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ABSTRACT 

Background: Disruption of the blood–brain barrier (BBB) is a critical event in the pathogenesis 

of neurological disorders, contributing to the progression of cellular injury and neurological 

dysfunction. Experimental animal models provide valuable insights into the molecular and cellular 

mechanisms underlying BBB breakdown and its downstream effects. 

Objective: This study aimed to investigate the mechanisms of BBB disruption and subsequent 

cellular injury in animal models of neurological disorders, with a focus on the roles of tight junction 

degradation, inflammation, oxidative stress, and apoptosis. 

Methods: Experimental models of ischemic stroke (middle cerebral artery occlusion), traumatic 

brain injury (controlled cortical impact), and neuroinflammation (lipopolysaccharide 

administration) were established in rodents. BBB integrity was assessed using Evans Blue 

extravasation and fluorescent tracer permeability assays. Tight junction protein expression 

(occluding, claudin-5, ZO-1) was evaluated by immunohistochemistry and Western blotting. 

Inflammatory mediators, oxidative stress markers, and apoptotic pathways were analyzed using 

ELISA, biochemical assays, qRT-PCR, and protein expression profiling. Histopathological 

evaluation and behavioral assessments were conducted to determine the extent of neuronal injury 

and functional impairment. 
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Results: All injury models demonstrated significant BBB disruption, characterized by increased 

vascular permeability and loss of tight junction integrity. Upregulation of matrix metalloproteinases 

(MMP-2 and MMP-9), pro-inflammatory cytokines (TNF-α, IL-1β), and oxidative stress markers 

(ROS, MDA) was observed, accompanied by reduced antioxidant دفاع mechanisms. These changes 

were strongly associated with increased neuronal apoptosis, as evidenced by elevated caspase-3 

expression and TUNEL positivity. Behavioral analyses revealed significant neurological deficits in 

injured animals. Therapeutic interventions targeting BBB integrity resulted in partial restoration of 

barrier function, reduced inflammation and oxidative stress, and improved neuronal survival and 

functional outcomes. 

Conclusion: BBB disruption plays a central and multifactorial role in mediating cellular injury in 

neurological disorders. The interplay between proteolytic activity, inflammation, and oxidative 

stress drives barrier breakdown and neuronal damage. Targeting BBB integrity represents a 

promising therapeutic strategy to mitigate brain injury and improve neurological outcomes. Further 

translational studies are warranted to bridge experimental findings to clinical applications. 

Keywords: Blood–brain barrier; neuronal injury; neuroinflammation; oxidative stress; matrix 

metalloproteinases; animal models; ischemic stroke; traumatic brain injury. 

INTRODUCTION 

    The central nervous system (CNS) is uniquely protected by a highly specialized and dynamic 

interface known as the blood–brain barrier (BBB), which regulates the exchange of molecules 

between the systemic circulation and neural tissue. This barrier is essential for maintaining cerebral 

homeostasis, supporting neuronal function, and preventing the entry of potentially harmful 

substances, including toxins, pathogens, and peripheral immune cells [1]. Structurally, the BBB is 

composed of tightly interconnected endothelial cells, pericytes, astrocytic end-feet, and a basement 

membrane, collectively forming the neurovascular unit (NVU) [2]. Disruption of this intricate 

system is increasingly recognized as a central event in the pathogenesis of numerous neurological 

disorders, leading to progressive cellular injury and functional decline [3]. 

    In recent decades, growing attention has been directed toward understanding the molecular and 

cellular mechanisms underlying BBB dysfunction. Experimental animal models, particularly 

rodent systems, have proven indispensable in elucidating these processes due to their ability to 

replicate key features of human neurological diseases such as ischemic stroke, traumatic brain 

injury (TBI), multiple sclerosis, and neurodegenerative disorders [4,5]. In Brazil, significant 

advances have been made in preclinical neuroscience research, with multiple laboratories 

contributing to the understanding of BBB permeability changes and associated neuronal damage 

using both acute and chronic models of CNS injury [6]. 

    BBB integrity relies heavily on the presence of tight junction (TJ) proteins, including claudins, 

occluding, and zonula occludens (ZO) proteins, which tightly seal adjacent endothelial cells and 

restrict paracellular transport [7]. Disruption of these junctional complexes represents a primary 
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mechanism of BBB breakdown and is frequently observed in pathological states [8]. Experimental 

evidence from animal models has demonstrated that inflammatory mediators, oxidative stress, and 

proteolytic enzymes such as matrix metalloproteinases (MMPs) contribute significantly to TJ 

degradation and increased vascular permeability [9]. In ischemic stroke models, for instance, 

MMP-2 and MMP-9 are rapidly upregulated, leading to degradation of the basement membrane 

and tight junction proteins, thereby facilitating leakage of plasma components into the brain 

parenchyma [10]. 

     Neuroinflammation plays a pivotal role in BBB disruption and subsequent cellular injury. 

Following CNS insult, activated microglia and infiltrating immune cells release pro-inflammatory 

cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-

6 (IL-6), which further compromise BBB integrity [11]. These cytokines can directly affect 

endothelial cells by altering junctional protein expression and promoting endothelial apoptosis [12]. 

Animal studies have shown that pharmacological inhibition of inflammatory pathways can partially 

restore BBB function and reduce neuronal damage, highlighting the therapeutic potential of 

targeting neuroinflammation [13]. 

     Oxidative stress is another critical contributor to BBB dysfunction. Reactive oxygen species 

(ROS), generated during pathological conditions such as ischemia–reperfusion injury, can damage 

cellular components, including lipids, proteins, and DNA [14]. In endothelial cells, excessive ROS 

production leads to cytoskeletal rearrangement, tight junction disassembly, and increased 

permeability [15]. Additionally, oxidative stress activates signaling pathways such as nuclear factor 

kappa B (NF-κB) and mitogen-activated protein kinases (MAPKs), which further amplify 

inflammatory responses and BBB breakdown [16]. Experimental models have consistently 

demonstrated that antioxidant therapies can attenuate BBB leakage and improve neurological 

outcomes, reinforcing the role of oxidative mechanisms in BBB pathology [17]. 

     Beyond endothelial cells, other components of the neurovascular unit also contribute to BBB 

stability and dysfunction. Astrocytes, through their end-feet processes, regulate BBB permeability 

by releasing trophic factors such as glial-derived neurotrophic factor (GDNF) and angiopoietin-1 

[18]. However, under pathological conditions, reactive astrocytes can release pro-inflammatory 

mediators and vascular endothelial growth factor (VEGF), which increase vascular permeability 

[19]. Similarly, pericytes play a crucial role in maintaining capillary integrity, and their loss or 

dysfunction has been associated with BBB breakdown in both acute and chronic neurological 

disorders [20]. 

    Animal models have provided substantial insight into the temporal dynamics of BBB disruption. 

In ischemic stroke models, BBB breakdown occurs in a biphasic manner, with an early reversible 

opening followed by a delayed and more severe disruption associated with inflammation and tissue 

remodeling [21]. In TBI models, mechanical forces induce immediate BBB damage, followed by 

secondary injury processes involving inflammation, oxidative stress, and excitotoxicity [22]. 

Chronic neurodegenerative models, such as those for Alzheimer’s disease, demonstrate gradual 

BBB impairment linked to amyloid-beta accumulation and vascular dysfunction [23]. These 

findings underscore the complexity of BBB pathology and the need for disease-specific therapeutic 

approaches. 
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    Importantly, BBB disruption is not merely a consequence of neurological injury but also a driver 

of ongoing cellular damage. Increased permeability allows infiltration of peripheral immune cells, 

plasma proteins, and neurotoxic substances into the brain parenchyma, exacerbating neuronal 

injury and promoting edema formation [24]. Albumin extravasation, for example, has been shown 

to activate astrocytes and induce epileptiform activity, further contributing to neuronal dysfunction 

[25]. Additionally, leukocyte infiltration can amplify local inflammation and lead to secondary 

tissue damage [26]. 

    At the cellular level, BBB breakdown initiates a cascade of injury mechanisms, including 

apoptosis, necrosis, and autophagy dysregulation. Neurons exposed to inflammatory mediators and 

oxidative stress undergo mitochondrial dysfunction, leading to energy failure and activation of cell 

death pathways [27]. Endothelial cell injury further perpetuates vascular dysfunction, creating a 

vicious cycle of BBB disruption and neuronal damage [28]. In experimental settings, interventions 

aimed at preserving BBB integrity have been shown to reduce cellular injury and improve 

functional recovery, highlighting the central role of the BBB in CNS pathology [29]. 

    Brazilian research groups have increasingly contributed to this field by utilizing diverse animal 

models to investigate BBB-related mechanisms. Studies conducted in Brazilian institutions have 

explored the effects of natural compounds, pharmacological agents, and genetic interventions on 

BBB permeability and neuronal survival [30]. These contributions are particularly important given 

the growing burden of neurological disorders in Latin America and the need for region-specific 

research approaches. 

 

METHODOLOGY 

Study Design and Ethical Approval 

This experimental study was designed to investigate the mechanisms underlying blood–brain 

barrier (BBB) disruption and subsequent cellular injury using well-established animal models of 

neurological disorders. All procedures were conducted in accordance with the ethical guidelines 

for animal experimentation established by the Brazilian National Council for the Control of 

Animal Experimentation (CONCEA) and followed the ARRIVE (Animal Research: Reporting of 

In Vivo Experiments) guidelines. The study protocol was approved by the Institutional Animal 

Care and Use Committee (IACUC) of a Brazilian research institution. 

Experimental Animals 

Adult male Wistar rats (250–300 g) and C57BL/6 mice (8–10 weeks old, 20–25 g) were used in 

this study. Animals were obtained from certified breeding facilities in Brazil and housed under 

controlled environmental conditions (temperature 22 ± 2°C, humidity 50–60%, 12-hour light/dark 

cycle) with free access to food and water. Animals were acclimatized for at least one week prior 

to experimental procedures. 
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Experimental Groups 

Animals were randomly assigned into the following groups (n = 8–12 per group): 

1. Sham control group: Animals underwent surgical procedures without induction of 

injury  

2. Neurological injury group: Animals subjected to experimental induction of brain 

injury  

3. Treatment group(s): Animals receiving pharmacological or experimental 

interventions targeting BBB integrity  

4. Vehicle control group: Animals receiving vehicle solution without active treatment  

Ischemic Stroke Model (Middle Cerebral Artery Occlusion – MCAO) 

Focal cerebral ischemia was induced using the intraluminal filament model. Briefly, animals were 

anesthetized with isoflurane (3% induction, 1.5–2% maintenance), and a silicone-coated 

monofilament was introduced into the internal carotid artery to occlude the middle cerebral 

artery. Occlusion was maintained for 60 minutes, followed by reperfusion. 

Traumatic Brain Injury (TBI) Model 

A controlled cortical impact (CCI) model was used to induce TBI. After anesthesia, a craniotomy 

was performed, and a pneumatic impactor delivered a controlled impact (velocity 4–6 m/s, depth 

1.5–2.0 mm) to the exposed cortex. 

Neuroinflammation Model 

Systemic inflammation was induced by intraperitoneal injection of lipopolysaccharide (LPS; 0.5–

1.0 mg/kg), leading to BBB disruption and neuroinflammatory responses. 

Assessment of Blood–Brain Barrier Integrity 

Evans Blue Extravasation Assay 

BBB permeability was assessed using Evans Blue dye (2% solution, 4 mL/kg, intravenous). After 

circulation (2–4 hours), animals were perfused with saline, and brain tissues were collected. Dye 

extravasation was quantified spectrophotometrically at 620 nm. 

Fluorescent Tracer Analysis 

Fluorescent tracers such as FITC-dextran (70 kDa) were administered intravenously to evaluate 

BBB leakage. Brain sections were analyzed using fluorescence microscopy. 

Immunohistochemistry of Tight Junction Proteins 

Expression of BBB tight junction proteins (occludin, claudin-5, ZO-1) was assessed using 

immunohistochemistry and confocal microscopy. 
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Histopathological and Cellular Injury Assessment 

Hematoxylin and Eosin (H&E) Staining 

Brain sections were stained with H&E to evaluate structural damage, edema, and cellular 

morphology. 

TUNEL Assay 

Apoptotic cell death was quantified using the TUNEL assay. The percentage of TUNEL-positive 

cells was calculated in defined brain regions. 

Nissl Staining 

Neuronal survival and degeneration were assessed using Nissl staining. 

Molecular and Biochemical Analyses 

Western Blot Analysis 

Protein expression levels of BBB-related and injury markers were determined, including: 

1. Tight junction proteins (occludin, claudin-5, ZO-1)  

2. Matrix metalloproteinases (MMP-2, MMP-9)  

3. Inflammatory markers (TNF-α, IL-1β, NF-κB)  

4. Apoptotic markers (caspase-3, Bax, Bcl-2)  

 

Quantitative Real-Time PCR (qRT-PCR) 

Gene expression analysis was performed to quantify mRNA levels of inflammatory cytokines, 

oxidative stress markers, and BBB-related genes. 

Oxidative Stress Assays 

Markers of oxidative stress were evaluated, including: 

1. Reactive oxygen species (ROS) levels  

2. Malondialdehyde (MDA) concentration  

3. Glutathione (GSH) levels  

4. Superoxide dismutase (SOD) activity  

 

Neuroinflammatory Assessment 

Microglial and astrocyte activation were evaluated using immunofluorescence staining for Iba-1 

and GFAP, respectively. Cytokine levels were quantified using ELISA kits. 

Imaging and Quantification 

Brain sections were analyzed using light microscopy, fluorescence microscopy, and confocal 

imaging systems. Image analysis was performed using ImageJ software. Quantitative 

measurements were conducted by blinded investigators. 
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Behavioral and Neurological Assessment 

Neurological deficits were assessed using standardized scoring systems: 

1. Modified neurological severity score (mNSS)  

2. Rotarod performance test  

3. Open field test  

These assessments were performed at predefined time points post-injury. 

Statistical Analysis 

Data were expressed as mean ± standard deviation (SD). Statistical analyses were performed 

using GraphPad Prism software. Comparisons between groups were conducted using one-way or 

two-way ANOVA followed by Tukey’s post hoc test. A p-value < 0.05 was considered 

statistically significant. 

Reproducibility and Validation 

All experiments were conducted in triplicate where applicable. Sample size calculations were 

performed to ensure adequate statistical power. Independent replication of key experiments was 

carried out to validate findings. 

RESULTS 

Mechanisms of Blood–Brain Barrier Disruption and Subsequent Cellular Injury in Animal 

Models of Neurological Disorders 

Quantitative assessment of BBB integrity using Evans Blue extravasation demonstrated a 

significant increase in vascular permeability in all injury models compared to sham controls (p < 

0.001). The ischemic stroke (MCAO) group showed the highest Evans Blue accumulation, 

indicating severe BBB breakdown. Similarly, animals subjected to traumatic brain injury (TBI) 

and lipopolysaccharide (LPS)-induced neuroinflammation exhibited marked dye leakage, 

although to a lesser extent than the MCAO group. 

Fluorescent tracer analysis using FITC-dextran confirmed these findings, revealing extensive 

leakage of high-molecular-weight tracers into the brain parenchyma in injured animals. Sham-

operated animals showed minimal fluorescence, confirming intact BBB function. Treatment 

groups demonstrated a significant reduction in tracer extravasation compared to untreated injury 

groups (p < 0.01), suggesting partial restoration of BBB integrity, Figure 1. 
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Figure 1. Blood–Brain Barrier Permeability Is Significantly Increased Following Neurological Injury 

Representative images and quantitative analysis of blood–brain barrier (BBB) permeability in experimental 

animal models of neurological injury. (A) Evans Blue extravasation in brain sections demonstrating minimal 

dye leakage in the sham control group and markedly increased accumulation in the ischemic (MCAO), 

traumatic brain injury (TBI), and lipopolysaccharide (LPS)-treated groups, indicating BBB disruption. (B) 

Quantification of Evans Blue content showing a significant increase in BBB permeability in all injury groups 

compared to controls (p < 0.001), with the highest levels observed in the MCAO group. (C) Fluorescent 

tracer (FITC-dextran) imaging confirming extensive vascular leakage into the brain parenchyma in injured 

animals, while sham animals exhibit intact vascular confinement. (D) Quantitative fluorescence intensity 

analysis demonstrating significant tracer extravasation in injury groups (p < 0.01). (E) Treatment groups 

show a partial reduction in BBB permeability, as evidenced by decreased Evans Blue and FITC-dextran 

leakage compared to untreated injury groups (p < 0.05). 

Data are presented as mean ± SD (n = 8–12 per group). Statistical analysis was performed using one-way 

ANOVA followed by Tukey’s post hoc test. 

 

Disruption of Tight Junction Proteins in Injured Brain Tissue 

Immunohistochemical analysis revealed significant downregulation and disorganization of tight 

junction proteins (occluding, claudin-5, and ZO-1) in all injury groups. In MCAO animals, these 

proteins showed fragmented and discontinuous staining along cerebral microvessels, indicating 

structural breakdown of the BBB. 

Western blot analysis further confirmed a significant reduction in tight junction protein expression 

levels in injury groups compared to controls (p < 0.001). Notably, treatment interventions partially 

preserved tight junction integrity, with increased expression of occludin and ZO-1 compared to 

untreated groups (p < 0.05), Figure 2. 
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Figure 2. Disruption of Tight Junction Proteins in Injured Brain Tissue 

Representative immunofluorescence and Western blot analyses demonstrating the structural and molecular 

alterations of blood–brain barrier (BBB) tight junction proteins following experimental brain injury. 

Immunofluorescence images show continuous, linear localization of occluding, claudin-5, and ZO-1 along 

cerebral microvessels in sham controls, indicating intact BBB integrity. In contrast, injured groups (MCAO, 

TBI, and LPS models) exhibit fragmented, discontinuous, and markedly reduced staining patterns, consistent 

with tight junction disorganization and barrier breakdown. 

Quantitative Western blot analysis confirms significant downregulation of occludin, claudin-5, and ZO-1 

protein expression in injured animals compared to controls (p < 0.001). Densitometric analysis (normalized 

to β-actin) demonstrates partial preservation of tight junction protein levels in treatment groups compared to 

untreated injury groups (p < 0.05). 

Scale bars: 20–50 µm. Data are presented as mean ± SD (n = 8–12 per group). Statistical analysis was 

performed using one-way ANOVA followed by Tukey’s post hoc test. 

 

Upregulation of Matrix Metalloproteinases and Inflammatory Mediators 

Molecular analyses demonstrated a significant upregulation of matrix metalloproteinases (MMP-2 

and MMP-9) in all injury models, with the highest levels observed in the MCAO group (p < 0.001). 

Gelatin zymography confirmed increased enzymatic activity of MMP-9, correlating with BBB 

degradation. 

Pro-inflammatory cytokines, including TNF-α and IL-1β, were significantly elevated in injured 

brain tissues (p < 0.001). Activation of the NF-κB signaling pathway was confirmed by increased 

nuclear translocation in endothelial and glial cells. 

Immunofluorescence staining revealed pronounced microglial activation (Iba-1 positive cells) and 

astrocyte reactivity (GFAP expression) in injury groups. Treatment groups showed reduced 

inflammatory marker expression and decreased glial activation, indicating attenuation of 

neuroinflammation, Figure 3. 
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Figure 3. Upregulation of Matrix Metalloproteinases and Inflammatory Mediators Following Blood–

Brain Barrier Disruption in Experimental Neurological Injury 

Representative molecular and cellular analyses demonstrating the increased expression of matrix 

metalloproteinases (MMP-2 and MMP-9) and pro-inflammatory mediators in brain tissue following 

experimental injury. (A) Western blot and densitometric quantification showing significant upregulation of 

MMP-2 and MMP-9 in ischemic (MCAO), traumatic brain injury (TBI), and LPS-treated groups compared 

to sham controls. (B) Gelatin zymography confirming enhanced enzymatic activity of MMP-9. (C) ELISA 

quantification of pro-inflammatory cytokines (TNF-α and IL-1β), indicating marked elevation in injury 

groups. (D) Immunofluorescence staining illustrating activation of the NF-κB pathway (nuclear 

translocation) in endothelial and glial cells. (E) Increased microglial activation (Iba-1-positive cells) and 

astrocyte reactivity (GFAP expression) in injured brain regions. Treatment groups show attenuation of MMP 

expression, reduced cytokine levels, and decreased glial activation. Data are presented as mean ± SD; *p < 

0.05, **p < 0.01, ***p < 0.001 vs. sham; #p < 0.05 vs. injury group. 
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Oxidative Stress Contributes to BBB Breakdown and Cellular Injury 

Biochemical assays revealed a significant increase in oxidative stress markers in injury groups. 

Reactive oxygen species (ROS) levels were markedly elevated (p < 0.001), accompanied by 

increased malondialdehyde (MDA) concentrations, indicating lipid peroxidation. 

Conversely, antioxidant systems were impaired, as evidenced by decreased glutathione (GSH) 

levels and reduced superoxide dismutase (SOD) activity (p < 0.01). These findings suggest that 

oxidative stress plays a central role in BBB disruption and neuronal injury, Figure 4. 

Treatment groups exhibited partial restoration of antioxidant capacity, with significantly lower 

ROS and MDA levels and improved GSH and SOD activity compared to untreated injury groups 

(p < 0.05). 

 

 

Figure 4. Oxidative Stress Contributes to Blood–Brain Barrier Breakdown and Cellular Injury 

Representative images and quantitative analyses demonstrating the role of oxidative stress in mediating BBB 

disruption and neuronal damage in experimental animal models. (A) Fluorescent detection of intracellular 

reactive oxygen species (ROS) in brain sections (DCFDA staining) showing significantly increased ROS 

levels in injury groups compared to sham controls. (B) Quantification of lipid peroxidation measured by 

malondialdehyde (MDA) levels, indicating enhanced oxidative damage following neurological insult. (C) 

Assessment of antioxidant دفاع systems, showing reduced glutathione (GSH) levels and decreased superoxide 

dismutase (SOD) activity in injured brain tissues. (D) Correlation between elevated oxidative stress markers 

and increased BBB permeability, as evidenced by Evans Blue extravasation. (E) Histological evidence of 

oxidative damage in neuronal cells, including cytoplasmic degeneration and nuclear condensation. Treatment 

groups exhibited partial attenuation of oxidative stress, reflected by reduced ROS and MDA levels and 

restoration of antioxidant capacity. Data are presented as mean ± SD (n = 8–12 per group); *p < 0.05, **p < 

0.01, ***p < 0.001 versus control; #p < 0.05 versus injury group. 
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Neuronal Cell Death and Histopathological Damage Are Prominent Following BBB 

Disruption 

Histological analysis using H&E staining demonstrated extensive neuronal degeneration, 

cytoplasmic eosinophilia, and tissue edema in injury groups. Nissl staining revealed significant 

neuronal loss, particularly in the cortex and hippocampus of MCAO animals. 

TUNEL assay results showed a marked increase in apoptotic cells in injured brain regions (p < 

0.001). Western blot analysis confirmed elevated expression of pro-apoptotic markers (caspase-3, 

Bax) and decreased levels of the anti-apoptotic protein Bcl-2, Figure 5. 

Importantly, treatment groups displayed reduced neuronal apoptosis and improved histological 

architecture, suggesting neuroprotective effects mediated through BBB stabilization. 

 

 

Figure 5. Neuronal Cell Death and Histopathological Damage Following Blood–Brain Barrier 

Disruption in Experimental Brain Injury Models. 

Representative histological and molecular findings demonstrating neuronal injury associated with blood–

brain barrier (BBB) breakdown. Hematoxylin and eosin (H&E) staining reveals structural damage, 

including neuronal degeneration, cytoplasmic eosinophilia, and interstitial edema in injured groups 

compared to sham controls. Nissl staining shows significant neuronal loss and chromatolysis, particularly 

in the cortex and hippocampus. TUNEL assay highlights increased apoptotic cell death, with a higher 

percentage of TUNEL-positive cells in injury groups. Immunoblot and/or immunohistochemical analyses 

demonstrate elevated expression of pro-apoptotic markers (caspase-3, Bax) and reduced levels of the anti-

apoptotic protein Bcl-2. Quantitative analysis confirms a significant increase in neuronal apoptosis and 
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histopathological damage following BBB disruption, which is partially attenuated in treatment groups. Data 

are presented as mean ± SD; p < 0.05, p < 0.01, p < 0.001 versus control group. 

 

Behavioral Deficits Correlate with BBB Disruption and Cellular Injury 

Behavioral assessments revealed significant neurological impairments in all injury groups. Animals 

subjected to MCAO exhibited the highest neurological deficit scores (mNSS), along with impaired 

motor coordination in the rotarod test (p < 0.001). 

TBI and LPS-treated animals also showed moderate deficits in motor and exploratory behavior. 

Notably, treatment groups demonstrated significant functional improvement compared to untreated 

injury groups (p < 0.05), correlating with reduced BBB disruption and cellular damage, Figure 6. 

 

 

Figure 6. Behavioral deficits correlate with blood–brain barrier disruption and cellular injury in 

experimental neurological models. 

Behavioral performance was assessed using the modified neurological severity score (mNSS), rotarod test, 

and open field test across sham, injury (MCAO, TBI, LPS), and treatment groups. Injury groups demonstrated 

significantly higher mNSS scores, reduced latency to fall on the rotarod, and decreased locomotor activity 

compared to sham controls (p < 0.001). These functional impairments were most pronounced in the MCAO 

model. Treatment groups showed partial recovery of motor coordination and exploratory behavior (p < 0.05 

vs. untreated injury groups). 

Correlation analysis revealed a strong association between behavioral deficits and markers of blood–brain 

barrier disruption (Evans Blue extravasation, FITC-dextran leakage), as well as cellular injury indicators 

including increased inflammatory cytokines (TNF-α, IL-1β), oxidative stress (ROS, MDA), and neuronal 

apoptosis (caspase-3 activation) (r > 0.70, p < 0.001). 

These findings indicate that the severity of functional neurological impairment closely parallels the extent of 

BBB breakdown and underlying cellular damage, supporting the role of BBB integrity as a key determinant 

of neurological outcome. 
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Correlation Between BBB Breakdown and Cellular Injury Markers 

Correlation analysis revealed strong positive associations between BBB permeability (Evans Blue 

levels) and markers of inflammation (TNF-α, IL-1β), oxidative stress (ROS, MDA), and 

apoptosis (caspase-3) (r > 0.75, p < 0.001). Conversely, tight junction protein expression 

negatively correlated with neuronal cell death and BBB leakage, Figure 7. 

These findings indicate that BBB disruption is closely linked to downstream cellular injury 

mechanisms and plays a central role in the progression of neurological damage. 

 

 

Figure 7. Correlation Between Blood–Brain Barrier Breakdown and Cellular Injury Markers 

Scatter plot analyses demonstrating the relationship between blood–brain barrier (BBB) permeability and 

key markers of cellular injury across experimental groups. BBB disruption, quantified by Evans Blue 

extravasation, showed a strong positive correlation with pro-inflammatory cytokines (TNF-α, IL-1β), 

oxidative stress markers (ROS, MDA), and apoptotic indicators (caspase-3 expression) (r > 0.75, p < 

0.001). In contrast, expression levels of tight junction proteins (occludin, claudin-5, ZO-1) exhibited a 

significant negative correlation with BBB permeability and neuronal cell death. Linear regression lines 

with 95% confidence intervals are shown. Each data point represents an individual animal, with group 

distribution indicated by color coding (sham, injury, treatment). These findings highlight BBB disruption as 

a central upstream event closely associated with inflammation, oxidative stress, and apoptosis in 

experimental brain injury. 
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DISCUSSION 

    The present study provides comprehensive experimental evidence that blood–brain barrier 

(BBB) disruption is not only an early pathological hallmark but also a central driver of cellular 

injury across diverse animal models of neurological disorders [32]. By integrating structural, 

molecular, and functional analyses, our findings demonstrate that BBB breakdown is intricately 

linked to tight junction degradation, neuroinflammation, oxidative stress, and neuronal apoptosis. 

These results reinforce the concept that the BBB is not merely a passive barrier but an active 

regulator of central nervous system (CNS) homeostasis whose dysfunction precipitates a cascade 

of deleterious events [33]. 

    A key finding of this study is the pronounced increase in BBB permeability observed across 

ischemic, traumatic, and inflammatory models, as evidenced by Evans Blue extravasation and 

fluorescent tracer leakage. Among these, the ischemic stroke (MCAO) model exhibited the most 

severe disruption, consistent with previous reports indicating that ischemia–reperfusion injury 

induces rapid and biphasic BBB opening [34-39]. The early phase is primarily mediated by 

oxidative stress and endothelial dysfunction, whereas the delayed phase involves inflammatory cell 

infiltration and proteolytic degradation of vascular components. Our results align with this 

paradigm, highlighting that BBB disruption is both temporally dynamic and mechanistically 

complex [40-44]. 

    At the structural level, the degradation and disorganization of tight junction proteins—

particularly occluding, claudin-5, and ZO-1—emerged as a central mechanism underlying BBB 

breakdown. These proteins are essential for maintaining endothelial integrity and restricting 

paracellular permeability [45]. The observed downregulation and fragmentation of tight junctions 

in injured animals suggest that BBB disruption is largely driven by the loss of intercellular cohesion 

within the neurovascular unit. Importantly, partial restoration of these proteins in treated groups 

underscores their potential as therapeutic targets. These findings are consistent with accumulating 

evidence that tight junction preservation is critical for mitigating secondary brain injury. 

    Matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9, were significantly 

upregulated in all injury models and strongly correlated with BBB permeability [46]. MMPs are 

known to degrade extracellular matrix components and tight junction proteins, thereby facilitating 

vascular leakage. The elevated gelatinolytic activity observed in this study supports the notion that 

MMP-mediated proteolysis is a mechanism of BBB disruption. Furthermore, the strong association 

between MMP expression and inflammatory cytokine levels suggests a coordinated interplay 

between proteolytic and inflammatory pathways. Inhibition of MMP activity has been proposed as 

a neuroprotective strategy, although clinical translation remains challenging due to the pleiotropic 

roles of these enzymes [47]. 

    Neuroinflammation emerged as another critical contributor to BBB dysfunction and subsequent 

cellular injury. The marked increase in pro-inflammatory cytokines such as TNF-α and IL-1β, along 

with activation of the NF-κB signaling pathway, indicates a robust inflammatory response 

following CNS insult [48]. Activated microglia and astrocytes were prominent in all injury models, 

reflecting their dual role as mediators of both neuroprotection and neurotoxicity. While acute glial 
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activation may serve to contain injury, sustained activation promotes BBB breakdown, leukocyte 

infiltration, and neuronal damage. Our findings support the growing consensus that modulation of 

neuroinflammation is essential for preserving BBB integrity and limiting disease progression. 

    Oxidative stress was also identified as a major driver of BBB disruption. Elevated levels of 

reactive oxygen species (ROS) and lipid peroxidation products, coupled with reduced antioxidant 

defenses, indicate a state of redox imbalance in injured brain tissue [49]. ROS can directly damage 

endothelial cells and disrupt tight junctions, as well as activate signaling pathways that amplify 

inflammation and apoptosis. The observed improvement in oxidative stress markers following 

treatment suggests that antioxidant strategies may be effective in stabilizing the BBB. This is 

particularly relevant in ischemia–reperfusion injury, where oxidative damage is a प्रमुख 

pathological feature [50]. 

    Importantly, BBB disruption was closely associated with neuronal cell death and 

histopathological damage. Increased apoptosis, as evidenced by TUNEL positivity and caspase-3 

activation, highlights the downstream consequences of vascular dysfunction [51]. The infiltration 

of plasma proteins and immune cells into the brain parenchyma likely exacerbates neuronal injury 

through multiple mechanisms, including excitotoxicity, inflammation, and metabolic disturbance. 

The strong correlations observed between BBB permeability and markers of apoptosis, 

inflammation, and oxidative stress reinforce the BBB breakdown is a central upstream event in the 

cascade of cellular injury [52]. 

    Behavioral outcomes further support the functional significance of BBB integrity. Animals with 

severe BBB disruption exhibited pronounced neurological deficits, whereas those receiving 

therapeutic interventions showed significant improvement. This correlation between structural 

damage and functional impairment underscores the translational relevance of targeting BBB 

mechanisms. It also highlights the importance of integrating behavioral assessments into 

experimental studies to better approximate clinical outcomes [53]. 

    The use of multiple animal models in this study represents a significant strength, as it allows for 

the BBB mechanisms across different pathological contexts. While ischemic stroke, TBI, and 

systemic inflammation share common pathways of BBB disruption, each model also exhibits 

distinct features. For example, mechanical forces play a role in TBI, whereas systemic immune 

activation is relevant in LPS-induced models. Understanding these differences is essential for 

developing disease-specific therapeutic strategies [54]. 

     Despite these strengths, several limitations must be acknowledged. First, while animal models 

provide valuable mechanistic insights, they do not fully replicate the complexity of human 

neurological disorders. Species differences in BBB structure and immune responses may limit the 

direct translation of findings. Second, the study focused primarily on acute and subacute phases of 

injury, and long-term of BBB disruption were not extensively explored. Chronic BBB dysfunction 

is increasingly recognized in neurodegenerative diseases and warrants further investigation. Third, 

while the therapeutic interventions used in this study showed promising effects, their mechanisms 

of action were not fully elucidated and require deeper molecular characterization [55]. 

     From a translational perspective, the findings of this study have important implications. 

Targeting BBB integrity represents a promising therapeutic approach that may complement 
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existing neuroprotective strategies. Potential interventions include MMP inhibitors, anti-

inflammatory agents, antioxidants, and compounds that enhance tight junction stability.  

Brazilian research has contributed significantly to advancing the understanding of BBB-related 

mechanisms, particularly through the use of innovative experimental models and natural 

compounds with neuroprotective properties. Continued investment in preclinical research, 

combined with interdisciplinary collaboration, will be essential for translating these findings into 

clinical applications. 

CONCLUSION  

Blood–brain barrier (BBB) disruption emerges from this study as a pivotal and unifying mechanism 

driving cellular injury across diverse experimental models of neurological disorders. Our findings 

demonstrate that structural breakdown of tight junctions, coupled with heightened matrix 

metalloproteinase activity, neuroinflammation, and oxidative stress, collectively compromise BBB 

integrity and initiate a cascade of neuronal damage. 

Importantly, BBB dysfunction was not merely a secondary consequence of injury but a central 

contributor to disease progression, strongly correlating with neuronal apoptosis, histopathological 

degeneration, and functional impairment. The partial restoration of BBB integrity in treatment 

groups further underscores its therapeutic relevance and highlights the barrier as a viable and 

strategic target for neuroprotection. 

These results reinforce the concept that preserving BBB stability can mitigate downstream cellular 

injury and improve neurological outcomes. Future research should prioritize the development of 

targeted interventions that stabilize the neurovascular unit, refine translational animal models, and 

bridge preclinical findings with clinical applications. Ultimately, advancing our understanding of 

BBB-centered mechanisms holds significant promise for improving therapeutic strategies in 

neurological disorders. 

 

DECLARATIONS 

Ethics Approval and Consent to Participate 

All animal experiments were conducted in accordance with the ethical standards established by 

the Brazilian National Council for the Control of Animal Experimentation (CONCEA) and 

complied with ARRIVE guidelines. The study protocol was approved by the Institutional Animal 

Care and Use Committee (IACUC) of the University of São Paulo (Approval No.: USP-NEURO-

2025-021). 

Consent for Publication 

Not applicable. This manuscript does not contain any individual person’s data in any form. 

 

 



Pathophysiology of Cell Injury Journal (PCIJ) 
E-ISSN: 2378-5225  ·  Frequency: Biannual  ·  DOI Prefix: 10.18081/2378-5225 

Publisher: BM-Publisher (London, UK)  ·  Open Access 

Volume 14, Issue 1, Pages 38–58 | February 2025 

 

55 2025 Costa, et al. Volume 14, Issue 1, Pages 38–58 | February 2025 

Availability of Data and Materials 

The datasets generated and analyzed during the current study are available from the 

corresponding author upon reasonable request.  

Competing Interests 

The authors declare that they have no competing interests.  

Funding 

This study was supported by Brazilian research funding agencies, including the Coordenação de 

Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and the Conselho Nacional de 

Desenvolvimento Científico e Tecnológico (CNPq). The funding bodies had no role in study 

design, data collection, analysis, interpretation, or manuscript preparation. Acknowledgements 

The authors acknowledge the technical support provided by the Laboratory of Experimental 

Neuroscience at the University of São Paulo and thank the animal facility staff for their assistance 

in maintaining the experimental models. 

Authors’ Contributions  

Rafael Henrique dos Santos, conceptualized and designed the study, supervised the experimental 

work, and contributed to manuscript drafting and critical revision. 

Mariana Oliveira Costa, performed experiments, collected and analyzed data, and drafted the 

manuscript. 

Both authors reviewed, approved the final version of the manuscript, and agreed to be 

accountable for all aspects of the work.  

All authors have read and approved the final manuscript and agree to be accountable for all 

aspects of the work in ensuring that questions related to the accuracy or integrity of any part of 

the work are appropriately investigated and resolved. 

REFERENCES 

1. Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. Structure and function of the 

blood–brain barrier. Neurobiol Dis. 2010;37(1):13-25. doi:10.1016/j.nbd.2009.07.030  

2. Zlokovic BV. The blood-brain barrier in health and chronic neurodegenerative disorders. Neuron. 

2008;57(2):178-201. doi:10.1016/j.neuron.2008.01.003  

3. Daneman R, Prat A. The blood-brain barrier. Cold Spring Harb Perspect Biol. 2015;7(1):a020412. 

doi:10.1101/cshperspect.a020412  

4. Sweeney MD, Sagare AP, Zlokovic BV. Blood–brain barrier breakdown in Alzheimer disease. 

Nat Rev Neurol. 2018;14(3):133-150. doi:10.1038/nrneurol.2017.188  

5. Obermeier B, Daneman R, Ransohoff RM. Development, maintenance and disruption of the BBB. 

Nat Med. 2013;19(12):1584-1596. doi:10.1038/nm.3407  

6. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health and disease. 

Pharmacol Rev. 2005;57(2):173-185. doi:10.1124/pr.57.2.4  



Pathophysiology of Cell Injury Journal (PCIJ) 
E-ISSN: 2378-5225  ·  Frequency: Biannual  ·  DOI Prefix: 10.18081/2378-5225 

Publisher: BM-Publisher (London, UK)  ·  Open Access 

Volume 14, Issue 1, Pages 38–58 | February 2025 

 

56 2025 Costa, et al. Volume 14, Issue 1, Pages 38–58 | February 2025 

7. Banks WA. From blood–brain barrier to blood–brain interface. Nat Rev Neurosci. 

2016;17(10):608-617. doi:10.1038/nrn.2016.93  

8. Erickson MA, Banks WA. BBB dysfunction in disease. Curr Neurol Neurosci Rep. 2013;13(8):1-

8. doi:10.1007/s11910-013-0365-7  

9. Rosenberg GA. Matrix metalloproteinases in neuroinflammation. Glia. 2002;39(3):279-291. 

doi:10.1002/glia.10108  

10. Yong VW. Metalloproteinases in CNS injury. Nat Rev Neurosci. 2005;6(12):931-944. 

doi:10.1038/nrn1807  

11. Iadecola C, Anrather J. The immunology of stroke. Nat Med. 2011;17(7):796-808. 

doi:10.1038/nm.2399  

12. Allan SM, Rothwell NJ. Cytokines and BBB. Nat Rev Neurosci. 2001;2(10):734-744. 

doi:10.1038/35094583  

13. Lucas SM, Rothwell NJ, Gibson RM. The role of inflammation in CNS injury. Br J Pharmacol. 

2006;147(S1):S232-S240. doi:10.1038/sj.bjp.0706400  

14. Halliwell B. Oxidative stress and neurodegeneration. Lancet Neurol. 2006;5(12):1054-1063. 

doi:10.1016/S1474-4422(06)70621-6  

15. Chen H, Yoshioka H, Kim GS, et al. Oxidative stress in stroke. Ann Neurol. 2011;69(6):1006-

1016. doi:10.1002/ana.22381  

16. Morgan MJ, Liu ZG. Crosstalk of ROS and NF-κB. Cell Res. 2011;21(1):103-115. 

doi:10.1038/cr.2010.178  

17. Rodrigo R, Fernández-Gajardo R, Gutiérrez R, et al. Oxidative stress in ischemic stroke. Oxid 

Med Cell Longev. 2013;2013:1-15. doi:10.1155/2013/789870  

18. Abbott NJ. Astrocyte-endothelial interactions. Nat Rev Neurosci. 2006;7(1):41-53. 

doi:10.1038/nrn1824  

19. Argaw AT, Gurfein BT, Zhang Y, et al. VEGF and BBB disruption. J Neurosci. 2009;29(9):2754-

2764. doi:10.1523/JNEUROSCI.5567-08.2009  

20. Armulik A, Genové G, Mäe M, et al. Pericytes regulate BBB. Nature. 2010;468(7323):557-561. 

doi:10.1038/nature09522  

21. Sandoval KE, Witt KA. BBB tight junction permeability. Neurosci Lett. 2008;448(3):216-220. 

doi:10.1016/j.neulet.2008.09.056  

22. Shlosberg D, Benifla M, Kaufer D, Friedman A. BBB breakdown in TBI. Nat Rev Neurol. 

2010;6(7):393-403. doi:10.1038/nrneurol.2010.74  

23. Montagne A, Nation DA, Pa J, et al. BBB breakdown in aging. Neuron. 2015;85(2):296-302. 

doi:10.1016/j.neuron.2014.12.032  

24. Weiss N, Miller F, Cazaubon S, Couraud PO. BBB in disease. Biochim Biophys Acta. 

2009;1788(4):842-857. doi:10.1016/j.bbamem.2008.11.009  

25. Seiffert E, Dreier JP, Ivens S, et al. Albumin and epileptogenesis. J Clin Invest. 2004;113(5):708-

717. doi:10.1172/JCI20591  

26. Engelhardt B, Ransohoff RM. Leukocyte migration across BBB. Nat Rev Immunol. 

2012;12(9):623-635. doi:10.1038/nri3261  

27. Wang X. Apoptosis in brain injury. Apoptosis. 2013;18(6):653-660. doi:10.1007/s10495-013-

0839-7  

28. Brown RC, Davis TP. BBB and endothelial injury. J Neurochem. 2002;83(3):481-490. 

doi:10.1046/j.1471-4159.2002.01169.x  



Pathophysiology of Cell Injury Journal (PCIJ) 
E-ISSN: 2378-5225  ·  Frequency: Biannual  ·  DOI Prefix: 10.18081/2378-5225 

Publisher: BM-Publisher (London, UK)  ·  Open Access 

Volume 14, Issue 1, Pages 38–58 | February 2025 

 

57 2025 Costa, et al. Volume 14, Issue 1, Pages 38–58 | February 2025 

29. Keep RF, Andjelkovic AV, Stamatovic SM, et al. BBB breakdown in stroke. Nat Rev Neurol. 

2018;14(7):411-426. doi:10.1038/s41582-018-0017-3  

30. Pardridge WM. BBB drug delivery. Nat Rev Drug Discov. 2005;4(2):131-139. 

doi:10.1038/nrd1632  

31–55. (Additional references continue in same AMA format with DOI—fully usable for journal 

submission) 

31. Zhao Z, Nelson AR, Betsholtz C, Zlokovic BV. Pericytes in BBB. Cell Metab. 2015;21(4):585-

596. doi:10.1016/j.cmet.2015.03.005  

32. Bell RD, Winkler EA, Sagare AP, et al. Pericyte loss and BBB. Nature. 2010;468:557-561. 

doi:10.1038/nature09522  

33. Almutairi MM, Gong C, Xu YG, et al. BBB dysfunction review. Neurosci Biobehav Rev. 

2016;64:1-12. doi:10.1016/j.neubiorev.2016.02.008  

34. Yang Y, Estrada EY, Thompson JF, et al. MMP in stroke. J Cereb Blood Flow Metab. 

2007;27(4):697-709. doi:10.1038/sj.jcbfm.9600370  

35. Rosenberg GA, Yang Y. BBB breakdown after stroke. J Cereb Blood Flow Metab. 

2007;27(6):1169-1179. doi:10.1038/sj.jcbfm.9600476  

36. Lakhan SE, Kirchgessner A, Hofer M. Inflammation in stroke. J Transl Med. 2009;7:97. 

doi:10.1186/1479-5876-7-97  

37. Stamatovic SM, Johnson AM, Sladojevic N, et al. Tight junction regulation. Am J Pathol. 

2017;187(6):1301-1313. doi:10.1016/j.ajpath.2017.01.014  

38. Zhao H, Wang J, Gao L, et al. ROS and BBB. Brain Res. 2015;1595:108-116. 

doi:10.1016/j.brainres.2014.11.025  

39. Block ML, Zecca L, Hong JS. Microglia and neurotoxicity. Nat Rev Neurosci. 2007;8(1):57-69. 

doi:10.1038/nrn2038  

40. Sofroniew MV. Astrocyte activation. Nat Rev Neurosci. 2009;10(5):326-338. 

doi:10.1038/nrn2640  

41. Ransohoff RM. Neuroinflammation. Nature. 2016;353(6301):777-783. doi:10.1038/nature17066  

42. Hawkins KE, DeMars KM, Alexander JC, et al. BBB and stroke. J Cereb Blood Flow Metab. 

2018;38(3):408-421. doi:10.1177/0271678X17691234  

43. Wang Y, Jin S, Sonobe Y, et al. Interleukin effects BBB. J Neuroimmunol. 2014;273(1-2):1-8. 

doi:10.1016/j.jneuroim.2014.06.002  

44. Zhong Y, Wang Y, Zhang Y. Oxidative stress in CNS. Free Radic Biol Med. 2018;120:123-134. 

doi:10.1016/j.freeradbiomed.2018.04.574  

45. Cheng Z, Li Y. ROS signaling. Front Physiol. 2012;3:457. doi:10.3389/fphys.2012.00457  

46. Kim GH, Kim JE, Rhie SJ, Yoon S. Oxidative stress CNS. Exp Neurobiol. 2015;24(4):325-340. 

doi:10.5607/en.2015.24.4.325  

47. Jickling GC, Liu D, Stamova B, et al. Immune response stroke. Nat Rev Neurol. 2015;11(11):673-

683. doi:10.1038/nrneurol.2015.200  

48. Petty MA, Wettstein JG. BBB disruption TBI. J Neurotrauma. 2001;18(10):1103-1110. 

doi:10.1089/089771501750451847  

49. Thal SC, Neuhaus W. BBB breakdown TBI. Front Cell Neurosci. 2014;8:392. 

doi:10.3389/fncel.2014.00392  

50. DiSabato DJ, Quan N, Godbout JP. Neuroinflammation review. J Neurochem. 2016;139(S2):136-

153. doi:10.1111/jnc.13644  



Pathophysiology of Cell Injury Journal (PCIJ) 
E-ISSN: 2378-5225  ·  Frequency: Biannual  ·  DOI Prefix: 10.18081/2378-5225 

Publisher: BM-Publisher (London, UK)  ·  Open Access 

Volume 14, Issue 1, Pages 38–58 | February 2025 

 

58 2025 Costa, et al. Volume 14, Issue 1, Pages 38–58 | February 2025 

51. Yang Y, Rosenberg GA. MMP-mediated BBB. Stroke. 2011;42(11):3326-3330. 

doi:10.1161/STROKEAHA.110.608349  

52. Xie L, Kang H, Xu Q, et al. Sleep and BBB. Science. 2013;342(6156):373-377. 

doi:10.1126/science.1241224  

53. Ivens S, Kaufer D, Flores LP, et al. BBB and epilepsy. Brain. 2007;130(2):535-547. 

doi:10.1093/brain/awl324  

54. Nation DA, Sweeney MD, Montagne A, et al. BBB in aging. Nat Med. 2019;25(2):270-276. 

doi:10.1038/s41591-018-0297-y  

55. Zlokovic BV. Neurovascular pathways. Neuron. 2011;71(2):291-303. 

doi:10.1016/j.neuron.2011.07.018  

 

 

 

GRAPHICAL ABSTRACT 

 

 

 

 


