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Abstract: Ischaemic stroke is the most prevalent stroke subtype, accounting for 80-90% of
all cases worldwide, and remains a leading cause of morbidity and mortality. Its patho-
physiology involves complex molecular cascades, with oxidative stress playing a central
role. During cerebral ischaemia, reduced blood flow deprives neurons of essential oxygen
and nutrients, triggering excitotoxicity, mitochondrial dysfunction, and excessive produc-
tion of reactive oxygen and nitrogen species (RONS). Not only do these species damage
cellular components, but they also activate inflammatory pathways, particularly those
mediated by the transcription factor nuclear factor kappa-B (NF-«B). The pro-inflammatory
milieu intensifies neuronal damage, compromises blood-brain barrier integrity, and exacer-
bates reperfusion-induced damage. Recent findings highlight the importance of the gut
microbiota in modulating stroke outcomes, primarily through metabolic and immunologi-
cal interactions along the gut-brain axis. Dysbiosis, characterised by reduced microbial
diversity and an imbalance between beneficial and harmful strains, has been linked to
increased systemic inflammation, oxidative stress, and worse prognoses. Specific gut-
derived metabolites, including short-chain fatty acids (SCFAs) and trimethylamine N-oxide
(TMAO), appear to either mitigate or intensify neuronal injury. SCFAs may strengthen
the blood—-brain barrier and temper inflammatory responses, whereas elevated TMAO
levels may increase thrombotic risk. This narrative review consolidates both experimental
and clinical data demonstrating the central role of oxidative stress in ischaemic stroke
pathophysiology and explores the gut microbiota’s ability to modulate these damaging
processes. Therapeutic strategies targeting oxidative pathways or rebalancing gut microbial
composition, such as antioxidant supplementation, dietary modulation, probiotics, and
faecal microbiota transplantation, present promising paradigms for stroke intervention.
However, their widespread clinical implementation is hindered by a lack of large-scale, ran-
domised trials. Future efforts should employ a multidisciplinary approach to elucidate the
intricate mechanisms linking oxidative stress and gut dysbiosis to ischaemic stroke, thereby
paving the way for novel, mechanism-based therapies for improved patient outcomes.
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1. Introduction

Stroke is the second leading cause of death, the third leading cause of combined death
and disability, and one of the main causes of adult dementia among non-communicable
diseases worldwide [1,2]. Globally, over 12.2 million new strokes are reported each year,
and around one in four adults over the age of 25 will suffer a stroke in their lifetime [1].
As the population ages, stroke prevalence is expected to increase. Of all strokes, ischaemic

Antioxidants 2025, 14, 542

https://doi.org/10.3390/antiox14050542


https://doi.org/10.3390/antiox14050542
https://doi.org/10.3390/antiox14050542
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-7720-5253
https://orcid.org/0000-0003-1984-1566
https://doi.org/10.3390/antiox14050542
https://www.mdpi.com/article/10.3390/antiox14050542?type=check_update&version=1

Antioxidants 2025, 14, 542

2 of 15

stroke is the most common type, accounting for 80-90% of cases, with the highest proportion
occurring in high-income countries [1,2].

Ischaemic stroke occurs due to obstructed cerebral blood flow, leading to a reduction
in oxygen, glucose, and nutrients critical for neuronal survival [3]. This results in a cascade
of molecular, biochemical, and structural changes that underlie ischaemic stroke patho-
physiology [3]. Several molecular mechanisms contribute to stroke pathology, including
energy failure, loss of cellular ion homeostasis, acidosis, increased intracellular calcium
levels, excitotoxicity, oxidative stress, arachidonic acid metabolite production, cytokine-
mediated cytotoxicity, complement activation, blood—brain barrier (BBB) dysfunction, glial
cell activation, and leukocyte infiltration [4,5]. While many of the above processes occur
simultaneously, oxidative stress stands out as a major unifying mechanism that affects and
exacerbates the others [6]. Thus, investigation of the molecular pathways of oxidative stress
in ischaemic stroke is critical for developing effective therapies and improving patient
outcomes [5,7].

Ischaemic stroke is characterised by many of the above-mentioned changes within
the affected ischaemic core and the surrounding penumbra [3]. The main aim of ischaemic
stroke treatment is to preserve the ischaemic penumbra, the area of hypoperfused tissue
(reversible ischaemia) surrounding the infarct core (irreversible brain damage), by rapid
restoration of blood flow [7,8]. Therefore, intravenous thrombolysis and/or endovascular
therapy remain the gold standard treatment for patients with acute ischaemic stroke [8].

Oxidative stress results from an imbalance between reactive oxygen and nitrogen
species (RONS) and the body’s antioxidant defences [9,10]. On the other hand, the gut
microbiota, a key regulator of systemic inflammation, plays an integral role in stroke
pathology [11]. Dysbiosis, or an imbalance in gut microbial composition, can exacerbate
inflammatory responses and lead to a poorer patient outcome [12]. Studies have shown
that the gut microbiota can influence neuroinflammation, which plays a critical role in brain
recovery following an ischaemic stroke [11] (Figure 1).

This narrative review synthesises the current literature and provides a comprehen-
sive overview of the evidence of the contribution of oxidative stress to ischaemic stroke
pathophysiology, as well as the potential impact of gut microbiota on this process (Table 1).

Table 1. A summary of the key concepts of ischaemic stroke pathophysiology, oxidative stress, and
gut microbiota.

Topic

Key Points Implications

Oxidative stress

Excess RONS produced by mitochondrial
dysfunction, NADPH oxidase, and xanthine
oxidase directly damage lipids, proteins, and

nucleic acids, and activate
inflammatory pathways.

Reducing oxidative stress may be a
target for neuroprotective therapies.

Reperfusion injury

Gut-brain axis

Interventions to modulate
reperfusion-induced oxidative damage
may improve functional outcomes.
Addressing gut dysbiosis may
improve stroke outcomes and reduce

The sudden influx of oxygen intensifies
RONS production and inflammation.

Dysbiosis can exacerbate oxidative stress and

systemic inflammation.

post-stroke complications.

Gut microbiota metabolites

SCFAs (e.g., butyrate, acetate, propionate):
generally neuroprotective, enhance BBB
integrity, reduce inflammation.
TMAO: implicated in increased thrombosis
risk and unfavourable stroke outcomes.

Targeting these metabolites can
modulate oxidative stress and
inflammation.
Potential for personalised
nutrition/probiotics.
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Table 1. Cont.

Topic Key Points

Implications

Antioxidants: counteract RONS (SOD
mimetics, vitamin E).
Probiotics/faecal microbiota transplantation:
rebalance gut flora and potentially reduce
oxidative stress and inflammation.
Dietary interventions: high-fiber intake and
specific prebiotic ingredients to foster
SCFA production.

Therapeutic strategies

Adjunctive therapies can be combined
with standard acute stroke care (e.g.,
thrombolysis, thrombectomy).
Larger clinical trials are needed to
confirm their efficacy.

Larger-scale, randomised trials are needed to
test microbiota-targeting and
antioxidant therapies.

Further research is required to elucidate the
precise molecular mechanisms linking
dysbiosis and oxidative stress.
Exploring personalised medicine approaches
could enhance treatment effectiveness.

Future directions

A better understanding of the complex
gut-brain oxidative pathways may
lead to novel interventions that
optimise stroke recovery.

RONS: reactive oxygen and nitrogen species, NADPH: nicotinamide adenine dinucleotide phosphate, SCFAs: short-
chain fatty acids, TMAO: trimethylamine N-oxide, BBB: blood-brain barrier, SOD: superoxide dismutase.

I Ischaemic stroke I

Gut dysbiosis

Oxidative stress

=

I Neuroinflammation |

Figure 1. This figure illustrates the interplay between gut dysbiosis, oxidative stress, and neuroin-
flammation in the context of acute ischaemic stroke. Acute ischaemic stroke causes an oxidative
burst, triggering an early inflammatory response and acute perturbations in gut microbiota. On the
other hand, gut dysbiosis can exacerbate oxidative stress, which in turn contributes to the develop-
ment and progression of ischaemic stroke. Also, oxidative stress directly influences the severity of

neuroinflammation.
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2. Methods

To provide a comprehensive analysis of the topic, a detailed literature search was
conducted using the PubMed and Google Scholar databases, covering the period up to
3 March 2025. The search included various types of studies, such as experimental and
clinical research, as well as review papers. Specific search terms associated with the topic,
including ‘short-chain fatty acids’, ‘oxidative stress’, ‘reactive oxygen species’, ‘reactive
nitrogen species’, ‘antioxidants’, ‘gut microbiota’, ‘gut microbiome’, and ‘acute ischaemic
stroke’, were employed to filter titles and abstracts. To ensure thorough coverage of the
topic, a manual review of reference lists was performed to expand the search. In addition,
a search of ClinicalTrials.gov was conducted to identify ongoing but unpublished clinical
trials. Articles that were not written in English or those that were not published as full
scientific papers, such as conference abstracts or data sets, were excluded to maintain the
relevance and quality of the review. The literature review was conducted independently by
two investigators (A.G., P.O.) to reduce bias and ensure accurate data collection.

3. Oxidative Stress in Ischaemic Stroke
3.1. Pathophysiological Mechanisms Underlying Oxidative Stress

Free radicals are chemically reactive molecules containing one or more unpaired elec-
trons, such as hydroxyl radical (*OH), superoxide (O,*~), or nitric oxide (*NO) [9,13].
Other molecules that can generate free radicals include hydrogen peroxide (H,O,) and per-
oxynitrite (ONOO™) [13]. Free radicals and related molecules are commonly referred to as
RONS, and they include two categories of chemically reactive molecules: those containing
oxygen, reactive oxygen species (ROS), and those containing nitrogen, reactive nitrogen
species (RNS) [13-15]. ROS are produced as by-products of normal cellular processes, such
as mitochondrial oxidative phosphorylation, where electron leakage during adenosine
triphosphate (ATP) generation makes mitochondria a major site of ROS production [15].
However, other cellular sources significantly contribute to ROS production as well. For
instance, red blood cells—despite lacking mitochondria—generate ROS mainly through the
auto-oxidation of haemoglobin and the activity of NADPH oxidases [16]. These alternative
sources are especially relevant in the context of acute stroke, where haemolysis and vascular
dysfunction can amplify oxidative stress [16]. Moreover, a free radical can give rise to
another secondary radical, e.g., superoxide (O,°~) can be converted into hydrogen perox-
ide (HpO;) and further into hydroxyl radical (*OH) [15]. Other sources of ROS include
enzymatic activities such as nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase, which produces superoxide (O,°~); peroxisomes which, in turn, produce hydrogen
peroxide (H,O;) during fatty acid oxidation; and xanthine oxidase, which produces ROS
as a by-product during the conversion of hypoxanthine into uric acid [17,18]. At high
concentrations, ROS may overwhelm the body’s antioxidant defence mechanisms and
cause damage to cell structures, nucleic acids, lipids, and proteins [17]. At the same time,
RNS are produced when nitric oxide (*NO) interacts with ROS or other reactive molecules,
leading to the formation of peroxynitrite (ONOO™) [15]. RNS play a dual role in biological
systems, participating in physiological signalling processes or causing pathological damage
during oxidative stress [15]. Furthermore, at physiological concentrations, nitric oxide
(*NO) is considered neuroprotective due to its role in vasodilation and neurotransmis-
sion [19]. However, under pathological conditions, free radicals may deplete nitric oxide
(*NO) through the formation of peroxynitrite (ONOQO™), thereby reducing the vascular
bioavailability of nitric oxide (*NO) and leading to BBB dysfunction [19]. Similar to RNS,
ROS also exhibit a dual role in biological systems. At physiological levels, ROS function
as important signalling molecules involved in processes such as immune defence, cell
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proliferation, and redox signalling. However, excessive ROS accumulation disrupts redox
homeostasis and leads to oxidative stress and cellular damage [17].

The body combats oxidative stress with both enzymatic and non-enzymatic antioxi-
dant defences [17]. Enzymatic antioxidants include superoxide dismutase (SOD), which
converts superoxide (O,°7) into hydrogen peroxide (H,O,); catalase, which converts hy-
drogen peroxide (H,O,) into water and oxygen; and glutathione peroxidase (GPx), which
reduces hydrogen peroxide (H,O,) and lipid peroxides using glutathione [10,17]. Further,
non-enzymatic antioxidant defence systems include some vitamins (Vitamin C, Vitamin E)
and glutathione, a tripeptide that directly scavenges free radicals [10,17]. Oxidative stress
can result from excessive ROS and/or RNS production and reduced antioxidant defence
mechanisms [20,21]. When oxidative stress persists or overwhelms antioxidant defences,
it can lead to cell death through both apoptosis and necrosis, as well as inflammation,
aging, and various diseases such as atherosclerosis, cancer, diabetes, rheumatoid arthritis,
post-ischaemic perfusion injury, myocardial infarction, cardiovascular diseases, chronic in-
flammation, stroke, septic shock, and other degenerative diseases in humans [9,10,17,20,21].

3.2. Oxidative Stress and Ischaemic Stroke: Advanced Mechanistic Insights

An ischaemic stroke occurs when there is a significant reduction in or complete block-
age of cerebral blood flow to a specific region of the brain, depriving brain cells of the
oxygen and glucose they need to function [22]. Further, oxidative stress plays a critical
role in stroke pathophysiology because the brain is highly sensitive to damage caused by
RONS [22]. First, the brain is particularly vulnerable to oxidative damage due to several
factors, including high concentrations of peroxidisable lipids, low levels of protective
antioxidants, high oxygen consumption, and elevated iron levels, which, in pathological
conditions, act as pro-oxidants [22,23]. Second, oxidative reactions involving dopamine
and glutamate also occur in the brain [22,24]. After an ischaemic stroke, a cascade of events
is triggered in the brain due to reduced blood flow, oxygen deprivation, and subsequent
cellular responses [23]. These mechanisms unfold in distinct phases, but begin rapidly with
the onset of ischaemia [23]. Initially, an ischaemic stroke deprives neurons of oxygen and
glucose, which are essential for ATP synthesis via oxidative phosphorylation [23]. Then,
ATP depletion leads to the failure of energy-dependent ion pumps (e.g., Na* /K*-ATPase),
resulting in ionic imbalances, including the influx of calcium (Ca?*), sodium (Na*), and
chloride (C17) ions into the cell, and the efflux of potassium (K*) [23]. This causes depolar-
isation of the cell membrane, which subsequently leads to the development of cytotoxic
oedema [23]. Furthermore, the massive release of glutamate activates ionotropic glutamate
receptors, and prolonged receptor activation leads to excitotoxicity. This results in excessive
calcium entry into neurons, triggering pathways that damage mitochondria and activate
cellular enzymes such as proteases, lipases, and endonucleases [23]. Additionally, mito-
chondrial dysfunction and the activation of enzymes such as NADPH oxidase and xanthine
oxidase produce ROS, including superoxide (O,°~) and hydrogen peroxide (H,O;). These
ROS can attack cellular membranes, causing lipid peroxidation and the loss of membrane
integrity, and also induce nucleic acid strand breaks and protein oxidation, impairing
cellular functions and activating apoptotic pathways [23]. Finally, disturbances in calcium
and glutamate homeostasis may also result in ischaemic necrosis or apoptosis [22,23].

Excitotoxicity and RONS activity induce neurons, oligodendrocytes, astrocytes, and
microglia that initiate post-ischaemic inflammation [6,24]. RONS can activate transcrip-
tion factors such as nuclear factor kappa-B (NF-kB), which upregulates pro-inflammatory
cytokines (e.g., IL-13, TNF-c, IL-6), chemokines, and adhesion molecules [25,26]. Endothe-
lial cells and resident glial cells then amplify the inflammatory response by recruiting
peripheral immune cells, which further increases oxidative stress through the release of
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more reactive species and proteolytic enzymes [27,28]. This vicious cycle exacerbates
ischaemic damage by generating nitric oxide (*NO), ROS, and prostanoids, which can
increase BBB permeability and cause secondary complications such as cerebral oedema and
haemorrhagic transformation [29] (Figure 2).

Sustained ROS
production

Further
developing
dysbiosis

Microbiota
recomposition

Decreased ROS
production

Acute gut microbiota
perturbation

Early inflammatory

Persistent chronic
neuroinflammation

response

2 > >

Figure 2. Temporal changes in oxidative stress levels (orange curve), neuroinflammation (blue curve),

and gut microbiota (green curve) following acute ischaemic stroke. Within the first 24 h, an oxidative
burst occurs, triggering an early inflammatory response and acute perturbations in gut microbiota.
As the response extends from 24 to 72 h, sustained production of reactive oxygen species (ROS)
exacerbates gut dysbiosis. Over the subsequent days to weeks, efforts at microbiota recomposition
attempt to stabilise the gut environment and decrease ROS production. Despite these recovery
mechanisms, persistent chronic neuroinflammation develops, highlighting potential intervention
targets to prevent long-term damage.

3.3. Cerebral Ischaemia-Reperfusion Injury and ROS Generation

Cerebral ischaemia-reperfusion injury denotes tissue damage following blood flow
restoration after a period of ischaemia or oxygen deprivation [30]. While restoration of
blood flow is essential to prevent irreversible damage, reperfusion itself can paradox-
ically exacerbate tissue injury, further compromising organ function and viability [31].
Reperfusion injury involves multiple pathological processes, including oxidative stress,
mitochondrial dysfunction, leukocyte infiltration, platelet activation and aggregation, com-
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plement activation, and BBB disruption [32]. These processes ultimately lead to cerebral
oedema or haemorrhagic transformation [32].

The introduction of oxygen through restored blood flow to oxygen-deprived tissues
leads to a significant increase in ROS production [33]. Excessive ROS not only directly
damage all cellular components, including proteins, nucleic acids, and lipids, but also, if
left unchecked, amplify pro-inflammatory molecular cascades and promote the recruitment
and activation of additional leukocytes [23,32,33]. In an experimental study, increased
ROS production was observed in the rat brain following cerebral ischaemia-reperfusion, as
detected by electron spin resonance spectroscopy [34].

RONS production begins early in ischaemia and increases during reperfusion [35].
Mitochondria are one of the major sources of ROS after ischaemia-reperfusion [32]. It is
well known that under ischaemic conditions, the electron transport chain in mitochondria is
impaired, leading to the accumulation of succinate [36]. Upon reperfusion, the rapid oxida-
tion of accumulated succinate by Complex II drives reverse electron transfer at Complex I,
leading to excessive ROS production [37]. This process is a major contributor to oxidative
damage during reperfusion [37]. Furthermore, the primary sources of free radicals during
cerebral ischaemia-reperfusion include calcium-dependent oxidative enzymes such as
xanthine oxidase, NADPH oxidase, and nitric oxide synthase, as well as the degradation of
membrane and mitochondrial phospholipids [14]. The sudden increase in oxygen levels
provides a substrate for several previously activated oxidative enzymes [14,35]. Upon
reperfusion, xanthine oxidase catalyses the oxidation of hypoxanthine to uric acid, with
superoxide (O,°7) and hydrogen peroxide (H,O;) being generated as by-products [14].
Moreover, the activation of NADPH oxidases contributes to elevated ROS production by
transferring electrons from NADPH to molecular oxygen (O;), which generates super-
oxide (O2°*7) and exacerbates neuronal injury [38]. Additionally, neuronal nitric oxide
synthase (NNOS) produces nitric oxide (*NO) that can react with superoxide (O,°7) to
form peroxynitrite (ONOO™), a potent oxidant that triggers nitrosative stress and further
cell damage [14,19].

4. Gut Microbiota as a New Player in Ischaemic Stroke Pathophysiology
4.1. Overview of the Gut—Brain Axis in Ischaemic Stroke

The gut microbiota can be defined as the total composition of bacteria, archaea, and
eukaryotes inhabiting the human gastrointestinal tract. With an estimated abundance
of over 10! microorganisms, the gut microbiota surpasses the number of all host cells
tenfold [39]. The term gut microbiome, erroneously used interchangeably with gut micro-
biota, denotes by de facto the collective genomic composition of gut microorganisms [40].
A typical gut microbiota composition includes six phyla, such as Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia. Among them, the Fir-
micutes and Bacteroidetes phyla are the most numerous, accounting for 90% of the gut
microbiota [41,42]. The Firmicutes phylum consists of more than 200 genera, including
Lactobacillus, Bacillus, Clostridium, Enterococcus, and Ruminicoccus, while the Bacteroidetes
phylum consists mainly of the genera Bacteroides and Prevotella [42]. Under healthy con-
ditions, the gut microbiota typically exhibits commensal properties that benefit the host.
However, a state of microbial imbalance, known as dysbiosis, has been implicated in a
wide range of human diseases [43]. Dysbiosis, in general, might be caused by decreased
abundance of beneficial microorganisms, increased growth of harmful species, and an
overall reduction in microbial diversity [43].

In recent years, research on the gut microbiota has focused not only on its contribution
to host homeostasis, but also on its involvement in various diseases [41]. Moreover, studies
have shown that the gut microbiota is involved in bidirectional gut-brain communication,
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referred to as the gut-brain axis [44,45]. The connection between the intestines and the
central nervous system (CNS) involves multiple pathways, e.g., immune system regulation,
the vagus and enteric nervous systems, neuroendocrine interactions, and the vascular
system, all of which are influenced by the production and secretion of neuroactive com-
pounds and metabolites [45,46]. Gut microbiota can communicate with the CNS mainly
through neurotransmitters, including y-aminobutyric acid (GABA), dopamine (DA), nore-
pinephrine (NE), serotonin (5-HT), and histamine [47]. For instance, the Bacteroides fragilis,
Parabacteroides, Eubacterium, and Bifidobacterium genera are recognised for their ability to
synthesise GABA. Although GABA is unable to directly cross the BBB, it can affect the
enteric nervous system and influence central nervous signalling via the vagus nerve [48].
Nevertheless, the gut microbiota may influence the production of neurotransmitters in the
CNS by generating precursors that are capable of crossing the BBB [48].

The gut-brain axis has been implicated in the pathogenesis of neurological disorders
such as multiple sclerosis and Alzheimer’s disease, as well as acute ischaemic stroke [49].

Certain microbiota-derived metabolites are particularly associated with ischaemic
stroke, e.g., short-chain fatty acids (SCFAs) and trimethylamine N-oxide (TMAO) [49-51].
Trimethylamine, a precursor of TMAO, is produced by the gut microbiota from various
dietary sources, including L-carnitine, phosphatidylcholine, choline betaine, and ergoth-
ioneine [52,53]. It is then absorbed in the small intestine and oxidised to TMAO in the
liver by flavin-containing monooxygenase 3 [52]. TMAO has been demonstrated to be
associated with ischaemic stroke incidents [53]. Furthermore, a meta-analysis by Farhangi
et al. showed a positive dose-dependent association between TMAO concentration and
the risk of stroke [52]. A potential explanation for this association is that TMAOQ increases
platelet reactivity, thereby increasing the risk of thrombosis [54]. The gut microbiota may
also be linked to ischaemic stroke through SCFAs, which are thought to have a protective
effect against ischaemic stroke [55]. Generally, SCFAs, including acetate, propionate, and
butyrate, are key metabolites produced in the colon through the bacterial breakdown of
dietary fibre and are associated with gut-brain axis communication [56].

Since neuroinflammation is a critical factor in the progression of damage following
ischaemia-reperfusion injury, the anti-inflammatory properties of SCFAs are considered
to be particularly beneficial [55]. Nevertheless, the existing clinical data remain equivocal.
For example, a study by Chou et al. in which 56 patients with acute ischaemic stroke
underwent recanalisation therapy (30 with intravenous thrombolysis, 15 with mechanical
thrombectomy, and 11 with both methods combined) revealed that the plasma levels of
isovalerate, one of the SCFAs, were inversely correlated with stroke severity as measured by
the National Institutes of Health Stroke Scale (NIHSS) both on admission and at discharge,
while TMAO levels were not associated with stroke severity (as measured by the NIHSS)
or functional outcome (as measured by the Modified Rankin Scale—mRS) [57]. Conversely,
a study by Henry et al. involving 53 patients with acute ischaemic stroke who underwent
mechanical thrombectomy, as well as 12 controls with stroke risk factors who underwent
minimally invasive diagnostic angiography and elective neurointerventional procedures,
found that plasma SCFA levels at the time of the stroke were not linked to stroke severity
at presentation. Interestingly, higher SCFA levels at the time of the stroke were associated
with elevated inflammatory markers [58]. Therefore, considering that both studies involved
relatively small groups of subjects, the results should be interpreted with caution, and
larger multi-centre studies are needed to confirm these findings.

4.2. Gut Microbiota and Ischaemic Stroke

Dysbiosis of the gut microbiota has been implicated in the development of various
cardiovascular risk factors, including diabetes mellitus, hypertension, and obesity, which
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could subsequently lead to stroke. As a result, dysbiosis is also a common finding in
patients with acute ischaemic stroke [12]. The majority of studies demonstrate that stroke
patients exhibit reduced gut microbiome diversity [50]. Chang et al. conducted a study of
198 patients with acute ischaemic stroke due to small vessel occlusion, cardioembolism,
or large artery atherosclerosis, and 200 healthy controls. The researchers isolated bacterial
extracellular membrane vesicles from participant samples and extracted DNA from blood
samples [59]. The study found a significant decrease in the Verrucomicrobia, Firmicutes,
and Deferribacteres phyla, as well as significantly elevated levels of the Actinobacteria and
Proteobacteria phyla [59]. Moreover, the study found that the Ruminococcaceae family
and the Prevotella genus were significantly elevated in the poor outcome group (defined
as those with an mRS score > 3) compared to the good outcome group. Conversely, the
Anaerococcus, Blautia, Dialister, Rothia, and Propionibacterium genera were significantly
decreased in the poor outcome cohort [59]. It is particularly paradoxical that the Ru-
minococcaceae family and the Prevotella genus were increased in patients with a poor
stroke outcome, as these bacteria produce SCFAs [60], which have anti-inflammatory prop-
erties that could potentially improve stroke outcomes [55]. Nonetheless, another study
by Sun et al., which included 132 consecutive patients with acute ischaemic stroke due
to anterior cerebral infarction, revealed that the abundance of SCFA-producing genera,
including Bacteroides, Faecalibacterium, Roseburia, Ruminococcus, Coprococcus, and
Butyricicoccus, was significantly decreased in the poor outcome cohort (defined as those
with an mRS score > 3). On the other hand, the pathogenic genus Enterococcus was
enriched in this group [61]. These findings are consistent with the results of a study by
Yashimiro et al. in which the researchers recruited 175 patients with acute ischaemic stroke
within 24 h of symptom onset and 40 healthy controls [62]. The levels of acetic acid, the
primary SCFA produced in the human body, were significantly lower in the ischaemic
stroke patients compared to the healthy controls. Conversely, valeric acid levels were
significantly elevated in the stroke cohort [62]. Moreover, the study found that valeric
acid levels were positively correlated with high-sensitivity C-reactive protein levels and
white blood cell counts, suggesting that gut dysbiosis in patients with acute ischaemic
stroke is linked to host inflammation [62]. Furthermore, a study by Zeng et al. in aged
C57BL/6] male mice demonstrated that valeric acid exacerbated neurological outcomes and
intensified the inflammatory response, including increased blood IL-17 levels, following
cerebral ischaemia [63]. Interestingly, the composition of the gut microbiota may also vary
depending on the aetiology of ischaemic stroke. For instance, a study by He et al. found
that the Bifidobacterium, Butyricimonas, Blautia, and Dorea genera, as well as the species
Bifidobacterium longum, showed significant changes with high specificity in patients with
large vessel occlusion stroke compared to those with cerebral small vessel disease and
healthy individuals [64].

5. Mechanisms Linking the Gut Microbiota to Cerebral Ischaemia and
Oxidative Stress

5.1. Gut Microbiota and Oxidative Stress

The gut microbiota is known to influence oxidative stress both directly and through
various metabolites [65,66]. Interestingly, some probiotic organisms have the ability to
produce their own antioxidants, such as SOD or catalase. Additionally, they can produce
antioxidant metabolites such as folate and glutathione [67]. For instance, some bacteria
from the Lactobacilli genera have the ability to synthesise glutathione at high levels and
possess a fully functional glutathione system that includes glutathione peroxidase as well
as glutathione reductase. These enzymes allow them to potentially influence the production
of ROS [68]. Wanchao et al. have assessed the effects of inactivated Lactobacillus on cerebral
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ischaemia-reperfusion injury by using a middle cerebral artery occlusion and reperfusion
model in male Sprague Dawley rats [69]. Their experiment showed that intravenous ad-
ministration of inactivated Lactobacillus resulted in improved neurobehavioral scores and a
significant reduction in infarct volume. Additionally, the study found that malondialde-
hyde levels (the marker of ROS and lipid peroxidation) decreased, while SOD activity
increased in occipital lobe tissues, suggesting a reduction in oxidative stress levels [69].
Finally, not only the Lactobacilli genera, but also some species within the Bifidobacterium
genera may reduce plasma levels of TMAO and both plasma and caecal levels of trimethy-
lamine, potentially contributing to reduced oxidative stress [70]. However, there are too
few studies assessing this association to draw definitive conclusions.

5.2. Metabolites Derived from Gut Microbiota and Oxidative Stress

Some metabolites produced by the gut microbiota [71], such as SCFAs, are thought to
help alleviate the effects of oxidative stress [72]. Furthermore, SCFAs have the ability to
improve BBB activity during acute ischaemic stroke [73]. According to an experimental
study by Chen et al. involving aged male C57BL/6 mice (17-19 months), oral administration
of butyrate decreased BBB permeability in a photothrombotic stroke model of focal cortical
ischaemia [74]. Moreover, according to a small randomised, double-blind, cross-over
study (ClinicalTrials.gov identifier: NCT00693355) involving 16 healthy volunteers, rectal
administration of butyrate significantly increased glutathione concentration in colonic
biopsies compared to placebo. Therefore, it may contribute to a reduction in oxidative
stress levels [75]. These findings are consistent with the results of a study conducted by
Wang et al. using mice with ischaemia-reperfusion injury induced by bilateral common
carotid artery occlusion [76]. Oral administration of sodium butyrate exerts neuroprotective
effects by mitigating oxidative stress, as evidenced by a significant increase in SOD activity
and a significant decrease in malondialdehyde levels. Additionally, it reduces inflammatory
responses, as indicated by significantly decreased levels of IL-13, TNF-«, and IL-8 [76].

6. Clinical Implications of Targeting Gut-Brain Axis in Acute Ischaemic
Stroke and Future Research Directions

Considering all of the above, targeting the gut microbiota may be a promising
therapeutic strategy for both prevention and treatment of acute ischaemic stroke [77].
A Mendelian randomisation analysis by Qu et al. revealed that the genetically predicted
enrichment of several SCFA-producing genera is causally associated with more favourable
90-day functional outcomes after ischaemic stroke. The authors suggested that SCFA-linked
species may promote post-stroke recovery by mediating synaptic function [78].

Among the treatment options, dietary interventions, probiotics, and faecal microbiota
transplantation are some noteworthy approaches [11,79]. A meta-analysis of 26 randomised
controlled trials, collectively involving 2216 patients with stroke, reported that early enteral
nutrition combined with probiotics significantly decreased the incidence of gastrointestinal
complications and the incidence of infection, as well as shortening the length of hospital
stay [80]. Complementing these findings, a retrospective study analysing Bifidobacterium
bifidum supplementation in elderly patients with ischaemic stroke revealed significant
decreases in their NIHSS scores over a 4-week follow-up period. In addition, inflammatory
parameters, such as IL-6, IL-8, IL-13, and TNF-«, were significantly decreased in the group
receiving Bifidobacterium bifidum supplementation compared to the controls [81]. According
to a systematic review by Savigamin et al., probiotics may potentially decrease neurological
deficits following acute ischaemic stroke and reduce cerebral infarct volume due to their
anti-inflammatory and antioxidant properties [82]. However, cross-study comparisons
are hindered by the variability in probiotic bacterial strains used across research [82].
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Additionally, certain probiotics have been shown to not only beneficially alter the gut
microbiota composition, but also modulate neurotransmission systems [83,84]. For instance,
Bercik et al. revealed that administration of Bifidobacterium longum NCC3001 in an animal
model of chronic colitis normalised anxiety-like behaviours [84]. Similarly, Bravo et al.
showed that treatment with Lactobacillus rhamnosus (JB-1) in healthy animals reduced stress-
induced corticosterone levels and alleviated anxiety-like and depression-like behaviours,
while also inducing region-specific changes in GABA receptor mRNA expression in the
brain [83]. Notably, in both studies, these effects were absent in vagotomised animals,
emphasizing the critical role of vagus nerve signalling at the level of the enteric nervous
system in mediating observed behavioural changes [83,84]. Moreover, numerous animal-
based studies have highlighted the role of faecal microbiota transplantation as a potential
treatment for acute ischaemic stroke and its complications [85,86]. However, clinical data
on this topic are still limited, making it difficult to draw definitive conclusions. There
are currently no clinical trials registered on ClinicalTrials.gov evaluating the role of faecal
microbiota transplantation in acute ischaemic stroke. Therefore, large, double-blind studies
are needed to determine the causal effect of this procedure on stroke recovery.

7. Conclusions

Stroke remains a leading cause of mortality and long-term disability worldwide, with
ischaemic stroke accounting for the majority of all stroke incidents. A growing body of
evidence highlights the pivotal role of oxidative stress in the pathophysiology of acute
ischaemic stroke, where excessive production of RONS precipitates neuronal damage and
propagates inflammatory cascades. At the same time, the gut microbiota has emerged
as a key modulator of stroke outcomes, influencing neuroinflammation and oxidative
stress through multiple pathways and metabolites, including SCFAs and the modulation
of neurotransmitter levels in both the enteric and central nervous systems. Dysbiosis, an
imbalance in the gut microbial ecosystem, may exacerbate ischaemic damage by promoting
inflammation and endothelial dysfunction, thereby broadening the scope of potential risk
factors for acute ischaemic stroke.

Therapeutic strategies aimed at mitigating oxidative stress or restoring a healthy gut
microbiota balance are promising new approaches for stroke treatment and prevention.
Interventions such as the use of probiotics, targeted dietary interventions, or faecal mi-
crobiota transplantation may offer additional benefits when combined with established
therapies such as thrombolysis and endovascular treatment. However, clinical data in
this area remain limited. Large-scale, randomised controlled trials are needed to fully
elucidate the therapeutic value of the modulation of gut microbiota composition in acute
ischaemic stroke and to optimise interventions targeting oxidative stress. Fostering inter-
disciplinary research integrating neurology, microbiology, and immunology is crucial for
the development of novel, mechanism-driven strategies to improve stroke outcomes.
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The following abbreviations are used in this manuscript:

ATP Adenosine triphosphate
BBB Blood-brain barrier
Cl- Chloride ion

CNS Central nervous system
GPx Glutathione peroxidase
H,0, Hydrogen peroxide
IL-1pB Interleukin 1 beta

IL-6 Interleukin 6

1L-8 Interleukin 8

mRS Modified Rankin Scale
Na* Sodium ion

NADPH Nicotinamide adenine dinucleotide phosphate
NF-«xB Nuclear factor kappa B
NIHSS National Institutes of Health Stroke Scale

nNOS Neuronal nitric oxide synthase
NO Nitric oxide

0~ Superoxide anion radical

*OH Hydroxyl radical

ONOO™  Peroxynitrite

RNS Reactive nitrogen species
RONS Reactive oxygen and nitrogen species
ROS Reactive oxygen species
SCFAs Short-chain fatty acids

SOD Superoxide dismutase

TMAO Trimethylamine N-oxide
TNF-a Tumor necrosis factor alpha
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