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Abstract: Cognitive dysfunction represents one of the most persistent and disabling fea-
tures of Long COVID, yet its molecular underpinnings remain incompletely understood.
This narrative review synthesizes current evidence on the pathophysiological mechanisms
linking SARS-CoV-2 infection to long-term neurocognitive sequelae. Key processes include
persistent neuroinflammation, blood–brain barrier (BBB) disruption, endothelial dysfunc-
tion, immune dysregulation, and neuroendocrine imbalance. Microglial activation and
cytokine release (e.g., IL-6, TNF-α) promote synaptic dysfunction and neuronal injury,
while activation of inflammasomes such as NLRP3 amplifies CNS inflammation. Vascular
abnormalities, including microthrombosis and BBB leakage, facilitate the infiltration of
peripheral immune cells and neurotoxic mediators. Hypothalamic–pituitary–adrenal axis
dysfunction and reduced vagal tone further exacerbate systemic inflammation and auto-
nomic imbalance. Biomarkers such as GFAP, NFL, IL-6, and S100B have been associated
with both neuroinflammation and cognitive symptoms. Notably, transcriptomic signatures
in Long COVID overlap with those observed in Alzheimer’s disease, highlighting shared
pathways involving tau dysregulation, oxidative stress, and glial reactivity. Understanding
these mechanisms is critical for identifying at-risk individuals and developing targeted
therapeutic strategies. This review underscores the need for longitudinal research and
integrative biomarker analysis to elucidate the molecular trajectory of cognitive impairment
in Long COVID.

Keywords: long-COVID; cognitive dysfunction; neuroinflammation

1. Introduction
Long COVID, also referred to as post-acute sequelae of SARS-CoV-2 infection (PASC),

is a chronic, multisystemic condition that persists beyond the resolution of the acute phase
of COVID-19. It is defined by the persistence or emergence of symptoms for at least
12 weeks following infection with SARS-CoV-2, in the absence of an alternative diagno-
sis [1,2]. While the manifestations of Long COVID are highly heterogeneous, cognitive
dysfunction has emerged as one of the most frequent and debilitating symptoms, substan-
tially impairing quality of life and functional independence [3–5].

This constellation of cognitive symptoms is commonly described by patients as “brain
fog” and encompasses memory deficiencies, reduced attention span, slowed information
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processing, and executive dysfunction [5,6]. Notably, these impairments have been reported
even in individuals with mild or asymptomatic acute infection and may persist for months
after viral clearance [6,7]. Objectively, cognitive deficits have been identified through
neuropsychological testing, including impairments in working memory, verbal fluency,
and complex task execution, with implications for occupational performance and social
functioning [8].

Although some features of Long COVID resemble post-viral syndromes described
after infections such as Epstein–Barr virus or influenza, the global scale of the COVID-19
pandemic and the high burden of neurological symptoms make this condition a unique
clinical and public health challenge [9,10]. The exact pathophysiological mechanisms
underlying post-COVID cognitive dysfunction remain incompletely understood. However,
emerging evidence points toward a convergence of neuroinflammatory, vascular, metabolic,
and neurodegenerative pathways, which may collectively contribute to sustained neuronal
dysfunction [10–13].

Given the complexity of the clinical phenotype and the diversity of the proposed
mechanisms, an integrative approach is necessary to synthesize current findings. This
article presents a narrative review based on a comprehensive literature search, integrating
clinical and experimental data to explore the molecular mechanisms underlying cognitive
impairment in Long COVID.

2. Materials and Methods
A comprehensive search was performed in PubMed, Scopus, and Web of Science for

peer-reviewed articles published in the past five years. Additional sources were retrieved
from the World Health Organization (WHO) and the Centers for Disease Control and
Prevention (CDC). Search terms included “Long COVID”, “cognitive dysfunction”, and
“neuroinflammation”. The reference lists of selected articles were also screened to identify
further relevant studies. Out of approximately 1200 records initially identified, 169 sources
were included in the final synthesis. These included 75 original research articles (including
52 observational cohorts, 20 longitudinal studies, and 3 clinical trials), 32 mechanistic inves-
tigations in animal or cellular models, 61 peer-reviewed reviews and meta-analyses with
novel translational insights, and one public health reports from the WHO. Most studies orig-
inated from Europe, North America, and Asia, with limited data from low-income regions.
Studies were considered eligible if they were published in English, peer-reviewed, and
focused specifically on neurocognitive outcomes, mechanistic underpinnings, or biomark-
ers of cognitive dysfunction in the context of post-acute sequelae of SARS-CoV-2 infection.
Editorials, commentaries, case reports, preprints, and studies unrelated to neurocognitive
outcomes were excluded. Priority was given to original research articles, including obser-
vational cohorts, longitudinal investigations, and mechanistic studies. Review articles were
included only if they contained new quantitative syntheses (e.g., systematic reviews or
meta-analyses) or filled specific conceptual gaps not directly covered by primary studies.
Given the narrative format of this review, no formal risk of bias or quality assessment
tools were applied. Instead, a thematic synthesis approach was adopted to integrate and
categorize the findings on the basis of methodological clarity, scientific rigor, and relevance
to the neurobiological mechanisms of Long COVID-related cognitive impairment.

3. Neurological and Cognitive Manifestations of Long COVID
Long COVID manifests itself through a wide range of neurological symptoms that

affect both the central and peripheral nervous systems. These can occur during acute
infection or later, persisting with varying intensity. Common manifestations include fatigue,
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headache, anosmia, ageusia, dizziness, myalgia, neuropathic pain, and neuropsychiatric
disorders such as depression, anxiety, insomnia, and irritability [5–7,10].

Among the most disabling sequelae are cognitive disorders, often referred to as
“brain fog” [11–14], which include mental confusion, memory loss, and concentration
disorders [15–19]. Objective assessments, including the Montreal Cognitive Assessment
(MoCA), the Mini-Mental State Examination (MMSE), and the Symbol Digit Modalities Test
(SDMT), have confirmed impairments in attention, executive function, verbal fluency, and
working memory [20–22]. Prevalence estimates vary, with meta-analyses reporting rates
of 20–26% at 3–12 months after infection [3,11], and longitudinal data indicating increases
from 16% to 26% between two months and one year [23]. A population-based study of
over 1.3 million people found persistent neurocognitive sequelae up to two years after
infection [1,24]. These impairments significantly affect daily functioning and occupational
performance [25–27].

Recent systematic reviews have expanded current knowledge regarding the persis-
tence of neurocognitive impairments in individuals affected by Long COVID. One anal-
ysis conducted in 2024 included 36 studies and highlighted lasting deficits in executive
functions, memory, attention, and processing speed [14]. The authors emphasized the
importance of implementing targeted interventions to alleviate these symptoms. Another
meta-analysis from 2025, which synthesized data from 33 studies, reported a significantly
elevated risk of experiencing memory problems and difficulties with concentration at least
four weeks following SARS-CoV-2 infection [28]. Together, these findings reinforce the
widespread nature of cognitive symptoms in the post-acute phase of COVID-19 and the
need for systematic follow-up.

Additional evidence from recent large-scale cohort studies supports these observations.
One observational study from 2024, involving more than 140,000 participants, identified
persistent cognitive impairments, particularly in memory and executive function, among
individuals reporting long-term symptoms [29]. Notably, these deficits remained even
after other physical symptoms had resolved. Another study from the same year reported
significant cognitive slowing in patients with Long COVID compared with matched control
groups, on the basis of standardized neuropsychological testing [30]. These findings
emphasize the enduring cognitive consequences of Long COVID and the pressing need for
sustained clinical and research engagement in this field.

Emerging evidence suggests that psychosocial stress may exacerbate brain fog through
molecular mechanisms involving neuroendocrine imbalance, systemic inflammation, and
blood–brain barrier (BBB) dysfunction. High levels of psychological stress activate the
hypothalamic–pituitary–adrenal (HPA) axis, leading to dysregulated cortisol secretion and
increased expression of proinflammatory cytokines such as interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-α) [14,16,31,32]. These mediators contribute to glial activation,
oxidative stress, impaired synaptic plasticity, and disruption of BBB integrity [33–35]. Taken
together, these processes have been implicated in the pathogenesis of cognitive and neu-
ropsychiatric symptoms associated with Long COVID [6,9,10]. Furthermore, a large-scale
online survey conducted in Romania identified high rates of anxiety, depression, and psy-
chological distress during the pandemic, with potential implications for the persistence of
post-infection cognitive and emotional symptoms [36]. These observations underscore the
importance of multidisciplinary management strategies, including psychoneuroimmuno-
logical assessment, to address the complex interaction between molecular and psychosocial
factors contributing to cognitive dysfunction in Long COVID [37,38].

It is important to note that cognitive symptoms often occur independently of mood
disorders, with several studies demonstrating their persistence even after controlling for
depression, anxiety, or fatigue [36,39]. Remarkably, individuals with mild or asymptomatic
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infections may still develop long-term cognitive impairment, suggesting a potential role for
direct viral invasion or immune-mediated central nervous system (CNS) damage [40,41].

Converging molecular and neurofunctional mechanisms have been proposed to un-
derlie the cognitive overlap between Long COVID and post-concussion syndrome. Com-
parative studies have identified common clinical features such as attention deficit, sensory
hypersensitivity, fatigue, and anxiety. These symptoms are thought to result from diffuse
neural network dysfunction, possibly driven by glial activation, neuroinflammation, and
impaired synaptic plasticity—mechanisms also described in mild traumatic brain injury.
Evidence suggests that both conditions may involve the transient disruption of connectivity,
altered neuromodulation, and BBB dysfunction, which together underpin cognitive deficits
even in the absence of obvious structural brain damage. This information may support
the adaptation of cognitive rehabilitation strategies from post-traumatic models to Long
COVID [42].

Other neurological features include hearing loss, tinnitus, vestibular dysfunction (e.g.,
vertigo), paresthesia, and autonomic disorders such as postural orthostatic tachycardia
syndrome (POTS) [43–45]. The variability and late onset of these manifestations, combined
with the absence of standardized diagnostic criteria, contribute to their frequent under
recognition. Neuroimaging studies have revealed structural and functional abnormalities,
including hippocampal atrophy, reduced gray matter volume, and changes in connectivity
within cognitive networks [20,46–48].

Overall, neurological and cognitive manifestations constitute a significant but often
underdiagnosed aspect of post-viral morbidity. Their persistence and functional burden
highlight the urgent need for systematic assessment and a mechanistic understanding to
inform effective therapeutic strategies.

4. Pathogenic Mechanisms Underlying Neurological Dysfunction
Neurological manifestations in Long COVID stem from a multifactorial pathophys-

iological process involving both systemic and central nervous system disruptions. Key
interconnected pathways—including neuroinflammation, BBB disruption, endothelial dys-
function, microvascular injury, and persistent immune activation—contribute to synaptic
damage, glial reactivity, and impaired cerebral perfusion [49–56] (Figure 1).

Figure 1. Mechanisms of cognitive dysfunction in Long COVID.

This diagram illustrates the main biological mechanisms involved in the development
of cognitive and neuropsychiatric symptoms after SARS-CoV-2 infection. The virus enters
through the angiotensin-converting enzyme 2 (ACE2) and neuropilin-1 (NRP1) receptors
on endothelial and glial cells, triggering a series of events, including the systemic release of



Int. J. Mol. Sci. 2025, 26, 5102 5 of 25

cytokines such as interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and tumor necrosis factor
alpha (TNF-α) and the infiltration of immune cells into the central nervous system (CNS).
These processes promote disruption of the blood–brain barrier (BBB), activation of glial
cells (microglia and astrocytes), and thromboinflammatory responses, including cerebral
microthrombosis. The resulting pathophysiological changes lead to neuroinflammation,
oxidative stress, and neuronal injury. In parallel, dysregulation of the autonomic nervous
system (ANS) and the vagus nerve exacerbates inflammation through neuroimmune feed-
back. Together, these mechanisms contribute to the long-term sequelae of Long COVID,
including persistent neuroinflammation, cognitive dysfunction (“brain fog”), anxiety, and
memory impairment [51,53–56].

The following section discusses the molecular and cellular processes through which
SARS-CoV-2 may alter brain function in the context of Long COVID, offering insights into
the biological basis of persistent cognitive symptoms.

4.1. Neuroinflammation and Its Impact on Brain Function

Neuroinflammation has emerged as a central mechanism contributing to the cognitive
impairment observed in Long COVID, reflecting a sustained and maladaptive immune
activation within the CNS [48]. As illustrated in Figure 2, this pathological process in-
volves complex interactions among peripheral immune signals, microglial activation, and
blood–brain barrier dysfunction, ultimately leading to neuronal dysfunction and cognitive
decline [35,54,55,57–59].

Figure 2. Neuroinflammatory and vascular pathways in Long COVID.

Figure 2 illustrates the interplay between inflammatory and vascular processes trig-
gered by SARS-CoV-2 infection. Activation of the NLRP3 (NOD-like receptor family pyrin
domain containing 3) inflammasome and caspase-1 promotes the release of proinflamma-
tory cytokines, including interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and tumor necrosis
factor alpha (TNF-α). These cytokines upregulate vascular permeability and proangio-
genic factors such as vascular endothelial growth factor A (VEGF-A), which disrupt the
blood–brain barrier (BBB) and alter vascular homeostasis. This cascade facilitates microglial
activation and contributes to neurovascular dysfunction, ultimately compromising central
nervous system (CNS) integrity in Long COVID [35,54,55,57–59].

Although the CNS has traditionally been considered immunologically privileged [60],
evidence now shows that systemic infections, including SARS-CoV-2, can trigger robust
neuroimmune activation [33]. This includes direct viral interactions with neural cells and
sustained peripheral inflammation that affects the CNS through a compromised BBB [61,62].
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Microglia, the resident immune cells of the CNS, respond to systemic cytokines and damage-
associated signals, such as the adenosine triphosphate (ATP) released from injured neurons,
by shifting into an activated phenotype [62,63]. Chronic microglial activation leads to the
release of proinflammatory cytokines (e.g., TNF-α, IL-6), reactive oxygen species (ROS),
and complement components that promote synaptic loss, demyelination, and neuronal
injury [64–67]. Astrocytes and microglia contribute to CNS damage by secreting nitric
oxide, glutamate, and prostaglandins, amplifying neurotoxicity [68,69].

A central role is played by intracellular inflammasomes, particularly NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3), which mediate the production of interleukin-1
beta (IL-1β) and interleukin-18 (IL-18), which are cytokines implicated in neurodegenera-
tive diseases and COVID-19-related brain injury [54,70]. Upon activation, NLRP3 promotes
caspase-1-dependent cytokine maturation, thereby sustaining neuroinflammation and con-
tributing to cognitive dysfunction. Innate immune sensors, such as Toll-like receptors
(TLRs) and NOD-like receptors (NLRs), expressed on glial and neuronal cells, recognize vi-
ral motifs and amplify inflammation via cytokine and complement activation [54,61,66,69].
For example, the chemokine CCL11 (eotaxin-1), which is elevated in the cerebrospinal fluid
(CSF) of Long COVID patients, inhibits neurogenesis and oligodendrocyte function, further
promoting cognitive decline [71].

Endothelial dysfunction induced by direct viral infection and inflammation con-
tributes to neuroinflammation and cognitive impairment through mechanisms including
microvascular thrombosis, BBB disruption, and tissue hypoxia [11,72,73]. SARS-CoV-2
can traverse the BBB by infecting angiotensin-converting enzyme2 (ACE2)-expressing
endothelial cells and pericytes, or via transcytosis, enabling viral entry into the CNS [11,74].
Neuropilin-1 (NRP1), co-expressed with ACE2 in olfactory and vascular endothelial tis-
sues, facilitates CNS viral entry and regulates the vascular endothelial growth factor A
(VEGF-A)-dependent pathways involved in angiogenesis and vascular permeability [55,74].
Disruption of the NRP1/VEGF-A axis by the viral spike protein exacerbates vascular
instability and has been associated with anosmia, nociceptive alterations, and increased
vulnerability to neuroinflammatory damage [51,55,75,76] (Figure 3).

 
Figure 3. Disruption of the VEGF-A/NRP1 signaling axis by SARS-CoV-2.

This figure illustrates the disruption of neuropilin-1 (NRP1)-mediated signaling by
SARS-CoV-2. Under physiological conditions, NRP1 functions as a co-receptor for vascular
endothelial growth factor A (VEGF-A, labeled “A”) and semaphorin b1 (Sema b1), coordi-
nating the signaling pathways involved in vascular homeostasis, blood–brain barrier (BBB)
stability, and neuronal guidance [55,75]. These ligands bind to the b1 domain of NRP1
to maintain endothelial integrity and regulate neurovascular function. Following SARS-
CoV-2 infection, the S1 subunit of the viral spike protein competitively binds to the same
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b1 domain of NRP1, blocking access to endogenous ligands. This interference disrupts
intracellular signaling, compromises BBB function, promotes endothelial dysfunction, and
contributes to the neurovascular injury and impaired CNS homeostasis observed in Long
COVID [55,75,76].

MicroRNAs (miRNAs) and extracellular vehicles (EVs) are additional contributors to
the neuroinflammatory environment. miR-24, a suppressor of NRP1 [77], has demonstrated
anti-inflammatory and anti-viral effects and is a potential modulator of BBB integrity in
Long COVID [78]. Molecular analyses have revealed the presence of SARS-CoV-2 proteins
and injury markers, such as glial fibrillary acidic protein (GFAP) and agrin, in astrocyte-
and neuron-derived exosomes (ADEVs and NDEVs), even in individuals with mild acute
COVID-19, indicating persistent cellular dysfunction [51,58,69,79]. These extracellular
vesicles (EVs) also carry microRNAs (miRNAs), such as miR-146a, miR-21, and miR-
155, which regulate glial activation and oxidative stress via nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) signaling and may contribute to impaired
neurogenesis and synaptic plasticity [80].

Persistent elevation of cytokines such as IL-6, IL-1β, and TNF-α has been consistently
observed in Long COVID and correlates with cognitive symptoms and brain abnormali-
ties [14,16,81,82]. TNF-α is a central mediator of microglia-driven synaptic loss, as shown in
experimental viral encephalitis models and prospective cohort studies in humans [48,83,84].
Biomarkers such as neurofilament light chain (NFL), GFAP, and galectin-3 (LGALS3) are
elevated in the CSF and serum of affected individuals, indicating ongoing astrocytic and
axonal injury [33,74,82]. These markers correlate with disease severity and cognitive dys-
function [58,82]. Systemic hyperinflammation—indicated by persistently elevated TNF-α
and IL-6 levels in plasma and CSF—has been associated with microstructural brain abnor-
malities and glial activation [84,85].

In some cases, infection-triggered autoimmunity contributes to CNS pathology. Au-
toantibodies targeting cytokines, phospholipids, and neural antigens have been identified
in Long COVID and are associated with neuropsychiatric symptoms and vascular compli-
cations [10,27,86,87]. Therapeutic strategies targeting inflammatory mediators have been
explored. IL-6 receptor antagonists, particularly tocilizumab, have demonstrated survival
benefits in severe cases of COVID-19, according to a large meta-analysis of randomized
controlled trials [88]. Given the persistence of IL-6 pathway activation in convalescent
COVID-19 patients [89], their potential application in Long COVID is currently under
investigation. In contrast, TNF-α inhibitors are currently undergoing clinical evaluation,
with concerns remaining regarding their safety and therapeutic specificity in the context of
post-acute COVID-19 [90,91].

4.2. Blood–Brain Barrier Disruption and Neurovascular Injury in Long COVID

Vascular dysfunction plays a central role in COVID-19’s pathogenesis, contributing to
systemic and neurological complications in Long COVID [92]. Disruption of the BBB—a
regulatory interface composed of endothelial cells, pericytes, astrocytes, and basal lamina—
permits peripheral cytokines and neurotoxins to infiltrate the CNS (Figure 2), triggering
neuroinflammation and cognitive impairment [35,93]. Neuropathological investigations
have revealed vascular abnormalities characteristic of COVID-19, including microthrombo-
sis, small vessel vasculitis, and diffuse endothelial dysfunction. These findings support
the hypothesis that acute vascular injury may serve as a precursor to long-term cognitive
impairment, particularly through mechanisms involving microcirculatory disorders and
neuroinflammation [94].

SARS-CoV-2 binds to ACE2-expressing endothelial cells, pericytes, and astrocytes,
following spike (S) protein priming by transmembrane protease serine 2 (TMPRSS2) and
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furin, which together facilitate viral entry [95,96]. Once internalized, the viral components
activate glial cells, amplify cytokine cascades, and destabilize the BBB [46,93]. A charac-
teristic cytokine profile, including IL-1β, IL-6, IL-10, interferon gamma (IFN-γ), monocyte
chemoattractant protein-1 (MCP-1), and granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), enhances endothelial permeability via apoptosis, junctional breakdown, and
non-canonical NF-κB signaling in microglia [86,97].

Astrocytic release of TNF-α, nitric oxide, glutamate, and ROS exacerbates vascular
and neuronal injury. Complement activation and coagulation imbalance contribute further
to microvascular disruption [98]. Additionally, the kallikrein–kinin system (KKS), through
bradykinin accumulation, enhances vascular leakage via stimulation of bradykinin recep-
tors B1 and B2, a mechanism that is particularly relevant in vulnerable brain regions [35,51].

Hypoxia secondary to respiratory failure also compromises blood–brain barrier (BBB)
function by inducing vascular endothelial growth factor (VEGF) signaling, oxidative stress,
and hypoxia-inducible factor 1-alpha (HIF-1α)-dependent modulation of ACE2 [99,100].
Elevated matrix metalloproteinase-9 (MMP-9) degrades Type IV collagen in the basal
lamina, impairing both the BBB and the blood–CSF barrier [35,101].

Multiple BBB invasion pathways have been proposed: a transcellular route via ACE2-
mediated entry, and a paracellular route involving RhoA-driven cytoskeletal contraction
and tight junction disassembly [35,97,100,101]. Hematogenous dissemination and transcyto-
sis of infected monocytes and immune cells may also contribute to viral neuroinvasion [61].

Clinical and postmortem studies have revealed elevated CSF albumin, fibrinogen
extravasation, and microvascular pathology in brain tissue, consistent with barrier break-
down [102,103]. A cross-sectional study by Greene et al. demonstrated persistent BBB dis-
ruption up to 211 days post-infection in Long COVID patients with cognitive symptoms [78].
Magnetic Resonance Imaging (MRI) findings included cortical thinning, increased CSF
volume, and white matter loss in the frontal and temporal lobes [92]. Concurrently, serum
markers (S100B, IL-6, IL-13, basic fibroblast growth factor (bFGF), and MCP-1) were sig-
nificantly elevated, alongside transcriptomic profiles showing upregulated transforming
growth factor beta (TGF-β) signaling and T cell activation [92].

Functionally, sera from Long COVID patients induced endothelial activation and
expression of TNF and adhesion molecules, such as ICAM-1 and VCAM-1, in brain en-
dothelial cell cultures [92,104]. Exposure to recombinant S1 protein also disrupted tight
junction integrity, reflecting neuropathological observations of perivascular inflammation
and microvascular injury [105].

Notably, the temporal lobes, linked to both olfaction and cognition, exhibited the
most consistent structural and functional disruption, potentially explaining the clinical
correlation between acute-phase anosmia and subsequent cognitive dysfunction [106,107].

In addition to canonical inflammatory mediators, elevated TGF-β has been identified
in Long COVID patients with cognitive symptoms, supporting its dual role in BBB per-
meability and neurodegeneration. This parallels findings in chronic fatigue syndrome, a
condition with overlapping neurocognitive features [92,106,108].

Together, persistent endothelial activation, immune dysregulation, and spike protein-
mediated barrier injury define a core mechanism driving cognitive impairment in Long
COVID. The BBB thus emerges as both a marker of disease progression and a potential
therapeutic target.

4.3. Endothelial Dysfunction and Cerebral Microvascular Thrombosis in Long COVID

Endothelial dysfunction is a key driver of Long COVID pathology, particularly within
the CNS [109,110]. Cerebral endothelial cells maintain vascular homeostasis and BBB
integrity [111,112] but are disrupted by SARS-CoV-2 through direct ACE2-mediated entry
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and inflammation-induced activation, leading to increased permeability and immune
infiltration [110,112,113].

BBB disruption facilitates neuroinflammation and promotes a pro-thrombotic state.
Activated ECs upregulate adhesion molecules such as ICAM-1, VCAM-1, and selectins, sup-
porting leukocyte adhesion and platelet aggregation [110,113]. These events set the stage for
cerebral microthrombosis, compromising oxygen delivery to neurons and glia. Neuropatho-
logical analyses have confirmed widespread microvascular injury and microthrombi in the
brains of Long COVID patients, associated with mitochondrial dysfunction, local hypoxia,
and neuronal apoptosis—mechanisms contributing to symptoms such as brain fog, impaired
memory, and reduced attention span [46,114,115].

Advanced neuroimaging studies, including dynamic contrast-enhanced MRI, reveal
increased BBB permeability and perfusion deficits, especially in the frontal and tempo-
ral lobes—regions involved in memory and executive function [35]. These findings are
paralleled by persistent hypercoagulability, with circulating microclots detected weeks
to months after recovery [102,110]. Microthrombi are thought to obstruct small cerebral
vessels in metabolically active areas like the hippocampus and prefrontal cortex, impairing
synaptic homeostasis [50]. Histological studies support sustained ischemic injury, including
apoptotic neuronal loss and mitochondrial fragmentation [49].

Inflammation-induced endothelial activation plays a central role in this process. The
COVID-19-associated cytokine storm, marked by elevated IL-6, IL-1β, TNF-α, and related
mediators, upregulates tissue factor and von Willebrand factor expression, while down-
regulating anticoagulant pathways such as thrombomodulin and protein C [106,116,117].
Persistently elevated D-dimer and fibrinogen levels have been reported months after
infection, indicating ongoing thrombin generation and vascular stress [116–118].

Beyond cognitive symptoms, cerebral microthrombosis has been implicated in stroke,
transient ischemic attacks (TIAs), and progressive neurocognitive decline. Although often
undetectable with standard neuroimaging, the cumulative burden of microclots likely
contributes to chronic hypoperfusion and neuroinflammatory injury [50,119]. In paral-
lel, oxidative stress, nitric oxide (NO) depletion, and impaired vasodilation exacerbate
endothelial dysfunction and further compromise cerebral perfusion [120].

In addition to classical inflammatory mediators, metabolic regulators involved in
vascular homeostasis have also emerged as key players in post-COVID endothelial pathol-
ogy. A recent study analyzing peripheral immune cells from patients with metabolic
syndrome—a condition frequently overlapping with Long COVID—demonstrated a signif-
icant reduction in peroxisome proliferator-activated receptor alpha (PPARα) expression in
eosinophils, which was inversely correlated with CD36 receptor levels [121]. PPARα acts
as a transcriptional regulator that attenuates inflammatory gene expression and promotes
lipid oxidation, thus protecting against endothelial activation. Conversely, increased CD36
expression facilitates the uptake of oxidized lipids, foam cell formation, and activation of
the NLRP3 inflammasome—features of a proinflammatory and pro-thrombotic vascular
state [121,122].

Importantly, CD36 was recently shown to mediate SARS-CoV-2 envelope protein-
induced platelet activation and thrombosis, directly linking viral elements to thromboin-
flammatory pathways [123]. This insight suggests that CD36 overexpression may not only
reflect metabolic dysregulation but also actively contributes to virus-induced microvascular
injury in Long COVID. The inverse expression pattern of PPARα and CD36 thus repre-
sents a shift toward endothelial dysfunction, oxidative stress, and immunothrombosis—
factors that likely perpetuate the multisystem impairments observed in this syndrome.
These findings support the exploration of metabolic–inflammatory pathways as potential
therapeutic targets.
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Circulating endothelial-derived microparticles and soluble markers such as ICAM-
1, VCAM-1, and E-selectin have also been found to be elevated in Long COVID and
correlate with disease severity and cognitive dysfunction [124,125]. These may serve as
accessible biomarkers for monitoring cerebral microvascular involvement and tailoring
therapeutic strategies.

Taken together, endothelial dysfunction and cerebral microthrombosis, sustained by
chronic inflammation, immune imbalance, and coagulopathy, appear to be central drivers
of neurovascular injury and cognitive impairment in Long COVID.

4.4. Neuroendocrine Dysregulation and Autonomic Nervous System Dysfunction in Long COVID

An expanding body of evidence implicates dysregulation of the autonomic–immune–
endocrine axis in the persistent neurological and systemic symptoms of Long COVID [126].
Vagal dysfunction, central to the cholinergic anti-inflammatory pathway (CAP), con-
tributes to dysautonomia, manifesting as POTS, fatigue, orthostatic intolerance, and palpi-
tations [127,128].

SARS-CoV-2 has been detected in the vagus nerve, which expresses ACE2, neuropilin-
1, and TMPRSS2 along its trajectory and at its brainstem entry point [129–131]. Neuroinva-
sion may induce chronic local inflammation and reduced vagal tone, impairing the CAP
and sustaining a systemic proinflammatory state, a hallmark of inflammaging—particularly
relevant in older adults with immune senescence [131].

A reliable surrogate of vagal tone is heart rate variability (HRV), which reflects central–
peripheral autonomic regulation and neurovisceral integration [132]. Decreased HRV
correlates with elevated IL-6, linking vagal dysfunction to inflammation and aging-related
immune imbalance [133]. HRV is thus emerging as a predictive biomarker for post-COVID
dysautonomia and associated cardiovascular and neurocognitive risks [134].

Additional markers of autonomic and neuroendocrine imbalance include cate-
cholamines (dopamine, norepinephrine), serotonin, and cortisol. Chronic inflammation in
Long COVID diverts tryptophan metabolism toward the kynurenine pathway, depleting pe-
ripheral serotonin—a process that may underlie mood disturbances, memory impairment,
and reduced vagal tone. Similarly, dopamine deficiency may contribute to low motivation
and executive dysfunction [135–139].

Among autonomic disorders, POTS is the most frequently reported cardiovascular
manifestation after SARS-CoV-2 infection. A European survey across specialty centers
found that over 60% of clinicians attributed new-onset POTS to prior COVID-19 [140]. Other
dysautonomic features include orthostatic hypotension and vasovagal syncope. Although
pathogenesis is multifactorial, encompassing baroreflex failure, neurotropism, and autoim-
munity, an immune-mediated mechanism is strongly implicated. Notably, post-vaccination
POTS is rare, typically milder, and lacks consistent causality [141]. Management includes
non-pharmacologic measures (hydration, salt, compression garments, graded exercise)
and medications (propranolol, fludrocortisone, midodrine, pyridostigmine, ivabradine,
clonidine) in refractory cases [141].

Beyond autonomic nervous system (ANS) dysfunction, Long COVID is associated
with persistent hypocortisolism and hypothalamic–pituitary–adrenal (HPA) axis suppres-
sion [129,130]. Reduced serum cortisol levels, often in the absence of compensatory
adrenocorticotropic hormone (ACTH) elevation, suggest hypothalamic or pituitary dys-
function [142–145]. This hormonal pattern mirrors that seen in myalgic encephalomyeli-
tis/chronic fatigue syndrome, supporting shared neuroendocrine mechanisms [146,147].

The persistence of hypocortisolism beyond 12 months raises concerns about long-term
HPA axis dysfunction [142]. Proposed mechanisms include hypothalamic or pituitary
inflammation, adrenal injury, and glucocorticoid receptor resistance—all contributing to



Int. J. Mol. Sci. 2025, 26, 5102 11 of 25

impaired feedback regulation and hormonal imbalance [142,147,148]. These alterations
may drive chronic fatigue, affective symptoms, and cognitive dysfunction in Long COVID.

Collectively, these findings support a model of systemic dysregulation involving the
ANS, HPA axis, and inflammatory pathways, which reinforces a proinflammatory state
and reduces physiological resilience. In this context, mineral imbalances such as hypo-
magnesemia may further exacerbate systemic and neurological symptoms. Recent data
have highlighted a significant association between low magnesium levels and persistent
manifestations such as fatigue, cognitive impairment, myalgia, and dysautonomia in Long
COVID patients. Magnesium stabilizes neuronal membranes, modulates calcium signaling,
and attenuates neurogenic inflammation, thereby potentially exerting a neuroprotective
effect. Thus, assessment and correction of magnesium levels may represent a valuable
supportive measure in the management of neuropsychiatric and muscular symptoms in
Long COVID [149]. Addressing such modifiable factors is particularly relevant, as this
triad of autonomic, endocrine, and inflammatory dysregulation promotes inflammaging,
increases the risk of neurocognitive decline, and sustains multisystem symptoms. Biomark-
ers such as HRV, cortisol, serotonin, dopamine, and circulating cytokines (e.g., IL-6, IL-17,
TNF-α) may function as diagnostic tools, prognostic indicators, and therapeutic targets,
supporting personalized approaches to restore autonomic and neuroendocrine balance in
Long COVID.

5. Converging Pathogenic Mechanisms Between Long COVID and
Alzheimer’s Disease

In contrast to classical neurodegenerative disorders such as Alzheimer’s or Parkinson’s
disease, the neuropathological mechanisms associated with SARS-CoV-2 infection demon-
strate a unique interplay among systemic immune activation, endothelial dysfunction,
and direct neuroinvasion. While tau phosphorylation, oxidative stress, and mitochondrial
impairment are common features, SARS-CoV-2 elicits an exaggerated NLRP3 inflammatory
response and widespread cytokine release (e.g., IL-1β, IL-6), which disrupts the blood–brain
barrier (BBB) and activates glial cells [33,54,69–71]. Moreover, viral entry via neuropilin-1
and ACE2 receptors on the olfactory neurons and brain endothelial cells bypasses classical
synaptic transmission, potentially explaining the rapid onset of cognitive dysfunction
and structural brain changes seen in Long COVID [5,74,75,104,106,109]. Dysregulation
of the hypothalamic–pituitary–adrenal (HPA) axis and persistent microglial activation
further differentiate Long COVID from chronic, slowly progressive neurodegenerative
disorders [129,130,143,144,150].

These distinct and overlapping features are illustrated in Figure 4, which summa-
rizes the molecular and cellular mechanisms linking SARS-CoV-2 to Alzheimer’s-like
neurodegeneration.

This diagram illustrates the main molecular pathways linking SARS-CoV-2 infection
to Alzheimer’s-like neurodegeneration, as observed in Long COVID. Persistent systemic
inflammation, characterized by elevated circulating levels of interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-α), and interleukin-1 beta (IL-1β), leads to suppression of
two key neuroprotective transcription factors: peroxisome proliferator-activated recep-
tor gamma (PPAR-γ) and nuclear factor erythroid 2–related factor 2 (NRF2) [31,51,151].
These factors function synergistically to preserve mitochondrial integrity, redox balance,
and vascular homeostasis [152,153]. Their downregulation promotes oxidative stress and
mitochondrial dysfunction, which, together with activation of kinases such as GSK-3β and
CDK5, contributes to tau hyperphosphorylation—an early neuropathological feature of
Alzheimer’s disease [82,154].
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In parallel, endothelial injury and disruption of the blood–brain barrier (BBB) facili-
tate the central nervous system’s exposure to peripheral cytokines, oxidative mediators,
and neurotoxic molecules, thereby amplifying neuroinflammatory responses [35,73,106].
Notably, the PPAR-γ–NRF2 relationship reflects a functional synergy rather than a se-
quential pathway, indicating integrated regulation of anti-inflammatory and antioxidant
responses [151,152]. Altogether, this interconnected cascade may underlie the increased vul-
nerability to Alzheimer’s-type cognitive decline in individuals with predisposing genetic,
metabolic, or vascular risk profiles.

 
Figure 4. Molecular crosstalk between Long COVID and Alzheimer’s disease pathogenesis.

Despite its distinctive pathophysiological features, increasing evidence suggests that
SARS-CoV-2 may also converge with classical neurodegenerative pathways, particularly
those associated with Alzheimer’s disease (AD). Shared molecular mechanisms include
glial reactivity (GFAP, LGALS3), neuroinflammation, BBB disruption, and tau hyperphos-
phorylation associated with the activation of FK506-binding protein 5 (FKBP5) and glycogen
synthase kinase 3 beta (GSK3β) [33,48,51,140,141,154]. Transcriptomic analyses of Long
COVID patients have revealed the upregulation of genes involved in proinflammatory and
stress-related signaling, such as Kruppel-like factor 4 (KLF4), FKBP5, and LGALS3 [48,51],
suggesting a SARS-CoV-2-specific neuroinflammatory signature.

Findings from translational animal models have provided critical insights into the
neuropathological consequences of SARS-CoV-2 infection. In murine models, even in the
absence of detectable viral RNA in the brain, peripheral SARS-CoV-2 exposure triggers
sustained microglial activation, increased expression of proinflammatory cytokines (e.g., IL-
6, TNF-α), and impaired hippocampal neurogenesis [56,151,155]. Transcriptomic analyses
have revealed the upregulation of neurodegeneration-associated genes, including Ifi204,
FKBP5, complement Component 4 (C4), and the C5a receptor (C5aR), which reflect the
early molecular patterns observed in Alzheimer’s disease (AD) [56,151,156,157].

Additional studies in K18-hACE2 transgenic mice and hamster models have demon-
strated vascular leakage, BBB disruption, astrogliosis, and tau hyperphosphorylation, even
in the absence of productive viral replication in the CNS [158–160]. Moreover, SARS-
CoV-2-infected animals exhibit mitochondrial dysfunction, oxidative stress markers, and
alterations in myelin integrity, supporting a functional correlation with cognitive impair-
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ment [51,155]. These preclinical findings highlight the capacity of SARS-CoV-2 to induce a
sustained neuroinflammatory and neurodegenerative state through immune-mediated and
vascular mechanisms. Importantly, such models offer a valuable platform for identifying
mechanistic targets beyond classical cytokine pathways, which remain therapeutically
limited due to systemic toxicity.

In humans, elevated levels of NFL and GFAP correlate with CNS symptoms, neu-
roinflammation, and glial activation—hallmarks also observed in early AD [51]. These
molecular changes promote a proinflammatory environment that, together with oxidative
stress, facilitates tau hyperphosphorylation via activation of GSK3β, ultimately leading to
synaptic dysfunction and neuronal loss [51,157].

The upregulation of astrocyte-related factors such as LGALS3 and oxidative stress
regulators like KLF4 further supports the existence of a SARS-CoV-2-induced neurode-
generative cascade [48]. Furthermore, vascular pathology constitutes a critical point of
convergence between AD and Long COVID. In AD, cerebrovascular dysfunction impairs
the clearance of amyloid-β and tau, thereby exacerbating neuronal injury [56,107,108,157].
Similarly, in Long COVID, endothelial damage, cerebral microthrombosis, and disruption
of the BBB compromise cerebral perfusion and facilitate the entry of neurotoxic factors
into the central nervous system [48,51,73,119]. Neuroimaging findings in both conditions
include brain volume loss, white matter abnormalities, and pronounced temporal lobe
atrophy [107].

In addition to these structural changes, genetic susceptibility—most notably the
apolipoprotein E (APOE) ε4 allele—also modulates the disease trajectory. APOE ε4 carriers,
already at elevated risk for AD, have shown increased vulnerability to severe COVID-19
and its neurological sequelae [161,162], likely due to underlying impairments in lipid
metabolism, immune regulation, and vascular integrity.

Neuroendocrine dysregulation through HPA axis impairment has been observed in
both conditions. Chronic systemic inflammation and psychological stress are associated
with hypocortisolism and impaired negative feedback, which perpetuate glial activation
and contribute to long-term neuronal injury [142,143,150].

From a therapeutic perspective, this mechanistic overlap highlights opportunities for
the development of shared intervention strategies. Natural compounds such as resveratrol,
curcumin, and green tea polyphenols have demonstrated antioxidant and mitochondrial-
supportive properties through the activation of AMP-activated protein kinase (AMPK),
PPARγ, and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1α), as well as the nuclear factor erythroid 2-related factor 2 (NRF2) and heme oxygenase-1
(HO-1) signaling pathways [48,51,107,158,163,164]. These neuroprotective mechanisms are
often downregulated in both Alzheimer’s disease (AD) and Long COVID [159,164].

In parallel, the proinflammatory transcription factor NF-κB is hyperactivated in SARS-
CoV-2 infection, amplifying glial cytokine production. When coupled with impaired
NRF2 signaling—normally responsible for controlling oxidative stress and stabilizing
inhibitor of NF-κB alpha (IκB-α)—this imbalance drives central nervous system (CNS)
homeostasis toward a neurodegenerative state. Dual targeting of NF-κB inhibition and
NRF2/PPARγ activation thus emerges as a promising therapeutic approach for both
pathologies [159,160,165].

In summary, the overlap between Long COVID and Alzheimer’s disease reflects a
complex network of neuroinflammation, vascular dysfunction, mitochondrial impairment,
HPA axis dysregulation, and genetic predisposition. Clarifying these shared mechanisms is
essential for identifying high-risk individuals and for developing early, targeted neuropro-
tective strategies to preserve cognitive function following SARS-CoV-2 infection.
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6. Molecular Markers and Therapeutic Targets
Cognitive impairment in Long COVID appears to result from a multifactorial patho-

physiologic process involving persistent neuroinflammation, glial activation, endothelial
dysfunction, and compromised neurovascular integrity. Several molecular biomarkers
have been associated with these mechanisms. Proinflammatory cytokines such as IL-
6 [48,86,88,89,166], IL-1β [48,70,71], and TNF-α [48,83,90] contribute to glial activation,
inflammasome signaling, and synaptic loss. Astrocytic and axonal injury is reflected by
increased levels of GFAP [33,48,58,74,82] and NFL [33,39,47,48], while FKBP5 and LGALS3
are linked to tau phosphorylation and neurotoxicity [48,51].

MicroRNAs, including miR-155, miR-146a, and miR-24, regulate neuroinflamma-
tory cascades, oxidative stress, and blood–brain barrier (BBB) integrity, in part through
NF-κB signaling and modulation of NRP1 expression [48,76,77]. Neuroendocrine mark-
ers, such as dopamine [136], serotonin [137], and cortisol [142,145], reflect hypothalamic–
pituitary–adrenal (HPA) dysfunction and neurotransmitter imbalance. Additional con-
tributions include the stress-related factor KLF4 [49,52] and vascular biomarkers, such
as VEGF-A [48,72,74], ICAM-1 [92,104,105,110–113], VCAM-1 [92,104,105,110–113], and
S100B [92], which are implicated in BBB disruption and microvascular injury. In addition,
TGF-β [48,92,106,108] has been linked to both vascular permeability and neurodegenerative
processes. These biomarkers, detailed in Table 1, provide insight into disease mechanisms
and are promising for diagnosis, patient stratification, and therapeutic targeting.

Persistent systemic inflammation and subclinical myocardial damage may act syn-
ergistically to maintain the neurocognitive and multisystem dysfunctions characteristic
of Long COVID. A recent study identified elevated levels of IL-6, cardiac troponin, and
NT-proBNP, which were significantly associated with an increased risk of mortality and
persistent neurological and systemic symptoms [166]. These biomarkers reflect ongoing
inflammatory and cardiac stress and may serve as accessible indicators for identifying
individuals at risk of long-term cognitive and functional decline. IL-6 plays a central role
in neuroimmune interactions and has been associated with microglial activation, BBB
disruption, and central nervous system fatigue. Monitoring inflammatory and cardiac
biomarkers may therefore be essential for early detection and stratified intervention in
patients with neurocognitive manifestations.

Pharmacological approaches currently under investigation target immunomodulation
and oxidative stress. IL-6 receptor blockers (e.g., tocilizumab) have demonstrated efficacy in
severe COVID-19 and are currently being evaluated for long-term neuroprotection [86,88].
TNF-α inhibitors (e.g., infliximab) reverse microglial synaptic loss in animal models [90],
and high TNF-α levels in Long COVID have been correlated with neuropsychiatric symp-
toms and brain alterations [167]. However, clinical application remains controversial due
to concerns about immunosuppression and therapeutic timing [90,91].

Nutraceuticals such as resveratrol, curcumin, and polyphenols may mitigate mito-
chondrial dysfunction and oxidative stress by activating the AMPK/PPARγ/PGC-1α and
NRF2/HO-1 pathways [150]. These compounds exert anti-inflammatory and antioxidant
effects, supporting neuronal integrity in both Long COVID and Alzheimer’s disease mod-
els [150,152]. Among these, PPARγ and NRF2 are central regulators of the neuroimmune
balance. NRF2 improves antioxidant responses, while PPARγ modulates lipid metabolism
and inflammation, jointly suppressing NF-κB signaling, which is frequently dysregulated
in the brains of patients with Long COVID [165,168].

Targeting this signaling axis may help reduce glial activation, preserve synaptic func-
tion, and prevent progressive neurodegeneration. Integrating biomarker data with mecha-
nistic information could guide personalized treatment strategies and mitigate long-term
cognitive sequelae in Long COVID [169].
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Table 1. Molecular biomarkers associated with cognitive dysfunction in Long COVID.

Category Biomarker Pathophysiological Role References
Fibrotic/
inflammatory

TGF-β Linked to BBB disruption and
neurodegeneration

[48,92,106,108]

Inflammatory IL-6 Proinflammatory cytokine;
contributes to glial activation and
cognitive symptoms

[48,86,88,89,166]

IL-1β Mediator of cytokine storm;
inflammasome activation

[48,70,71]

TNF-α Promotes microglial synaptic loss
and neuroinflammation

[37,69,70]

MicroRNA miR-155 Contributes to neuroinflammation
through NF-κB signaling

[48,76,77].

miR-146a Regulates glial activation and
oxidative stress

[48,76,77].

miR-24 Suppresses NRP1; modulates the
BBB and inflammation

[48,76,77].

Neuroendocrine Dopamine Affects motivation and executive
function; deficient in Long COVID

[136]

Serotonin Modulates mood, memory, vagal
tone; depleted via the kynurenine
pathway

[137]

Cortisol Reflects HPA axis function;
hypocortisolism is linked to
fatigue and cognitive impairment

[142,145]

Neuroinflammatory GFAP Astrocytic injury marker; elevated
in both Long COVID and AD

[33,48,58,74,82]

FKBP5 Associated with tau
phosphorylation and
neuroinflammation

[48,51].

LGALS3 Marker of astrocyte-mediated
neurotoxicity; implicated in AD
and Long COVID

[119]

NFL Axonal injury marker; correlates
with cognitive symptoms

[33,39,47,48],

Stress-related KLF4 Regulates oxidative stress
response and apoptosis

[48,51].

Vascular ICAM-1 Adhesion molecule involved in
endothelial activation and
leukocyte infiltration

[92,104,105,110–113]

VEGF-A Increases vascular permeability;
linked to BBB disruption

[48,72,74]

S100B Astrocyte-derived; reflects BBB
breakdown and CNS injury

[92]

VCAM-1 Promotes immune cell adhesion
and microvascular injury

[92,104,105,110–113]

7. Conclusions and Perspectives
The cognitive dysfunction observed in Long COVID results from a convergence of

pathological mechanisms, including persistent neuroinflammation, endothelial injury, as-
troglial activation, and neuroendocrine dysregulation. These overlapping processes reflect
the early stages of neurodegenerative diseases and may represent an accelerated or ampli-
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fied vulnerability in predisposed individuals. Circulating and CNS-derived biomarkers,
such as IL-6, TNF-α, GFAP, NFL, FKBP5, and LGALS3, reflect neuronal injury, astroglial
stress, and systemic immune activation and are emerging as valuable tools for diagnosis,
prognosis, and stratification.

Therapeutic approaches under investigation include anti-cytokine agents and molecu-
lar modulators of the AMPK/PPARγ and NRF2 pathways, which target key mechanisms
of inflammation, oxidative stress, and cellular energy imbalance. These strategies show
promise for restoring neuronal resilience and limiting long-term cognitive deficits.

Future research should focus on integrating longitudinal biomarker profiling, high-
resolution imaging, and single-cell omics to capture dynamic changes in neuroimmune
signaling and vascular integrity. Such multi-layered data may enable early identification of
at-risk subgroups and inform precision medicine approaches for cognitive preservation in
post-COVID-19 syndromes.
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ACE2 Angiotensin-converting enzyme 2
ADEVs Astrocyte-derived extracellular vesicles
ANS Autonomic nervous system
APOE-ε4 Apolipoprotein E epsilon 4
ATP Adenosine triphosphate
BBB Blood–brain barrier
B-CSF Blood–cerebrospinal fluid barrier
CAP Cholinergic anti-inflammatory pathway
CD Cluster of differentiation
CDC Centers for Disease Control and Prevention
CNS Central nervous system
CSF Cerebrospinal fluid
CXCL C-X-C motif chemokine ligand
ECs Endothelial cells
EV Extracellular vehicles
GFAP Glial fibrillary acidic protein
GM-CSF Granulocyte–macrophage colony-stimulating factor
HIF-1α Hypoxia-inducible factor 1-alpha
HRV Heart rate variability
ICAM-1 Intercellular adhesion molecule 1
IFN Interferon
IL Interleukin
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KKS Kallikrein–kinin system
LGALS3 Galectin-3
miRNAs MicroRNA
ME/CFS Myalgic encephalomyelitis/chronic fatigue syndrome
MMSE Mini-mental state examination
MoCA Montreal cognitive assessment
MMP-9 Matrix metalloproteinase 9
NFL Neurofilament light chain
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3
NRP1 Neuropilin-1
NDEVs Neuron-derived extracellular vesicles
NRF2 Nuclear factor erythroid 2-related factor 2
PASC Post-acute sequelae of SARS-CoV-2 infection
PBMCs Peripheral blood mononuclear cells
POTS Postural orthostatic tachycardia syndrome
PRRs Pattern recognition receptors
PPARγ Peroxisome proliferator-activated receptor gamma
ROS Reactive oxygen species
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SDMT Symbol Digit modalities test
S1/S2 Subunit 1/Subunit 2 (spike protein cleavage sites)
S100B S100 calcium-binding protein β

TGF-β Transforming growth factor beta
TIAs Transient ischemic attacks
TMPRSS2 Transmembrane protease serine 2
TNF-α Tumor necrosis factor alpha
VCAM-1 Vascular cell adhesion molecule 1
VEGF-A Vascular endothelial growth factor A
VEGFR2 Vascular endothelial growth factor receptor 2
WHO World Health Organization
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48. Constantinescu-Bercu, A.; Lobiuc, A.; Căliman-Sturdza, O.A.; Oiţă, R.C.; Iavorschi, M.; Pavăl, N.-E.; S, oldănescu, I.; Dimian, M.;
Covasa, M. Long COVID: Molecular Mechanisms and Detection Techniques. Int. J. Mol. Sci. 2024, 25, 408. [CrossRef]

49. Baig, A.M.; Khaleeq, A.; Ali, U.; Syeda, H. Evidence of the COVID-19 Virus Targeting the CNS: Tissue Distribution, Host–Virus
Interaction, and Proposed Neurotropic Mechanisms. ACS Chem. Neurosci. 2020, 11, 995–998. [CrossRef]

50. Fekete, M.; Lehoczki, A.; Szappanos, Á.; Toth, A.; Mahdi, M.; Sótonyi, P.; Benyó, Z.; Yabluchanskiy, A.; Tarantini, S.; Ungvari, Z.
Cerebromicrovascular Mechanisms Contributing to Long COVID: Implications for Neurocognitive Health. GeroScience 2025, 47,
745–779. [CrossRef]

51. Jafari Khaljiri, H.; Jamalkhah, M.; Amini Harandi, A.; Pakdaman, H.; Moradi, M.; Mowla, A. Comprehensive Review on
Neuro-COVID-19 Pathophysiology and Clinical Consequences. Neurotox. Res. 2021, 39, 1613–1629. [CrossRef]

https://doi.org/10.1016/j.eclinm.2024.102434
https://doi.org/10.1016/j.lanwpc.2023.100836
https://doi.org/10.1038/s41467-022-34068-0
https://www.ncbi.nlm.nih.gov/pubmed/36351919
https://doi.org/10.1016/j.expneurol.2024.114984
https://www.ncbi.nlm.nih.gov/pubmed/39368535
https://doi.org/10.3390/molecules27103194
https://www.ncbi.nlm.nih.gov/pubmed/35630670
https://doi.org/10.1007/s11481-021-10029-0
https://www.ncbi.nlm.nih.gov/pubmed/34687399
https://doi.org/10.7759/cureus.31331
https://doi.org/10.3389/fpubh.2022.833967
https://doi.org/10.1007/s15010-024-02293-y
https://doi.org/10.1016/j.bbi.2021.02.021
https://doi.org/10.3233/JAD-200581
https://doi.org/10.3390/cells12050816
https://doi.org/10.3390/biomedicines12071587
https://doi.org/10.1002/ana.27128
https://www.ncbi.nlm.nih.gov/pubmed/39575583
https://doi.org/10.1016/j.eclinm.2022.101762
https://www.ncbi.nlm.nih.gov/pubmed/36474804
https://doi.org/10.1038/s41586-022-04569-5
https://doi.org/10.1093/braincomms/fcaf070
https://doi.org/10.1016/j.bbi.2023.10.020
https://www.ncbi.nlm.nih.gov/pubmed/39492430
https://doi.org/10.3390/ijms25010408
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1007/s11357-024-01487-4
https://doi.org/10.1007/s12640-021-00389-z


Int. J. Mol. Sci. 2025, 26, 5102 20 of 25

52. Proulx, S.T.; Engelhardt, B. Central Nervous System Zoning: How Brain Barriers Establish Subdivisions for CNS Immune
Privilege and Immune Surveillance. J. Intern. Med. 2022, 291, 779–800. [CrossRef] [PubMed]

53. Bouayed, J.; Bohn, T. The Link between Microglia and the Severity of COVID-19: The “Two-Hit” Hypothesis. J. Inflamm. Res.
2021, 14, 4217–4228. [CrossRef]

54. Freeman, T.L.; Swartz, T.H. Targeting the NLRP3 Inflammasome in Severe COVID-19. Front. Immunol. 2020, 11, 1518. [CrossRef]
55. Gudowska-Sawczuk, M.; Mroczko, B. The Role of Neuropilin-1 (NRP-1) in SARS-CoV-2 Infection: Review. J. Clin. Med. 2021, 10,

2772. [CrossRef] [PubMed]
56. Rahman, M.R.; Akter, R.; Neelotpol, S.; Mayesha, I.I.; Afrose, A. The Neuropathological Impacts of COVID-19: Challenges and

Alternative Treatment Options for Alzheimer’s-Like Brain Changes in Severely SARS-CoV-2 Infected Patients. Am. J. Alzheimers
Dis. Other Demen. 2023, 38, 15333175231214974. [CrossRef]

57. Wei, Z.D.; Liang, K.; Shetty, A.K. Role of Microglia, Decreased Neurogenesis and Oligodendrocyte Depletion in Long COVID-
Mediated Brain Impairments. Aging Dis. 2023, 14, 1958–1966. [CrossRef] [PubMed]

58. Kanberg, N.; Ashton, N.J.; Andersson, L.M.; Yilmaz, A.; Lindh, M.; Nilsson, S.; Price, R.W.; Blennow, K.; Zetterberg, H.; Gisslén,
M. Neurochemical Evidence of Astrocytic and Neuronal Injury Commonly Found in COVID-19. Neurology 2020, 95, e1754–e1759.
[CrossRef]

59. Peluso, M.J.; Deeks, S.G.; Mustapic, M.; Kapogiannis, D.; Henrich, T.J.; Lu, S.; Goldberg, S.A.; Hoh, R.; Chen, J.Y.; Martinez,
E.O.; et al. SARS-CoV-2 and Mitochondrial Proteins in Neural-Derived Exosomes of COVID-19. Ann. Neurol. 2022, 91, 772–781.
[CrossRef]

60. Gulyaeva, N.V. Brain Mechanisms Involved in Post COVID Syndrome: A Narrative Review. Neurochem. J. 2024, 18, 397–405.
[CrossRef]

61. Slama Schwok, A.; Henri, J. Long Neuro-COVID-19: Current Mechanistic Views and Therapeutic Perspectives. Biomedicines 2024,
14, 1081. [CrossRef]

62. Dey, R.; Bishayi, B. Microglial Inflammatory Responses to SARS-CoV-2 Infection: A Comprehensive Review. Cell Mol. Neurobiol.
2024, 44, 2. [CrossRef] [PubMed]

63. Garber, C.; Soung, A.; Vollmer, L.L.; Kanmogne, M.; Last, A.; Brown, J.; Klein, R.S. T Cells Promote Microglia-Mediated Synaptic
Elimination and Cognitive Dysfunction during Recovery from Neuropathogenic Flaviviruses. Nat. Neurosci. 2019, 22, 1276–1288.
[CrossRef]

64. Luo, E.Y.; Chang, R.C.-C.; Gilbert-Jaramillo, J. SARS-CoV-2 Infection in Microglia and Its Sequelae: What Do We Know So Far?
Brain Behav. Immun. Health 2024, 12, 100888. [CrossRef] [PubMed]

65. Chagas, L.d.S.; Serfaty, C.A. The Influence of Microglia on Neuroplasticity and Long-Term Cognitive Sequelae in Long COVID:
Impacts on Brain Development and Beyond. Int. J. Mol. Sci. 2024, 25, 3819. [CrossRef] [PubMed]

66. Syage, A.; Pachow, C.; Cheng, Y.; Mangale, V.; Green, K.N.; Lane, T.E. Microglia Influence Immune Responses and Restrict
Neurologic Disease in Response to Central Nervous System Infection by a Neurotropic Murine Coronavirus. Front. Cell. Neurosci.
2023, 17, 1291255. [CrossRef]

67. Thakur, K.T.; Miller, E.H.; Glendinning, M.D.; Al-Dalahmah, O.; Banu, M.A.; Boehme, A.K.; Przedborski, S. COVID-19 Neu-
ropathology at Columbia University Irving Medical Center/New York Presbyterian Hospital. Brain 2021, 144, 2696–2708.
[CrossRef]

68. Yang, A.C.; Kern, F.; Losada, P.M.; Agam, M.; Maat, C.A.; Schmartz, G.P.; Wyss-Coray, T. Dysregulation of Brain and Choroid
Plexus Cell Types in Severe COVID-19. Nature 2021, 595, 565–571. [CrossRef]

69. Anderson, F.L.; Biggs, K.E.; Rankin, B.E.; Havrda, M.C. NLRP3 Inflammasome in Neurodegenerative Disease. Transl. Res. 2023,
252, 21–33. [CrossRef] [PubMed]

70. Potere, N.; Del Buono, M.G.; Caricchio, R.; Cremer, P.C.; Vecchié, A.; Porreca, E.; Dalla Gasperina, D.; Dentali, F.; Abbate,
A.; Bonaventura, A. Interleukin-1 and the NLRP3 Inflammasome in COVID-19: Pathogenetic and Therapeutic Implications.
EBioMedicine 2022, 85, 104299. [CrossRef]

71. Nazarinia, D.; Behzadifard, M.; Gholampour, J.; Karimi, R.; Gholampour, M. Eotaxin-1 (CCL11) in Neuroinflammatory Disorders
and Possible Role in COVID-19 Neurologic Complications. Acta Neurol. Belg. 2022, 122, 865–869. [CrossRef]

72. Bernard, I.; Limonta, D.; Mahal, L.K.; Hobman, T.C. Endothelium Infection and Dysregulation by SARS-CoV-2: Evidence and
Caveats in COVID-19. Viruses 2020, 13, 29. [CrossRef] [PubMed]

73. Wellford, S.A.; Moseman, E.A. Olfactory immune response to SARS-CoV-2. Cell Mol. Immunol. 2024, 21, 134–143. [CrossRef]
[PubMed]

74. Moutal, A.; Martin, L.F.; Boinon, L.; Gomez, K.; Ran, D.; Zhou, Y.; Stratton, H.J.; Cai, S.; Luo, S.; Gonzalez, K.B.; et al. SARS-CoV-2
Spike Protein Co-Opts VEGF-A/Neuropilin-1 Receptor Signaling to Induce Analgesia. Pain 2021, 162, 243–252. [CrossRef]

75. Saleki, K.; Alijanizadeh, P.; Azadmehr, A. Is neuropilin-1 the neuroimmune initiator of multi-system hyperinflammation in
COVID-19. Biomed. Pharmacother. 2023, 167, 115558. [CrossRef]

https://doi.org/10.1111/joim.13469
https://www.ncbi.nlm.nih.gov/pubmed/35184353
https://doi.org/10.1002/jmv.26984
https://doi.org/10.3389/fimmu.2020.01518
https://doi.org/10.3390/jcm10132772
https://www.ncbi.nlm.nih.gov/pubmed/34202613
https://doi.org/10.1177/15333175231214974
https://doi.org/10.14336/AD.2023.10918
https://www.ncbi.nlm.nih.gov/pubmed/37815903
https://doi.org/10.1212/WNL.0000000000010111
https://doi.org/10.1002/ana.26350
https://doi.org/10.1134/S1819712424700156
https://doi.org/10.3390/biom14091081
https://doi.org/10.1007/s10571-023-01444-3
https://www.ncbi.nlm.nih.gov/pubmed/38099973
https://doi.org/10.1038/s41593-019-0427-y
https://doi.org/10.1016/j.bbih.2024.100888
https://www.ncbi.nlm.nih.gov/pubmed/39881814
https://doi.org/10.3390/ijms25073819
https://www.ncbi.nlm.nih.gov/pubmed/38612629
https://doi.org/10.3389/fncel.2023.1291255
https://doi.org/10.1093/brain/awab148
https://doi.org/10.1038/s41586-021-03710-0
https://doi.org/10.1016/j.trsl.2022.08.006
https://www.ncbi.nlm.nih.gov/pubmed/35952982
https://doi.org/10.1016/j.ebiom.2022.104299
https://doi.org/10.1007/s13760-022-01984-3
https://doi.org/10.3390/v13010029
https://www.ncbi.nlm.nih.gov/pubmed/33375371
https://doi.org/10.1038/s41423-023-01119-5
https://www.ncbi.nlm.nih.gov/pubmed/38143247
https://doi.org/10.1097/j.pain.0000000000002097
https://doi.org/10.1016/j.biopha.2023.115558


Int. J. Mol. Sci. 2025, 26, 5102 21 of 25

76. Mone, P.; de Donato, A.; Varzideh, F.; Jankauskas, S.; Kansakar, U.; Santulli, G. Functional Role of miR-34a in Diabetes and Frailty.
Front. Aging 2022, 3, 949924. [CrossRef] [PubMed]

77. Evers, P.; Uguccioni, S.M.; Ahmed, N.; Francis, M.E.; Kelvin, A.A.; Pezacki, J.P. miR-24-3p Is Antiviral Against SARS-CoV-2 by
Downregulating Critical Host Entry Factors. Viruses 2024, 16, 1844. [CrossRef]

78. Madsen, H.B.; Durhuus, J.A.; Andersen, O.; Straten, P.T.; Rahbech, A.; Desler, C. Mitochondrial Dysfunction in Acute and
Post-Acute Phases of COVID-19 and Risk of Non-Communicable Diseases. NPJ Metab. Health Dis. 2024, 2, 36. [CrossRef]

79. Bannazadeh Baghi, H.; Bayat, M.; Mehrasa, P.; Rezaee, S.A. Regulatory Role of MicroRNAs in Virus-Mediated Inflammation. J.
Inflamm. 2024, 21, 43. [CrossRef]

80. Agnello, L.; Gambino, C.M.; Ciaccio, A.M.; Masucci, A.; Vassallo, R.; Tamburello, M.; Scazzone, C.; Lo Sasso, B.; Ciaccio, M.
Molecular Biomarkers of Neurodegenerative Disorders: A Practical Guide to Their Appropriate Use and Interpretation in Clinical
Practice. Int. J. Mol. Sci. 2024, 25, 4323. [CrossRef]

81. Bland, A.R.; Barraclough, M.; Trender, W.R.; Varesi, A.; Carson, A.; Kumar, V.; Koychev, I.; Husain, M.; Harrison, N.A. Profiles of
Objective and Subjective Cognitive Function in Post-COVID Syndrome, COVID-19 Recovered, and COVID-19 Naïve Individuals.
Sci. Rep. 2024, 14, 13368. [CrossRef]

82. Duggan, M.R.; Parikh, V. Microglia and Modifiable Life Factors: Potential Contributions to Cognitive Resilience in Aging. Behav.
Brain Res. 2021, 405, 113207. [CrossRef] [PubMed]

83. Ou, W.; Yang, J.; Simanauskaite, J.; Choi, M.; Castellanos, D.M.; Chang, R.; Sun, J.; Jagadeesan, N.; Parfitt, K.D.; Cribbs, D.H.;
et al. Biologic TNF-α Inhibitors Reduce Microgliosis, Neuronal Loss, and Tau Phosphorylation in a Transgenic Mouse Model of
Tauopathy. J. Neuroinflamm. 2021, 18, 312. [CrossRef] [PubMed]

84. Guasp, M.; Muñoz-Sánchez, G.; Martínez-Hernández, E.; Santana, D.; Carbayo, Á.; Naranjo, L.; Bolós, U.; Framil, M.; Saiz, A.;
Balasa, M.; et al. CSF biomarkers in COVID-19 associated encephalopathy and encephalitis predict long-term outcome. Front.
Immunol. 2022, 13, 866153. [CrossRef]

85. Bohmwald, K.; Diethelm-Varela, B.; Rodríguez-Guilarte, L.; Ríos, M.; Kalergis, A.M. Pathophysiological, immunological, and
inflammatory features of long COVID. Front. Immunol. 2024, 15, 1341600. [CrossRef] [PubMed]

86. Angriman, F.; Ferreyro, B.L.; Burry, L.; Fan, E.; Ferguson, N.D.; Husain, S.; Keshavjee, S.H.; Lupia, E.; Munshi, L.; Renzi, S.; et al.
Interleukin-6 Receptor Blockade in Patients with COVID-19: Placing Clinical Trials into Context. Lancet Respir. Med. 2021, 9,
655–664. [CrossRef]

87. Darif, D.; Hammi, I.; Kihel, A.; El Idrissi, M.; Akarid, K.; El Khatib, K. The Pro-Inflammatory Cytokines in COVID-19 Pathogenesis:
What Goes Wrong? Microb. Pathog. 2021, 153, 104799. [CrossRef]

88. Shankar-Hari, M.; Vale, C.L.; Godolphin, P.J.; Fisher, D.; Higgins, J.P.T.; Spiga, F.; Savović, J.; Tierney, J.; Baron, G.; Benbenishty, J.;
et al. Association Between Administration of IL-6 Antagonists and Mortality Among Patients Hospitalized for COVID-19: A
Meta-analysis. JAMA 2021, 326, 499–518. [CrossRef]

89. Lokau, J.; Garbers, C.; Vicente, R.; Dittrich, A.; Meltendorf, S.; Lingel, H.; Münster-Kühnel, A.; Brunner-Weinzierl, M.C.; Garbers,
C. Long-term Increase in Soluble Interleukin-6 Receptor Levels in COVID-19 Convalescents. Front. Immunol. 2025, 16, 123456.
[CrossRef]

90. Mohd Zawawi, Z.; Kalyanasundram, J.; Mohd Zain, R.; Thayan, R.; Basri, D.F.; Yap, W.B. Prospective Roles of Tumor Necrosis
Factor-Alpha (TNF-α) in COVID-19: Prognosis, Therapeutic and Management. Int. J. Mol. Sci. 2023, 24, 6142. [CrossRef]

91. Kruger, A.; Joffe, D.; Lloyd-Jones, G.; Khan, M.A.; Šalamon, Š.; Laubscher, G.J.; Putrino, D.; Kell, D.B.; Pretorius, E. Vascular
Pathogenesis in Acute and Long COVID: Current Insights and Therapeutic Outlook. Semin. Thromb. Hemost. 2025, 51, 256–271.
[CrossRef]

92. Greene, C.; Connolly, R.; Brennan, D.; Farrell, R.; O’Sullivan, M.; Kelly, Á.; Doyle, S.L.; O’Halloran, K.D.; Mills, K.H.G.; Campbell,
M.; et al. Blood-Brain Barrier Disruption and Sustained Systemic Inflammation in Individuals with Long COVID-Associated
Cognitive Impairment. Nat. Neurosci. 2024, 27, 421–432. [CrossRef] [PubMed]

93. Chen, R.; Wang, K.; Yu, J.; Howard, D.; French, L.; Chen, Z.; Wen, C.; Xu, Z. The Spatial and Cell-Type Distribution of SARS-CoV-2
Receptor ACE2 in the Human and Mouse Brains. Front. Neurol. 2021, 11, 573095. [CrossRef] [PubMed]

94. Ceasovschih, A.; Sorodoc, V.; Shor, A.; Haliga, R.E.; Roth, L.; Lionte, C.; Onofrei Aursulesei, V.; Sirbu, O.; Culis, N.; Shapieva, A.;
et al. Distinct Features of Vascular Diseases in COVID-19. J. Inflamm. Res. 2023, 16, 2783–2800. [CrossRef]

95. Takeda, M. Proteolytic Activation of SARS-CoV-2 Spike Protein and Its Implication in Viral Entry. Microbiol. Immunol. 2022, 66,
15–23. [CrossRef] [PubMed]

96. Thwaites, R.S.; Sanchez Sevilla Uruchurtu, A.; Siggins, M.K.; Liew, F.; Russell, C.D.; Moore, S.C.; Fairfield, C.; Carter, E.; Abrams,
S.; Short, C.-E.; et al. Inflammatory Profiles Across the Spectrum of Disease Reveal a Distinct Role for GM-CSF in Severe
COVID-19. Sci. Immunol. 2021, 6, eabg9873. [CrossRef]

97. Hernández-Parra, H.; Reyes-Hernández, O.D.; Figueroa-González, G.; González-Del Carmen, M.; González-Torres, M.; Peña-
Corona, S.I.; Florán, B.; Cortés, H.; Leyva-Gómez, G. Alteration of the Blood–Brain Barrier by COVID-19 and Its Implication in
the Permeation of Drugs into the Brain. Front. Cell Neurosci. 2023, 17, 1125109. [CrossRef]

https://doi.org/10.3389/fragi.2022.949924
https://www.ncbi.nlm.nih.gov/pubmed/35923683
https://doi.org/10.3390/v16121844
https://doi.org/10.1038/s44324-024-00038-x
https://doi.org/10.1186/s12950-024-00417-7
https://doi.org/10.3390/ijms25084323
https://doi.org/10.1038/s41598-024-62050-x
https://doi.org/10.1016/j.bbr.2021.113207
https://www.ncbi.nlm.nih.gov/pubmed/33640394
https://doi.org/10.1186/s12974-021-02332-7
https://www.ncbi.nlm.nih.gov/pubmed/34972522
https://doi.org/10.3389/fimmu.2022.866153
https://doi.org/10.3389/fimmu.2024.1341600
https://www.ncbi.nlm.nih.gov/pubmed/38482000
https://doi.org/10.1016/S2213-2600(21)00139-9
https://doi.org/10.1016/j.micpath.2021.104799
https://doi.org/10.1001/jama.2021.11330
https://doi.org/10.3389/fimmu.2024.1488745
https://doi.org/10.3390/ijms24076142
https://doi.org/10.1055/s-0044-1790603
https://doi.org/10.1038/s41593-024-01576-9
https://www.ncbi.nlm.nih.gov/pubmed/38388736
https://doi.org/10.3389/fneur.2020.573095
https://www.ncbi.nlm.nih.gov/pubmed/33551947
https://doi.org/10.2147/JIR.S417691
https://doi.org/10.1111/1348-0421.12945
https://www.ncbi.nlm.nih.gov/pubmed/34561887
https://doi.org/10.1126/sciimmunol.abg9873
https://doi.org/10.3389/fncel.2023.1125109


Int. J. Mol. Sci. 2025, 26, 5102 22 of 25

98. Wang, J.; Liu, F.; Chen, S. Astrocytes and the Psychiatric Sequelae of COVID-19: What We Learned from the Pandemic. Neurochem.
Res. 2022, 48, 1015–1025. [CrossRef]

99. Agafonova, A.; Cosentino, A.; Musso, N.; Prinzi, C.; Russo, C.; Pellitteri, R.; Anfuso, C.D.; Lupo, G. Hypoxia-Induced Inflam-
mation in In Vitro Model of Human Blood–Brain Barrier: Modulatory Effects of the Olfactory Ensheathing Cell-Conditioned
Medium. Int. J. Mol. Sci. 2024, 25, 1264. [CrossRef]

100. Erickson, M.A.; Rhea, E.M.; Knopp, R.C.; Banks, W.A. Interactions of SARS-CoV-2 with the Blood–Brain Barrier. Int. J. Mol. Sci.
2021, 22, 2681. [CrossRef]

101. Salomão, R.; Assis, V.; de Sousa Neto, I.V.; Petriz, B.; Babault, N.; Durigan, J.L.Q.; de Cássia Marqueti, R. Involvement of Matrix
Metalloproteinases in COVID-19: Molecular Targets, Mechanisms, and Insights for Therapeutic Interventions. Biology 2023, 12,
843. [CrossRef]
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140. Fanciulli, A.; Leys, F.; Krbot Skorić, M.; Reis Carneiro, D.; Calandra-Buonaura, G.; Camaradou, J.; Chiaro, G.; Cortelli, P.;
Falup-Pecurariu, C.; Granata, R.; et al. Impact of the COVID-19 pandemic on clinical autonomic practice in Europe: A survey of
the European Academy of Neurology and the European Federation of Autonomic Societies. Eur. J. Neurol. 2023, 30, 1712–1726.
[CrossRef]

141. Phu, T.V.; Tran, T.T.; Reinis, A.; Nguyen, T.N.; Ta, N.T.D.; Nguyen, T.V. Postural Orthostatic Tachycardia Syndrome-like Symptoms
Following COVID-19 Vaccination: A Review. Health Technol. Assess. Brain 2023, 31, 9–17. [CrossRef]

https://doi.org/10.1038/s41577-021-00536-9
https://doi.org/10.1016/j.atherosclerosis.2023.06.098
https://doi.org/10.1038/s41419-021-03813-6
https://www.ncbi.nlm.nih.gov/pubmed/34021126
https://doi.org/10.1038/s41467-023-40824-7
https://doi.org/10.3390/biomedicines10040812
https://doi.org/10.3390/jcm11216461
https://doi.org/10.7861/clinmed.2020-0896
https://www.ncbi.nlm.nih.gov/pubmed/33243837
https://doi.org/10.1002/joa3.13001
https://doi.org/10.3389/fcimb.2024.1501949
https://doi.org/10.1016/j.ebiom.2022.103981
https://doi.org/10.1007/s00401-023-02612-x
https://doi.org/10.1007/s11357-023-00947-7
https://doi.org/10.3389/fcvm.2023.1256512
https://www.ncbi.nlm.nih.gov/pubmed/37719983
https://doi.org/10.1038/s41598-024-82411-w
https://doi.org/10.1016/j.ipej.2022.01.004
https://doi.org/10.1016/j.neuroscience.2024.10.021
https://www.ncbi.nlm.nih.gov/pubmed/39424264
https://doi.org/10.1016/j.yexmp.2023.104874
https://doi.org/10.1016/j.cell.2023.09.013
https://doi.org/10.1016/j.nut.2021.111308
https://doi.org/10.1042/BSR20230595
https://www.ncbi.nlm.nih.gov/pubmed/37486805
https://doi.org/10.1111/ene.15787
https://doi.org/10.3233/HAB-220013


Int. J. Mol. Sci. 2025, 26, 5102 24 of 25

142. Yavropoulou, M.P.; Tsokos, G.C.; Chrousos, G.P.; Sfikakis, P.P. Protracted stress-induced hypocortisolemia may account for the
clinical and immune manifestations of Long COVID. Clin. Immunol. 2022, 245, 109133. [CrossRef]

143. Su, Y.; Yuan, D.; Chen, D.G.; Ng, R.H.; Wang, K.; Choi, J.; Li, S.; Hong, S.; Zhang, R.; Xie, J.; et al. Multiple Early Factors Anticipate
Post-Acute COVID-19 Sequelae. Cell 2022, 185, 881–895.e20. [CrossRef] [PubMed]

144. Koch, C.A. Long COVID: Hormone Imbalances and/or Rather Complex Immune Dysregulations? J. Endocr. Soc. 2024, 8, bvae043.
[CrossRef] [PubMed]

145. Sypniewski, D.; Matyjek, M.; Dobrowolska, A.; Sypniewska, G. The Importance of Hypocortisolemia in Long COVID–New
Lessons from ME/CFS. Endocr. Metab. Immune Disord. Drug Targets 2024, 92, 13–22.

146. Ruiz-Pablos, M.; Paiva, B.; Zabaleta, A. Hypocortisolemic ASIA: A Vaccine- and Chronic Infection-Induced Syndrome Behind the
Origin of Long COVID and Myalgic Encephalomyelitis. Front. Immunol. 2024, 15, 1422940. [CrossRef] [PubMed]

147. Bansal, R.; Gubbi, S.; Koch, C.A. COVID-19 and chronic fatigue syndrome: An endocrine perspective. J. Clin. Transl. Endocrinol.
2022, 27, 100284. [CrossRef]

148. Sunada, N.; Honda, H.; Nakano, Y.; Yamamoto, K.; Tokumasu, K.; Sakurada, Y.; Matsuda, Y.; Hasegawa, T.; Otsuka, Y.; Obika, M.;
et al. Hormonal trends in patients suffering from long COVID symptoms. Endocr. J. 2022, 69, 1173–1181. [CrossRef]

149. Coman, A.E.; Ceasovschih, A.; Petroaie, A.D.; Popa, E.; Lionte, C.; Bologa, C.; Haliga, R.E.; Cosmescu, A.; Slănină, A.M.; Bacus, că,
A.I.; et al. The Significance of Low Magnesium Levels in COVID-19 Patients. Medicina 2023, 59, 279. [CrossRef]

150. Saleh, H.A.; Yousef, M.H.; Abdelnaser, A. The Anti-Inflammatory Properties of Phytochemicals and Their Effects on Epigenetic
Mechanisms Involved in TLR4/NF-κB-Mediated Inflammation. Front. Immunol. 2021, 12, 606069. [CrossRef]

151. Sharan, P.; Vellapandian, C. Hypothalamic–Pituitary–Adrenal (HPA) Axis: Unveiling the Potential Mechanisms Involved in
Stress-Induced Alzheimer’s Disease and Depression. Cureus 2024, 16, e67595. [CrossRef]

152. Jamwal, S.; Blackburn, J.K.; Elsworth, J.D. PPARγ/PGC1α Signaling as a Potential Therapeutic Target for Mitochondrial Biogenesis
in Neurodegenerative Disorders. Pharmacol. Ther. 2021, 219, 107705. [CrossRef] [PubMed]

153. Pszczołowska, M.; Walczak, K.; Misków, W.; Antosz, K.; Batko, J.; Karska, J.; Leszek, J. Molecular Cross-Talk between Long
COVID-19 and Alzheimer’s Disease. Geroscience 2024, 46, 2885–2899. [CrossRef]

154. Rahmani, B.; Ghashghayi, E.; Zendehdel, M.; Baghbanzadeh, A.; Khodadadi, M. Molecular Mechanisms Highlighting the
Potential Role of COVID-19 in the Development of Neurodegenerative Diseases. Physiol. Int. 2022, 109, 135–162. [CrossRef]

155. Fernández-Castañeda, A.; Lu, P.; Geraghty, A.C.; Song, E.; Lee, M.H.; Wood, J.; Yalçın, B.; Taylor, K.; Wrenn, J.; Fitzpatrick, K.;
et al. Mild respiratory SARS-CoV-2 infection can cause multi-lineage cellular dysregulation and myelin loss in the brain. Cell
2022, 185, 2452–2468.e16. [CrossRef]

156. Song, E.; Zhang, C.; Israelow, B.; Lu-Culligan, A.; Prado, A.V.; Skriabine, S.; Lu, P.; Weizman, O.E.; Liu, F.; Dai, Y.; et al.
Neuroinvasion of SARS-CoV-2 in Human and Mouse Brain. J. Exp. Med. 2021, 218, e20202135. [CrossRef] [PubMed]

157. Chen, Y.; Yu, Y. Tau and Neuroinflammation in Alzheimer’s Disease: Interplay Mechanisms and Clinical Translation. J.
Neuroinflamm. 2023, 20, 165. [CrossRef]

158. Mayer, C.; Riera-Ponsati, L.; Kauppinen, S.; Klitgaard, H.; Erler, J.T.; Hansen, S.N. Targeting the NRF2 Pathway for Disease
Modification in Neurodegenerative Diseases: Mechanisms and Therapeutic Implications. Front. Pharmacol. 2024, 15, 1437939.
[CrossRef]

159. Brandes, M.S.; Gray, N.E. NRF2 as a Therapeutic Target in Neurodegenerative Diseases. Ther. Adv. Neurol. Disord. 2020, 13,
1759091419899782. [CrossRef] [PubMed]

160. Ganesh, R.; Yadav, S.; Hurt, R.T.; Mueller, M.R.; Aakre, C.A.; Gilman, E.A.; Grach, S.L.; Overgaard, J.; Snyder, M.R.; Collins, N.M.;
et al. Pro Inflammatory Cytokines Profiles of Patients with Long COVID Differ Between Variant Epochs. J. Prim. Care Community
Health 2024, 15, 21501319241254751. [CrossRef]

161. Green, R.; Mayilsamy, K.; McGill, A.R.; Martinez, T.E.; Chandran, B.; Blair, L.J.; Bickford, P.C.; Mohapatra, S.S. SARS-CoV-2
Infection Increases the Gene Expression Profile for Alzheimer’s Disease Risk. Mol. Ther. Methods Clin. Dev. 2022, 27, 217–229.
[CrossRef]

162. Zhang, H.; Shao, L.; Lin, Z.; Long, H.; Zhang, X.; He, X.; Ma, S.; Wang, Y.; Deng, H.; Chen, J.; et al. APOE Interacts with ACE2
Inhibiting SARS-CoV-2 Cellular Entry and Inflammation in COVID-19 Patients. Signal Transduct. Target. Ther. 2022, 7, 261.
[CrossRef] [PubMed]

163. Moldoveanu, C.-A.; Tomoaia-Cotisel, M.; Sevastre-Berghian, A.; Tomoaia, G.; Mocanu, A.; Pal-Racz, C.; Toma, V.-A.; Ro-
man, I.; Ujica, M.-A.; Pop, L.-C. A Review on Current Aspects of Curcumin-Based Effects in Relation to Neurodegenerative,
Neuroinflammatory and Cerebrovascular Diseases. Molecules 2025, 30, 43. [CrossRef]

164. Li, Z.Q.; Lin, H.S.; Huang, X.P.; Zhang, S.Q.; Shu, X.; Wu, X.N. Research Progress on the Role of PGC1α in Mitochondrial
Dysfunction Associated with Alzheimer’s Disease. Ageing Neur. Dis. 2023, 3, 14. [CrossRef]

165. Saha, S.; Buttari, B.; Profumo, E.; Tucci, P.; Saso, L. A Perspective on Nrf2 Signaling Pathway for Neuroinflammation: A Potential
Therapeutic Target in Alzheimer’s and Parkinson’s Diseases. Front. Cell. Neurosci. 2021, 15, 787258. [CrossRef]

https://doi.org/10.1016/j.clim.2022.109133
https://doi.org/10.1016/j.cell.2022.01.014
https://www.ncbi.nlm.nih.gov/pubmed/35216672
https://doi.org/10.1210/jendso/bvae043
https://www.ncbi.nlm.nih.gov/pubmed/38515584
https://doi.org/10.3389/fimmu.2024.1422940
https://www.ncbi.nlm.nih.gov/pubmed/39044822
https://doi.org/10.1016/j.jcte.2021.100284
https://doi.org/10.1507/endocrj.EJ22-0093
https://doi.org/10.3390/medicina59020279
https://doi.org/10.3389/fimmu.2021.606069
https://doi.org/10.7759/cureus.67595
https://doi.org/10.1016/j.pharmthera.2020.107705
https://www.ncbi.nlm.nih.gov/pubmed/33039420
https://doi.org/10.1007/s11357-024-01096-1
https://doi.org/10.1556/2060.2022.00019
https://doi.org/10.1016/j.cell.2022.06.008
https://doi.org/10.1084/jem.20202135
https://www.ncbi.nlm.nih.gov/pubmed/33433624
https://doi.org/10.1186/s12974-023-02853-3
https://doi.org/10.3389/fphar.2024.1437939
https://doi.org/10.1177/1759091419899782
https://www.ncbi.nlm.nih.gov/pubmed/31964153
https://doi.org/10.1177/21501319241254751
https://doi.org/10.1016/j.omtm.2022.09.007
https://doi.org/10.1038/s41392-022-01118-4
https://www.ncbi.nlm.nih.gov/pubmed/35915083
https://doi.org/10.3390/molecules30010043
https://doi.org/10.20517/and.2023.04
https://doi.org/10.3389/fncel.2021.787258


Int. J. Mol. Sci. 2025, 26, 5102 25 of 25

166. Lionte, C.; Sorodoc, V.; Haliga, R.E.; Bologa, C.; Ceasovschih, A.; Petris, O.R.; Coman, A.E.; Stoica, A.; Sirbu, O.; Puha, G.; et al.
Inflammatory and Cardiac Biomarkers in Relation with Post-Acute COVID-19 and Mortality: What We Know after Successive
Pandemic Waves. Diagnostics 2022, 12, 1373. [CrossRef] [PubMed]

167. Duindam, H.B.; Mengel, D.; Kox, M.; Göpfert, J.C.; Kessels, R.P.C.; Synofzik, M.; Pickkers, P.; Abdo, W.F. Systemic Inflammation
Relates to Neuroaxonal Damage Associated with Long-Term Cognitive Dysfunction in COVID-19 Patients. Brain Behav. Immun.
2024, 117, 510–520. [CrossRef]

168. Lee, C. Collaborative Power of Nrf2 and PPARγ Activators against Metabolic and Drug-Induced Oxidative Injury. Oxid. Med.
Cell. Longev. 2017, 2017, 1378175. [CrossRef]

169. Mavroudis, I.; Chatzikonstantinou, S.; Petridis, F.; Kazis, D.; Kamal, F.Z.; Diaconu, S.; Visternicu, M.; Ciobica, A.; Iordache,
A.; Stadoleanu, C.; et al. Unveiling the Functional Component in Post-Concussive Cognitive Impairment: A Novel Modelling
Approach. Brain Broad Res. Artif. Intell. Neurosci. 2025, 16, 83–94. [CrossRef]

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

https://doi.org/10.3390/diagnostics12061373
https://www.ncbi.nlm.nih.gov/pubmed/35741183
https://doi.org/10.1016/j.bbi.2024.02.002
https://doi.org/10.1155/2017/1378175
https://doi.org/10.70594/brain/16.1/6

	Introduction 
	Materials and Methods 
	Neurological and Cognitive Manifestations of Long COVID 
	Pathogenic Mechanisms Underlying Neurological Dysfunction 
	Neuroinflammation and Its Impact on Brain Function 
	Blood–Brain Barrier Disruption and Neurovascular Injury in Long COVID 
	Endothelial Dysfunction and Cerebral Microvascular Thrombosis in Long COVID 
	Neuroendocrine Dysregulation and Autonomic Nervous System Dysfunction in Long COVID 

	Converging Pathogenic Mechanisms Between Long COVID and Alzheimer’s Disease 
	Molecular Markers and Therapeutic Targets 
	Conclusions and Perspectives 
	References

