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Abstract: Stroke is a major contributor to global mortality and disability. While reperfusion is essen-
tial for preventing neuronal death in the penumbra, it also triggers cerebral ischemia-reperfusion
injury, a paradoxical injury primarily caused by oxidative stress, inflammation, and blood-brain
barrier disruption. An oxidative burst inflicts marked cellular damage, ranging from alterations in
mitochondrial function to lipid peroxidation and the activation of intricate signalling pathways that
can even lead to cell death. Thus, given the pivotal role of oxidative stress in the mechanisms of
cerebral ischemia-reperfusion injury, the reinforcement of the antioxidant defence system has been
proposed as a protective approach. Although this strategy has proven to be successful in experimental
models, its translation into clinical practice has yielded inconsistent results. However, it should be
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intervening in multiple signalling pathways at various stages. Multiple clinical trials have previously
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ments. Therefore, multi-antioxidant therapy emerges as a promising novel therapeutic option due to
the potential synergistic effect provided by the simultaneous roles of the individual compounds.
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1. Introduction

Stroke stands as the second-leading contributor to mortality worldwide. With more

than 12 million new cases reported in 2019, it represents 11.6% of all deaths. Simultaneously,
= it is the third-leading cause of combined death and disability, accounting for 5.7% of the
Copyright: © 2024 by the authors.  tota] Disability-Adjusted Life Years (DALYs) [1]. The most common type of stroke is
Licensee MDPL, Basel, Switzerland. - jgchemic stroke (IS), which is characterised by an occlusion of a vascular structure, leading
to acute obstruction of the blood flow to the brain region, for which acute management is
based on several therapeutic approaches based on reperfusion, such as thrombolysis or
endovascular thrombectomy, with partially improved outcomes [2]. Although this strategy
aims to reduce the time of hypoperfusion and, thus, preserve organ function, paradoxically,
blood flow restoration leads to relevant additional damage [3]. In the same order of
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ideas, despite the introduction of successful therapeutic strategies, numerous patients
will continue to suffer from physical consequences [4], and, therefore, new approaches
to reduce the residual damage are needed. The paradoxical damage generated following
the onset of reperfusion is called ischemia-reperfusion injury (IRI), and many potential
targets for preventing this injury have been proposed. For instance, reducing the damage
induced by oxidative stress (OS) is of major interest [2]. There is a large amount of research
outlining the benefits of antioxidant therapies to reduce OS-mediated IRI, translating these
models into clinical practice, which has yielded controversial evidence [3]. Within this
scenario, it is of paramount relevance to thoroughly comprehend the pathophysiological
mechanisms underlying this damage to further understand how new treatment strategies
intend to overcome this problem; thus, this review aims to provide an up-to-date summary
of the possible contributions of antioxidant compounds for mitigating OS-induced harm
in the context of IRI following an IS. In this vein, we explore the hypothesis that using a
multi-antioxidant approach for intervening in more than one molecular pathway could
improve the benefits of using monotherapies.

2. Ischemic Stroke

Following arterial blockade, IS results in a lack of oxygen and glucose deprivation in
the brain, affecting both neuronal and glial function, alongside changes in blood vessels
and inflammation. Given this oxygen deprivation, neurons suffer from ionic imbalance,
altered electron transfer in the mitochondrial oxidative phosphorylation, and membrane
depolarisation [5], leading to anoxic depolarisation. Consequently, these events result in
the release of neurotransmitters at presynaptic terminals, increasing their concentration
and, thus, causing excitotoxicity mainly mediated by glutamate, which cannot be removed
due to its energy-dependent removal process [6].

The excitotoxicity is mainly mediated by augmenting the conductance through the N-
methyl-D-aspartate receptor (NMDAR). Upon neuronal depolarisation, there is an increase
in its conductance, allowing for a large calcium influx into the neurons and triggering
an even larger release of calcium from intracellular stores. This increase in the cytosolic
calcium concentration is a key step in initiating the intracellular pathways for mitochondrial
dysfunction, apoptotic cascade responses, inflammatory responses, and reactive oxygen
species (ROS) production, ultimately leading to OS-mediated damage [7].

Additionally, after the restoration of blood flow into the brain, the re-entry of oxy-
genated blood leads to the “oxygen paradox” phenomenon, accompanied by further ROS
production, causing greater damage to neurons, astrocytes, oligodendrocytes, and mi-
croglia [8]. The entire IRI process, therefore, includes OS-mediated damage by enhancing
inflammation and via endothelial dysfunction, leading to the disruption of the blood-brain
barrier (BBB); microglial activation; lipid peroxidation; and direct cellular death through
ferroptosis, pyroptosis, necroptosis, autophagy, and apoptosis, culminating in potential
chronic damage, mainly due to glial scar formation, chronic inflammation, impaired axonal
regeneration, impaired remyelination, and impaired neo-angiogenesis [9-12]. The main
mechanisms and molecular pathways involved in brain damage due to IRI following stroke
reperfusion are summarised in Figure 1 and Table 1.
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Figure 1. Summary of brain damage mechanisms. MMP: Matrix metalloproteinases. NO: Nitric
oxide. VEGF: Vascular endothelial growth factor.

Table 1. Pathogenic molecular mechanisms during brain IRI following an IS.

Pathogenic Processes

of Ischemic Stroke Molecular Mechanisms Ref.

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) induce mitochondrial
dysfunction, lipid peroxidation, and disruption of the blood-brain barrier, suppress [13,14]

Oxidative and intrinsic antioxidant effects, and induce DNA damage and cell death

Nitrosative Stress Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase catalyses the transfer of
electrons from cytosolic NADPH O; at the extracellular side of the cell membrane [15,16]
culminating with superoxide formation
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Table 1. Cont.
Pathogenic Processes .
of Ischemic Stroke Molecular Mechanisms Ref.
Xanthine oxidase catalyses the conversion of hypoxanthine and xanthine to uric acid, [17,18]
producing ROS as by-products !
Electron leakage occurs at various points along the respiratory chain on the mitochondria, [19]
particularly at complex I and complex III, and is responsible for ROS generation
Differential expression of neuronal nitric oxide synthase (nNOS) induces nitric oxide
synthase (iNOS) and endothelial nitric oxide synthase (eNOS) with the subsequent nitric [12]
oxide production
Oxidative and Nitric oxide reacts with superoxide to produce peroxynitrite [5]
Nitrosative Stress Peroxynitrite induces direct nitrosative damage/tyrosine nitration of Keapl (preventing
Nrf2 from being activated with its antioxidant activity) and TP53-induced glycolysis and [12]
apoptosis regulator (TIGAR) with a subsequent impaired generation of NADPH
While hypoxia-inducible factor-1 (HIF-1) activation during ischemia is generally regarded
as protective by enhancing VEFG generation and stimulating angiogenesis, its role becomes [20]
more nuanced during reperfusion by promoting blood-brain barrier disruption mainly
through pericytes
Nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor upregulates multiple [21]
antioxidant response elements (AREs), conferring cytoprotective factors to the cell
Fe?* produces ROS and promotes lipid peroxidation [22]
Malondialdehyde (reactive aldehydes) can form adducts with cellular proteins and nucleic [23]
acids, contributing to cellular dysfunction -
4-Hydroxynonenal is primarily produced during the peroxidation of omega 23]
6 polyunsaturated fatty acids N
Lipid Peroxidation Low-density lipoprotein (LDL) molecules could become highly oxidised to trigger [23]
macrophages activation and apoptosis
cou articipate in formin -isoprostanes through arachidonic acid oxidation
ROS 1d participate in f ing F2-isop hrough hidonic acid oxidati [24]
Acyl-CoA synthetase long-chain family member 4 (ACSL4) facilitates the incorporation of [25]
polyunsaturated fatty acids into phospholipids, contributing to lipid peroxidation
Nuclear receptor coactivator 4 (NCOAA4) facilitates the selective autophagic degradation of [26]
ferritin, releasing iron and promoting the Fenton reaction, contributing to lipid peroxidation
Excitotoxicit Glutamate activates the NMDAR, inducing a large increase in intracellular Ca?* [5,27]
y concentration, directly stimulating ROS/RNS production ’
Microglia display a pro-inflammatory (M1) subtype, producing multiple pro-inflammatory
cytokines such as the TNFq, interferon-gamma (IFN-y) IL-13, IL-6, and IL-12
Microglia display an anti-inflammatory (M2) subtype, expressing anti-inflammatory [28,29]
cytokines, including IL-10, transforming growth factor beta (TGF-p), insulin-like growth
factor 1 (IGF-1), and arginase 1 (Argl), thus participating in tissue repair and
Inflammation inflammation resolution
Janus kinase 2 (JAK2)/signal transducer and activator of transcription (STAT3) is the main
signalling pathway that is responsible for activating microglia into a [30]
pro-inflammatory subtype
NLR family pyrin domain containing 3 (NLRP3) promotes an inflammatory response and [31]
triggers neuronal pyroptosis after ischemic stroke
Matrix metalloproteinase (MMPs) plays a role in cleaving tight junctions and degrading the [32]
extracellular matrix -
Blood-Brain Barrier Oligodendrocytes produce large amounts of MMP-9 as a response to inflammation and [33]
(BBB) Disruption oxidative stress -
Pericytes migrate away from the vasculature, thereby contributing to increased [34]

BBB permeability
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Table 1. Cont.
Pathogenic Processes .

of Ischemic Stroke Molecular Mechanisms Ref.

Astrocytes release vascular endothelial growth factor (VEGF), glial cell-derived
- [35,36]
Blood—Brain Barrier neurotrophic factor, MMP, glutamate, and NO
(BBB) Disruption Endothelial cells induce alteration of Ca?* metabolism, phospholipase-A2 activation, and [37]

production of monocyte chemoattractant protein-1

Cell Death

Autophagy: Activation by AMP-activated protein kinase (AMPK), activation by

phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt), inhibition by mammalian
target of rapamycin (mTOR), activation by hypoxia-inducible factor (HIF)-1oc/BCL2 [38]
interacting protein 3 (BNIP3), inhibition by the sequestration of Beclinl by Bcl2, activation

by p53, and inhibition by TIGAR

Apoptosis: Both the intrinsic (mitochondrial) and extrinsic (death receptors) pathways

are involved (391
Ferroptosis: Iron-dependent accumulation of lipid peroxides and glutathione peroxidase [22]
4 (GPX4) inactivation
Pyroptosis: The NLRP3 inflammasome is activated by ROS generated during IR, thus [40]
triggering pyroptosis in brain cells.
Necroptosis: Mediated by receptor-interacting serine/threonine protein kinase-1 and -3 and [41]

mixed lineage kinase domain-like protein

ACSLA4: Acyl-CoA synthetase long-chain family member 4; AMPK: AMP-activated protein kinase; Akt: protein
kinase B; BBB: blood-brain barrier; BNIP3: BCL2 interacting protein 3; eNOS: endothelial NOS; GPX: glutathione
peroxidase; JAK2: Janus kinase 2; HIF: hypoxia-inducible factor; iNOS: induced NOS; LDL: low-density lipopro-
tein; MMP: matrix metalloproteinase; mTOR: mammalian target of rapamycin; NADPH: nicotinamide adenine
dinucleotide phosphate; NCOA4: nuclear receptor coactivator 4; NLRP3: NLR family pyrin domain containing 3;
NMDAR: N-methyl-D-aspartate receptor; nNOS: nitric oxide synthase; NO: nitric oxide; Nrf2: nuclear factor
erythroid 2-related factor 2; PI3K: phosphatidylinositol-3-kinase; TIGAR: TP53-induced glycolysis and apoptosis
regulator; RNS: reactive nitrogen species; ROS: reactive oxygen species; STAT: signal transducer and activator of
transcription; VEGF: vascular endothelial growth factor.

3. Oxidative Stress

After reperfusion of a blocked cerebral artery, multiple sources contribute to the
significant production of ROS, namely as follows:

e  Mitochondrial ROS generation;
e Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme;
e  Xanthine oxidase (XO) enzyme.

This leads to hydrogen peroxide production, which can result in the highly harmful
hydroxyl anion through the Fenton reaction or the superoxide radical generation. The latter
is subsequently dismutated into hydrogen peroxide by various superoxide dismutase (SOD)
isoforms. Moreover, several antioxidant enzymes, including catalase, glutathione peroxi-
dase (GPX), and peroxiredoxin (Prx), can effectively degrade hydrogen peroxide [42,43].

3.1. Mitochondrial ROS Generation

Mitochondrial ROS generation plays a critical role in IRL. During ischemia, the absence
of oxygen leads to mitochondrial dysfunction, resulting in reduced cellular adenosine
triphosphate (ATP) production. This dysfunction impairs the activity of the electron trans-
port chain (ETC) within the mitochondria, causing electron leakage and an increase in ROS
production. Upon reperfusion, the sudden reintroduction of oxygen to the mitochondria
exacerbates ROS generation due to its pre-existing dysfunction. The ETC, responsible for
ATP production, becomes a significant source of ROS as electrons leak prematurely and
interact with molecular oxygen. This leakage occurs primarily at complexes I and III along
the respiratory chain, leading to the overproduction of superoxide anions [19].
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3.2. NADPH Oxidase

NADPH oxidase (NOX) is a complex oligomeric enzyme that generates ROS by
transferring electrons across biological membranes. When activated, NOX undergoes a
conformational change that facilitates the assembly of its catalytically active complex. This
complex then transfers electrons from cytosolic NADPH to molecular oxygen (O;) at the
extracellular side of the cell membrane, ultimately leading to superoxide formation [15,16].

3.3. Xanthine Oxidase

Xanthine oxidase is an enzyme that plays a role in purine metabolism. It catalyses
the conversion of hypoxanthine and xanthine to uric acid, producing ROS as by-products.
During ischemia-reperfusion events, XO becomes notably significant in ROS generation
due to the increased availability of hypoxanthine and xanthine. Upon restoration of oxygen
supply during reperfusion, XO is activated, producing superoxide radicals and hydrogen
peroxide [17,18].

3.4. Reactive Nitrogen Species

In addition to increased ROS production, there is an augmented generation of reactive
nitrogen species (RNS) during IRI. For example, the reaction between the superoxide
anion and nitric oxide (NO), locally produced in the brain by type 1 neuronal nitric oxide
synthase (nNOS), results in the highly cytotoxic peroxynitrite anion [5]. Two other types
of nitric oxide synthase (NOS) contribute to the augmented production of RNS: induced
type 2 NOS (iNOS) and type 3 endothelial NOS (eNOS). Activation of eNOS and nNOS
are calcium-dependent, whereas activation of iNOS is calcium-independent. Following
reperfusion, the nuclear factor kappa B (NF-kB) pathway upregulates iNOS, leading to
excessive NO production, which promotes inflammation by increasing the release of
proinflammatory factors and altering vascular permeability through the NO/caveolin-
1/matrix metalloproteinase (MMP) pathway [12].

Peroxynitrite anion is also responsible for altering protein function through tyrosine
nitration. For instance, tyrosine nitration of Kelch-like ECH-associated protein 1 (Keap1)
and tumour protein p53 (TP53)-induced glycolysis and apoptosis regulator (TIGAR) has
significant implications. Tyrosine nitration of Keapl promotes an alteration of the cellular
antioxidant response by inducing the cytoplasmic nuclear shuttling of the Keap1/nuclear
factor erythroid 2-related factor 2 (Nrf2) complex in endothelial cells. This prevents the
cells from displaying an adequate Nrf2-mediated antioxidant response [12]. Additionally,
tyrosine nitration of TIGAR leads to a jeopardised generation of NADPH, provoking
endothelial tight junction damage and, thus, an alteration of the BBB. This alteration is
mediated through the downregulation of caveolin-1, further activation of the NOS [13,44],
alteration of the E6-associated protein (E6AP)/Prx1 signalling pathways, and subsequent
reduction in the antioxidant response, ultimately inducing mitochondrial dysfunction and
apoptosis [12].

3.5. Excitotoxicity

In an ischemic state, the lack of oxygen provokes neuronal depolarisation and in-
creased glutamate release into the presynaptic space. The excitatory neurotransmitter
glutamate, through NMDAR activation, can increase intracellular calcium concentration,
which is critical in excitotoxicity, ultimately increasing ROS and RNS production [5,27].
Intracellular calcium overload increases the production of free radicals through several
mechanisms: overloading mitochondrial function by disrupting the mitochondrial ETC,
activating NADPH oxidase activity, activating nNOS, leading to endoplasmic reticulum
stress, and inducing the release of metals, such as iron, from intracellular stores. Metals
can participate in the Fenton and Haber-Weiss reaction, promoting the overall produc-
tion of ROS and RNS [43,45] and directly inducing lipid peroxidation and depletion of
antioxidants, leading to membrane damage, loss of membrane fluidity, the formation of
reactive by-products—such as malondialdehyde (MDA) or 4-hydroxynonenal—and the
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activation of inflammatory responses. Ultimately, these processes cause cell damage and
death through several mechanisms, such as necroptosis, pyroptosis, apoptosis, ferroptosis,
and autophagy [12,23,46].

3.6. Lipid Peroxidation

Lipid peroxidation is a process leading to the generation of oxidised lipid products,
including lipid peroxides and others, whereby ROS, mainly free radicals, target polyunsat-
urated lipids, leading to the generation of lipid peroxides and other reactive intermediates.
Cell oxygen supply is reduced during ischemia, leading to decreased cellular ATP pro-
duction and mitochondrial dysfunction. ROS production is abruptly increased in the
subsequent reperfusion phase, where oxygen is reintroduced. ROS, especially hydroxyl
radicals, can target and attack polyunsaturated fatty acids (PUFAs) in lipid membranes,
which are susceptible to oxidation due to their double bonds. The attack on PUFA molecules
initiates a chain reaction known as lipid peroxidation, a process that involves the following
steps [22,47]:

e Initiation: A free radical, often a hydroxyl radical, subtracts a hydrogen atom from
a PUFA, creating a PUFA radical, which can occur through enzymatic and non-
enzymatic reactions. In non-enzymatic reactions, Fe is a critical component that
triggers the Fenton and Haber—Weiss reactions to generate hydroxyl radicals, anion
superoxide, and hydrogen peroxide. In enzymatic reactions, ROS generation is medi-
ated by several enzymes, such as lipoxygenases (LOXs), cyclooxygenases (COXs), and
NOX, among others.

e  Propagation: PUFA radical reacts with molecular oxygen to form a lipid peroxyl
radical. This peroxyl radical can, in turn, react with another PUFA, propagating the
chain reaction.

e  Termination: The chain reaction is terminated when two radicals react with each other,
often forming non-reactive products.

Lipid peroxides are highly reactive and can further contribute to cellular damage.
These peroxides can affect the integrity and fluidity of cell membranes in terms of increasing
their permeability and disrupting cellular functions, thus leading to the formation of
products such as MDA, F2-isoprostanes, 4-hydroxy-2-nonenal (HNE), and oxidised low-
density lipoprotein (LDL). The reactive aldehydes can form adducts with cellular proteins
and nucleic acids, contributing to cellular dysfunction and amplification of OS by promoting
a cycle of free radical formation and further lipid damage [23,48]. Cellular regulatory
pathways, such as the GPX4 pathway, typically control lipid peroxidation by converting
lipid peroxides into non-toxic forms. However, in ferroptosis, a form of regulated cell death
characterised by the iron-dependent accumulation of lipid peroxides, GPX4 inactivation, or
inhibition leads to the uncontrolled accumulation of lipid peroxides, contributing to cell
death [22].

In this context, Acyl-CoA synthetase long—chain family member 4 (ACSL4) has
emerged as a potential target for mitigating brain IRI following stroke, as it has been
shown to promote neuronal death by enhancing lipid peroxidation. Additionally, the inhi-
bition of ACSL4 has been demonstrated to reduce proinflammatory cytokine production in
microglia, suggesting its role in neuroinflammation regulation for addressing IS-related
complications [25]. Furthermore, nuclear receptor coactivator 4 (NCOA4), a cargo receptor
for ferritinophagy, serves as a potential target for intervention, as its modulation disrupts
the protein—protein interaction between NCOA4 and ferritin heavy chain 1 (FTH1), which
leads to a reduction in intracellular ferrous iron availability. This disruption not only blocks
ferroptosis, but also prevents the selective autophagic degradation of ferritin, subsequently
inhibiting the release of iron and mitigating the promotion of the Fenton reaction, which
contributes to lipid peroxidation [26].
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3.7. Hypoxia-Inducible Factor 1 (HIF-1)

Hypoxia-inducible factor 1 (HIF-1) is pivotal in OS-mediated IRI during stroke. The
initial response to reduced oxygen levels activates HIF-1, promoting adaptive cellular
mechanisms during ischemia through the transcription of genes in charge of regulating the
activities of vascular endothelial growth factor (VEGF), members of the Bcl-2 family and
phosphatidylinositol-3-kinase (PI3K)/ Akt pathways, which in turn, regulate the activity
of NF- kB, ultimately being involved in angiogenesis, glucose metabolism, and cell sur-
vival [12,49]. However, HIF-1 stabilisation may yield divergent effects in different cellular
compartments of the BBB during stroke, given its regulatory impact on multiple target
genes [20]. While HIF-1 activation during ischemia is generally regarded as protective,
its role becomes nuanced during reperfusion, as the re-oxygenation triggers an intricate
interplay where HIF-1 modulates the cellular response to the ensuing surge in ROS leading
to BBB disruption and cellular death. HIF-1’s dual role, serving as a guardian during
ischemia yet exhibiting context-dependent effects during reperfusion, underscores the
complexity of its impact on cell fate [50], being proposed to specifically target HIF-1 in
pericytes to avoid BBB disruption, maintaining its beneficial effects during ischemia [20].

3.8. NF-xB

NF-kB is a transcription factor that regulates the expression of genes involved in
inflammatory responses, cell survival, and immune reactions. Its activation occurs through
two distinct mechanisms [51,52]:

e Canonical pathway (classical): Increased ROS production and pro-inflammatory cy-
tokines stimulate Toll-like receptors (TLRs), tumour necrosis factor (TNF) receptors,
and interleukin (IL)-1 receptor, among others. This stimulation triggers the activation
of the IkB kinase 3 (IKK{) complex, which phosphorylates IkBs, marking them for
degradation by proteasomes. Subsequently, NF-«B is released, translocating into the
nucleus and initiating gene transcription.

e Non-canonical pathway: This pathway involves a different member of the NF-«B
family, p100, which produces the active subunit p52. Specific cytokine family members
activate this pathway through the IkB kinase o« IKKa) complex.

Both IKK{ and IKK« interact with other signalling pathways such as the p53, MAP
kinase, and IRF pathways, ultimately modulating the gene expression of various factors,
including TNFe, IL-1/ 3, MHC class I, 32 microglobulin, chemokines such as MCP-1 or
MIP-1, adhesion molecules such as ICAM-1, E-selectin, or VCAM-1, pro-apoptotic (Bim,
Bax) and anti-apoptotic genes (XIAP, bcl-2), as well as different growth factors [51,53,54].
Excessive or prolonged NF-«B activation can lead to the expression of pro-apoptotic factors,
contributing to cell death in the affected brain tissue; thus, its activation is associated
with BBB disruption and subsequent inflammatory cell infiltration, exacerbated neuroin-
flammation, and injury. However, NF-kB activation can also induce the expression of
anti-inflammatory factors and antioxidants as part of feedback loops. Its resolution phase
involves downregulating NF-«B activity to prevent prolonged inflammation and tissue
damage [54]. Given its central role in mediating inflammatory responses, NF-xB has
emerged as a potential therapeutic target. Modulating its activity may offer a strategy to
attenuate the inflammatory cascade and mitigate the consequences of oxidative stress in
ischemia-reperfusion injury [54,55].

3.9. Nif2

Nrf2, a member of a large family of transcription factors, regulates over 200 down-
stream genes based on the presence of antioxidant response elements (AREs) in the nucleus.
Activated by OS, Nrf2 prevents its sequestration from Keap1 and subsequent degradation.
Upon activation, the Nrf2-musculoaponeurotic fibrosarcoma (Maf) heterodimer is formed;
it binds to the AREs of the DNA [56], upregulating the expression of antioxidant enzymes
via the PI3K/Akt, ERK/mitogen-activated protein kinase (MAPK) and NF-«B pathways.
This activation prevents apoptosis, helps maintain neuronal metabolic homeostasis in
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astrocytes, preserves oligodendrocytes and myelin, enhances M2 microglial activation, and
inhibits M1 polarisation [21,56,57]. Nrf2 remains activated for days to weeks after the initial
ischemic insult, providing lasting effects [56].

Furthermore, Nrf2 promotes the expression of downstream genes and their enzyme
production, such as the heme oxygenase-1 (HO-1) enzyme, while also playing a significant
role in decreasing the activation of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome and the subsequent pyroptosis. Previous studies suggest that activating
the Nrf2/HO-1 pathway may effectively prevent the harmful consequences of cerebral
ischemia and IRI [40].

3.10. Caspases

The regulation of apoptosis involves a delicate balance between pro-apoptotic and
anti-apoptotic proteins. Pro-apoptotic proteins, such as caspase-1, caspase-3, and Bax,
promote cell death, whereas anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, inhibit
apoptosis [58]. During ischemic events, an increased activation of Bax and suppression
of Bcl-2 are commonly observed, underscoring the significance of the pro-apoptotic/anti-
apoptotic protein ratio in determining cell fate following exposure to related signals. Bax
upregulates caspase-9 in brain cells, activating caspase-3, a critical step in the apoptotic
cascade [55,59]. On the contrary, Bcl-2 is an anti-apoptotic protein that inhibits the nuclear
translocation of pro-apoptotic factors and prevents caspase cleavage [55].

Pro-apoptotic pathways encompass proteins that execute apoptosis (e.g., caspases 3,
6, and 7, Smac/DIABLO), initiate or regulate these pathways (e.g., Bcl-10, MAP kinase
p38, and c-Jun N-terminal kinase [JNK]), transcription factors regulating apoptotic protein
expression (e.g., E2F1, p53, c-Myc, and GADD153), and other proteins that stimulate apop-
tosis in specific contexts (e.g., inflammatory caspase 11, glutamate receptor NMDAR?2a) [59].
Anti-apoptotic pathways involve proteins such as Bcl-x, oestrogen receptor, calmodulin,
p21, Rafl, and MAPK extracellular signal-regulated kinase (MEC) and extracellular signal-
regulated kinase (ERK) families, among others [59,60].

4. Inflammation

During cerebral IRI, NLRP3 and NLRP1 inflammasomes are central in orchestrat-
ing neuroinflammation and pyroptosis through interconnected pathways. The NLRP3
inflammasome, extensively studied in stroke models, responds to danger signals such
as ROS generated during ischemia-reperfusion. Activation of NLRP3 leads to increased
production of proinflammatory cytokines such as IL-18 or IL-1 [31]. Similarly, NLRP1,
another member of the NLR family, contributes to neuroinflammation by forming its inflam-
masome complex. Upon stimulation, NLRP1 activates caspase-1, which processes IL-1f3
and IL-18 into their active forms. Furthermore, both NLRP3 and NLRP1 inflammasomes
cleave Gasdermin D, a pore-forming protein, ultimately triggering pyroptosis—a highly
inflammatory form of cell death characterised by membrane rupture and the release of
proinflammatory agents [40,61].

Several investigations propose that various neuroprotective agents mitigate cerebral
IRI by suppressing the activation of the NLRP3 inflammasome and subsequent pyroptosis.
Targeting these inflammasomes with NLRP1 inhibitors has shown promise, as they hinder
inflammasome complex formation and ATP binding. Consequently, NLRP1 inhibitors
represent potential novel anti-inflammatory drugs to mitigate neuronal damage and atten-
uate disease progression in stroke patients. However, further investigation is needed to
understand the intricate correlation between NLRP1 and NLRP3 in the central nervous
system (CNS) [40,61].

4.1. Janus Kinase 2/Signal Transducer and Activator of Transcription 3

The Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3)
pathway in IS pathology exhibit a dichotomous role, necessitating further examination to
determine the ideal target molecule for therapeutic intervention.
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Phosphorylation levels of both JAK2 and STAT3 increase significantly, predominantly
in activated microglia, coinciding with heightened STAT3 expression. This upregulation
peaks around 24 h after middle-cerebral-artery occlusion/reperfusion. However, overacti-
vation of STAT3 exacerbates M1 microglial activation and neuroinflammation by promoting
the secretion of pro-inflammatory cytokines such as IL-6 and TNF-« [28,62]. Phospho-
rylated STAT3 plays a pivotal role in upregulating NLRP3 expression, contributing to
the formation of the NLRP3 inflammasome complex and triggering pyroptosis. Remark-
ably, inhibiting the STAT3/mammalian target of the rapamycin (STAT3/mTOR) pathway
yields a contrasting effect by promoting M2 microglial activation through the reduction in
transmembrane protein plexin A2 expression, highlighting the intricate balance between
pro-inflammatory and anti-inflammatory responses governed by the JAK2 /STAT3 pathway
in IRI [28,63].

In contrast, the JAK2/STAT3 pathway has been reported to exert neuroprotective
effects through the activation of the VEGF receptor pathway, promoting cerebrovascular
angiogenesis, and through the activation of the PI3K/AKT/mTOR pathway, inhibiting
caspase-3-induced neuronal apoptosis in IS [28]. Thus, the dual role of the JAK2/STAT3
pathway in microglial activation and modulation of neuroinflammatory responses under-
scores its significance in the pathophysiology of IS, warranting further exploration for
targeted therapeutic interventions in central nervous system diseases and injuries [62].

4.2. Microglia Activation

Microglia, comprising 4-11% of the CNS cell population, serve as the resident macrophages
in the CNS [28] and play a significant role in cerebral IRI following a stroke, orchestrating
a complex immune response with both beneficial and detrimental consequences. Upon
stroke occurrence, microglia are activated in response to damage-associated molecular
patterns (DAMPs) recognised by pattern recognition receptors (PRRs) on their cell surface.
This activation initiates intracellular signalling pathways, including NF-«kB, MAPK, and
inflammasome pathways. Consequently, within the first 24 h after stroke onset, microglia
undergo a phenotypic shift from a resting state (M0) to a pro-inflammatory M1 phenotype,
producing and releasing pro-inflammatory cytokines such as the TNF-, interferon-gamma
(IFN-y) IL-1B, IL-6, and IL-12 [28,29]. These pro-inflammatory cytokines contribute to neu-
roinflammation and immune responses in the CNS, potentially exacerbating tissue damage.
Additionally, microglia interact with other immune cells, further propagating neuroin-
flammation and BBB breakdown. The outcome of this initial phase of microglia activation
depends on the balance between pro-inflammatory and anti-inflammatory responses [29].

Microglia also exhibit an alternative activation state known as the M2 phenotype,
characterised by the expression of anti-inflammatory cytokines such as IL-10, transforming
growth factor beta (TGF-f3), insulin-like growth factor 1 (IGF-1), and arginase 1 (Argl) [28],
which participate in tissue repair and inflammation resolution. Approximately three days
after stroke onset, M2 microglia predominates at the infarct site [54].

The balance between M1 and M2 microglia phenotypes is essential for regulating
neuroinflammation and ultimately influencing the extent of tissue damage and repair. This
balance can be manipulated via the interferon regulatory factors (IRFs) 5/4 regulatory axis,
suggesting that the M1- and M2-subtype balance is regulated in a see-saw-like manner.
Moreover, it has been suggested that attenuating M1 activation and enhancing M2 responses
of microglia, as well as downregulating the TLR4/NF-«B pathway, represent promising
therapeutic targets in IS [54].

5. Blood-Brain Barrier Disruption

The BBB is a dynamic barrier composed of brain microvessel endothelial cells (ECs),
pericytes, astrocytes, and a basement membrane, which regulates the exchange of molecules
between the bloodstream and the brain. Each component plays a crucial role in maintaining
the barrier’s integrity and selective permeability [33-37]:
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e  ECs feature specialised transport systems for selective transcytosis, and tight junctions
limit paracellular transport [64].

e  Pericytes contribute to BBB maturation and stabilisation, possessing contractile prop-
erties that influence blood flow [64].

e  Astrocytes, enveloping over 99% of the BBB, provide structural support, regulate
blood flow and electrolyte homeostasis, and influence tight junction expression and
function. They release factors such as NO and VEGEF, impacting vasodilation and
oedema. Astrocyte—endothelial cell interactions induce specific phenotypes crucial for
maintaining BBB homeostasis, especially during neuroinflammation following IS [37,65].

In addition to the physical barrier formed by tight junctions, the BBB possesses a trans-
port barrier with low rates of endocytosis/transcytosis and a metabolic barrier comprising
various enzymes. The endothelial glycocalyx layer and the expression of leukocyte adhe-
sion molecules further modulate the BBB permeability. Equipped with a comprehensive
molecular transport system, the BBB maintains brain homeostasis by facilitating essential
nutrient transport and preventing toxic compound accumulation [37,65].

The release of ATP from injured neurons attracts immune cells such as neutrophils,
monocytes, and T cells to the damage site, while changes in BBB permeability facilitate
immune cell infiltration, exacerbating neuroinflammation. This response, coupled with
upregulated MMP-9 and p21-activated kinase (PAK) activity, further exacerbates BBB
disruption [64,66,67].

In pathological conditions like stroke, BBB integrity is compromised, leading to in-
creased transcytosis and altered cellular interactions. For instance, pericyte loss has been
linked to increased endothelial transcytosis without affecting tight junctions. Understand-
ing these mechanisms is essential for developing interventions targeting BBB dysfunction
and improving stroke patient outcomes [37].

6. Antioxidant Bioactive Molecules against Ischemic Stroke

Multiple antioxidant molecules have been described to exert beneficial effects af-
ter IRI following a stroke. Table 2 and Figure 2 summarise their features and potential
therapeutic targets.

6.1. Polyphenols

Polyphenols comprise a diverse group of antioxidants, sharing a common feature of
containing at least one aromatic ring with multiple hydroxyl groups [54]. Some polyphenols,
such as resveratrol [68], curcumin [69], and quercetin [70], have been studied to assess their
neuroprotective effects, and several mechanisms have been implicated.

Although until now, resveratrol has been used to treat some forms of cancer, inflam-
mation, diabetes, and myocardial IRI, among other diseases, the neuroprotective effects of
resveratrol have been demonstrated through its antioxidant function (upregulate HO-1 and
S0OD), anti-inflammatory (downregulate TLR4), and antiapoptotic (reduce the activity of
caspase-3) effects. Moreover, resveratrol’s neuroprotective potential could also be attributed
to regulating the JAK/STAT pathway [68].

Curcumin exerts direct protective effects against cerebral ischemia by multiple mech-
anisms, such as inhibiting mitochondrial-induced apoptosis and endoplasmic reticulum
stress while stimulating neurogenesis. Indirectly, it fosters neuroprotection by shifting
microglia polarisation from the proinflammatory M1 state to the anti-inflammatory M2
state [69]. Additionally, curcumin demonstrates anti-inflammatory effects by inhibiting the
NLRP3-inflammasome [69].

Similarly, quercetin offers protective effects by inhibiting autophagy and acting as
an antioxidant through HO-1 upregulation [70]. Furthermore, it facilitates microglia M2
polarisation by modulating the PI3K/Akt/NF-kB signalling pathway [70,71].
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Figure 2. Pathways of cell damage and possible antioxidant target. NLRP3: Leucine-rich repeat
protein 3; ROS: reactive oxygen species; JAK2: Janus kinase 2; STAT3: signal transducer and activator
of transcription 3; PI3K: phosphoinositide 3-kinase; Akt: protein kinase B; mTOR: mammalian target
of rapamycin; Bcl2: B-cell lymphoma 2; Bax: Bcl-2-associated X protein; Sirtl: silent information
regulator 1; NF-«B: nuclear factor-kappa B; Nrf2: nuclear factor erythroid 2-related factor 2; TLR:
Toll-like receptor; DHBAc: dihydroxybenzoic acid; KLF4: Kriippel-like factor 4; TRX1: thioredoxin 1;
HO-1: heme oxygenase-1; NQO1: NAD(P)H quinone oxidoreductase 1; GPX4: glutathione peroxidase
4; GSH: glutathione; xCt: cystine/glutamate antiporter.

6.2. Carotenoids

Carotenoids, including (3-carotene (3CAR), are known for their potent antioxidant
properties, exerting neuroprotective effects against cerebral IRI. BCAR demonstrates neu-
roprotection by inhibiting caspase-dependent apoptosis, evidenced by the downregu-
lation of Bax and upregulation of Bcl-2 mRNA expression. Additionally, it exerts anti-
inflammatory effects by inhibiting NF-«B expression, resulting in decreased production of
pro-inflammatory cytokines such as TNF-«, IL-6, IL-1f3, as well as COX-2, and iNOS [55].
Another noteworthy carotenoid, astaxanthin (ATX), structurally similar to fCAR, has con-
sistently shown promising results in reducing cerebral infarction size and caspase-3 activity
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in rat models of cerebral ischemia [55]. ATX, being lipid-soluble, boasts a broad spectrum
of pharmacological effects, including anticoagulant, anti-inflammatory, and antioxidant
properties. Interestingly, ATX can penetrate the BBB, exhibits low toxicity, and has higher
antioxidant activity than other carotenoids such as a-carotene, BCAR, lycopene, and lutein.
Moreover, ATX has been associated with the enhancement of SOD1 and SOD2 expressions,
indicating its potential to promote antioxidant defence mechanisms. However, further
investigation into its impact on markers of Nrf2 activations is warranted [72].

6.3. Vitamins

Vitamins represent another interesting group due to their antioxidant properties and
potential neuroprotective effects. For instance, studies have indicated that high-dose
supplementation of 1,25-vitamin D3 can mitigate cerebral damage following a stroke [40].
Although the precise regulatory mechanism by which vitamin D confers protection against
cerebral IRI remains elusive, it is suggested that vitamin D may activate the Nrf2/HO-1
antioxidant pathway while suppressing the NLRP3-mediated pyroptotic pathway [40].

Moreover, supplementation of folic acid, a type of vitamin B essential for nervous
system development and function, holds promise in stroke prevention and as a potential
treatment to ameliorate ischemic injury-induced cognitive decline. Folic acid supplementa-
tion may achieve this by inhibiting excitotoxicity, as evidenced by the downregulation of
NMDAR expression [73].

Additionally, all-trans retinoic acid (ATRA), an active metabolite of vitamin A, has
been investigated for its potential to preserve BBB integrity. Promising findings suggest that
ATRA administration inhibits JNK and P38 phosphorylation while also reducing MMP-9
content, indicating its potential to safeguard BBB integrity [67].

6.4. Hormones

Due to its low toxicity, melatonin, a hormone mainly produced and secreted by the
pineal gland, has undergone extensive study for its protective effects against various
neurological disorders, including IS. Melatonin administration has demonstrated protec-
tive effects against cerebral IRI by mitigating excitotoxicity, OS, endoplasmic reticulum
stress, mitochondrial dysfunction, and BBB injury. Additionally, melatonin has been
shown to reduce glial activation, inflammasome formation, pyroptosis, and necroptosis by
downregulating the high-mobility group box protein 1 (HMGB1)/TLR4/NF-kB signalling
pathway [74]. In light of these findings, a recent pilot clinical study evaluated melatonin’s
potential efficacy in treating acute IS patients unable to receive reperfusion therapy, yielding
promising results for functional improvement and neurological recovery [75].

Studies involving other hormones have demonstrated that administering oestrogen
and progesterone after brain ischemia protects against glutamate neurotoxicity, likely
through modulation of glutamate transporter expression, thereby enhancing glutamate
re-uptake [76]. Additionally, erythropoietin exhibits a neuroprotective role in experimen-
tal models of ischemia/reperfusion, hypoxia-ischemia, subarachnoid haemorrhage, and
cerebral infarction by activating STAT, which plays a crucial role in neuronal survival and
anti-apoptosis [77].

6.5. Others

Several other potential neuroprotective antioxidants and their mechanisms are sum-
marised in Figure 2 and Table 2. Notably, acetyl-L-carnitine and coenzyme Q10 (CoQ10)
have emerged as promising drugs for mitigating IS damage [78,79].

Acetyl-L-carnitine is an antioxidant derived from carnitine, widely distributed in mam-
malian tissues, especially in the liver and skeletal muscles. It has demonstrated potential in
inhibiting atherosclerosis by regulating blood lipids and suppressing OS and inflammatory
gene expression [80]. A recent pilot clinical trial evaluated its efficacy in treating acute IS
patients ineligible for reperfusion therapy, revealing promising outcomes. It was suggested
that acetyl-L-carnitine’s neuroprotective activity may stem from its regulation of inflam-
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mation and OS, as evidenced by significant declines in serum levels of TNF-o, ICAM-1,
IL-6, and NSE, along with substantial increases in serum levels of SOD, total antioxidant
capacity (TAC), and GPX in treated patients [79].

CoQ10, recognised for its potent antioxidant effects on mitochondrial and lipid mem-
branes, has shown promise as a neuroprotective agent [81], and its role in modulating
the expression of genes involved in inflammation and apoptosis pathways is well doc-
umented [82]. Past studies have assessed the potential therapeutic role of CoQ10 for
preventing dopaminergic neuron degeneration in the context of Parkinson’s disease and
thus suppressing the progression of this disease [81]. Furthermore, due to the role of CoQ10
as a free radical scavenger in IS [82], it has been clinically studied for improving outcomes
in patients suffering from acute IS, where CoQ10 supplementation significantly improved
the National Institutes of Health Stroke Scale (NIHSS) and mini mental state examination
(MMSE) scores. However, no significant differences were found in the modified Rankin
scale (mRS) score, MDA, SOD, and GFAP compared to placebo [78].

In animal models, several other substances have proven to be effective, for instance,
the following:

e  Salvianolic acid B (Sal B), a hydrophilic caffeic acid derived from Salvia miltiorrhiza,
has been widely studied due to its antioxidative, anti-inflammatory, and neuroprotec-
tive properties, probably mediated by blocking the TLR4, p-p38 MAPK, p-JNK, IL-1f3,
and NF-«kB pathways [83].

e Rhein, an anthraquinone, exerts neuroprotective effects by regulating the NRF2/
SLC7A11/GPX4 pathway, inhibiting ferroptosis during IRI following a stroke in
murine models [84].

e  Osmundacetone [85], a natural antioxidant, and Ruscogenin [86], a steroidal sapogenin,
have shown effectiveness in reducing the IRI in stroke models in rats by increasing the
concentration of Nrf2 mRNA, HO-1, and NQO1. Osmundacetone has also decreased
Keapl and caspase 3 [85].

e  Crebabine, an alkaloid with neuroprotective effects, was shown to be effective in a
murine model of stroke, reducing cerebral damage by suppressing NADPH and NOX2
activity and through the inhibition of the NF-kB and MAPK pathways [87].

e  Glycosides, derived from the Buyang Huanwu Decoction, exert a neuroprotective ef-
fect in murine stroke models by reducing pyroptosis by regulating the Nrf2
pathway [88].

e  The Kriippel-like factor 4 (KLF4) is a transcription factor related to several cell pro-
cesses, such as cell proliferation and apoptosis. In murine models, its administration
as a recombinant human KLF4 protein has been shown to effectively reduce cere-
bral IRI's brain damage by inhibiting cellular oxidative stress through the Nrf2/Trx1
pathway [89].

e  Cerebrolysin is a mixture of neuropeptides that, through the inhibition of the TLRs/NEF-
kB/cytokines pathways and the activation of the Keap1/Nrf2 pathway, has shown to
be neuroprotective in murine models of cerebral IRI [90].

Table 2. Examples of potential antioxidants for neuroprotection and pathways involved.

Family Drug Results Type of Model Ref.
Nrf2: Upregulate HO-1 and SOD [91]
NF-«B: Downregulate TLR4 [92] Rat models of cerebral
Sirtl: Downregulate caspase-3 activity [93] ischemia/reperfusion injury
Resveratrol Upregulate JAK, ERK, and STAT [94] summarised through a [68]
Polyphenols Upregulate ERK and CREB [95] meta-analysis [68]
Upregulate of BDNF/TrkB signalling pathway [96]
Curcumin Downregulate NLRP3 inflammasome Rat models of cerebral [69]

ischemia/reperfusion injury
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Table 2. Cont.
Family Drug Results Type of Model Ref.
Nrf2: Upregulate HO-1
Quercetin Downregulate autophagy ilzzlilznn?ie/lje()fei?;izilin'ur [70]
Upregulate PI3K/AKT/mTOR pathway P jury
Polyphenols
Demethylnobiletin
(polymethoxy- Nrf2: Upregulate HO-1 .Rat mo.d els of cere‘prali . [66]
flavanone) ischemia/reperfusion injury
Beta-carotene NF-kB: Downregulate caspase-3, and Bax Rat models of cerebral [55]
c Upregulate Bcl-2 expression ischemia/reperfusion injury
arotenes
Astaxanthin Upregulate expression of SOD1 and -2 Gerbll models of C(?reb}" a'l [72]
ischemia/reperfusion injury
o Nrf2: Upregulate HO-1 Rat models of cerebral
Vitamin D Downregulate NLRP3-mediated pyroptosis ischemia/reperfusion injury (401
Vitamins Folic acid Downregulate ne.urotoxicity by downregulation of Bat mo.dels of Cerel.)ral‘ . 73]
NMDAR expression ischemia/reperfusion injury
ATRA Downregulate the JNK/P38 MAPK pathway Rat mo'd els of cere]laralv . [67]
ischemia/reperfusion injury
Downregulate the HMGB1: modulates pyroptosis
and necrosis
Melatonin Modulation of the TLR4/NF-kB signalling ics)?}fzfnzzt/ﬁoszls soiilcle;f.b rral [74]
pathway: Upregulate anti-inflammatory mediators periu JULy
MAPK regulation: Downregulate apoptosis
Hormones - .
Oestrogen Decrease neurotoxicity by n.lodul?tmg glutamate Rat models of cerebral
transporter expression and inducing glutamate . . S [76]
Progesterone re-uptake ischemia/reperfusion injury
- Rat models of cerebral
Erythropoietin Upregulate STAT ischermia,/reperfusion injury [77]
Coenzyme Q10 NF-«B: Downregulate p65, TNF-«, and IL-6 Rat models of cerebral [97]
y Downregulate caspase-3 apoptosis ischemia/reperfusion injury
Suppress excitotoxicity
Acetyl-L-carnitine NF-kB: Downregulate p65, TNF-«, and IL-6 ilzi;?n?ie/lje()fei?zzzilin'ur [97]
Downregulate caspase-3 apoptosis P Jury
Salvianolic acid B Downregulate TLR4, NF-kB, and IL-1p Mlce mpdels of cer.ebre.il . [83]
(Sal B) ischemia/reperfusion injury
Rhein Nrf2/SLC7A11/GPX4 axis: Inhibit ferroptosis Rat models of cerebral [84]
Other ischemia/reperfusion injury
Nrf2: Upregulate HO-1 and NQO1 Rat models of cerebral
Osmundacetone Downregulate caspase-3 pathway ischemia/reperfusion injury (851
. Mice models of cerebral
Ruscogenin Nrf2 pathway ischemia/reperfusion injury [0
Downregulate oxidative stress and
Crebanine neuroinflammation mediated by NOX2 .Rat mo.d els of cerel.)rali . [87]
in microglia ischemia/reperfusion injury
Glycosides Nrf2: Downregulate pyroptosis Rat models of cerebral [88]

ischemia/reperfusion injury
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Table 2. Cont.

Family

Drug

Results Type of Model Ref.

Other

KLF4

Rat models of cerebral
ischemia/reperfusion injury

Nrf2: Trx1 pathway [89]

Cerebrolysin

Downregulate TLR/NF-«kB/cytokines
Upregulate the Keap1/Nrf2/antioxidant
signalling pathway

Mice models of cerebral
ischemia/reperfusion injury

[90]

Akt: Protein kinase B; BDNF: brain-derived neurotrophic factor; CREB: cAMP response element-binding protein;
ERK: extracellular signal-regulated kinase; GPX: glutathione peroxidase; IL: interleukin; JAK: Janus kinase; JNK:
c-Jun N-terminal kinase; Keap1: Kelch-like ECH-associated protein 1, HMGB1: high-mobility group box protein 1;
HO-1: heme oxygenase-1; MAPK: mitogen-activated protein kinase; mTOR: mammalian target of rapamycin;
NLRP3: NLR family pyrin domain containing 3; NtabMDAR: N-methyl-D-aspartate receptor; Nrf2: nuclear
factor erythroid 2-related factor 2; NF-«B: nuclear factor kappa-light-chain-enhancer of activated B cells; NQOL1:
NAD(P)H quinone dehydrogenase 1; PI3K: phosphatidylinositol-3-kinase; Sirt1: sirtuin 1; SLC7A11: solute carrier
family 7 member 11; SOD: superoxide dismutase; STAT: signal transducer and activator of transcription; TLR:
Toll-like receptor; TNF: tumour necrosis factor; TrkB: tyrosine receptor kinase B.

7. Multi-Antioxidant Therapy for the Improvement of Clinical Outcomes

In preclinical models of IRI, the use of antioxidants has shown promising outcomes,
providing insights into the underlying mechanisms. However, this advantage has not yet
been effectively translated into clinical settings [3]. Using monotherapies to address the
complex clinical damage caused by multifactorial mechanisms may contribute to reported
discrepancies [3]. Therefore, exploring the potential effect of multi-antioxidant therapy to
enhance clinical outcomes emerges as a significant possibility.

Clinical trials have recently assessed the efficacy of Saffron aqueous extract [98] com-
pounded by numerous antioxidants. Saffron (Crocus sativus L.), extensively used in herbal
medicine, contains various constituents such as carotenoids, safranal, picrocrocin, crocetin,
crocin, and quercetin. Saffron protects cells from OS by scavenging free radicals and in-
hibiting lipid peroxidation of membranes [98]. In a clinical trial evaluating Saffron’s role in
reducing OS in patients with IS, promising outcomes were observed when measuring the
NIHSS on days one and four [98].

Additionally, the combination of edaravone (EDV), a free radical scavenger, and
borneol, a terpene and bicyclic organic compound, has been assessed [99]. The TASTE trial
(Treatment of Acute Ischemic Stroke with Edaravone Dexborneol), a phase III randomised,
double-blind, parallel, comparative study involving 1200 participants, demonstrated that
90-day good functional outcomes favoured treatment with edaravone dexborneol over
EDV alone, particularly among female patients [100]. Table 3 summarises recent clinical
trials assessing antioxidant therapy for improving outcomes after acute IS.

Oleoylethanolamide (OEA) is another compound with multiple antioxidant effects.
This fatty acid has shown to reduce lipid peroxidation, prostaglandins, NO formation, and
enhancing the GSH levels [101].

Table 3. Recent clinical trials assessing antioxidants for improving outcomes after an acute
ischemic stroke.

Drug

Dose
Frequency
Length

Controlled N (Total)
Randomisation N (Intervention)
Blind N (Control)

Efficacy

Main Results Adverse Effects
Assessment

Melatonin [75]

20 mg
1 per day
5 days

Placebo 65 H d Higher reduction at 30 and No serious
Yes 32 NR SSS an 90 days in median NIHSS and adverse events
Double 33 m mRS scores compared to placebo  were present

Acetyl-L-
Carnitine [79]

1000 mg
3 per day
3 days

Placebo 69 Higher reduction at 90 days in
Yes 34 Ng—éSS and NIHSS and mRS scores
Double 35 m compared to placebo

No differences
among groups
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Table 3. Cont.

Dose Controlled N (Total) Efficac
Drug Frequency Randomisation N (Intervention) Assess?nent Main Results Adverse Effects
Length Blind N (Control)
Edaravone
Edaravone 37.5mg (alone) 1194 NIHSS and Higher reduction at 90 days in No differences
dexborneol [100] 2 per day Yes 599 mRS mRS score compared to placebo  among groups
14 days Double 595
200 mg Standard 40 Higher reduction at 4 days in
treatment No data
Saffron [98] NIHSS NIHSS scores compared to .
2 per day Yes 20 lacebo available
4 days N/I 20 P
C 100 mg Placebo 44 NIHSS Higher reduction at 30 days in Nod
Q(i(eﬂ%’ine 3 per day Yes 21 mRS NIHSS scores compared to o la;‘
4 weeks Double 23 MMSE placebo avallable
Oleoylethanolamide iOO ord600 mg 5lacebo 60 NIHSS OEA 1mprovgsst{)1elmﬂammgtory No differences
[101] per day es 40 MRS parameters, alance, an among groups
3 days Double 20 lipids levels

NIHSS: National Institutes of Health Stroke Scale. N/I: Not informed. MMSE: Mini mental state examination;
mRS: modified Rankin scale.

8. Conclusions

A deeper understanding of the molecular aspects of IS damage is crucial for developing
novel therapeutic strategies [64]. Our understanding of the pathophysiology of IS strongly
implicates OS in the mechanisms of injury, suggesting a potential protective effect through
reinforcement of the antioxidant defence system. Despite numerous preclinical studies
targeting OS to prevent cerebral damage, it has been challenging to successfully translate
positive experimental results into clinical models.

Limited efforts have been made to explore combined therapies using antioxidants.
Therefore, for future perspectives, this study encourages the assessment of strategies based
on multi-antioxidant therapies. This could involve designing combinations of drugs that
act at different pathways and levels. By combining several actions, an improvement in
the therapeutic effects may be expected, resulting from the synergistic effects of various
bioactive antioxidant molecules. This hypothesis could be tested by designing randomised,
double-blinded, placebo-controlled clinical trials to optimise the known positive effects of
antioxidant monotherapies. Such trials would provide valuable insights into the potential
benefits of multi-oxidant approaches for treating IS.
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AMPK AMP-activated protein kinase

ARE Antioxidant response elements

Argl Arginase 1



Biomedicines 2024, 12, 501

18 of 23

ATP
ATRA
ATX
BBB
BDNF
BNIP3
CoQ10
COX
CREB
DAMPs
E6AP
ECs
EDV
eNOS
ERK
ETC
FHC1
GPX
HIF
HMGB1
HNE
HO-1
IFN
TIKK
IKKp
IL
iNOS
IRF

IRI
JAK
JNK
Keapl
LDL
LOX
Maf
MAPK
MDA
MMP
MMSE
mRS
mTOR
NADPH
NCOA4
NF-«B
NIHSS
NLRP3
NMDAR
nNOS
NO
NOX
NQO1
Nrf2
OEA
(O5]
PI3K
PRRs
Prx
PUFA

Adenosine triphosphate

All-trans retinoic acid
Astaxanthin

Blood-brain barrier

Brain-derived neurotrophic factor
BCL2 interacting protein 3
Coenzyme Q10

Cyclooxygenases

cAMP response element-binding protein
Damage-associated molecular patterns
E6-associated protein

Endothelial cells

Edaravone

Endothelial NOS

Extracellular signal-regulated kinase
Electron transport chain

Ferritin heavy chain 1

Glutathione peroxidase
Hypoxia-inducible factor
High-mobility group box protein 1
4-Hydroxy-2-nonenal

Heme oxygenase 1

Interferon

IkB kinase o

IkB kinase 3

Interleukin

Induced NOS

Interferon regulatory factors
Ischemia-reperfusion injury

Janus kinase

c-Jun N-terminal kinase

Kelch-like ECH-associated protein 1
Low-density lipoprotein
Lipoxygenases
Musculoaponeurotic fibrosarcoma
Mitogen-activated protein kinase
Malondialdehyde

Matrix metalloproteinase

Mini mental state examination
Modified Rankin scale
Mammalian target of rapamycin

Nicotinamide adenine dinucleotide phosphate

Nuclear receptor coactivator 4

Nuclear factor kappa-light-chain-enhancer of activated B cells

National Institutes of Health Stroke Scale
NLR family pyrin domain containing 3
N-methyl-D-aspartate receptor

Nitric oxide synthase

Nitric oxide

NADPH oxidase

NAD(P)H quinone dehydrogenase 1
Nuclear factor erythroid 2-related factor 2
Oleoylethanolamide

Oxidative stress
Phosphatidylinositol-3-kinase

Pattern recognition receptors
Peroxiredoxin

Polyunsaturated fatty acids
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RNS Reactive nitrogen species
ROS Reactive oxygen species
Sirtl Sirtuin 1
SLC7A11 Solute carrier family 7 member 11
SOD Superoxide dismutase
STAT Signal transducer and activator of transcription
TAC Total antioxidant capacity
TIGAR TP53-induced glycolysis and apoptosis regulator
TLR Toll-like receptor
TNF Tumour necrosis factor
TP53 Tumour protein p53
TrkB Tyrosine receptor kinase B
VEGF Vascular endothelial growth factor
XO Xanthine oxidase
BCAR 3-carotene
References
1.  Feigin, V.L,; Stark, B.A.; Johnson, C.O.; Roth, G.A; Bisignano, C.; Abady, G.G.; Abbasifard, M.; Abbasi-Kangevari, M.; Abd-Allah,

10.

11.

12.

13.

14.

15.

16.

17.

18.

F.; Abedi, V.; et al. Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the
Global Burden of Disease Study 2019. Lancet Neurol. 2021, 20, 795-820. [CrossRef] [PubMed]

Campbell, B.C.V,; De Silva, D.A.; Macleod, M.R.; Coutts, S.B.; Schwamm, L.H.; Davis, S.M.; Donnan, G.A. Ischaemic Stroke. Nat.
Rev. Dis. Primers 2019, 5, 70. [CrossRef] [PubMed]

Orellana-Urzda, S.; Briones-Valdivieso, C.; Chichiarelli, S.; Saso, L.; Rodrigo, R. Potential Role of Natural Antioxidants in
Countering Reperfusion Injury in Acute Myocardial Infarction and Ischemic Stroke. Antioxidants 2023, 12, 1760. [CrossRef]
[PubMed]

Goyal, M.; Menon, B.K; van Zwam, W.H.; Dippel, D.W.J.; Mitchell, PJ.; Demchuk, A.M.; Davalos, A.; Majoie, C.B.L.M.; van der
Lugt, A.; de Miquel, M.A; et al. Endovascular Thrombectomy after Large-Vessel Ischaemic Stroke: A Meta-Analysis of Individual
Patient Data from Five Randomised Trials. Lancet 2016, 387, 1723-1731. [CrossRef] [PubMed]

Briyal, S.; Ranjan, A K; Gulati, A. Oxidative Stress: A Target to Treat Alzheimer’s Disease and Stroke. Neurochem. Int. 2023,
165, 105509. [CrossRef] [PubMed]

Mathias, K.; Machado, R.S.; Stork, S.; dos Santos, D.; Joaquim, L.; Generoso, J.; Danielski, L.G.; Barichello, T.; Prophiro, J.S.;
Petronilho, F. Blood-Brain Barrier Permeability in the Ischemic Stroke: An Update. Microvasc. Res. 2024, 151, 104621. [CrossRef]
[PubMed]

Liao, W.; Wen, Y,; Yang, S.; Duan, Y.; Liu, Z. Research Progress and Perspectives of N-Methyl-D-Aspartate Receptor in Myocardial
and Cerebral Ischemia-Reperfusion Injury: A Review. Medicine 2023, 102, e35490. [CrossRef]

Salatin, S.; Farhoudi, M.; Farjami, A.; Maleki Dizaj, S.; Sharifi, S.; Shahi, S. Nanoparticle Formulations of Antioxidants for the
Management of Oxidative Stress in Stroke: A Review. Biomedicines 2023, 11, 3010. [CrossRef]

Li, Y;; Schappell, L.E.; Polizu, C.; DiPersio, J.; Tsirka, S.E.; Halterman, M.W.; Nadkarni, N.A. Evolving Clinical-Translational
Investigations of Cerebroprotection in Ischemic Stroke. J. Clin. Med. 2023, 12, 6715. [CrossRef]

Islam, E; Roy, S.; Zehravi, M.; Paul, S.; Sutradhar, H.; Yaidikar, L.; Kumar, B.R.; Dogiparthi, L.K.; Prema, S.; Nainu, F; et al.
Polyphenols Targeting MAP Kinase Signaling Pathway in Neurological Diseases: Understanding Molecular Mechanisms and
Therapeutic Targets. Mol. Neurobiol. 2023, online ahead of print. [CrossRef]

Lu, W.; Wen, J. H2S5-RhoA /ROCK Pathway and Glial Cells in Axonal Remyelination after Ischemic Stroke. Mol. Neurobiol. 2023,
60, 5493-5504. [CrossRef]

Lin, W.; Zhao, X.-Y.; Cheng, J.-W.; Li, L.-T,; Jiang, Q.; Zhang, Y.-X.; Han, F. Signaling Pathways in Brain Ischemia: Mechanisms
and Therapeutic Implications. Pharmacol. Ther. 2023, 251, 108541. [CrossRef] [PubMed]

Chen, H.-S.; Chen, X,; Li, W.-T; Shen, ]J.-G. Targeting RNS/Caveolin-1/MMP Signaling Cascades to Protect against Cerebral
Ischemia-Reperfusion Injuries: Potential Application for Drug Discovery. Acta Pharmacol. Sin. 2018, 39, 669-682. [CrossRef]
Muralikrishna Adibhatla, R.; Hatcher, J.F. Phospholipase A2, Reactive Oxygen Species, and Lipid Peroxidation in Cerebral
Ischemia. Free Radic. Biol. Med. 2006, 40, 376-387. [CrossRef]

Kahles, T.; Luedike, P.; Endres, M.; Galla, H.-J.; Steinmetz, H.; Busse, R.; Neumann-Haefelin, T.; Brandes, R.P. NADPH Oxidase
Plays a Central Role in Blood-Brain Barrier Damage in Experimental Stroke. Stroke 2007, 38, 3000-3006. [CrossRef]

Rastogi, R.; Geng, X.; Li, F.; Ding, Y. NOX Activation by Subunit Interaction and Underlying Mechanisms in Disease. Front. Cell.
Neurosci. 2017, 10, 301. [CrossRef] [PubMed]

Berry, C.E.; Hare, ].M. Xanthine Oxidoreductase and Cardiovascular Disease: Molecular Mechanisms and Pathophysiological
Implications. J. Physiol. 2004, 555, 589-606. [CrossRef]

Yu, H.; Chen, X.; Guo, X.; Chen, D.; Jiang, L.; Qi, Y.; Shao, J.; Tao, L.; Hang, J.; Lu, G.; et al. The Clinical Value of Serum Xanthine
Oxidase Levels in Patients with Acute Ischemic Stroke. Redox Biol. 2023, 60, 102623. [CrossRef] [PubMed]


https://doi.org/10.1016/S1474-4422(21)00252-0
https://www.ncbi.nlm.nih.gov/pubmed/34487721
https://doi.org/10.1038/s41572-019-0118-8
https://www.ncbi.nlm.nih.gov/pubmed/31601801
https://doi.org/10.3390/antiox12091760
https://www.ncbi.nlm.nih.gov/pubmed/37760064
https://doi.org/10.1016/S0140-6736(16)00163-X
https://www.ncbi.nlm.nih.gov/pubmed/26898852
https://doi.org/10.1016/j.neuint.2023.105509
https://www.ncbi.nlm.nih.gov/pubmed/36907516
https://doi.org/10.1016/j.mvr.2023.104621
https://www.ncbi.nlm.nih.gov/pubmed/37918521
https://doi.org/10.1097/MD.0000000000035490
https://doi.org/10.3390/biomedicines11113010
https://doi.org/10.3390/jcm12216715
https://doi.org/10.1007/s12035-023-03706-z
https://doi.org/10.1007/s12035-023-03422-8
https://doi.org/10.1016/j.pharmthera.2023.108541
https://www.ncbi.nlm.nih.gov/pubmed/37783348
https://doi.org/10.1038/aps.2018.27
https://doi.org/10.1016/j.freeradbiomed.2005.08.044
https://doi.org/10.1161/STROKEAHA.107.489765
https://doi.org/10.3389/fncel.2016.00301
https://www.ncbi.nlm.nih.gov/pubmed/28119569
https://doi.org/10.1113/jphysiol.2003.055913
https://doi.org/10.1016/j.redox.2023.102623
https://www.ncbi.nlm.nih.gov/pubmed/36739755

Biomedicines 2024, 12, 501 20 of 23

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Chavda, V,; Lu, B. Reverse Electron Transport at Mitochondrial Complex I in Ischemic Stroke, Aging, and Age-Related Diseases.
Antioxidants 2023, 12, 895. [CrossRef]

Tsao, C.-C.; Baumann, J.; Huang, S.-F.; Kindler, D.; Schroeter, A.; Kachappilly, N.; Gassmann, M.; Rudin, M.; Ogunshola, O.O.
Pericyte Hypoxia-Inducible Factor-1 (HIF-1) Drives Blood-Brain Barrier Disruption and Impacts Acute Ischemic Stroke Outcome.
Angiogenesis 2021, 24, 823-842. [CrossRef]

Tonelli, C.; Chio, I.L.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727-1745. [CrossRef]
Liu, C.; Wang, G.; Han, W,; Tian, Q.; Li, M. Ferroptosis: A Potential Therapeutic Target for Stroke. Neural Regen. Res. 2024,
19, 988-997. [CrossRef]

Kamal, EZ.; Lefter, R.; Jaber, H.; Balmus, I.-M.; Ciobica, A.; Iordache, A.-C. The Role of Potential Oxidative Biomarkers in the
Prognosis of Acute Ischemic Stroke and the Exploration of Antioxidants as Possible Preventive and Treatment Options. Int. ]. Mol.
Sci. 2023, 24, 6389. [CrossRef]

Montuschi, P.; Barnes, P.J.; Roberts, L.J. Isoprostanes: Markers and Mediators of Oxidative Stress. FASEB ]. 2004, 18, 1791-1800.
[CrossRef]

Cui, Y,; Zhang, Y,; Zhao, X.; Shao, L.; Liu, G.; Sun, C.; Xu, R.; Zhang, Z. ACSL4 Exacerbates Ischemic Stroke by Promoting
Ferroptosis-Induced Brain Injury and Neuroinflammation. Brain Behav. Immun. 2021, 93, 312-321. [CrossRef]

Fang, Y.; Chen, X; Tan, Q.; Zhou, H.; Xu, J.; Gu, Q. Inhibiting Ferroptosis through Disrupting the NCOA4-FTH1 Interaction: A
New Mechanism of Action. ACS Cent. Sci. 2021, 7, 980-989. [CrossRef]

Murphy, M.P. How Mitochondria Produce Reactive Oxygen Species. Biochem. J. 2009, 417, 1-13. [CrossRef] [PubMed]

Koyama, R.; Shichita, T. Glial Roles in Sterile Inflammation after Ischemic Stroke. Neurosci. Res. 2023, 187, 67-71. [CrossRef]
[PubMed]

Wang, Y.; Liu, W.; Geng, P.; Du, W.; Guo, C.; Wang, Q.; Zheng, G.-Q.; Jin, X. Role of Crosstalk between Glial Cells and Immune
Cells in Blood-Brain Barrier Damage and Protection after Acute Ischemic Stroke. Aging Dis. 2023, online ahead of print. [CrossRef]
Song, T.; Zhang, Y.; Zhu, L.; Zhang, Y.; Song, J. The Role of JAK/STAT Signaling Pathway in Cerebral Ischemia-Reperfusion
Injury and the Therapeutic Effect of Traditional Chinese Medicine: A Narrative Review. Medicine 2023, 102, e35890. [CrossRef]
Du, X.; Amin, N.; Xu, L.; Botchway, B.O.A.; Zhang, B.; Fang, M. Pharmacological Intervention of Curcumin via the NLRP3
Inflammasome in Ischemic Stroke. Front. Pharmacol. 2023, 14, 1249644. [CrossRef] [PubMed]

Turner, R.J.; Sharp, ER. Implications of MMP?9 for Blood Brain Barrier Disruption and Hemorrhagic Transformation following
Ischemic Stroke. Front. Cell. Neurosci. 2016, 10, 56. [CrossRef] [PubMed]

Pham, L.-D.D.; Hayakawa, K.; Seo, ].H.; Nguyen, M.-N.; Som, A.T.; Lee, B.].; Guo, S.; Kim, K.-W.; Lo, E.H.; Arai, K. Crosstalk
between Oligodendrocytes and Cerebral Endothelium Contributes to Vascular Remodeling after White Matter Injury. Glia 2012,
60, 875-881. [CrossRef]

Wan, Y,; Jin, H.-J.; Zhu, Y.-Y,; Fang, Z.; Mao, L.; He, Q.; Xia, Y.-P; Li, M,; Li, Y.; Chen, X,; et al. MicroRNA-149-5p Regulates
Blood-Brain Barrier Permeability after Transient Middle Cerebral Artery Occlusion in Rats by Targeting S1IPR2 of Pericytes.
FASEBJ. 2018, 32, 3133-3148. [CrossRef] [PubMed]

Moon, S.; Chang, M.-S.; Koh, S.-H.; Choi, Y.K. Repair Mechanisms of the Neurovascular Unit after Ischemic Stroke with a Focus
on VEGE. Int. J. Mol. Sci. 2021, 22, 8543. [CrossRef]

Candelario-Jalil, E.; Dijkhuizen, R.M.; Magnus, T. Neuroinflammation, Stroke, Blood-Brain Barrier Dysfunction, and Imaging
Modalities. Stroke 2022, 53, 1473-1486. [CrossRef]

Xue, S.; Zhou, X.; Yang, Z.-H.; Si, X.-K.; Sun, X. Stroke-Induced Damage on the Blood-Brain Barrier. Front. Neurol. 2023,
14, 1248970. [CrossRef]

Ajoolabady, A.; Wang, S.; Kroemer, G.; Penninger, ] M.; Uversky, V.N,; Pratico, D.; Henninger, N.; Reiter, R.J.; Bruno, A.; Joshipura,
K.; et al. Targeting Autophagy in Ischemic Stroke: From Molecular Mechanisms to Clinical Therapeutics. Pharmacol. Ther. 2021,
225,107848. [CrossRef]

Mao, R;; Zong, N.; Hu, Y.; Chen, Y,; Xu, Y. Neuronal Death Mechanisms and Therapeutic Strategy in Ischemic Stroke. Neurosci.
Bull. 2022, 38, 1229-1247. [CrossRef] [PubMed]

Qiao, J.; Ma, H.; Chen, M,; Bai, J. Vitamin D Alleviates Neuronal Injury in Cerebral Ischemia-Reperfusion via Enhancing the
Nrf2/HO-1 Antioxidant Pathway to Counteract NLRP3-Mediated Pyroptosis. J. Neuropathol. Exp. Neurol. 2023, 82, 722-733.
[CrossRef] [PubMed]

Wang, Q.; Yang, F.; Duo, K.; Liu, Y,; Yu, J.; Wu, Q.; Cai, Z. The Role of Necroptosis in Cerebral Ischemic Stroke. Mol. Neurobiol.
2023; online ahead of print. [CrossRef]

Angelova, PR.; Abramov, A.Y. Role of Mitochondrial ROS in the Brain: From Physiology to Neurodegeneration. FEBS Lett. 2018,
592, 692-702. [CrossRef]

Yang, H.; Qi, C,; Su, E; Shan, W.; Guo, A.; Wu, J.; Wang, Y,; You, H.; Wang, Q. Cerebral Ischemia/Reperfusion Injury and
Pharmacologic Preconditioning as a Means to Reduce Stroke-Induced Inflammation and Damage. Neurochem. Res. 2022,
47,3598-3614. [CrossRef]

Wang, C.-K.; Ahmed, M.M; Jiang, Q.; Lu, N.-N.; Tan, C.; Gao, Y.-P.; Mahmood, Q.; Chen, D.-Y.; Fukunaga, K.; Li, M.; et al.
Melatonin Ameliorates Hypoglycemic Stress-Induced Brain Endothelial Tight Junction Injury by Inhibiting Protein Nitration of
TP53-Induced Glycolysis and Apoptosis Regulator. J. Pineal Res. 2017, 63, €12440. [CrossRef]


https://doi.org/10.3390/antiox12040895
https://doi.org/10.1007/s10456-021-09796-4
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.4103/1673-5374.385284
https://doi.org/10.3390/ijms24076389
https://doi.org/10.1096/fj.04-2330rev
https://doi.org/10.1016/j.bbi.2021.01.003
https://doi.org/10.1021/acscentsci.0c01592
https://doi.org/10.1042/BJ20081386
https://www.ncbi.nlm.nih.gov/pubmed/19061483
https://doi.org/10.1016/j.neures.2022.10.002
https://www.ncbi.nlm.nih.gov/pubmed/36206952
https://doi.org/10.14336/ad.2023.1010
https://doi.org/10.1097/MD.0000000000035890
https://doi.org/10.3389/fphar.2023.1249644
https://www.ncbi.nlm.nih.gov/pubmed/37915409
https://doi.org/10.3389/fncel.2016.00056
https://www.ncbi.nlm.nih.gov/pubmed/26973468
https://doi.org/10.1002/glia.22320
https://doi.org/10.1096/fj.201701121R
https://www.ncbi.nlm.nih.gov/pubmed/29401609
https://doi.org/10.3390/ijms22168543
https://doi.org/10.1161/STROKEAHA.122.036946
https://doi.org/10.3389/fneur.2023.1248970
https://doi.org/10.1016/j.pharmthera.2021.107848
https://doi.org/10.1007/s12264-022-00859-0
https://www.ncbi.nlm.nih.gov/pubmed/35513682
https://doi.org/10.1093/jnen/nlad047
https://www.ncbi.nlm.nih.gov/pubmed/37403613
https://doi.org/10.1007/s12035-023-03728-7
https://doi.org/10.1002/1873-3468.12964
https://doi.org/10.1007/s11064-022-03789-5
https://doi.org/10.1111/jpi.12440

Biomedicines 2024, 12, 501 21 of 23

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Xu, S.-Y.; Ni, S.-M.; Zeng, C.-L.; Peng, Y.-J. Role of Ferroptosis in Glial Cells after Ischemic Stroke. Front. Biosci. 2023, 28, 208.
[CrossRef]

He, J.; Liu, J.; Huang, Y.; Tang, X.; Xiao, H.; Hu, Z. Oxidative Stress, Inflammation, and Autophagy: Potential Targets of
Mesenchymal Stem Cells-Based Therapies in Ischemic Stroke. Front. Neurosci. 2021, 15, 641157. [CrossRef] [PubMed]

Wilson, J.X.; Gelb, A.W. Free Radicals, Antioxidants, and Neurologic Injury: Possible Relationship to Cerebral Protection by
Anesthetics. . Neurosurg. Anesthesiol. 2002, 14, 66-79. [CrossRef] [PubMed]

Ayala, A.; Munoz, M.F; Argiielles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde
and 4-Hydroxy-2-Nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]

Li, G.; Tao, L.; Wu, H. Effects of Hypoxia-Inducible Factor 1 (HIF-1) Signaling Pathway on Acute Ischemic Stroke. Comput. Math.
Methods Med. 2022, 2022, 1860925. [CrossRef] [PubMed]

Ghosh, M.K. Cerebral Ischemic Stroke Cellular Fate and Therapeutic Opportunities. Front. Biosci. 2019, 24, 435-450. [CrossRef]
Sivandzade, F.; Prasad, S.; Bhalerao, A.; Cucullo, L. NRF2 and NF-KB Interplay in Cerebrovascular and Neurodegenerative
Disorders: Molecular Mechanisms and Possible Therapeutic Approaches. Redox Biol. 2019, 21, 101059. [CrossRef] [PubMed]
Singh, S.S.; Rai, S.N.; Birla, H.; Zahra, W.; Rathore, A.S.; Singh, S.P. NF-KB-Mediated Neuroinflammation in Parkinson’s Disease
and Potential Therapeutic Effect of Polyphenols. Neurotox. Res. 2020, 37, 491-507. [CrossRef] [PubMed]

Lu, W,; Chen, Z.; Wen, J. The Role of RhoA/ROCK Pathway in the Ischemic Stroke-Induced Neuroinflammation. Biomed.
Pharmacother. 2023, 165, 115141. [CrossRef]

Li, R; Zhou, Y.; Zhang, S.; Li, ].; Zheng, Y.; Fan, X. The Natural (Poly)Phenols as Modulators of Microglia Polarization via
TLR4/NF-KB Pathway Exert Anti-Inflammatory Activity in Ischemic Stroke. Eur. J. Pharmacol. 2022, 914, 174660. [CrossRef]
[PubMed]

Althurwi, H.N.; Abdel-Rahman, R.F; Soliman, G.A.; Ogaly, H.A.; Alkholifi, FK.; Abd-Elsalam, R.M.; Alqasoumi, S.I.; Abdel-
Kader, M.S. Protective Effect of Beta-Carotene against Myeloperoxidase-Mediated Oxidative Stress and Inflammation in Rat
Ischemic Brain Injury. Antioxidants 2022, 11, 2344. [CrossRef] [PubMed]

Fadoul, G.; Ikonomovic, M.; Zhang, F,; Yang, T. The Cell-Specific Roles of Nrf2 in Acute and Chronic Phases of Ischemic Stroke.
CNS Neurosci. Ther. 2023, online ahead of print. [CrossRef]

Pan, Z.; Ma, G.; Kong, L.; Du, G. Hypoxia-Inducible Factor-1: Regulatory Mechanisms and Drug Development in Stroke.
Pharmacol. Res. 2021, 170, 105742. [CrossRef] [PubMed]

Xing, Y.; Zhang, Y.; Li, C,; Luo, L.; Hua, Y.; Hu, J.; Bai, Y. Repetitive Transcranial Magnetic Stimulation of the Brain after Ischemic
Stroke: Mechanisms from Animal Models. Cell. Mol. Neurobiol. 2023, 43, 1487-1497. [CrossRef] [PubMed]

Uzdensky, A.B. Apoptosis Regulation in the Penumbra after Ischemic Stroke: Expression of pro- and Antiapoptotic Proteins.
Apoptosis 2019, 24, 687-702. [CrossRef] [PubMed]

Bu, E; Min, J.-W.; Munshi, Y,; Lai, Y.-].; Qi, L.; Urayama, A.; McCullough, L.D.; Li, J. Activation of Endothelial Ras-Related C3
Botulinum Toxin Substrate 1 (Racl) Improves Post-Stroke Recovery and Angiogenesis via Activating Pak1 in Mice. Exp. Neurol.
2019, 322, 113059. [CrossRef] [PubMed]

Mi, L.; Min, X.; Chai, Y.; Zhang, J.; Chen, X. NLRP1 Inflammasomes: A Potential Target for the Treatment of Several Types of
Brain Injury. Front. Immunol. 2022, 13, 863774. [CrossRef] [PubMed]

Zhong, Y.; Yin, B; Ye, Y.; Dekhel, O.Y.A.T.; Xiong, X.; Jian, Z.; Gu, L. The Bidirectional Role of the JAK2/STAT3 Signaling Pathway
and Related Mechanisms in Cerebral Ischemia-Reperfusion Injury. Exp. Neurol. 2021, 341, 113690. [CrossRef]

Raible, D.J.; Frey, L.C.; Brooks-Kayal, A.R. Effects of JAK2-STAT3 Signaling after Cerebral Insults. JAKSTAT 2014, 3, e29510.
[CrossRef]

Huang, M.; Zhang, ].; Li, M.; Cao, H.; Zhu, Q.; Yang, D. PAK1 Contributes to Cerebral Ischemia/Reperfusion Injury by Regulating
the Blood-Brain Barrier Integrity. iScience 2023, 26, 107333. [CrossRef]

Zeng, M.; Peng, M,; Liang, ].; Sun, H. The Role of Gut Microbiota in Blood—Brain Barrier Disruption after Stroke. Mol. Neurobiol.
2023, online ahead of print. [CrossRef]

Huang, D.; Awad, A.C.A,; Tang, C.; Chen, Y. Demethylnobiletin Ameliorates Cerebral Ischemia-Reperfusion Injury in Rats
through Nrf2/HO-1 Signaling Pathway. Environ. Toxicol. 2023, online ahead of print. [CrossRef]

Li, M,; Tian, X.; An, R.; Yang, M.; Zhang, Q.; Xiang, F,; Liu, H.; Wang, Y.; Xu, L.; Dong, Z. All-Trans Retinoic Acid Ameliorates
the Early Experimental Cerebral Ischemia—Reperfusion Injury in Rats by Inhibiting the Loss of the Blood—Brain Barrier via the
JNK/P38MAPK Signaling Pathway. Neurochem. Res. 2018, 43, 1283-1296. [CrossRef]

Xue, R; Gao, S.; Zhang, Y.; Cui, X,; Mo, W.; Xu, J.; Yao, M. A Meta-Analysis of Resveratrol Protects against Cerebral Is-
chemia/Reperfusion Injury: Evidence from Rats Studies and Insight into Molecular Mechanisms. Front. Pharmacol. 2022,
13, 988836. [CrossRef] [PubMed]

Ran, Y;; Su, W.; Gao, F; Ding, Z.; Yang, S.; Ye, L.; Chen, X.; Tian, G.; Xi, J.; Liu, Z. Curcumin Ameliorates White Matter Injury
after Ischemic Stroke by Inhibiting Microglia/Macrophage Pyroptosis through NF-KB Suppression and NLRP3 Inflammasome
Inhibition. Oxid. Med. Cell. Longev. 2021, 2021, 1552127. [CrossRef] [PubMed]

Alattar, A.; Alshaman, R.; Althobaiti, Y.S.; Soliman, G.M.; Ali, H.S.; Khubrni, W.S.; Koh, P.O.; Rehman, N.U.; Shah, F.A. Quercetin
Alleviated Inflammasome-Mediated Pyroptosis and Modulated the MTOR/P70S6/P6/EIF4E /4EBP1 Pathway in Ischemic Stroke.
Pharmaceuticals 2023, 16, 1182. [CrossRef] [PubMed]


https://doi.org/10.31083/j.fbl2809208
https://doi.org/10.3389/fnins.2021.641157
https://www.ncbi.nlm.nih.gov/pubmed/33716657
https://doi.org/10.1097/00008506-200201000-00014
https://www.ncbi.nlm.nih.gov/pubmed/11773828
https://doi.org/10.1155/2014/360438
https://www.ncbi.nlm.nih.gov/pubmed/24999379
https://doi.org/10.1155/2022/1860925
https://www.ncbi.nlm.nih.gov/pubmed/36276989
https://doi.org/10.2741/4727
https://doi.org/10.1016/j.redox.2018.11.017
https://www.ncbi.nlm.nih.gov/pubmed/30576920
https://doi.org/10.1007/s12640-019-00147-2
https://www.ncbi.nlm.nih.gov/pubmed/31823227
https://doi.org/10.1016/j.biopha.2023.115141
https://doi.org/10.1016/j.ejphar.2021.174660
https://www.ncbi.nlm.nih.gov/pubmed/34863710
https://doi.org/10.3390/antiox11122344
https://www.ncbi.nlm.nih.gov/pubmed/36552554
https://doi.org/10.1111/cns.14462
https://doi.org/10.1016/j.phrs.2021.105742
https://www.ncbi.nlm.nih.gov/pubmed/34182129
https://doi.org/10.1007/s10571-022-01264-x
https://www.ncbi.nlm.nih.gov/pubmed/35917043
https://doi.org/10.1007/s10495-019-01556-6
https://www.ncbi.nlm.nih.gov/pubmed/31256300
https://doi.org/10.1016/j.expneurol.2019.113059
https://www.ncbi.nlm.nih.gov/pubmed/31499064
https://doi.org/10.3389/fimmu.2022.863774
https://www.ncbi.nlm.nih.gov/pubmed/35707533
https://doi.org/10.1016/j.expneurol.2021.113690
https://doi.org/10.4161/jkst.29510
https://doi.org/10.1016/j.isci.2023.107333
https://doi.org/10.1007/s12035-023-03512-7
https://doi.org/10.1002/tox.24036
https://doi.org/10.1007/s11064-018-2545-4
https://doi.org/10.3389/fphar.2022.988836
https://www.ncbi.nlm.nih.gov/pubmed/36278158
https://doi.org/10.1155/2021/1552127
https://www.ncbi.nlm.nih.gov/pubmed/34630845
https://doi.org/10.3390/ph16081182
https://www.ncbi.nlm.nih.gov/pubmed/37631097

Biomedicines 2024, 12, 501 22 of 23

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Li, L.; Jiang, W.; Yu, B.; Liang, H.; Mao, S.; Hu, X.; Feng, Y.; Xu, J.; Chu, L. Quercetin Improves Cerebral Ischemia/Reperfusion
Injury by Promoting Microglia/Macrophages M2 Polarization via Regulating PI3K/Akt/NF-KB Signaling Pathway. Biomed.
Pharmacother. 2023, 168, 115653. [CrossRef] [PubMed]

Park, J.H.; Lee, T.-K.; Kim, D.W.; Ahn, J.H.; Lee, C.-H.; Kim, J.-D.; Shin, M.C.; Cho, J.H.; Lee, ].-C.; Won, M.-H.; et al. Astaxanthin
Confers a Significant Attenuation of Hippocampal Neuronal Loss Induced by Severe Ischemia-Reperfusion Injury in Gerbils by
Reducing Oxidative Stress. Mar. Drugs 2022, 20, 267. [CrossRef]

Liang, X.; Shi, L.; Wang, M.; Zhang, L.; Gong, Z.; Luo, S.; Wang, X.; Zhang, Q.; Zhang, X. Folic Acid Ameliorates Synaptic
Impairment following Cerebral Ischemia/Reperfusion Injury via Inhibiting Excessive Activation of NMDA Receptors. |. Nutr.
Biochem. 2023, 112, 109209. [CrossRef]

Yawoot, N.; Sengking, J.; Govitrapong, P.; Tocharus, C.; Tocharus, J. Melatonin Modulates the Aggravation of Pyroptosis,
Necroptosis, and Neuroinflammation following Cerebral Ischemia and Reperfusion Injury in Obese Rats. Biochim. Biophys. Acta
Mol. Basis Dis. 2023, 1869, 166785. [CrossRef]

Mehrpooya, M.; Mazdeh, M.; Rahmani, E.; Khazaie, M.; Ahmadimoghaddam, D. Melatonin Supplementation May Benefit
Patients with Acute Ischemic Stroke Not Eligible for Reperfusion Therapies: Results of a Pilot Study. J. Clin. Neurosci. 2022,
106, 66-75. [CrossRef]

Nematipour, S.; Vahidinia, Z.; Nejati, M.; Naderian, H.; Beyer, C.; Azami Tameh, A. Estrogen and Progesterone Attenuate
Glutamate Neurotoxicity via Regulation of EAAT3 and GLT-1 in a Rat Model of Ischemic Stroke. Iran. J. Basic Med. Sci. 2020,
23, 1346-1352. [CrossRef]

Ma, J.-Y,; Jiang, C.-J.; Wang, Z.-].; Zhao, Y.-].; Zhang, Z.-Y.; Tao, ].-J. Erythropoietin Reduces Apoptosis of Brain Tissue Cells in
Rats after Cerebral Ischemia/Reperfusion Injury: A Characteristic Analysis Using Magnetic Resonance Imaging. Neural Regen.
Res. 2016, 11, 1450. [CrossRef]

Ramezani, M.; Sahraei, Z.; Simani, L.; Heydari, K.; Shahidi, F. Coenzyme Q10 Supplementation in Acute Ischemic Stroke: Is It
Beneficial in Short-Term Administration? Nutr. Neurosci. 2020, 23, 640-645. [CrossRef]

Mazdeh, M.; Abolfathi, P.; Sabetghadam, M.; Mohammadi, Y.; Mehrpooya, M. Clinical Evidence of Acetyl-L-Carnitine Efficacy in
the Treatment of Acute Ischemic Stroke: A Pilot Clinical Trial. Oxid. Med. Cell. Longev. 2022, 2022, 2493053. [CrossRef] [PubMed]
Wang, S.; Xu, J.; Zheng, J.; Zhang, X.; Shao, J.; Zhao, L.; Hao, J. Anti-Inflammatory and Antioxidant Effects of Acetyl-L-Carnitine
on Atherosclerotic Rats. Med. Sci. Monit. 2020, 26, €920250-1-€920250-11. [CrossRef] [PubMed]

Park, HW.; Park, C.G.; Park, M,; Lee, S.H.; Park, H.R; Lim, ].; Paek, S.H.; Choy, Y.B. Intrastriatal Administration of Coenzyme
Q10 Enhances Neuroprotection in a Parkinson’s Disease Rat Model. Sci. Rep. 2020, 10, 9572. [CrossRef] [PubMed]

Simani, L.; Ryan, F.; Hashemifard, S.; Hooshmandi, E.; Madahi, M.; Sahraei, Z.; Rezaei, O.; Heydari, K.; Ramezani, M. Serum
Coenzyme Q10 Is Associated with Clinical Neurological Outcomes in Acute Stroke Patients. . Mol. Neurosci. 2018, 66, 53-58.
[CrossRef]

Zheng, X.-F; Zhang, X.-].; Dong, L.-P; Zhao, ].-R.; Zhang, C.; Chen, R. Neuroprotective Mechanism of Salvianolic Acid B against
Cerebral Ischemia-Reperfusion Injury in Mice through Downregulation of TLR4, P-p38MAPK, P-JNK, NF-«B, and I-L1f3. Immun.
Inflamm. Dis. 2023, 11, €1030. [CrossRef]

Liu, H.; Zhang, T.-A.; Zhang, W.-Y.; Huang, S.-R.; Hu, Y.; Sun, J. Rhein Attenuates Cerebral Ischemia-Reperfusion Injury via
Inhibition of Ferroptosis through NRF2/SLC7A11/GPX4 Pathway. Exp. Neurol. 2023, 369, 114541. [CrossRef]

Li, B.; Yu, W.; Yang, L. Osmundacetone Alleviates Cerebral Ischemia—Reperfusion Injury in Rats. Biol. Pharm. Bull. 2023,
46,1527-1534. [CrossRef]

Zhang, S.; Yu, Y.; Sheng, M.; Chen, X.;; Wu, Q.; Kou, J.; Chen, G. Ruscogenin Timing Administration Mitigates Cerebral
Ischemia-Reperfusion Injury through Regulating Circadian Genes and Activating Nrf2 Pathway. Phytomedicine 2023, 120, 155028.
[CrossRef]

Yang, Y.; Hao, T.; Yao, X; Che, Y,; Liu, Y,; Fang, M.; Wang, Y.; Zhou, D.; Chai, H.; Li, N.; et al. Crebanine Ameliorates Ischemia-
Reperfusion Brain Damage by Inhibiting Oxidative Stress and Neuroinflammation Mediated by NADPH Oxidase 2 in Microglia.
Phytomedicine 2023, 120, 155044. [CrossRef]

She, Y.; Shao, L,; Jiao, K,; Sun, R.; Lang, T.; Long, H.; Tang, Y.; Zhang, W.; Ding, C.; Deng, C. Glycosides of Buyang Huanwu
Decoction Inhibits Pyroptosis Associated with Cerebral Ischemia-Reperfusion through Nrf2-Mediated Antioxidant Signaling
Pathway Both in Vivo and in Vitro. Phytomedicine 2023, 120, 155001. [CrossRef]

Huang, T; Yin, J.; Ren, S.; Zhang, X. Protective Effects of KLF4 on Blood-Brain Barrier and Oxidative Stress after Cerebral
Ischemia—Reperfusion in Rats through the Nrf2/Trx1 Pathway. Cytokine 2023, 169, 156288. [CrossRef]

Marghani, B.H.; Rezk, S.; Ateya, A.L; Alotaibi, B.S.; Othman, B.H.; Sayed, S.M.; Alshehri, M.A.; Shukry, M.; Mansour, M.M. The
Effect of Cerebrolysin in an Animal Model of Forebrain Ischemic-Reperfusion Injury: New Insights into the Activation of the
Keap1/Nrf2/Antioxidant Signaling Pathway. Int. ]. Mol. Sci. 2023, 24, 12080. [CrossRef]

Ren, J.; Fan, C.; Chen, N.; Huang, J.; Yang, Q. Resveratrol Pretreatment Attenuates Cerebral Ischemic Injury by Upregulating
Expression of Transcription Factor Nrf2 and HO-1 in Rats. Neurochem. Res. 2011, 36, 2352-2362. [CrossRef]

Lei, J.; Tu, X.; Wang, Y.; Tu, D.; Shi, S. Resveratrol Downregulates the TLR4 Signaling Pathway to Reduce Brain Damage in a Rat
Model of Focal Cerebral Ischemia. Exp. Ther. Med. 2019, 17, 3215-3221. [CrossRef] [PubMed]

Teertam, S.K.; Jha, S.; Prakash babu, P. Up-Regulation of Sirtl /MiR-149-5p Signaling May Play a Role in Resveratrol Induced
Protection against Ischemia via P53 in Rat Brain. J. Clin. Neurosci. 2020, 72, 402-411. [CrossRef] [PubMed]


https://doi.org/10.1016/j.biopha.2023.115653
https://www.ncbi.nlm.nih.gov/pubmed/37812891
https://doi.org/10.3390/md20040267
https://doi.org/10.1016/j.jnutbio.2022.109209
https://doi.org/10.1016/j.bbadis.2023.166785
https://doi.org/10.1016/j.jocn.2022.10.006
https://doi.org/10.22038/ijbms.2020.48090.11039
https://doi.org/10.4103/1673-5374.191219
https://doi.org/10.1080/1028415X.2018.1541269
https://doi.org/10.1155/2022/2493053
https://www.ncbi.nlm.nih.gov/pubmed/35936217
https://doi.org/10.12659/MSM.920250
https://www.ncbi.nlm.nih.gov/pubmed/31945029
https://doi.org/10.1038/s41598-020-66493-w
https://www.ncbi.nlm.nih.gov/pubmed/32533070
https://doi.org/10.1007/s12031-018-1115-1
https://doi.org/10.1002/iid3.1030
https://doi.org/10.1016/j.expneurol.2023.114541
https://doi.org/10.1248/bpb.b23-00326
https://doi.org/10.1016/j.phymed.2023.155028
https://doi.org/10.1016/j.phymed.2023.155044
https://doi.org/10.1016/j.phymed.2023.155001
https://doi.org/10.1016/j.cyto.2023.156288
https://doi.org/10.3390/ijms241512080
https://doi.org/10.1007/s11064-011-0561-8
https://doi.org/10.3892/etm.2019.7324
https://www.ncbi.nlm.nih.gov/pubmed/30936996
https://doi.org/10.1016/j.jocn.2019.11.043
https://www.ncbi.nlm.nih.gov/pubmed/31866350

Biomedicines 2024, 12, 501 23 of 23

94.

95.

96.

97.

98.

99.

100.

101.

Chang, C.; Zhao, Y.; Song, G.; She, K. Resveratrol Protects Hippocampal Neurons against Cerebral Ischemia-Reperfusion Injury
via Modulating JAK/ERK/STAT Signaling Pathway in Rats. J. Neuroimmunol. 2018, 315, 9-14. [CrossRef]

Li, Z; Fang, F; Wang, Y.; Wang, L. Resveratrol Protects CA1 Neurons against Focal Cerebral Ischemic Reperfusion-Induced
Damage via the ERK-CREB Signaling Pathway in Rats. Pharmacol. Biochem. Behav. 2016, 146147, 21-27. [CrossRef] [PubMed]
Shi, N.; Zhu, C.; Li, L. Rehabilitation Training and Resveratrol Improve the Recovery of Neurological and Motor Function in Rats
after Cerebral Ischemic Injury through the Sirtl Signaling Pathway. Biomed Res. Int. 2016, 2016, 1732163. [CrossRef] [PubMed]
Alhusaini, A.; Sarawi, W.; Mattar, D.; Abo-Hamad, A.; Almogren, R.; Alhumaidan, S.; Alsultan, E.; Alsaif, S.; Hasan, I.; Hassanein,
E.; et al. Acetyl-L-Carnitine and/or Liposomal Co-Enzyme Q10 Prevent Propionic Acid-Induced Neurotoxicity by Modulating
Oxidative Tissue Injury, Inflammation, and ALDH1A1-RA-RAR« Signaling in Rats. Biomed. Pharmacother. 2022, 153, 113360.
[CrossRef] [PubMed]

Gudarzi, S.; Jafari, M.; Pirzad Jahromi, G.; Eshrati, R.; Asadollahi, M.; Nikdokht, P. Evaluation of Modulatory Effects of Saffron
(Crocus sativus L.) Aqueous Extract on Oxidative Stress in Ischemic Stroke Patients: A Randomized Clinical Trial. Nutr. Neurosci.
2022, 25, 1137-1146. [CrossRef] [PubMed]

Hu, X,; Qian, Z; Chen, J.; Chen, M.; Zhong, W.; Shen, C.; Hu, Z.; Li, R. Effects of Edaravone Dexborneol on Neurological Function
and Serum Inflammatory Factor Levels in Patients with Acute Anterior Circulation Large Vessel Occlusion Stroke. Transl. Neurosci.
2023, 14, 20220312. [CrossRef] [PubMed]

Xu, J.; Wang, A.; Meng, X.; Yalkun, G.; Xu, A.; Gao, Z.; Chen, H,; Ji, Y;; Xu, J.; Geng, D.; et al. Edaravone Dexborneol versus
Edaravone Alone for the Treatment of Acute Ischemic Stroke. Stroke 2021, 52, 772-780. [CrossRef]

Sabahi, M.; Ahmadi, S.A.; Kazemi, A.; Mehrpooya, M.; Khazaei, M.; Ranjbar, A.; Mowla, A. The Effect of Oleoylethanolamide
(OEA) Add-on Treatment on Inflammatory, Oxidative Stress, Lipid, and Biochemical Parameters in the Acute Ischemic Stroke
Patients: Randomized Double-Blind Placebo-Controlled Study. Oxid. Med. Cell. Longev. 2022, 2022, 5721167. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jneuroim.2017.11.015
https://doi.org/10.1016/j.pbb.2016.04.007
https://www.ncbi.nlm.nih.gov/pubmed/27143440
https://doi.org/10.1155/2016/1732163
https://www.ncbi.nlm.nih.gov/pubmed/28116292
https://doi.org/10.1016/j.biopha.2022.113360
https://www.ncbi.nlm.nih.gov/pubmed/35785703
https://doi.org/10.1080/1028415X.2020.1840118
https://www.ncbi.nlm.nih.gov/pubmed/33151132
https://doi.org/10.1515/tnsci-2022-0312
https://www.ncbi.nlm.nih.gov/pubmed/37854582
https://doi.org/10.1161/STROKEAHA.120.031197
https://doi.org/10.1155/2022/5721167

	Introduction 
	Ischemic Stroke 
	Oxidative Stress 
	Mitochondrial ROS Generation 
	NADPH Oxidase 
	Xanthine Oxidase 
	Reactive Nitrogen Species 
	Excitotoxicity 
	Lipid Peroxidation 
	Hypoxia-Inducible Factor 1 (HIF-1) 
	NF-B 
	Nrf2 
	Caspases 

	Inflammation 
	Janus Kinase 2/Signal Transducer and Activator of Transcription 3 
	Microglia Activation 

	Blood–Brain Barrier Disruption 
	Antioxidant Bioactive Molecules against Ischemic Stroke 
	Polyphenols 
	Carotenoids 
	Vitamins 
	Hormones 
	Others 

	Multi-Antioxidant Therapy for the Improvement of Clinical Outcomes 
	Conclusions 
	References

