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Abstract

The blood–brain barrier (BBB) is a unique neurovascular interface essential for central
nervous system homeostasis. Beyond its classical protective role, accumulating evidence
points to the BBB as a dynamic structure actively involved in brain function in health and
disease. The present review synthesizes clinical, molecular, and neuroimaging evidence
implicating BBB dysfunction in major depressive disorder (MDD), bipolar disorder (BD),
and schizophrenia. The paper was prepared in accordance with the recommendations of the
Scale for the Assessment of Narrative Review Articles and was based on a PubMed search of
publications published between 2000 and 2026. We summarize BBB architecture and regu-
lation within the neurovascular unit and examine how neuroinflammation, oxidative stress,
mitochondrial dysfunction, vascular-metabolic disturbances, and glucocorticoid signaling
compromise tight junction, endothelial, pericyte, and astrocytic function, thereby facilitat-
ing peripheral immune signaling and sustaining central inflammation. Disorder-specific
findings highlight shared and distinct mechanisms: In MDD, EZH2-mediated downreg-
ulation of claudin-5 and VEGF-driven barrier disruption are associated with increased
permeability in the prefrontal cortex and hippocampus; in BD, elevated cerebrospinal
fluid/serum albumin ratios and levels of S100B and matrix metalloproteinase-9-mediated
tight junction degradation are associated with illness duration and neuroprogression; and
in schizophrenia, reduced expression of claudin-5 and claudin-11, diminished pericyte
coverage, and dysregulation of transforming growth factor-α/platelet-derived growth
factor signaling are associated with neuroinflammation and treatment resistance. Thera-
peutic implications are discussed, including anti-inflammatory and antioxidant strategies,
endothelial stabilization, and BBB-targeted delivery, as well as methodological limitations
and future directions for biomarker development and neurovascular modeling.

Keywords: endothelial dysfunction; neuroinflammation; neurovascular unit; oxidative
stress; permeability; psychiatric disorders
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1. Introduction
1.1. The BBB and Its Role in Maintaining Central Nervous System Homeostasis

The blood–brain barrier (BBB) is a highly specialized, selective semipermeable mem-
brane that separates the circulating blood from the brain and extracellular fluid in the
central nervous system (CNS) [1]. It is primarily composed of endothelial cells connected
by tight junctions (TJs)—multiprotein complexes that seal the intercellular gaps—supported
by astrocytes, pericytes, and the extracellular matrix, together forming the neurovascular
unit [2]. By tightly regulating molecular exchange between blood and the brain, the BBB
maintains CNS homeostasis, preserves ionic balance, shields neural tissue from peripheral
immune responses, and supports proper neurotransmission [3,4]. Conversely, loss of BBB
integrity permits uncontrolled entry of peripheral inflammatory mediators, immune cells,
and neurotoxic compounds, and has therefore been implicated in neuroinflammation and
in the progression of neurological illnesses, including psychiatric disorders [4–6].

1.2. Cellular Composition of the BBB

Unlike endothelial cells in peripheral vessels, the brain microvascular endothelial cells
lining cerebral capillaries exhibit minimal pinocytotic activity, lack fenestrations, express
specific transporters regulating molecular exchange, and are sealed by intercellular TJ
complexes that restrict paracellular diffusion [7,8]. These TJs consist of transmembrane
proteins, such as claudin-5, occludin, and junctional adhesion molecules (JAMs), which
interact with cytoplasmic scaffold proteins including zonula occludens (ZO)-1, ZO-2, and
ZO-3 to anchor the junctional complex to the actin cytoskeleton and maintain the structural
cohesion and low permeability characteristic of the BBB (Figure 1) [8,9].

 

Figure 1. An intricate protein network creates the BBB. Created in BioRender. Rostevanov, IS. (2026)
https://BioRender.com/3hr7mnd (accessed on 4 August 2026).

Pericytes, embedded within the basement membrane and wrapped around capillaries
and small blood vessels, contribute to vessel stability, angiogenesis, and regulation of BBB
permeability through platelet-derived growth factor receptor (PDGFR)-β, transforming
growth factor (TGF)-β, and angiopoietin/Tie (Ang/Tie) signaling [5]. Astrocytic endfeet
cover over 90% of the capillary surface and serve several roles: they (i) provide structural
support to the cerebral vasculature; (ii) maintain endothelial TJs, which restrict the passage
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of large molecules from the bloodstream into the brain; (iii) mediate neurovascular coupling
by relaying signals from neurons to the vasculature to regulate blood flow; (iv) serve as a
major site for the exchange of ions, metabolites, and energy substrates between the blood
and the brain; and (v) release vasoactive molecules that signal to pericytes, thereby regu-
lating capillary diameter and cerebral blood flow. They further release paracrine factors
such as glial-derived neurotrophic factors (GDNF), angiopoietins, and vascular endothelial
growth factors (VEGF) that sustain endothelial function and TJ integrity [10]. Together
with neurons, microglia, and the extracellular matrix, these components constitute the neu-
rovascular unit (NVU), the disruption of any single element of which can compromise BBB
integrity and lead to neuroinflammatory and/or neurodegenerative consequences [11,12].

1.3. Physiological Roles of the BBB

Several specialized systems support the homeostatic function of the BBB. Efflux trans-
porters, notably P-glycoprotein (P-gp) and multidrug resistance-associated proteins (MRPs),
protect the brain by actively exporting xenobiotics and metabolic by-products [13,14],
whereas enzymatic barriers such as endothelial monoamine oxidases and cytochrome P450
enzymes degrade circulating neurotoxic molecules before they reach neural tissue [15,16].
Moreover, the BBB plays a critical role in neuroimmune regulation, preventing uncon-
trolled infiltration of immune cells into the CNS while allowing selective lymphocyte
trafficking under physiological conditions [17]. This tight control sustains the ionic and
neurotransmitter gradients required for synaptic plasticity and cognitive function. For
example, concentrations of the excitatory neurotransmitter glutamate in brain extracellular
fluid (ECF) are 10 to 100 times lower than in plasma, a gradient maintained by highly
restricted passage across the BBB together with active transport systems that remove excess
glutamate from the brain ECF to the peripheral circulation [18,19].

1.4. Mechanisms of BBB Regulation

BBB integrity is dynamically maintained by a complex interplay of signaling pathways
that regulate endothelial stability, junctional protein expression, and interactions within the
NVU [8]. Wnt/β-catenin signaling promotes BBB differentiation and upregulates TJ pro-
teins [20], and astrocyte-derived Sonic Hedgehog (Shh) signaling enhances barrier integrity
by inducing TJ components and anti-inflammatory molecules in endothelial cells [21–23].
The VEGF and Ang/Tie2 pathways exert dual effects: while physiological VEGF signaling
supports vascular maintenance, excessive VEGF or Ang2 activation can increase perme-
ability and endothelial stress [24–27]. Glucocorticoid signaling is similarly bidirectional:
it transcriptionally induces claudin-5 and occludin [28,29]; however, excessive signaling
can impair barrier function and increases permeability [30,31]. Endothelial cells are also
sensitive to oxidative stress and inflammatory cytokines such as tumor necrosis factor
(TNF)-α, interleukin (IL)-6, and interferon (IFN)-γ, which activate nuclear factor (NF)-κB
and mitogen-activated protein kinase (MAPK) pathways, leading to junctional disruption
and enhanced paracellular leakage [32]. Conversely, pericyte–endothelial crosstalk via
PDGF-BB/PDGFR-β and TGF-β stabilizes the vascular basement membrane and prevents
permeability increases [27,33,34].

1.5. Rationale and Aim of the Review

Major depressive disorder (MDD), bipolar disorder (BD), and schizophrenia are among
the most disabling mental disorders. In 2023, an estimated 236 million, 35.7 million, and
26.9 million people worldwide were living with these conditions, respectively, and mental
disorders as a group were the leading cause of years lived with disability globally [35].
Accordingly, these disorders affect a substantial proportion of the general population; for
example, a 2002 study reported lifetime prevalences of approximately 10%, 1.5%, and 1%

https://doi.org/10.3390/ph19091483

https://doi.org/10.3390/ph19091483


Pharmaceuticals 2026, 19, 1483 4 of 32

for MDD, BD, and schizophrenia, respectively [36]. A recent study reported similar or even
higher estimates: 15.5% for MDD, 1.5% for BD, and 1.2% for schizophrenia [37].

Although BBB regulatory mechanisms have been characterized primarily in neurologi-
cal conditions such as stroke and neurodegenerative diseases [5], converging neuroimaging,
cerebrospinal fluid biomarker, and postmortem evidence indicates that comparable, albeit
subtler, barrier impairments occur in major psychiatric disorders [38–43]. However, this
evidence has largely accumulated within separate diagnostic categories and has rarely
been examined comparatively, leaving unclear which neurovascular alterations are shared
and which are disorder-specific. Therefore, this review integrates current clinical, imaging,
and molecular evidence on BBB dysfunction across these three disorders, identifies key
knowledge gaps, and explores BBB-directed therapeutic strategies as a novel approach to
treating psychiatric disorders.

2. Methods
This article is a narrative review which was prepared in accordance with the recom-

mendations of the Scale for the Assessment of Narrative Review Articles (SANRA) [44].
A narrative approach was considered appropriate given the broad and heterogeneous
nature of the literature on BBB dysfunction in psychiatric disorders, which encompasses
molecular, preclinical, neuroimaging, and clinical studies. The literature was thematically
organized according to the conceptual structure of the review, allowing shared and disorder-
specific mechanisms to be synthesized and compared across MDD, BD, and schizophrenia.
Key studies are summarized in Tables 1–3; these include clinical, post-mortem, preclinical
and in vitro investigations, whereas narrative reviews cited in the text are not tabulated.

2.1. Search Strategy

The literature search was conducted primarily using the PubMed database and cov-
ered publications from 2000 to 2026, with the exception of a small number of (additional)
seminal earlier papers cited for conceptual context. The search was last updated on
1 September 2026. The following keywords were used both individually and in combi-
nation: ‘blood-brain barrier’, ‘BBB permeability’, ‘neurovascular unit’, ‘tight junctions’,
‘claudin-5’, ‘pericytes’, ‘endothelial dysfunction’, ‘neuroinflammation’, ‘oxidative stress’,
‘major depressive disorder’, ‘bipolar disorder’, and ‘schizophrenia’. In addition to the
primary database search, the reference lists of retrieved articles and of relevant reviews
were screened manually to identify further eligible publications. Eligible sources included
seminal papers, experimental and preclinical investigations, clinical studies, neuroimaging
studies, and meta-analyses published in peer-reviewed journals in English. Conference
abstracts, non-peer-reviewed preprints, and publications in languages other than English
were excluded, as were studies confined to non-psychiatric neurological conditions without
a mechanism relevant to the scope of this review. Selection was based on relevance to the
central theme of BBB dysfunction in psychiatric disorders, with priority given to origi-
nal articles and to reports providing mechanistic, imaging, or biomarker-level evidence.
Records were screened independently by the authors, with any disagreement resolved by
discussion. A total of 261 publications were included in the final synthesis, of which 210
(80%) were published in 2020 or later. The principal studies, together with their design,
populations or models, and the barrier markers examined, are presented in Tables 1–3.

2.2. Study Quality Assessment

No formal risk-of-bias assessment was performed because quantitative pooling was
not undertaken and the included studies encompassed diverse designs for which no single
appraisal tool was appropriate. Sources were instead appraised qualitatively and weighted
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according to a design hierarchy: meta-analyses and systematic reviews were given the
greatest weight, followed by controlled clinical and neuroimaging studies, uncontrolled
clinical and post-mortem series, in vivo preclinical models, and in vitro systems. Within the
clinical literature, additional weight was given to studies employing direct and objective
indices of barrier integrity—dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI), the cerebrospinal fluid/serum albumin quotient, and post-mortem quantification of
tight junction proteins—over peripheral surrogate markers alone. Sample size, presence
of a control group, control for relevant confounders (including psychotropic medication,
age, sex, smoking, and comorbid metabolic disease), and independent replication were
considered when assessing the strength of individual claims. Findings supported by a
single study, or derived exclusively from preclinical models, are identified as preliminary
in the text and are not presented as established mechanisms in humans. Where evidence is
cross-sectional, associations are described as such rather than as causal relationships.

3. BBB Dysfunction and Psychiatric Disorders
Current models view BBB disruption in psychiatric disorders not as a secondary con-

sequence of chronic illness or medication exposure, but as an active contributor to disease
pathophysiology. As described below, four partially overlapping processes affect the NVU:
neuroimmune activation, oxidative and mitochondrial stress, vascular-metabolic dysregu-
lation, and stress-mediated endothelial damage. Once BBB integrity is compromised, the
influx of peripheral mediators can sustain the processes that caused the disruption, creating
a self-reinforcing cycle that may contribute to symptom persistence, treatment resistance,
and disease progression. The following subsections discuss each of these mechanisms.

Figure 2 summarizes the structural and functional alterations reported across MMD,
BD, and schizophrenia. For example, increased permeability has been observed in specific
brain regions among patients with schizophrenia [38,40]. These findings suggest that BBB
dysfunction may permit influx of peripheral immune cells and inflammatory cytokines,
thereby inducing neuroinflammatory cascades that interfere with neurotransmitter bal-
ance and neural circuit stability. Furthermore, endothelial dysfunction, oxidative stress,
and reactive glial activation, which perpetuate BBB breakdown [6,45–47], may not only
exacerbate ongoing psychiatric symptoms but also contribute to treatment resistance and
disease chronicity.

 

Figure 2. Structural and functional alterations of the BBB in major psychiatric disorders. The upper
panel depicts an intact BBB under physiological conditions. The lower panel illustrates BBB alterations
reported in major psychiatric disorders including increased BBB permeability, inflammatory-related
vascular changes, tight junction (TJ) disruption, pericyte dysfunction, endothelial cell dysfunction and
altered astrocytic end-feet signaling. Arrow—denotes an increase. Created in BioRender. Rostevanov,
IS. (2026) https://BioRender.com/oteqeqt (accessed on 4 August 2026).
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As mentioned above, claudin-5, occludin, and ZO-1 are proteins that form TJs. Re-
duced expression of claudin-5 has been reported in the hippocampus of patients with
depression and schizophrenia, as well as in stress-exposed rodent models showing down-
regulation of claudin-5, occludin, and ZO-1 in frontal and limbic regions [48–50]. Impor-
tantly, BBB dysfunction appears to interact bidirectionally with psychiatric pathology as
follows: stress, altered glucocorticoid signaling, and systemic inflammation might impair
BBB integrity, while barrier disruption itself may reinforce maladaptive neural processes.

3.1. Neuroinflammation and Immune Activation

Neuroinflammation is both a cause and a consequence of BBB disruption [51]. Pe-
ripheral inflammatory mediators (e.g., IL-1β, TNF-α, IL-6) and activated innate immune
receptors expressed by cerebral endothelial cells (such as toll-like receptors) trigger endothe-
lial signaling cascades, NF-κB and MAPK pathways, which downregulate TJ proteins and
increase paracellular permeability [51–55]. Beyond these canonical pathways, the NLRP3
inflammasome and the kynurenine pathway may also link immune activation to neuronal
dysfunction. The latter can shift tryptophan metabolism away from serotonin synthesis
toward quinolinic acid production, thereby promoting excitotoxicity [56]. Experimental
studies in animal models and endothelial cell cultures, alongside clinical observations in hu-
mans, show that systemic inflammation rapidly alters endothelial transcription programs
and transporter function, promoting leukocyte adhesion and diapedesis (transmigration)
across the barrier [32]. This influx of peripheral immune cells and cytokines amplifies
microglial activation and sustains a local inflammatory milieu that feeds back to further
degrade TJ complexes and basement membrane integrity [53,57]. Thus, neuroinflammation
generates a vicious cycle in which BBB opening facilitates immune access and activation,
further impairing the barrier’s function [58–61].

Evidence supporting this cascade of events comes from multiple levels. In clinical
psychiatric cohorts, for example, patients with mood or psychotic disorders, elevated
peripheral and CSF inflammatory markers have been observed alongside imaging or
biomarker indications of BBB leakiness [41,62–66]. Meta-analyses directly comparing the
three disorders describe overlapping but non-identical cytokine profiles, with IL-6 and
TNF-α elevated during acute episodes of MDD, BD and schizophrenia [67], and low-grade
inflammation is present in a substantial proportion of patients with MDD [68]. Importantly,
circulating CRP, IL-6 and TNF-α have been associated not only with diagnosis but with
greater symptom severity and poorer response to conventional pharmacotherapy [56].
Within the CSF, comparable elevations of IL-1β, IL-6, IL-8 and kynurenine metabolites
have been reported across these disorders, in some cohorts accompanied by concurrent
evidence of BBB dysfunction, although the underlying studies are heterogeneous and of
variable quality [69,70]. Consistently, postmortem studies of the midbrain have found
inflammation-related angiogenesis and endothelial changes associated with macrophage
migration across the vessel wall in schizophrenia and bipolar disorder, particularly in
individuals with high levels of inflammation [71].

Evidence that inflammation may contribute to psychiatric disorders, rather than sim-
ply result from them, comes from several lines of research. In humans, bidirectional
Mendelian randomization studies have found that genetically higher IL-6 levels are associ-
ated with a greater risk of MDD and schizophrenia [72]. In male mice, chronic social defeat
stress reduced claudin-5 expression in the nucleus accumbens of stress-susceptible, but
not stress-resilient, mice [73]. Importantly, viral knockdown of claudin-5 was sufficient
to induce depression-like behavior following subthreshold stress and increase the infiltra-
tion of peripheral IL-6 into the brain parenchyma; both effects were reversed by chronic
antidepressant treatment [73]. A similar pattern has been observed in female mice, in
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which stress-induced loss of claudin-5 in the prefrontal cortex was associated with anxiety-
and depression-like behavior [74]. The temporal sequence has been examined directly
in a chronic infection model, in which pro-inflammatory cytokine and chemokine levels
increased before the onset of neuroinflammation abnormalities [75]. This was followed by
BBB disruption and the development of anxiety, depressive-like behavior, and hyperactiv-
ity. These behavioral changes persisted despite a progressive decline in parasite burden,
suggesting that neuroinflammation, rather than the infectious stimulus itself, was the most
consistent correlate of behavioral abnormalities [75]. Complementing these findings, exper-
imental models (both in vivo rodent models and in vitro BBB/NVU systems) demonstrate
that blocking key inflammatory mediators can attenuate barrier disruption [41,66,76–78].

3.2. Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress is a central mediator of BBB injury [45]. Reactive oxygen species (ROS)
generated by dysfunctional mitochondria, activated immune cells, and/or dysfunctional
metabolic pathways oxidize lipids, proteins, and nucleic acids of endothelial and perivas-
cular cells [45,79,80]. At the BBB, ROS promote phosphorylation and internalization of
TJ proteins and destabilize adherence junctions, increasing paracellular leakage [45,79,80].
Mitochondrial dysfunction in brain microvascular endothelial cells reduces the energy
supply required for ion pumps and junctional maintenance, rendering the barrier more
susceptible to inflammatory and hemodynamic stressors [81]. Mechanistically, oxidative
stress engages redox-sensitive kinases and proteases, notably matrix metalloproteinases
(MMPs), that cleave extracellular matrix components and TJ-associated proteins, further
weakening the NVU scaffold [80]. Importantly, oxidative and inflammatory pathways are
tightly coupled: cytokine signaling increases ROS production, while oxidative damage
augments inflammatory gene expression, creating a feed-forward loop that sustains BBB
dysfunction [82].

Evidence that these processes are relevant to psychiatric disorders comes from both
clinical and experimental sources. Meta-analytic data from patients with BD indicate
elevated levels of lipid peroxidation markers and nitrites, together with reduced glutathione
levels, with lipid peroxidation elevated in both manic and depressive states [83]. In
schizophrenia, impaired antioxidant defenses have been reported, with some alterations
serving as potential state markers of acute exacerbation, whereas others may represent trait
markers [84]. Similarly, increased oxidative damage to DNA and lipids has been reported
in MDD [85]. Notably, these peripheral abnormalities are largely shared across the three
disorders, whereas post-mortem studies suggest a degree of disorder-specificity at the
mitochondrial level. For example, complex I activity and levels of its NDUFS7 subunit have
been reported to be reduced in the prefrontal cortex of patients with BD, but not in those
with MDD or schizophrenia, whereas 3-nitrotyrosine, a marker of protein nitration, was
elevated in both BD and schizophrenia [86]. However, it is important to emphasize that
findings across brain regions and cohorts have not been entirely consistent. Experimental
studies directly link these abnormalities to impaired barrier function: in brain microvascular
endothelial cells, Drp1–Fis1-mediated mitochondrial fission was accompanied by loss of
TJ proteins and increased permeability, while disruption of this interaction attenuated
barrier failure [87]. On the other hand, in a hypoxia model, inhibition of mitochondrial ROS
production prevented the reduction in ZO-1 and occludin and the accompanying increase
in permeability, an effect observed in senescent human brain endothelial cells and in aged
(but not young) mice [88].

Together, these findings position oxidative and mitochondrial disturbances not merely
as correlates of psychiatric illness, but as plausible mechanisms through which they com-
promise barrier integrity in these disorders.
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3.3. Vascular and Metabolic Factors

Vascular dysfunction and metabolic derangements substantially influence BBB in-
tegrity [47,89]. Endothelial dysfunction, manifested by impaired nitric oxide signaling,
endothelial activation, and dysregulated angiogenic factors, alter the structural and func-
tional properties of cerebral micro-vessels [27,90]. While physiological VEGF signaling sup-
ports angiogenesis and vessel maintenance, excessive VEGF or Ang-2 function destabilizes
the endothelium, increases permeability, and promotes leukocyte trafficking. Moreover,
metabolic factors such as hyperglycemia and dyslipidemia modulate endothelial resilience
by enhancing oxidative stress and increasing MMP activity and basement membrane
degradation [91–93].

Using DCE-MRI—the reference standard for quantifying barrier leakage in vivo—
increased BBB permeability was detected in a subset of patients with BD and was associated
with higher body mass index, insulin resistance, and cardiovascular disease; greater BBB
permeability was associated with a more severe illness course [94]. Consistent with a
vascular component, cerebral blood flow studies in BD indicate hypoperfusion, particularly
in frontal regions, during mood episodes [95]. These findings provide a direct link be-
tween systemic metabolic comorbidities, which are common in BD and MDD, and barrier
vulnerability, while suggesting that only a subgroup of patients may be affected [93].

3.4. Stress, Glucocorticoids, and Endothelial Damage

Psychological and physiological stressors influence BBB function through neuroen-
docrine and direct endothelial signaling [28,96,97]. Glucocorticoids (GCs) exert context-
dependent effects on the BBB: acute GC signaling can promote TJ transcription and tran-
siently strengthen barrier function, an effect mediated by direct glucocorticoid receptor
binding to a response element in the occludin promoter [98,99], whereas chronic or dys-
regulated exposure alters the transcription, expression, and localization of claudin-5 and
occludin, compromising junctional integrity and increasing permeability [100,101].

These processes have been demonstrated directly in models of stress-related pathol-
ogy. Chronic social defeat stress reduced claudin-5 expression in the nucleus accumbens
of stress-susceptible male mice and increased infiltration of peripheral IL-6, with both
changes reversed by chronic antidepressant treatment [73]. Similar findings have been
described in the prefrontal cortex of female mice, where they were accompanied by anxiety-
and depression-like behaviors, with corresponding reductions in CLDN5 expression ob-
served in post-mortem tissue from patients with depression [74]. In humans, disruption of
tight-junction components has been reported as a shared feature across major psychiatric
disorders [50]. Notably, these alterations vary according to the stress paradigm, brain
region, and sex, and distinguish stress-susceptible from resilient animals rather than simply
reflecting stress exposure itself [74]. Thus, stress and GC signaling provide a mechanistic
route by which psychosocial factors can translate into neurovascular and immune changes
relevant to psychiatric pathophysiology.

4. Pathophysiological Mechanisms of Specific Psychiatric Disorders
Psychiatric disorders represent one of the most significant public health challenges

of our time, inflicting profound suffering on millions of individuals globally and placing
an extraordinary burden on healthcare systems and economic resources [35]. The patho-
physiology of major psychiatric disorders is multifactorial, involving complex interactions
among genetic, molecular, immune, and environmental factors that disrupt brain func-
tion and behavior [102–105]. Despite their clinical differences, all three disorders have
been associated with BBB abnormalities. The subsections below examine the evidence
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for each disease, distinguishing findings obtained in patients from those derived from
preclinical models.

4.1. Major Depressive Disorder (MDD)

MDD, a particularly prevalent mental disorder [35], is characterized by a persistent
state of low mood that often arises without an identifiable direct cause [106–108]. MDD
presents with symptoms extending beyond mood disturbances, including psychological dis-
tress, diminished self-worth, changes in appetite and sleep, anhedonia, social withdrawal,
reduced libido, and thoughts of self-harm and suicide [106–108]. Although depression has
traditionally been conceptualized in terms of monoaminergic deficits, converging evidence
implicates the neurovascular interface, with chronic stress and dysregulated GC signal-
ing acting not merely as systemic consequences but as potential drivers of neurovascular
dysfunction that contribute to depressive phenotypes.

Evidence from patients. Recent clinical evidence using DCE-MRI has demonstrated
significantly increased BBB permeability in the prefrontal cortex and hippocampus of MDD
patients, suggesting that barrier leakage is a core feature of the disorder pathogenesis [48].
This is further supported by post-mortem studies showing a marked reduction in the
expression of crucial TJ proteins, specifically claudin-5 and occludin, which directly corre-
lates with increased neuroinflammation [73,74]. Reduced CLDN5 expression has likewise
been documented in the nucleus accumbens of individuals who died during a depressive
episode [73]. In the periphery, elevated plasma levels of claudin-5 have recently been
identified as a potential biomarker of peripheral inflammatory activity and BBB disruption
in patients with MDD [109].

Evidence from preclinical models. The most direct evidence that loss of claudin-5
contributes causally to depressive phenotypes comes from chronic social defeat stress
models in which claudin-5 is selectively reduced in the nucleus accumbens of stress-
susceptible, but not resilient, mice [73]. Knockdown of claudin-5 in this region was sufficient
to induce a depression-like phenotype following subthreshold stress, permit infiltration of
peripheral IL-6 into the parenchyma, and produce changes that were reversed by chronic
antidepressant treatment [73]. The causal role of BBB dysfunction in MDD has been
further elucidated through epigenetic regulation of claudin-5 expression: stress-resilient,
but not stress-susceptible, animals exhibit permissive chromatin marks at the cldn5 locus
together with low endothelial expression of the repressive transcription factor FOXO [110].
The resulting loss of barrier integrity facilitates the entry of peripheral pro-inflammatory
cytokines into the brain, where they trigger microglial activation and subsequent emotional
dysregulation [110]. Furthermore, VEGF has been identified as a critical mediator of
stress-induced BBB disruption, with its overexpression increasing paracellular permeability
and promoting the development of depressive-like behaviors [111]. Consistent with this
concept, astrocytic cannabinoid receptor 1 (CB1) has been shown to promote stress resilience
by attenuating stress-induced alterations in BBB integrity, highlighting the barrier as a
dynamic component of the adaptive response of the brain to psychological stress [112]. In
line with these preclinical findings, human genetic analyses implicate TNF-α signaling in
the link between stress, barrier integrity, and depression [113].

Potential therapeutic mechanisms. These findings raise the possibility that stabilizing
the BBB may itself have antidepressant potential, although the supporting evidence remains
entirely preclinical. Edaravone, a free-radical scavenger, has been shown to ameliorate
depressive- and anxiety-like behaviors in rodents through activation of the Sirt1/Nrf2/HO-
1/Gpx4 pathway [114], and has also been shown to protect human brain endothelial
cells against barrier disruption [115]. However, these effects of edaravone have not yet
been experimentally linked in the context of depression. Similarly, in a mouse model of
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depression induced by chronic unpredictable stress, delivery of circDYM—a circular RNA
analogue—via extracellular vesicles restored BBB integrity, suppressed neuroinflammation,
and alleviated depressive-like behaviors [116]. To the best of our knowledge, no clinical trial
has yet examined whether barrier-stabilizing agents can improve depressive symptoms.
Collectively, these findings underscore that the BBB is a central integrator of systemic
and central pathologies in MDD, moving the field beyond the traditional monoamine
hypothesis toward a neurovascular framework.

4.2. Bipolar Disorder (BD)

BD is a severe, chronic psychiatric illness characterized by recurrent manic or hypo-
manic episodes that may alternate with depressive episodes [117,118]. Mania is marked by
elevated or euphoric mood, increased activity and reduced need for sleep, rapid speech,
impaired judgment, and, in some cases, increased sexual activity and aggressive behav-
ior [117,118]. Emerging evidence positions “leaky brain” pathology not merely as a byprod-
uct of mood episodes, but as a central mediator of long-term neural damage [42,119].

Evidence from patients. Clinical investigations based on the CSF/serum albumin
ratio—a widely used indirect index of BBB permeability in humans—have consistently
reported elevated ratios in BD patients, with the degree of leakage significantly correlating
with illness duration and the number of manic episodes [64]. These findings are further
supported by elevated peripheral levels of S100B. The latter is a calcium-binding protein
primarily produced by astrocytes in the CNS; it exerts both neuroprotective and neurotoxic
effects, depending on its levels [120]. It serves as a surrogate marker for astrocytic distress,
acting as a damage-associated molecular pattern (DAMP) molecule and a biomarker for
brain damage and neuroinflammation [121]. At high concentrations it signals neural
distress and acute BBB breach [122]. Its interpretation, however, requires caution, as S100B
is also produced peripherally including by adipocytes, a relevant confounder given the
high prevalence of obesity among patients with BD [123].

Mechanisms of barrier breakdown. The molecular mechanisms underlying BBB
breakdown in BD involve a complex interplay between systemic inflammation and the
enzymatic degradation of the neurovascular unit. Chronic elevation of pro-inflammatory
cytokines in BD stimulates the activity of MMPs, particularly MMP-9, which targets and
degrades essential TJ proteins such as claudin-5 and occludin [42,124,125]. This structural
breakdown is exacerbated by comorbid metabolic dysregulation. Specifically, insulin
resistance and altered adipokine signaling, highly prevalent in BD, have been shown to
directly impair endothelial function and reduce BBB integrity [126]. Insulin resistance is
present in over half of patients with BD, and neuroimaging studies in living patients have
shown that the severity of BBB leakage is proportional to illness severity and associated
with insulin resistance, positioning this metabolic–vascular axis as a potential mechanism
of neuroprogression [126]. These findings provide a mechanistic link between metabolic
disturbances, BBB dysfunction, and the pathophysiological manifestations of BD [126].
Furthermore, BBB disruption in BD facilitates a self-perpetuating cycle in which peripheral
oxidative stress markers, such as malondialdehyde, penetrate the CNS and overwhelm
endogenous antioxidant defenses, including glutathione [45,119,127]. This shift toward
a pro-oxidative state contributes to sustained neuroinflammatory signaling, which has
been implicated in structural brain alterations, including white matter hyperintensities and
cortical thinning, as well as the progressive cognitive decline observed in later stages of the
disorder [119,128,129].

Potential therapeutic implications. Restoration of BBB integrity and neurovascular
unit function may represent a key therapeutic target for mitigating neuroprogression and
improving clinical outcomes in BD [119]. Unlike MDD, where barrier-directed strategies
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remain confined to preclinical models, preliminary human evidence exists in BD. A case
report described amelioration of BBB dysfunction and clinical remission following treat-
ment of insulin resistance in a patient with treatment-resistant bipolar depression [130].
Although based on a single patient, this observation raises the possibility that barrier com-
promise in BD may be reversible and that the metabolic axis may represent a modifiable
point of intervention.

4.3. Schizophrenia

Schizophrenia is often regarded as one of the most severe psychiatric illnesses [131–133].
It primarily presents with psychotic symptoms (including positive symptoms such as
delusions and hallucinations and negative symptoms such as blunted affect, anhedonia,
social withdrawal, and reduced speech), cognitive impairment, severe functional disability,
and a chronic course, and is associated with increased mortality [131–133].

Evidence from patients. CSF studies have reported increased BBB permeability in a
subset of patients with schizophrenia. An individual patient data meta-analysis in recent-
onset psychosis found CSF alterations to be associated with symptom severity [134], while
inflammatory changes in CSF have likewise been described in paranoid schizophrenia [135].
Together, these findings suggest that barrier and immune involvement may be present
from the early stages of illness rather than emerging only with chronicity. Moreover, these
observations have been discussed in the context of the mechanisms underlying barrier
disruption in the disorder [43]. More direct in vivo evidence comes from DCE-MRI, which
has demonstrated increased thalamic permeability that correlates with symptom severity
as assessed by the Positive and Negative Syndrome Scale [40]. On the other hand, a second
study reported increased barrier leakage across several regions, without a corresponding
association with symptom severity [38]. Beyond permeability itself, neuroimaging studies
have identified reduced cerebral blood flow and altered endothelial integrity in the pre-
frontal cortex and temporal lobes, regions implicated in the cognitive and social deficits of
the disorder [136–138]. At the tissue level, post-mortem studies have revealed significant
downregulation of claudin-5, particularly in the hippocampus, consistent with a local-
ized disruption of the paracellular barrier [50]. Supporting this observation, endothelial
cells obtained from patient-derived organoids exhibit increased permeability and altered
angiogenic patterns [139]. Molecular evidence of inflammation-driven angiogenesis and
endothelial alterations that permit macrophage diapedesis has also been described in the
midbrain, with these changes being most pronounced in a high-inflammation subgroup [71]
(see Section 3.1).

Mechanisms of barrier breakdown. Recent research highlights the critical role of
pericyte dysfunction; these cells, which are essential for maintaining BBB stability, show
reduced pericyte coverage of brain capillaries and altered signaling in schizophrenia,
potentially mediated by dysregulated TGF-β and PDGF pathways [140]. This pericyte
loss not only increases barrier permeability but also impairs the clearance of neurotoxic
metabolites, further exacerbating oxidative stress and microglial activation [141]. The
“leaky” BBB in schizophrenia acts as a gateway for peripheral pro-inflammatory mediators
to infiltrate the brain, thereby sustaining a state of chronic neuroinflammation. Elevated
levels of MMP-9 and pro-inflammatory cytokines such as IL-6 have been shown to correlate
with both BBB disruption and the severity of positive and negative symptoms among
patients with schizophrenia [124,125].

Potential therapeutic implications. The neurovascular dysfunction presumed to occur
in patients with schizophrenia may impair the transport of antipsychotic medications, po-
tentially contributing to the clinical challenge of treatment resistance [5]. This is particularly
relevant considering the role of efflux transporters, such as P-glycoprotein, in restricting
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the central availability of medications. Whether barrier disruption is more pronounced in
patients with treatment-resistant illness and contributes causally to poor treatment response
remains to be established. Therefore, therapeutic strategies aimed at stabilizing pericyte–
endothelial interactions and restoring TJ integrity offer a novel paradigm for mitigating the
progressive neurobiological changes associated with schizophrenia. However, as in MDD,
these strategies have not yet been evaluated clinically.

Collectively, these findings underscore that MDD, BD, and schizophrenia transcend the
traditional neurotransmitter-centric models, involving systemic neurovascular components
that alter brain homeostasis. Rather than a secondary phenomenon, BBB dysfunction
emerges as a critical integrator of peripheral–central crosstalk, driving disease progression,
therapeutic resistance, and the neuroprogressive nature of these disorders.

5. Therapeutic Implications
Restoration of BBB integrity has emerged as a promising therapeutic strategy in neu-

ropsychiatric disorders, as the BBB represents a repairable and clinically relevant target
whose stabilization can mitigate neuroinflammation, oxidative stress, vascular dysfunc-
tion, and downstream neuroimmune and neuronal disturbances [136,137]. Recent studies
identified multiple mechanistic entry points for therapeutic intervention, including anti-
inflammatory and antioxidant modulation, endothelial stabilization, metabolic correction,
and novel BBB-focused drug delivery approaches [136,142,143].

5.1. Anti-Inflammatory and Antioxidant Strategies

Given the central role of neuroinflammation and oxidative stress in BBB dysfunction,
pharmacologic strategies targeting these pathways hold considerable promise [45,76,144].
Agents such as minocycline, N-acetylcysteine (NAC), and curcumin derivatives have
demonstrated efficacy in preclinical and early clinical studies by attenuating cytokine
production, reducing ROS, and upregulating TJ [145,146]. For instance, NAC elevates
endothelial glutathione levels and mitigates oxidative injury in both rodent and human
BBB models [147–150]. Similarly, polyphenols (e.g., resveratrol, quercetin) exert antioxidant
and anti-inflammatory effects via NF-κB inhibition and Nrf2 pathway activation, which
collectively preserve endothelial function and barrier integrity [151–154].

A related avenue involves the gasotransmitters nitric oxide (NO) and hydrogen sulfide
(H2S), which regulate endothelial tone and barrier permeability and may therefore represent
mechanistic link between redox status and BBB integrity. Notably, these two molecules
are functionally coupled, as H2S stimulates NO release from cerebrovascular endothelial
cells [155]. In schizophrenia, dysregulated NO signaling and excessive NO production
under conditions of oxidative stress and inflammation have been implicated in neuronal
and glial damage [156]. Nonetheless, sodium nitroprusside, a NO donor and potent
vasodilator, has been investigated as a treatment for schizophrenia [157], highlighting the
complex, concentration-dependent nature of NO signaling. Regarding H2S, some patients
with schizophrenia have been shown to have reduced plasma levels, with lower levels
being associated with greater severity of negative symptoms [158]. Of note, experimental
studies have reported that H2S preserves barrier integrity by inhibiting MMP-9-mediated
TJ degradation and upregulating claudin-5, occludin, and ZO-1 [159,160]. Evidence in
mood disorders remains limited, and whether modulation of gasotransmitter signaling
alters BBB permeability in psychiatric populations has not been directly assessed.

Furthermore, various anti-inflammatory treatments have been investigated as po-
tential therapeutic strategies for mental disorders, including MDD, BD, and schizophre-
nia [161–170]. Nonetheless, it should be noted that the evidence regarding the therapeutic
efficacy of anti-inflammatory agents in the treatment of these disorders remains inconclu-
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sive, as conflicting findings have also been reported [171–176]. Biological therapies targeting
pro-inflammatory cytokines (e.g., TNF-α or IL-1β inhibitors) are also being investigated
for their potential to indirectly reduce BBB permeability and neuroinflammatory signal-
ing [103,177,178]. Although current evidence remains preliminary, these interventions
highlight the translational potential of systemic anti-inflammatory therapy in stabilizing
neurovascular health.

5.2. Therapeutic Agents Modulating Endothelial Function and TJs

Endothelial stabilization represents another key therapeutic frontier. Endothelial NO
synthase (eNOS) is an enzyme involved in NO synthesis and the regulation of vascular tone.
Under physiological conditions, eNOS generates NO from L-arginine using tetrahydro-
biopterin (BH4) as a cofactor, thereby supporting vasodilation, limiting leukocyte adhesion,
and maintaining barrier integrity [179–182]. eNOS has a dual role, serving as a source
of protective NO under physiological conditions; however, when dysfunctional, it con-
tributes to oxidative injury through the generation of reactive oxygen species. When BH4
availability becomes limiting, as occurs under oxidative stress, eNOS becomes enzymat-
ically “uncoupled” and generates superoxide instead of NO [183,184]. This process can
further exacerbate eNOS uncoupling, as superoxide oxidizes BH4 to BH2 while scavenging
residual NO to form peroxynitrite, a potent oxidant that nitrates junctional and matrix
proteins. These findings make eNOS a potential mechanistic link between vascular dysfunc-
tion, oxidative stress, and BBB dysfunction across various neurological diseases, including
psychiatric disorders. Consistently, statin medications, beyond their lipid-lowering prop-
erties, have been shown to enhance eNOS activity and reduce oxidative stress, thereby
improving endothelial resilience and preserving TJ integrity [185,186]. Angiotensin recep-
tor blockers (ARBs), such as losartan and candesartan, exhibit similar vasculo-protective
and anti-inflammatory effects that extend to the cerebral vasculature [187,188].

In the context of mental illness, specifically schizophrenia, reduced eNOS activity and
eNOS uncoupling have been proposed as a mechanistic link between neuroinflammation,
oxidative stress, and BBB hyperpermeability, integrating peroxynitrite formation, MMP ac-
tivation, and VEGF signaling within a single neurovascular framework [189]. Furthermore,
in mice, chronic unpredictable mild stress and chronic social defeat stress produced cerebral
microvascular dysfunction, which preceded and predicted the emergence of depressive-
like behavior [190]. On the other hand, eNOS-deficient (eNOS+/−) mice—a classic model
of endothelial injury—developed depressive-like behavior even in the absence of stress
exposure, with these behavioral changes emerging approximately two months after the
onset of microvascular dysfunction [190]. This pattern suggests that endothelial NO defi-
ciency precedes the behavioral phenotype rather than resulting from it. Consistent with
these findings, reduced plasma NO metabolite levels have been reported in patients with
depression [191], while antidepressant treatment has been shown to partially reverse these
changes [192]. Whether interventions aimed at restoring eNOS coupling—such as BH4 sup-
plementation or statin therapy—can normalize BBB permeability in psychiatric populations
remains untested.

Recent studies have identified small molecules and peptides capable of directly mod-
ulating TJ proteins, offering a promising avenue for restoring barrier integrity [193,194].
A key pathway in this context is Wnt/β-catenin signaling, which is essential for CNS an-
giogenesis and the maintenance of endothelial TJ expression [195,196]. Interestingly, classic
psychotropic medications, most notably lithium, are potent activators of the Wnt/β-catenin
pathway through the inhibition of glycogen synthase kinase-3beta (GSK-3β) [197,198].
Emerging evidence suggests that the therapeutic efficacy of lithium in BD may be partially
mediated by its ability to stabilize the BBB, increase claudin-5 expression, and reduce
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paracellular permeability [119,199,200]. Similarly, pharmacological activation of the Shh
pathway has been shown to reinforce the barrier by upregulating occludin and junctional
adhesion molecules in inflammatory models [201].

The role of GR agonists, such as dexamethasone, in modulating BBB integrity is also
critical [101]. While traditionally used to treat acute CNS edema, GR agonists have been
shown to directly enhance the transcription of TJ proteins, specifically occludin and claudin-
5, via glucocorticoid response elements (GRE) in their promoter regions [202–205]. How-
ever, the dosing context is vital; while acute activation reinforces the barrier, chronic GC
exposure, as seen in chronic stress or prolonged steroid therapy, can lead to a paradoxical
downregulation of TJ proteins and increased BBB vulnerability [206]. Thus, understanding
the temporal effects of both classical psychotropics and hormonal modulators is essential
for translating neurovascular-targeted strategies into clinical practice.

5.3. Novel Therapeutic Approaches

Emerging nanotechnology and biotechnology platforms are revolutionizing how ther-
apies interact with the BBB. Nanocarriers (liposomes, polymeric nanoparticles, exosomes)
can be engineered to cross the BBB selectively via receptor-mediated transcytosis or adsorp-
tive transport, enabling precise drug delivery to neural targets while minimizing systemic
toxicity [207–211].

While pathological BBB hyperpermeability contributes to neuroinflammation and
neural dysfunction in neuropsychiatric disorders, controlled and targeted modulation of
the barrier can be therapeutically beneficial. In this context, the goal shifts from preventing
maladaptive, uncontrolled leakage to enabling precise, regulated transport of therapeutic
agents across the BBB. Thus, strategies aimed at restoring BBB integrity coexist with
approaches designed to safely and selectively facilitate drug delivery into the CNS.

Additionally, biological vectors such as engineered exosomes and viral nanoparticles
are being explored for gene and RNA delivery aimed at restoring endothelial stability,
modulating inflammatory gene expression, or correcting transporter dysfunction [212–214].
Techniques such as focused ultrasound (FUS) combined with microbubbles offer a con-
trolled, reversible method to transiently open the BBB, allowing targeted therapeutic entry
while maintaining long-term safety [215,216].

BBB-targeted delivery is currently considered essential for optimizing central drug
bioavailability, reducing peripheral side effects, and achieving sustained neurochemical
modulation in disorders like depression and schizophrenia [43,48,65,217,218].

5.4. Lifestyle and Systemic Factors Affect BBB Integrity

Beyond pharmacologic interventions, modifiable lifestyle and systemic factors play a
significant role in BBB maintenance [143,219]. Regular aerobic exercise enhances cerebral
blood flow, upregulates endothelial NO signaling, and promotes antioxidant capacity in the
NVU. Dietary interventions—particularly those rich in omega-3 fatty acids, flavonoids, and
antioxidants—have been associated with improved BBB integrity and reduced systemic
inflammation [220–223]. Moreover, management of metabolic comorbidities such as insulin
resistance, hypertension, and dyslipidemia indirectly support BBB integrity by mitigat-
ing endothelial stress and microvascular damage [126,224]. Stress reduction and sleep
regulation further reduce GC- and cytokine-driven endothelial activation, highlighting
the potential of integrated behavioral and medical strategies to preserve neurovascular
function in psychiatric populations [28,225].

Following are three tables (Tables 1–3) presenting the main studies addressing the
relationship between BBB dysfunction and the discussed psychiatric disorders. Only
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original studies reporting results directly related to BBB dysfunction are included in the
tables; review articles cited in the text are excluded.

Table 1. Key studies linking blood–brain barrier dysfunction to MDD.

Ref. Study Type Population/Model BBB Marker or
Mechanism Main Findings

[73]
Preclinical (male mice)
+ human post-mortem

tissue

Chronic social defeat
stress in mice; NAc

tissue from donors who
died during a

depressive episode

Claudin-5 expression;
peripheral IL-6 entry

Claudin-5 was reduced in NAc of
stress-susceptible but not resilient

mice; viral knockdown of
claudin-5 alone was sufficient to
induce depression-like behavior

after stress, which was reversed by
chronic antidepressant treatment.

CLDN5 was also reduced in
human NAc

[74]
Preclinical (female

mice) + human
post-mortem tissue

Chronic stress in
female mice; human

brain tissue

Claudin-5 in prefrontal
cortex; vascular

integrity

Stress-induced claudin-5 loss in
PFC was accompanied by

anxiety-like and depression-like
behavior; parallel reduction in

human depressed tissue

[109] Clinical (human
subjects)

Healthy controls and
patients with MDD Plasma claudin-5

Elevated plasma claudin-5 were
associated with increased

peripheral inflammation and BBB
breakdown

[110] Preclinical (male mice) Chronic social defeat
stress in mice

Epigenetic regulation
of claudin-5; TNF-α

infiltration

TNF-α/NF-κB signaling mediates
stress susceptibility; restoration of

stress-induced claudin-5
deficiency in the NAc promotes

resilience

[113] Clinical/genetic Human cohort TNF-α signaling and
BBB integrity

TNF-α implicated as a mediator
between stress and barrier

integrity in depression

[111] Preclinical (male mice) Stress-exposed mice VEGF-mediated BBB
permeability

VEGF over-expression increases
paracellular BBB permeability and

depressive-like behavior

[112]
Preclinical (mice) +

human post-mortem
tissue

Chronic stress in mice;
brain tissue from males

with MDD
Astrocytic CB1

CB1 signaling mitigates
stress-induced BBB dysfunction
and promotes resilience; loss of

CB1 gene (Cnr1) in NAc of MDD
patients

[114] Preclinical (male mice) Mouse model of
depression

Sirt1/Nrf2/HO-
1/Gpx4 pathway

Edaravone ameliorates
depressive-like and anxiety-like

behavior

[115] In vitro (brain
endothelial cell line)

Human brain
endothelial cells

Barrier damage
induced by

methylglyoxal

Edaravone protects against
endothelial barrier damage

[116] Preclinical (mice) Chronic unpredictable
stress model in mice

circDYM delivered via
extracellular vesicles

circDYM inhibits microglial
activation and suppresses

neuroinflammation; cirDYM
restores BBB integrity

Abbreviations: BBB, blood–brain barrier; CB1, cannabinoid receptor 1; circDYM, circular RNA DYM;
Cnr1, cannabinoid receptor 1 gene; CLDN5, claudin-5 gene; Gpx4, glutathione peroxidase 4; HO-1,
heme oxygenase 1; IL-6, interleukin 6; MDD, major depressive disorder; NAc, nucleus accumbens;
NF-κB, nuclear factor κB; Nrf2, nuclear factor erythroid 2-related factor 2; PFC, prefrontal cortex;
Sirt1, sirtuin 1; TNF-α, tumor necrosis factor-α; VEGF, vascular endothelial growth factor.
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Table 2. Key studies linking blood–brain barrier dysfunction to BD.

Ref. Study Type Population/Model BBB Marker or
Mechanism Main Findings

[124]
Clinical (human

subjects, males and
females)

Healthy controls, and
patients with ADHD,

BD, or MDD
MMP-9; CRP; IL-6

MMP-9 and cytokine levels
differed by diagnosis and by

severity of emotional
dysregulation

[125]
Clinical (human

subjects, males and
females)

Healthy controls, and
patients with BD or

schizophrenia
Plasma MMP-9

MMP-9 elevated in both
disorders; influenced by

modifiable factors

[126]
Clinical (human

subjects, males and
females)

Healthy controls and
patients with BD

BBB leakage
(DCE-MRI); insulin

resistance

BBB leakage was proportional
to illness severity and

associated with insulin
resistance

[130] Clinical (case report) A patient with
treatment-resistant BD

BBB leakage on
imaging; insulin

resistance

Amelioration of insulin
resistance was accompanied by

reversal of BBB dysfunction
and clinical remission

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; BBB, blood–brain barrier; BD, bipo-
lar disorder; CRP, C-reactive protein; DCE-MRI, dynamic contrast-enhanced magnetic resonance
imaging; IL-6, interleukin 6; MDD, major depressive disorder; MMP-9, matrix metalloproteinase 9.

Table 3. Key studies linking blood–brain barrier dysfunction to schizophrenia.

Ref. Study Type Population/Model BBB Marker or
Mechanism Main Findings

[38]
Clinical (human

subjects, males and
females)

Healthy controls and
patients with
schizophrenia

Regional BBB
leakage (DCE-MRI)

Patients with schizophrenia
had higher leakage across
several regions, without

association with symptom
severity

[40]
Clinical (human

subjects, males and
females)

Healthy controls and
patients with
schizophrenia

Thalamic
permeability
(DCE-MRI)

Increased thalamic
permeability correlated with

severity of symptoms (PANSS)
and alterations in brain volume

[50]
Human post-mortem

tissue (males and
females)

Brain tissue (seven
regions) from control
subjects, and patients
with schizophrenia,

MDD, and BD

Claudin-5,
claudin-12, ZO-1

(qRT-PCR and
immunohistochem-

istry)

Expression of claudin-5 was
reduced in the hippocampus of

patients with schizophrenia
and MDD; transcript levels of

TJ mRNA of claudin-5,
claudin-12 and ZO-1 were

correlated with illness duration
and age-of-onset

[64]
Clinical (human

subjects, males and
females)

Healthy controls and
patients with

psychotic disorders

CSF/serum albumin
ratio; CSF

inflammatory
markers

Increased albumin ratio
(=increased BBB permeability)
and neuroinflammation in BD

patients; severity of BBB
leakage was associated with

illness duration and number of
manic episodes
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Table 3. Cont.

Ref. Study Type Population/Model BBB Marker or
Mechanism Main Findings

[71]
Human post-mortem

tissue (males and
females)

Midbrain tissue from
control subjects, and

patients with
schizophrenia and

BD

Angiogenesis
markers;

macrophage
diapedesis

Increased
inflammation-associated
angiogenesis seemed to

correlate with BBB dysfunction
in subgroups of patients with

schizophrenia and BD

[135]
Clinical (human

subjects, males and
females)

Healthy controls and
patients with

paranoid
schizophrenia

CSF inflammatory
biomarkers

Patients with schizophrenia
had higher CSF inflammatory

markers; increased
inflammation was associated

with illness duration and
higher frequency of psychotic

episodes

[139] In vitro (cells from
males and females)

Pluripotent stem
cells derived from

schizophrenia
patients and control

subjects

Permeability;
angiogenesis

patterns

Schizophrenia-derived
endothelial cells show altered

angiogenesis and higher
permeability

Abbreviations: BBB, blood–brain barrier; BD, bipolar disorder; CSF, cerebrospinal fluid; DCE-MRI,
dynamic contrast-enhanced magnetic resonance imaging; MDD, major depressive disorder; mRNA,
messenger RNA; PANSS, Positive and Negative Syndrome Scale; qRT-PCR, quantitative reverse
transcription polymerase chain reaction; TJ, tight junction; ZO-1, zonula occludens 1.

6. Challenges and Knowledge Gaps
Despite remarkable progress in delineating the role of the BBB in psychiatric disor-

ders, substantial methodological and conceptual challenges continue to limit the field’s
ability to draw causal inferences and translate preclinical discoveries into effective hu-
man therapies [226,227]. Current understanding of BBB dysfunction is largely derived
from animal and postmortem studies, which—while invaluable—often fail to capture the
temporal dynamics, regional heterogeneity, and subtle permeability alterations characteris-
tic of psychiatric illness [38,47,228,229]. Traditional experimental approaches frequently
rely on static measurements of permeability markers or TJ protein expression, offering
only a limited snapshot of a highly dynamic interface [193]. Moreover, in vitro BBB mod-
els, although increasingly sophisticated, still struggle to reproduce the complex three-
dimensional architecture, shear stress, and multicellular interactions of the NVU that define
in vivo physiology [230,231]. Even advanced organ-on-chip and induced pluripotent stem
cell (iPSC)-derived systems exhibit variability in endothelial phenotype and transporter
expression, complicating cross-study comparisons and reproducibility [232].

A critical translational obstacle arises from interspecies differences between rodent and
human BBB biology [233]. Rodent endothelial cells differ in transporter density, immune
responsiveness, and junctional composition, which affects permeability and medication
kinetics [234,235]. Consequently, therapeutic candidates showing barrier-stabilizing effects
in animals occasionally yield inconsistent outcomes in humans [236]. Yet, no animal
model fully recapitulates human diseases, but, also, no individual patient’s condition
fully recapitulates another patient’s condition. Conceivably, the closer to human the
species is and the closer the pathogenesis is to the relevant human condition, the greater
the confidence in the translatability of the results [234]. Psychiatric disorders pose an
additional complication: they evolve over years and display fluctuating systemic influences,
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such as stress hormones and metabolic alterations that are difficult to mimic in acute
animal paradigms [237,238]. Furthermore, psychiatric phenotypes themselves lack direct
analogues in rodents, making it challenging to link molecular barrier changes to cognitive
or affective symptoms with translational validity [239,240]. These limitations underscore
the need for cross-species frameworks that integrate cellular, molecular, and behavioral
endpoints, as well as the development of standardized biomarkers that can be assessed
consistently across experimental platforms.

Equally important is the current fragmentation of methodological approaches across
molecular, imaging, and clinical research. Studies often examine isolated aspects of BBB
dysfunction, such as cytokine levels, MRI permeability indices, or transcriptomic signa-
tures, without integrating these data into unified models of neurovascular pathology [47].
The field now requires multi-omics approaches that combine transcriptomic, proteomic,
metabolomic, and epigenomic data to reveal the regulatory networks linking inflamma-
tion, oxidative stress, and endothelial signaling [47,241]. When aligned with longitudinal
neuroimaging modalities, particularly DCE-MRI, diffusion-weighted imaging, and novel
PET tracers, such datasets could enable temporal mapping of BBB alterations relative to
symptom trajectories, treatment response, and disease progression [242–244]. However, im-
plementing these integrative frameworks presents logistical and computational challenges,
including data harmonization, cost, and the need for interdisciplinary expertise bridging
psychiatry, vascular biology, and systems neuroscience [241,242].

Ultimately, overcoming these methodological and translational barriers will require
standardized protocols, shared databases, and collaborative consortia capable of corre-
lating molecular and imaging biomarkers with clinical phenotypes across large, diverse
cohorts [245–247]. Only through such coordinated efforts can the field move from as-
sociative evidence toward a mechanistic and predictive understanding of BBB dysfunc-
tion in psychiatric disorders—an essential step toward developing targeted, precision-
based interventions.

7. Future Directions
The growing recognition of the BBB as a dynamic and responsive interface in psy-

chiatric disorders has opened a new frontier for translational research [219,248]. Future
work must advance beyond descriptive associations to establish mechanistic, predictive,
and clinically actionable frameworks that position the BBB at the center of diagnostic
and therapeutic innovation [249]. Three interrelated directions—biomarker development,
therapeutic targeting, and neurovascular model integration—are particularly crucial for
transforming current understanding into precision medicine strategies [42,119,250]. One
of the most promising avenues lies in the development of biomarker-based approaches
capable of detecting subtle BBB alterations and linking them to specific clinical pheno-
types. Advances in imaging modalities, such as DCE-MRI, diffusion-weighted imaging,
and PET tracers for endothelial and glial activation, enable in vivo quantification of BBB
permeability and inflammation with unprecedented spatial and temporal resolution [228].
When combined with CSF, blood and saliva biomarkers, such as the albumin quotient
(QAlb) [251], S100B [121,252–254], glial fibrillary acidic protein [121,254], MMPs [255], and
endothelial-derived extracellular vesicles [256,257], these tools could form a multimodal
biomarker panel capable of stratifying patients according to neurovascular dysfunction.
Integrating such markers into clinical trials would facilitate earlier detection of BBB impair-
ment, monitoring of treatment response, and identification of individuals most likely to
benefit from barrier stabilization.

Restoring endothelial and glial homeostasis offers the potential to not only reduce
neuroinflammation and oxidative stress but also indirectly normalize neurotransmission
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and synaptic function [142]. Future therapeutic strategies may include small molecules
that enhance TJ integrity, modulators of Wnt/β-catenin or Shh signaling, or agents tar-
geting pericyte–endothelial crosstalk to reinforce vascular stability [142,195]. In addition,
metabolic modulators and antioxidant compounds could be deployed in combination with
psychotropic drugs to address both neural and vascular dysfunction. Clinical translation
will benefit from the incorporation of BBB endpoints, such as imaging-based permeability
indices and circulating vascular biomarkers, into psychiatric treatment trials, allowing
assessment of whether restoring barrier integrity correlates with symptom improvement
and functional recovery [258].

Up to this point, the discussion has addressed neurovascular modeling and BBB-
focused strategies in a broad, cross-disciplinary context. However, these principles gain
particular significance when considered within psychiatric research, where BBB dysfunction
is increasingly viewed not merely as a secondary correlate, but as a potential contributor to
symptom emergence, treatment response, and disease progression. Against this backdrop,
the following section narrows the focus to the psychiatric domain.

The integration of neurovascular models into psychiatric research will be essential for
capturing the bidirectional interactions between systemic physiology, the BBB, and neural
circuitry. Advanced in vitro models, including iPSC-derived NVU systems, organ-on-chip
technologies, and 3D microfluidic platforms, now allow precise manipulation of human en-
dothelial, astrocytic, and pericytic components under controlled conditions [259,260]. These
systems, coupled with multi-omics profiling and computational modeling, can elucidate
causal pathways linking molecular insults to barrier dysfunction and neural outcomes [261].
In parallel, system-level models that merge vascular biology with neuroimaging and behav-
ioral data will help clarify how peripheral inflammation, stress hormones, and metabolic
changes translate into psychiatric symptoms. Such integrative frameworks could ulti-
mately yield predictive models of disease progression, bridging the gap between molecular
mechanisms and clinical manifestations.

By embracing the BBB as both a biomarker source and a therapeutic target, the field
stands to develop more holistic and personalized strategies for understanding and treating
complex mental illnesses. Achieving this vision will depend on sustained interdisciplinary
collaboration among neuroscientists, psychiatrists, immunologists, and vascular biologists,
supported by longitudinal cohort studies and open data-sharing initiatives. Only through
such coordinated efforts can the full diagnostic and therapeutic potential of the BBB be
realized, transforming our approach to psychiatric disorders in the decades ahead.

8. Conclusions
The evidence discussed in this review underscores a transformative understanding of

the BBB as an active player in psychiatric pathophysiology. The reviewed studies provide
strong evidence suggesting that the loss of claudin-5 is associated with BBB dysfunction
in psychiatric disorders. For instance, its expression is reduced in post-mortem brains of
patients with MDD and schizophrenia, while in rodents, its knockdown in the brain is
sufficient to induce depressive-like behavior, which is reversed by antidepressant treatment.
In BD, the metabolic–vascular axis is the best-characterized, with in vivo imaging studies
linking insulin resistance to BBB leakage and severity of illness. Evidence for oxidative and
mitochondrial contributions is robust in peripheral tissues but only partly disorder-specific,
whereas evidence for gasotransmitter- and endothelium-targeted mechanisms remains
largely preclinical. Notably, BBB dysfunction appears to be a shared feature across all
three disorders, whereas its regional distribution and molecular drivers differ. To date, no
BBB-directed therapy has been evaluated in a controlled clinical trial. By positioning the
BBB as a biomarker source, therapeutic target, and mechanistic bridge between body and
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brain, future research can foster more predictive, personalized, and biologically grounded
approaches to mental health treatment, transforming how psychiatric disorders are studied,
diagnosed, and managed.
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NAC N-acetylcysteine
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