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Abstract

The human gastrointestinal tract harbors a complex and diverse microbial community.
Emerging evidence has revealed bidirectional communication between the gut microbiome
and the central nervous system, termed the “microbiota—gut-brain axis”. This axis serves as
a critical regulator of glial cell function, positioning it as an essential target for ameliorating
the onset and progression of ischemic stroke. In this review, we discuss the developments
in the relationship between ischemic stroke and neuroinflammation via MGBA. The gut
microbiome plays a critical role in signaling to microglia, astrocytes, and other immune
components within this axis. We also summarize the interactions between the gut mi-
crobiota and glial cells under both healthy and ischemic stroke conditions. Additionally,
we also focus on the role of microbiota-derived metabolites and neurotransmitters in is-
chemic stroke. Furthermore, we investigate the potential of targeting the intestinal and
blood-brain barriers to improve MGBA. Finally, we evaluate the preclinical and clinical
evidence for dietary interventions, probiotics, prebiotics, and fecal microbiota transplan-
tation in ischemic stroke. A comprehensive understanding of the MGBA is essential for
developing MGBA-based treatment for ischemic stroke.

Keywords: ischemic stroke; microbiome-gut-brain axis; neuroinflammation; gut-derived
metabolites; neurotransmitters; microglia

1. Introduction

The CNS (central nervous system) and the GIT (gastrointestinal tract) are increas-
ingly recognized for their intricate bidirectional interactions, which are mediated through
chemical signals and mutual influences on the homeostasis of both systems. The MGBA
(microbiota—gut-brain axis), a new concept, was introduced to explain the complex rela-
tionship between intestinal microbiota and the host [1]. Recent studies have underscored
the critical role of the gut microbiota in this axis, particularly in the pathophysiology of
neurological and psychiatric disorders [2].

As one of the most prevalent neurological disorders, stroke remains a leading cause
of disability and mortality worldwide, imposing a considerable burden on individuals,
families, and healthcare systems [3,4]. Ischemic stroke occurs due to brain tissue necrosis
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caused by insufficient or interrupted blood flow. The gut microbiota, along with its metabo-
lites, plays a pivotal role in the pathophysiology of ischemic stroke, primarily through
inflammatory mechanisms. Nearly half of stroke patients develop gastrointestinal com-
plications, such as motility disorders, dysphagia, fecal incontinence, leaky gut, intestinal
bleeding, and, in severe cases, enterogenic sepsis [5]. Studies indicate that stroke patients
with severe gut dysbiosis may experience poorer neurological outcomes [6], suggesting a
potential role of the gut microbiota in influencing stroke recovery in humans [7,8].
Following a stroke, intestinal microbial dysbiosis triggers an increase in intestinal
permeability and activation of the intestinal immune system. This disruption enables the
entry of ectopic intestinal bacteria and pro-inflammatory cells into the brain tissue via the
compromised BBB (blood-brain barrier), exacerbating ischemia-reperfusion injury [8,9].
Notably, certain metabolites produced by the gut microbiota after a stroke have been shown
to attenuate ischemia—reperfusion injury by modulating the post-stroke inflammatory
response and promoting neurological repair. In this review, we elucidate the changes in the
gut flora at various stages after ischemic stroke, providing a comprehensive overview of
recent research advances into the MGBA and its involvement in AIS (acute ischemic stroke),
with a particular focus on the inflammatory and immune responses following a stroke.

Microbiome—Gut—Brain Axis

The concept of the MGBA was first introduced by Sudo et al. in 2004 [10], a communi-
cation network encompassing the gut, nervous system (central, autonomic, and enteric),
HPA (hypothalamic—pituitary—adrenal) axis, the neuroendocrine system, the immune sys-
tem, gut microbiota, intestinal mucosal barrier, and the BBB [11]. This concept underlies the
dynamic bidirectional communications that exist between the CNS and the GIT, functioning
through three main pathways: immune, neuronal (including the sympathetic, parasympa-
thetic, and enteric nervous systems), and endocrine (involving the HPA axis) [12]. These
pathways facilitate dynamic interactions among gut microbiota, gut metabolism, and the
CNS, ultimately influencing brain function (Figure 1). A crucial aspect of this axis is the
bidirectional communication system that links the gut microbiota and the brain. The CNS
transmits signals to the gut, regulating functions such as peristalsis, mucus secretion, and
the mucosal immune system, influencing the diversity of gut bacteria through the ANS
(autonomic nervous system). On the other hand, gut bacteria communicate with the CNS
and immune system by releasing neurotransmitters, metabolites, and immune mediators,
which can either ameliorate or exacerbate brain-related conditions [13,14].

There are unique microbiomes in almost every ecological niche of our body, with the
major sites of colonization being the skin, respiratory tract, genitourinary tract, eyes, and
GIT [15]. Significant advancements in sequencing technologies and the development of
microbiome bioinformatics tools have made it increasingly affordable to analyze microbiota
composition. To date, 2172 species have been identified across the human bodies, including
12 different phyla, with 386 species of anaerobic bacteria thriving in the mucosal regions,
such as the GIT and oral cavity [16]. While the oral and pulmonary microbiota are critical,
the majority of our microbial residents reside in the gut, which houses a diverse array of
microorganisms, including yeasts, archaea, helminths, viruses, protozoa, and bacteria—the
latter has been the most extensively studied [15].

In humans, these microorganisms serve diverse functions, such as synthesizing vita-
mins B and K, producing derivatives such as SCFAs (short-chain fatty acids), bile acids,
TMAO (trimethylamine N-oxide), LPS (lipopolysaccharides), and phenylacetylglutamine.
Moreover, they are instrumental in metabolizing key compounds like amino acids (e.g.,
glycine, glutamic acid, Gamma-Aminobutyric Acid (GABA), aspartic acid), peptides (e.g.,
vasopressin, somatostatin, neurotensin), biogenic amines (e.g., norepinephrine, serotonin,
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dopamine), and ACh (Acetylcholine) [16]. They also ferment undigested carbohydrates
and defend against pathogens. Ideally, the bacterial community residing in the gut should
have evolved to function in a symbiotic manner with the host, facilitating digestion and
fostering an appropriate immune response.

The microbiota-gut-brain axis

Autonomic nervous system(ANS) Vagus nerve(VN) activation
Enteric nervous system(ENS) LEELENED Blood-brain barrier integrity
Neurotransmitters
Hypothalamus-pituitary-adrenal(HPA) Endotoxin activation
Hormones
Immune system Intestinal metabolites release

Figure 1. The microbiota—gut-brain axis. The bidirectional communication between the gut micro-
biome and the brain occurs via gut metabolites, neurotransmitters, and hormones, involving the
ANS, enteric nervous system, HPA axis, and immune system. Changes in gut microbiota can activate
the vagus nerve, affect BBB integrity, trigger endotoxin responses, and release intestinal metabolites.

However, dysbiosis of the gut can lead to excessive bacterial growth in the intestinal
region, resulting in an increase in the permeability barrier and the induction of systemic
inflammation. This inflammatory cascade overactivates the immune system, setting the
stage for the development of various diseases [17]. A notable clinical example of this is
hepatic encephalopathy, where targeting the microbiota with antibiotics can help reduce
ammonia production in the gut, a key contributor to this disease [18]. By altering the
gut microbiome, antibiotics may improve cognitive function and overall outcomes in
patients suffering from this condition, and this also synergizes with the concept of the
microbiome-gut-brain axis.

So far, the MGBA has been implicated in a wide range of diseases, including neu-
rodegenerative conditions such as Alzheimer’s disease, Parkinson’s disease, and ALS
(amyotrophic lateral sclerosis). It also plays a role in ischemic stroke, depression, autism
spectrum disorder, dementia, mild cognitive impairment, multiple sclerosis, inflammatory
bowel disease, drug-resistant epilepsy, and insomnia. These diverse conditions underscore
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the importance of understanding the MGBA as a potential therapeutic target for a variety
of neurological and systemic disorders [19].

2. Pathophysiology of Acute Ischemic Stroke

AIS occurs when there is a severe reduction in cerebral blood flow, leading to focal
hypoperfusion in the affected region. This oxygen and nutrient deprivation lead to neuronal
cell death and irreversible tissue damage, known as the core infarction. Surrounding
this core is the penumbra, an area of tissue with markedly reduced blood flow that still
maintains viability above the threshold for cell death. This penumbral tissue remains
vulnerable and can survive for several hours, making timely reperfusion critical to rescue
these cells and prevent further damage to the brain [20,21].

With the advancement of modern technology, imaging techniques like computed
tomography perfusion or MRI, which play a crucial role in identifying salvageable penum-
bral tissue, guide decisions on reperfusion therapies such as tissue plasminogen activators
and mechanical thrombectomy, which are designed to restore blood flow and minimize
ischemic damage in the acute phase of ischemic stroke [22-24].

In addition, the initial ischemic event can also trigger the onset of secondary brain
injury mechanisms. These mechanisms evolve over time and include oxidative stress, exci-
totoxicity, calcium dysregulation, cortical spreading depression, BBB disruption, cerebral
edema, and neuroinflammation, among others [25]. Among these factors, neuroinflam-
mation is particularly pivotal, as it can either lead to cell death and exacerbate brain
damage or aid in neurological recovery. During these processes, pro-inflammatory signals
generated by immune mediators rapidly activate resident cells, such as microglia and
astrocytes, and promote the infiltration of various inflammatory cells (e.g., neutrophils,
monocytes/macrophages, and T cells) into the ischemic area [26]. This inflammatory re-
sponse, while initially protective, can become maladaptive if unchecked, worsening the
extent of tissue injury and hindering recovery. The intricate balance between beneficial
and detrimental inflammation is therefore crucial in determining the trajectory of recovery
following an ischemic stroke.

3. Inflammation and Immune Response After Ischemic Stroke

In AIS, the deprivation of oxygen and nutrients triggers a cascade of inflammatory
responses that exacerbate brain injury and disrupt the integrity of the BBB. The breakdown
of the BBB during the early stages of ischemic stroke allows intestinal bacteria and their
byproducts to enter the bloodstream, initiating systemic inflammation. This systemic
inflammation further exacerbates brain damage and impairs neural function recovery
following a stroke. Moreover, the dysregulation of the gut microbiota due to stroke can
impact overall health and directly worsen neurological outcomes. Notably, the crosstalk
between the brain and the gut plays a significant role in the pathophysiology of ischemic
stroke onset, progression, and recovery, particularly through neuroimmune interactions. In
this chapter, we discussed several key immune cells in both the CNS and the GIT, which
engage in the whole process of post-stroke inflammatory response (Table 1).

Table 1. Post-stroke Inflammatory cells in MGBA.

Cell Types Mechanisms
1. M1 phenotype —Secretion of pro-inflammatory TNF-«, IL-1§3, IL-6,
Microglia Pro-inflammation IL-12, and IL-23.

2. Ischemic core-associated microglia (ICAM) summoning peripheral
immune cells to further infiltrate the CNS.




Biomolecules 2025, 15, 920

5of 39

Table 1. Cont.

Cell Types Mechanisms
1. M2 phenotype — Secretion of anti-inflammatory IL-10.
. . 2. Ischemic penumbra-associated microglia (IPAM) boost
Anti-inflammation .. . ;
anti-inflammatory metabolic properties and
neuro-/myelin-protection.
1. TLR4/NF-kB: Induces release of IL-1p and TNF-«,
Pro-infl i amplifying neuroinflammation.
ro-miiammation 2. CBa-C3aR: Complement activation promotes CSPG deposition/
A fibrosis— Impedes axonal regeneration.
strocyte
1.  Glutamate Uptake: Reduces excitotoxicity.
Anti-inflammation 2. BDNF Secretion: Maintains synaptic plasticity
3. Astrocyte fibrosis: a physical barrier to limit inflammatory spread.
1. NF-«B activation — Upregulates IL-6, TNF-«, IL-1(3.
2. DCsin peripheral lymph nodes upregulate CD40/CD80 —
. . Activate naive T cells (Th1/Th17) — T cells migrate to the brain via
Pro-infl t
rohtiatmation disrupted BBB:(1) Thl cells: release IFN-y — Drives microglial M1
polarization; (2) Th17 cells: release IL-17A — Activates astrocytes
— CXCL1 production — Neutrophil recruitment.
Dendritic cell 1. DCreg surface PD-L1 binds to PD-1 on T cells — Inhibits TCR
signaling — Suppresses IFN-y (Th1) and IL-17 (Th17) production,
Reducing T cell-mediated neuroinflammation and
Anti-inflammation neuronal damage . . .
2. DCreg overexpress indoleamine 2,3-dioxygenase (IDO):
(1) Depletes local tryptophan (Trp) — Blocks T cell proliferation
(G1 phase arrest); (2) accumulates kynurenine (Kyn) binds AHR on
T cells — Induces apoptosis/anergy.
1. Thl Cells: IFN-y binds to microglial IFN-yR — Activates
: . STAT1/JAK2 pathway — Drives M1 polarization.
Pro-infl t
FOTTAIMAtON 5 Th17 Cells: IL-17A binds to astrocytic IL-17R — NF-kB —
. CXCL1/CXCL2 release — Neutrophil chemotaxis.
Other immune
components . -
1.  Regulatory T Cells activate STAT3-dependent IL-10 transcription
. . Binds to IL-10R on microglia — Suppresses NF-kB signaling:
Anti-infl t - 8 19 & &
nhmtammation 2. Downregulates pro-inflammatory cytokines (TNF-«, IL-1f3).
3.  attenuates microglial M1 polarization and oxidative stress

3.1. Role of Microglia in Ischemic Stroke

When discussing immune cells within the CNS, microglia inevitably warrant par-
ticular emphasis. Microglia—the resident immune cells of the CNS—undergo dynamic
functional and phenotypic transformations in response to brain injury [27]. These changes
are particularly well-characterized in the Middle Cerebral Artery Occlusion (MCAQO) model,
which serves as the gold standard experimental paradigm for ischemic stroke research
in rodents [28]. This model recapitulates the key pathophysiological features of human
stroke through surgical occlusion of the middle cerebral artery (MCA), with both transient
(tMCAO) and permanent (pMCAO) variants allowing for an investigation of different
ischemic durations. Under homeostatic conditions, microglia perform a variety of essential
physiological functions, including regulating neurogenesis and angiogenesis, maintaining
BBB integrity, synaptic pruning and remodeling, facilitating synaptic transmission, support-
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ing myelin health, and engaging in the phagocytosis and clearance of apoptotic neurons
and debris [29]. Notably, a recent single-cell RNA sequencing study revealed two distinct
microglial subclusters that exhibit differential activation patterns under MCAO-induced
ischemic conditions [30]. These two subclusters located in different regions of the ischemic
brain: ICAM (ischemic core-associated microglia) in the infarcted area and IPAM (ischemic
penumbra-associated microglia) in the surrounding penumbra [30]. These subclusters
exhibit distinct functional and metabolic profiles, as demonstrated by GSVA (gene set varia-
tion analysis) (Figure 2). It was found that ICAM primarily relies on glycolysis, suggesting
that they shift towards anaerobic metabolic pathways in response to ischemic injury. IPAM
depend on the TCA (tricarboxylic acid) cycle and oxidative phosphorylation, indicative of a
more oxidative metabolic profile. This metabolic divergence is linked to their distinct roles
in stroke pathology. ICAM are associated with excessive pro-inflammatory responses and
enhanced chemotaxis, suggesting they may contribute to tissue damage and exacerbate
the acute inflammatory response during ischemic stroke. Their hyperactivation could
accelerate neuronal injury and worsen stroke outcomes.

Microglial subclusters in ischemic stroke

ot '{i =y -
FL
‘ i 2

YO <

2= Ischemic core

Ischemic penumbra

]
* Induced by DAMPs + Triggered by glucocorticoid
* Fueled by glycolysis + Powered by TCA cycle and oxphos
* Pro-inflammatory cytokines { + Lipid metabolism
+ Chemokines f * Pro-inflammatory cytokines |
* Regulated by FOSL1, BACH1 * Myelinotrophic properties

Figure 2. Microglia clusters in ischemic stroke. () ICAM locate at the core of the inferction area, and
are triggered by DAMPs (damage-associated molecular patterns) and powered by glycolysis. They
act as a pro-inflammatory catalyst, summoning peripheral immune cells to further infiltrate the CNS,
intensifying cerebral ischemic injury in its acute stage. @ IPAM surrounding around the ischemic
lesion, fueled by the TCA cycle and oxidative phosphorylation, boast anti-inflammatory metabolic
properties and potential neuro- and myelin-protective effects.

In comparison, IPAM display enriched metabolic pathways related to amino acids,
lipids, and carbohydrates. Since lipid metabolites are essential components of myelin,
IPAM may compensate for the loss of oligodendrocyte function by supplying lipid com-
ponents. The role of lipid metabolites in neuroinflammation has been well-documented,
and the anti-inflammatory properties of sphingolipid signaling are of increasing interest in
neurodegenerative and neuroinflammatory research. The balance between these microglial
subtypes and their metabolic pathways may therefore be a critical factor in determining
stroke outcomes, influencing both the progression of neuroinflammation and the potential
for recovery.
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3.2. Microglial Activation and Its Dual Role in Post-Ischemic Stroke Inflammation

Microglial cells exhibit distinct functional states at different stages following ischemic
stroke, positioning them as key players with dual roles in neuro-injury and neuroprotection
(Figure 3). Early neuroinflammation, driven by microglial activation, serves as an adap-
tive microglial mechanism, providing neuroprotective effects by facilitating tissue repair,
clearing cellular debris, and eliminating pathogens.

Dual roles of microglia in ischemic stroke

Resting microglia
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Figure 3. Dual roles of microglia in ischemic stroke. Upon the onset of ischemic stroke, quiescent
microglial cells are activated in three ways. DAMPs bind to both P2PRs (P2XRs, P2YRs) and pat-
tern recognition receptors (PRRs) (TLRs, NLRs, CLRs) on dormant microglia, inducing microglia
activation. Additionally, post-stroke neuronal death leads to loss of immunosuppressants (CD200)
and Chemokine (CX3CL1) on the neural surface, augmenting microglial activation. Acute stage:
Microglia activates and migrates to the infarct area, exhibiting neurotoxic influences and worsening
post-stroke neuroinflammation. (D) Pro-inflammatory mediators released by microglia increase the
BBB permeability. 2) Overactivated microglia accelerate neural death. (3) Excitotoxicity is caused
by excessive levels of glutamate and inflammatory chemokines. () Excessive phagocytosis: Surviv-
ing damaged neurons are identified by MFG-E8 (milk fat globule EGF factor 8) and combine with
MerTK (Mer tyrosine kinase), inducing phagocytic cell death. Later stage: (&) Anti-inflammatory
cytokines aid in neural repair and regeneration. (6 Synaptic remodeling is initiated by IL-10 via
the JAK1/STATS3 signaling pathway. (7) Both IL-6 and IGF-1 contribute to the increasing neuronal
connectivity through re-establishment of the neural network. ® CD36 and TREM?2 (triggering re-
ceptor expressed on myeloid cells 2) are primary phagocyte receptors on macrophages, facilitating
microglial phagocytosis of post-stroke debris and DAMPs.

Following ischemic stroke, DAMPs are released, activating the PRRs on microglia.
Additionally, accumulated ATP (adenosine triphosphate) and UDP (uridine triphosphate)
in the ischemic tissue can activate P2 purinergic receptors on microglia. These events,
coupled with the loss of immunosuppressants and chemokines from the neuronal surface,
amplify microglial activation, leading to a vicious cycle of overactivation. This hyperactivity
of microglia contributes to increased neuronal death and intensifies neuroinflammation,
worsening the overall brain injury. In the late stage of AIS, activated microglia adopt a
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neuroprotective role, helping to mitigate excessive inflammation and restore homeostasis
within the brain. Also, as the primary phagocytic cells in brain tissue, microglia can quickly
clear cellular debris, reduce DAMPs, and protect the brain from secondary inflammatory
response damage, promoting the recovery of nerve function and the re-establishment of
the neural network.

Upon the onset of an ischemic stroke, quiescent microglia are rapidly activated and
move towards the M1 subtype, initiating an inflammatory cascade characterized by the
secretion of various cytokines and chemokines. This M1-driven inflammatory response
disrupts the BBB and contributes to neuronal death. Conversely, microglia can also shift to
the M2 subtype, which exhibits neuroprotective properties and secretes anti-inflammatory
factors to facilitate tissue regeneration and repair [31]. The M1 subtype has been implicated
in the generation of Th1 cells, with M1-polarized macrophages mediating the differentiation
of helper T cells into Th1 and Th17 subsets. Given its pro-inflammatory nature, the M1
subtype can replace the M2 subtype, thereby perpetuating the inflammatory cycle.

The expression of major histocompatibility MHC-II (complex class II), along with
CD16/32, CD40, and CD86 on the surface of M1 microglia, further stimulates the produc-
tion of pro-inflammatory cytokines, such as TNF-«, IL-1f3, IL-6, IL-12, and IL-23. Further-
more, microglia gradually lose their homeostatic signatures and become activated with
age or in pathological conditions, adopting disease-associated phenotypes that release
pro-inflammatory cytokines and chemokines [32]. Several genetically distinct microglial
subtypes have been identified, including homeostatic microglia and “disease-associated
microglia” (DAM) or the “microglial neurodegenerative phenotype”. Therefore, targeting
the M1/M2 phenotypic switch of microglia or the DAM and the microglial neurodegenera-
tive phenotype in the post-stroke period holds great promise as a therapeutic strategy to
modulate neuroinflammation and promote recovery [33].

Given this, numerous clinical and laboratory studies have focused on exploring targets
for intervention in microglial differentiation. Emerging evidence indicates that different
dietary fibers can significantly modify the gut microbiome’s composition and function in
obese mice on a high-fat diet [34,35]. This intervention is crucial for improving microglial
cell maturation, which is essential for optimal brain function and health [36]. In addition
to regulating microglial homeostasis, metabolites from gut microbes play a crucial role in
triggering microglial cell death. Elevated concentrations of metabolites produced by gut
microbes can cross the BBB, triggering programmed cell death in microglial cells. This
process, which becomes more pronounced with advancing age, may contribute to the
neuroinflammatory milieu observed in neurodegenerative diseases.

Among the gut-derived metabolites, SCFAs warrant particular attention due to their
indispensable role in regulating microglial differentiation. SCFAs are important metabolic
by-products of fiber digestion by gut bacteria, including acetate, propionate, and butyrate,
which influence microglial behavior and function, ensuring proper development and acti-
vation in response to various signals from the body. The ability of the gut microbiome to
influence microglial activation highlights the importance of the gut-brain axis in maintain-
ing neural health. In certain pathological conditions, impaired microglial phagocytosis can
result in the accumulation of toxic compounds, and excessive microglial activity may lead
to neuronal loss and neurodegeneration through the phagocytosis of neurons [37].

In MCAO mouse models, supplementation with SCFAs significantly improved the
recovery of motor function in the affected limb [38]. This improvement is believed to
be mediated by the modulation of microglial activity. Following ischemic stroke, the
intestinal flora activates microglia by producing endogenous AHR (aryl hydrocarbon
receptor) ligands and SCFAs, which exert neuroprotective effects. The gut flora metabolizes
tryptophan into AHR ligand-forming metabolites, which modulate microglial activation in
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neuroinflammatory conditions through their action on the microglial AHR [39,40]. This
signaling pathway plays a pivotal role in the neuroprotective effects observed in the context
of stroke and offers a potential therapeutic avenue for mitigating neuroinflammation and
promoting recovery after ischemic events.

While gut-derived metabolites (e.g., SCFAs) have been the focus, emerging evidence
underscores the indispensable roles of ApoE (Apolipoprotein E) and T cells in modulating
microglial differentiation. Recent findings have clarified the complex interactions among
microglia, ApoE, and T cells in neurological diseases [41]. ApoE, a lipid and cholesterol
transporter, plays multiple roles in the CNS, including the regulation of microglial and
astrocytic function, the maintenance of cerebrovascular and BBB integrity, myelin dynamics,
and the modulation of neuronal network activity. Furthermore, T-cell infiltration into the
CNS s critical for the activation of microglia and astrocytes in animal models of ALS [42]. In
these models, treatment with natalizumab, which reduces immune cell recruitment, resulted
in a significant reduction in pathological changes within the CNS, including decreased
motor neuron degeneration, delayed onset of paralysis, and increased survival. These
findings highlight the potential therapeutic benefit of targeting the signaling pathways
between microglia and T cells to modulate neuroinflammation and improve outcomes in
neurodegenerative diseases.

3.3. Other Immune Participants in Ischemic Stroke

The GIT is a key immune organ in the body, containing approximately 70% of immune
cells [43], including a diverse array of immune cell types, such as B cells, Treg (regulatory T
cells), macrophages, dendritic cells, y8T cells, 3T cells, and others. The intestinal mucosal
immune system can be divided into three parts involved in defense: the columnar epithelial
cell layer, the lamina propria, and the gut-associated lymphoid tissue. The intestinal
mucosal immune defense comprises two distinct categories of sites: the immune effector
sites and the immune inductive sites [43]. These sites collectively regulate a vast array of
gut bacteria, maintaining a balance between tolerance of commensal microorganisms and
effective immune regulation [44].

Inflammation and immunity play a crucial role in the pathophysiology of ischemic
stroke, influencing all stages of the disease, from the development of risk factors to neu-
rotoxicity and tissue remodeling during recovery [45,46]. Experimental research using
rodent models has underscored the critical role of the immune system in stroke, particularly
the brain-infiltrating lymphocytes originating from the intestinal immune compartment.
These lymphocytes facilitate communication along the gut-brain axis, a key process in the
neuroinflammatory response following ischemic injury [47-50].

The neuroinflammatory response in the brain is triggered and sustained by various
components of the ischemic injury process, including necrotic cells, debris, and ROS (reac-
tive oxygen species) [51]. This response involves the activation of resident inflammatory
cells, the release of inflammatory mediators, and the migration of leukocytes across the
BBB [52]. This, in turn, activates T and B lymphocytes, initiating an adaptive immune
response [53]. In vivo cell-tracking studies, such as those conducted by V. Singh, have
demonstrated the migration of intestinal lymphocytes to the ischemic brain, highlighting
the integral role of the gut in modulating the immune response in stroke [54].

The neuroinflammatory cascade following ischemic injury is initiated by necrotic and
apoptotic cells releasing DAMPs (e.g., HMGBI, ATP), which activate microglia through
TLR4 (Toll-like receptor 4)/NLRP3 pathways [46]. This process is exacerbated by ROS:
while the ischemic core shows sustained, high-level ROS (O, ~, H,O,) due to mitochondrial
collapse (Complex I/1Il inhibition and mPTP opening), the penumbra exhibits moderate,
partially reversible ROS increases, mediated by the Nrf2/ARE antioxidant response [45,55].
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In reaction to ischemic injury, necrotic cells, debris, and ROS participate in a second phase
of immune activation—neuroinflammation, during which the neutrophils, microglia or
macrophages, mast cells, lymphocytes, and NK T-cells are mobilized to the site of injury
to initiate the neuroimmune response [56]. The activation of PRRs on these immune
cells triggers the production of pro-inflammatory cytokines, such as IL-13 and TNF-«,
which create an inflammatory environment, characterized by an increase in IL-17, perforin,
granzyme and reactive oxidants, contributing to the worsening of tissue damage [57].

The necrotic tissues and brain cells release CNS-specific cryptic antigens, which can
be recognized by APCs (antigen-presenting cells) in the brain. These APCs then migrate
through the meningeal lymphatics into the peripheral circulation, eventually reaching
the lymphoid organs, where they promote the differentiation of T and B cells. These
differentiated self-reactive lymphocytes return to the brain tissue, potentially contribut-
ing to post-stroke sequelae, including chronic neuroinflammation and further neuronal
injury [58].

T cell subsets play pivotal roles in this process, including both helper T cells (Th) and
Treg. Both CD4+ and CD8+ T cell counts significantly increase after stroke, correlating
with poorer functional outcomes. CD4+ T cells play a crucial role in the adaptive immune
response within the intestine and can differentiate into various subtypes, including Th1,
Th2, Th17 cells, and Tregs. Pro-inflammatory subsets, specifically Th1l and Th17 cells,
can promote neuroinflammation [53,59]. Thl cells exacerbate neuroinflammation and
the activation of microglia by secreting cytokines such as IL-2, IL-12, and IFN-y (Zhang
etal., 2024 [59]). Th17 cells, on the other hand, can activate matrix metalloproteinases and
contribute to the destruction of the BBB structure by producing cytokines such as IL-17A,
IL-17F, and IL-22 [2,53,60,61].

Notably, the cytokine profiles also differ regionally (Table 2): the core is dominated by
pro-inflammatory TNF-oc and IL-1p from dying neurons and activated microglia, whereas
the penumbra shows mixed signals, including anti-inflammatory IL-10 and TGF-3 from
infiltrating Tregs. Mitochondrial dysfunction plays a central role, with macrophages’
depolarization impairing ATP synthesis (leading to excitotoxicity) and released mtDNA
fueling cGAS-STING-mediated neuroinflammation [62].

Table 2. The Key Differences Between Reginal Heterogeneity in Ischemic Brain.

Parameter Core Infarction Penumbra Region References
Pathology Irreversible Reversible [46]
1. DWI: Hyperintense signal L .PWI_DWI mismatch: a
MR (ADC < 620 x 10~ mm?2/s) mismatch volume on PWI and [22]
2 FLAIR: h int YN DWI lesion (PWI-Tmax > 6 s) [23]
Newroimasi : - hypenntense 2. FLAIR: Negative
euroimaging _
1. CBV < 40%; CBF < 30% (1c1§1?E§(])3/V ‘é‘és\rl“a“h
CT 2. Tmax: No flow o [24]
(unmeasurable) normal/mildly’)
2. Tmax>6s
ROS Severe T Moderate? [45,46]
(Nox2-driven, persistent) (transient, Nrf2-inducible) [55]
IL-107, TGF-B1 (mixed kinds
. Neuro- Cytokines ;IE\_I 1F é?ﬁt dominant cytokines) of both destructive and [30]
1r]13ﬂammlitory y protective cytokines)
iomarkers
. . M1-polarized M2-polarized
Microglia (pro-inflammatory) (anti-inflammatory) (30,311
p y y
Cell Death  Necroptosis Apoptosis [46]
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Table 2. Cont.
Parameter Core Infarction Penumbra Region References
High risk with reperfusion Primary target for
Clinical Implications therapy (hemorrhagic reperfusion therapy [22-24,43]
transformation) (thrombectomy /thrombolysis)
Outcomes Functional Loss Neuro/angiogenesis [46]

DWI (diffusion-weighted imaging); PWI (perfusion-weighted imaging); ADC (apparent diffusion coefficient);
CBEF (cerebral blood flow); CBV (cerebral blood volume).

4, The Microbiome-Gut-Brain Axis in Ischemic Stroke

Multiple animal experiments and clinical evidence now suggest that there is bidirec-
tional communication and interaction between the post-stroke brain and the GIT [59,63-65].
Two studies by Kaiyu Xu and colleagues explored post-stroke gut dysbiosis and its con-
nection to stroke outcomes. They found significant differences in gut microbiota between
stroke patients and healthy controls during the acute and subacute phases, with these
disparities resolving during the recovery phase. Using an MCAQO model in mice, they con-
firmed a link between gut dysbiosis and poor stroke outcomes [66]. However, the precise
changes in the gut microbiota during post-stroke recovery remain poorly understood [67].

Several mechanisms, including glutamate excitotoxicity, calcium overload, neuroin-
flammation, oxidative stress, mitochondrial damage, and apoptosis, have been identified
as contributors to the development of stroke [56]. A comprehensive analysis by Han
et al., which reviewed 660 papers published between 2002 and 2021, explored the co-
occurrence of stroke and gut microbiota [2]. They discovered that gut microbes can impact
stroke by influencing metabolism, inflammation, and cardiovascular health. For instance,
microbiota-derived SCFAs (e.g., butyrate) enhance energy supply by improving mitochon-
drial function [68], while tryptophan metabolites (e.g., kynurenine) modulate neuronal
survival through AHR signaling [69]. The review also highlighted eight research hotspots
for the next two decades, including the MGBA, FMT (fecal microbiome transplantation),
gut microbiota, hypertension, TMAO, ischemic stroke, and neuroinflammation [2]. FMT is
a therapeutic procedure involving the transfer of processed fecal material from a healthy
donor into the GIT of a recipient to restore a balanced gut microbial eco-system. Re-
cent investigations by researcher Dingzhi C. demonstrated that FMT administration in
MCAO model rats resulted in (1) the restoration of intestinal homeostasis, (2) significant
improvement in neurological function recovery, and (3) a marked reduction in cerebral
infarct volume. Furthermore, the study revealed that FMT treatment effectively suppressed
microglial hyperactivation in the ischemic brain tissue of these experimental animals [62].

4.1. Gut Microbiota-Derived Metabolites in Ischemic Stroke
4.1.1. SCFAs Mitigate Neuroinflammation and Post-Stroke Recovery

Building upon the role of gut microbiota in regulating inflammation, SCFAs have
emerged as key microbial metabolites with neuroprotective potential. SCFAs are saturated
fatty acids containing one to six carbon atoms, with acetate (C2), propionate (C3), and
butyrate (C4) being the primary types present in the human body [70]. Numerous stud-
ies have demonstrated a link between SCFAs and various physiological processes in the
human body, including the regulation of immunity [71,72], the maintenance of intestinal
homeostasis [73-75], cholesterol metabolism [76], and the control of glucose and energy
homeostasis [77-79]. In addition, SCFAs can influence brain function by directly crossing
the BBB, where they modulate neuroinflammation and contribute to post-stroke recovery.
SCFAs act as endogenous ligands for GPCRs (G protein-coupled receptors) and modulate
gene expression by HDACs (inhibiting histone deacetylases) [80]. GPCRs are crucial for
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the nervous system’s precise response to external stimuli and internal states. SCFAs bind
to GPCRs and modulate gene expression by HDACs, which are involved in chromatin
remodeling and gene regulation, contributing to the regulation of inflammatory responses,
neuronal survival, and tissue repair in the brain, highlighting their potential as therapeutic
agents in stroke recovery [81] (Figure 4a). Examples include GPR43 (also known as FFAR2),
GPR41 (FFAR3), and GPR109A, which are activated by butyrate and (3-D-hydroxybutyrate.
These receptors play a pivotal role in regulating the inflammatory response in the brain [80].
It has been demonstrated that FFAR2-deficient SPF (specific pathogen-free) mice displayed
microglial defects similar to those observed in GF (germ-free) mice, indicating the impor-
tance of SCFA-receptor signaling in microglial function [82]. Additionally, one of the major
SCFAs, acetate, demonstrated anti-inflammatory effects in AB-induced BV-2 microglial
cells by upregulating GPR41 and inhibiting the ERK/JNK/NF-«B signaling pathway [42].

Gut Microbiota-derived metabolites in ischemic stroke
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Figure 4. Gut microbiota-derived metabolites in ischemic stroke. (a) SCFAs exert their neuropro-
tective effects by acting as endogenous ligands for GPCRs and modulating gene expression by
HDAC:s. (b) Trimethylamine N-oxide promotes neuroinflammation by initiating atherosclerosis,
as well as through calcium overload, platelet aggregation, and an increase in BBB permeability.
(c) Lipopolysaccharide (LPS) identifies TLR4, increasing NF-kB activation and neuroinflammation,
and thereby disrupting the intestinal barrier and the BBB. (d) Tryptophan and indole derivatives
activate microglial AHR and Progesterone X receptor (PXR) signaling to increase the intestinal barrier
and inhibit microglial activation and neuroinflammation.

Acetate and butyrate have also been found to suppress inflammatory response in LPS-
stimulated primary microglia through inhibiting histone deacetylase activity and NF-«B
activation [83]. Furthermore, both propionate and butyrate reduce microglial activation and
pro-inflammatory factors by inhibiting HDAC1 expression in GF mice, further emphasizing
the regulatory role of SCFAs in neuroinflammation [84].
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Another special kind of SCFA, the NaB (Sodium butyrate), a histone deacetylase
inhibitor produced by the bacterium Bacteroides butyratrophicus, is able to cross the BBB.
NaB has been shown to reduce oxidative stress within the brain, which in turn enhances
the neuroprotectant insulin-like growth factor 1 (IGF-1) in peripheral tissues. The reduction
in oxidative stress and IGF-1 expression ultimately leads to a decrease in the expression
of pro-inflammatory cytokines in the serum. Consequently, NaB can effectively attenuate
brain damage that may occur following a stroke [85].

4.1.2. Trimethylamine N-Oxide Promotes Neuroinflammation and Worsens Stroke Outcome

TMAOQ, a metabolite produced by the gut, has been associated with stroke and various
cardiovascular disorders, including atrial fibrillation, diabetes, congestive heart failure,
chronic kidney disease, and both coronary and peripheral artery diseases [86]. It is widely
acknowledged that TMAO is produced when dietary choline, phosphatidylcholine, and L-
carnitine are metabolized by gut microbiota into trimethylamine (TMA), and subsequently
absorbed and oxidized in the liver to form TMAO [87,88].

TMAO supplementation has been shown to impair cognition in mice by promoting
neuroinflammation and disrupting the integrity of the intestinal barrier and the BBB, con-
tributing to worsened stroke outcomes [89]. Notably, the probiotic Lactobacillus plantarum
has been found to effectively reshape the gut microbiota and reduce TMAOQ levels in mice,
thereby alleviating neuroinflammation and neurodegeneration [90] (Figure 4b). This sug-
gests that modulation of the gut microbiome to reduce TMAOQO production could represent
a promising strategy for mitigating neuroinflammation and improving stroke outcomes.

Clinically, elevated TMAO levels demonstrate three cardinal pathological effects: a
pro-thrombotic state (increased platelet aggregation and thrombus formation), vascular
endothelial impairment (decreased vasodilation capacity), and systemic inflammation (via
NLRP3-dependent cytokine production) [86,91]. A nested case—control study within a
Chinese ethnic group revealed a significant association between higher levels of TMAO
and an increased risk of first-time ischemic stroke, particularly among hypertensive pa-
tients [92]. In terms of hypertension, TMAO drives a self-perpetuating pathological cycle
linking hypertension and ischemic stroke [93]. First, TMAO promotes atherogenesis by
upregulating scavenger receptors CD36 and SR-A1l in macrophages, thereby enhancing
oxidized LDL uptake and accelerating atherosclerotic plaque formation. Second, TMAO di-
rectly increases stroke risk by inducing platelet hyperreactivity through enhanced calcium
signaling and P-selectin expression, facilitating thrombus formation. Conversely, ischemic
stroke exacerbates hypertension through neurohumoral mechanisms: damaged brain tissue
releases angiotensinogen, which is converted to angiotensin II in circumventricular organs,
leading to sympathetic overactivation and neurogenic hypertension [94].

Additionally, a cross-sectional case—control study found that TMAO levels were ele-
vated in patients with ischemic stroke compared to healthy controls. Interestingly, lower
levels of TMAO were observed in patients with mild stroke versus those with moderate
and severe cases, as classified by the National Institutes of Health Stroke Scale. These
findings suggest that elevated plasma TMAO levels at the time of admission may predict
stroke severity, highlighting the potential role of TMAO as a biomarker in ischemic stroke
prognosis [95].

4.1.3. Lipopolysaccharide Disrupting the Intestinal Barrier and the Blood-Brain Barrier
via Neuroinflammation

LPS are complex molecules embedded in the outer membrane of the cell wall in Gram-
negative bacteria, consisting of three main components: lipid A, the core polysaccharide,
and the O antigen. Serving as a protective barrier, LPS defends bacteria against external
threats, including antibiotics, antibodies, and the complement system, thereby maintaining
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the stability and integrity of the cell wall. During the acute phase of an ischemic stroke, gut
dysbiosis can lead to an overgrowth of opportunistic pathogenic Gram-negative bacteria,
such as Escherichia coli. This can result in increased intestinal permeability, which, in turn,
leads to ischemic brain injury via LPS-induced systemic inflammation [66].

As a primary component of LPS, lipid A is recognized as pathogen-associated molecu-
lar pattern (PAMP), acting as a potent inflammatory trigger for the host’s innate immune
response through binding to TLR4. Upon entering the bloodstream, LPS can bind to LPS-
binding protein (LBP) and is transferred to the CD14 present on the surface of monocytes
and macrophages. This interaction triggers signaling cascades that lead to the production
of pro-inflammatory cytokines, such as TNF-«, IL-13, IL-6, and IL-12, further eliciting an
inflammatory response.

In the context of ischemic stroke, LPS can induce vascular endothelial dysfunction
by disrupting NO-mediated vasodilation through the inhibition of endothelial nitric ox-
ide synthase (eNOS). It also promotes vascular inflammation via the activation of the
MAPK/NEF-«B pathway. These downstream signaling cascades contribute to atherosclero-
sis through the generation of oxygen free radicals, inflammatory cytokines, chemokines,
and adhesion molecules. Furthermore, LPS is recognized as an endotoxin due to its abil-
ity to induce fever, shock, and other manifestations of systemic inflammatory response
syndrome (SIRS). The inflammation and oxidative stress triggered by LPS can lead to
endothelial cell apoptosis, further compromising the integrity of the vascular and BBB
(Figure 4c). This disruption leads to increased BBB permeability, allowing the infiltration of
inflammatory cells and contributing to the post-stroke brain tissue edema, emphasizing the
crucial role of LPS-mediated neuroinflammation in stroke pathophysiology [96].

In a cohort study, researchers found that levels of plasma LPS, LBP, and soluble CD14
significantly increased from day 1 to day 6 after stroke when compared to control subjects.
This elevation in LPS activity was correlated with a worse short-term outcome following
the stroke [97]. In a separate study on diabetic mice, the oral administration of polymyxin
B, a non-absorbable antibiotic, was shown to modify the gut microbiota, reduce plasma LPS
levels, and thus improve metabolic endotoxemia. This treatment was also associated with
enhanced post-stroke recovery and a reduction in neuroinflammation within the ischemic
brain tissue [98]. To address these secondary injuries and their contributions to stroke
pathology, interventions can be targeted at the underlying mechanisms. This includes
the administration of TLR4 antagonists to block the LPS-TLR4 interaction, antioxidants to
combat oxidative stress, or anti-inflammatory agents to reduce the inflammatory response.
Such therapeutic interventions may play a crucial role in attenuating the inflammatory
cascade and minimizing endothelial damage, which are critical steps in the recovery
process following a stroke. By targeting these pathways, there is potential to improve
clinical outcomes and reduce the severity of neurological deficits in stroke patients.

4.1.4. Tryptophan and Indole Derivatives Modulate Neuroinflammation

Amino acids are essential in the production of bioactive molecules such as neurotrans-
mitters, and their metabolism is influenced by the gut microbiota. Among these amino
acids, tryptophan stands out as an essential amino acid that must be obtained through the
diet. It serves as a biosynthetic precursor for a variety of microbial and host metabolites,
including indole and its derivatives [99-102]. Tryptophan metabolism involving certain
gut microbiota can lead to alterations in immune cell functions within the gut. This process
is part of the complex interplay between the gut microbiota and the host’s immune system
(Figure 4d).

There is a growing body of evidence suggesting that changes in the composition
of the gut microbiota can significantly impact the MGBA by modulating tryptophan
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metabolism [103]. Population-based studies and nested case—control studies have high-
lighted the intricate relationship between tryptophan metabolism and both cardiovascular
and cerebrovascular diseases. An inverse correlation between tryptophan levels and
cardiovascular disease has been observed, along with a positive correlation between its
metabolites, including kynurenine and serotonin, suggesting that the balance of tryptophan
metabolism may be a critical factor in maintaining cardiovascular and cerebrovascular
health [104]. A study by Liu et al. further supports the notion that tryptophan exerts a
protective role in ischemic stroke. Their findings indicate that tryptophan or its metabolites
could potentially serve as biomarkers or targets for therapeutic intervention in cerebrovas-
cular disease [105]. Kan Gao and colleagues have shown that tryptophan metabolism,
which produces serotonin, kynurenines, tryptamine, and indole compounds, is an impor-
tant metabolic pathway in regulating the MGBA, providing further evidence of its critical
role in stroke pathophysiology [106].

As one of the signaling molecules that regulate inflammatory and autoimmune re-
sponses, Indole and its derivatives are produced by the gut microbiota through the break-
down of tryptophan. These metabolites interact with the AHR, which is involved in
both pro-inflammatory and anti-inflammatory pathways. The AHR’s role in cellular ac-
tivities means that it also plays a significant role in neurological and neuropsychiatric
conditions [107].

Microbiome-derived AHR ligands, such as IAA (indoleacetic acid), have been shown
to exert anti-inflammatory effects, particularly within the CNS (Figure 4d). The study
by Honarpisheh et al. suggests that pharmacological inhibition of the AHR after stroke
can mitigate the harmful effects of kynurenine-mediated AHR activation and promote
recovery. Furthermore, IAA’s ability to regulate microglia-mediated neuroinflammation
points to its potential as a therapeutic strategy for enhancing neural repair and reducing
inflammation after cerebral ischemia [108]. These findings underscore the importance of
understanding the gut microbiota’s role in tryptophan metabolism and its impact on brain
health. Future research may focus on developing treatments that target these metabolic
pathways to improve outcomes in stroke and other neurological disorders.

4.2. Gut Microbiota-Related Neurotransmitters in Ischemic Stroke
4.2.1. Serotonin: Inflammation and Protection

Serotonin (5-hydroxytryptamine, 5-HT) functions as a crucial neurotransmitter that
plays a significant role in an array of physiological processes. It is intricately linked to
numerous clinical disorders, including but not limited to migraines, depression, cardiovas-
cular diseases, schizophrenia, and Alzheimer’s disease [109,110].

The GIT is a major site of serotonin production, with approximately 90% of the body’s
serotonin being synthesized by enterochromaffin cells in the gut [111]. Given the role of
gut microbiota in regulating this synthesis, there exists a complex interplay between the
microbiome and serotonin metabolism.

In addition to its role as a neurotransmitter, serotonin also presents in various immune
cells, including T cells, macrophages, mast cells, dendritic cells, and platelets, indicating
that serotonin has both neural and immunological functions [109]. While serotonin pro-
duced in the gut does not typically cross the BBB, certain precursors and derivatives can.
These molecules can influence mood, sleep patterns, and neural processes once they reach
the brain [110]. For example, 5-Hydroxytryptophan (5-HTP), an amino acid and direct
precursor to serotonin, can cross the BBB, where it is converted into serotonin. In addition,
N-acetyl serotonin, a serotonin derivative, can also pass into the brain and is involved in
the synthesis of melatonin, the hormone that regulates sleep-wake cycles [112]. Melatonin
itself can cross the BBB and is associated with various neural processes, including circadian
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rhythm regulation and sleep patterns (Figure 5a). Also, serotonin and its precursors can
act as pro-inflammatory mediators, activating the immune response to various stimuli.
This activation can lead to the production of pro-inflammatory cytokines, such as TNF-«,
IL-13, and IL-6, which are involved in the inflammatory response, exerting both protective
and detrimental effects according to their concentrations and the context in which they
are produced [110]. This dual role of serotonin in inflammation underscores its complex
involvement in neuroimmune interactions, particularly in the context of ischemic stroke
and neuroinflammation [109].
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Figure 5. Gut microbiota-related neurotransmitters in ischemic stroke. (a) Serotonin (5-HT) engages
with various 5-HT receptors on immune cells, eliciting pro-inflammatory effects (5-HT2 receptor)
and anti-inflammatory responses (5-HT1 receptors and 5-HT4 receptors). (b) GABA, converted
from glutamate, curbs immune activity, fosters immune tolerance and tight junction expression, and
initiates cholinergic defenses, conferring anti-inflammatory and neuroprotective functions. (c) Acetyl-
choline binds to the «7-nAChRs on neural immune cells (microglia and astrocytes) to suppress the
secretion of pro-inflammatory cytokines (IL-1f, IL-6, and TNF-«) and fosters neural regeneration,
reducing oxidative stress. (d) Dopamine yields dual effects in post-stroke brain damage and neural
recovery. The dopamine metabolite DOPAC triggers oxidative stress, intensifying neuroinflammatory
responses. Dopamine modulates neuroimmune inflammation through engaging various dopamine
receptors, offering both neuroprotective (DRD-1, DRD-3) and neuro-damaging (DRD-5) functions.

In addition to these effects, serotonin also plays a pivotal role in stimulating the secre-
tion of mucus through 5-HT receptors located on goblet cells, thereby further contributing
to maintaining gut health [113]. The modulation of immune responses by serotonin sig-
nifies a complex neuroimmune interplay that is evident in gut inflammation, where both
pro-inflammatory and anti-inflammatory consequences are observed.

Triptans, which are 5-HT1b/1d receptor agonists, are commonly used to treat mi-
graines by inducing the vasoconstriction of meningeal blood vessels, inhibiting neuropep-
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tide release, and providing rapid relief from headaches. These medications can significantly
elevate the level of 5-HT in the serum [114]. Although effective in migraine relief, this may
have implications for cerebrovascular health. A Danish case-crossover study suggests that
the use of Treprostinil is associated with an increased risk of ischemic stroke and myocar-
dial infarction. However, this risk is relatively low for individuals with a low underlying
cardiovascular risk [115]. This indicates that 5-HT may be closely linked to cerebrovascular
events, in a context-dependent manner.

Thomas C. Fung and colleagues demonstrated a significant correlation between the
gut microbiota, particularly Turicibacter species, and 5-HT levels in mice. Specifically, the
relative abundance of Turicibacter was positively associated with fecal and colonic 5-HT
levels in both SPF and GF mice, as well as after inoculation with spore-forming bacteria
of mouse or human origin. Furthermore, this research found that T. sanguinis can absorb
5-HT, and this process is inhibited by the SSRI (selective serotonin reuptake inhibitor)
fluoxetine, suggesting that gut bacteria may influence host physiology and behavior by
modulating 5-HT levels [113].

The serotonin reuptake transporter, also known as the 5-HTT (5-HT transporter),
is encoded by the SLC6A4 gene, which regulates 5-HT content by transporting 5-HT
from the synaptic cleft back to the presynaptic neuron [116]. Hypermethylation of the
promoter region of the SLC6A4 gene reduces 5-HTT transport, leading to decreased 5-HT
availability and impaired regulation of the 5-HTergic axis. This, in turn, promotes platelet
aggregation and local vasoconstriction, increasing the risk of composite cardiovascular and
cerebrovascular events [117].

Several studies have shown that SLC6A4 gene methylation is associated with func-
tional outcome and rehabilitation following stroke [118,119]. Kang et al. found that high
methylation levels in the promoter region of the SLC6A4 gene were associated with an
increased risk of composite cardiovascular events, including recurrent stroke, myocardial
infarction, and vascular death, up to 14 years after ischemic stroke [120]. The 5-HTergic sys-
tem interacts with the HPA axis, affecting the release of inflammatory factors and immune
mediators in the body, which may hinder stroke recovery [121]. In conclusion, during
methylation, the SLC6A4 gene, which influences the 5-HTergic system, has a profound
effect on hippocampal and motor neuron plasticity. It also participates in the balance of
the HPA and KYN axes and influences the release of inflammatory factors and immune
mediators, thereby affecting the long-term prognosis of stroke.

4.2.2. GABA: Post-Stroke Neurofunctional Recovery

As the major inhibitory neurotransmitter in the CNS, GABA is involved in a wide
range of physiological processes, including motor control, anxiety regulation, and sleep.
Both in vivo and in vitro studies indicate that GABA inhibits glutamate-mediated excito-
toxicity and enhances functional recovery after ischemic stroke by modulating long-term
potentiation in damaged neurons. This underscores the crucial role of GABAergic neu-
rotransmission in stroke recovery, which is directly linked to the abundance, type, and
function of GABA receptors. These receptors are located on the surface of various immune
cells, such as T cells, B cells, and macrophages, further implicating GABA in post-stroke
immune modulation [122].

Studies have consistently shown that GABA inhibits glutamate-induced neurotoxicity
and supports functional recovery after stroke (Figure 5b). Ying et al. discovered that GABA-
A receptors in the dorsal striatum are essential for motor recovery following exercise.
Exercise training may increase synaptic plasticity and GABA levels in MCAO mice by
activating cortical-striatal circuits, thereby improving neurological outcomes [123]. Rhita
et al. found that endozepines, ligands for the benzodiazepine site of GABA-A receptors,
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enhance the activity and excitability of neurons in the cerebral cortex. They proposed that
post-stroke neurogenesis can be controlled by endozepines to optimize neurofunctional
recovery [124]. However, a double-blind, randomized clinical trial of 544819, a GABA-A
a5 antagonist, failed to enhance clinical outcomes in ischemic stroke patients, highlighting
the complexity of GABAergic modulation in clinical settings [125].

The gut microbiome has emerged as a key player in the synthesis and regulation of
GABA. Certain gut microbes, such as Bacteroides, Bifidobacterium, and Lactobacillus, are
recognized as GABA producers, and alterations in the composition of the gut microbiota
can lead to changes in GABA concentrations [126]. This suggests a potential correlation be-
tween the composition of the gut microbiota and the regulation of GABA levels. Janik et al.
demonstrated that the probiotic Lactobacillus rhamnosus can enhance various CNS metabo-
lites, including GABA, and influence GABA receptor expression [127]. Similarly, Camile
Petitfils and colleagues proved that the production of lipopeptide GABA by commensal
bacteria could be one of the mechanisms through which the gut microbiota communicates
with the host, contributing to the maintenance of intestinal homeostasis [128].

Furthermore, changes in diet can modify gut microbiota, subsequently affecting
GABAergic signaling. Olson et al. found that a ketogenic diet increased GABA and
glutamate levels in the hippocampus, improved the GABA /glutamate ratio, altered the
excitation/inhibition balance, and provided neuroprotective benefits. These effects were
mediated by changes in gut bacteria, particularly Eckermannia and Actinobacillus [129].
Recent studies also found that GF mice exhibit low brain glutamine levels, while those
administered probiotics showed a higher GABA /glutamate ratio [130].

Glutamate, mostly synthesized from the nonessential amino acid glutamine and o-
ketoglutarate, serves as a biological precursor to GABA and glutamine. The two primary
enzymes facilitating glutamate synthesis and metabolism are aspartate aminotransferase
and glutamate dehydrogenase, while the synthesis of GABA is catalyzed by glutamate de-
carboxylase [131]. Increased glutamate levels can enhance GABA and glutamine synthesis,
maintaining a balance between these neurotransmitters under normal conditions. However,
during the onset of ischemic stroke, glutamate plays a major role in excitotoxicity. It is
traditionally viewed as the first messenger to activate the N-methyl-D-aspartate receptor
(NMDAR)-dependent cell death pathway, contributing to oxidative stress, inflammation,
and other pathological mechanisms following cerebral ischemia. The first connection
between glutamate and stroke damage was established in 1959 when Van Harreveld dis-
covered that applying glutamate to rabbit brain tissue led to increasing depression [132].

During an acute stroke episode, glutamate levels quickly rise in the ischemic area
of the brain [133]. In vitro, hypoxic neuronal death can be inhibited by tetrodotoxin, a
voltage-gated sodium channel blocker that prevents action potentials, or by magnesium,
which blocks NMDA receptors and synaptic glutamate release. Thus, several sodium
channel blockers have been developed to inhibit ischemic glutamate release, which can
effectively lower glutamate levels and reduce neuronal death following cerebral ischemia
in vivo [134]. A recent study discovered that glutamate exacerbates brain damage after
stroke by binding to acid-sensitive ion channels [135]. These studies demonstrate that
inhibiting ischemic glutamate release can mitigate excitotoxicity caused by ischemic stroke
during the initial stage.

4.2.3. Acetylcholine: Anti-Inflammation and Neuronal Regeneration

ACh is a monoamine neurotransmitter synthesized by choline acetyltransferase and
is widely distributed in the nervous system (Figure 5c). It plays a crucial role in various
processes, including arousal, sleep, and consciousness. Borovikov’s team first introduced
the concept of the cholinergic anti-inflammatory pathway [136], a neural-immune regula-
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tory mechanism in which peripheral inflammatory signals are relayed to the NTS (nucleus
tractus solitarius) via vagal afferent fibers. Within the NTS, these signals stimulate the DMN
(dorsal motor nucleus of the vagus), initiating efferent vagus nerve activity. This efferent
response induces 32AR (32 adrenergic receptor) activation on T cells, prompting ACh
release. ACh then binds to a7nAChRs («7 nicotinic ACh receptors) on macrophages, sup-
pressing NF-kB-mediated pro-inflammatory signaling and downregulating the production
of key cytokines, including TNF-«, IL-13, and IL-6. The vagal modulation of inflammation
primarily occurs through these cholinergic anti-inflammatory pathways, which are more
dynamically responsive to inflammation than the humoral immune response [137].

Experimental evidence has demonstrated the existence of cholinergic anti-inflammatory
pathways in animal models of sepsis, endotoxemia, and myocardial ischemia [138]. For
instance, studies have shown that non-invasive vagus nerve stimulation, applied before
and after emergency PCI (percutaneous coronary intervention) in patients with AMI (acute
myocardial infarction), significantly reduces inflammatory markers such as IL-1 and
TNF-« in the blood. This approach has been associated with a decrease in reperfusion
arrhythmias, the mitigation of myocardial damage, and an enhancement of cardiac function.
These positive outcomes in AMI suggest that similar benefits could be extended to AIS,
given the shared inflammatory and ischemic mechanisms between myocardial infarction
and stroke [139].

The cholinergic system plays a pivotal role in modulating the responses of astrocytes
and microglia to brain injury. The anti-inflammatory pathway in both microglia and astro-
cytes is mediated by a7nAChR. The binding of Ach to «7nAChR on microglia leads to the
downregulation of pro-inflammatory cytokines [140,141]. In MCAO mice, the stimulation
of «7nAChRs with their agonist choline resulted in an increased expression of «7nAChRs,
as well as a reduction in infarct volume and neurological deficits, supporting the ther-
apeutic potential of cholinergic modulation in promoting post-stroke neurofunctional
recovery [142].

In cerebral ischemic models, AChE (acetylcholinesterase) inhibitors have been shown
to protect against neuronal death by activating nicotinic Ach receptors. A Swedish cohort
study including 44,288 dementia patients indicated that the use of AChE inhibitors may be
associated with a lower risk of ischemic stroke and mortality [143]. This underscores the
potential of AChEIs as a therapeutic strategy for preventing ischemic stroke.

VNS (vagus nerve stimulation) is another promising neuroprotective intervention
with demonstrated efficacy in mitigating cerebral ischemia—reperfusion injury. It exerts
neuroprotective effects by regulating the redox state through the activity of miR-210, a
microRNA involved in cellular stress responses [144]. Emerging evidence suggests that
VNS, during tactile rehabilitation, can promote somatosensory recovery [145].

The administration of nicotine has been shown to downregulate the expression of
IL-1B, IL-6, and TNF« in astrocytes [141] via the cholinergic anti-inflammatory pathway.
Schuhmann et al. discovered that midbrain electrical stimulation could activate the cholin-
ergic anti-inflammatory pathway, increasing Ach levels in the brain, which in turn enhances
the activities of acetylcholinesterase and choline acetyltransferase, resulting in a decrease in
the expression of pro-inflammatory cytokines such as IL-13 and TNF-o and an increase in
the expression of anti-inflammatory cytokines such as IL-10 [146]. These findings highlight
the importance of the cholinergic system in neuroinflammation and suggest potential
therapeutic targets for post-stroke brain recovery.

4.2.4. Dopamine (DA): Dual Roles After Ischemic Stroke

DA, a key catecholamine neurotransmitter, is integral in regulating immune inflam-
mation. Under normal physiological conditions, DA exerts an inhibitory effect on neu-
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roinflammation. However, under pathological conditions, dopaminergic neurons may
produce heightened levels of ROS, initiating an inflammatory response. This uncontrolled
inflammation can lead to a vicious cycle associated with neurodegenerative diseases, where
ongoing damage and inflammation exacerbate neuronal loss and dysfunction (Figure 5d).

DA is also crucial in preventing the activation of NLRP3 inflammasomes and the sub-
sequent inflammatory responses they trigger, largely through the engagement of DRD1 (DA
receptor D1) signaling pathways. Furthermore, DA produced via vagus nerve electrical
stimulation has a broad and significant suppressive impact on various inflammatory factors,
including TNF-o, MCP-1, IL-6, and IFN-y. This anti-inflammatory effect is primarily medi-
ated through the activation of D1-like receptors, which are key in modulating inflammatory
responses. In a study led by Yang Shuo, it was demonstrated that DA inhibits macrophage
NEF-«B inflammatory responses mediated by the TLR2 (Toll-like receptor 2) pathway via
DRDS5 (DA receptor 5) [147]. These findings underscore the complex role of DA in immune
regulation and suggest that targeting dopaminergic pathways could be a promising strategy
for treating inflammatory conditions and, potentially, neurodegenerative diseases.

DA agonists have been widely explored in clinical settings for their potential to
enhance post-stroke recovery. DA agonists stimulate central dopamine receptors, increasing
DA release and modulating its effects on neuronal function [148]. Clinical trials have
obtained variable results regarding the effects of DA agonists in post-stroke treatment.

For example, voriconazole and riturabine have shown positive efficacy in restoring the
level of consciousness and neurological function in comatose patients following ischemic
stroke [149]. In a randomized, double-blind, controlled trial conducted by Gorgoraptis
et al., patients with lateral spatial neglect and left-sided motor deficits following a right
hemisphere stroke were recruited. The results suggested that rotigotine, a DA agonist, may
be effective in improving lateral spatial neglect [150]. However, the study also found that
rotigotine failed to improve the recovery of motor control, which further proved by Dr.
Gary. In a similar randomized, double-blind, controlled clinical trial conducted by Dr. Gary
and his team, it was found that the addition of compounded carbidopa to conventional
pharmacological and physiological therapy did not appear to improve motor function after
a stroke [151]. Further research is needed to identify the complex and context-dependent
effects of dopamine agonists in post-stroke rehabilitation.

5. Points of Intervention to Improve Microbiome-Gut-Brain Axis

The gut microbiota has been found to interact with the brain via the MGBA, regulat-
ing various physiological processes. Researchers have investigated the communication
between gut bacteria and the brain, highlighting the importance of the balance between
beneficial and harmful bacteria within the gut microbiota as a potential target for therapeu-
tic interventions. This section outlines two potential points of intervention for regulating
the MGBA: the intestinal barrier and the BBB.

5.1. Intestinal Barrier Restoration

The IEB (intestinal endothelial barrier) is essential for maintaining intestinal home-
ostasis, serving as a physical barrier and a coordinator of immune responses. It comprises
epithelial cells, goblet cells, Paneth cells, and enterochromaffin cells. Communication be-
tween the intestinal microbiome and peripheral nerve cells within the gut-brain axis occurs
through three interrelated pathways. Endothelial cells in the gut respond to signaling
molecules released by gut bacteria by initiating the release of neuropeptides. The receptors
on EECs (enteric epithelial cells) are specifically located on vagal sensory neurons that
project into the gut, influencing various physiological functions associated with digestion
and metabolic regulation [152-155].
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Moreover, evidence suggests that an individual’s age can affect the integrity of the IEB
following ischemic stroke. With aging, the gut barrier weakens, allowing pro-inflammatory
substances from gut microbes and harmful bacteria to enter the bloodstream, leading to
systemic inflammation and neuroinflammation [156]. In vivo studies in animal models
have shown that stroke significantly disrupts intestinal homeostasis, with older mice
exhibiting more pronounced effects compared to younger ones, suggesting that age may be
a critical factor in the extent of post-stroke gut barrier disruption [157].

The current evidence suggests that stroke can lead to a disruption in the integrity
of the IEB, resulting in the deterioration of the intestinal villous epithelium, increased
permeability, and compromised tight junctions, which facilitates the leakage of harmful
substances into the bloodstream, leading to a reduction in mucus production, further
weakening the intestinal barrier and increasing susceptibility to enterogenic sepsis [158].
The majority of y3T cells in the human body are located on the surface of the intestinal
epithelium, where they play a role in the innate immune response of the intestine. Following
ischemic stroke, 0T cells migrate from the gut through the peripheral circulation to the
brain membrane and secrete IL-17 into the damaged brain tissue, inducing the production
of increased chemokines in the brain parenchyma. This eventually leads to a massive influx
of neutrophils and exacerbates ischemic neuroinflammation [159].

Many gut microbes and their byproducts can influence the outcome of a stroke by
modulating the intestinal mucosal barrier. A high fiber intake has been shown to promote
the growth of fiber metabolizers and SCFA producers, which can enhance mucus secretion
and maintain a healthy mucus layer [160,161]. On the other hand, low-fiber diets in mice
led to an increase in the population of mucus-degrading bacteria, with a thinner mucus
layer and an elevated risk of infection [162]. Other metabolites involved in maintaining
intestinal barrier integrity include indole and its derivatives. Compounds such as indole-3-
ethanol, indole-3-pyruvate, and indole-3-aldehyde reinforce the apical junctional complex,
thereby enhancing the resilience of the intestinal barrier [163]. Furthermore, these indoles
can inhibit microglial and NLRP3 inflammasome activation by engaging the microglial
AHR, mitigating post-stroke neuroinflammation [164].

5.2. Blood—-Brain Barrier Restoration

The BBB is a sophisticated physiological and biochemical barrier that maintains brain
homeostasis by regulating the exchange of substances between the brain and its external
environment. It is responsible for removing harmful metabolic byproducts and internal
endotoxins from the brain [165]. The integrity of the BBB is maintained by tightly joined,
non-porous endothelial cells connected by tight and adherent junctions. These endothelial
cells share a basement membrane with pericytes and astrocytes, along with neurons and
microglia, forming neurovascular units that are crucial for maintaining BBB integrity. In-
flammatory molecules such as IL-6 and IL-8 are believed to disrupt neurovascular function
and may contribute to the increased vascular permeability observed in the BBB during
inflammation [166,167]. These disruptions facilitate the infiltration of peripheral immune
cells and inflammatory mediators into the CNS, exacerbating neuroinflammation and
contributing to the pathogenesis of neurological disorders.

Numerous studies suggest that metabolites produced by the gut microbiota signifi-
cantly influence the regulation of BBB integrity [168-172]. SCFAs, among the most-studied
microbial metabolites, have a notable impact on BBB integrity. Research using in vitro BBB
models has revealed a protective effect of SCFAs on maintaining the barrier.

The role of TMAOQ in BBB function is more variable. Some studies link TMAO to
neuroinflammation due to its ability to activate microglia and astrocytes. TMAO has also
been associated with negative impacts on neuronal health, including neuronal aging, ox-



Biomolecules 2025, 15, 920

22 of 39

idative stress, and alterations in synaptic plasticity [89,173-179]. These findings suggest
that elevated TMAO levels may exacerbate the inflammatory processes underlying neu-
rodegenerative diseases. However, it has also been found that the chronic administration
of low doses of TMAOQ can protect against LPS-induced BBB damage and memory deficits
in C57Bl1/6] mice [168]. This raises the possibility that TMAQ's effects on the BBB may
depend on dose and the specific context of its administration.

Inflammation is known to have an adverse impact on BBB function [167]. Pro-
inflammatory substances have the potential to compromise the integrity of the BBB, which
could allow substances from the bloodstream to enter the brain. This breach in the BBB
could establish a connection between the CNS and the peripheral immune system, poten-
tially leading to neuroinflammatory conditions.

6. Stroke Treatment Based on Microbiota—Gut-Brain Axis

It is well-established that a marked reduction in gut microbiota species diversity is a
hallmark of microbiota dysbiosis following ischemic stroke [66]. Tan et al. demonstrated
that AIS induces gut dysbiosis, which in turn affects the neuroinflammatory response and
exacerbates stroke outcomes [180]. Furthermore, gut dysbiosis can cause an imbalance in
T cell subsets, either worsening or mitigating ischemic brain injury. In line with this, a
cohort study comparing the gut microbiota of 124 stroke patients discovered a significant
enrichment of Enterobacteriaceae in those with poor recovery compared to those who recov-
ered well. In an experimental study, antimicrobial treatment was administered to MCAO
mice, confirming the effectiveness of inhibiting the overgrowth of Enterobacteriaceae in the
context of stroke [66].

Benakis C. et al. discovered that alterations in the gut microbiota induced by an-
tibiotics can diminish brain damage after stroke in mice. They also suggested that this
protective effect could be transferred via fecal microbiota transplantation [48]. Considering
the increasing evidence highlighting the potential of gut microbiota manipulation as a
therapeutic target for AIS, both experimental and clinical studies have been conducted to
explore this approach.

6.1. Diet and Stroke

Diet, as a modifiable factor, exerts an influence on the gut microbiota across both
short- and long-term periods. Several studies proved that vegetable consumption may be
associated with a reduced risk of stroke [181-183]. A large European cohort study revealed
that a higher intake of fruits, vegetables, fiber, and dairy products was linked to a lower
risk of ischemic stroke, while a higher consumption of red meat was associated with an
increased risk. Additionally, higher egg intake was found to correlate with an elevated
risk of hemorrhagic stroke [181]. Similarly, a Taiwanese case—control study found that
adhering to a vegetarian diet in Taiwan was associated with a lower risk of both ischemic
and hemorrhagic stroke [182].

In 2023, a case—control study among the Lebanese population investigated the impact
of the DASH (Dietary Approaches to Stop Hypertension) diet on ischemic stroke and found
that the diet was protective against such strokes and associated with less disability [184].
The DASH diet emphasizes the consumption of vegetables, fruits, whole grains, low-fat
dairy, lean meats, and nuts, along with a significant reduction in sodium intake [185]. In
contrast, a recent study indicated that a plant-based diet might actually increase the risk of
stroke compared to red meat consumption, suggesting that an exclusively plant-based diet
may not always confer the expected health benefits [186].

The ketogenic diet, which is very high in fat and virtually devoid of carbohydrates,
has yielded conflicting results regarding its impact on gut microbiota. While some research
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indicates that such diets may disrupt the balance of the gut bacteria and lead to inflam-
mation [187,188], others have highlighted the potential benefits of ketogenic diets in the
context of stroke-related diseases, [189,190] as diet-induced ketosis may have a positive
relation with the development of an anti-inflammatory microglial phenotype [189].

The relationship between coffee consumption and stroke risk remains contentious.
A study [191] involving 13,462 stroke cases and 13,488 controls from the INTERSTROKE
database found that high coffee intake was associated with an increased stroke risk, whereas
tea consumption was linked to a reduced risk. In contrast, a cohort study using UK
Biobank data [192] suggested that drinking coffee and tea, either separately or together,
was associated with a lower risk of stroke and dementia. Another interesting study found
that carbonated beverages were linked to higher odds of ischemic stroke and intracerebral
hemorrhage, while high water intake correlated with lower ischemic stroke odds, with
notable regional variations [193]. To date, only a fraction of research has explored the
interplay between diet, stroke, and gut microbiota. A comprehensive investigation into
dietary impacts on gut microbiota could offer novel insights in the prediction of stroke
outcomes (Table 3).

In summary, dietary interventions targeting post-stroke neuroinflammation and the
subsequent modulation of neurological outcomes through the MGBA still face several
practical limitations. For instance, the precise dose-response relationship between dietary
fiber intake and stroke incidence or severity remains unclear. Additionally, significant
inter-individual variability—such as differences in baseline gut microbiota composition,
prior antibiotic use, and long-term dietary patterns before stroke onset—may introduce
bias into the observed outcomes.

6.2. Antibiotic and Probiotics or Prebiotics Therapy

Antibiotic treatment can significantly alter the composition and function of the intesti-
nal microbiota, potentially disrupting the microbiome’s homeostasis and influencing stroke
outcomes [194]. The gut microbiota plays a crucial role in maintaining immune regulation,
metabolic balance, and neurological function. When antibiotics disturb this delicate ecosys-
tem, dysbiosis can occur, leading to a reduction in beneficial bacteria (e.g., Lactobacillus and
Bifidobacterium) and an overgrowth of pathogenic or opportunistic microbes [195]. This
imbalance may compromise gut barrier integrity, increase systemic inflammation, and mod-
ulate immune responses, all of which can impact stroke pathogenesis and recovery [196].
Interestingly, while antibiotic-induced microbiota disruption is generally detrimental, some
studies suggest that the targeted modulation of gut bacteria may have therapeutic po-
tential in stroke. Utilizing antibiotics to target gut microbiota can lead to the production
of inflammatory factors such as IL-1, IL-6, and iNOS, which may reduce the formation
of infarcted areas. As mentioned in Section 3.2 [48], Benakis C. et al. conducted animal
experiments that demonstrated that gut microbial changes due to antibiotic treatment
following ischemic stroke can result in modifications to dendritic cells. These alterations
disrupt intestinal immune homeostasis, leading to an increase in regulatory T cells and
a decrease in IL-17-producing T cells, mitigating ischemic brain damage in MCAQO mice.
Importantly, whether neuroprotection is mediated by gut microbiota is dependent on the
balance between IL-10 and IL-17, suggesting an intricate connection between gut microbiota
and the immune system. However, the use of broad-spectrum antibiotics, which reduce
gut microbial populations, does not affect brain damage within the first day post-stroke,
but may suppress systemic immunity, leading to increased mortality between days 5 and 7
following stroke [197]. These findings highlight that the role of antibiotics in preventing
and treating stroke remains a topic of debate.
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Table 3. Concluded Clinical Trails about Diet and Stroke.
Researchers Year Methods Study Subjects Key Findings References
N = 418,329 Higher intake of fruits, vegetables, fiber,
Tammy Y N Tong 2020 Personal habitual intake questionnaires European Perspective Investigation  and dairy products was associated with a [181]
into Cancer and Nutrition Study reduced risk of ischemic stroke
1. Taiwanese vegetarian diet was
Food frequency questionnaires N =13,352 associated with a lower risk of stroke
Tina H T Chiu 2020 (Vegetarian status was defined by 1. Tzu Chl. Health Study (N =5050) 2. Vitamin B12 intake may modify the [182]
X . 2. Tzu Chi Vegetarian Study - . 4
avoidance of meat and fish) association between vegetarian diet
(N =8302)
and stroke
Plant-based diet index (PDI) N = 209 508
Healthy PDI: nutritionally rich plant foods 1 liursés’ Health Study (NHS) Lower risk of total stroke was observed
Megu Y Baden 2021  (fruitjuices, refined grains) ' . y by those who adhered to a healthful [183]
- 2. Health Professionals .
Unhealthful PDI: less nutritious plant plant-based diet
. . Follow-Up Study
foods (fries, sugary drinks)
1. Consumption of coffee and tea either
separately or together was associated
. . . . N = 365,682 with reduced risks of stroke and dementia
Yuan Zhang 2021 Questionnaires and interviews UK Biobank 2. Drinking coffee alone or combined [192]
with tea was also linked to lower risk of
post-stroke dementia.
1. Adherence to the EAT-Lancet diet in
Food frequency questionnaires midlife was associated with a lower risk
AssessmzntS' yd N =55,016 of subarachnoid stroke
Daniel B Ibsen 2022 . Danish Diet, Cancer and 2. AHEI (Alternate health eating [186]
EAT-Lancet diet score . . .
. . Health Study index-2010) was associated with a lower
Alternative Healthy Eating Index-2010 . . . .
risk of total stroke, mainly ischemic
stroke and intracerebral hemorrhage
N = 26,950 1. High coffee consumption was
Beverage intake groups INTERSTROKE (a large associated with higher odds of
Andrew Smyth 2024 None, 1 to 2 cups/day, 3 to 4 cups/day, or > international matched case-control  ischemic stroke [191]

4 cups/day for each beverage

study of first stroke from
32 countries)

2. Tea consumption was associated with
lower odds of ischemic stroke
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Researchers Year Methods Study Subjects Key Findings References
. N =428
Eﬁk?;_rleilceet assessment: A case-control study in Lebanese The DASHA diet was protective against
Jad El Masri 2024 _ . people in 2023 such strokes and associated with [184]
DASH diet index (ranging from 0 (lowest) . o
to 11 (highest)) Ischemic cases: 214 less disability
© ghes Health controls: 214
1. Carbonated beverages were linked to
N = 6000 higher odds of stroke
Martin ] O'Donnell 2024  Food frequency questionnaires INTERSTROKE 2. High water intake correlated with [193]

lower stroke odds, with notable
regional variations
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Probiotics are defined as “live microorganisms that, when administered in sufficient
quantities, confer health benefits on the host.” While prebiotics are “substrates selectively
utilized by host microorganisms to promote health”. From a microbiological perspective,
prebiotics are non-digestible dietary compounds that selectively stimulate the growth
and/or activity of beneficial gut microbiota, thereby conferring indirect health benefits.
In contrast, probiotics are live microorganisms which, when administered in adequate
amounts, directly confer a health benefit to the host by modulating gut microbial com-
position and function. Both probiotics and prebiotics are effective in restoring beneficial
gut microbiota and metabolic functions, enhancing the production of SCFAs and thus
improving the integrity of biological barriers and reducing systemic LPS levels. As a result,
systemic inflammation and glial activation decrease, which mitigates neurodegenerative
disease pathology.

Prebiotics, which are non-digestible compounds found in high-fiber foods like garlic,
onions, bananas, asparagus, oats, and chicory root, exert beneficial effects on the host by
influencing the composition and activity of the intestinal microbiota through microbial
metabolism [198]. Commonly studied prebiotics include inulin, fructooligosaccharides
(FOS), and galactooligosaccharides (GOS), which promote the growth of Lactobacillus and
Bifidobacterium species [199-203].

The administration of probiotics, which are common in fermented foods like yogurt,
kefir, sauerkraut, kimchi, miso, and supplements, has been shown to restore intestinal
microbial balance, reduce the production of TMAO, increase SCFA production, allevi-
ate damage to tight-junction proteins, and decrease both adaptive and innate immune
activation, thus minimizing post-stroke inflammatory damage [204-206]. A higher risk
of stroke has been associated with an imbalance in the gut microbiota, characterized by
an increase in opportunistic pathogens and lactate-producing bacteria and a decrease in
butyrate-producing bacteria [207]. A combination of early enteral nutrition and probiotics
can effectively improve the nutritional status of stroke patients, regulate intestinal flora and
mucosal barrier function, and enhance immune function, helping to reduce the incidence of
infectious complications and gastrointestinal motility disorders. This therapeutic approach
also contributes to faster recovery and better outcomes for stroke patients [208,209]. Addi-
tionally, probiotic treatment can protect gut barrier integrity and increase the expression of
brain GLP-1 receptors and the secretion of gut GLP-1, a hormone that regulates 5-HT levels
and appetite [15].

Despite their promising benefits, the use of probiotics to prevent and treat strokes
caused by gut bacteria remains a conflict. Some probiotic strains may exacerbate inflamma-
tion by promoting M1 macrophage polarization [210,211]. A randomized controlled trial
involving elderly care-home residents found that probiotics had no significant effect on
plasma immune mediator levels, neutrophil and monocyte phagocytosis, or blood culture
responses to immune stimulation [212]. This has raised concerns regarding the varying
effectiveness of probiotics across different populations and conditions. Challenges in probi-
otics use include their susceptibility to a low gastric pH and digestive enzymes, which can
lead to inactivation and reduced bioactivity. Moreover, biases can be introduced through-
out the sample processing stages, including collection protocols, preservative selection,
storage temperature, DNA extraction, library preparation, sequencing, and bioinformatics
analysis [213] (Table 4).



Biomolecules 2025, 15, 920

27 of 39

Table 4. Concluded Studies about Antibiotic and Probiotics or Prebiotics Therapy.

Interventions

Study Subjects

Curative Effects

Broad-spectrum antibiotic

Antibiotics

C57BL/6] mice [197]

Broad-spectrum antibiotic reduced gut
microbial populations. It did not affect
brain damage within the first day
post-stroke, but may suppress systemic
immunity, leading to increased mortality
between days 5 and 7 following stroke.

Amoxicillin

C57BL/6] mice [48]

Gut bacterial-primed intestinal dendritic
cells drive local Treg expansion, which
subsequently suppresses
pro-inflammatory IL-17+ y5 T

cell responses.

Bifidobacterium longum
+Lactobacillus bulgaricus
+Streptococcus
thermophilus

Human [211]

Daily prophylactic administration of
probiotics could attenuate the deviated
Th1/Th2 response induce by traumatic
brain injury.

Bidobacterium longum

Probiotics NK46

5xFAD mice [205]

1. Inhibited LPS-induced NF-«B activation
in the colon and hippocampus;

2. Increased brain-derived neurotrophic
factor expression.

Lactobacillus salivarius

5xFAD mice [206]

1.Reduced gut leakage; Reduced the levels
of IL-6 in the brain;

2. Reduced oxidative stress in the cortex
and the hippocampus

FOS+GOS

Human [200]

1. FOS+GOS did not affect biological
markers of stress and inflammation or
mental health symptoms in healthy adults;
2. FOS+GOS increased Bifidobacterium.

Mannan oligosaccharide
(MOS)

5xFAD mice [201]

1. Increased the relative abundance of
butyrate-producing bacteria;

2. Increased the level of butyrate in feces
and serum;

3. Reduced serum LPS level and oxidative
stress in the brain.

Prebiotics Xylooligosaccharides

(XOS)

APP/PS1 mice [202]

1. Restored the integrity of intestinal
barrier and BBB via increased expression
of tight junction proteins in intestine;

2. Reduced the expression of
pro-inflammatory cytokines (IL-13 and
IL-6) and immunosuppressive cytokine
(IL-10) in colon and hippocampus.

B-Glucan

APP/PS1 mice [203]

1. Increased the levels of SCFAs
(propionate, butyrate, and valerate)
in colon;

2. Reduced microglial and astrocytic
activation in hippocampus;

3. Reduced the expression of
pro-inflammatory cytokines (IL-6 and
IL-1B), NF-kB and NLRP3 in
hippocampus and cerebral cortex.
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6.3. Fecal Microbiota Transplantation

FMT has emerged as an innovative therapeutic approach, receiving attention due to
its potential to modulate the gut microbiota and treat various conditions. FMT involves
the transfer of stool from a healthy donor to a recipient, aiming to restore the recipient’s
gut microbiota balance. This method is being explored as a treatment for neurological
disorders, including stroke. To date, much of the research on FMT for stroke has been
conducted in animal models. Studies have shown that FMT can exert neuroprotective
effects by reducing pro-inflammatory bacteria and gut microbiota metabolites, as well as
diminishing inflammatory responses and oxidative stress in the brain [214]. Research by
Benakis et al. indicates that recolonizing mice with a dysbiotic microbiome can induce
pro-inflammatory T-cell polarization in both the intestinal immune compartment and the
ischemic brain. Additionally, therapeutic FMT has been shown to normalize brain lesion-
induced dysbiosis and improve stroke outcomes in animal models [48]. Furthermore, the
therapeutic transplantation of fecal microbiota has been demonstrated to normalize brain
lesion-induced dysbiosis and improve stroke outcome [54]. Based on these findings, it is
hypothesized that gut ecological dysregulation can significantly impact neuroinflammation,
metabolism, and immune homeostasis following brain injury, suggesting that FMT could
be a promising strategy for mitigating these effects in stroke patients. However, further
research is needed to translate these preclinical findings into clinical practice and to address
potential safety and efficacy concerns.

The gut microbiota exerts profound effects on human physiology by modulating
host immunity, metabolic processes, and neurological functions through specialized bacte-
rial communities. Of particular significance are the Lactobacillus species, Gram-positive,
facultative anaerobic bacteria that dominate mucosal surfaces and the intestinal tract,
where probiotic strains including L. acidophilus and L. rhamnosus strengthen epithelial
barrier function, regulate immunological activity, and competitively exclude pathogenic
microorganisms [215]. Equally noteworthy is Akkermansia muciniphila, a mucolytic
Gram-negative anaerobe that maintains intestinal homeostasis through its unique capac-
ity to utilize mucin as its primary energy source. Its colonization has been inversely
correlated with systemic inflammation and metabolic syndrome, while it is positively asso-
ciated with enhanced insulin signaling [216,217]. In contrast, Escherichia coli exemplifies
the dichotomous nature of gut symbionts: commensal variants participate in essential
physiological processes including vitamin K biosynthesis and niche occupation, whereas
enteropathogenic serotypes such as O157:H7 possess virulence factors that can precipitate
life-threatening gastroenteritis, illustrating the delicate balance between microbial mutu-
alism and pathogenicity in the gastrointestinal ecosystem [218,219]. Laboratory studies
have revealed that patients with ischemic stroke often exhibit a higher prevalence of op-
portunistic pathogens such as Bifidobacterium, Oscillibacter, and Enterobacter, and lower
levels of beneficial genera like Faecalibacterium and Bacteroides in their feces or intestinal
contents compared to healthy controls [220-223]. In a case—control study conducted by
Na Li, 30 cerebral ischemic stroke (CI) patients and 30 healthy controls were enrolled to
compare their fecal gut microbiota profiles using Illumina sequencing of the 16S rRNA
gene. The result found that CI patients had significant dysbiosis, with an enrichment
of short-chain fatty acid-producing bacteria such as Odoribacter and Akkermansia [224].
However, the reliability of these findings is limited due to the small sample size and the
lack of consideration of other factors that could influence gut microbiota, such as dietary
habits and medication use. These results collectively suggest that the composition of the
gut microbiota may contribute to an individual’s risk of stroke.

The long-term outcomes of FMT as a therapeutic intervention are not yet fully un-
derstood, and some conflicting results have been reported. For instance, Vendrik et al.
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observed an increase in mortality following FMT in MCAQO mice models [225], questioning
the safety of this therapy. Regarding the application of FMT in stroke, only a limited num-
ber of human studies have been completed or are ongoing. To clarify the role of FMT in the
context of stroke, substantial, double-blind, randomized controlled trials will be necessary.

7. Conclusions

The escalating global incidence of AIS, coupled with the limited range of treatment op-
tions, underscores the urgent need for the development of innovative therapeutic strategies.
Disruption of the gut microbiome’s equilibrium negatively affects glial cells, compromising
the integrity of both the intestinal barrier and the BBB. Metabolites resulting from gut
dysbiosis, such as TMAO, SCFAs, and 5-HT, have been linked to the exacerbation of cere-
brovascular damage and the progression of disease. Dietary choices have the potential to
modulate these metabolites, indicating that dietary modifications could either increase or
reduce the risk of stroke. Preclinical studies support the use of probiotics, prebiotics, and
FMT as potential interventions to dampen glial overactivation and improve neurological
function, thereby restoring the structural integrity of the intestinal and BBB barriers.

Nevertheless, current animal models are inadequate in fully capturing the complex
dynamics of the human microbiome and its associated pathobiological mechanisms. The
translation of laboratory findings into clinical practice remains a challenge, emphasizing the
critical need for ongoing research efforts to decipher the mysterious nature of the MGBA
and to leverage its full therapeutic potential. Conditions that predispose individuals to
stroke and its aftermath may indeed position the gut microbiota as a novel and promising
target for therapeutic intervention.
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Abbreviations

The following abbreviations are used in this manuscript:

MGBA  microbiota—gut-brain axis

BBB blood-brain barrier

AIS acute ischemic stroke

HPA hypothalamic-pituitary—adrenal
ANS autonomic nervous system
SCFAs  short-chain fatty acids

TMAQO  trimethylamine N-oxide

LPS lipopolysaccharides

ACh Acetylcholine
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MCAO middle cerebral artery occlusion
FMT fecal microbiome transplantation
GPCRs G protein-coupled receptors
GABA  Gamma-Aminobutyric Acid
AHR aryl hydrocarbon receptor
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