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Intestinal ischemia–reperfusion (I/R) injury, a disorder occurring from interruption 
of blood flow to the intestines followed by its restoration, causes a cascade of 
events leading to systemic consequences, including cognitive impairment. This 
study analyses the complicated link between intestinal I/R damage and blood–
brain barrier (BBB) compromise, highlighting essential processes such as systemic 
inflammation, gut microbiota dysbiosis, oxidative stress, vagus nerve activation, 
and altered gut microbial metabolite production. During I/R injury, the weakened 
gut barrier permits the translocation of microbial products and inflammatory 
mediators into the circulation, beginning systemic inflammation that disrupts the 
BBB and exacerbates neuronal damage. Furthermore, gut microbiota dysbiosis 
and altered gut microbial metabolite synthesis, such as short-chain fatty acids 
(SCFAs), can impact neuronal signaling and cognitive processes. By delineating 
these pathways, this study seeks to provide a comprehensive knowledge of the 
intricate interplay between intestinal I/R injury, BBB integrity, and cognitive function, 
opening the way for potential therapeutic approaches.
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1 Introduction

Intestinal ischemia–reperfusion (I/R) injury refers to the damage sustained by the 
intestinal tissue due to a transient lack of blood flow (ischemia) followed by the restoration of 
circulation (reperfusion) (Hummitzsch et al., 2019). This event commonly occurs in conditions 
such as trauma, surgery, or shock, leading to compromised intestinal integrity. The initial 
ischemic phase results in a scarcity of oxygen and nutrients, triggering cellular injury, oxidative 
stress, and inflammation (Archontakis-Barakakis et  al., 2025). However, the subsequent 
reperfusion, meant to restore normal blood flow, exacerbates the damage through the 
formation of reactive oxygen species (ROS), inflammatory mediators, and the activation of 
numerous signaling pathways (Sánchez-Hernández et al., 2020). This double-edged character 
of I/R injury contributes to significant tissue damage, and it is commonly related with systemic 
consequences, including multi-organ failure (MOF) (Sánchez-Hernández et al., 2020). The 
blood–brain barrier (BBB) is a highly selective, a border between the blood circulation and 
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the central nervous system (CNS), necessary for maintaining 
homeostasis and protecting the brain from hazardous substances 
(Daneman and Prat, 2015). The BBB consists of endothelial cells 
tightly joined by tight junctions, supported by astrocytic end-feet and 
pericytes, which collectively regulate the movement of ions, nutrients, 
and metabolic waste across the barrier while preventing the entry of 
pathogens, toxins, and potentially harmful immune cells (Abbott 
et al., 2010). In addition to its protective function, the BBB serves a 
crucial role in maintaining the brain’s microenvironment and 
controlling cerebral blood flow, which is essential for healthy cognitive 
functioning. Any disruption to BBB integrity can lead to altered 
cerebral function, contributing to different neurological diseases, 
including cognitive dysfunction (Ronaldson and Davis, 2020; Rajeev 
et al., 2022).

Emerging evidence suggests a bidirectional relationship between 
gut health and brain function, often referred to as the “gut-brain axis.” 
Intestinal I/R injury, as a form of acute gut stress, has been implicated 
in triggering systemic inflammatory responses that extend beyond the 
gut, to impact distant organs, including the brain (Osadchiy et al., 
2019). During I/R injury, the intestinal barrier becomes weakened, 
allowing microbial translocation, endotoxins, and inflammatory 
mediators such as cytokines to enter the bloodstream. This leads to 
systemic inflammation, which might impact the permeability of the 
BBB and worsen neuronal injury (Zhang et al., 2024a). Moreover, gut 
microbiota dysbiosis, resulting from intestinal I/R injury, increases 
intestinal permeability, allowing bacteria and their products (e.g., 
lipopolysaccharide, LPS) to translocate into the circulation, activating 
systemic inflammation and disrupting the BBB. Furthermore, 
intestinal I/R injury can activate the vagus nerve, transmitting signals 
to the brain that influence neuronal activity and cognitive function, 
and alter gut microbial metabolite production, such as short-chain 
fatty acids (SCFAs), thus affecting neuronal signaling and cognitive 
processes (Wu et al., 2021; Zhang et al., 2024b).

Given these linkages, this review gives a complete summary of 
how intestinal I/R can lead to BBB malfunction and cognitive 
impairment. It also explores specific pathways, including the role of 
systemic inflammation in BBB disruption and neuroinflammation, the 
impact of gut microbiota dysbiosis on intestinal permeability and 
translocation of microbial products, the contribution of oxidative 
stress to BBB damage, the potential involvement of the vagus nerve in 
transmitting signals from the gut to the brain, and the effects of altered 
gut microbial metabolite production on neuronal function. By 
exploring these pathways, this study attempts to expand the 
understanding of the complex link between intestinal I/R injury, BBB 
integrity, and cognitive function, and possibly opening the way for 
novel therapeutic options.

2 Intestinal ischemia–reperfusion (I/R) 
injury: mechanisms of intestinal 
ischemia

Intestinal ischemia is a crucial clinical challenge defined by 
inadequate blood supply to the intestines, depriving said tissue of 
essential oxygen and nutrients. This deprivation triggers a complex 
cascade of cellular and molecular reactions that, if left unchecked, 
culminate in major tissue damage and potentially life-threatening 
issues. The severity of intestinal ischemia rests on the degree and 

duration of blood flow loss, influencing the level of cellular destruction 
and the risk for subsequent reperfusion injury (Dorweiler et al., 2007; 
Vollmar and Menger, 2011).

2.1 Reduced blood flow to the intestine: a 
multifaceted etiology

The causes of diminished intestinal blood flow are various, 
resulting from a number of occlusive and non-occlusive factors. 
Occlusive ischemia involves a physical obstruction within the 
mesenteric vasculature, either in the arteries or veins. Arterial 
occlusion often originates from thromboembolism, where blood clots 
originating elsewhere in the body lodge within the mesenteric arteries, 
blocking blood flow (Yu and Kirkpatrick, 2023). Atherosclerosis, 
which is usually characterized by slow plaque formation inside the 
artery walls, can also progressively constrict the mesenteric arteries, 
ultimately leading to critical stenosis and reduced perfusion. Rarer 
causes include arterial dissection and vasculitis, as well as 
inflammation of the blood vessel walls (Schramm et  al., 2011). 
Mesenteric venous thrombosis, involving blood clot development 
within the mesenteric veins, constitutes another prominent cause of 
intestinal ischemia. This condition commonly arises in persons with 
underlying hypercoagulable conditions, such as genetic clotting 
abnormalities, cancer, or following recent surgical procedures (Stancu 
et al., 2024).

Non-occlusive mesenteric ischemia (NOMI), in disparity, does 
not include a physical occlusion of the mesenteric arteries. Instead, 
diminished blood flow arises from systemic causes that limit intestinal 
perfusion. Low cardiac output, arising from situations such as heart 
failure, cardiogenic shock, or severe hypovolemia, can lead to 
insufficient blood transport to the intestines (Al-Diery et al., 2019). 
Additionally, systemic vasoconstrictors, like vasopressors used to treat 
hypotension and certain drugs like ergotamine, can restrict the 
mesenteric arteries, thereby limiting blood flow. Splanchnic 
vasoconstriction, produced by the production of vasoconstrictive 
hormones and neurotransmitters in response to stress, pain, or cold, 
can also contribute to NOMI (Hass et al., 2007). Even when large 
mesenteric arteries remain patent, poor microcirculation within the 
gut wall might contribute to ischemia damage. Endothelial 
dysfunction, characterized by damage to the cells lining the micro 
vessels, reduces their ability to regulate blood flow and permeability 
(Sukriti et  al., 2014). The creation of microthrombi inside the 
microcirculation can also hinder blood flow, while increasing blood 
viscosity (thickness) can impede blood flow via these smaller 
capillaries (Miranda et al., 2016).

2.2 Cellular injury and necrosis during 
ischemia: a pathophysiological cascade

The decline in blood flow during ischemia triggers a cascade of 
biological events that ultimately lead to cell death. Oxygen deprivation 
(hypoxia) represents the immediate result, since intestinal cells are 
deprived of the oxygen necessary for mitochondrial oxidative 
phosphorylation, the major process for creating ATP (Weinberg et al., 
2000; Fan et al., 2013). The ensuing ATP depletion disturbs a variety 
of cellular operations requiring energy, including the activity of 
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ATP-dependent ion pumps, such as the Na+/K + ATPase. The failure 
of these pumps leads to an imbalance of ions across the cell membrane, 
with an influx of sodium and calcium into the cell and an efflux of 
potassium (de Lores Arnaiz, 2007; Muangkram et  al., 2023). 
Furthermore, ATP depletion affects cell membrane integrity, leading 
to instability and leakage. The influx of calcium into the cell stimulates 
calcium-dependent enzymes, including phospholipases, proteases, 
and endonucleases, which contribute to cellular damage by degrading 
membrane phospholipids, breaking down intracellular proteins, and 
fragmenting DNA, respectively (Khatri et  al., 2021). As cellular 
metabolism turns to anaerobic glycolysis, lactic acid builds, resulting 
to intracellular acidosis, further compromising cellular function and 
contributing to cell damage (Li et al., 2022).

Ischemia can trigger both apoptotic and necrotic cell death 
pathways. Apoptosis, or planned cell death, is characterized by DNA 
fragmentation, cell shrinkage, and the development of apoptotic 
bodies (D’arcy, 2019). Necrosis, in divergence, represents uncontrolled 
cell death, characterized by cell enlargement, membrane rupture, and 
the release of intracellular contents, leading to inflammation 
(Bertheloot et  al., 2021). Crucially, ischemia injury impairs the 
integrity of the intestinal epithelial barrier, resulting to increased 
permeability. This weakened barrier permits bacteria and bacterial 
products, such as lipopolysaccharide (LPS), to translocate across the 
intestinal wall and enter the bloodstream, contributing to systemic 
inflammation and sepsis (Ghosh et al., 2020). The cumulative impact 
of these cellular activities results in cell death and necrosis of the 
intestinal tissues. The level of tissue damage is dictated by the intensity 
and length of ischemia, as well as the individual’s overall health and 
any underlying diseases (Vollmar and Menger, 2011).

2.3 Reperfusion and related inflammatory 
response

The reperfusion phase following intestinal ischemia is defined by 
the return of blood flow to the ischemic tissue. While this is designed 
to restore oxygen and nutrition flow, it paradoxically exacerbates the 
injury suffered during ischemia (Eltzschig and Eckle, 2011). This 
condition, known as ischemia–reperfusion (I/R) injury, is 
distinguished by the formation of reactive oxygen species (ROS), the 
activation of inflammatory mediators, and extensive tissue 
inflammation (Soares et al., 2019). These responses play a key role in 
tissue destruction, particularly in the intestinal mucosa, and contribute 
to systemic consequences, including multi-organ failure. The 
inflammatory responses induced during reperfusion are crucial to the 
development of I/R injury and associated consequences, including 
blood–brain barrier (BBB) impairment and cognitive dysfunction 
(Venkat et al., 2017).

2.3.1 Reactive oxygen species (ROS) generation
During the reperfusion phase, the restoration of oxygen to 

previously ischemic tissue leads to a quick and overwhelming 
generation of ROS. ROS are extremely reactive chemicals that 
comprise free radicals (such as superoxide anion, O2

−), non-radical 
species (such hydrogen peroxide, H2O2), and hydroxyl radicals (OH) 
(Bugger and Pfeil, 2020). Under normal settings, ROS are created as 
byproducts of cellular respiration and serve crucial roles in signaling 
cascades and immune defense. However, during reperfusion, the 

quick input of oxygen creates an overproduction of ROS, which can 
overwhelm the body’s antioxidant defense systems, resulting in 
oxidative stress (Liu et al., 2018). This spike in ROS levels has various 
negative impacts on tissue. ROS can directly damage biological 
structures, including lipids, proteins, and DNA, contributing to cell 
death, necrosis, and apoptosis (Juan et  al., 2021). In the case of 
intestinal I/R injury, ROS cause the oxidation of lipids inside cellular 
membranes, leading to lipid peroxidation, which destabilizes 
membrane integrity and increases cellular permeability. This 
stimulates the leakage of intracellular contents and aids the 
recruitment of inflammatory cells, further continuing tissue injury 
(Calcerrada et al., 2011).

A major source of ROS during reperfusion is from the 
mitochondria, as a result of mitochondrial dysfunction. In the 
mitochondria, small amounts of ROS are generated as by-products of 
oxidative phosphorylation. These ROS are quickly neutralized by the 
body’s antioxidant defence before they can damage important 
cytoplasmic organelles (Schang et al., 2016). However, in pathological 
states, such as during reperfusion, the generation of ROS from the 
electron transport chain (ETC), particularly complexes I  and III, 
exceeds the normal resulting in leakage of electrons that react with 
molecular oxygen to form superoxides. In addition, enzymes, such as 
xanthine oxidase, NADPH oxidase (NOX), and myeloperoxidase 
(MPO), become overtly hyperactive during reperfusion and 
significantly contribute to the production of ROS (Sasaki and Joh, 
2007; Granger and Kvietys, 2015).

Moreover, ROS stimulate many signaling pathways, including the 
NF-κB pathway, which governs the expression of pro-inflammatory 
cytokines and chemokines. ROS also induce the release of matrix 
metalloproteinases (MMPs), enzymes that damage the extracellular 
matrix and affect tissue integrity (Bryan et al., 2012). The activation of 
these pathways sets the foundation for systemic inflammation, 
exacerbating the local injury and potentially harming distant organs 
such as the brain. In addition to their direct biological effects, ROS 
contribute to the opening of tight junctions in endothelial cells of the 
intestinal vasculature, leading to enhanced vascular permeability 
(Sukriti et al., 2014; Wautier and Wautier, 2022). This allows for the 
passage of germs, endotoxins, and other toxic chemicals into the 
bloodstream, which can induce a systemic inflammatory response and 
further worsen BBB failure (Gu et al., 2021).

2.3.2 Inflammatory mediators (Cytokines, 
Chemokines)

The inflammatory response that accompanies I/R injury is 
orchestrated by a number of inflammatory mediators, including 
cytokines, chemokines, and adhesion molecules. These chemicals are 
generated from injured or stressed cells in response to ROS formation 
and operate as signaling factors to recruit and activate immune cells, 
sustaining inflammation (Albano et  al., 2022). Cytokines are tiny 
proteins that govern the immune response by stimulating 
inflammation, tissue healing, and immune cell activation (Zhao et al., 
2021). During reperfusion, the ischemic tissues release 
pro-inflammatory cytokines, such as tumor necrosis factor-alpha 
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6), which 
contribute to the recruitment of neutrophils, macrophages, and other 
immune cells to the site of injury (Pawluk et al., 2020; Jurcau and 
Simion, 2021). TNF-α and IL-1β, in particular, are major drivers of 
inflammation in response to I/R injury. These cytokines launch the 
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inflammatory cascade by activating transcription factors like NF-κB, 
which subsequently upregulate the expression of other cytokines, 
chemokines, and adhesion molecules. The enhanced inflammatory 
response generates a vicious loop of immune cell recruitment, tissue 
injury, and additional cytokine production (Vendramini-Costa and 
Carvalho, 2012; Hunter and De Plaen, 2014).

Chemokines, another type of signaling molecules, are involved in 
the recruitment and activation of leukocytes during the inflammatory 
response (Turner et  al., 2014). Chemokines such as monocyte 
chemoattractant protein-1 (MCP-1), regulated upon activation 
normal T cell expressed and secreted (RANTES), and macrophage 
inflammatory protein-2 (MIP-2) are released in response to I/R injury 
(Koo and Fuggle, 2002; Turner et al., 2014). These chemokines attach 
to specific receptors on the surface of immune cells, driving their 
migration to the site of injury (Tiberio et al., 2018). In the condition 
of intestinal I/R injury, the migration of neutrophils and monocytes 
into the gut tissue exacerbates local inflammation, leading to the 
production of more ROS, proteolytic enzymes, and pro-inflammatory 
mediators. This promotes additional breakdown of the intestinal 
barrier, exacerbating tissue injury and potentially leading to systemic 
infection (Arosa et al., 2022; Saez et al., 2023). Additionally, the release 
of intercellular adhesion molecules (ICAM-1) and vascular cell 
adhesion molecules (VCAM-1) on endothelial cells enhances the 
adherence and extravasation of leukocytes into the inflamed tissue 
(Habas and Shang, 2018). These adhesion molecules are crucial for the 
migration of immune cells across the blood artery wall, and their 
overexpression during reperfusion adds to tissue inflammation and 
the possibility for multi-organ failure (Anzai et  al., 2022). The 
stimulation of these pathways not only impacts the intestinal tissue 
but can also have far-reaching effects on other organs, including the 
brain (Zhou et al., 2012).

The systemic inflammatory response generated by the production 
of cytokines and chemokines during intestinal I/R injury might 
profoundly disrupt the blood–brain barrier (BBB) (Guo et al., 2025). 
Pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 can 
enhance BBB permeability by altering tight junction proteins, 
resulting to a loss of barrier integrity. This allows the influx of immune 
cells, toxins, and other inflammatory mediators into the brain, 
contributing to neuroinflammation and possibly cognitive impairment 
(Voirin et al., 2020; Gu et al., 2021).

3 Systemic consequences of intestinal 
ischemia–reperfusion injury

3.1 Increased gut permeability and 
endotoxemia

Intestinal ischemia–reperfusion damage is defined by a cascade of 
inflammatory and vascular processes that result in an increase in 
intestinal permeability. The impaired gut barrier function is a 
characteristic of I/R injury and has broad systemic effects, including 
the development of endotoxemia (Sharapov et al., 2017; Huang 
et al., 2024).

3.1.1 Increased gut permeability
During ischemia, the absence of blood flow produces hypoxia 

and cellular injury within the intestinal epithelial cells, leading to 

disruption of tight junction proteins such as occludin, claudins, and 
zonula occludens (Abdullahi et  al., 2018). These tight junctions 
generally protect the integrity of the intestinal epithelium by 
regulating the paracellular movement of solutes and bacteria. 
Ischemia-induced oxidative stress and inflammation worsen 
epithelial damage, which leads in an increased permeability of the 
intestinal lining, allowing the transfer of bacteria, their products, 
and toxins from the gut lumen into the circulation (Liao et  al., 
2022). Upon reperfusion, the restoration of blood flow exacerbates 
the inflammatory response through the formation of reactive 
oxygen species (ROS) and the activation of immune cells such as 
neutrophils and macrophages. These variables contribute further to 
the collapse of the epithelial barrier. Increased gut permeability 
after I/R damage is not just a localized issue; it has systemic 
repercussions, leading to endotoxemia (Canton et al., 2021; Ucar 
and Ucar, 2021).

3.1.2 Endotoxemia
Endotoxemia refers to the presence of endotoxins, primarily 

lipopolysaccharides (LPS) from the outer membrane of Gram-
negative bacteria, in the bloodstream. In a healthy state, the intestinal 
mucosa works as a selective barrier, preventing bacterial endotoxins 
from entering circulation (Nishizawa, 2016). However, following 
intestinal I/R injury, the injured intestinal epithelium becomes leaky, 
letting bacterial components such as LPS to reach the systemic 
circulation (Wang et al., 2019; Vanuytsel et al., 2021). LPS is a strong 
stimulator of the immune system. It binds to toll-like receptors 
(TLRs), specifically TLR4, which are expressed on numerous immune 
cells like macrophages, neutrophils, and dendritic cells (Wicherska-
Pawłowska et al., 2021). The activation of TLR4 causes a cascade of 
inflammatory signaling pathways, including the nuclear factor kappa 
B (NF-κB) pathway, which leads to the release of pro-inflammatory 
cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-1 
(IL-1), and interleukin-6 (IL-6). These cytokines contribute to 
systemic inflammation and play a role in the evolution of multi-organ 
dysfunction (Hunter and De Plaen, 2014; Gourd and Nikitas, 2020). 
The presence of endotoxins in the bloodstream can lead to various 
adverse effects, including sepsis, systemic inflammatory response 
syndrome (SIRS), and the worsening of already existing diseases like 
liver dysfunction, renal failure, and acute respiratory distress 
syndrome (ARDS). In I/R damage, endotoxemia may further disrupt 
the blood–brain barrier (BBB), contributing to neuroinflammation 
and cognitive impairment (Gourd and Nikitas, 2020).

3.2 Potential role of the gut-brain axis

The gut-brain axis refers to the bidirectional communication 
network between the gastrointestinal system and the central nervous 
system (CNS). It encompasses several pathways, including 
neurological (vagus nerve), hormonal, immunological, and 
microbiome-mediated signals, all of which play a critical role in 
maintaining physiological homeostasis and responding to systemic 
stresses (Sasso et al., 2023). Recent studies suggest that intestinal I/R 
injury may alter this delicate equilibrium, facilitating the passage of 
peripheral inflammatory signals to the brain, leading to 
neuroinflammation, and eventually compromising cognitive 
performance (Song et al., 2020; Jurcau and Simion, 2021).
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3.2.1 Gut-Bacterial microbiome and inflammation
The gut microbiome, comprised of billions of microorganisms, 

has a key role in maintaining gut homeostasis. Under normal settings, 
the microbiota helps regulate immune responses, defend the intestinal 
barrier, and maintain local and systemic metabolic processes (Spiljar 
et al., 2017). However, intestinal I/R damage affects the gut microbial 
environment. The enhanced permeability generated by I/R damage 
facilitates translocation of not only bacterial products (such as LPS) 
but also live microorganisms and peptidoglycans, which stimulate 
systemic immune responses (Gao et  al., 2023). These microbial-
derived molecules act as pathogen-associated molecular patterns 
(PAMPs), activating pattern recognition receptors (PRRs) on 
peripheral immune cells and brain-resident microglia. Research has 
showed that alterations in the gut microbiome following I/R injury 
may induce an inflammatory cascade that alters brain function 
(Nadatani et al., 2018). The production of microbial metabolites and 
inflammatory mediators such as cytokines and chemokines can 
activate the brain’s innate immune cells, notably microglia. Chronic 
activation of microglia shifts it to a proinflammatory M1 phenotype, 
which releases ROS, nitric oxide, and additional cytokines. These 
events are consistent with neuroinflammation, a process that is related 
with different cognitive impairments, including memory loss and 
decreased learning capacity (Kaur et al., 2019).

3.3 Neuroinflammation and cognitive 
dysfunction

Neuroinflammation is a well-established process leading to 
cognitive failure in several neurological illnesses, including 
Alzheimer’s disease, Parkinson’s disease, and stroke (Skrzypczak-
Wiercioch and Sałat, 2022). In the case of intestinal I/R injury, the 
systemic inflammatory response generated by endotoxemia and 
altered gut microbiota can activate the brain’s immune cells. Microglia, 
upon activation, emit pro-inflammatory cytokines and free radicals, 
which not only increase neuronal injury but also impair synaptic 
plasticity, a critical step for learning and memory (Bourgognon and 
Cavanagh, 2020). Furthermore, the vagus nerve plays a crucial role in 
gut-brain communication. The afferent fibers of the vagus nerve send 
information from the gut to the brain (Wang et al., 2024a). In response 
to intestinal inflammation and oxidative stress generated by I/R injury, 
the vagus nerve may be  implicated in influencing the brain’s 
inflammatory response (Shahrokhi et al., 2016). Studies have revealed 
that vagal nerve stimulation can attenuate neuroinflammation and 
improve cognitive performance, underscoring the importance of this 
neural route in preserving brain health under conditions of peripheral 
injury (Daulatzai et al., 2014; Neren et al., 2016; Gargus et al., 2025).

3.4 Blood–brain barrier compromise

One of the most serious systemic outcomes of intestinal I/R 
injury is the possible disruption of the blood–brain barrier (BBB). 
The BBB serves as a selective barrier protecting the brain from 
circulating viruses and poisons. In the case of I/R injury, systemic 
inflammation and the release of cytokines and LPS can enhance BBB 
permeability by breaking tight junctions between endothelial cells 
and by activating matrix metalloproteinases that breakdown the 

extracellular matrix (Sá-Pereira et al., 2012). This leads in the release 
of potentially toxic compounds into the brain, further worsening 
neuroinflammation and leading to the development of cognitive 
impairment. Animal studies have demonstrated that intestinal I/R 
damage can lead to BBB malfunction and cognitive abnormalities 
such as deficiencies in memory and learning (Sá-Pereira et al., 2012). 
Increased BBB permeability permits the entry of inflammatory 
cytokines, LPS, and other neurotoxic chemicals that can induce or 
worsen neuroinflammatory responses, further affecting brain 
function. The ensuing neuroinflammation can emerge as long-term 
cognitive impairment and neurodegeneration (Haruwaka 
et al., 2019).

4 Blood–brain barrier (BBB) 
compromise due to systemic 
inflammation

4.1 Structure and function of the blood–
brain barrier (BBB)

The blood–brain barrier (BBB) is an important structure in the 
central nervous system (CNS) that largely serves the purpose of 
selective permeability. The CNS environment is tightly regulated to 
prevent poisons and other undesired chemicals from seeping into the 
parenchymal area. This guarantees that the CNS environment is 
always tightly maintained to be  able to serve its crucial job of 
regulating and managing other body functions (Neuwelt et al., 2011; 
Obermeier et al., 2016). On the structural level, this barrier is made 
up of different cells including pericytes, basement membrane, mural 
cells, some immune cells, and endothelial cells joined together by tight 
junction proteins such as claudins, occludins, and junctional adhesion 
molecules (JAMs) (Sá-Pereira et al., 2012; Keaney and Campbell, 2015).

The CNS microvasculature is formed of continuous 
non-fenestrated capillaries, which naturally inhibits passage of 
charged molecules and big particles. The endothelial cells also exhibit 
a comparatively significant number of mitochondria compared to 
other endothelial cells in the body. This huge volume of energy-
producing organelles is necessary to produce the ATP needed to drive 
the energy-mediated transport which is normally used to carry 
materials past this barrier (Aird, 2007a, 2007b). The endothelial cells 
of the BBB have the feature of being very thin compared to other 
endothelial cells in the body. In addition, these cells do not express a 
significant number of leukocyte adhesion molecules (LAMs) as other 
tissues, thereby reducing the number of immune cells that can 
overcome the barrier to penetrate into the cerebral region (Sá-Pereira 
et al., 2012; Daneman, 2012).

In order to serve their duty of regulating the influx and efflux of 
materials to and from the brain, endothelial cells of the BBB possess 
two primary transporters. The first are engaged in the movement of 
lipophilic molecules which should usually diffuse across the cell 
membrane and are called efflux transporters. The second class of 
transporters are those engaged in moving nutrients to the CNS and 
waste from the CNS to the blood, called nutrient transporters at the 
tight junctions between these cells (Jia et  al., 2013). Tight 
connections created by endothelial cells provide not just a physical 
barrier, but also constitute a molecular barrier that tightly restricts 
substance movement. Many research has been carried out to 
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discover the proteins that make up the tight junction, and they 
include principally the occludins, claudins, and JAMs (Daneman 
and Prat, 2015).

Claudins are of several varieties and are expressed in diverse 
tissues. Research on mice models with knockout genes have helped 
to find claudins expressed in different organs. For example, research 
by Morita et al. (1999) found that mice lacking cldn5 (claudin-5) 
exhibited a leaky BBB for particles of sizes that ordinarily are under 
tight regulation. Other claudins related with the BBB are cldn3, and 
cldn12. Claudins 11 and 19 are also found in the nervous system, 
but are expressed on CNS myelin and peripheral myelin 
correspondingly (Nitta et al., 2003; Daneman et al., 2010). On the 
other hand, animals defective in occludin have a functional BBB 
despite the fact that occludin is highly expressed in endothelial cells 
of the BBB compared to other tissues. However, these occludin-
deficient animals were shown to have a calcium-enriched 
accumulation in the brain tissues, showing that occludins play a 
crucial function in controlling calcium flow via the BBB (Saitou 
et al., 2000). For JAMs, they are a group of proteins belonging to the 
immunoglobulin superfamily. They are expressed in multiple 
tissues; however, JAM-2 and JAM-3 are specific to endothelial cells. 
The subtype JAM-1 is vital in maintaining the integrity of the BBB 
while the subtype JAM-4 was found by Daneman et al. (2010) in the 
BBB of mice.

The pericytes of the BBB have contractile proteins that help 
in restricting the breadth of blood channels in order to regulate 
the passage of materials via the BBB. They do this by extending 
lengthy cellular processes to the endothelial cells. It is however 
important to emphasize that these processes do not touch the 
endothelium physically, but do so at specialized joints called 
peg-and-socket junctions (Sá-Pereira et al., 2012). Also, pericytes 
in the BBB differ from pericytes in the body in their numbers, that 
is, there is a large number of pericytes located in the CNS 
compared to other body tissues, thereby making the ratio of 
pericytes to endothelial cells in the CNS higher (1:1 to 1:3) 
compared to other cells, such as the muscles (1:100). The 
embryonic origin of pericytes in tissues also comprise another 
difference, since CNS pericytes grow from the neural crest 
whereas the mesoderm is the origin of other tissue pericytes 
(Daneman, 2008; Daneman and Prat, 2015).

It is also vital to highlight the microglia, which are resident 
macrophages in the neurological system. They act as the line of 
defence beyond the BBB and are implicated in innate immunity. They 
are produced from the yolk sac and become permanently resident in 
the neural tissues taking on a traditional inflammatory-prone M1 
phenotypic expression or the tissue repair M2 phenotypic expression 
(Daneman and Prat, 2015; Haruwaka et al., 2019). When the microglia 
show the M2 phenotype, they vigorously phagocytose apoptotic cells 
and clean debris from the brain region. Also, the microglia are 
implicated in many illnesses of the brain and contribute both as a 
protector of neural tissues, and also as a source of pro-inflammatory 
cytokines that disrupt the BBB (Thurgur and Pinteaux, 2019; 
Ronaldson and Davis, 2020).

Generally speaking, the neurovascular unit (NVU), including 
pericytes, neurons, microglia, and astrocyte end-feet, maintains the 
structural integrity of the barrier. The astrocytes are a form of glial 
cells that support neurons via the maintenance of ionic 
concentration and modulation of neurotransmitters (Galea, 2021). 

Like pericytes, they are also able to change the width of the 
endothelial cells based on the vascular contents needed by the 
brain. Studies have also revealed that astrocytes release chemicals 
and components that are critical in maintaining the BBB integrity 
(Daneman and Prat, 2015; Haruwaka et al., 2019). Particularly, the 
cross-talk between the endothelial cells and components of the 
NVU preserves the BBB integrity. Also, substances such as vascular 
endothelial growth factor (VEGF) and transforming growth factor-
beta (TGF-β), released by astrocytes enhance BBB formation and 
maintenance (Daneman, 2008; Saunders et al., 2013; Profaci et al., 
2020). Furthermore, the BBB preserves the neuronal function of the 
brain, supports synaptic plasticity, and prevents neurotoxicity by 
managing the molecular and cellular traffic between the blood and 
the brain.

4.2 Impact of systemic inflammation on 
BBB integrity

Inflammation is often marked by indicators, such as dolor 
(pain), calor (heat), rubor (redness), tumor (swelling), and functio 
laesa (loss of function), as well as the activation of the immune 
system. While the notion of inflammation invokes anxiety, it is a 
required physiologic reaction entrenched in mediating numerous 
bodily processes toward repair and homeostasis (Varatharaj and 
Galea, 2017; Galea, 2021). That is, regulated inflammation is good 
and gravitates the body toward regaining the natural physiologic 
condition. However, when inflammation is prolonged, it 
significantly affects normal physiological functioning. The same 
markers, factors, and cytokines necessary to drive cellular repair 
response can destroy cells and cause extensive damage. This 
extensive damage is called systemic inflammation and happens 
when inflammatory cascades become aggressive and attack distant 
tissues (Mou et al., 2022).

The cardiovascular system plays a significant part in the course 
of systemic inflammation development. Inflammatory cytokines 
released from site of injury or from infection, when sustained, 
perpetuates a positive feedback cascade involving the release of 
damage associated molecular patterns (DAMPS) from damaged cells 
which attracts cells that mediate innate immunity, such as, 
neutrophils, leukocytes, macrophages (from the bloodstream or 
tissue-resident macrophages) (Millán Solano et al., 2023). These cells 
are attracted by chemokines, mainly CCL2, CXCL1, and IL-8, which 
enter the bloodstream, and find their way into the systemic 
circulation. Also, the recruited immune cells release pro-inflammatory 
mediators, including TNF-α, IL-1β, IL-6, in a bid to clean away 
damaged cells and control inflammation. However, when this 
continues, and they are insufficient to contain the inflammation, they 
also continually release additional inflammatory mediators. These 
released mediators enter the systemic circulation in order to recruit 
more immune cells from different parts, a process termed the 
systemic inflammatory response syndrome (SIRS) (Mou et al., 2022). 
As this process continues, depending on the severity of inflammation, 
a more concerted effort is needed, over a period of time, from both 
the innate and acquired immune systems. For instance, 
lipopolysaccharide (LPS)-induced inflammation or inflammation 
owing to protracted ischemia–reperfusion injury can generate 
extensive systemic inflammation (Haruwaka et al., 2019).
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This broad inflammation has the ability to harm sensitive organs, 
local to the site of infection/injury, or distant, and influence normal 
body functioning. Organs such as the kidney, lungs, liver, heart, and 
even the brain are not left out from this insult, potentially resulting 
in what is called multiple organ damage (MOD) (Cabrera et al., 
2017). Naturally, the body has various mechanisms to protect 
delicate organs against injuries or insults from infection, and even 
uses mild inflammation to effect tissue repair and mediate some 
physiologic function. Yet, these organs are still susceptible to 
sustained inflammation insults, particularly those that can result in 
widespread systemic inflammation. The brain, being a very 
important organ responsible for managing the affairs of other body 
functions, interfaces with the body through the BBB, which as 
described earlier above, selectively permits materials in and out of 
the brain. This guarantees that the brain is preserved in a tightly 
regulated, immunoprivileged milieu, which is presumably secure 
from peripheral inflammatory insults (Munji et al., 2019; Wojciech 
et al., 2020; Mou et al., 2022).

However, the brain must still be aware of the state of the body so 
as to precisely coordinate activities that restore homeostasis. Hence, 
the BBB permits certain cytokines to enter the brain, through 
carrier-mediated transport of pro-inflammatory cytokines, which 
tells of the body’s inflammatory condition (Kikuchi et al., 2019). The 
brain is then able to launch a series of behavioral and physiologic 
reactions together named the sickness behavior, which include, 
fever, reduced appetite, weariness, social withdrawal, and disturbed 
sleep patterns. These responses facilitate healing and are mediated 
by the hypothalamic–pituitary–adrenal (HPA) axis. This axis 
ultimately involves the release of glucocorticoids and other stress 
hormones that influence immunological response (Nishioku et al., 
2009; Banks et al., 2015).

During systemic inflammation, the BBB is impacted via numerous 
processes, such as, activation of matrix metalloproteinases (MMPs), 
oxidative stress and free radical damage, and direct effects of 
circulating cytokines on tight junction proteins. Pathways such as the 
NF-κB pathway, the MAPK pathway, and the JAK/STAT pathway have 
also been recognized by prior studies to play a role in the pathogenesis 
of BBB integrity disturbance (Kebir et al., 2007). The NF-κB pathway 
is a master regulator of the inflammatory process and is particularly 
crucial in inducing BBB breakdown. Pro-inflammatory cytokines 
(TNF-α or IL-1β) activate NF-κB via a sequential mechanism. The 
inhibitory protein IκB is first phosphorylated and destroyed, so 
permitting NF-κB to translocate into the nucleus of the cell. Once in 
the nucleus, NF-κB triggers the transcription of several inflammatory 
mediators, including additional cytokines, chemokines, and adhesion 
molecules, which spread inflammation (Rahman et al., 2018; Setiadi 
et al., 2019).

The MAPK pathway, comprising p38, JNK, and ERK cascades, 
is also activated during inflammation by cytokines and oxidative 
stress. Activated MAPKs phosphorylate downstream targets, 
resulting in the creation of inflammatory mediators and 
modifications in tight junction protein expression. The p38 MAPK 
pathway, in particular, has been shown to play a significant role in 
BBB breakdown. It also enhances the internalization of tight 
junction proteins and increases paracellular permeability (Blecharz-
Lang et al., 2018; Pignolo et al., 2020). On the other hand, the JAK/
STAT pathway, activated by cytokines such as IL-6 and interferons, 
contributes to BBB dysfunction by dimerizing STAT proteins upon 

activation which translocate to the nucleus, where they regulate the 
expression of genes involved in inflammation, cell survival, and 
barrier function. This route has been notably involved in the 
downregulation of claudin-5 and occludin expression in brain 
endothelial cells during inflammatory circumstances (Galea, 2021; 
Mou et al., 2022).

Furthermore, pro-inflammatory cytokines which are generated 
from immune cells, such as TNF-α and IL-1β, are raised during 
SIRS to encourage the recruitment of immune cells into the brain 
parenchyma. In normal physiologic state, the brain parenchyma is 
only subject to nascent immune surveillance, however during 
inflammation, the elevated pro-inflammatory markers induce the 
increased expression of adhesion molecules like intercellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion 
molecule-1 (VCAM-1) on the endothelial cells of the BBB 
(Daneman and Prat, 2015; Varatharaj and Galea, 2017; Millán 
Solano et al., 2023). The production of these adhesion molecules 
helps ease the migration of neutrophils and monocytes into the 
brain parenchyma. Moreover, the increase in reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) in endothelial 
cells due to systemic inflammation might alter claudins and 
occludins, which are critical structural components of the BBB. This 
raises the BBB’s permeability and promotes the unregulated entry 
of cytokines, immune cells and other inflammatory indicators, 
thereby altering the tightly regulated neuronal milieu (Rubin and 
Staddon, 1999; Obermeier et al., 2016). Concurrently, the brain 
responds to this by activating its own resident macrophage, the 
microglia. This activation initially protects the brain cells, but can 
aggravate inflammation by the release of more cytokines, ROS, and 
excitotoxic glutamate. This cascade of events can lead to 
neurotoxicity, synaptic malfunction, and, in severe circumstances, 
neuronal death (Haruwaka et al., 2019).

In ischemia–reperfusion injury (IRI), which can lead to 
systemic inflammation, while reperfusion is important to restore 
blood flow so as to prevent irreversible tissue damage, the abrupt 
restoration of blood flow can paradoxically trigger an inflammatory 
cascade. During ischemia, hypoxia-induced damage leads in the 
release of DAMPs, such as high-mobility group box-1 protein 
(HMGB1) and heat shock proteins (HSPs), which activate pattern 
recognition receptors (PRRs) such toll-like receptors (TLRs) on 
immune cells (Fernández et al., 2020; Wang et al., 2024b). This leads 
to the recruitment of neutrophils and the release of cytokines, 
increasing the inflammatory response. Reperfusion exacerbates this 
process by infusing oxygen, which causes a burst of ROS and 
exacerbates oxidative stress. These ROS not only harm cellular 
structures but also further impair the BBB by degrading tight 
junction proteins and promote endothelial death (Fernández 
et al., 2020).

The systemic inflammation caused by IRI can also influence the 
brain by boosting the influx of peripheral immune cells and 
inflammatory mediators, as earlier demonstrated, across the weakened 
BBB. This can lead to cerebral edema, neuroinflammation, and, in 
severe cases, cognitive impairments and neuronal death. Notably, the 
hippocampus, a region crucial for memory and learning, is particularly 
sensitive to these inflammatory insults, potentially linking systemic 
inflammation and BBB disruption to long-term cognitive deficits 
(Peng et al., 2019; Cowled and Fitridge, 2020; Tang et al., 2022). A 
summary of this mechanistic process is shown in Figure 1 below.
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5 Cognitive dysfunction linked to 
intestinal I/R injury and BBB 
compromise

During intestinal ischemia–reperfusion (I/R) injury, the intestinal 
barrier integrity breaks compromised and puts in motion a cascade of 
events that might ultimately influence cognitive function. The gut-brain 
axis is implicated in this since it is the bidirectional communication 
network between the gastrointestinal tract and the central nervous 

system (Hsieh et al., 2011; Zhou et al., 2012). When intestinal I/R injury 
occurs, the tight junctions between intestinal epithelial cells become 
compromised, leading to increased intestinal permeability, a 
phenomenon often referred to as “leaky gut” (Liu et al., 2023). This 
increased permeability allows for the translocation of various substances 
that would normally be contained within the intestinal lumen. These 
substances include bacterial endotoxins (particularly 
lipopolysaccharide, LPS), whole bacteria, and damage-associated 
molecular patterns (DAMPs) released from injured intestinal cells. 

FIGURE 1

Mechanistic link between intestinal ischemia/reperfusion injury and blood–brain barrier dysfunction. The figure above shows a schematic illustration of 
the proposed mechanistic pathway linking intestinal ischemia/reperfusion (I/R) injury to BBB disruption via systemic inflammatory responses. Intestinal I/R 
triggers the release of damage-and pathogen-associated molecular patterns (DAMPs/PAMPs), reactive oxygen and nitrogen species (ROS/RNS), and 
proinflammatory cytokines (e.g., TNF-α). These mediators activate systemic inflammatory responses (SIRS) and signaling pathways such as JAK/STAT, 
MAPK, and NF-κB, leading to endothelial activation at the BBB. Upregulation of VCAM-1 and ICAM-1 promotes leukocyte adhesion, while downregulation 
of tight junction proteins (claudin-5, occludin, ZO-1) compromises BBB integrity. This culminates in microglial activation, neuroinflammation, and 
potential cognitive deficits.
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These translocated materials enter the portal circulation and, eventually, 
the systemic circulation, where they can interact with various immune 
cells and trigger inflammatory responses (Stewart et al., 2017). The 
inflammatory response initiated by these translocated materials is 
particularly significant since circulating inflammatory mediators can 
interact directly with the blood–brain barrier (BBB), leading to 
increased BBB permeability. This compromise in BBB integrity allows 
for the entry of substances that would normally be excluded from the 
brain parenchyma. The entry of these substances triggers a local 
inflammatory response within the brain tissue itself, characterized by 
microglial activation and the production of additional pro-inflammatory 
cytokines (Varatharaj and Galea, 2017; Galea, 2021; Mou et al., 2022).

In response, the brain activates the microglia which undergo 
morphological changes, that is, polarization to the M2 phenotype, 
and begin producing various inflammatory mediators, including 
TNF-α, IL-1β, and IL-6. These locally produced inflammatory 
mediators can directly affect neuronal function and synaptic 
transmission (Hinson et al., 2015). Furthermore, activated microglia 
release reactive oxygen species (ROS) and reactive nitrogen species 
(RNS), contributing to oxidative stress within the brain tissue (Wang 
et al., 2024c). This oxidative stress can lead to cellular damage and 
dysfunction, particularly in regions of the brain that are more 
susceptible to oxidative damage, such as the hippocampus. The 
hippocampus is crucial for learning and memory formation and is 
particularly susceptible to the effects of intestinal I/R-mediated 
neuroinflammation (Zlatković et  al., 2014). Studies have 
demonstrated that hippocampal neurons are highly sensitive to the 
effects of systemic cytokines, which can alter synaptic plasticity, 
reduce long-term potentiation (LTP), and impair neurogenesis 
(Venkateshappa et  al., 2012; Ho et  al., 2015). For instance, IL-1β 
disrupts LTP by modulating NMDA receptor activity (Lynch, 2015; 
Prieto et al., 2019), while TNF-α induces excitotoxicity through its 
effects on glutamate homeostasis (Boraso, 2012). Furthermore, 
sustained inflammation can lead to structural changes within the 
hippocampus, including reduced dendritic spine density, alterations 
in synaptic protein expression and changes in neuronal connectivity 
patterns (Perry, 2010).

The hippocampus is not the only brain region affected by intestinal 
IRI-mediated neuroinflammation. Other areas involved in cognition 
such as the amygdala, prefrontal cortex can also be affected (Block 
et  al., 2005; Zhou et  al., 2012). The progression of cognitive 
dysfunction following intestinal I/R injury follows a temporal pattern 
in which acute effects may manifest as attention deficits and mild 
memory impairment; and as the inflammatory response persists, more 
substantial cognitive deficits, such as impaired spatial memory 
formation, reduced cognitive flexibility, decreased processing speed, 
altered emotional regulation, and compromised learning ability, may 
emerge (Guan et al., 2009; Dou et al., 2019).

5.1 Clinical evidence and animal studies on 
cognitive impairment

Studies have provided evidence for the link between 
gut-originated inflammation and cognitive decline (Rudzki and 
Maes, 2020; Jia et al., 2024). Conditions such as inflammatory bowel 
disease (IBD), sepsis, and chronic gut dysbiosis, which are 
characterized by systemic inflammation, have been associated with 

impairments in memory, attention, and executive function. For 
instance, Attree et al. (2003) and Kennedy et al. (2014) reported that 
patients with IBD exhibited significant deficits in cognitive 
performance compared to healthy controls, which correlated with 
elevated systemic levels of pro-inflammatory cytokines, particularly 
IL-6 and TNF-α. Similarly, patients with sepsis often develop sepsis-
associated encephalopathy (SAE), a condition characterized by 
altered mental status and long-term cognitive impairments. In these 
patients, the translocation of gut-derived endotoxins, such as 
lipopolysaccharides (LPS), into systemic circulation is a recognized 
contributor to systemic inflammation and subsequent BBB 
compromise (Gofton and Young, 2012). Elevated inflammatory 
markers in these patients correlate with neuroinflammatory changes, 
microglial activation, and neuronal damage in the hippocampus and 
prefrontal cortex, leading to persistent cognitive deficits (Sonneville 
et  al., 2023). Moreover, emerging evidence suggests that 
gut-originated inflammation may play a role in neurodegenerative 
diseases such as Alzheimer’s disease (AD). The gut-brain axis and 
systemic inflammation have been implicated in the deposition of 
amyloid-beta plaques and tau pathology in the brain, both hallmarks 
of AD (Jia et  al., 2024). These findings indicate that chronic 
inflammation originating from the gut can influence brain pathology 
and cognitive outcomes.

Animal models have also helped in elucidating the mechanisms 
linking intestinal I/R injury to cognitive impairment. Experimental 
studies involving rodents subjected to intestinal I/R injury consistently 
demonstrate systemic inflammatory responses that impact brain 
function. For example, Yang et al. (2020a) observed that intestinal I/R 
injury in rats induced significant cognitive deficits, as evidenced by 
impairments in spatial memory tasks. These deficits were associated 
with elevated levels of IL-1β, TNF-α, and ROS in the hippocampus, as 
well as structural changes such as reduced synaptic density and 
neuronal apoptosis. Studies further confirmed that the disruption of 
the intestinal barrier during I/R injury facilitated the translocation of 
LPS, which exacerbated systemic inflammation and compromised 
BBB integrity (Song et al., 2021; Li et al., 2022).

Similarly, a study by Zhou et  al. (2012) demonstrated that 
intestinal I/R injury in mice resulted in hippocampal microglial 
activation and upregulation of pro-inflammatory cytokines. This 
neuroinflammatory response was accompanied by reduced expression 
of tight junction proteins in the BBB, suggesting that systemic 
inflammation originating from the gut directly impacts BBB 
permeability and brain inflammation. The resulting cognitive deficits 
were attributed to disruptions in hippocampal plasticity, as evidenced 
by altered long-term potentiation and reduced neurogenesis. 
Furthermore, research on the impact of gut-originated inflammation 
on behavior and cognition revealed that rats subjected to intestinal I/R 
injury exhibited anxiety-like behavior and deficits in recognition 
memory, which were linked to elevated circulating levels of IL-6 and 
TNF-α. Histological analysis revealed neuronal degeneration and 
oxidative stress in the prefrontal cortex and hippocampus, providing 
a mechanistic basis for the observed cognitive impairments (Holmes 
et al., 2020; Singh et al., 2024). It is important to note that direct 
clinical activity remains relatively limited and this gap underscores the 
need for translational research.

The table below summarizes some of the available treatment 
options that have shown potential in experimental models and their 
clinical status (Table 1).
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6 Mechanisms of intestinal-brain 
signaling

The gut-brain axis is a bidirectional communication system 
linking the gastrointestinal (GI) tract and the central nervous system 
(CNS), which plays a pivotal role in maintaining homeostasis across 
many physiological processes (Arneth, 2018; Lu et  al., 2024). 
Disruptions in this axis, such as those induced by ischemia–
reperfusion (I/R) injury in the intestine, have been implicated in a 
range of pathological outcomes, including cognitive dysfunction 
(Yang et al., 2020b).

6.1 The gut-brain axis and its role in 
signaling during I/R injury

The gut-brain axis is a complex, bidirectional communication 
network involving neural, hormonal, and immune pathways. Under 
normal conditions, this axis helps regulate functions such as 
digestion, immunity, and mood (Powell et al., 2017; Arneth, 2018). 
During intestinal I/R injury, this communication can become 
dysregulated, leading to systemic inflammation, altered neural 
signaling, and, ultimately, cognitive dysfunction (Zhang 
et al., 2024c).

6.1.1 Neuroimmune pathways
Intestinal I/R injury induces ischemic damage to the gut, leading 

to the activation of immune responses within the gut mucosa. These 
immune responses, including the release of pro-inflammatory 
cytokines (e.g., TNF-α, IL-1β), can signal to the brain via the vagus 
nerve and the systemic circulation (Ma et al., 2020). This results in the 
activation of microglia (resident immune cells in the brain) and the 
subsequent neuroinflammatory cascade in the CNS, which has been 
shown to contribute to cognitive deficits (Nuszkiewicz et al., 2024).

6.1.2 Gut-derived factors
Intestinal I/R injury leads to the leakage of gut-derived factors 

such as bacterial endotoxins (lipopolysaccharide, LPS), metabolites, 
and cytokines into the bloodstream (Nie et al., 2024). These factors 
can cross the blood–brain barrier (BBB), further triggering 
neuroinflammation in the brain. LPS, in particular, has been shown 
to increase the permeability of the BBB, allowing immune cells and 
inflammatory mediators to infiltrate the brain, exacerbating cognitive 
dysfunction (Takata et al., 2021).

6.1.3 Vagus nerve signaling
The vagus nerve, a key player in the gut-brain axis, is involved in 

the regulation of inflammation. During I/R injury, the vagus nerve 

can relay signals from the inflamed gut to the brain, which can result 
in the modulation of both peripheral and central inflammatory 
pathways (Bosi, 2021). Vagal nerve stimulation has been shown to 
have anti-inflammatory effects, which may be  leveraged 
therapeutically to prevent or ameliorate cognitive impairment 
following I/R injury (Timmers et al., 2020).

6.2 Role of microbiota in influencing 
cognitive outcomes

The gut microbiota, which consists of trillions of microorganisms 
residing in the gastrointestinal tract, plays an essential role in 
regulating intestinal homeostasis and influencing brain function 
through the gut-brain axis (Ding et al., 2020). Recent studies have 
highlighted the importance of gut microbiota in shaping the 
outcomes of I/R injury and its potential impact on cognitive function 
(Kobayashi et al., 2021).

6.2.1 Dysbiosis and neuroinflammation
I/R injury induces significant changes in the composition of the 

gut microbiota, a condition known as dysbiosis. Dysbiosis can lead 
to an overgrowth of pathogenic bacteria and a reduction in 
beneficial microbes such as Lactobacillus and Bifidobacterium 
(Wang et al., 2013). This imbalance contributes to the increased 
permeability of the gut barrier, allowing the translocation of 
harmful bacterial products (such as lipopolysaccharides (LPS)) into 
the bloodstream, where they can activate the brain’s immune system 
and promote neuroinflammation, which is a major contributor to 
cognitive dysfunction (Guerville and Boudry, 2016; Liu et al., 2023).

6.2.2 Short-chain fatty acids (SCFAs)
SCFAs, including butyrate, propionate, and acetate, are produced 

by gut microbiota during the fermentation of dietary fibers. These 
metabolites have been shown to exert neuroprotective effects by 
maintaining the integrity of the blood–brain barrier (BBB), 
modulating immune responses, and promoting neuronal health 
(Wang et  al., 2018). I/R injury-induced dysbiosis can result in 
reduced SCFA production, contributing to increased 
neuroinflammation and BBB breakdown. This highlights the 
therapeutic potential of modulating the microbiota to prevent or 
mitigate cognitive dysfunction post-I/R injury (Zhang et al., 2024a).

6.2.3 Gut-brain metabolites
In addition to SCFAs, gut microbiota also produces metabolites 

such as tryptophan, which serves as a precursor for serotonin, a 
neurotransmitter involved in mood regulation and cognitive 
function. The altered microbial profile during I/R injury can 
influence the synthesis of these critical metabolites, leading to 

TABLE 1 Clinical trials for intestinal ischemia reperfusion injury.

Strategy Clinical trial status Key findings/limitations References

Anesthetics No clinical trials for I/R Protective in animal studies; clinical relevance unclear Hou et al. (2023) and Huang et al. (2024)

Antioxidants No clinical trials for I/R Preclinical efficacy; translation needed Li and Zheng (2021) and Wang et al. (2021)

Ischemic preconditioning No controlled human trials Promising in animals; human data limited to other organs Mallick et al. (2004) and Hu et al. (2022)

Wnt pathway modulators No clinical trials for I/R Mechanistic promise; not yet in clinical use Zhang et al. (2024a)
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changes in brain chemistry that may underlie cognitive impairment 
(Sun et al., 2016).

6.3 Neural and hormonal pathways 
involved in gut-brain communication

The communication between the gut and brain involves complex 
neuronal and hormonal networks that might be disturbed following 
I/R injury.

6.3.1 Neural pathways
As mentioned earlier, the vagus nerve is the primary neural 

pathway involved in gut-brain signaling. It transmits afferent signals 
from the gut to the brain and has been implicated in modulating 
inflammation and cognitive function (Wang et al., 2024c). Vagal 
nerve stimulation has shown promise in attenuating 
neuroinflammation and improving cognitive outcomes following 
systemic injuries such as I/R (Wang et al., 2024d). Additionally, the 
enteric nervous system (ENS), often referred to as the “second 
brain,” can also influence brain function via local signaling 
mechanisms. The ENS communicates with the brain through 
neuropeptides such as substance P and vasoactive intestinal peptide, 
which are involved in modulating inflammatory responses 
(Marsilio, 2019).

6.3.2 Hormonal pathways
Gut hormones, such as ghrelin, leptin, and cortisol, play a key 

role in regulating appetite, metabolism, and stress responses. After 
I/R injury, dysregulation of these hormones can further impact brain 
function (Jiao and Luo, 2022). For example, increased levels of 
cortisol due to stress responses can exacerbate neuroinflammation 
and cognitive decline. On the other hand, ghrelin, which has 
neuroprotective properties, may be altered by I/R injury, contributing 
to cognitive dysfunction. Understanding the interplay of these 
hormonal signals during I/R injury is crucial for developing targeted 
therapeutic strategies (Ma et al., 2022).

6.4 Potential therapeutic targets in the 
gut-brain axis to prevent cognitive 
dysfunction

Given the substantial significance of the gut-brain axis in 
influencing cognitive function during I/R injury, treatment techniques 
that target this axis show tremendous promise. Several possible 
therapeutic targets have been identified:

6.4.1 Microbiota modulation
Probiotics, prebiotics, and synbiotics are being explored as 

potential therapeutic approaches to restore gut microbiota balance 
in the context of I/R injury (Menafra et  al., 2024). These 
interventions can help reduce intestinal inflammation, promote the 
production of beneficial metabolites (e.g., SCFAs), and improve 
BBB integrity. Clinical studies have shown that probiotics can 
attenuate neuroinflammation and improve cognitive outcomes in 
animal models of I/R injury (Rahmati et  al., 2019; Thakkar 
et al., 2023).

6.4.2 Vagus nerve stimulation (VNS)
VNS has been shown to have anti-inflammatory effects by 

modulating the cholinergic anti-inflammatory pathway (Lei and 
Duan, 2021). Clinical and preclinical studies suggest that VNS can 
reduce neuroinflammation and protect against cognitive decline in 
various injury models, including those involving I/R. VNS may 
represent a promising approach to mitigate cognitive dysfunction 
following intestinal I/R injury (Du et al., 2024).

6.4.3 Anti-inflammatory agents
Targeting the inflammatory cascade induced by I/R injury is a key 

strategy in preventing cognitive dysfunction (Tang et  al., 2022). 
Nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and 
more recently developed anti-cytokine therapies (e.g., TNF-α inhibitors) 
could help reduce systemic and neuroinflammation (Kim and Lee, 2024).

6.4.4 SCFA supplementation
SCFA supplementation is another potential therapeutic avenue. 

By restoring the production of SCFAs, it may be possible to improve 
gut barrier function, reduce systemic inflammation, and preserve BBB 
integrity. Studies exploring the use of SCFA supplements in 
neuroinflammation and cognitive disorders are ongoing (Shi et al., 
2020; Guo et al., 2025).

6.4.5 Neuroprotective agents
Pharmacological agents that promote neuronal survival and 

protect against neuroinflammation, such as antioxidants or specific 
enzyme inhibitors (e.g., COX-2 inhibitors), may also hold therapeutic 
potential (Choi et al., 2010). These agents could be used in combination 
with gut-targeted therapies to provide a more comprehensive approach 
to mitigating cognitive dysfunction post-I/R (Liu et al., 2023).

7 Therapeutic approaches to mitigate 
BBB dysfunction and cognitive decline

Intestinal ischemia–reperfusion (I/R) injury and the resulting 
systemic inflammation can severely compromise the blood–brain 
barrier (BBB), leading to cognitive dysfunction (Zhang et al., 2024b). 
In response to this, therapeutic strategies have been explored to 
mitigate BBB dysfunction and prevent cognitive decline. Among 
these, anti-inflammatory interventions are central, as inflammation 
plays a key role in exacerbating BBB permeability and neurological 
impairments (Cervellati et al., 2020).

7.1 Anti-inflammatory therapies to lower 
systemic inflammation

Systemic inflammation is a critical mediator in the 
pathophysiology of BBB disruption and cognitive dysfunction 
following intestinal I/R injury (Wei et  al., 2021). Inflammatory 
mediators, including cytokines, chemokines, and reactive oxygen 
species (ROS), are released during I/R and travel to the brain, where 
they can directly damage the BBB and promote neuroinflammation 
(Song et  al., 2020). Therapeutic approaches that target systemic 
inflammation hold great promise in protecting the BBB and mitigating 
cognitive decline (Yu et al., 2024).
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7.1.1 Use of cytokine inhibitors
Cytokines, particularly pro-inflammatory cytokines such as 

tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, and IL-6, 
are known to contribute significantly to BBB dysfunction and 
neuroinflammation following I/R injury (Jurcau and Simion, 2021). 
Elevated cytokine levels increase endothelial cell permeability, leading 
to leakage of plasma proteins and immune cells across the BBB (Jurcau 
and Simion, 2021). Additionally, cytokines can activate microglial 
cells, which in turn release more inflammatory mediators, 
exacerbating neuroinflammation and contributing to neuronal injury 
(Smith et al., 2012; Huang et al., 2021).

To combat this, cytokine inhibitors, which target specific 
inflammatory pathways, are being investigated for their potential to 
reduce BBB permeability and improve cognitive outcomes in models 
of intestinal I/R injury (Ronaldson and Davis, 2020). These inhibitors 
can be classified into two broad categories: monoclonal antibodies and 
small-molecule inhibitors.

7.1.1.1 Monoclonal antibodies
Antibodies targeting specific cytokines, such as TNF-α inhibitors 

(e.g., infliximab and adalimumab), have been shown to decrease the 
levels of systemic inflammation and reduce BBB dysfunction (Esposito 
and Cuzzocrea, 2009). In preclinical models, TNF-α inhibitors have 
been demonstrated to reduce BBB leakage and mitigate neuronal 
damage (Gu et al., 2021). These therapies are also being studied in 
clinical settings for conditions like inflammatory bowel disease (IBD) 
and sepsis, where I/R injury may exacerbate systemic inflammation 
and impair BBB integrity (Mehrzadi et al., 2023).

7.1.1.2 Small-molecule inhibitors
Small-molecule inhibitors that block cytokine signaling pathways, 

such as the Janus kinase (JAK) inhibitors, have shown promise in 
reducing inflammation in I/R models (Panda et  al., 2024). JAK 
inhibitors block the signaling cascade downstream of cytokine 
receptors, preventing the activation of pro-inflammatory genes 
(Malemud and Pearlman, 2009). For example, drugs like quercetin, 
which target the JAK–STAT signaling pathway, have demonstrated the 
ability to reduce systemic inflammation and potentially prevent BBB 
breakdown, although further studies are needed to assess their cognitive 
benefits in the context of intestinal I/R injury (Zalpoor et al., 2022).

7.1.2 Dietary treatments (e.g., probiotics, 
prebiotics)

Dietary interventions that modulate the gut microbiota have gained 
increasing attention for their potential to mitigate systemic 
inflammation, protect the BBB, and reduce cognitive decline (Shi et al., 
2020). Intestinal microbiota plays a critical role in regulating immune 
responses and systemic inflammation, influencing both local (intestinal) 
and remote (brain) inflammatory processes (Banfi et  al., 2021). 
Dysbiosis, or an imbalance in the gut microbiome, has been associated 
with increased systemic inflammation and exacerbated BBB dysfunction 
in a variety of conditions, including I/R injury (Kaur et al., 2023).

7.1.2.1 Probiotics
Probiotics are live microorganisms that, when consumed in 

adequate amounts, provide health benefits by restoring the balance 
of gut microbiota (Sánchez et al., 2017). Probiotic strains, such as 
Lactobacillus and Bifidobacterium, have been shown to reduce 

intestinal permeability and modulate systemic inflammation 
(Corridoni et al., 2012). In models of intestinal I/R injury, probiotics 
can reduce the levels of circulating pro-inflammatory cytokines, 
such as TNF-α and IL-6, and promote the expression of anti-
inflammatory cytokines, like IL-10 (Virk et al., 2024). Additionally, 
probiotics can enhance intestinal barrier function by promoting the 
expression of tight junction proteins and reducing oxidative stress. 
In terms of BBB protection, probiotics may reduce microglial 
activation, a key contributor to neuroinflammation and cognitive 
decline (Mou et  al., 2022). Several studies suggest that probiotic 
supplementation can significantly reduce BBB disruption, although 
the exact mechanisms through which probiotics achieve this are still 
under investigation (Dziedzic and Saluk, 2022; Peterson, 2020; 
Soltanian et al., 2025).

7.1.2.2 Prebiotics
Prebiotics are non-digestible food components, typically fibers, 

that selectively stimulate the growth and activity of beneficial gut 
microbiota. Prebiotic consumption has been shown to modify the gut 
microbiome and promote an anti-inflammatory profile by enhancing 
the abundance of beneficial bacteria, such as Firmicutes and 
Bacteroidetes (Bilal et al., 2022). Prebiotics can also reduce the levels of 
harmful bacteria and the production of their associated inflammatory 
metabolites (Zhang et  al., 2024c). In the situation of I/R injury, 
prebiotics may reduce systemic inflammation, thereby alleviating 
neuroinflammation and protecting the BBB (Zhang et al., 2024a). In 
addition to probiotics and prebiotics, other dietary interventions, 
including polyphenols, omega-3 fatty acids, and other anti-
inflammatory nutrients, are also under investigation for their potential 
to regulate gut inflammation and protect the BBB (Winiarska-Mieczan 
et al., 2023). Studies have shown that the consumption of omega-3 fatty 
acids has been shown to reduce microglial activation and promote 
neuroprotection in models of neuroinflammation (Zendedel et al., 
2015; Chen et al., 2017; Chen et al., 2018).

7.2 Pharmacological treatments to restore 
BBB integrity

Pharmacological interventions designed to restore BBB integrity 
after I/R injury are essential to reduce the risk of cognitive decline 
associated with BBB disruption. Two promising approaches include 
the use of tight junction modulators and antioxidant therapies. Both 
strategies aim to restore the structural and functional properties of the 
BBB and prevent the cascade of inflammatory and oxidative processes 
that can contribute to neurodegeneration.

7.2.1 Tight connection modulators
Tight junctions are specialized structures between endothelial 

cells that form a selective barrier, restricting the passage of solutes and 
maintaining the integrity of the BBB. In the context of I/R injury, 
disruption of tight junction proteins, such as claudins, occludin, and 
zonula occludens (ZO) proteins, leads to increased BBB permeability 
(Shi et al., 2016). This disruption is often a result of the release of 
inflammatory cytokines, oxidative stress, and matrix metalloproteinase 
(MMP) activation. Restoring tight junction integrity is thus a 
promising strategy for protecting the BBB and preventing cognitive 
dysfunction (Lochhead et al., 2020).
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Several pharmacological treatments are being studied to modify 
tight junctions and restore BBB integrity.

7.2.1.1 Melatonin
Melatonin, a neurohormone that regulates circadian rhythms, 

has been shown to have protective effects on the BBB in models of 
I/R injury (Zhang et al., 2024b). Studies indicate that melatonin 
can preserve the integrity of tight junctions by reducing oxidative 
stress and suppressing the expression of pro-inflammatory 
cytokines (Qin et  al., 2019; Mehrzadi et  al., 2023). It has been 
demonstrated to upregulate the expression of tight junction 
proteins (e.g., ZO-1, occludin) and prevent their degradation 
following I/R injury. By preventing tight junction disruption, 
melatonin helps maintain BBB permeability and protects against 
neuroinflammation, thereby mitigating cognitive decline. The 
ability of melatonin to cross the BBB and act directly on the brain 
makes it a particularly attractive candidate for treating BBB 
dysfunction (Chen et al., 2022).

7.2.1.2 Statins
Statins, commonly used for lowering cholesterol, have also shown 

potential in protecting BBB integrity. Statins exert their effects through 
the inhibition of HMG-CoA reductase, an enzyme involved in 
cholesterol biosynthesis, but they also have anti-inflammatory and 
neuroprotective properties (Saeedi Saravi et  al., 2017). Preclinical 
studies suggest that statins can reduce BBB permeability by enhancing 
the expression of tight junction proteins and decreasing the activity of 
MMPs, which are implicated in the degradation of tight junctions (Liu 
et al., 2021). Statins may also modulate endothelial nitric oxide (NO) 
production, improving endothelial function and preserving BBB 
integrity. In models of ischemic injury, statins have been shown to 
attenuate BBB disruption and reduce the inflammatory response, 
which may help prevent cognitive dysfunction (Morandi et al., 2011).

7.2.1.3 Angiotensin II type 1 receptor (AT1R) blockers
Angiotensin II is a vasoconstrictor that plays a role in the 

regulation of blood pressure, but it also contributes to BBB disruption 
during ischemic events. AT1R blockers, such as losartan, have been 
investigated for their potential to mitigate BBB damage (Huang and 
Zhang, 2024). AT1R blockers reduce the inflammatory response and 
oxidative stress induced by angiotensin II, which can lead to improved 
tight junction protein expression and BBB integrity (Huang and 
Zhang, 2024). Studies have shown that these blockers can reduce BBB 
leakage and improve cognitive outcomes in animal models of I/R 
injury, suggesting their potential as a therapeutic strategy to prevent 
BBB dysfunction and cognitive decline (Xiong et al., 2020; Gelosa 
et al., 2022).

7.2.2 Antioxidant therapy
Oxidative stress, which arises from an imbalance between reactive 

oxygen species (ROS) production and the antioxidant defense 
mechanisms, is a key contributor to BBB dysfunction and 
neuroinflammation following intestinal I/R injury (Song et al., 2020). 
ROS damage endothelial cells, disrupt tight junctions, and activate 
inflammatory pathways, all of which contribute to BBB permeability. 
Therefore, antioxidant therapies aimed at reducing oxidative stress 
represent a promising approach for protecting the BBB and mitigating 
cognitive decline (Rochfort et al., 2014).

Several antioxidant therapies have showed potential in preserving 
the BBB in the context of I/R injury.

7.2.2.1 N-acetylcysteine (NAC)
NAC is a well-known antioxidant that serves as a precursor to 

glutathione, a major cellular antioxidant. By replenishing glutathione 
levels, NAC helps to neutralize ROS and reduce oxidative stress (Aldini 
et al., 2018). In models of intestinal I/R injury, NAC has been shown to 
reduce oxidative damage to endothelial cells, preserve tight junction 
integrity, and protect against BBB leakage. In addition to its antioxidant 
effects, NAC also has anti-inflammatory properties, further enhancing 
its potential as a therapeutic strategy for BBB protection and cognitive 
preservation (Keshk et al., 2020; Ikram et al., 2024).

7.2.2.2 Curcumin
Curcumin, the active compound found in turmeric, has been 

widely studied for its anti-inflammatory and antioxidant properties. 
Curcumin can reduce ROS production, inhibit the activation of 
nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB), and modulate the expression of pro-inflammatory cytokines 
(Hammed et al., 2025). Studies have demonstrated that curcumin can 
protect the BBB by reducing oxidative stress and preserving tight 
junction protein expression (Sarada et al., 2015; Zhang et al., 2017). In 
animal models of I/R injury, curcumin has been shown to attenuate 
BBB breakdown and improve cognitive function, suggesting its 
potential as a neuroprotective agent in BBB-related disorders (Wang 
et al., 2019; Wu et al., 2021).

Mitochondrial-targeted antioxidants: Mitochondria are a major 
source of ROS, and mitochondrial dysfunction plays a critical role in 
oxidative stress and BBB disruption (Bhat et al., 2015). Mitochondrial-
targeted antioxidants, such as MitoQ, have been developed to 
selectively target mitochondria and reduce ROS generation at the 
cellular level. MitoQ has been shown to reduce oxidative stress and 
improve mitochondrial function in endothelial cells, thereby 
preserving tight junction integrity and preventing BBB leakage 
(Zinovkin et al., 2023; Fields et al., 2023). In preclinical models, MitoQ 
has demonstrated efficacy in reducing cognitive decline associated 
with I/R injury, indicating its potential for therapeutic use in BBB 
dysfunction (Ibrahim et al., 2023; Pang et al., 2024).

7.2.2.3 Vitamin E
Vitamin E, a fat-soluble antioxidant, has been extensively 

studied for its ability to neutralize lipid peroxides and protect cell 
membranes from oxidative damage (Orucha et al., 2011). In the case 
of BBB dysfunction, vitamin E has been shown to reduce oxidative 
stress, preserve endothelial cell integrity, and enhance the expression 
of tight junction proteins. Supplementation with vitamin E has been 
shown to attenuate BBB leakage and protect against cognitive 
impairment following I/R injury, suggesting its potential as a 
protective agent for the BBB (Freeman and Keller, 2012; Orellana-
Urzúa et al., 2023).

7.3 Role of gut microbiota regulation and 
probiotics

The gut microbiota, composed of trillions of microorganisms, 
plays a critical role in maintaining intestinal homeostasis, regulating 
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immune responses, and influencing systemic inflammation (Pickard 
et al., 2017). Dysbiosis, an imbalance in the gut microbiota, has been 
implicated in the pathogenesis of various diseases, including those 
involving neuroinflammation and BBB dysfunction (Sochocka 
et al., 2019).

Recent studies have highlighted the potential of modulating the 
gut microbiota, either through dietary interventions or probiotic 
supplementation, to restore microbiota balance and reduce the 
inflammatory response, which could ultimately protect the BBB and 
improve cognitive function (Dahiya and Nigam, 2023; Fock and 
Parnova, 2023).

7.3.1 Gut microbiota and its impact on BBB 
integrity

The gut microbiota can influence BBB integrity via several 
mechanisms, including the modulation of the immune system and the 
production of metabolites that affect the brain. During I/R injury, 
gut-derived endotoxins such as lipopolysaccharide (LPS) can 
translocate from the gut into the systemic circulation, triggering 
inflammation and immune activation (Suganya and Koo, 2020; Nie 
et  al., 2024). These endotoxins have been shown to increase the 
permeability of the BBB, allowing for the passage of inflammatory 
cytokines and immune cells into the brain (Jaeger et al., 2009). In 
addition to LPS, gut-derived metabolites such as short-chain fatty 
acids (SCFAs) can influence BBB function, with certain SCFAs 
promoting anti-inflammatory pathways that protect the integrity of 
the BBB (Ahmed et al., 2022).

The gut microbiota also modulates the immune response by 
interacting with immune cells in the gut-associated lymphoid tissue 
(GALT) (Nie et  al., 2024). Dysbiosis can lead to the activation of 
pro-inflammatory pathways, such as the NF-κB pathway, which in 
turn increases the production of cytokines and inflammatory 
mediators that compromise the BBB (Sanz and De Palma, 2009). 
Importantly, a balanced gut microbiota supports the production of 
anti-inflammatory cytokines, such as IL-10, which help protect both 
the intestinal barrier and the BBB (Mou et al., 2022).

Thus, maintaining a healthy and balanced gut microbiota may 
prevent the systemic inflammation that causes BBB malfunction and 
cognitive impairment following intestinal I/R injury (Zhang 
et al., 2024c).

7.3.2 Probiotics and their effects on the gut-brain 
axis

Probiotics, defined as live microorganisms that confer health 
benefits when administered in adequate amounts, have gained 
attention as potential therapeutic agents for modulating gut 
microbiota and improving outcomes in diseases associated with 
systemic inflammation and BBB dysfunction (de LeBlanc and 
LeBlanc, 2014). Probiotics can restore the balance of the gut 
microbiota, reduce intestinal permeability, and suppress systemic 
inflammation, thereby indirectly protecting the BBB and the brain 
from the effects of I/R injury (Zhou et al., 2023).

Several methods have been hypothesized for how probiotics 
regulate the gut-brain axis and protect the BBB.

7.3.2.1 Restoration of gut barrier integrity
Probiotics have been shown to enhance the function of tight 

junction proteins, such as occludin and zonula occludens (ZO-1), 

which are crucial for maintaining intestinal epithelial integrity (Serek 
and Oleksy-Wawrzyniak, 2021). By improving intestinal barrier 
function, probiotics reduce the translocation of harmful substances 
(e.g., LPS) into the bloodstream, thereby decreasing systemic 
inflammation and preventing BBB disruption (Maguire and 
Maguire, 2019).

7.3.2.2 Modulation of immune responses
Probiotics exert immunomodulatory effects by influencing 

both innate and adaptive immune responses. They can enhance 
the production of anti-inflammatory cytokines like IL-10 and 
reduce the production of pro-inflammatory cytokines such as 
TNF-α and IL-6 (Cristofori et al., 2021). This anti-inflammatory 
effect helps attenuate the inflammatory cascade that leads to BBB 
dysfunction. In addition, probiotics can regulate the activity of 
immune cells, including T cells and macrophages, contributing to 
a balanced immune response that protects the BBB (Rastogi and 
Singh, 2022).

7.3.2.3 Reduction of oxidative stress
Probiotics also play a role in modulating oxidative stress, which is 

a key contributor to BBB breakdown. Some probiotic strains, such as 
Lactobacillus and Bifidobacterium, have been shown to reduce the 
production of reactive oxygen species (ROS) and enhance the activity 
of antioxidant enzymes (Yang et al., 2020a; Zheng et al., 2023). By 
reducing oxidative damage, probiotics help preserve the integrity of 
the endothelial cells that form the BBB, thereby preventing 
neuroinflammation and cognitive decline (Martínez-Guardado 
et al., 2022).

7.3.2.4 Short-chain fatty acid production
Certain probiotics produce short-chain fatty acids (SCFAs) 

such as acetate, propionate, and butyrate, which are by-products 
of the fermentation of dietary fiber by gut bacteria. SCFAs are 
known to have anti-inflammatory properties and can influence 
the function of the BBB (Cuciniello et al., 2023). For example, 
butyrate has been shown to strengthen the tight junctions of 
endothelial cells, reduce oxidative stress, and suppress 
neuroinflammation. By promoting the production of SCFAs, 
probiotics may contribute to BBB protection and cognitive 
preservation (Welcome, 2019).

7.3.3 Probiotic strains and their effects in I/R 
injury models

Several research have studied the effects of particular probiotic 
strains in models of intestinal I/R injury and their capacity to protect 
the BBB and retain cognitive function.

7.3.3.1 Lactobacillus species
Strains such as Lactobacillus rhamnosus and Lactobacillus 

plantarum have demonstrated beneficial effects in attenuating 
systemic inflammation and improving gut barrier function (Zhao 
et al., 2020). In animal models of I/R injury, Lactobacillus strains have 
been shown to reduce the levels of pro-inflammatory cytokines, such 
as TNF-α and IL-1β, and prevent BBB disruption (Li et al., 2022). 
Additionally, these probiotics have been found to reduce oxidative 
stress and prevent cognitive deficits following I/R injury (Sun 
et al., 2016).
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7.3.3.2 Bifidobacterium species
Bifidobacterium breve and Bifidobacterium longum have also been 

studied for their potential to restore gut microbiota balance and 
protect the BBB (Valvaikar et  al., 2024). In animal models, 
Bifidobacterium supplementation has been shown to improve gut 
permeability, reduce inflammation, and enhance the expression of 
tight junction proteins in both the gut and the BBB. These effects 
contribute to the preservation of cognitive function in models of I/R 
injury (Dong and Mayer, 2024).

7.3.3.3 Saccharomyces boulardii
This probiotic yeast has been shown to have protective effects on 

both the intestinal and BBB integrity in I/R injury models. S. boulardii 
helps restore gut barrier function, reduce systemic inflammation, and 
protect against cognitive decline by modulating the gut-brain axis and 
reducing oxidative stress (Babaei et al., 2024).

7.3.4 Clinical implications and problems
The potential of probiotics as a therapeutic strategy for 

mitigating BBB dysfunction and cognitive decline is supported by 
promising preclinical findings, but clinical evidence remains limited 
(Sproten et al., 2024). While some small-scale clinical studies have 
reported beneficial effects of probiotics on cognitive function and 
gut health in various conditions, more robust, large-scale clinical 
trials are needed to validate the efficacy of probiotics specifically for 
preventing BBB disruption and cognitive impairment following I/R 
injury (Ghassab et al., 2024).

Challenges in translating these findings to clinical practice include 
the selection of appropriate probiotic strains, determining the optimal 
dosage, and understanding the complex interactions between the gut 
microbiota and the brain. Furthermore, while probiotics appear to 
be generally safe, their effects can be strain-specific, and long-term use 
or potential interactions with other medications require 
careful consideration.

The Table 2 below summarizes the therapeutic strategies in use for 
mitigating intestinal I/R-induced gut-brain axis dysfunction.

7.4 Neuroprotective strategies for cognitive 
function

Neuroprotection is the use of interventions that protect the 
nervous system from injury or degeneration. In the context of BBB 
dysfunction and cognitive decline due to intestinal I/R injury, 
neuroprotective strategies aim to enhance neuronal survival, reduce 
neuroinflammation, and restore brain function (Jain and Jain, 2019). 
Neurotrophic factors and pharmacological agents targeting 
neuroinflammation represent two promising approaches for 
protecting cognitive function and promoting recovery following BBB 
compromise (Sulhan et al., 2020).

7.4.1 Use of neurotrophic factors
Neurotrophic factors are proteins that support the growth, survival, 

and differentiation of neurons. These factors play a critical role in 
neuronal plasticity, which is vital for memory formation and cognitive 
function (Li et al., 2022). Under pathological conditions, such as those 
associated with intestinal I/R injury, the expression and activity of 
neurotrophic factors are often reduced. Restoring or enhancing 
neurotrophic signaling may help counteract the detrimental effects of 
BBB disruption and promote cognitive recovery (Miyake et al., 2020).

Several neurotrophic agents have been found to preserve neurons, 
increase BBB integrity, and decrease cognitive impairment following 
I/R injury.

7.4.1.1 Brain-derived neurotrophic factor (BDNF)
BDNF is one of the most well-studied neurotrophic factors in the 

central nervous system (CNS). It supports neuronal survival, synaptic 
plasticity, and cognitive function (Failla et al., 2016). In animal models 
of I/R injury, BDNF has been shown to reduce neuroinflammation, 
protect neurons from apoptosis, and preserve cognitive function 
(Asadi et al., 2018). BDNF exerts its effects by binding to the TrkB 
receptor, activating downstream signaling pathways such as the PI3K/
Akt and MAPK/ERK pathways, which promote cell survival and 
synaptic plasticity (Ma et al., 2013). Moreover, BDNF has been shown 
to enhance the expression of tight junction proteins in endothelial 

TABLE 2 Therapeutic strategies for intestinal I/R injury.

Mechanism Therapeutic strategy Effect

Oxidative stress

Antioxidants (e.g., natural polyphenols, melatonin, vitamin D agonists) (Yang 

et al., 2020b; Kim et al., 2022)

Suppression of ROS production and NF-κB activation 

reduce BBB permeability

Agents targeting NADPH oxidase and NOS (Dumitrescu et al., 2018; Chen 

et al., 2024; Wang et al., 2024a)

Reduced ROS-mediated phosphorylation of tight junction 

proteins

Gut dysbiosis

Probiotics, prebiotics, fecal microbiota transplantation (FMT) (Chen et al., 2022; 

Chidambaram et al., 2022)

Restoration of intestinal microbial balance and SCFA 

production, improvement in gut barrier integrity

Antibiotic treatment (with caution) (Kalogeris et al., 2017) Experimental depletion of gut bacteria reduces systemic 

inflammation and brain injury in animal models, although 

with mixed results

Inflammatory signaling 

(NF-κB, TLR4, NLRP3)

Anti-inflammatory agents (e.g., NF-κB inhibitors, specific cytokine blockers 

such as anti-TNF therapies) (Akhtar and Choudhry, 2011; Kim et al., 2022)

Inhibition of proinflammatory cytokine production and 

restoration of tight junction protein expression.

Gene regulation (miRNAs; 

epigenetics)

miRNA inhibitors (targeting miR-21-5p), HDAC inhibitors (e.g., butyrate 

supplementation) (Chidambaram et al., 2022; Hu et al., 2022)

Modulation of gene expression to maintain barrier 

integrity and reduce inflammation.

Ischemic preconditioning
Exposes the tissue to short bouts of I/R injury, thereby making the tissue more 

resistant to the effects of I/R injury (Mallick et al., 2004; Wong et al., 2021)

Enhances tissue tolerance to I/R
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cells, thereby supporting BBB integrity. Increasing BDNF expression 
or mimicking its activity could serve as a therapeutic strategy to 
counteract the cognitive deficits associated with I/R-induced BBB 
disruption (Hernandez et al., 2022; Yang et al., 2022).

7.4.1.2 Glial cell-derived neurotrophic factor (GDNF)
GDNF is another neurotrophic factor that plays a key role in 

neuronal survival, particularly in dopaminergic neurons. GDNF has 
shown promise in protecting the brain from ischemic injury by 
promoting neurogenesis, reducing neuroinflammation, and enhancing 
BBB integrity (Singh et al., 2023). Studies have demonstrated that GDNF 
administration following I/R injury can reduce neuronal damage, restore 
BBB function, and improve cognitive performance (Korley et al., 2016; 
Appunni et al., 2021). Additionally, GDNF has been shown to reduce the 
expression of pro-inflammatory cytokines in the brain, suggesting its 
potential as a therapeutic target for mitigating neuroinflammation and 
cognitive decline (Mokhtari et al., 2017; Delgado-Minjares et al., 2021).

7.4.1.3 Vascular endothelial growth factor (VEGF)
VEGF is a critical regulator of angiogenesis and vascular 

permeability. In the framework of I/R injury, VEGF can promote BBB 
repair and protect against vascular damage (Hoseinzadeh et al., 2022). 
While excessive VEGF expression can lead to increased BBB 
permeability, controlled VEGF signaling has been shown to support 
the survival and function of endothelial cells that make up the BBB 
(Simons et al., 2016). In animal models of ischemic stroke, VEGF has 
been shown to improve neuronal survival, reduce infarct size, and 
enhance cognitive function. VEGF may also promote neuroprotection 
indirectly by enhancing the clearance of neurotoxic metabolites and 
reducing oxidative stress (Kim et al., 2019).

7.4.1.4 Insulin-like growth factor-1 (IGF-1)
IGF-1 is a potent neurotrophic factor that is involved in the 

regulation of neuronal growth and survival. IGF-1 has been shown to 
have neuroprotective effects in various neurological conditions, 
including I/R injury (Gong et al., 2021). In preclinical models, IGF-1 
has been found to reduce the inflammatory response, protect neurons 
from oxidative damage, and improve cognitive outcomes following I/R 
injury. IGF-1 signaling also plays a role in maintaining BBB integrity 
by promoting the expression of tight junction proteins and inhibiting 
the breakdown of the extracellular matrix (Freese et al., 2017).

7.4.2 Pharmacological agents for 
neuroinflammation

Neuroinflammation, characterized by the activation of 
microglia, astrocytes, and the release of pro-inflammatory cytokines, 
is a major contributor to cognitive dysfunction and BBB breakdown 
following intestinal I/R injury (Ronaldson and Davis, 2020). 
Targeting neuroinflammation with pharmacological agents is a 
promising strategy to reduce the systemic inflammatory response, 
preserve BBB integrity, and prevent cognitive decline (Fu et  al., 
2018). Several classes of pharmacological agents have been 
investigated for their ability to modulate neuroinflammation and 
provide neuroprotection:

7.4.2.1 Nonsteroidal anti-inflammatory drugs (NSAIDs)
NSAIDs, such as ibuprofen and aspirin, are commonly used to 

reduce inflammation and pain. In the situation of I/R injury, NSAIDs 

have been shown to attenuate the production of pro-inflammatory 
cytokines (e.g., TNF-α, IL-6) and reduce microglial activation, which 
are key drivers of neuroinflammation (Ajmone-Cat et  al., 2010). 
Although NSAIDs have demonstrated efficacy in reducing 
neuroinflammation and improving BBB function, their use is limited 
by potential side effects, including gastrointestinal bleeding and 
cardiovascular risks (Kaduševičius, 2021). Therefore, alternative agents 
with more selective anti-inflammatory effects are being explored.

7.4.2.2 Corticosteroids
Corticosteroids, such as dexamethasone, are potent anti-

inflammatory agents that have been shown to reduce microglial 
activation and prevent neuroinflammation following I/R injury 
(Soiberman et al., 2017). These agents can also reduce the expression 
of adhesion molecules, thereby limiting the infiltration of immune 
cells into the brain and preserving BBB integrity (Salvador et  al., 
2014). However, long-term use of corticosteroids is associated with 
adverse effects, including immune suppression and increased 
susceptibility to infections, which limits their clinical utility (Brahmer 
et al., 2018). The development of corticosteroid analogs with fewer 
side effects could provide a more targeted approach to managing 
neuroinflammation (Kalra et al., 2022).

7.4.2.3 Minocycline
Minocycline, an antibiotic with anti-inflammatory properties, has 

gained attention as a potential neuroprotective agent in models of 
ischemic injury (Sharma et al., 2010). Minocycline has been shown to 
inhibit microglial activation, reduce the release of pro-inflammatory 
cytokines, and protect neurons from oxidative damage (Abdo Qaid 
et al., 2024). Studies have demonstrated that minocycline can reduce 
neuroinflammation, prevent BBB disruption, and improve cognitive 
outcomes following I/R injury. Minocycline is currently being explored 
in clinical trials as a potential treatment for neuroinflammatory 
diseases such as Alzheimer’s and Parkinson’s disease (Zhao et al., 2023).

7.4.2.4 Nicotinamide adenine dinucleotide (NAD+) 
precursors

NAD + is a coenzyme involved in cellular energy metabolism and 
is critical for maintaining neuronal function. NAD + levels decline 
with age and under pathological conditions, such as I/R injury, leading 
to increased neuroinflammation and neuronal damage (Narne and 
Phanithi, 2023). Administration of NAD + precursors, such as 
nicotinamide riboside (NR), has been shown to reduce microglial 
activation, enhance mitochondrial function, and promote neuronal 
survival (Alegre and Pastore, 2023). Preclinical studies have 
demonstrated that NAD + precursors can attenuate neuroinflammation 
and improve cognitive function in models of I/R injury, suggesting 
their potential as a therapeutic strategy for neuroprotection (Khoury 
et al., 2018).

7.4.2.5 Selective inhibitors of pro-inflammatory cytokines
Targeting specific pro-inflammatory cytokines, such as TNF-α, 

IL-1β, and IL-6, has been explored as a therapeutic approach to 
mitigate neuroinflammation and cognitive decline (Brod, 2022). 
Monoclonal antibodies or small molecule inhibitors that specifically 
block the activity of these cytokines have shown promise in preclinical 
studies (Hanke et al., 2016). For example, TNF-α inhibitors, such as 
infliximab, have been shown to reduce neuroinflammation and 
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improve cognitive function in animal models of ischemic injury. 
However, the potential for adverse effects and the complexity of 
cytokine signaling pathways require careful consideration in clinical 
application (Turner et al., 2014; Zhao et al., 2021).

8 Limitations and future directions

The evidence that links intestinal I/R damage to cognitive dysfunction 
keeps mounting and various experimental models have proved this. A 
major limitation, however, lies in the fact that many of the previous 
research relies primarily on animal models that do not fully recapitulate 
the complexity, heterogeneity, and comorbidities of human intestinal I/R 
injury, thereby limiting the predictive value for patient outcomes. While 
studies like those of Attree et al. (2003) and Kennedy et al. (2014) reveal 
a link between intestinal dysfunction and cognitive dysfunction, they are 
often limited by their small sample sizes, heterogeneous patient 
populations, and insufficient control for confounding factors such as 
comorbidities, medication, nutritional status, and psychological stress. 
This makes such studies largely observational or cross-sectional. Also, as 
at the moment of writing, no randomized controlled trials (RCTs) have 
been conducted to specifically assess whether attenuating intestinal 
inflammation or barrier dysfunction improves cognitive outcomes in 
post-IIRI settings or related clinical conditions.

To bridge this knowledge gap, future studies would need to focus 
on developing and validating already established clinically relevant 
animal models on large animals that better reflect human disease and 
allow for the study of long-term outcomes and tissue repair to set the 
stage for future human trials (Gonzalez et al., 2015; McKinney-Aguirre 
et al., 2024). Another direction could be the development of humanized 
animal models such as mice colonized with human microbiota or with 
humanized immune systems (Ka et al., 2023). Integration of multi-
omics approaches, which encompasses genomics, transcriptomics, 
proteomics, and metabolomics, in future studies of IIRI-related 
cognitive decline will help reveal interrelated regulatory networks and 
identify actionable molecular targets. To progress the body of 
knowledge concerning IIRI-related cognitive dysfunction and translate 
findings to the bedside, there’s need for interdisciplinary efforts.

9 Conclusion

Intestinal ischemia–reperfusion (I/R) injury affects the brain 
through systemic inflammation, gut microbiota dysbiosis, oxidative 
stress, and vagus nerve activation, leading to BBB disruption and 
cognitive impairment. Future research should explore the specific 

roles of gut microbes, long-term effects on the gut-brain axis, and 
vagus nerve involvement, with a focus on personalized probiotic 
interventions. Clinically, restoring gut microbiota balance, reducing 
inflammation, and mitigating oxidative stress may improve cognitive 
outcomes, but clinical trials are needed. Recognizing the gut’s role in 
neurological health highlights the importance of multi-organ 
communication in disease prevention and treatment.

Author contributions

OH: Conceptualization, Resources, Writing  – original draft, 
Writing  – review & editing. OA: Conceptualization, Supervision, 
Validation, Writing  – original draft. RA: Resources, Supervision, 
Writing – review & editing. OH: Validation, Writing – original draft. 
BA: Resources, Writing – review & editing. DA: Supervision, Writing – 
review & editing. WS: Writing – review & editing. OO: Writing – 
review & editing. BO: Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R., and Begley, D. J. (2010). 

Structure and function of the blood–brain barrier. Neurobiol. Dis. 37, 13–25. doi: 
10.1016/j.nbd.2009.07.030

Abdo Qaid, E. Y., Abdullah, Z., Zakaria, R., and Long, I. (2024). Minocycline protects 
against lipopolysaccharide-induced glial cells activation and oxidative stress damage in 
the medial prefrontal cortex (mPFC) of the rat. Int. J. Neurosci. 134, 56–65. doi: 
10.1080/00207454.2022.2084092

Abdullahi, W., Tripathi, D., and Ronaldson, P. T. (2018). Blood-brain barrier 
dysfunction in ischemic stroke: targeting tight junctions and transporters for vascular 
protection. Am. J. Physiol. Cell Physiol. 315, C343–C356.

Ahmed, H., Leyrolle, Q., Koistinen, V., Kärkkäinen, O., Layé, S., Delzenne, N., 
et al. (2022). Microbiota-derived metabolites as drivers of gut–brain 
communication. Gut Microbes 14:2102878. doi: 10.1080/19490976.2022.2102878

Aird, W. C. (2007a). Phenotypic heterogeneity of the endothelium: I. Structure, 
function, and processes. Circ. Res. 100, 158–173. doi: 10.1161/01.RES.0000255691.76142.4a

Aird, W. C. (2007b). Phenotypic heterogeneity of the endothelium: II. Representative vascular 
beds. Circ. Res. 100, 174–190. doi: 10.1161/01.RES.0000255690.03436.ae

Ajmone-Cat, M. A., Bernardo, A., Greco, A., and Minghetti, L. (2010). Non-steroidal 
anti-inflammatory medications and brain inflammation: impact on microglial functions. 
Pharmaceuticals 3, 1949–1965. doi: 10.3390/ph3061949

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.1080/00207454.2022.2084092
https://doi.org/10.1080/19490976.2022.2102878
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.3390/ph3061949


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 18 frontiersin.org

Akhtar, S. A., and Choudhry, M. (2011). Gut inflammation in response to injury: 
potential target for therapeutic intervention. Recent Pat. Antiinfect. Drug Discov. 6, 
206–215. doi: 10.2174/157489111796887837

Albano, G. D., Gagliardo, R. P., Montalbano, A. M., and Profita, M. (2022). Overview 
of the mechanisms of oxidative stress: influence in inflammation of the airway illnesses. 
Antioxidants 11:2237. doi: 10.3390/antiox11112237

Al-Diery, H., Phillips, A., Evennett, N., Pandanaboyana, S., Gilham, M., and 
Windsor, J. A. (2019). The pathophysiology of nonocclusive mesenteric ischemia: 
implications for research and clinical treatment. J. Intensive Care Med. 34, 771–781. doi: 
10.1177/0885066618788827

Aldini, G., Altomare, A., Baron, G., Vistoli, G., Carini, M., Borsani, L., et al. (2018). 
N-Acetylcysteine as an antioxidant and disulphide breaking agent: the reasons why. Free 
Radic. Res. 52, 751–762. doi: 10.1080/10715762.2018.1468564

Alegre, G. F. S., and Pastore, G. M. (2023). NAD+ precursors nicotinamide 
mononucleotide (NMN) and nicotinamide riboside (NR): possible dietary contribution 
to health. Curr. Nutr. Rep. 12, 445–464. doi: 10.1007/s13668-023-00475-y

Anzai, A., Ko, S., and Fukuda, K. (2022). Immune and inflammatory networks in 
myocardial infarction: current research and its potential implications for the clinic. Int. 
J. Mol. Sci. 23:5214.

Appunni, S., Gupta, D., Rubens, M., Ramamoorthy, V., Singh, H. N., and Swarup, V. 
(2021). Deregulated protein kinases: friend and foe in ischemic stroke. Mol. 
Neurobiol. 1–19.

Archontakis-Barakakis, P., Mavridis, T., Chlorogiannis, D. D., Barakakis, G., Laou, E., 
Sessler, D. I., et al. (2025). Intestinal oxygen utilisation and cellular adaptation during 
intestinal ischaemia–reperfusion injury. Clin. Transl. Med. 15:e70136. doi: 
10.1002/ctm2.70136

Arneth, B. M. (2018). Gut–brain axis biochemical signalling from the gastrointestinal 
tract to the central nervous system: gut dysbiosis and altered brain function. Postgrad. 
Med. J. 94, 446–452. doi: 10.1136/postgradmedj-2017-135424

Arosa, L., Camba-Gómez, M., and Conde-Aranda, J. (2022). Neutrophils in intestinal 
inflammation: what we know and what we should hope for the near future. Gastrointest. 
Disord. 4, 263–276. doi: 10.3390/gidisord4040025

Asadi, Y., Gorjipour, F., Behrouzifar, S., and Vakili, A. (2018). Irisin peptide protects 
brain against ischaemia injury through lowering apoptosis and boosting BDNF in a 
mouse model of stroke. Neurochem. Res. 43, 1549–1560. doi: 10.1007/s11064-018-2569-9

Attree, E. A., Dancey, C. P., Keeling, D., and Wilson, C. (2003). Cognitive performance 
in patients with chronic illness: inflammatory bowel disease and irritable bowel 
syndrome. Appl. Neuropsychol. 10, 96–104. doi: 10.1207/s15324826an1002_05

Babaei, F., Navidi-Moghaddam, A., Naderi, A., Ghafghazi, S., Mirzababaei, M., 
Dargahi, L., et al. (2024). The preventative effects of Saccharomyces boulardii against 
oxidative stress induced by lipopolysaccharide in rat brain. Heliyon 10:e30426. doi: 
10.1016/j.heliyon.2024.e30426

Banfi, D., Moro, E., Bosi, A., Bistoletti, M., Cerantola, S., Crema, F., et al. (2021). 
Impact of microbial metabolites on microbiota–gut–brain axis in inflammatory bowel 
disease. Int. J. Mol. Sci. 22:1623. doi: 10.3390/ijms22041623

Banks, W. A., Gray, A. M., Erickson, M. A., Salameh, T. S., Damodarasamy, M., 
Sheibani, N., et al. (2015). Lipopolysaccharide-induced blood-brain barrier disruption: 
roles of cyclooxygenase, oxidative stress, neuroinflammation, and elements of the 
neurovascular unit. J. Neuroinflammation 12, 1–15. doi: 10.1186/s12974-015-0434-1

Bertheloot, D., Latz, E., and Franklin, B. S. (2021). Necroptosis, pyroptosis and 
apoptosis: an intricate game of cell death. Cell. Mol. Immunol. 18, 1106–1121. doi: 
10.1038/s41423-020-00630-3

Bhat, A. H., Dar, K. B., Anees, S., Zargar, M. A., Masood, A., Sofi, M. A., et al. (2015). 
Oxidative stress, mitochondrial dysfunction and neurodegenerative diseases; a 
mechanistic insight. Biomed. Pharmacother. 74, 101–110.

Bilal, M., Ashraf, S., and Zhao, X. (2022). Dietary component-induced inflammation 
and its amelioration by prebiotics, probiotics, and synbiotics. Front. Nutr. 9:931458. doi: 
10.3389/fnut.2022.931458

Blecharz-Lang, K. G., Wagner, J., Fries, A., Nieminen-Kelhä, M., Rösner, J., 
Schneider, U. C., et al. (2018). Interleukin 6-mediated endothelial barrier disturbances 
can be attenuated by blockade of the IL6 receptor expressed in brain microvascular 
endothelial cells. Transl. Stroke Res. 9, 631–642. doi: 10.1007/s12975-018-0614-2

Block, F., Dihne, M., and Loos, M. (2005). Inflammation in areas of remote alterations 
following focal brain injury. Prog. Neurobiol. 75, 342–365. doi: 10.1016/j.
pneurobio.2005.03.004

Boraso, M. A. (2012). Interleukin-1β and NMDA Receptor: A Bridge between 
Inflammation and the Glutamatergic System.

Bosi, A. (2021). Intestinal neuromuscular function adaptability to ischemia/
reperfusion injury: importance of the microbiota-gut interplay.

Bourgognon, J. M., and Cavanagh, J. (2020). The role of cytokines in modifying 
learning and memory and brain plasticity. Brain Neurosci. Adv. 4:2398212820979802. 
doi: 10.1177/2398212820979802

Brahmer, J. R., Lacchetti, C., Schneider, B. J., Atkins, M. B., Brassil, K. J., 
Caterino, J. M., et al. (2018). Management of immune-related adverse events in patients 
treated with immune checkpoint inhibitor therapy: American Society of Clinical 

Oncology clinical practice guideline. J. Clin. Oncol. 36, 1714–1768. doi: 
10.1200/JCO.2017.77.6385

Brod, S. A. (2022). Anti-inflammatory agents: an approach to prevent cognitive 
deterioration in Alzheimer’s disease. J. Alzheimers Dis. 85, 457–472. doi: 10.3233/
jad-215125

Bryan, N., Ahswin, H., Smart, N., Bayon, Y., Wohlert, S., and Hunt, J. A. (2012). 
Reactive oxygen species (ROS)–a family of destiny deciding molecules pivotal in 
constructive inflammation and wound healing. Eur. Cell. Mater. 24:e65. doi: 10.22203/
ecm.v024a18

Bugger, H., and Pfeil, K. (2020). Mitochondrial ROS in cardiac ischemia reperfusion 
and remodeling. Biochimica et Biophysica Acta, (BBA)-Molecular Basis of Disease, 
1866:165768. doi: 10.1016/j.bbadis.2020.165768

Cabrera, C. P., Manson, J., Shepherd, J. M., Torrance, H. D., Watson, D., Longhi, M. P., 
et al. (2017). Signatures of inflammation and impending multiple organ dysfunction in 
the hyperacute phase of trauma: a prospective cohort study. PLoS Med. 14:e1002352. 
doi: 10.1371/journal.pmed.1002352

Calcerrada, P., Peluffo, G., and Radi, R. (2011). Nitric oxide-derived oxidants with a 
focus on peroxynitrite: molecular targets, cellular responses and therapeutic 
implications. Curr. Pharm. Des. 17, 3905–3932. doi: 10.2174/138161211798357719

Canton, M., Sánchez-Rodríguez, R., Spera, I., Venegas, F. C., Favia, M., Viola, A., et al. 
(2021). Reactive oxygen species in macrophages: sources and targets. Front. Immunol. 
12:734229.

Cervellati, C., Trentini, A., Pecorelli, A., and Valacchi, G. (2020). Inflammation in 
neurological disorders: the thin boundary between brain and periphery. Antioxid. Redox 
Signal. 33, 191–210. doi: 10.1089/ars.2020.8076

Chen, X., Chen, C., Fan, S., Wu, S., Yang, F., Fang, Z., et al. (2018). Omega-3 
polyunsaturated fatty acid attenuates the inflammatory response by modulating 
microglia polarization through SIRT1-mediated deacetylation of the HMGB1/NF-κB 
pathway following experimental traumatic brain injury. J. Neuroinflammation 15, 1–15. 
doi: 10.1186/s12974-018-1151-3

Chen, J., Wang, Y., Shi, Y., Liu, Y., Wu, C., and Luo, Y. (2022). Association of gut 
microbiota with intestinal ischemia/reperfusion injury. Front. Cell. Infect. Microbiol. 
12:962782. doi: 10.3389/fcimb.2022.962782

Chen, X., Wu, S., Chen, C., Xie, B., Fang, Z., Hu, W., et al. (2017). Omega-3 
polyunsaturated fatty acid supplementation attenuates microglial-induced inflammation 
by inhibiting the HMGB1/TLR4/NF-κB pathway following experimental traumatic 
brain injury. J. Neuroinflammation 14, 1–12. doi: 10.1186/s12974-017-0917-3

Chen, S. Y., Xu, H., Qin, Y., He, T. Q., Shi, R. R., Xing, Y. R., et al. (2024). Nicotinamide 
adenine dinucleotide phosphate alleviates intestinal ischemia/reperfusion injury via Nrf2/
HO-1 pathway. Int. Immunopharmacol. 143:113478. doi: 10.1016/j.intimp.2024.113478

Chen, X. D., Zhao, J., Yang, X., Zhou, B. W., Yan, Z., Liu, W. F., et al. (2021). Gut-
derived exosomes mediate memory impairment following intestinal ischemia/
reperfusion via activating microglia. Mol. Neurobiol. 58, 4828–4841. doi: 10.1007/
s12035-021-02444-4

Chidambaram, S. B., Rathipriya, A. G., Mahalakshmi, A. M., Sharma, S., Hediyal, T. A., 
Ray, B., et al. (2022). The influence of gut dysbiosis in the pathogenesis and management 
of ischemic stroke. Cells 11:1239. doi: 10.3390/cells11071239

Choi, D. K., Koppula, S., Choi, M., and Suk, K. (2010). Recent advancements in the 
inhibitors of neuroinflammation and neurodegeneration: inflammatory oxidative 
enzymes as a therapeutic target. Expert Opin. Ther. Pat. 20, 1531–1546. doi: 
10.1517/13543776.2010.525220

Corridoni, D., Pastorelli, L., Mattioli, B., Locovei, S., Ishikawa, D., Arseneau, K. O., 
et al. (2012). Probiotic bacteria modulate intestinal epithelial permeability in 
experimental ileitis by a TNF-dependent mechanism. PLoS One 7:e42067. doi: 10.1371/
journal.pone.0042067

Cowled, P., and Fitridge, R. (2020). “Pathophysiology of reperfusion injury” in ed. Robert 
Fitridge Mechanisms of vascular disease: A textbook for vascular specialists, Adelaide, SA, 
Australia: Springer Nature, Discipline of Surgery, The University of Adelaide. 415–440.

Cristofori, F., Dargenio, V. N., Dargenio, C., Miniello, V. L., Barone, M., and Francavilla, R. 
(2021). Anti-inflammatory and immunomodulatory effects of probiotics in gut inflammation: 
a door to the body. Front. Immunol. 12:578386. doi: 10.3389/fimmu.2021.578386

Cuciniello, R., Di Meo, F., Filosa, S., Crispi, S., and Bergamo, P. (2023). The antioxidant 
impact of dietary bioactives derives from the interplay between the physiology of the 
host and the gut microbiota: participation of short-chain fatty acids. Antioxidants 
12:1073. doi: 10.3390/antiox12051073

D’arcy, M. S. (2019). Cell death: a review of the major forms of apoptosis, necrosis and 
autophagy. Cell Biol. Int. 43, 582–592. doi: 10.1002/cbin.11137

Dahiya, D., and Nigam, P. S. (2023). Antibiotic-therapy-induced gut dysbiosis 
impacting gut microbiota—brain axis and cognition: restoration by ingestion of 
probiotics and synbiotics. Int. J. Mol. Sci. 24:3074. doi: 10.3390/ijms24043074

Daneman, R. (2008). How is the blood-brain barrier built? The cellular and molecular 
interactions that regulate the establishment of the blood-brain barrier. Stanford 
University.

Daneman, R. (2012). The blood–brain barrier in health and illness. Ann. Neurol. 72, 
648–672. doi: 10.1002/ana.23648

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.2174/157489111796887837
https://doi.org/10.3390/antiox11112237
https://doi.org/10.1177/0885066618788827
https://doi.org/10.1080/10715762.2018.1468564
https://doi.org/10.1007/s13668-023-00475-y
https://doi.org/10.1002/ctm2.70136
https://doi.org/10.1136/postgradmedj-2017-135424
https://doi.org/10.3390/gidisord4040025
https://doi.org/10.1007/s11064-018-2569-9
https://doi.org/10.1207/s15324826an1002_05
https://doi.org/10.1016/j.heliyon.2024.e30426
https://doi.org/10.3390/ijms22041623
https://doi.org/10.1186/s12974-015-0434-1
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.3389/fnut.2022.931458
https://doi.org/10.1007/s12975-018-0614-2
https://doi.org/10.1016/j.pneurobio.2005.03.004
https://doi.org/10.1016/j.pneurobio.2005.03.004
https://doi.org/10.1177/2398212820979802
https://doi.org/10.1200/JCO.2017.77.6385
https://doi.org/10.3233/jad-215125
https://doi.org/10.3233/jad-215125
https://doi.org/10.22203/ecm.v024a18
https://doi.org/10.22203/ecm.v024a18
https://doi.org/10.1016/j.bbadis.2020.165768
https://doi.org/10.1371/journal.pmed.1002352
https://doi.org/10.2174/138161211798357719
https://doi.org/10.1089/ars.2020.8076
https://doi.org/10.1186/s12974-018-1151-3
https://doi.org/10.3389/fcimb.2022.962782
https://doi.org/10.1186/s12974-017-0917-3
https://doi.org/10.1016/j.intimp.2024.113478
https://doi.org/10.1007/s12035-021-02444-4
https://doi.org/10.1007/s12035-021-02444-4
https://doi.org/10.3390/cells11071239
https://doi.org/10.1517/13543776.2010.525220
https://doi.org/10.1371/journal.pone.0042067
https://doi.org/10.1371/journal.pone.0042067
https://doi.org/10.3389/fimmu.2021.578386
https://doi.org/10.3390/antiox12051073
https://doi.org/10.1002/cbin.11137
https://doi.org/10.3390/ijms24043074
https://doi.org/10.1002/ana.23648


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 19 frontiersin.org

Daneman, R., and Prat, A. (2015). The blood–brain barrier. Cold Spring Harb. Perspect. 
Biol. 7:a020412. doi: 10.1101/cshperspect.a020412

Daneman, R., Zhou, L., Agalliu, D., Cahoy, J. D., Kaushal, A., and Barres, B. A. (2010). 
The mouse blood-brain barrier transcriptome: a novel resource for understanding the 
development and function of brain endothelial cells. PLoS One 5:e13741. doi: 10.1371/
journal.pone.0013741

Daulatzai, M. A. (2014). Chronic functional bowel syndrome worsens gut-brain axis 
dysfunction, neuroinflammation, cognitive impairment, and vulnerability to dementia. 
Neurochem. Res. 39, 624–644. doi: 10.1007/s11064-014-1266-6

de LeBlanc, A. D. M., and LeBlanc, J. G. (2014). Effect of probiotic treatment on the 
intestinal microbiota, existing understanding and possible applications. World J. 
Gastroenterol. WJG. 20:16518. doi: 10.3748/wjg.v20.i44.16518

de Lores Arnaiz, G. R. (2007). 10 Na+, K+-ATPase in the brain. Handbook of 
Neurochemistry and Molecular Neurobiology: Neural Membranes and Transport.

Delgado-Minjares, K. M., Martinez-Fong, D., Martínez-Dávila, I. A., Bañuelos, C., 
Gutierrez-Castillo, M. E., Blanco-Alvarez, V. M., et al. (2021). Mechanistic insight from 
preclinical models of Parkinson’s disease could help redirect clinical trial efforts in 
GDNF therapy. Int. J. Mol. Sci. 22:11702. doi: 10.3390/ijms222111702

Ding, J. H., Jin, Z., Yang, X. X., Lou, J., Shan, W. X., Hu, Y. X., et al. (2020). Role of gut 
microbiota via the gut-liver-brain axis in digestive diseases. World J. Gastroenterol. 26, 
6141–6162. doi: 10.3748/wjg.v26.i40.6141

Dong, T. S., and Mayer, E. (2024). Advances in brain–gut–microbiome interactions: a 
comprehensive update on signaling mechanisms, diseases, and therapeutic implications. 
Cell. Mol. Gastroenterol. Hepatol. 18, 1–13. doi: 10.1016/j.jcmgh.2024.01.024

Dorweiler, B., Pruefer, D., Andrasi, T. B., Maksan, S. M., Schmiedt, W., Neufang, A., 
et al. (2007). Ischemia-reperfusion injury: pathogenesis and clinical consequences. Eur. 
J. Trauma Emerg. Surg. 33, 600–612. doi: 10.1007/s00068-007-7152-z

Dou, Z., Rong, X., Zhao, E., Zhang, L., and Lv, Y. (2019). Neuroprotection of 
resveratrol against localised cerebral ischemia/reperfusion injury in mice by a 
mechanism targeting gut-brain axis. Cell. Mol. Neurobiol. 39, 883–898. doi: 10.1007/
s10571-019-00687-3

Du, L., He, X., Xiong, X., Zhang, X., Jian, Z., and Yang, Z. (2024). Vagus nerve 
stimulation in cerebral stroke: biological mechanisms, treatment modalities, clinical 
applications, and future directions. Neural Regen. Res. 19, 1707–1717. doi: 
10.4103/1673-5374.389365

Dumitrescu, L., Popescu-Olaru, I., Cozma, L., Tulbă, D., Hinescu, M. E., 
Ceafalan, L. C., et al. (2018). Oxidative stress and the microbiota-gut-brain axis. 
Oxidative Med. Cell. Longev. 2018:2406594. doi: 10.1155/2018/2406594

Dziedzic, A., and Saluk, J. (2022). Probiotics and commensal gut microbiota as the 
effective alternative therapy for multiple sclerosis patients treatment. Int. J. Mol. Sci. 
23:14478. doi: 10.3390/ijms232214478

Eltzschig, H. K., and Eckle, T. (2011). Ischemia and reperfusion—from mechanism to 
translation. Nat. Med. 17, 1391–1401. doi: 10.1038/nm.2507

Esposito, E., and Cuzzocrea, S. (2009). TNF-alpha as a therapeutic target in 
inflammatory disorders, ischemia-reperfusion injury and trauma. Curr. Pharm. Des. 16, 
3152–3167. doi: 10.2174/092986709788803024

Failla, M. D., Conley, Y. P., and Wagner, A. K. (2016). Brain-derived neurotrophic 
factor (BDNF) in traumatic brain injury–related mortality: interrelationships between 
genetics and acute systemic and central nervous system BDNF profiles. Neurorehabil. 
Neural Repair 30, 83–93. doi: 10.1177/1545968315586465

Fan, J., Kamphorst, J. J., Mathew, R., Chung, M. K., White, E., Shlomi, T., et al. (2013). 
Glutamine-driven oxidative phosphorylation is a key ATP source in transformed mammalian 
cells in both normoxia and hypoxia. Mol. Syst. Biol. 9:712. doi: 10.1038/msb.2013.65

Fernández, A. R., Sánchez-Tarjuelo, R., Cravedi, P., Ochando, J., and López-Hoyos, M. 
(2020). Ischemia reperfusion injury—a translational perspective in organ 
transplantation. Int. J. Mol. Sci. 21:8549. doi: 10.3390/ijms21228549

Fields, M., Marcuzzi, A., Gonelli, A., Celeghini, C., Maximova, N., and Rimondi, E. 
(2023). Mitochondria-targeted antioxidants, a new class of antioxidant chemicals for 
neurodegenerative diseases: perspectives and limitations. Int. J. Mol. Sci. 24:3739. doi: 
10.3390/ijms24043739

Fock, E., and Parnova, R. (2023). Mechanisms of blood–brain barrier protection by 
microbiota-derived short-chain fatty acids. Cells 12:657. doi: 10.3390/cells12040657

Freeman, L. R., and Keller, J. N. (2012). Oxidative stress and cerebral endothelial cells: 
control of the blood–brain-barrier and antioxidant based interventions. Biochimica et 
Biophysica Acta 1822, 822–829. doi: 10.1016/j.bbadis.2011.12.009

Freese, C., Hanada, S., Fallier-Becker, P., Kirkpatrick, C. J., and Unger, R. E. (2017). 
Identification of neuronal and angiogenic growth factors in an in vitro blood-brain 
barrier model system: relevance in barrier integrity and tight junction formation and 
complexity. Microvasc. Res. 111, 1–11. doi: 10.1016/j.mvr.2016.12.001

Fu, W. Y., Wang, X., and Ip, N. Y. (2018). Targeting neuroinflammation as a therapeutic 
strategy for Alzheimer’s disease: mechanisms, pharmacological candidates, and new 
opportunities. ACS Chem. Neurosci. 10, 872–879. doi: 10.1021/acschemneuro. 
8b00402

Galea, I. (2021). The blood–brain barrier in systemic infection and inflammation. Cell. 
Mol. Immunol. 18, 2489–2501. doi: 10.1038/s41423-021-00757-x

Gao, J., Cao, B., Zhao, R., Li, H., Xu, Q., and Wei, B. (2023). Critical signaling 
transduction pathways and intestinal barrier: implications for pathophysiology and 
therapeutics. Pharmaceuticals 16:1216. doi: 10.3390/ph16091216

Gargus, M., Ben-Azu, B., Landwehr, A., Dunn, J., Errico, J. P., and Tremblay, M. È. 
(2025). Mechanisms of vagus nerve stimulation for the therapy of neurodevelopmental 
disorders: an emphasis on microglia and neuroinflammation. Front. Neurosci. 
18:1527842. doi: 10.3389/fnins.2024.1527842

Gelosa, P., Castiglioni, L., Rzemieniec, J., Muluhie, M., Camera, M., and Sironi, L. 
(2022). Cerebral derailment following myocardial infarct: mechanisms and effects of the 
signaling from the ischemic heart to brain. J. Mol. Med. 100, 1–19. doi: 10.1007/
s00109-021-02154-3

Ghassab, F. T., Mahmoudi, F. S., Tinjani, R. T., Meibodi, A. E., Zali, M. R., and Yadegar, A. 
(2024). Probiotics and the microbiota-gut-brain axis in neurodegeneration: beneficial 
effects and mechanistic insights. Life Sci. 350:122748. doi: 10.1016/j.lfs.2024.122748

Ghosh, S. S., Wang, J., Yannie, P. J., and Ghosh, S. (2020). Intestinal barrier failure, LPS 
translocation, and disease development. J. Endocr. Soc. 4:bvz 039. doi: 10.1210/
jendso/bvz039

Gofton, T. E., and Young, G. B. (2012). Sepsis-associated encephalopathy. Nat. Rev. 
Neurol. 8, 557–566. doi: 10.1038/nrneurol.2012.183

Gong, P., Zou, Y., Zhang, W., Tian, Q., Han, S., Xu, Z., et al. (2021). The neuroprotective 
effects of insulin-like growth factor 1 via the Hippo/YAP signaling pathway is mediated 
by the PI3K/AKT pathway following cerebral ischemia-reperfusion injury.

Gonzalez, L. M., Moeser, A. J., and Blikslager, A. T. (2015). Animal models of 
ischemia-reperfusion-induced intestinal injury: progress and promise for translational 
research. Amer. J. Physiol. Gastrointestinal Liver Physiol. 308, G63–G75. doi: 
10.1152/ajpgi.00112.2013

Gourd, N. M., and Nikitas, N. (2020). Multiple organ dysfunction syndrome. J. 
Intensive Care Med. 35, 1564–1575.

Granger, D. N., and Kvietys, P. R. (2015). Reperfusion injury and reactive oxygen 
species: the evolution of a concept. Redox Biol. 6, 524–551. doi: 10.1016/j.redox.2015.08.020

Gu, M., Mei, X. L., and Zhao, Y. N. (2021). Sepsis and cerebral dysfunction: BBB 
damage, neuroinflammation, oxidative stress, apoptosis and autophagy as major 
mediators and the prospective therapeutic approaches. Neurotox. Res. 39, 489–503. doi: 
10.1007/s12640-020-00270-5

Guan, Y., Worrell, R. T., Pritts, T. A., and Montrose, M. H. (2009). Intestinal ischemia-
reperfusion injury: reversible and irreversible damage observed in vivo. Amer. J. Physiol. 
Gastro. Liver Physiol. 297, G187–G196. doi: 10.1152/ajpgi.90595.2008

Guerville, M., and Boudry, G. (2016). Gastrointestinal and hepatic mechanisms 
limiting entrance and diffusion of lipopolysaccharide into the systemic circulation. 
Amer. J. Physiol. Gastro. Liver Physiol. 311, G1–G15. doi: 10.1152/ajpgi.00098.2016

Guo, B., Zhang, J., Zhang, W., Chen, F., and Liu, B. (2025). Gut microbiota-derived 
short chain fatty acids operate as mediators of the gut–brain axis targeting age-related 
neurodegenerative disorders: a narrative review. Crit. Rev. Food Sci. Nutr. 65, 
265–286. doi: 10.1080/10408398.2023.2272769

Habas, K., and Shang, L. (2018). Alterations in intercellular adhesion molecule 1 
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) in human endothelial cells. 
Tissue Cell 54, 139–143. doi: 10.1016/j.tice.2018.09.002

Hammed, O. S., Afolabi, O. A., Ajike, R. A., Alabi, B. A., Oyekunle, O. S., Saka, W. A., 
et al. (2025). Effect of curcumin on cognitive impairment in aged female Wistar rats 
subjected to intestinal ischemia-reperfusion injury. J. Applied Life Sci Int. 28, 9–30. doi: 
10.9734/jalsi/2025/v28i1676

Hanke, T., Merk, D., Steinhilber, D., Geisslinger, G., and Schubert-Zsilavecz, M. 
(2016). Small compounds with anti-inflammatory characteristics in clinical 
development. Pharmacol. Ther. 157, 163–187. doi: 10.1016/j.pharmthera.2015.11.011

Haruwaka, K., Ikegami, A., Tachibana, Y., Ohno, N., Konishi, H., Hashimoto, A., et al. 
(2019). Dual microglia effects on blood brain barrier permeability generated by systemic 
inflammation. Nat. Commun. 10:5816. doi: 10.1038/s41467-019-13812-z

Hass, D. J., Kozuch, P., and Brandt, L. J. (2007). Pharmacologically caused colon 
ischemia. Off. J. Am. Coll. Gastroenterol.|ACG 102, 1765–1780. doi: 10.1111/j.1572-0241. 
2007.01260.x

Hernandez, L., Ward, L. J., Arefin, S., Ebert, T., and Laucyte-Cibulskiene, A.GOING-
FWD Collaborators Pilote Louise 4 Norris Colleen M. 5 Raparelli Valeria 6 Kautzky-
Willer Alexandra 7 Herrero Maria Trinidad 8 Kublickiene Karolina 1, Heimbürger, O., 
Barany, P., Wennberg, L., Stenvinkel, P. and Kublickiene, K (2022). Blood–brain barrier 
and gut barrier dysfunction in chronic kidney disease with a focus on circulating 
biomarkers and tight junction proteins. Sci. Rep. 12:4414. doi: 10.1038/s41598-022-08387-7

Hinson, H. E., Rowell, S., and Schreiber, M. (2015). Clinical evidence of inflammation 
generating subsequent brain injury: a systematic review. J. Trauma Acute Care Surg. 78, 
184–191. doi: 10.1097/ta.0000000000000468

Ho, Y. H., Lin, Y. T., Wu, C. W. J., Chao, Y. M., Chang, A. Y., and Chan, J. Y. (2015). 
Peripheral inflammation promotes seizure susceptibility via the development of 
neuroinflammation and oxidative stress in the hippocampus. J. Biol. Sci. 22, 1–14. doi: 
10.1186/s12929-015-0157-8

Holmes, A., Finger, C., Morales-Scheihing, D., Lee, J., and Mccullough, L. D. (2020). 
Gut dysbiosis and age-related neurological illnesses; a new method for therapeutic 
treatments. Transl. Res. 226, 39–56. doi: 10.1016/j.trsl.2020.07.012

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1371/journal.pone.0013741
https://doi.org/10.1371/journal.pone.0013741
https://doi.org/10.1007/s11064-014-1266-6
https://doi.org/10.3748/wjg.v20.i44.16518
https://doi.org/10.3390/ijms222111702
https://doi.org/10.3748/wjg.v26.i40.6141
https://doi.org/10.1016/j.jcmgh.2024.01.024
https://doi.org/10.1007/s00068-007-7152-z
https://doi.org/10.1007/s10571-019-00687-3
https://doi.org/10.1007/s10571-019-00687-3
https://doi.org/10.4103/1673-5374.389365
https://doi.org/10.1155/2018/2406594
https://doi.org/10.3390/ijms232214478
https://doi.org/10.1038/nm.2507
https://doi.org/10.2174/092986709788803024
https://doi.org/10.1177/1545968315586465
https://doi.org/10.1038/msb.2013.65
https://doi.org/10.3390/ijms21228549
https://doi.org/10.3390/ijms24043739
https://doi.org/10.3390/cells12040657
https://doi.org/10.1016/j.bbadis.2011.12.009
https://doi.org/10.1016/j.mvr.2016.12.001
https://doi.org/10.1021/acschemneuro.8b00402
https://doi.org/10.1021/acschemneuro.8b00402
https://doi.org/10.1038/s41423-021-00757-x
https://doi.org/10.3390/ph16091216
https://doi.org/10.3389/fnins.2024.1527842
https://doi.org/10.1007/s00109-021-02154-3
https://doi.org/10.1007/s00109-021-02154-3
https://doi.org/10.1016/j.lfs.2024.122748
https://doi.org/10.1210/jendso/bvz039
https://doi.org/10.1210/jendso/bvz039
https://doi.org/10.1038/nrneurol.2012.183
https://doi.org/10.1152/ajpgi.00112.2013
https://doi.org/10.1016/j.redox.2015.08.020
https://doi.org/10.1007/s12640-020-00270-5
https://doi.org/10.1152/ajpgi.90595.2008
https://doi.org/10.1152/ajpgi.00098.2016
https://doi.org/10.1080/10408398.2023.2272769
https://doi.org/10.1016/j.tice.2018.09.002
https://doi.org/10.9734/jalsi/2025/v28i1676
https://doi.org/10.1016/j.pharmthera.2015.11.011
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1111/j.1572-0241.2007.01260.x
https://doi.org/10.1111/j.1572-0241.2007.01260.x
https://doi.org/10.1038/s41598-022-08387-7
https://doi.org/10.1097/ta.0000000000000468
https://doi.org/10.1186/s12929-015-0157-8
https://doi.org/10.1016/j.trsl.2020.07.012


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 20 frontiersin.org

Hoseinzadeh, A., Ghoddusi Johari, H., Anbardar, M. H., Tayebi, L., Vafa, E., 
Abbasi, M., et al. (2022). Effective treatment of intractable diseases using nanoparticles 
to interfere with vascular supply and angiogenic process. Eur. J. Med. Res. 27:232. doi: 
10.1186/s40001-022-00833-6

Hou, M., Chen, F., He, Y., Tan, Z., Han, X., Shi, Y., et al. (2023). Dexmedetomidine 
against intestinal ischemia/reperfusion injury: a systematic review and meta-analysis of 
preclinical studies. Eur. J. Pharmacol. 959:176090. doi: 10.1016/j.ejphar.2023.176090

Hsieh, Y. H., McCartney, K., Moore, T. A., Thundyil, J., Gelderblom, M., Manzanero, S., 
et al. (2011). Intestinal ischemia-reperfusion injury leads to inflammatory alterations in 
the brain. Shock 36, 424–430. doi: 10.1097/shk.0b013e3182295f91

Hu, W., Kong, X., Wang, H., Li, Y., and Luo, Y. (2022). Ischemic stroke and intestinal 
flora: an insight into brain–gut axis. Eur. J. Med. Res. 27:73. doi: 10.1186/s40001-022-00691-2

Huang, Z., Bai, Y., Chen, Y., Chen, Y., Jiang, Y., and Zhou, J. (2024). Attenuation of 
intestinal ischemia-reperfusion-injury by anesthetics: a potentially protective effect of 
anesthetic management in experimental studies. Front. Pharmacol. 15:1367170. doi: 
10.3389/fphar.2024.1367170

Huang, X., Hussain, B., and Chang, J. (2021). Peripheral inflammation and blood–
brain barrier disruption: consequences and mechanisms. CNS Neurosci. Ther. 27, 36–47. 
doi: 10.1111/cns.13569

Huang, S., and Zhang, M. (2024). The involvement of angiotensin II type 1 receptor 
pathway in cerebral ischemia–reperfusion injury: implications for the neuroprotective 
impact of ARBs. Neuroprotection 2, 100–119. doi: 10.1002/nep3.45

Hummitzsch, L., Zitta, K., Berndt, R., Wong, Y. L., Rusch, R., Hess, K., et al. (2019). Remote 
ischemic preconditioning attenuates intestinal mucosal damage: insight from a rat model of 
ischemia–reperfusion injury. J. Transl. Med. 17, 1–13. doi: 10.1186/s12967-019-1885-4

Hunter, C. J., and De Plaen, I. G. (2014). Inflammatory signaling in NEC: involvement 
of NF-κB, cytokines and other inflammatory mediators. Pathophysiology 21, 55–65. doi: 
10.1016/j.pathophys.2013.11.010

Ibrahim, A. A., Mageed, S. S. A., Safar, M. M., El-Yamany, M. F., and Oraby, M. A. 
(2023). Mito Q alleviates hippocampus damage following cerebral ischemia: the putative 
role of SIRT6 in regulating mitochondrial dysfunction and neuroinflammation. Life Sci. 
328:121895. doi: 10.1016/j.lfs.2023.121895

Ikram, H., Ajaz, S., Iftikhar, M., Bano, S., Zaheer, S., Shabbir, A., et al. (2024). 
Repurposing N-acetylcysteine: unveiling its potential for memory enhancement in 
animal model. Nutraceutical Research 3, 1–15. doi: 10.35702/nutri.10009

Jaeger, L. B., Dohgu, S., Sultana, R., Lynch, J. L., Owen, J. B., Erickson, M. A., et al. 
(2009). Lipopolysaccharide alters the blood–brain barrier transport of amyloid β 
protein: a mechanism for inflammation in the progression of Alzheimer’s disease. Brain 
Behav. Immun. 23, 507–517. doi: 10.1016/j.bbi.2009.01.017

Jain, K. K., and Jain, K. K. (2019). Neuroprotection in traumatic brain injury. The 
handbook of neuroprotection, 281–336.

Jia, W., Martin, T. A., Zhang, G., and Jiang, W. G. (2013). Junctional adhesion 
molecules in cerebral endothelial tight junction and brain metastases. Anticancer Res. 
33, 2353–2359.

Jia, X., Wang, Q., Liu, M., and Ding, J. Y. (2024). The interplay between gut microbiota 
and the brain-gut axis in Parkinson’s disease treatment. Front. Neurol. 15:1415463. doi: 
10.3389/fneur.2024.1415463

Jiao, Z. T., and Luo, Q. (2022). Molecular mechanisms and health advantages of 
ghrelin: a narrative review. Nutrients 14:4191. doi: 10.3390/nu14194191

Juan, C. A., Pérez de la Lastra, J. M., Plou, F. J., and Pérez-Lebeña, E. (2021). The 
chemistry of reactive oxygen species (ROS) revisited: highlighting their involvement in 
biological macromolecules (DNA, lipids and proteins) and caused diseases. Int. J. Mol. 
Sci. 22:4642. doi: 10.3390/ijms22094642

Jurcau, A., and Simion, A. (2021). Neuroinflammation in cerebral ischemia and 
ischemia/reperfusion injuries: from pathogenesis to treatment strategies. Int. J. Mol. Sci. 
23:14. doi: 10.3390/ijms23010014

Ka, Y., Ito, R., Nozu, R., Tomiyama, K., Ueno, M., Ogura, T., et al. (2023). Establishment 
of a human microbiome-and immune system-reconstituted dual-humanized mouse 
model. Exp. Anim. 72, 402–412. doi: 10.1538/expanim.23-0025

Kaduševičius, E. (2021). Novel applications of NSAIDs: insight and future possibilities 
in cardiovascular, neurological, diabetic and cancer disease therapy. Int. J. Mol. Sci. 
22:6637. doi: 10.3390/ijms22126637

Kalogeris, T., Baines, C. P., Krenz, M., and Korthuis, R. J. (2017). Ischemia/reperfusion. 
Compr. Physiol. 7, 113–170. doi: 10.1002/j.2040-4603.2017.tb00741.x

Kalra, S., Malik, R., Singh, G., Bhatia, S., Al-Harrasi, A., Mohan, S., et al. (2022). 
Pathogenesis and therapy of traumatic brain injury (TBI): involvement of 
neuroinflammation and anti-inflammatory drugs. Inflammopharmacology 30, 1153–1166. 
doi: 10.1007/s10787-022-01017-8

Kaur, D. K. K., Allahbadia, D. G. N. K., and Singh, D. M. (2023). The significance of 
dysbiosis in intestinal flora subsequent to ischaemic stroke: implications in therapeutic 
management and biomarkers for prognosis-a narrative review. J. Clinical Medical 
Research Studies 2, 1–13.

Kaur, D., Sharma, V., and Deshmukh, R. (2019). Activation of microglia and 
astrocytes: a route to neuroinflammation and Alzheimer’s disease. 
Inflammopharmacology 27, 663–677. doi: 10.1007/s10787-019-00580-x

Keaney, J., and Campbell, M. (2015). The dynamic blood–brain barrier. FEBS J. 282, 
4067–4079. doi: 10.1111/febs.13412

Kebir, H., Kreymborg, K., Ifergan, I., Dodelet-Devillers, A., Cayrol, R., Bernard, M., 
et al. (2007). Human TH17 lymphocytes induce blood-brain barrier disruption and 
central nervous system inflammation. Nat. Med. 13, 1173–1175. doi: 10.1038/nm1651

Kennedy, P. J., Clarke, G., O‘Neill, A., Groeger, J. A., Quigley, E. M. M., Shanahan, F., 
et al. (2014). Cognitive performance in irritable bowel syndrome: evidence of a stress-
related impairment in visuospatial memory. Psychol. Med. 44, 1553–1566. doi: 10.1017/
s0033291713002171

Keshk, W. A., Ibrahim, M. A., Shalaby, S. M., Zalat, Z. A., and Elseady, W. S. (2020). 
Redox status, inflammation, necroptosis and inflammasome as indispensable contributors 
to high fat diet (HFD)-induced neurodegeneration; effect of N-acetylcysteine (NAC). Arch. 
Biochem. Biophys. 680:108227. doi: 10.1016/j.abb.2019.108227

Khatri, N., Sumadhura, B., Kumar, S., Kaundal, R. K., Sharma, S., and 
Datusalia, A. K. (2021). The intricacy of secondary cascade consequent to traumatic 
brain injury: pathobiology and prospective treatments. Curr. Neuropharmacol. 19, 
1984–2011. doi: 10.2174/1570159x19666210215123914

Khoury, N., Koronowski, K. B., Young, J. I., and Perez-Pinzon, M. A. (2018). The 
NAD+-dependent family of sirtuins in cerebral ischemia and preconditioning. Antioxid. 
Redox Signal. 28, 691–710. doi: 10.1089/ars.2017.7258

Kikuchi, D. S., Campos, A. C. P., Qu, H., Forrester, S. J., Pagano, R. L., Lassègue, B., 
et al. (2019). Poldip 2 mediates blood-brain barrier disruption in a model of sepsis-
associated encephalopathy. J. Neuroinflammation 16, 1–12. doi: 
10.1186/s12974-019-1575-4

Kim, Y., Cho, A. Y., Kim, H. C., Ryu, D., Jo, S. A., and Jung, Y. S. (2022). Effects of 
natural polyphenols on oxidative stress-mediated blood-brain barrier dysfunction. 
Antioxidants 11:197. doi: 10.3390/antiox11020197

Kim, M. E., and Lee, J. S. (2024). Mechanisms and emerging regulators of 
neuroinflammation: exploring new therapeutic strategies for neurological disorders. 
Curr. Issues Mol. Biol. 47:8. doi: 10.3390/cimb47010008

Kim, Y., Park, J., and Choi, Y. K. (2019). The role of astrocytes in the central nervous 
system focussing on BK channel and heme oxygenase metabolites: a review. Antioxidants 
8:121. doi: 10.3390/antiox8050121

Kobayashi, T., Iwata, Y., Nakade, Y., and Wada, T. (2021). Significance of the gut 
microbiota in acute renal injury. Toxins 13:369. doi: 10.3390/toxins13060369

Koo, D. D., and Fuggle, S. V. (2002). Chemokines in ischemia/reperfusion injury. Curr. 
Opin. Organ Transplant. 7, 100–106. doi: 10.1097/00075200-200203000-00019

Korley, F. K., Diaz-Arrastia, R., Wu, A. H., Yue, J. K., Manley, G. T., Sair, H. I., et al. 
(2016). Circulating brain-derived neurotrophic factor has diagnostic and prognostic 
value in traumatic brain injury. J. Neurotrauma 33, 215–225.

Lei, W., and Duan, Z. (2021). Advances in the treatment of cholinergic anti-
inflammatory pathways in gastrointestinal illnesses by electrical stimulation of vagus 
nerve. Digestion 102, 128–138. doi: 10.1159/000504474

Li, X., Yang, Y., Zhang, B., Lin, X., Fu, X., An, Y., et al. (2022). Lactate metabolism in 
human health and illness. Signal Transduct. Target. Ther. 7:305. doi: 10.1038/
s41392-022-01151-3

Li, M., and Zheng, Z. (2021). Protective effect of parecoxib sodium against ischemia 
reperfusion-induced intestinal injury. Mol. Med. Rep. 24:776. doi: 
10.3892/mmr.2021.12416

Li, G., Zhou, J., Wei, J., and Liu, B. (2022). Dexmedetomidine ameliorated cognitive 
impairment generated by intestinal ischemia reperfusion in mice with possible link to 
the anti-inflammatory action through the locus coeruleus norepinephrine system. 
Neurochem. Res. 47, 3440–3453. doi: 10.1007/s11064-022-03706-w

Liao, S., Luo, J., Kadier, T., Ding, K., Chen, R., and Meng, Q. (2022). Mitochondrial 
DNA release contributes to intestinal ischemia/reperfusion injury. Frontiers in 
Pharmacology 13:854994.

Liu, S., Cheng, L., Liu, Y., Zhan, S., Wu, Z., and Zhang, X. (2023). Relationship between 
dietary polyphenols and gut microbiota: new insights to ameliorate cognitive diseases, 
mood disorders and circadian rhythms. Food Secur. 12:1309. doi: 10.3390/foods12061309

Liu, P., Gao, Q., Guan, L., Hu, Y., Jiang, J., Gao, T., et al. (2021). Atorvastatin attenuates 
surgery-induced BBB disruption and cognitive impairment partly by suppressing NF-κB 
pathway and NLRP3 inflammasome activation in aged mice. Acta Biochim. Biophys. Sin. 
53, 528–537. doi: 10.1093/abbs/gmab022

Liu, Z., Ren, Z., Zhang, J., Chuang, C. C., Kandaswamy, E., Zhou, T., et al. (2018). Role 
of ROS and dietary antioxidants in human illnesses. Front. Physiol. 9:360203. doi: 
10.3389/fphys.2018.00477

Liu, Q., Zhu, Y., Li, G., Guo, T., Jin, M., Xi, D., et al. (2023). Irisin ameliorates cardiac 
ischemia-reperfusion injury by altering gut microbiota and intestinal permeability in 
rats. PLoS One 18:e0291022. doi: 10.1371/journal.pone.0291022

Lochhead, J. J., Yang, J., Ronaldson, P. T., and Davis, T. P. (2020). Structure, function, 
and control of the blood-brain barrier tight junction in central nervous system disorders. 
Front. Physiol. 11:914. doi: 10.3389/fphys.2020.00914

Lu, S., Zhao, Q., Guan, Y., Sun, Z., Li, W., Guo, S., et al. (2024). The communication 
mechanism of the gut-brain axis and its effect on central nervous system diseases: a 
systematic review. Biomed. Pharmacother. 178:117207. doi: 10.1016/j.biopha.2024.117207

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s40001-022-00833-6
https://doi.org/10.1016/j.ejphar.2023.176090
https://doi.org/10.1097/shk.0b013e3182295f91
https://doi.org/10.1186/s40001-022-00691-2
https://doi.org/10.3389/fphar.2024.1367170
https://doi.org/10.1111/cns.13569
https://doi.org/10.1002/nep3.45
https://doi.org/10.1186/s12967-019-1885-4
https://doi.org/10.1016/j.pathophys.2013.11.010
https://doi.org/10.1016/j.lfs.2023.121895
https://doi.org/10.35702/nutri.10009
https://doi.org/10.1016/j.bbi.2009.01.017
https://doi.org/10.3389/fneur.2024.1415463
https://doi.org/10.3390/nu14194191
https://doi.org/10.3390/ijms22094642
https://doi.org/10.3390/ijms23010014
https://doi.org/10.1538/expanim.23-0025
https://doi.org/10.3390/ijms22126637
https://doi.org/10.1002/j.2040-4603.2017.tb00741.x
https://doi.org/10.1007/s10787-022-01017-8
https://doi.org/10.1007/s10787-019-00580-x
https://doi.org/10.1111/febs.13412
https://doi.org/10.1038/nm1651
https://doi.org/10.1017/s0033291713002171
https://doi.org/10.1017/s0033291713002171
https://doi.org/10.1016/j.abb.2019.108227
https://doi.org/10.2174/1570159x19666210215123914
https://doi.org/10.1089/ars.2017.7258
https://doi.org/10.1186/s12974-019-1575-4
https://doi.org/10.3390/antiox11020197
https://doi.org/10.3390/cimb47010008
https://doi.org/10.3390/antiox8050121
https://doi.org/10.3390/toxins13060369
https://doi.org/10.1097/00075200-200203000-00019
https://doi.org/10.1159/000504474
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.3892/mmr.2021.12416
https://doi.org/10.1007/s11064-022-03706-w
https://doi.org/10.3390/foods12061309
https://doi.org/10.1093/abbs/gmab022
https://doi.org/10.3389/fphys.2018.00477
https://doi.org/10.1371/journal.pone.0291022
https://doi.org/10.3389/fphys.2020.00914
https://doi.org/10.1016/j.biopha.2024.117207


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 21 frontiersin.org

Lynch, M. A. (2015). Neuroinflammatory alterations negatively influence on LTP: a 
emphasis on IL-1β. Brain Res. 1621, 197–204. doi: 10.1016/j.brainres.2014.08.040

Ma, Y., Zabell, T., Creasy, A., Yang, X., Chatterjee, V., Villalba, N., et al. (2020). Gut 
ischemia reperfusion damage causes lung inflammation via mesenteric lymph-mediated 
neutrophil activation. Front. Immunol. 11:586685. doi: 10.3389/fimmu.2020.586685

Ma, Y., Zhang, H., Guo, W., and Yu, L. (2022). Potential involvement of ghrelin in the 
regulation of inflammation. FASEB J. 36:e22508. doi: 10.1096/fj.202200634r

Ma, J., Zhang, Z., Su, Y., Kang, L., Geng, D., Wang, Y., et al. (2013). Magnetic 
stimulation affects structural synaptic plasticity and regulates BDNF–Trk B signal 
pathway in cultured hippocampal neurons. Neurochem. Int. 62, 84–91. doi: 10.1016/j.
neuint.2012.11.010

Maguire, M., and Maguire, G. (2019). Gut dysbiosis, leaky gut, and intestinal epithelial 
proliferation in neurological disorders: towards the creation of a new treatment using 
amino acids, prebiotics, probiotics, and postbiotics. Rev. Neurosci. 30, 179–201. doi: 
10.1515/revneuro-2018-0024

Malemud, C. J., and Pearlman, E. (2009). Targeting JAK/STAT signaling pathway in 
inflammatory diseases. Curr. Signal Transduct. Ther. 4, 201–221. doi: 
10.2174/157436209789057467

Mallick, I. H., Yang, W., Winslet, M. C., and Seifalian, A. M. (2004). Ischemia—
reperfusion injury of the intestine and protective strategies against injury. Dig. Dis. Sci. 
49, 1359–1377. doi: 10.1023/B:DDAS.0000042232.98927.91

Marsilio, I. (2019). Functional and molecular studies of the crosstalk between 
intestinal microbioma and enteric nervous system and potential effects on the gut-
brain axis

Martínez-Guardado, I., Arboleya, S., Grijota, F. J., Kaliszewska, A., Gueimonde, M., 
and Arias, N. (2022). The therapeutic role of exercise and probiotics in stressful brain 
conditions. Int. J. Mol. Sci. 23:3610. doi: 10.3390/ijms23073610

McKinney-Aguirre, C. A., Schaaf, C. R., Goya-Jorge, E., Freund, J. M., and 
Gonzalez, L. M. (2024). Large animal models enhance the study of crypt-mediated 
epithelial recovery from prolonged intestinal ischemia reperfusion injury. Amer. J. 
Physiol. Gastro. Liver Physiol. 327, G783–G788. doi: 10.1152/ajpgi.00236.2024

Mehrzadi, S., Sheibani, M., Koosha, F., Alinaghian, N., Pourhanifeh, M. H., 
Tabaeian, S. A. P., et al. (2023). Protective and therapeutic potential of melatonin against 
intestinal diseases: updated review of current data based on molecular mechanisms. 
Expert Rev. Gastroenterol. Hepatol. 17, 1011–1029. doi: 10.1080/17474124.2023.2267439

Menafra, D., Proganò, M., Tecce, N., Pivonello, R., and Colao, A. (2024). Diet and gut 
microbiome: impact of each factor and mutual interactions on prevention and treatment 
of type 2, type 1, and gestational diabetes. Human Nutrition Metabolism:200286. doi: 
10.1016/j.hnm.2024.200286

Millán Solano, M. V., Salinas Lara, C., Sánchez-Garibay, C., Soto-Rojas, L. O., 
Escobedo-Ávila, I., Tena-Suck, M. L., et al. (2023). Effect of systemic inflammation in the 
CNS: a silent history of neuronal damage. Int. J. Mol. Sci. 24:11902. doi: 10.3390/ijms241511902

Miranda, M., Balarini, M., Caixeta, D., and Bouskela, E. (2016). Microcirculatory 
dysfunction in sepsis: pathogenesis, clinical monitoring, and prospective treatments. 
Am. J. Phys. Heart Circ. Phys. 311, H24–H35. doi: 10.1152/ajpheart.00034.2016

Miyake, H., Koike, Y., Seo, S., Lee, C., Li, B., Ganji, N., et al. (2020). The effect of pre-
and post-remote ischemic conditioning lowers the harm associated with intestinal 
ischemia/reperfusion. Pediatr. Surg. Int. 36, 1437–1442. doi: 10.1007/s00383-020-04762-5

Mokhtari, T., Akbari, M., Malek, F., Kashani, I. R., Rastegar, T., Noorbakhsh, F., et al. 
(2017). Improvement of memory and learning by intracerebroventricular microinjection 
of T3 in rat model of ischemic brain stroke mediated by upregulation of BDNF and GDNF 
in CA1 hippocampal region. DARU J. Pharm. Sci. 25, 1–11. doi: 10.1186/s40199-017-0169-x

Morandi, A., Hughes, C. G., Girard, T. D., McAuley, D. F., Ely, E. W., and 
Pandharipande, P. P. (2011). Statins and brain dysfunction: a hypothesis to lessen the 
burden of cognitive impairment in patients who are critically ill. Chest 140, 580–585. 
doi: 10.1378/chest.10-3065

Morita, K., Sasaki, H., Furuse, M., and Tsukita, S. (1999). Endothelial claudin: 
claudin-5/TMVCF constitutes tight junction strands in endothelial cells. J. Cell Biol. 147, 
185–194. doi: 10.1083/jcb.147.1.185

Mou, Y., Du, Y., Zhou, L., Yue, J., Hu, X., Liu, Y., et al. (2022). Gut microbiota interact 
with the brain through systemic chronic inflammation: implications on 
neuroinflammation, neurodegeneration, and aging. Front. Immunol. 13:796288. doi: 
10.3389/fimmu.2022.796288

Muangkram, Y., Himeno, Y., and Amano, A. (2023). Clarifying the composition of the 
ATP consumption factors essential for maintaining ion homeostasis in mouse rod 
photoreceptors. Sci. Rep. 13:14161. doi: 10.1038/s41598-023-40663-y

Munji, R. N., Soung, A. L., Weiner, G. A., Sohet, F., Semple, B. D., Trivedi, A., et al. 
(2019). Profiling the mouse brain endothelial transcriptome in health and disease 
models reveals a core blood–brain barrier dysfunction module. Nat. Neurosci. 22, 
1892–1902. doi: 10.1038/s41593-019-0497-x

Nadatani, Y., Watanabe, T., Shimada, S., Otani, K., Tanigawa, T., and Fujiwara, Y. 
(2018). Microbiome and intestinal ischemia/reperfusion injury. J. Clin. Biochem. Nutr. 
63, 26–32. doi: 10.3164/jcbn.17-137

Narne, P., and Phanithi, P. B. (2023). Role of NAD+ and FAD in ischemic stroke 
pathophysiology: An epigenetic Nexus and expanding therapeutic repertoire. Cell. Mol. 
Neurobiol. 43, 1719–1768. doi: 10.1007/s10571-022-01287-4

Neren, D., Johnson, M. D., Legon, W., Bachour, S. P., Ling, G., and Divani, A. A. 
(2016). Vagus nerve stimulation and other neuromodulation approaches for treatment 
of traumatic brain injury. Neurocrit. Care. 24, 308–319. doi: 10.1007/s12028-015-0203-0

Neuwelt, E. A., Bauer, B., Fahlke, C., Fricker, G., Iadecola, C., Janigro, D., et al. (2011). 
Engaging neuroscience to enhance translational research in brain barrier biology. Nat. 
Rev. Neurosci. 12, 169–182. doi: 10.1038/nrn2995

Nie, H. Y., Ge, J., Huang, G. X., Liu, K. G., Yue, Y., Li, H., et al. (2024). New insights 
into the intestinal barrier through “gut-organ” axes and a glimpse of the microgravity’s 
impacts on intestinal barrier. Front. Physiol. 15:1465649. doi: 10.3389/
fphys.2024.1465649

Nishioku, T., Dohgu, S., Takata, F., Eto, T., Ishikawa, N., Kodama, K. B., et al. (2009). 
Detachment of brain pericytes from the basal lamina is involved in disruption of the 
blood–brain barrier caused by lipopolysaccharide-induced sepsis in mice. Cell. Mol. 
Neurobiol. 29, 309–316. doi: 10.1007/s10571-008-9322-x

Nishizawa, K. (2016). Low-grade endotoxemia, diet, and gut microbiota–an emphasis 
on the early events leading to dysfunction of the intestinal epithelial barrier. Biomed Res 
Clin Pract 1, 46–57.

Nitta, T., Hata, M., Gotoh, S., Seo, Y., Sasaki, H., Hashimoto, N., et al. (2003). Size-
selective relaxation of the blood-brain barrier in claudin-5–deficient mice. J. Cell Biol. 
161, 653–660. doi: 10.1083/jcb.200302070

Nuszkiewicz, J., Kukulska-Pawluczuk, B., Piec, K., Jarek, D. J., Motolko, K., 
Szewczyk-Golec, K., et al. (2024). Intersecting pathways: the role of metabolic 
dysregulation, gastrointestinal microbiome, and inflammation in acute ischemic stroke 
pathogenesis and outcomes. J. Clin. Med. 13:4258. doi: 10.3390/jcm13144258

Obermeier, B., Verma, A., and Ransohoff, R. M. (2016). The blood–brain barrier. 
Handb. Clin. Neurol. 133, 39–59. doi: 10.1016/B978-0-444-63432-0.00003-7

Orellana-Urzúa, S., Briones-Valdivieso, C., Chichiarelli, S., Saso, L., and 
Rodrigo, R. (2023). Potential involvement of natural antioxidants in combating 
reperfusion injury in acute myocardial infarction and ischemic stroke. Antioxidants 
12:1760. doi: 10.3390/antiox12091760

Orucha, R., Prymeb, I. F., and Holmsenb, H. (2011). The fat soluble antioxidant 
vitamin E: its metabolism, and biological and physiological significance. Global J 
Biochemistry 2.

Osadchiy, V., Martin, C. R., and Mayer, E. A. (2019). The gut–brain axis and the 
microbiome: mechanisms and clinical implications. Clin. Gastroenterol. Hepatol. 17, 
322–332. doi: 10.1016/j.cgh.2018.10.002

Panda, S. P., Kesharwani, A., Datta, S., Prasanth, D. S. N. B. K., Panda, S. K., and Guru, A. 
(2024). JAK2/STAT3 as a novel prospective target to control neurodegenerative diseases: 
an interactive review. Eur. J. Pharmacol.:176490. doi: 10.1016/j.ejphar.2024.176490

Pang, B., Dong, G., Pang, T., Sun, X., Liu, X., Nie, Y., et al. (2024). Advances in 
pathophysiology and treatment of vascular endothelial injury-related disorders 
mediated by mitochondrial abnormality. Front. Pharmacol. 15:1422686. doi: 10.3389/
fphar.2024.1422686

Pawluk, H., Woźniak, A., Grześk, G., Kołodziejska, R., Kozakiewicz, M., 
Kopkowska, E., et al. (2020). The involvement of certain pro-inflammatory cytokines in 
pathogenesis of ischemic stroke. Clin. Interv. Aging. 15, 469–484. doi: 10.2147/
CIA.S233909

Peng, T., Jiang, Y., Farhan, M., Lazarovici, P., Chen, L., and Zheng, W. (2019). Anti-
inflammatory effects of traditional Chinese medicines on preclinical in vivo models of 
brain ischemia-reperfusion-injury: prospects for neuroprotective drug discovery and 
therapy. Front. Pharmacol. 10:204. doi: 10.3389/fphar.2019.00204

Perry, V. H. (2010). Contribution of systemic inflammation to chronic 
neurodegeneration. Acta Neuropathol. 120, 277–286. doi: 10.1007/s00401-010-0722-x

Peterson, C. T. (2020). Dysfunction of the microbiota-gut-brain axis in 
neurodegenerative disease: the possibility of therapeutic regulation with prebiotics, 
medicinal herbs, probiotics, and synbiotics. J. Evid. Based Integ. Med. 25, 1–19. doi: 
10.1177/2515690x20957225

Pickard, J. M., Zeng, M. Y., Caruso, R., and Núñez, G. (2017). Gut microbiota: role in 
pathogen colonization, immunological responses, and inflammatory disease. Immunol. 
Rev. 279, 70–89. doi: 10.1111/imr.12567

Pignolo, R. J., Passos, J. F., Khosla, S., Tchkonia, T., and Kirkland, J. L. (2020). Reducing 
senescent cell burden in aging and disease. Trends Mol. Med. 26, 630–638. doi: 
10.1016/j.molmed.2020.03.005

Powell, N., Walker, M. M., and Talley, N. J. (2017). The mucosal immune system: 
master regulator of bidirectional gut–brain communications. Nat. Rev. Gastroenterol. 
Hepatol. 14, 143–159. doi: 10.1038/nrgastro.2016.191

Prieto, G. A., Tong, L., Smith, E. D., and Cotman, C. W. (2019). TNFα and IL-1β but 
not IL-18 reduces hippocampus long-term potentiation directly at the synapse. 
Neurochem. Res. 44, 49–60. doi: 10.1007/s11064-018-2517-8

Profaci, C. P., Munji, R. N., Pulido, R. S., and Daneman, R. (2020). The blood–brain 
barrier in health and disease: important unresolved problems. J. Exp. Med. 217:  
e20190062. doi: 10.1084/jem.20190062

Qin, W., Li, J., Zhu, R., Gao, S., Fan, J., Xia, M., et al. (2019). Melatonin preserves 
blood-brain barrier integrity and permeability by inhibiting matrix metalloproteinase-9 
via the NOTCH3/NF-κB pathway. Aging (Albany NY) 11:11391. doi: 10.18632/
aging.102537

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.brainres.2014.08.040
https://doi.org/10.3389/fimmu.2020.586685
https://doi.org/10.1096/fj.202200634r
https://doi.org/10.1016/j.neuint.2012.11.010
https://doi.org/10.1016/j.neuint.2012.11.010
https://doi.org/10.1515/revneuro-2018-0024
https://doi.org/10.2174/157436209789057467
https://doi.org/10.1023/B:DDAS.0000042232.98927.91
https://doi.org/10.3390/ijms23073610
https://doi.org/10.1152/ajpgi.00236.2024
https://doi.org/10.1080/17474124.2023.2267439
https://doi.org/10.1016/j.hnm.2024.200286
https://doi.org/10.3390/ijms241511902
https://doi.org/10.1152/ajpheart.00034.2016
https://doi.org/10.1007/s00383-020-04762-5
https://doi.org/10.1186/s40199-017-0169-x
https://doi.org/10.1378/chest.10-3065
https://doi.org/10.1083/jcb.147.1.185
https://doi.org/10.3389/fimmu.2022.796288
https://doi.org/10.1038/s41598-023-40663-y
https://doi.org/10.1038/s41593-019-0497-x
https://doi.org/10.3164/jcbn.17-137
https://doi.org/10.1007/s10571-022-01287-4
https://doi.org/10.1007/s12028-015-0203-0
https://doi.org/10.1038/nrn2995
https://doi.org/10.3389/fphys.2024.1465649
https://doi.org/10.3389/fphys.2024.1465649
https://doi.org/10.1007/s10571-008-9322-x
https://doi.org/10.1083/jcb.200302070
https://doi.org/10.3390/jcm13144258
https://doi.org/10.1016/B978-0-444-63432-0.00003-7
https://doi.org/10.3390/antiox12091760
https://doi.org/10.1016/j.cgh.2018.10.002
https://doi.org/10.1016/j.ejphar.2024.176490
https://doi.org/10.3389/fphar.2024.1422686
https://doi.org/10.3389/fphar.2024.1422686
https://doi.org/10.2147/CIA.S233909
https://doi.org/10.2147/CIA.S233909
https://doi.org/10.3389/fphar.2019.00204
https://doi.org/10.1007/s00401-010-0722-x
https://doi.org/10.1177/2515690x20957225
https://doi.org/10.1111/imr.12567
https://doi.org/10.1016/j.molmed.2020.03.005
https://doi.org/10.1038/nrgastro.2016.191
https://doi.org/10.1007/s11064-018-2517-8
https://doi.org/10.1084/jem.20190062
https://doi.org/10.18632/aging.102537
https://doi.org/10.18632/aging.102537


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 22 frontiersin.org

Rahman, M. T., Ghosh, C., Hossain, M., Linfield, D., Rezaee, F., Janigro, D., et al. 
(2018). IFN-γ, IL-17A, or zonulin rapidly increase the permeability of the blood-brain 
and small intestinal epithelial barriers: relevance for neuro-inflammatory diseases. 
Biochem. Biophys. Res. Commun. 507, 274–279. doi: 10.1016/j.bbrc.2018.11.021

Rahmati, H., Momenabadi, S., Vafaei, A. A., Bandegi, A. R., Mazaheri, Z., and 
Vakili, A. (2019). Probiotic supplementation attenuates hippocampal injury and spatial 
learning and memory impairments in a cerebral hypoperfusion mice model. Mol. Biol. 
Rep. 46, 4985–4995. doi: 10.1007/s11033-019-04949-7

Rajeev, V., Fann, D. Y., Dinh, Q. N., Kim, H. A., De Silva, T. M., Lai, M. K., et al. (2022). 
Pathophysiology of blood brain barrier disruption during chronic cerebral 
hypoperfusion in vascular cognitive impairment. Theranostics 12:1639. doi: 10.7150/
thno.68304

Rastogi, S., and Singh, A. (2022). Gut microbiota and human health: exploring how 
the probiotic species Lactobacillus affect immune responses. Front. Pharmacol. 
13:1042189. doi: 10.3389/fphar.2022.1042189

Rochfort, K. D., Collins, L. E., Murphy, R. P., and Cummins, P. M. (2014). 
Downregulation of blood-brain barrier phenotype by proinflammatory cytokines 
involves NADPH oxidase-dependent ROS generation: ramifications for interendothelial 
adherens and tight junctions. PLoS One 9:e101815. doi: 10.1371/journal.pone.0101815

Ronaldson, P. T., and Davis, T. P. (2020). Regulation of blood–brain barrier integrity 
by microglia in health and disease: a therapeutic opportunity. J. Cereb. Blood Flow Metab. 
40, S6–S24. doi: 10.1177/0271678X20951995

Rubin, L. L., and Staddon, J. M. (1999). The cell biology of the blood-brain barrier. 
Annu. Rev. Neurosci. 22, 11–28. doi: 10.1146/annurev.neuro.22.1.11

Rudzki, L., and Maes, M. (2020). The microbiota-gut-immune-glia (MGIG) axis 
in major depression. Mol. Neurobiol. 57, 4269–4295. doi: 10.1007/s12035-020- 
01961-y

Saeedi Saravi, S. S., Saeedi Saravi, S. S., Arefidoust, A., and Dehpour, A. R. (2017). The 
positive effects of HMG-CoA reductase inhibitors on the processes of neurodegeneration. 
Metab. Brain Dis. 32, 949–965. doi: 10.1007/s11011-017-0021-5

Saez, A., Herrero-Fernandez, B., Gomez-Bris, R., Sánchez-Martinez, H., and 
Gonzalez-Granado, J. M. (2023). Pathophysiology of inflammatory bowel disease: innate 
immune system. Int. J. Mol. Sci. 24:1526. doi: 10.3390/ijms24021526

Saitou, M., Furuse, M., Sasaki, H., Schulzke, J. D., Fromm, M., Takano, H., et al. (2000). 
Complex phenotype of mice lacking occludin, a component of tight junction strands. 
Mol. Biol. Cell 11, 4131–4142. doi: 10.1091/mbc.11.12.4131

Salvador, E., Shityakov, S., and Förster, C. (2014). Glucocorticoids and endothelial cell 
barrier function. Cell Tissue Res. 355, 597–605. doi: 10.1007/s00441-013-1762-z

Sánchez, B., Delgado, S., Blanco-Míguez, A., Lourenço, A., Gueimonde, M., and 
Margolles, A. (2017). Probiotics, gut microbiota, and their influence on host health and 
disease. Mol. Nutr. Food Res. 61:1600240. doi: 10.1002/mnfr.201600240

Sánchez-Hernández, C. D., Torres-Alarcón, L. A., González-Cortés, A., and 
Peón, A. N. (2020). Ischemia/reperfusion injury: pathogenesis, current therapeutic 
therapy, and possible preventative approaches. Mediat. Inflamm. 2020:8405370. doi: 
10.1155/2020/8405370

Sanz, Y., and De Palma, G. (2009). Gut microbiota and probiotics in modulation of 
epithelial and gut-associated lymphoid tissue function. Int. Rev. Immunol. 28, 
397–413. doi: 10.3109/08830180903215613

Sá-Pereira, I., Brites, D., and Brito, M. A. (2012). Neurovascular unit: an emphasis on 
pericytes. Mol. Neurobiol. 45, 327–347. doi: 10.1007/s12035-012-8244-2

Sarada, S. K. S., Titto, M., Himadri, P., Saumya, S., and Vijayalakshmi, V. (2015). 
Curcumin prophylaxis mitigates the incidence of hypobaric hypoxia-induced altered 
ion channels expression and decreased tight junction proteins integrity in rat brain. J. 
Neuroinflammation 12, 1–18. doi: 10.1186/s12974-015-0326-4

Sasaki, M., and Joh, T. (2007). Oxidative stress and ischemia-reperfusion injury in 
gastrointestinal tract and antioxidant, protective agents. J. Clin. Biochem. Nutr. 40, 1–12. 
doi: 10.3164/jcbn.40.1

Sasso, J. M., Ammar, R. M., Tenchov, R., Lemmel, S., Kelber, O., Grieswelle, M., et al. (2023). 
Gut microbiome–brain alliance: a landscape view into mental and gastrointestinal health and 
disorders. ACS Chem. Neurosci. 14, 1717–1763. doi: 10.1021/acschemneuro.3c00127

Saunders, N. R., Daneman, R., Dziegielewska, K. M., and Liddelow, S. A. (2013). 
Transporters of the blood–brain and blood–CSF interfaces in development and in the 
adult. Mol. Asp. Med. 34, 742–752. doi: 10.1016/j.mam.2012.11.006

Schang, G., Robaire, B., and Hales, B. F. (2016). Organophosphate flame retardants act 
as endocrine-disrupting chemicals in MA-10 mouse tumor Leydig cells. Toxicol. Sci. 150, 
499–509. doi: 10.1093/toxsci/kfw012

Schramm, R., Appel, F., Reinacher, M., Schäfers, H. J., Bierbach, B., Slotta, J., et al. (2011). 
Atherosclerosis aggravates ischemia/reperfusion injury in the gut and distant damage in 
the liver and the lung. Inflamm. Res. 60, 555–567. doi: 10.1007/s00011-010-0304-3

Serek, P., and Oleksy-Wawrzyniak, M. (2021). The influence of bacterial 
infections, probiotics and zonulin on intestinal barrier integrity. Int. J. Mol. Sci. 
22:11359. doi: 10.3390/ijms222111359

Setiadi, A. F., Abbas, A. R., Jeet, S., Wong, K., Bischof, A., Peng, I., et al. (2019). IL-17A 
is related with the disruption of the blood-brain barrier in relapsing-remitting multiple 
sclerosis. J. Neuroimmunol. 332, 147–154. doi: 10.1016/j.jneuroim.2019.04.011

Shahrokhi, N., Khaksari, M., Nourizad, S., Shahrokhi, N., Soltani, Z., and 
Gholamhosseinian, A. (2016). Protective effects of an interaction between vagus nerve 
and melatonin on stomach ischemia/reperfusion: the role of oxidative stress. Iran. J. 
Basic Med. Sci. 19:72. Available at: https://pmc.ncbi.nlm.nih.gov/articles/PMC4823619/

Sharma, V. K., Goyal, A. S. H. O. K., and Ganti, S. S. (2010). Minocycline, an antibiotic 
and a neuroprotective: justifying role in Alzheimer’s disease. Asian J. Pharm. Clin. Res. 
3, 142–145.

Sharapov, M. G., Gordeeva, A. E., Goncharov, R. G., Tikhonova, I. V., Ravin, V. K., 
Temnov, A. A., et al. (2017). The effect of exogenous peroxiredoxin 6 on the state of 
mesenteric vessels and the small intestine in ischemia–reperfusion injury. Biophysics 62, 
998–1008.

Shi, H., Wang, Q., Zheng, M., Hao, S., Lum, J. S., Chen, X., et al. (2020). Supplement 
of microbiota-accessible carbohydrates prevents neuroinflammation and cognitive 
decline by improving the gut microbiota-brain axis in diet-induced obese mice. J. 
Neuroinflammation 17, 1–21. doi: 10.1186/s12974-020-01760-1

Shi, Y., Zhang, L., Pu, H., Mao, L., Hu, X., Jiang, X., et al. (2016). Rapid endothelial 
cytoskeletal rearrangement enables early blood–brain barrier disruption and long-term 
ischaemic reperfusion brain injury. Nat. Commun. 7:10523. doi: 10.1038/ncomms10523

Simons, M., Gordon, E., and Claesson-Welsh, L. (2016). Mechanisms and modulation 
of endothelial VEGF receptor signalling. Nat. Rev. Mol. Cell Biol. 17, 611–625. doi: 
10.1038/nrm.2016.87

Singh, D. P., Kumar, A., Prajapati, J., Bijalwan, V., Kumar, J., Amin, P., et al. (2024). 
Sexual dimorphism in neurobehavioural phenotype and gut microbial composition 
upon long-term exposure to structural analogues of bisphenol-a. J. Hazard. Mater. 
476:135178. doi: 10.1016/j.jhazmat.2024.135178

Singh, G., Sikder, A., Phatale, V., Srivastava, S., Singh, S. B., and Khatri, D. K. (2023). 
Therapeutic potential of GDNF in neuroinflammation: targeted delivery techniques for 
precision treatment in neurological diseases. J. Drug Deliv. Sci. Technol. 87:104876. doi: 
10.1016/j.jddst.2023.104876

Skrzypczak-Wiercioch, A., and Sałat, K. (2022). Lipopolysaccharide-induced model 
of neuroinflammation: mechanisms of action, research application and future 
perspectives for its use. Molecules 27:5481. doi: 10.3390/molecules27175481

Smith, J. A., Das, A., Ray, S. K., and Banik, N. L. (2012). Role of pro-inflammatory 
cytokines secreted from microglia in neurodegenerative diseases. Brain Res. Bull. 
87, 10–20.

Soares, R. O., Losada, D. M., Jordani, M. C., Évora, P., and Castro-e-Silva, O. (2019). 
Ischemia/reperfusion injury revisited: an overview of the newest pharmacological 
methods. Int. J. Mol. Sci. 20:5034. doi: 10.3390/ijms20205034

Sochocka, M., Donskow-Łysoniewska, K., Diniz, B. S., Kurpas, D., Brzozowska, E., 
and Leszek, J. (2019). The gut microbiome changes and inflammation-driven 
pathogenesis of Alzheimer’s disease—a critical review. Mol. Neurobiol. 56, 
1841–1851. doi: 10.1007/s12035-018-1188-4

Soiberman, U., Kambhampati, S. P., Wu, T., Mishra, M. K., Oh, Y., Sharma, R., et al. 
(2017). Subconjunctival injectable dendrimer-dexamethasone gel for the treatment of 
ocular inflammation. Biomaterials 125, 38–53. doi: 10.1016/j.biomaterials.2017.02.016

Soltanian, M., Rajabalinejad, A., Rajabi, R., and Mousavi, M. M. (2025). The effect of 
probiotic supplementation in alleviating symptoms of five major mental illnesses: a 
comprehensive review. J. Microbiota 2:e159824. doi: 10.5812/jmb-159824

Song, K., Li, Y., Zhang, H., An, N., Wei, Y., Wang, L., et al. (2020). Oxidative stress-
mediated blood-brain barrier (BBB) disruption in neurological diseases. Oxidative Med. 
Cell. Longev. 2020, 1–27. doi: 10.1155/2020/4356386

Song, C., Zhang, Y., Cheng, L., Shi, M., Li, X., Zhang, L., et al. (2021). Tea polyphenols 
ameliorates memory impairment in aging model rats by blocking brain TLR4/NF-κB 
inflammatory signaling pathway produced by intestinal flora dysbiosis. Exp. Gerontol. 
153:111476. doi: 10.1016/j.exger.2021.111476

Sonneville, R., Benghanem, S., Jeantin, L., de Montmollin, E., Doman, M., 
Gaudemer, A., et al. (2023). The spectrum of sepsis-associated encephalopathy: a clinical 
perspective. Crit. Care 27:386. doi: 10.1186/s13054-023-04655-8

Spiljar, M., Merkler, D., and Trajkovski, M. (2017). The immune system connects the 
gut microbiota with systemic energy homeostasis: focus on TLRs, mucosal barrier, and 
SCFAs. Front. Immunol. 8:1353. doi: 10.3389/fimmu.2017.01353

Sproten, R., Nohr, D., and Guseva, D. (2024). Nutritional methods modifying the gut 
microbiome as a preventative and therapeutic approach in normal and pathological 
age-related cognitive decline: a systematic review of preclinical and clinical findings. 
Nutr. Neurosci. 27, 1042–1057. doi: 10.1080/1028415x.2023.2296727

Stancu, B., Chira, A., Coman, H. F., Mihaileanu, F. V., Ciocan, R., Gherman, C. D., 
et al. (2024). Intestinal obstruction as initial presentation of idiopathic portal and 
mesenteric venous thrombosis: diagnosis, therapy, and literature review. Diagnostics 
14:304. doi: 10.3390/diagnostics14030304

Stewart, A. S., Pratt-Phillips, S., and Gonzalez, L. M. (2017). Alterations in intestinal 
permeability: the function of the “leaky gut” in health and disease. J. Equine Vet. Sci. 52, 
10–22. doi: 10.1016/j.jevs.2017.02.009

Suganya, K., and Koo, B. S. (2020). Gut–brain axis: importance of gut microbiota on 
neurological illnesses and how probiotics/prebiotics beneficially influence microbial and 
immunological pathways to improve brain functions. Int. J. Mol. Sci. 21:7551. doi: 
10.3390/ijms21207551

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.bbrc.2018.11.021
https://doi.org/10.1007/s11033-019-04949-7
https://doi.org/10.7150/thno.68304
https://doi.org/10.7150/thno.68304
https://doi.org/10.3389/fphar.2022.1042189
https://doi.org/10.1371/journal.pone.0101815
https://doi.org/10.1177/0271678X20951995
https://doi.org/10.1146/annurev.neuro.22.1.11
https://doi.org/10.1007/s12035-020-01961-y
https://doi.org/10.1007/s12035-020-01961-y
https://doi.org/10.1007/s11011-017-0021-5
https://doi.org/10.3390/ijms24021526
https://doi.org/10.1091/mbc.11.12.4131
https://doi.org/10.1007/s00441-013-1762-z
https://doi.org/10.1002/mnfr.201600240
https://doi.org/10.1155/2020/8405370
https://doi.org/10.3109/08830180903215613
https://doi.org/10.1007/s12035-012-8244-2
https://doi.org/10.1186/s12974-015-0326-4
https://doi.org/10.3164/jcbn.40.1
https://doi.org/10.1021/acschemneuro.3c00127
https://doi.org/10.1016/j.mam.2012.11.006
https://doi.org/10.1093/toxsci/kfw012
https://doi.org/10.1007/s00011-010-0304-3
https://doi.org/10.3390/ijms222111359
https://doi.org/10.1016/j.jneuroim.2019.04.011
https://pmc.ncbi.nlm.nih.gov/articles/PMC4823619/
https://doi.org/10.1186/s12974-020-01760-1
https://doi.org/10.1038/ncomms10523
https://doi.org/10.1038/nrm.2016.87
https://doi.org/10.1016/j.jhazmat.2024.135178
https://doi.org/10.1016/j.jddst.2023.104876
https://doi.org/10.3390/molecules27175481
https://doi.org/10.3390/ijms20205034
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.1016/j.biomaterials.2017.02.016
https://doi.org/10.5812/jmb-159824
https://doi.org/10.1155/2020/4356386
https://doi.org/10.1016/j.exger.2021.111476
https://doi.org/10.1186/s13054-023-04655-8
https://doi.org/10.3389/fimmu.2017.01353
https://doi.org/10.1080/1028415x.2023.2296727
https://doi.org/10.3390/diagnostics14030304
https://doi.org/10.1016/j.jevs.2017.02.009
https://doi.org/10.3390/ijms21207551


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 23 frontiersin.org

Sukriti, S., Tauseef, M., Yazbeck, P., and Mehta, D. (2014). Mechanisms regulating 
endothelial permeability. Pulm. Circ. 4, 535–551. doi: 10.1086/677356

Sulhan, S., Lyon, K. A., Shapiro, L. A., and Huang, J. H. (2020). Neuroinflammation 
and blood–brain barrier disruption following traumatic brain injury: pathogenesis and 
prospective therapeutic targets. J. Neurosci. Res. 98, 19–28. doi: 10.1002/jnr.24331

Sun, J., Wang, F., Ling, Z., Yu, X., Chen, W., Li, H., et al. (2016). Clostridium butyricum 
attenuates cerebral ischemia/reperfusion injury in diabetic mice by modification of gut 
microbiota. Brain Res. 1642, 180–188. doi: 10.1016/j.brainres.2016.03.042

Takata, F., Nakagawa, S., Matsumoto, J., and Dohgu, S. (2021). Blood-brain barrier 
dysfunction amplifies the development of neuroinflammation: understanding of cellular 
events in brain microvascular endothelial cells for prevention and treatment of BBB 
dysfunction. Front. Cell. Neurosci. 15:661838. doi: 10.3389/fncel.2021.661838

Tang, Q., Dong, C., and Sun, Q. (2022). Immune response associated with ischemia 
and reperfusion injury following organ transplantation. Inflamm. Res. 71, 1463–1476. 
doi: 10.1007/s00011-022-01651-6

Tang, H., Li, J., Zhou, Q., Li, S., Xie, C., Niu, L., et al. (2022). Vagus nerve stimulation 
relieved cerebral ischemia and reperfusion injury in rats by suppressing pyroptosis via α7 
nicotinic acetylcholine receptor. Cell Death Discov. 8:54. doi: 10.1038/s41420-022-00852-6

Thakkar, A., Vora, A., Kaur, G., and Akhtar, J. (2023). Dysbiosis and Alzheimer’s 
disease: function of probiotics, prebiotics and synbiotics. Naunyn Schmiedeberg's Arch. 
Pharmacol. 396, 2911–2923. doi: 10.1007/s00210-023-02554-x

Thurgur, H., and Pinteaux, E. (2019). Microglia in the neurovascular unit: blood–brain 
barrier–microglia interactions after central nervous system diseases. Neuroscience 405, 
55–67. doi: 10.1016/j.neuroscience.2018.06.046

Tiberio, L., Del Prete, A., Schioppa, T., Sozio, F., Bosisio, D., and Sozzani, S. (2018). 
Chemokine and chemotactic signals in dendritic cell motility. Cell. Mol. Immunol. 15, 
346–352. doi: 10.1038/s41423-018-0005-3

Timmers, L., Henriques, J. P., de Kleijn, D. P., DeVries, J. H., Kemperman, H., 
Steendijk, P., et al. (2020). The gut-brain axis: how microbiota and host inflammasome 
influence brain physiology and pathology. Front. Immunol. 11:604179. doi: 10.3389/
fimmu.2020.604179

Turner, M. D., Nedjai, B., Hurst, T., and Pennington, D. J. (2014). Cytokines and chemokines: 
at the intersection of cell signalling and inflammatory disease. Biochimica et Biophysica Acta 
(BBA)-Molecular Cell Research 1843, 2563–2582. doi: 10.1016/j.bbamcr.2014.05.014

Ucar, B. I., and Ucar, G. (2021). Intestinal barrier dysfunction, bacterial translocation 
and inflammation: Deathly triad in sepsis. In Infections and Sepsis Development. 
IntechOpen.

Valvaikar, S., Vaidya, B., Sharma, S., Bishnoi, M., Kondepudi, K. K., and Sharma, S. S. 
(2024). Supplementation of probiotic Bifidobacterium breve Bif 11 reverses 
neurobehavioural deficits, inflammatory changes and oxidative stress in Parkinson's 
disease model. Neurochem. Int. 174:105691. doi: 10.1016/j.neuint.2024.105691

Vanuytsel, T., Tack, J., and Farre, R. (2021). The role of intestinal permeability in 
gastrointestinal disorders and current methods of evaluation. Front. Nutr. 8:717925.

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation. 
Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

Vendramini-Costa, B., and Carvalho, E. J. (2012). Molecular connection mechanisms 
between inflammation and cancer. Curr. Pharm. Des. 18, 3831–3852. doi: 
10.2174/138161212802083707

Venkat, P., Chopp, M., and Chen, J. (2017). Blood–brain barrier disruption, vascular 
dysfunction, and ischemia/reperfusion damage in diabetes stroke. J. Am. Heart Assoc. 
6:e005819. doi: 10.1161/jaha.117.005819

Venkateshappa, C., Harish, G., Mahadevan, A., Srinivas Bharath, M. M., and 
Shankar, S. K. (2012). Elevated oxidative stress and decreased antioxidant function in 
the human hippocampus and frontal cortex with increasing age: implications for 
neurodegeneration in Alzheimer’s disease. Neurochem. Res. 37, 1601–1614. doi: 
10.1007/s11064-012-0755-8

Virk, M. S., Virk, M. A., He, Y., Tufail, T., Gul, M., Qayum, A., et al. (2024). The anti-
inflammatory and curative exponent of probiotics: a comprehensive and authentic 
ingredient for the sustained functioning of major human organs. Nutrients 16:546. doi: 
10.3390/nu16040546

Vollmar, B., and Menger, M. D. (2011). Intestinal ischemia/reperfusion: 
microcirculatory pathology and functional repercussions. Langenbeck's Arch. Surg. 396, 
13–29. doi: 10.1007/s00423-010-0727-x

Voirin, A. C., Perek, N., and Roche, F. (2020). Inflammatory stress induced by a 
combination of cytokines (IL-6, IL-17, TNF-α) leads to a loss of integrity on bEnd. 3 
endothelial cells in vitro BBB model. Brain Res. 1730:146647.

Wang, Y., Duan, C., Du, X., Zhu, Y., Wang, L., Hu, J., et al. (2024d). Vagus nerve and 
gut-brain connection. Neuroscientist 10738584241259702. doi: 10.1177/ 
10738584241259702

Wang, F., Huang, H., Wei, X., Tan, P., Wang, Z., and Hu, Z. (2024b). Targeting cell 
death pathways in intestinal ischemia-reperfusion injury: a comprehensive review. Cell 
Death Discovery 10:112. doi: 10.1038/s41420-024-01891-x

Wang, Y., Luo, J., and Li, S. Y. (2019). Nano-curcumin concurrently protects the blood–
brain barrier and lowers M1 microglial activation during cerebral ischemia–reperfusion 
injury. ACS Appl. Mater. Interfaces 11, 3763–3770. doi: 10.1021/acsami.8b20594

Wang, J., Song, Y., Chen, Z., and Leng, S. X. (2018). Connection between systemic 
inflammation and neuroinflammation underlying neuroprotective mechanism of 
various phytochemicals in neurodegenerative diseases. Oxidative Med. Cell. Longev. 
2018:1972714. doi: 10.1155/2018/1972714

Wang, C., Wu, B., Lin, R., Cheng, Y., Huang, J., Chen, Y., et al. (2024a). Vagus nerve 
stimulation: a physical therapy with promising potential for central nervous system 
disorders. Front. Neurol. 15:1516242. doi: 10.3389/fneur.2024.1516242

Wang, S., Zhang, K., Huang, Q., Meng, F., and Deng, S. (2024c). TLR4 signalling in 
ischemia/reperfusion injury: a prospective target for connecting inflammation, oxidative 
stress and programmed cell death to improve organ transplantation outcomes. Front. 
Immunol. 15:1447060. doi: 10.3389/fimmu.2024.1447060

Wang, J., Zhang, W., and Wu, G. (2021). Intestinal ischemic reperfusion injury: 
recommended rats model and comprehensive review for protective strategies. Biomed. 
Pharmacother. 138:111482. doi: 10.1016/j.biopha.2021.111482

Wang, H., Zhang, W., Zuo, L., Zhu, W., Wang, B., Li, Q., et al. (2013). Bifidobacteria 
may be helpful to intestinal microbiota and reduction of bacterial translocation in mice 
following ischaemia and reperfusion injury. Br. J. Nutr. 109, 1990–1998. doi: 10.1017/
s0007114512004308

Wautier, J. L., and Wautier, M. P. (2022). Vascular permeability in illnesses. Int. J. Mol. 
Sci. 23:3645. doi: 10.3390/ijms23073645

Wei, M., Huang, Q., Liu, Z., Luo, Y., and Xia, J. (2021). Intestinal barrier failure 
participates in the aetiology of ischemic stroke. CNS Neurol. Disord. Drug Targets-CNS 
Neurol. Disord. 20, 401–416. doi: 10.2174/1871527320666210322115808

Weinberg, J. M., Venkatachalam, M. A., Roeser, N. F., Saikumar, P., Dong, Z., 
Senter, R. A., et al. (2000). Anaerobic and aerobic pathways for salvage of proximal 
tubules from hypoxia-induced mitochondrial injury. Amer. J. Physiology-Renal Physiol. 
279, F927–F943. doi: 10.1152/ajprenal.2000.279.5.F927

Welcome, M. O. (2019). Gut microbiota disorder, gut epithelial and blood–brain 
barrier dysfunctions in etiopathogenesis of dementia: molecular mechanisms and 
signaling pathways. Neuro Mol. Med. 21, 205–226. doi: 10.1007/s12017-019-08547-5

Wicherska-Pawłowska, K., Wróbel, T., and Rybka, J. (2021). Toll-like receptors (TLRs), 
NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs) in innate immunity. TLRs, 
NLRs, and RLRs ligands as immunotherapeutic agents for hematopoietic diseases. Int. 
J. Mol. Sci. 22:13397.

Winiarska-Mieczan, A., Kwiecień, M., Jachimowicz-Rogowska, K., Donaldson, J., 
Tomaszewska, E., and Baranowska-Wójcik, E. (2023). Anti-inflammatory, antioxidant, 
and neuroprotective effects of polyphenols—polyphenols as an element of diet therapy 
in depressive disorders. Int. J. Mol. Sci. 24:2258. doi: 10.3390/ijms24032258

Wojciech, L., Tan, K. S., and Gascoigne, N. R. (2020). Taming the sentinels: 
microbiome-derived metabolites and polarization of T cells. Int. J. Mol. Sci. 21:7740. doi: 
10.3390/ijms21207740

Wong, Y. L., Lautenschläger, I., Hummitzsch, L., Zitta, K., Cossais, F., Wedel, T., et al. 
(2021). Effects of different ischemic preconditioning strategies on physiological and cellular 
mechanisms of intestinal ischemia/reperfusion injury: implication from an isolated perfused 
rat small intestine model. PLoS One 16:e0256957. doi: 10.1371/journal.pone.0256957

Wu, S., Guo, T., Qi, W., Li, Y., Gu, J., Liu, C., et al. (2021). Curcumin ameliorates 
ischemic stroke injury in rats by maintaining the integrity of the blood-brain barrier. 
Exp. Ther. Med. 22:783. doi: 10.3892/etm.2021.10215

Xiong, J., Gao, Y., Li, X., Li, K., Li, Q., Shen, J., et al. (2020). Losartan medication could 
enhance the outcome of TBI mice. Front. Neurol. 11:992. doi: 10.3389/fneur. 
2020.00992

Yang, H., Qi, C., Su, F., Shan, W., Guo, A., Wu, J., et al. (2022). Cerebral ischemia/
reperfusion injury and pharmacologic preconditioning as a strategy to minimise stroke-
induced inflammation and damage. Neurochem. Res. 47, 3598–3614. doi: 10.1007/
s11064-022-03789-5

Yang, X., Yu, D., Xue, L., Li, H., and Du, J. (2020b). Probiotics alter the microbiota–
gut–brain axis and alleviate memory deficits in old SAMP8 mice. Acta Pharm. Sin. B 10, 
475–487.

Yang, B., Zhang, L. Y., Chen, Y., Bai, Y. P., Jia, J., Feng, J. G., et al. (2020a). Melatonin 
alleviates intestinal injury, neuroinflammation and cognitive dysfunction caused by 
intestinal ischemia/reperfusion. Int. Immunopharmacol. 85:106596. doi: 
10.1016/j.intimp.2020.106596

Yu, S., Chen, X., Yang, T., Cheng, J., Liu, E., Jiang, L., et al. (2024). Revealing the 
mechanisms of blood–brain barrier in chronic neurodegenerative disease: an 
opportunity for therapeutic intervention. Rev. Neurosci. 35, 895–916. doi: 
10.1515/revneuro-2024-0040

Yu, H., and Kirkpatrick, I. D. (2023). An update on acute mesenteric ischemia. Can. 
Assoc. Radiol. J. 74, 160–171. doi: 10.1177/08465371221094280

Zalpoor, H., Nabi-Afjadi, M., Forghaniesfidvajani, R., Tavakol, C., 
Farahighasreaboonasr, F., Pakizeh, F., et al. (2022). Quercetin as a JAK–STAT inhibitor: 
a possible function in solid tumors and neurological diseases. Cell. Mol. Biol. Lett. 
27:60. doi: 10.1186/s11658-022-00355-3

Zendedel, A., Habib, P., Dang, J., Lammerding, L., Hoffmann, S., Beyer, C., et al. 
(2015). Omega-3 polyunsaturated fatty acids alleviate neuroinflammation and attenuate 
ischemic stroke damage through interactions with astrocytes and microglia. J. 
Neuroimmunol. 278, 200–211. doi: 10.1016/j.jneuroim.2014.11.007

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1086/677356
https://doi.org/10.1002/jnr.24331
https://doi.org/10.1016/j.brainres.2016.03.042
https://doi.org/10.3389/fncel.2021.661838
https://doi.org/10.1007/s00011-022-01651-6
https://doi.org/10.1038/s41420-022-00852-6
https://doi.org/10.1007/s00210-023-02554-x
https://doi.org/10.1016/j.neuroscience.2018.06.046
https://doi.org/10.1038/s41423-018-0005-3
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.neuint.2024.105691
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.2174/138161212802083707
https://doi.org/10.1161/jaha.117.005819
https://doi.org/10.1007/s11064-012-0755-8
https://doi.org/10.3390/nu16040546
https://doi.org/10.1007/s00423-010-0727-x
https://doi.org/10.1177/10738584241259702
https://doi.org/10.1177/10738584241259702
https://doi.org/10.1038/s41420-024-01891-x
https://doi.org/10.1021/acsami.8b20594
https://doi.org/10.1155/2018/1972714
https://doi.org/10.3389/fneur.2024.1516242
https://doi.org/10.3389/fimmu.2024.1447060
https://doi.org/10.1016/j.biopha.2021.111482
https://doi.org/10.1017/s0007114512004308
https://doi.org/10.1017/s0007114512004308
https://doi.org/10.3390/ijms23073645
https://doi.org/10.2174/1871527320666210322115808
https://doi.org/10.1152/ajprenal.2000.279.5.F927
https://doi.org/10.1007/s12017-019-08547-5
https://doi.org/10.3390/ijms24032258
https://doi.org/10.3390/ijms21207740
https://doi.org/10.1371/journal.pone.0256957
https://doi.org/10.3892/etm.2021.10215
https://doi.org/10.3389/fneur.2020.00992
https://doi.org/10.3389/fneur.2020.00992
https://doi.org/10.1007/s11064-022-03789-5
https://doi.org/10.1007/s11064-022-03789-5
https://doi.org/10.1016/j.intimp.2020.106596
https://doi.org/10.1515/revneuro-2024-0040
https://doi.org/10.1177/08465371221094280
https://doi.org/10.1186/s11658-022-00355-3
https://doi.org/10.1016/j.jneuroim.2014.11.007


Hammed et al. 10.3389/fnins.2025.1597170

Frontiers in Neuroscience 24 frontiersin.org

Zhang, Z. Y., Jiang, M., Fang, J., Yang, M. F., Zhang, S., Yin, Y. X., et al. (2017). 
Enhanced therapeutic potential of nano-curcumin against subarachnoid hemorrhage-
induced blood–brain barrier disruption through inhibition of inflammatory response 
and oxidative stress. Mol. Neurobiol. 54, 1–14. doi: 10.1007/s12035-015-9635-y

Zhang, M., Liu, Q., Meng, H., Duan, H., Liu, X., Wu, J., et al. (2024b). Ischemia-
reperfusion injury: molecular mechanisms and therapeutic targets. Signal Transduct. 
Target. Ther. 9:12. doi: 10.1038/s41392-023-01688-x

Zhang, C., Ma, Y., Zhao, Y., Guo, N., Han, C., Wu, Q., et al. (2024a). Systematic review 
of melatonin in cerebral ischemia-reperfusion injury: critical role and therapeutic 
opportunities. Front. Pharmacol. 15:1356112. doi: 10.3389/fphar.2024.1356112

Zhang, Y., Yang, H., Hou, S., Xia, Y., and Wang, Y. Q. (2024c). Influence of the brain-
gut axis on neuroinflammation in cerebral ischemia-reperfusion injury. Int. J. Mol. 
Med. 53:30.

Zhao, Z., Chen, L., Zhao, Y., Wang, C., Duan, C., Yang, G., et al. (2020). Lactobacillus 
plantarum NA136 ameliorates nonalcoholic fatty liver disease by modulating gut 
microbiota, improving intestinal barrier integrity, and attenuating inflammation. Appl. 
Microbiol. Biotechnol. 104, 5273–5282. doi: 10.1007/s00253-020-10633-9

Zhao, K., Wang, P., Tang, X., Chang, N., Shi, H., Guo, L., et al. (2023). The mechanisms 
of minocycline in relieving ischemic stroke damage and cerebral ischemia-reperfusion 
injury. Eur. J. Pharmacol. 955:175903. doi: 10.1016/j.ejphar.2023.175903

Zhao, H., Wu, L., Yan, G., Chen, Y., Zhou, M., Wu, Y., et al. (2021). Inflammation and 
tumor progression: signaling pathways and targeted intervention. Signal Transduct. 
Target. Ther. 6:263. doi: 10.1038/s41392-021-00658-5

Zheng, Y., Zhang, L., Bonfili, L., de Vivo, L., Eleuteri, A. M., and Bellesi, M. (2023). 
Probiotics supplementation attenuates inflammation and oxidative stress generated by 
chronic sleep restriction. Nutrients 15:1518.

Zhou, S. Y., Guo, Z. N., Yang, Y., Qu, Y., and Jin, H. (2023). Gut-brain axis: mechanisms 
and prospective therapeutic options for ischemic stroke through immune functions. 
Front. Neurosci. 17:1081347. doi: 10.3389/fnins.2023.1081347

Zhou, J., Huang, W. Q., Li, C., Wu, G. Y., Li, Y. S., Wen, S. H., et al. (2012). Intestinal 
ischemia/reperfusion promotes microglial activation and produces brain damage and 
memory failure in rats. Crit. Care Med. 40, 2438–2448. doi: 10.1097/ccm. 
0b013e3182546855

Zinovkin, R. A., Lyamzaev, K. G., and Chernyak, B. V. (2023). Current prospects of 
mitochondria-targeted antioxidants in cancer prevention and treatment. Front. Cell Dev. 
Biol. 11:1048177. doi: 10.3389/fcell.2023.1048177

Zlatković, J., Todorović, N., Bošković, M., Pajović, S. B., Demajo, M., and 
Filipović, D. (2014). Different susceptibility of prefrontal cortex and hippocampus 
to oxidative stress following persistent social isolation stress. Mol. Cell. Biochem. 
393, 43–57. doi: 10.1007/s11010-014-2045-z

https://doi.org/10.3389/fnins.2025.1597170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s12035-015-9635-y
https://doi.org/10.1038/s41392-023-01688-x
https://doi.org/10.3389/fphar.2024.1356112
https://doi.org/10.1007/s00253-020-10633-9
https://doi.org/10.1016/j.ejphar.2023.175903
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.3389/fnins.2023.1081347
https://doi.org/10.1097/ccm.0b013e3182546855
https://doi.org/10.1097/ccm.0b013e3182546855
https://doi.org/10.3389/fcell.2023.1048177
https://doi.org/10.1007/s11010-014-2045-z

	Intestinal ischemia–reperfusion and blood–brain barrier compromise: pathways to cognitive dysfunction
	1 Introduction
	2 Intestinal ischemia–reperfusion (I/R) injury: mechanisms of intestinal ischemia
	2.1 Reduced blood flow to the intestine: a multifaceted etiology
	2.2 Cellular injury and necrosis during ischemia: a pathophysiological cascade
	2.3 Reperfusion and related inflammatory response
	2.3.1 Reactive oxygen species (ROS) generation
	2.3.2 Inflammatory mediators (Cytokines, Chemokines)

	3 Systemic consequences of intestinal ischemia–reperfusion injury
	3.1 Increased gut permeability and endotoxemia
	3.1.1 Increased gut permeability
	3.1.2 Endotoxemia
	3.2 Potential role of the gut-brain axis
	3.2.1 Gut-Bacterial microbiome and inflammation
	3.3 Neuroinflammation and cognitive dysfunction
	3.4 Blood–brain barrier compromise

	4 Blood–brain barrier (BBB) compromise due to systemic inflammation
	4.1 Structure and function of the blood–brain barrier (BBB)
	4.2 Impact of systemic inflammation on BBB integrity

	5 Cognitive dysfunction linked to intestinal I/R injury and BBB compromise
	5.1 Clinical evidence and animal studies on cognitive impairment

	6 Mechanisms of intestinal-brain signaling
	6.1 The gut-brain axis and its role in signaling during I/R injury
	6.1.1 Neuroimmune pathways
	6.1.2 Gut-derived factors
	6.1.3 Vagus nerve signaling
	6.2 Role of microbiota in influencing cognitive outcomes
	6.2.1 Dysbiosis and neuroinflammation
	6.2.2 Short-chain fatty acids (SCFAs)
	6.2.3 Gut-brain metabolites
	6.3 Neural and hormonal pathways involved in gut-brain communication
	6.3.1 Neural pathways
	6.3.2 Hormonal pathways
	6.4 Potential therapeutic targets in the gut-brain axis to prevent cognitive dysfunction
	6.4.1 Microbiota modulation
	6.4.2 Vagus nerve stimulation (VNS)
	6.4.3 Anti-inflammatory agents
	6.4.4 SCFA supplementation
	6.4.5 Neuroprotective agents

	7 Therapeutic approaches to mitigate BBB dysfunction and cognitive decline
	7.1 Anti-inflammatory therapies to lower systemic inflammation
	7.1.1 Use of cytokine inhibitors
	7.1.1.1 Monoclonal antibodies
	7.1.1.2 Small-molecule inhibitors
	7.1.2 Dietary treatments (e.g., probiotics, prebiotics)
	7.1.2.1 Probiotics
	7.1.2.2 Prebiotics
	7.2 Pharmacological treatments to restore BBB integrity
	7.2.1 Tight connection modulators
	7.2.1.1 Melatonin
	7.2.1.2 Statins
	7.2.1.3 Angiotensin II type 1 receptor (AT1R) blockers
	7.2.2 Antioxidant therapy
	7.2.2.1 N-acetylcysteine (NAC)
	7.2.2.2 Curcumin
	7.2.2.3 Vitamin E
	7.3 Role of gut microbiota regulation and probiotics
	7.3.1 Gut microbiota and its impact on BBB integrity
	7.3.2 Probiotics and their effects on the gut-brain axis
	7.3.2.1 Restoration of gut barrier integrity
	7.3.2.2 Modulation of immune responses
	7.3.2.3 Reduction of oxidative stress
	7.3.2.4 Short-chain fatty acid production
	7.3.3 Probiotic strains and their effects in I/R injury models
	7.3.3.1 Lactobacillus species
	7.3.3.2 Bifidobacterium species
	7.3.3.3 Saccharomyces boulardii
	7.3.4 Clinical implications and problems
	7.4 Neuroprotective strategies for cognitive function
	7.4.1 Use of neurotrophic factors
	7.4.1.1 Brain-derived neurotrophic factor (BDNF)
	7.4.1.2 Glial cell-derived neurotrophic factor (GDNF)
	7.4.1.3 Vascular endothelial growth factor (VEGF)
	7.4.1.4 Insulin-like growth factor-1 (IGF-1)
	7.4.2 Pharmacological agents for neuroinflammation
	7.4.2.1 Nonsteroidal anti-inflammatory drugs (NSAIDs)
	7.4.2.2 Corticosteroids
	7.4.2.3 Minocycline
	7.4.2.4 Nicotinamide adenine dinucleotide (NAD+) precursors
	7.4.2.5 Selective inhibitors of pro-inflammatory cytokines

	8 Limitations and future directions
	9 Conclusion

	References

