a standard therapy for over two decades but is only effective in two-thirds of MS
patients. This variability underscores the complex nature of MS and suggests potential differences in inflammasome
involvement across various Experimental Autoimmune Encephalomyelitis (EAE) models and in human MS.

When compared with healthy individuals, MS patients demonstrate significantly higher levels of caspase-1 and IL-18.
Clinically, relapsing MS patients often show elevated levels of NLRP3, caspase-1, and IL-1f in their peripheral blood
mononuclear cells (PBMCs) relative to healthy individuals.®® Activation of NLRP3 in these cells initiates a cascade that
shifts their cytokine profile toward a TH17 phenotype.®’ This finding is supported by notable increases in caspase-1
mRNA in brain samples from MS patients, with immunohistochemical analysis confirming significant caspase-1 activity
in both recent and long-standing MS lesions, but not in healthy brain tissue. Furthermore, an increase in caspase-1
activity has been documented in microglia and mononuclear cells near vascular regions, and uniquely, in oligodendro-
cytes within lesions.®” Recent investigations have also shown a surge in NLRP3 inflammasome activity in patients
unresponsive to treatments like fingolimod, and studies have suggested that IL-1f activation by macrophages could be
mitigated by IFN-p, linking reduced NLRP3-mediated inflammation with this treatment.®® In conditions marked by
inflammasome activation, notably in MS, elevated levels of IL-18 and IL-1f are consistently observed in cerebrospinal
fluid (CSF).®

The EAE model, involving injections of myelin oligodendrocyte glycoprotein peptide (MOG) in adjuvant, serves as
a prevalent model for simulating MS. This model excels in elucidating immune responses, as it facilitates the recruitment
of MOG-specific T cells into the nervous system.®* Research has identified two distinct subsets of EAE based on their
dependence on the NLRP3 inflammasome. Intriguingly, it was found that interferon-beta (IFN-f), a common therapeutic
agent used in treating MS, is ineffective in models of EAE that are induced in a manner independent of the NLRP3
inflammasome.®>® It has been suggested that IFN-B could suppress IL-1f activation by macrophages, indicating
a selective reduction of NLRP3-dependent EAE with IFN-f therapy. These observations support the notion that IFN-
could specifically target the NLRP3 inflammasome, along with IL-18 and IL-1p, providing potential therapeutic benefits
in MS.° Prior to the recognition of inflammasome pathways, elements such as caspase-1, IL-18, and IL-1p had been
established as crucial in EAE progression. Resistance to EAE is observed in mice lacking these genes, underscoring the
role of pyroptosis in the disease process.®® "’ More aggressive immunization approaches, like those using heat-killed
mycobacteria (Mtb), demonstrate significant effects in Nlrp3-/- and Asc-/- mice, particularly when lower doses of Mtb are
used.®” Contemporary research underscores the NLRP3 inflammasome’s pivotal role in MS, indicating that mice deficient
in NLRP3 show diminished IL-18 production and milder symptoms. In EAE models, increased expression of NLRP3 has
been observed, particularly during disease progression. Mice with the Nlrp3 gene knocked out not only show a delayed
disease course and reduced severity but also exhibit less astrogliosis and fewer infiltrating inflammatory cells AE.”" In
another experimental model of MS Nlrp3-/-, animals have lower oligodendrocyte loss and demyelination.”” In a pertussis
toxin (PTX)-induced EAE model, IL-1p activation necessitates TLR4 and the pyrin-dependent inflammasome for pro-IL
-1B conversion. Once activated, IL-1p induces stromal cells to produce IL-6, enhancing leukocyte migration and
adhesion. Transgenic mice with MOG-specific T cell receptors, specifically Pyrin-/- 2D2, show reduced EAE
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occurrences, exhibiting milder symptoms and delayed disease progression after PTX administration.””> Additionally,
studies have indicated that the NLRP3 inflammasome, through IL-18 expression, may promote EAE by affecting
leukocyte migration and adhesion.”' Similarly, Nlrp3 -/- mice display a reduction in IL-18 levels and disease severity.
These findings indicate that inflammasomes, and the pyroptosis they initiate, significantly contribute to the disease’s
exacerbation.®* Nlrp3 expression in the spinal cord increases, whereas mice lacking Nlrp3 exhibit a protracted disease
progression with less severe pathology, characterized by diminished astrogliosis and fewer infiltrating inflammatory cells.
Additionally, compared to control animals, mice subjected to EAE show elevated IL-18 levels, and those deficient in IL-
18 mirror the delayed disease progression seen in Nlrp3-/- mice, suggesting that the Nlrp3 pathway may exacerbate EAE
through IL-18 activity.**”" Caspase-1 plays a critical role in the initial phase of the immune responses that exacerbate
EAE. This enzyme is crucial in triggering the inflammation typical of the acute phase of relapsing-remitting MS, not only
by enabling the production and release of pro-inflammatory cytokines such as IL-1f and IL-18 but also by initiating
a series of immune reactions that intensify neurological damage. Despite differences in the exact localization and
intensity of IL-1B expression between EAE and MS, the staining patterns in both conditions suggest that IL-1p is
predominantly expressed in affected tissues rather than peripherally.”* NLRP3 inflammasome is activated and contributes

to cognitive deficits in EAE mice.”

Activation of Inflammatory Responses

Pyroptosis, unlike apoptosis which sequesters and disposes of cellular debris quietly, actively releases intracellular
contents including cytokines such as IL-1p, IL-18,”® and TNF-u into the extracellular matrix.”**® Pyroptosis is
characterized by the explosive rupture of cell membranes, driven by the action of inflammatory caspases like caspase-
1, =4, =5, and —11 that cleave gasdermin D, facilitating the formation of membrane pores. The resultant release of
cellular contents into the extracellular space is a significant inflammatory event, triggering further immune responses.
These cytokines are powerful agents that not only recruit additional immune cells to the site of damage but also amplify
the inflammatory response. This is particularly notable in MS, where elevated levels of caspase-1, IL-1B, and IL-18 in
lesions underscore the NLRP3 inflammasome’s critical role in disease pathology.®*””

Evidence suggests that NLRP3 inflammasome activation, particularly in microglia, is instrumental in both the onset
and progression of MS by mobilizing activated T cells that exacerbate CNS inflammation.”® The process is especially
critical in MS, where myeloid cells such as microglia and macrophages undergo pyroptosis. Upon activation, these cells
release inflammatory mediators that heighten CNS responses, potentially leading to further neurological
complications.””*®”® The structural disruption caused by cleaved gasdermin D contributes to cellular rupture, releasing
not just IL-1p and IL-18 but also TNF-q, intensifying the inflammatory milieu.**** Crucial inflammatory cytokines, such
as TNF-a, can induce pyroptosis, perpetuating and amplifying the inflammatory response.®® This cascade can compro-
mise the BBB, possibly enhancing the infiltration of immune cells into the CNS and intensifying neuroinflammation.®’

During the early stages of MS, the disruption of CNS barriers facilitates the entry of peripheral immune cells, with IL-
1B playing a pivotal role in degrading CNS structural defenses.**® This degradation, alongside the secretion of
additional pro-inflammatory cytokines, catalyzes further infiltration of peripheral immune cells.*® CNS astrocytes and
endothelial cells also participate actively in this process, with activated astrocytes releasing cytokines that weaken
endothelial tight junctions. Moreover, chemokines from these astrocytes attract more leukocytes into the CNS, con-
tributing to the progression of MS.®” Microglia, activated by IL-1f and functioning as antigen-presenting cells (APCs),
amplify this neuroinflammation by attracting and activating infiltrated CD4+ T cells, which in turn stimulate microglia
further.*® Current research indicates that microglia, along with astrocytes and CD4+ T cells, are key players in NLRP3
inflammasome activation within MS, correlating strongly with the extent of demyelination observed in patients

Involvement in Autoimmune Responses

Pyroptosis plays a pivotal role in the autoimmune dynamics of MS by releasing self-antigens that activate autoreactive
immune cells, thereby exacerbating the disease’s progression.®”* This form of cell death, characterized by the rupture of
cells and the ensuing release of contents, including myelin components and other CNS-specific proteins, is crucial as it
triggers the immune system to react against the body’s own neural structures.®*' APCs such as dendritic cells and
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macrophages are instrumental in this context. They capture and process released self-antigens, presenting them on MHC
class I molecules which is critical in linking innate and adaptive immunity. This presentation activates T cells that are
specifically sensitized to CNS antigens, marking a crucial phase in the autoimmune sequence typical of MS.%*%*

The activation of T cells in the CNS, which then release cytokines aggravating the inflammatory response, is mediated
through both traditional and novel NLRP3 inflammasome pathways, including one involving caspase-8.”"** This results
in a heightened release of IL-1pB, which supports the persistence of autoimmune Th17 cells.”> Remarkably, this activity
has been observed within Th17 cells themselves, not just in microglia. Th17 cells are noted for their role in intensifying
autoimmune and inflammatory reactions that propel MS,”® with these cells specifically producing pro-inflammatory
cytokines like IL-17 that activate the NLRP3 inflammasome.**” Further, the expression of Nlrp3 in APCs is vital for
triggering TH17 and TH1 cells in response to CNS antigens.®* Moreover, the presence of ASC and NLRP3 within
autoreactive Th17 cells has been linked to ongoing inflammation in the CNS due to their continuous release of IL-1p.7%%
Interestingly, the lack of Nirp3 and the adaptor protein ASC results in reduced expression of chemokines and chemokine
receptors such as Ccr6 and Cer2, thus decreasing the migration of these T cells into the CNS and potentially dampening
the inflammatory response in models lacking Nirp3 and ASC post-MOG administration.”"

This is particularly significant in progressive MS, highlighting the crucial role of the immune regulation by CD4+
T cells, which differentiate into memory and regulatory T (Treg) cells.”” Although Treg cells generally suppress
inflammasome activation and reduce inflammatory responses, excessive IL-1p production has been shown to counteract
this suppression, potentially reversing the autoimmune moderation facilitated by Treg cells.

Damage to Neurons and Oligodendrocytes
Pyroptosis in MS significantly affects the CNS by releasing neurotoxic elements detrimental to neurons and oligoden-
drocytes, which are essential for myelin production. When pyroptosis occurs, the resulting cellular rupture releases not
only inflammatory cytokines but also free radicals, further exacerbating the inflammatory milieu within the CNS. This is
particularly damaging to oligodendrocytes that are tasked with myelin sheath maintenance and repair. Damage to these
cells is a critical factor in MS pathogenesis, leading to axon degeneration and progressing neurological symptoms. In MS
lesions, oligodendrocytes exhibit upregulation of pyroptosis mediators like GSDMD, and studies show that inhibiting
inflammasomes can mitigate damage to these cells in EAE.*®

Oligodendrocytes’ vulnerability to the inflammatory milieu created by pyroptosis significantly impedes myelin repair
and production, accelerating demyelination. Neurons are also adversely affected by this enhanced inflammatory response,
disrupting neural communication and contributing to long-term disabilities in MS patients. Moreover, stressed neurons
and oligodendrocytes release self-antigens and DAMPs, triggering further immune responses and perpetuating inflam-
mation and neural damage.

Interactions with Other Cell Death Pathways

The complex interplay between pyroptosis and other cell death mechanisms, such as apoptosis, ferroptosis, and
necroptosis, adds significant complexity to the pathological processes of diseases like MS, intensifying cellular damage
and inflammatory responses.

Apoptosis and Pyroptosis: Caspase-3, well-known for its role in apoptosis, can also initiate pyroptosis by cleaving
GSDME. Intriguingly, GSDME can modulate apoptosis by inhibiting caspase-3 mediated pathways, showcasing
a reciprocal relationship between these cell death processes.'**'" Additionally, caspase-8 can trigger pyroptosis through
the activation of GSDMD under specific conditions, illustrating the intersection within the PANoptosome complex that
integrates components from both apoptosis and pyroptosis pathways, thereby enhancing the complexity of cellular
responses to stress and damage.'®*

Ferroptosis and Pyroptosis: Characterized by iron accumulation and extensive lipid peroxidation, ferroptosis closely
interacts with pyroptosis.'® Activation of the NLRP3 inflammasome and caspase-1 can initiate pyroptosis, while the
release of the N-terminal fragment of GSDMD during pyroptosis not only disrupts cell membranes but also promotes
lipid peroxidation, enhancing ferroptosis.”® Moreover, studies show that lipid peroxidation itself can drive Gasdermin
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D-mediated pyroptosis, linking these processes even more directly and suggesting a pivotal role for lipid peroxides in
propagating cell death.'®*

Necroptosis and Pyroptosis: MLKL, the primary executor of necroptosis, activates the NLRP3 inflammasome via
potassium efflux, facilitating pyroptosis.'®> This activation leads to the release of the GSDMD-N fragment during
pyroptosis, further promoting necroptosis. Similarly, RIPK3, another key necroptosis mediator, triggers the NLRP3
inflammasome, enhancing pyroptotic activity.'®® MLKL’s role extends to initiating innate immune responses by activat-
ing NLRP3 and caspase-1, which are crucial for IL-1B secretion and inflammation.'®® Additionally, during viral
infections like influenza, MLKL and caspase-8 drive inflammatory cell death, highlighting their significance in immune

defense and pathology.'"’

Gut Microbiota Regulation of MS Through Pyroptosis
Microbiota Dysbiosis in MS

Research into MS consistently shows that MS patients exhibit reduced gut microbial diversity compared to healthy

23,108,100 >0 (Table 1). Despite challenges

individuals, along with notable alterations in specific bacterial phyla or genera
such as variability in sample size, participant heterogeneity, study design, control types, geographical location, sequen-
cing platforms, and targeted regions of the 16S rRNA gene, these findings remain robust.''" Beneficial bacteria like
Bifidobacterium, Prevotella, and Bacillus are found in lower abundances in MS patients. Bifidobacterium is recognized
for its anti-inflammatory properties and its role in maintaining gut barrier integrity.''® Prevotella is associated with
a plant-based diet and reduced inflammation.''? In contrast, there is an increase in potentially harmful bacteria, such as
certain members of the Firmicutes phylum and Proteobacteria, which are linked to inflammation and dysbiosis in various
autoimmune diseases.>**!'%!13711 The flyctuations in these bacteria types become more pronounced during MS
relapses. A cohort study by Chen et al found within the MS patient cohort, there was a trend toward reduced species
richness among patients with active disease, whereas those in remission showed similarities to healthy controls.''® Jangi
et al performed a secondary analysis comparing treated and untreated MS patients and noted that certain genera such as
Prevotella and Sutterella were reduced in untreated patients but returned to normal levels with treatment. Furthermore,

the genus Sarcina was only reduced in treated patients.''® Consistent with this, recent research has linked Akkermansia to

Table | Microbioota Changes in MS

Subjects Change in Abundance (P- Phyla, F- family, G-genus)
MS | Control
31 36 Blautia (G), Dorea (G), Pedobacter (G) and Flavobacterium (G), Pseudomonas (G), Mycoplana (G), Haemophilus (G s

Prevotella (G), Parabacteroides (G), Coprobacillus (G), Haemophilus (G), Adlercreutzia (G), Collinsella (G), Lactobacillus (G)|

60 43 Akkermansia (G), Methanobrevibacter (G)1 "

Butyricimonas (G) Prevotella (G) |

18 17 Bilophila (G), Desulfovibrio (G), Christensenellaceae (F) 1 e

Lachnospiraceae (F), Ruminococcaceae (F), Lachnospiraceae (F) |

23 43 Proteobacteria (P), Actinobacteria (P) 1 ne

Bacteriophages (P), Proteobacteria (P)|

45 44 Verrucomicrobiales (P) and in Akkermansia at the genus level Adlercreutzia (G), Blautia (G), Holdemania (G), and Dorea (G)?1

Prevotella (G), Slackia (G), Lachnospira (G), and Dialister (G)|

150 150 Coprobacillus (G), Lachnospiraceae (F), Coprobacillus (G), Peptoniphilus (G) and Varibaculum (G)1 12

Blautia (G), Firmicutes (G), Faecalibacterium (G), Fusicatenibacter (G) Clostridium (G)|

Note: “1” for increase, “|” for decrease.
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reduced disability in patients with progressive relapsing MS (pwMS)."!” This further supports the connection between
gut microbiota and MS pathogenesis.

Impact of Gut Microbiota on Pyroptosis in MS

Metabolic Byproducts

The link between gut microbiota and MS via pyroptosis is significantly influenced by metabolic byproducts known as
short-chain fatty acids (SCFAs), including acetate (C2), propionate (C3), and butyrate (C4). These SCFAs are produced
by beneficial bacteria within the phyla Firmicutes, Bacteroidetes, and Actinobacteria during the fermentation of dietary
fibers.'*!

In MS patients, notable declines in populations of beneficial bacteria such as Bifidobacterium, Prevotella, and
Bacillus correlate with reduced levels of these neuroprotective SCFAs.'?*!'** These acids are pivotal for modulating
gene expression and mitigating oxidative stress, processes that could potentially decelerate the progression of MS.'#412°
Butyrate and propionate are crucial for maintaining the integrity of the gut barrier.'>” This loss in barrier function
facilitates the translocation of triggers such as LPS from the gut into the CNS, exacerbating neuroinflammation and
advancing disease progression.'?®

However, the relationship between SCFAs and the pyroptosis s complex and context-dependent. Under normal
conditions, SCFAs generally inhibit the activation of the NLRP3 inflammasome and reduce the secretion of L-1B and
IL-18."2%13% However, under inflammatory conditions, SCFAs can act as danger signals that activate the NLRP3
inflammasome in immune cells. Notably, butyrate and propionate can activate the NLRP3 inflammasome in the presence
of TLR agonists.'*" Additionally, butyrate has been shown to potentiate the activation of the inflammasome induced by
Enterococcus faecalis lipoteichoic acid through the inhibition of histone deacetylases.'*? This activation of the NLRP3
inflammasome leads to the increased production of pro-inflammatory cytokines and can trigger pyroptosis in CNS cells,
contributing to the demyelination and neurodegeneration characteristic of MS. Understanding the dual role of SCFAs, as
both protective agents under normal conditions and potential exacerbators of inflammation under disease conditions, is
critical.

Bacterial Structures

The connection between bacterial structures, such as LPS found in gram-negative bacteria, and pyroptosis is increasingly
recognized as a significant factor in the pathogenesis of MS."** Once LPS crosses the BBB, it triggers the activation of
the NLRP3 inflammasome within the CNS."***® Recent studies have shifted focus from the traditionally implicated
TLR4 to caspase-11 as the initiator of GSDMD activation, which is crucial for disrupting the BBB in response to
circulating LPS or during septic conditions.'** This activation results in neuronal cell death and the release of pro-
inflammatory cytokines, exacerbating neuroinflammation and accelerating MS progression.

Moreover, emerging research has identified a significant lung-brain axis, indicating that lung infections—a known
risk factor for MS—can influence disease progression through microbial interactions. For instance, the administration of
neomycin, which increases LPS-enriched bacterial phyla, can modulate immune responses in the brain. This modulation
is particularly evident in microglial cells, which may adopt a type-I-interferon-primed state, altering their response to
autoimmune stimuli and potentially mitigating MS symptoms.'*’

Peptidoglycan (PGN), another bacterial cell wall component found in both gram-positive and negative species, has
been detected in brain tissue lesions of patients with MS."*® PGN and its fragments are highly pro-inflammatory,
signaling through TLRs, NLRs, and specialized PGN recognition proteins (PGLYRP1-4). Specifically, PGN’s component
GlcNAc inhibits mitochondrial hexokinase release and activates the NLRP3 inflammasome, leading to the cleavage of
pro-IL-1B into mature IL-1p by caspase-1."""'** PGN was immunodetected in phagocytes within demyelinating lesions
from MS patients and in non-human primate models of MS, and was found concentrated in lesions.'*

Additionally, other bacterial structures and exogenous substances like nigericin, a known potassium ionophore, are

141

known to activate the NLRP3 inflammasome, ™ underscoring the need for further detailed research in bacterial

structures.
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Neurotransmitter Effects

The influence of neurotransmitters on pyroptosis within the CNS, particularly in conditions like MS, is closely tied to the
composition and function of the gut microbiota. Gamma-aminobutyric acid (GABA), the primary inhibitory neurotransmitter
in the CNS, is produced by gut bacteria such as Lactobacillus and Bifidobacterium."**'*> GABA reduces neuronal excitability
through the hyperpolarization of neurons, thus decreasing the likelihood of neuronal cell death. By modulating the immune
response and reducing inflammation, GABA might indirectly suppress NLRP3 inflammasome activation, a key driver of
pyroptosis in MS.'** Purified antigen-presenting cells APCs have been shown to respond to GABAergic drug treatment by
reducing the production of pro-inflammatory cytokines like IL-1f and IL-6, closely linked to pyroptosis.'*’

Conversely, imbalances in serotonin and dopamine, influenced by gut microbiota, may increase neuronal excitability and
vulnerability, thereby raising the risk of pyroptosis.'*® This risk is further underscored by evidence supporting the potential
therapeutic benefits of selective serotonin reuptake inhibitors (SSRIs), which may attenuate pyroptosis by stabilizing neuro-
transmitter levels. Additionally, acetylcholine (ACh), a neurotransmitter released by the vagus nerve’s efferent fibers, has been
demonstrated in vitro to inhibit the production of pro-inflammatory cytokines in macrophages, leading to the “cholinergic anti-
inflammatory hypothesis”.'*” Decreased levels of ACh in both serum and CSF of patients, coupled with increased levels of pro-
inflammatory cytokines such as IL-1B and IL-17, further illustrate the complex interplay between neurotransmitters and
inflammatory processes in MS."'** Such neurotransmitter imbalances can lead to heightened neuronal damage in MS, emphasiz-

ing the dual role of neuroactive compounds in either protecting against or exacerbating neuronal injury.

Immune Modulation

The differentiation and balance between regulatory T cells (Tregs) and Thl7 cells play a crucial role in immune
regulation, significantly influencing MS progression. Both Tregs and Th17 cells can either alleviate or exacerbate MS,
with their development being deeply influenced by the gut microbiota.'**'*° For example, the generation of encepha-
litogenic Th cells—key players in MS pathogenesis—depends on the presence of pertussis toxin (PTX) during
immunization, highlighting the microbiota’s role in immune system priming."”’

In germ-free (GF) mice, a reduction in Th17 cells is observed. These cells are a subset of CD4+ effector T cells that
produce cytokines like IL-17A, IL-17F, IL-22, and GM-CSF. While Th17 cells are essential for defense against bacterial
and fungal infections, they contribute to destructive inflammation in autoimmune diseases such as MS.">? Elevated levels
of IL-17 mRNA have been observed in the blood and CSF of MS patients, underlining the role of Th17 cells in MS
pathophysiology.'** Certain microbial components, such as segmented filamentous bacteria (SFB), promote the differ-
entiation of pro-inflammatory Th17 cells, which exacerbate autoimmune responses.'>> Additionally, the aryl hydrocarbon
receptor (AhR), when bound to microbiota-derived ligands, further drives Th17 cell production.154 Th17 cells, in turn,
activate inflammatory pathways, including the NLRP3 inflammasome and caspase-1, leading to pyroptosis and inflam-
matory cell death, both of which are characteristic of MS pathology.'>’

Conversely, commensal bacteria such as Bacteroides fragilis contribute to immune homeostasis by promoting Treg devel-
opment through molecules like polysaccharide A (PSA).'*® These Tregs are essential for maintaining immune tolerance and
preventing autoimmune responses, key factors in MS pathogenesis.'>” "> The presence of beneficial gut bacteria enhances
immune tolerance, potentially reducing autoimmune activity and limiting inflammation and pyroptosis in the CNS. Additionally,
a study investigating the transfer of miR-30d to promote the abundance of Akkermansia found that Treg induction could alleviate
symptoms of EAE."® In mouse models, Akkermansia administration improved EAE symptoms by decreasing v8 T cells that
produce RORyt+ and IL-17, further highlighting the role of gut microbiota in regulating inflammatory responses in MS.'®!

Therapeutic Potential of Modulating Gut Microbiota

The critical role of the gut microbiota in the pathogenesis of MS underscores the potential of modulating its composition as
a promising therapeutic strategy (Table 2). This modulation can influence the gut-brain axis and, consequently, the inflammatory
and neurodegenerative processes central to MS, including the regulation of pyroptosis in the central nervous system (CNS).
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Table 2 Clinical Trials of Modulating Gut Microbiota for MS

Study Detail Intervention Results

Relapsing-remitting MS (n=9), VSL3 Probiotic: 310" MS:Intermediate monocytes| 162
healthy controls (n=13); CFU /g, MS:HLA-DR on dendritic cells|

evaluations prior to, at discontinuation, and three months | 8 strains— MS:Anti-inflammatory response halted post-
post-therapy. 4 Lactobacillus, probiotic

3 Bifidobacterium,
| Streptococcus.

Relapsing-remitting MS patients on interferon beta-|a: Probiotic: 2x10° CFU /g, | Probiotic: EDSS | Probiotic: high-sensitivity CRP 163
probiotic (n=30); L. acidophilus, serum level|
placebo comparison(n=30) L. casei, B. bifidum,

L. fermentum.

Relapsing-remitting MS patients on interferon beta-|a: Probiotic:2x 10° CFU /g, Probiotic: EDSS | Probiotic: IL-6|, IL-107 164
probiotic (n=24); B. infantis, B. lactis,
placebo comparison(n=24) L. reuteri, L. casei,

L. plantarum,

L. fermentum

165

Secondary progressive MS (n=1) FMT from her partner EDSS score stabilized
MS (n=179), SCFAs: propionic Tregs induction and functiont 166
healthy controls (n=68); acid for 14 days

Note: “1” for increase, “|” for decrease.
Abbreviation: EDSS, Expanded Disability Status Scale.

Fecal Microbiota Transplantation (FMT) and Probiotic Supplementation

Research utilizing MS mouse models has shown that transplanting gut microbiota from healthy donors can alleviate disease
symptoms, highlighting the profound impact of gut microbiota on MS progression. In contrast, microbiota from MS patients
can exacerbate the condition, indicating the potential of gut microbiota modulation in reversing or mitigating disease
symptoms. Probiotic supplementation further supports this approach by introducing beneficial bacteria that restore microbial
balance, enhance gut barrier integrity, and reduce the translocation of pro-inflammatory agents.'*®!¢%-1¢7-19° Thege interven-
tions aim to re-establish a healthy microbial environment that can directly influence immune regulation and
neuroinflammation.'’*'”" Experiments using MS mouse models have demonstrated that transplanting gut microbiota from
healthy donors can alleviate disease symptoms, whereas microbiota from MS patients exacerbates them.'”>'”* This finding
further underscores the significant impact of gut microbiota on the development and progression of MS.

SCFAs as Therapeutic Agents
Research is exploring the use of microbial metabolic products, such as SCFAs, as potential therapeutic targets for MS.'”
SCFAs, primarily produced by gut bacteria during the fermentation of dietary fibers, have been shown to possess anti-

124 Utilizing these metabolic products could

inflammatory properties and the ability to strengthen the intestinal barrier.
provide a novel means to modulate immune responses and reduce neuroinflammation in MS patients, offering a non-
invasive and potentially effective strategy to manage and possibly ameliorate the course of the disease.

The metabolic products of gut microbiota, particularly SCFAs like butyrate and propionate, are gaining
attention as potential therapeutic targets for MS.'** Produced during the fermentation of dietary fibers, SCFAs
possess anti-inflammatory properties and strengthen the intestinal barrier, thereby modulating immune responses
and reducing neuroinflammation.'*® Utilizing SCFAs could offer a novel, non-invasive strategy to manage MS by
suppressing key inflammatory pathways, such as the NLRP3 inflammasome, thus potentially reducing pyroptosis
in the CNS.'7° A high-fiber diet has been shown to alter gut microbiota and increase serum levels of interleukin-18

(IL-18) 122,123
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Figure 3 Gut-Brain Axis and Pyroptosis in MS. Gut microbiota impact MS through pyroptosis via four mechanisms: 1) Metabolic byproducts like acetate, 2) Bacterial
lipopolysaccharides (LPS), 3) Neurotransmitter modulation (serotonin, GABA), and 4) Immune interactions (Treg and Th17 cells). These pathways facilitate inflammasome
assembly, IL-1B and IL-18 production, and GSDMD cleavage, intensifying pyroptosis and MS progression.

Dietary Modifications

Adjusting dietary intake to enhance the production of beneficial metabolites like SCFAs involves increasing fiber-rich
foods that support the growth of beneficial gut bacteria and reducing inflammation-promoting foods. Such dietary
modifications not only support gut health but also enhance systemic immune regulation, which is crucial in controlling
the inflammatory responses associated with MS. The NLRP3 inflammasome is controlled by mitochondrial ROS and
oxidized mitochondrial DNA (mtDNA), is inhibited by ketone bodies. Both ketogenic and fasting diets have shown
potential in improving MS outcomes through the modulation of NLRP3, with proven effectiveness in both animal models
and humans with neurodegenerative diseases.'”’
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Conclusion

As the scientific community continues to explore the complexities of MS, the role of gut microbiota in its pathogenesis—
particularly through the mechanism of pyroptosis, a highly inflammatory form of programmed cell death—is gaining
recognition. This review highlights the significant impact that gut microbiota dysregulation has on the inflammatory
milieu of MS, highlighting how such imbalances can exacerbate symptoms and hasten disease progression by activating
pyroptotic pathways. (Figure 3). The complex relationship between gut microbiota and pyroptosis offers critical insights
into the pathogenesis of MS and highlights the potential of microbiota-centered therapies for developing novel, non-
invasive treatment strategies. The manipulation of gut microbiota, through strategies such as dictary adjustments,
probiotic supplementation, and FMT, presents a promising therapeutic frontier. These interventions aim to restore
microbial balance, suppress detrimental inflammation, and enhance neuronal protection, addressing the complex interplay
between microbial communities and neuroimmune responses that is critical in MS pathogenesis. The effectiveness of
these interventions and their precise mechanisms—particularly how they influence pyroptosis and the disease trajectory
—must be validated through rigorous clinical trials.

While the therapeutic interventions targeting gut microbiota show promise for MS, the complexity of these interac-
tions highlights the need for detailed studies to validate the efficacy and mechanisms fully. It is crucial to recognize that
despite the potential of manipulating the gut microbiota to influence MS progression, our understanding of the exact
pathways, especially how they relate to pyroptosis, remains incomplete. Future research should not only focus on
identifying specific microbiota strains that benefit MS management but also explore the temporal dynamics of microbiota
changes in relation to disease progression. This will help to determine the most effective timing for therapeutic
interventions. Additionally, given the role of pyroptosis in exacerbating MS symptoms through inflammatory responses,
further investigations into how gut microbiota influence this process could lead to novel therapeutic strategies.
Researchers should also consider the potential for developing microbiota-based therapies that could modulate pyroptosis
directly or through intermediary pathways. By addressing these complex relationships through a comprehensive, holistic
approach, the scientific community can overcome current challenges and maximize the therapeutic potential of micro-
biota-centered interventions, potentially revolutionizing MS treatment paradigms.
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