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Abstract

Caused by the SARS-CoV-2 virus, the COVID-19 pandemic is still considered a complex
challenge, with manifestations not only of respiratory issues, but also conditions related
to chronic cerebrovascular damage. Endothelial biomarkers, neuropathological and neu-
roimaging findings indicate endothelial dysfunction, microthrombosis, and disruption
of the blood-brain barrier (BBB) are central mechanisms for acute and chronic ischemic
and hemorrhagic cerebral events. Understanding these mechanisms is vital to reducing
their impact on population health, whether through treatment or prevention of adverse
outcomes. The objective of this study is to perform a review of the scientific literature on
the post-infection effects of SARS-CoV-2 affecting the cerebral endothelium and the BBB,
correlating them with potential clinical outcomes. Material and Methods: Analysis of stud-
ies extracted from the PubMed database using the following terms: Long-COVID “AND”
SARS-CoV-2 “AND” blood-brain barrier. Inclusion criteria: keywords, publications related
to the topic, and primary studies published after peer review. Exclusion criteria: preprint
studies, publication outside of the timeframe 20202025, study design not compatible with
this research, and full text not available. Results: An initial 121 studies were identified,
of which 105 were excluded due to not meeting all inclusion criteria and 6 studies were
inaccessible due to not being in the English language and full-text access limitations. Fif-
teen articles were included in the analysis, for topics as expression of viral receptors in
the endothelium, markers of their activation, cerebral microvascular injury and coagu-
lopathies. To clarify the pathogenic cascade, the evidence was stratified by biological model
where in vitro evidence demonstrates that the Spike protein induces direct endothelial
toxicity and platelet aggregation, establishing the primary molecular insult. Animal models
confirm the translation of this insult into structural degradation of the BBB and pericyte
loss. Clinically, infection-phase findings, characterized by multifocal microthrombosis and
permeability spikes, act as the determining event that predisposes to the persistent neu-
roinflammatory environment. Biomarkers of BBB disruption and neuronal damage were
consistently reported, with persistence of BBB dysfunction modifying risk stratification and
rehabilitation efforts. Reported cases of Long-COVID demonstrated normalization of BBB
markers without correlation with long-term symptoms, suggesting that other mechanisms
are involved in Long-COVID. Conclusion: Cerebral endotheliopathies and BBB dysfunction
in patients with COVID-19 continue to impact the health of the population. The scientific
literature indicates that SARS-CoV-2 induces cerebral endothelial injury, BBB disruption,
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and an increased risk of vascular events related to endotheliopathy, inflammation, and hy-
percoagulability. Understanding the impact of COVID-19 pathology on the population and
developing prospective studies is essential to quantify the prevalence and mechanisms of
brain injury. The identification of molecular targets and infection pathways are promising
toward defining both preventive and therapeutic strategies to improve outcomes in the
Long-COVID population.

Keywords: SARS-CoV-2; Long-COVID; Blood—Brain Barrier (BBB); Post-Acute Sequelae of
COVID-19 (PASC)

1. Introduction

SARS-CoV-2, the acronym for Severe Acute Respiratory Syndrome Coronavirus 2,
emerged in late 2019, rapidly evolving from a pneumonia of unknown cause to a global
health emergency [1]. Initially defined by respiratory symptoms, the disease revealed a
multisystemic nature early in the pandemic, characterized by cardiac injury, renal failure,
neurodegeneration, and RNAemia (RNA presence in the bloodstream) [2-6]. A common
denominator emerged from clinical and pathological reports: endothelial damage. SARS-
CoV-2 is not merely a respiratory virus but causes systemic endotheliopathy [7-9].

Following the infection phase, a significant proportion of patients (10-20%) fail
to recover completely, developing Long-COVID or Post-Acute Sequelae of COVID-19
(PASC) [10]. This syndrome is defined by the World Health Organization (WHO) as a
condition occurring in individuals with a history of probable or confirmed SARS-CoV-2
infection, typically arising three months after the onset of the disease with symptoms that
last for at least two months and cannot be explained by an alternative diagnosis. These
symptoms, which include fatigue, shortness of breath, and cognitive dysfunction, impact
everyday functioning and may manifest as new, persistent, or fluctuating health issues
over time. In this context, neurological complaints—such as brain fog, memory deficits,
and dysautonomia—are among the most debilitating in this clinical picture [8-13], which
could havea gatekeeper role attributed to the brain-blood barrier (BBB), since it blocks large
molecules, hydrophilic compounds, and peripheral immune cells from entering the brain.

The vascular effects of COVID-19, in particular those that target the BBB, were unclear
at the start of the pandemic. Several mechanisms have emerged, ranging from endothelial
injury to complex vascular damage, as well as coagulation defects. At the same time,
thrombo-inflammatory processes and tissue hypoxia likely also contribute to neuroinflam-
mation in Long-COVID. These mechanisms are summarized in Figure 1.

This review explores the existing evidence of the “Vascular Hypothesis” as a uni-
fying thesis: the vascular damage triggers a cascade of thrombo-inflammation, tissue
hypoxia, and neuroinflammation that drives chronic symptoms understood nowadays
as Long-COVID.

https:/ /doi.org/10.3390/1ife16081227


https://doi.org/10.3390/life16081227

Life 2026, 16, 1227

30f24

TRIGGERS

Direct viral infection/
Spike Protein toxicity

%;%“?G’va / A

32 SN
.

SARS-CoV-2 Spike

protein

Autoimmunity and
immune
dysregulation

VASCULAR EFFECT CLINICAL OUTCOMES

Blood-brain barrier (BBB) : Neuroinflammation
disruption and endotheliopaty B i

Glial activation phr;zlézg:;gli_c;:g
(mlcraglialastiogytis; ! COVID or Post-Acute -

cytokine storm . Sequelae of COVID-19
: (PASC) 1

e Brain Fog 3
+ o Cognitive Deficits |
- o Fatigue

« Encephalopathy

" r'_‘)r \‘ R w/Q\ —_—
Tight junction loss, : ) Sy &
! mitochondrial remodelling, : 1
1 apoptosis ] Influx of fibrinogen,

[ 2 albumin and immune
\ cells /

Figure 1. The BBB as the critical interface between systemic SARS-CoV-2 infection and neurological
outcomes. This conceptual model illustrates BBB dysfunction as the pivotal mechanism bridging
viral-induced systemic inflammation with the onset of chronic neurocognitive phenotypes observed
in Long-COVID.

2. Materials and Methods

A comprehensive literature search was conducted across the PubMed database focus-
ing on three key terms ‘Long-COVID,” ‘SARS-CoV-2,” and ‘blood-brain barrier.” Inclusion
criteria encompassed studies published between 1 January 2020 and 31 December 2025.
The screening was performed during January 2026, which covers only studies published up
to that time. Conversely, the exclusion criteria eliminated articles focused on treatment or
clinical management, studies addressing only acute COVID-19 without specific reference to
PASC, and research investigating outcomes related to pre-existing neurological conditions
(such as Alzheimer’s disease and other dementias), psychiatric disorders, or oncological
history. Studies involving pediatric populations were also omitted.

Although not a systematic review, we adopted inclusion and exclusion criteria for
conducting this study in a serial analysis that was carried out independently by the authors.
The first screening stage was performed by MCS and reviewed, in a blinded manner,
by WLL and ACEN independently. Although we did not have any disagreement in the
selection of studies, data that were potentially incompatible with the inclusion criteria
were discussed among the authors to reach a consensus. The other authors, TEL and PCR,
participated freely in the data analysis stage, contributing to the discussion and conclusions
due to their expertise in studies on COVID-19 from the pandemic to the present day.

3. Results

The initial search identified 121 records; after removing one duplicate record,
120 articles remained for the next screening stage, all of which were included in the list of
bibliographic references. Six records were excluded due to accessibility issues, comprising
two non-English articles and four for which the full text was unavailable. An additional
99 articles did not fulfil all selection criteria, thus a total of 15 articles were included in
the final analysis, especially in the Discussion where other articles were used to support
the argument. Screening and selection methods applied in this study are summarized in
Figure 2.
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Figure 2. Literature search and study selection workflow. A total of 121 records were identified
through the PubMed database search using the terms “SARS-CoV-2”, “Long COVID”, and “blood-
brain barrier”. After removing one duplicate, 120 records were screened. Six records were excluded
due to inaccessibility (non-English language or lack of open access), and 99 were excluded based on
title and abstract review (secondary studies, editorials, or unrelated background). Finally, 15 studies
met the inclusion criteria and were included in this review.

Based on the inclusion criteria of the studies selected for this review, the study con-
verges on the published literature examining BBB dysfunction and other secondary out-
comes related to vascular dysregulation as central mechanisms in the pathogenesis of
COVID-19 neurological complications. Due to the heterogeneity of the studies found,
different approaches could be adopted throughout this comprehensive review. This was
also the reason why it was not possible to design a systematic review within the standard
guidelines. To make consulting the text easier, these data were even grouped into different
tables. For example, in a mouse model of COVID-19 infection, Qiao et al. (2024) described
BBB microvascular damage including astrocyte activation, pericyte loss, and impaired tight
junctions. On the other hand, clinical investigations conducted by Bonetto et al. (2022) and
Chaganti et al. (2025) confirmed that BBB disruption markers are significantly elevated
in COVID-19 infection and correlate directly with the severity of the infection, suggest-
ing that vascular stabilization could be a crucial therapeutic target to mitigate long-term
damage [14-16].

At the molecular and cellular levels, key injury mechanisms are indirect and inde-
pendent of active viral replication within the central nervous system (CNS). Motta et al.
(2023) and Coelho et al. (2025) demonstrated in experimental models that mere exposure to
the Spike protein or viral presence alters BBB permeability, dysregulates the bradykinin
receptor via the ACE2 pathway, and induces mitochondrial remodelling and endothe-
lial apoptosis [17,18]. Consistent with these findings, Erickson et al. (2023) observed in
Expi293F suspension cells that even non-replicating viral particles can penetrate the BBB
and incite neuroinflammation, with SARS-CoV-2 variants, such as Delta and Omicron,
showing greater efficacy in this traversal [19]. This pathophysiology is corroborated by
Zingaropoli et al. (2022), who noted in patients that neurological damage (measured by
neurofilament light chain, NfL) with the severity of systemic infection, rather than direct
viral invasion detectable in the cerebrospinal fluid (CSF) [20].
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Analysis of CSF and immunological profiles in retrospective cohorts reveal a scenario
of persistent inflammation. The identification of BBB dysfunction and elevated levels of
total proteins were frequent findings, often accompanied by sustained levels of inflamma-
tory cytokines (Jarius et al., 2022; Boesl et al., 2024) [21,22]. In their cross-sectional clinical
study, Etter and colleagues (2022) described a pathological triad composed of impaired
BBB, microglia activation, and a polyclonal B-cell response [23].

In this immunological context, Almulla et al. (2024) highlight the role of autoimmunity
in the development of affective symptoms and chronic fatigue, while Spatola et al. (2023)
suggest that an antibody response skewed toward common coronaviruses may impede
complete viral clearance, perpetuating neuroinflammation [24,25].

Regarding vascular integrity, Wallensten et al. (2024) observed that while BBB perme-
ability increases during infection, this phenomenon may be transient, returning to baseline
levels after one year [26]. On the other hand, the transient nature of BBB disruption contrasts
with the severity of acute encephalopathy, described by Atluri et al. (2021), as an example
of direct neurological impacts; it demonstrates that CNS dysfunction can occur alongside or
independently of sustained barrier leakage, which raises questions regarding the chronicity
of symptoms reported, similar to described by Guasp et al. (2022), who emphasize neuronal
damage as the primary functional outcome in patients with Long-COVID [27,28].

Etter et al. (2022) [23], Spatola et al. (2023) [25], and Wallensten et al. (2024) [26]
reported that the patients included in their studies had not been vaccinated against SARS-
CoV-2 because recruitment was carried out before COVID-19 vaccines became available.

The main findings from the articles that used human samples grouped in this review
are compiled in Table 1.

In experimental animal or cellular models, vaccination status does not apply or was
not included as a variable in the design of laboratory studies. In other studies, vaccination
information was not reported or was not included in the selection and description criteria
for participants in the original articles.

The main characteristics of studies using animal models are summarized in Table 2,
and cellular models are highlighted in Table 3. Biological source and biomarkers of BBB
dysfunction and neuroinflammation are presented in Table 4.

In Long-COVID, the literature indicates that this thromboinflammatory phenotype
and vascular dysregulation often do not resolve completely. This sustained neurovascular
compromise and resulting local hypoxia form the biological basis for long-term symptoms
such as chronic fatigue and brain fog, persisting even after stabilization of classic markers
of acute barrier leakage.

https:/ /doi.org/10.3390/1ife16081227
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Table 1. Main data on blood-brain barrier dysfunction and neurological outcomes in COVID-19 in human sampling.

Author Ref. Year Study Design Keywords Findings

- Autoimmune responses play a role in the pathophysiology of Long-COVID.

- There is an association between brain-directed autoimmunity and the development of affective
symptoms.

Almulla Long-COVID, Neuroimmune, Chronic - A link is suggested between autoimmune responses and myalgic encephalomyelitis/chronic
ot al [24] 2025 Case-Control  fatigue syndrome, Depression, Affective fatigue syndrome (ME/CFS).
: disorders, Oxidative stress - Understanding these autoimmune mechanisms is crucial for managing Long-COVID and related
conditions.

- The authors hypothesize that the interaction between autoimmunity and neurological symptoms

warrants further investigation to develop effective treatments.
COVID-19, encephalopathy, SARS-CoV-2 - The study could not identify infectious or metabolic sources for the patients’ encephalopathy,
Atluri, [27] 2021 Case Series Virus/co n?tive ifn a}iI;ment in which raises questions about the neurological impact of COVID-19.
etal. ’ gCOVID-l% - Potential mechanisms for neurological manifestations include the BBB disruption and systemic
inflammatory responses.
- The study found that the most frequent pathological finding in the CSF from patients with
Post-COVID, Long-COVID neurological manifestations of Post-COVID syndrome (PCS) was elevated total protein, observed
Boes] 2024 Retrospecti brospinal fluid (CSF), Blood-barri in 24% of samples.
e?: [22] 0 Ceofsgec e Ce;i];ﬁigggﬂ KILUECOZIS() g);’ ngt_acigler - Blood-CSF barrier dysfunction, indicated by elevated QAlb, was the second most prevalent
sequelae of SARS-CoV-2 infection finding, occurring in 13% of samples.

- CSF analysis did not reveal any pathological findings. However, it remains valuable for ruling
out other etiologies of encephalopathy.

- Markers of BBB disruption were significantly elevated in COVID-19 patients, particularly those
with neurological complications, indicating a potential link to disease severity.

COVID-19. neurological damage - There is a difference in levels of systemic inflammation markers between COVID-19 patients with
Bonetto [15] 2022 Prospective blood—brain b;rrier 'mﬂgammation gbl,oo 4 neurological complications and those with high disease severity, suggesting distinct
etal. Cohort . S ’ inflammatory responses.
biomarkers, critical care . . . .

- Overall, the authors suggest that targeting BBB disruption may be a therapeutic approach to
mitigate neurological damage during the acute phase of COVID-19 and potentially reduce
long-term dysfunction.

- Markers of BBB disruption are significantly elevated in COVID-19 patients, especially those with

Chaganti 2025 Prospective PASC-CI, MRI, DTI-ALPS, BBB, ne.uljolog'ical complications, suggesting a link to disease severity.
ot al. [16] Cohort KTRANS - Distinct inflammatory responses.

Targeting BBB disruption is suggested as a potential therapeutic approach to mitigate
neurological damage.
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Table 1. Cont.

Author Ref. Year Study Design Keywords Findings
Severe neuro-COVID is associated with a triad of findings: impaired BBB, elevated markers of
microglia activation, and a polyclonal B-cell response against self and non-self antigens.
Etter 23] 2022 Prospective Autoimmunity, COVID-19, Post-Acute COVID-19 patients exhibit reduced regional brain volumes linked to specific CSF parameters,
etal. ) Cohort COVID19 Syndrome, SARS-CoV-2 with a notable finding of a non-inflammatory CSF profile despite a plasma cytokine storm.
The research establishes a connection between post-acute COVID-19 syndrome and a distinct set
of CSF and plasma mediators, suggesting potential targets for intervention.
COVID-19, encephalitis, neurofilaments, R
Guas 2022 Prospective neuronal antibodies, SARS-CoV-2 Long-term functional outcomes are more closely related to neuronal damage than to the acute
P [28] P y g neuroinflammatory process, suggesting a potential disruption of the BBB due to SARS-CoV-2
etal. Cohort neuro-COVID, encephalopathy, . . 4
inflammatory cytokines infection.
Coronavirus disease 2019 (COVID-19),
Severe acute respiratory syndrome Blood—CSF barrier (BCB) dysfunction was the most frequent pathological finding in the CSF of
coronavirus type 2 (SARS-CoV-2), COVID-19 patients without pre-existing CNS diseases, observed in 50% of samples (median
Neurological symptoms, Lumbar QAIb of 11.4).
Jarius o 2022 Retrospective Op]gﬂct;ne, l(zlfregrospiinag ﬂCuSld éCSE)’ Elevated total CSF protein was also common (45.8% of samples, median 65.35 mg/dL) and
otal [21] Cross-Sectional igoclonal bands, Bloo - F barrier, strongly correl.'.ated with QAlb levels. o . .
Polymerase Chain reaction (PCR), Elevated cytokine levels in the CSF were present in significant proportion of patients, often
SARS-CoV-2 antibodies, Antibody index, associated with BCB dysfunction, and persisted for weeks or months.
Autoantibodies, Cytokines, Central Persistent BCB dysfunction and elevated cytokine levels are suggested to play a role in
nervous system, Encephalopathy, Long-COVID, indicating the need for further studies.
Encephalitis, Guillain—Barré syndrome
Compromised anti-SARS-CoV-2 responses in CSF may lead to incomplete viral clearance from
the brain, contributing to persistent neuroinflammation and post-acute neurological
complications of SARS-CoV-2 infection.
. SARS-CoV-2; fc receptor; A bias toward specific immunity to common coronaviruses in individuals with NeuroPASC ma
SI: ta?.la [25] 2023 lggisgictlve antibody-mediated complement inhibit the develfopment of nole B-cell responses to SARS-CoV-2. Y
activation; PASC; Long-COVID NeuroPASC individuals exhibited expanded antibody responses to other common coronaviruses,
suggesting an “original antigenic sin” effect.
The lack of CSF antibody profiles from PASC individuals without neurological manifestations
limits direct comparisons, suggesting a potential uniqueness of NeuroPASC responses.
COVID-19 was associated with a transient increase in BBB permeability as evidenced by elevated
plasma levels of astrocyte biomarkers.
) blood-brain barrier, astrocytes Peak biomarker levels were observed 4 months after hospitalization, but these levels returned to
Wallensten 2024 Prospective . 4 ¢ baseline within 12 months.
[26] biomarkers, COVID-19, extracellular . .
etal. cohort Elevated biomarker levels were not correlated with any self-reported long-term symptoms

vesicles, longitudinal study

experienced by patients.
The authors suggest that further research is needed to understand the underlying mechanisms
causing long-term symptoms in COVID-19 patients.
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Table 1. Cont.

Author Ref. Year Study Design Keywords Findings
- CNS damage and altered BBB integrity in COVID-19 patients with severe neurological symptoms
were primarily correlated with COVID-19 severity rather than direct neuroinvasion by
SARS-CoV-2.
- CNS damage and altered BBB integrity may occur even in the absence of detectable SARS-CoV-2
neurofilament light chain; NfL; matrix RNA in CSF or in the blood.
Zingaropoli [20] 2022 Prospective metalloproteinases; MMPs; ddPCR; - The study supports the potential of NfL (neurofilament light chain) as a diagnostic and
etal. Cohort Long-COVID; neuro-COVID; prognostic biomarker for neurological complications in COVID-19.
zymography - A significant number of COVID-19 patients present with neurological symptoms during the
acute phase and may have neurological sequelae after recovery.
- The presence of SARS-CoV-2 RNA in CSF and plasma was not associated with increased levels of
NfL or MMPs in the CSF, indicating that CNS damage may occur independently of viral
detection.
Table 2. Main data on blood-brain barrier dysfunction and neurological outcomes in COVID-19 in animal sampling.
Author Ref. Year Study Design Keywords Findings
- Non-replicating models of SARS-CoV-2 can penetrate the BBB and
COVID-19, SARS-CoV-2, : picating . o -0y calpenetra’e the 50
blood—brain barrier induce neuroinflammation, which is linked to cognitive impairment.
. . . . - The Delta and Omicron variants of SARS-CoV-2 cross the BBB more
Erickson In vivo Neuroinflammation, . .
ot al [19] 2023 (Mouse) Alzheimer’s disease rapidly than other variants.
' . . - The study indicates a potential risk for individuals with COVID-19,
Obesity, Glycoprotein, . s .
. ; . . especially Long-COVID, to develop long-term cognitive impairments
Virus, Microglia, Ageing . .
due to the effects of neuroinflammation.
- SARS-CoV-2 infection leads to deficiencies in the BBB and the choroid
plexus barrier, contributing to neurological complications associated
SARS-CoV-2; severe with COVID-19.
. COVID; - The neuroinvasiveness of SARS-CoV-2 remains a critical concern, as the
Qiao In Vivo neuroinflammation; virus can breach barriers in the CNS.
[14] 2024 (Mouse, K18-hACE2 . ) . . Do . .
etal. hemizygous) blood-brain barrier; - Microvascular damage, pericyte damage, tight junction loss, endothelial

choroid plexus barrier;
mouse modelling

activation, and vascular inflammation are identified as the main
mechanisms driving BBB impairment.

- Cerebrovascular and choroid plexus dysfunctions are factors in the
acute phase and persist in long-term neurological effects of COVID-19.

https://doi.org/10.3390/1ife16081227
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Table 3. Main data on blood-brain barrier dysfunction and neurological outcomes in COVID-19 in human cell culture.

Author Ref. Year Study Design Keywords Findings
SARS-CoV-2 replication in a BBB model leads to increased barrier
AU . permeability.
In vitro SARS-CoV-2; er}dothel} al The replication process disables the ACE2-dependent regulation of the
. cells; blood-brain barrier; ..
Coelho [18] 2025 (Human Brain ACED: bradykinin B1 receptor.
etal. Microvascular Endothelial des-Are-bra ci Kinin: These findings suggest potential implications for understanding the
Cells—HBMEC) °s ﬂg t}'] 1 neurological effects of COVID-19.
mniiammation The authors emphasize the importance of studying the interactions
between SARS-CoV-2 and the BBB.
Exposure to SARS-CoV-2 leads to pro-inflammatory activation in
human brain microvascular endothelial cells (HBMECSs), even in the
absence of active viral replication.
The interaction of host cells with viral surface proteins is sufficient to
. COVID-19; blood-brain trigger programmed cell death cascades. o
In vitro . . . This pro-inflammatory activation is likely mediated by the activation of
. barrier; mitochondrial .
Motta [17] 2023 (Human Brain d ics: NF-kB the non-canonical NF-«B pathway.
etal. Microvascular Endothelial ynamics; « The exposure results in mitochondrial and tight junction remodelling,

Cells—HBMEC)

signalling pathway;
endothelial activation

as well as endothelial apoptosis.

The findings suggest that circulating SARS-CoV-2 viral particles or
proteins have effects on endothelial cells in the BBB, contributing to a
neuroinflammatory state.

These events reflect some aspects of the neurological and vascular
manifestations observed in patients with COVID-19.

https://doi.org/10.3390/1ife16081227
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Table 4. Biological source and biomarkers of blood-brain barrier dysfunction and neuroinflammation.

Author Ref. Year Sample Size Biological Source BBB Markers Assessed Neuroinflammation/
Damage Markers
Serum (HU) N =90 o1 . .
Almulla et al. [24] 2025 (60 Long-COVID IgA/1gM antlbod.les against barrier (e.g., Neural autoantibodies
Claudin-5, S100B)
30 Controls)
Atluri, et al. [27] 2021 N =11 CSF (HU) Total Protein (Indirect indicator) Pleocytosis (cell count)
Boesl et al. [22] 2024 N =47 CSF and Serum (HU) QAlb (CSF albumin quotient) Total Protein
Bonetto et al. [15] 2022 N =77 Plasma and CSF (HU) S100B (Serum), MMP-9, QAlb GFAP, NfL, Cytokines (IL-6, IL-8)
. Imaging (MRI) (HU) N = 20 - : )
Chaganti et al. [16] 2025 (10 PASC, 10 Controls) Vascular permeability (Ktrans), DTI-ALPS
TEER (Transendothelial Electrical .
Coelho et al. [18] 2025 -Cell Culture (HBMECs) (CC/HU) Resistance), Permeability Assay Bradykinin Receptor (BIR)
Erickson et al. [19] 2023 -Brain Tissue (MS) Fibrinogen and IgG leakage Iba-1 (Microglia), GFAP (Astrocytes)
Etter et al. [23] 2022 N =28 CSF and Plasma (HU) QAlb Cytokines (IL-6, IL-10), Autoantibodies
Guasp et al. [28] 2022 N =48 CSF (HU) QAIlb 14-3-3 Protein, NfLL
Jarius et al. [21] 2022 N =127 CSF (HU) QAIlb, Total Protein Oligoclonal Bands, Intrathecal IgG synthesis
Motta et al. [17] 2023 -Cell Culture (HBMECs) (CC/HU) Tight Junction Remodelling NF-kB Pathway, Cellular Apoptosis
Qiao et al. [14] 2024 -Brain Tissue and Serum (MS) Albumin/Fibrinogen Leakage, Claudin-5 CD45+ Cells, Glial Activation
Spatola et al. [25] 2023 N = 32 CSF and Plasma (HU) - Antibody Response (Immunological
Imprinting)
Wallensten [26] 2024 Plasma (HU) N = 315 (Initial) S100B, GFAP (Astrocytic/BBB injury NfL, GDF-15
etal. 95 (Follow-up) markers)
Zingaropoli [20] 2022 N = 41 Serum and CSF (HU) MMP-9 (Metallop.rotelgase), Estimated BBB NiL
etal. integrity

Note: In column 5 (biological source), HU means human, MS means mouse, and CC means cell culture. Samples from cell culture have two mentions, one from the cellular model of the
material and the other, HU or MS, from the origin of the cells.
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4. Discussion

In this comprehensive review, our primary finding indicates that BBB dysfunction and
chronic endotheliopathy can represent an important role bridging the SARS-CoV-2 infection
with the persistent neurocognitive sequelae of Long-COVID. As secondary findings, the
synthesized literature demonstrates that this barrier impairment is largely independent
of direct viral replication within the CNS. Instead, the results suggest that the systemic
immune dysregulation, autoimmunity, and Spike protein toxicity could be relevant triggers.
Consequently, this sustained endothelial failure seems to initiate a sequential cascade
of chronic neuroinflammation, glymphatic clearance failure, and ongoing neuro-axonal
damage.

To systematically evaluate the role of vascular dysregulation in Long-COVID, we
assessed the biomarker profiles against a conceptual null hypothesis (Hy) that BBB dysfunc-
tion is merely an unspecific, transient epiphenomenon of the acute SARS-CoV-2 infection,
with no direct mechanistic link to the persistent neuroinflammatory and cognitive outcomes
of Long-COVID. Based on the evidence found in the studies selected for this review, it
seems reasonable to reject hypothesis Hy, since impairment of the BBB may play an im-
portant role in disease progression. Figure 3 represents some fundamental aspects of BBB
pathogenesis associated with Long-COVID and the main dedicated biomarkers described
to date that support this hypothesis.
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Figure 3. Integrated pathophysiology of Neuro-PASC. This diagram synthesizes the converging
pathways of cerebral vascular injury by SARS-CoV-2 from endothelial trigger to clinical phenotype.
The cascade initiates with viral interaction and endothelial activation, including viral replication and
oxidative mitochondrial remodelling. It illustrates the subsequent downregulation of tight junction
proteins and pericyte dropout, events that compromise BBB integrity. This pathway facilitates the
influx of neurotoxic plasma proteins (e.g., fibrinogen), culminating in sustained neuroinflammation
and neuronal injury, understood here as the biological basis for persistent cognitive symptoms. The
evaluation of the biomarker profile investigates three core points of the pathogenesis: the initial break-
down of the barrier, driven by the loss of tight junctions, endothelial apoptosis, and pericyte dropout
is validated by direct biomolecular evidence of leakage, specifically the elevation of CSF/plasma
albumin quotients (QAlb), S100B leakage, and total protein elevation. The secondary effect of this
vascular leakage is the establishment of a neuroinflammatory environment, which is investigated and
confirmed through markers of microglial activation (such as Iba-1) and the presence of a cytokine
storm within the CNS (e.g., elevated IL-6 and IL-8 in the CSF). The ultimate downstream consequence
of this sustained microvascular insult is tissue damage, objectively quantified by biomarkers of
neuro-axonal injury (NfL) and synaptic dysfunction (14-3-3 protein).

https:/ /doi.org/10.3390/1ife16081227


https://doi.org/10.3390/life16081227

Life 2026, 16, 1227

12 of 24

By specifically linking these biomarkers to the converging pathways of cerebral vas-
cular injury, Figure 3 visually reports what the literature included in that review presents
as how the initial endothelial triggers lead to the clinical phenotypes of Long-COVID,
illustrating how the biomarker profiles can actively reflect the transition from vascular
leakage to chronic cognitive deficits, brain fog, and fatigue.

4.1. Direct Endothelial Activation: Viral Infection vs. Spike Toxicity

Evidence gathered from experimental models indicates that the BBB is not merely
a target of systemic inflammation, but also a compound of direct viral interaction with
endothelial cells. This aspect can be observed in other studies, beyond the batch we selected
for this review. For example, Sharma et al. (2021) emphasized that the hematogenous route
serves as a critical pathway for neuroinvasion, where systemic viral dissemination and
cytokine storms compromise BBB integrity, facilitating viral entry [29]. Yang et al. (2022)
demonstrated that SARS-CoV-2 can actively infect HBMECs, which corroborates on this
hypothesis in their cellular model [30].

Conversely, it is important to note that active viral replication within the CNS is not
a prerequisite for BBB injury. The viral-endothelial interaction instigates a maladaptive
metabolic phenotype even in the absence of productive replication. Motta et al. (2023)
demonstrated that SARS-CoV-2 exposure in HBMECs triggers an inflammatory cascade
through the non-canonical NF-«B pathway, inducing mitochondrial remodeling [17]. This
metabolic alteration mirrors the Senescence-Associated Secretory Phenotype (SASP, ver-
sion 31), leading to endothelial apoptosis, even in the absence of productive viral replication,
suggesting that the mere presence of viral components is sufficient to compromise endothe-
lial viability. This hypothesis of “toxicity without replication” is further corroborated by
Erickson et al. (2023), who observed in murine models that the S1 subunit of the Spike
protein and non-replicating viral particles can cross the BBB, initiating neuroinflamma-
tion [19]. Their findings also highlighted a permeability dependent on the SARS-CoV-2
variant, where Delta and Omicron exhibited different efficiencies in crossing the barrier
and inducing glial activation.

Regardless of whether the trigger is the whole virus or the Spike protein, the potential
outcome looks like a disruptive metabolic phenotype that sets the stage for the molecular
dismantling of the BBB.

4.2. Molecular Dynamics of Disruption: The ACE2—Bradykinin Axis

BBB disruption is not a single event, but a progressive cascade driven by specific
enzymatic dysfunctions. The primary event in this pathophysiology is ACE2 suppression.
Under normal conditions, as described in the general literature, this enzyme acts as a
metabolic “brake”, degrading active kinins [30]. However, Coelho et al. (2025) elucidated
that SARS-CoV-2 infection induces downregulation of ACE2 on the cell surface, potentially
weakening this layer [18].

4.3. The Biochemical Trigger: Bradykinin Storm

Biochemically validating the bradykinin storm theory, the direct consequence of this
enzymatic loss is the inability to degrade Des-Arg9-Bradykinin (DABK) [18]. Unlike consti-
tutive receptors, pathological signaling occurs through the Bradykinin B1 Receptor (B1R),
which is inducible and has a high specific affinity for accumulated DABK, in agreement
with general conceptual data [31]. In the inflammatory scenario of COVID-19, as demon-
strated by Coelho et al., ligand-receptor binding triggers a potent intracellular cascade
characterized by Gq activation, a sudden increase in cytosolic calcium ([Ca2+]i), and sus-
tained nitric oxide (NO) production. This pathway promotes extreme vasodilation and
creates a local cytotoxic environment [14,18].
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4.4. Structural Collapse: Claudin-5 and Pericytes

The biochemical storm appears to ultimately target the physical structure of the barrier.
In this context, the main target is Claudin-5, the tetraspanin protein fundamental to the
tight junctions of the BBB, which is a generally accepted conceptual idea [32]. In this sense,
in accordance with a stressed and infectious cellular environment of COVID-19, these
molecules can form a kind of “zipper” that restricts paracellular passage. The relevant
vascular outcome then occurs when B1 receptor signaling intersects with structural integrity.
In vivo evidence confirms that sustained calcium signaling and actin cytoskeleton reorga-
nization force endocytosis or degradation of Claudin-5 [18], which can be corroborated
by the biochemical analysis described in 2021 by Karamyan, V.T. [31], in a study beyond
this review. Simultaneously, Qiao and colleagues provided crucial in vivo confirmation of
the loss of pericytes—the cells that provide mechanical support to capillaries [14]. Thus,
without Claudin-5 anchored to the membrane and without the support of pericytes, the
barrier suffers a significant loss in its integrity. The result is the uncontrolled leakage
of plasma components into the parenchyma, establishing edema, which may be directly
associated with the severe tissue damage observed in Neuro-COVID [14,30].

4.5. Systemic Immune Aggravation and Thromboinflammation

From a pathological point of view, thromboinflammation can be summarized as a bidi-
rectional process between blood coagulation, due to thrombosis, and the immune system,
due to inflammation. In this context, inflammatory responses trigger excessive coagulation,
while activated coagulation factors further amplify inflammation, leading to severe vascular
damage, tissue injury, and potential organ failure. In the course of COVID-19 events, the
transition from described endothelial injury to generalized neurological dysfunction is
mediated by a systemic hyperinflammatory state that evolves into a thromboinflammatory
phenotype. Corroborating this hypothesis, some studies selected in this review elucidate
how peripheral immune dysregulation can be translated into CNS pathology [14,15].

4.6. Immunologic Imprinting

The persistence of inflammation in Long-COVID is not random, but appears to be
driven by specific immunological profiles. Spatola et al. (2023) introduced the crucial
concept of “immunological imprinting,” demonstrating that neurological outcomes are
shaped by prior exposure to other coronaviruses [25]. This biased immune response is not
sufficient to efficiently eliminate the virus, leading to a state of chronic activation.

Expanding on this dysregulation, some research has identified distinct characteristics
in severe neuro-COVID, such as elevated levels of IL-6 and TNF-«, cytokines that could
be correlated with the severity of encephalopathy [23]. Also, within the neuropsychiatric
context, we can include the study by Almulla and colleagues who analyzed the relationship
between chronic inflammation and specific outcomes [24]. These findings together highlight
a significant elevation of autoimmune markers, specifically specific autoantibodies, in
patients with Long-COVID, demonstrating that IgM-MBP (myelin basic protein) and IgG-
MBP act as general predictors of the syndrome, while the presence of IgG-MOG (myelin
oligodendrocyte glycoprotein) correlates with Myalgic Encephalomyelitis/Chronic Fatigue
Syndrome (ME/CFS). Following this line of thought, antibodies such as IgM-synapsin and
IgA-MBP have been identified as robust predictors of affective symptoms. It appears that,
along with the viral infection, this systemic autoimmune exacerbation acts as a primary
trigger for additional neurological consequences, which we illustrate in Figure 3 [24].
This distinct peripheral pathway may, in part, explain the unique nature of Long-COVID
syndrome; for example, while these autoantibodies circulate chronically in the blood,
studies on the acute phase of infection have found a complete absence of antineuronal
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antibodies locally in the CSF [28]. Considering these aspects, the continuous neurological
manifestations in Long-COVID are better characterized not by a localized intrathecal
response, but by a continuous systemic autoimmune dysfunction that targets CNS proteins
from the periphery [24,25].

4.7. Systemic and Cns Inflammation

A key finding that emerged among the studies selected in this review as a prognostic
hypothesis was that widespread systemic inflammation may be a determining factor in
neuroinflammation. Bonetto and colleagues (2021) and Zingaropoli et al. (2022) indepen-
dently confirmed that plasma biomarkers of BBB disruption (5100B, MMP-9) and neuronal
damage (NfL) are significantly elevated and correlated with the severity of systemic dis-
ease. These findings support the concept that a “peripheral storm” can directly attack the
neurovascular unit [15,20].

This hypothesis can also be considered based on the studies by Jarius et al. (2022) and
Boesl et al. (2024), which report that patients with COVID-19 do not manifest classic viral
encephalitis [21,22]. On the other hand, both studies found that although many patients
present with BBB disruption (elevated CSF albumin quotient, QAlb), there is an absence
of CSF pleocytosis. Boesl et al. (2024), in particular, argue that this points to a “cytokine
encephalopathy” rather than direct viral replication in the CNS [22NfL]. The damage may
be mediated by soluble factors (cytokines, fibrinogen, or others) that cross the damaged
barrier, rather than T cell infiltration [21,24].

This barrier leakage may have a temporal dimension, which can be supported by
the study by Wallensten et al. (2024), where they observe that although NfL and glial
activation markers (GFAp) peak at 4 months, they tend to normalize at 12 months in
many patients [26]. However, the persistence of symptoms in the absence of continuous
elevation of the biomarker suggests that the initial “impact” may trigger subsequent
neurodegenerative processes that become self-sustaining.

4.8. Thromboinflammation and Hypoxia as Functional Outcomes

The biochemical environment described by the Etter and Bonetto groups (elevated
cytokines, MMP-9) creates the perfect substrate for thromboinflammation [15,23]. Another
aspect to be considered was studied by Atluri et al. (2021) who focused on the clinical
presentation of encephalopathy; their description of “confusional states” and “altered
mental status” aligns with a possible hypoxic/metabolic etiology rather than a purely
infectious one [27].

Integrating these findings that demonstrate pericyte loss and capillary destabilization
with systemic data, a possibility also emerges to be considered, which is the loss of antico-
agulant properties in the inflamed endothelium [14]. As a contextualizing model, acute
infection data are used to elucidate the cellular mechanism of this failure in Long-COVID. It
is only from this acute scenario that anatomical confirmation is obtained, through autopsies,
that microthrombi and platelet aggregates physically adhere to the cerebrovascular wall,
a process driven by direct endothelial activation via Spike protein [18], which can also be
supported by other general studies more focused on other COVID outcomes in a broad
way [33-37].

When transposing this established model to Long-COVID, the general literature shows
that the thromboinflammatory phenotype does not resolve [38]. As visual confirmation of
this platelet damage in the brain in vivo in the chronic phase is methodologically unfeasible
to date, extrapolation of the acute model becomes necessary to explain the continuous sys-
temic platelet hyperactivation observed in these patients [19]. These chronically activated
platelets maintain the release of mediators that prolong the permeability of the BBB [15,20].
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Adding to this mechanism, Ryu et al. (2024), proposes the molecular basis of fibrin-induced
neurotoxicity, contrasting clinical data and biomarkers that support the hypothesis of an
oxygen-deprived brain due to microcirculatory failure as a functional outcome [39]. In gen-
eral, this “functional deviation” and persistent neurovascular impairment can sustain local
hypoxia, forming the biological basis for long-term clinical findings such as “brain fog” and
strong overlaps with ME/CFS, a condition historically linked to cerebral hypoperfusion
and metabolic failure, as observed in the selection of this review [14], as well as in other
studies [40,41].

4.9. Chronic Consequences: From Impaired Metabolic Clearance to Synaptic Excitotoxicity

The ultimate consequence of the neurovascular unit disruption and thromboinflam-
mation described may establish a neurodegenerative environment. The literature selected
in this review suggests that Long-COVID represents a state of accelerated biological aging
and proteinopathy, driven by the failure of clearance mechanisms and synaptic excitotoxic-
ity [16,20,24]. This aspect also emerges in another study focused on cognitive status, which
is not the focus of our study, but equally important [42]. From this hypothesis, we can
suggest how persistent vascular impairment translates into microcirculatory failure and
stagnation of neurotoxic metabolites in the brain parenchyma.

4.10. From Cytokine Storm to Glymphatic Clearance Failure

A critical, yet often overlooked, mechanism linking vascular injury to neurodegenera-
tion is the impairment of the glymphatic system. Chaganti and colleagues (2025) describe
that perivascular spaces, essential for the elimination of metabolic waste, are structurally
and functionally compromised in Long-COVID [16].

As glymphatic flow is driven by arterial pulsation and depends on the polarity of
Aquaporin-4 (AQP4) channels in astrocyte footplates, endothelial damage and pericyte
loss can compromise the “pump” of this cleaning system [14,17]. This is an important
aspect, considering that AQP4 is the main water channel protein in the CNS, facilitating
the bidirectional transport of water across BBBCSF interfaces to maintain osmotic balance,
regulate the elimination of brain waste, and manage ionic homeostasis. Congestion of
perivascular spaces can lead to stagnation of neurotoxic metabolites and inflammatory
cytokines within the parenchyma.

This mechanism agrees with the hypothesis of Theoharides and Kempuraj (2023),
where the activation of mast cells in these perivascular locations is presented as a physical
and chemical blocking factor that can prevent the drainage of 3-amyloid and tau proteins,
thus promoting their pathological aggregation, in a study dedicated to the neuronal aspect
of COVID [43].

4.11. The “Fusogen Storm”, Neurodegenerative Phenotype, and Synaptic Excitotoxicity: The Basis
of Brain Fog

Although neuronal status is not the central focus of this review, this clinical condition
emerges concomitantly in several studies. Two of these studies were not included in
our selection, but they present interesting points for the clinical scenario. In particular,
they point to the failure of elimination mechanisms as a component that can generate a
physiological environment for proteinopathies. Sfera et al. (2023) suggest a “Fusogenic
Storm” model, arguing that the SARS-CoV-2 Spike protein induces cell-cell fusion and
intracellular calcium accumulation, thus mimicking the molecular pathology of early-
stage Alzheimer’s disease (AD) [44]. This is clinically corroborated by Kirmizibekmez
et al. (2025), who, using functional connectivity magnetic resonance imaging, identified
disrupted neural networks in post-COVID patients that overlap with patterns observed in
dementia, suggesting a phenotype of accelerated neurodegeneration [45].
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In this same context, Almulla et al. (2024) demonstrate that this is not a passive
degeneration, but an active autoimmune process; their detection of immunoglobulins
directed against distinct CNS targets, specifically MBP, MOG, and synapsin, suggests that
uneliminated cellular debris triggers a secondary autoimmune attack [24]. This “fight or
flight” mechanism explains why neurodegeneration progresses even after virus elimination.
The presence of elevated NfL in patient plasma serves as the definitive fluid biomarker
of this ongoing axonal destruction [15,20]. Taken together, these data may contribute to
understanding other potential effects of BBB fragility in Long-COVID.

Although cell death explains long-term deficits, fluctuating cognitive symptoms are
better explained by synaptic dysfunction. In Long-COVID, a possible explanation would
be that upregulation indicates a state of generalized glutamatergic excitotoxicity. In this
context, chronic neuroinflammation and the hypoxic environment lower the threshold for
neuronal activation. In response, neurons appear to upregulate AMPA receptors, leading to
metabolic exhaustion and synaptic noise [23,27]. This hypothesis is also supported by the
work of Fujimoto et al. (2025), a study not included in our selection because it has a different
focus, but which provides an advance by visualizing a systemic upregulation of AMPA
receptors (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) in the brains of patients
with Long-COVID [42]. This excitotoxic state, combined with the loss of synaptic plasticity
markers, offers a coherent mechanistic explanation for the deficits in attention and memory
retention, which can also be observed in other studies dedicated to the cognitive context of
Long-COVID, which, although outside the scope of this review, deserves mention [42,46,47].

Furthermore, Reas and colleagues (2025) highlight that this vulnerability is genetically
stratified; carriers of the APOE ¢4 allele are less able to repair this synaptic damage,
predisposing them to permanent cognitive decline [48]. In particular, this polymorphism is
a known genetic risk factor for late-onset sporadic Alzheimer’s disease. Carriers have an
increased risk of developing Alzheimer’s disease. This risk can be described as 10-15% for
non-carriers (carriers of other APOE alleles) in a baseline risk population, 20-25% for ¢4
heterozygotes, or 30-55% for ¢4 homozygotes.

5. Study Limitations

Although the mechanisms presented are consistent, this review has limitations inher-
ent to the currently available literature. Heterogeneity is observed in the clinical follow-up
for the definition of long COVID and a frequent absence of statistical adjustments for
baseline confounding factors. Furthermore, the nonspecificity of some biomarkers, which
also fluctuate in response to other systemic conditions, requires caution when isolating the
exclusive impact of SARS-CoV-2. It should also be noted that the clearest evidence on the
structural collapse of the blood-brain barrier derives predominantly from studies with ex-
posure to the original viral strains, which requires validation of this thromboinflammatory
phenotype against subsequent variants. Finally, from a methodological point of view, the
design prioritized a narrative approach, dispensing with the application of formal tools for
assessing the risk of bias to the selected articles. In addition to these aspects presented, a
limiting factor to be considered is also the large number of articles published on COVID-19
that could not be included due to different inclusion criteria that were not contemplated for
this particular study [49-143]. This volume of study reflects how heterogeneous the field of
post-COVID-19 pandemic research has become, especially focusing on Long-COVID. In this
sense, we hope to contribute to new studies targeting specific aspects that can contribute
to a better understanding of the post-pandemic effects and better management of health
parameters related to COVID-19 and its various variants.
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6. Conclusions and Perspectives

The evidence gathered in this review indicates BBB dysfunction as an important and
multifaceted pathogenic mechanism in Long-COVID. We describe a continuous pathogenic
cascade in which initial endothelial injury, driven by molecular imbalances, progresses to
structural barrier collapse, thromboinflammation, and impaired glymphatic clearance. This
sequence of events suggests that the clinical manifestations of cognitive decline and fatigue
are not isolated neuronal deficits, but may be consequences of systemic vascular failure
that alters the metabolic and homeostatic environment of the central nervous system.

Although the molecular pathways linking vascular injury to neurodegeneration are
becoming increasingly clear, translating this knowledge into clinical practice remains a
challenge. Furthermore, Long-COVID has demonstrated normalization of BBB markers
without correlation with long-term symptoms, as observed in some reports, suggesting that
other mechanisms are involved, underpinned by the consequences of the initial disruption
rather than continuous leakage.

In this context, future research should focus on validating these biomarkers in larger
cohorts and conducting rigorous clinical trials to determine whether therapeutic strate-
gies aimed at vascular stabilization can effectively interrupt this pathological cycle and
ultimately improve cognitive outcomes in Long-COVID. In particular, AQP-4, APOE &4,
and vascular fragility markers would be good initial candidates. On the other hand,
immunity-related markers could also contribute, although they are not a priority in terms
of population impact. Key emerging mechanisms in the complex interplay between BBB
injury and CNS dysfunction are presented schematically in Figure 3.
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