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Abstract

The SARS-CoV-2 virus has infected approximately 778 million people worldwide since
the pandemic. Patients who have survived coronavirus disease (COVID-19) may expe-
rience long-term symptoms related to cognitive deficits, mood changes, and depressive
disorders. The mechanisms underlying the long-term effects of COVID-19 on the brain
are being actively investigated. SARS-CoV-2 infection triggers various mechanisms, such
as hyperstimulation of the immune response, which may lead to changes in the central
nervous system. In this article, we review the evidence linking COVID-19 to neurode-
generative disorders and cognitive impairment. Current research indicates that patients
with pre-existing cognitive and neuropsychiatric deficits have a poorer prognosis after
SARS-CoV-2 infection, and patients who have survived COVID-19 may be at increased risk
of developing dementia and mood disorders. We analyse the available evidence regarding
SARS-CoV-2 brain infection, induction of inflammation, coagulopathy, and blood–brain bar-
rier (BBB) dysfunction as possible mechanisms underlying the disorders in the acute phase
of COVID-19 disease and contributing to the development of neurodegenerative disorders
in long COVID. Viral infection can trigger inflammation of the central nervous system
(CNS), leading to damage and contributing to the development of cognitive dysfunction.

Keywords: COVID-19; cognitive impairment; neurodegenerative diseases

1. Introduction
1.1. The Aim

The aim of this manuscript is to present and highlight the impact of SARS-CoV-2 on
patients suffering severe symptoms and the risk of developing neuropsychiatric disorders
and neurodegenerative diseases. Possible pathomechanisms of changes in the central
nervous system are discussed, including the role of the blood–brain barrier, the NLRP3
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inflammosome, cytokine storms and their effects on the brain, and potential therapeutic
targets in patients with long COVID.

1.2. Materials and Methods

This review mainly includes peer-reviewed articles published up to March 2026,
coming from databases such as PubMed and Web of Science. A total of 156 items of
literature were cited, including original studies, reviews, clinical cohort studies, post-
mortem analyses, experimental models on psychoneuroimmunology, cognitive impairment,
and neurodegeneration in long COVID.

Human single-stranded RNA coronavirus (CoV) was identified for the first time in
1966 by Tyrell and Bynoe [1]. Coronavirus SARS-CoV-2 entered the human population
in Wuhan, China, in late 2019, and is responsible for the development of COVID-19 [2,3].
According to the WHO, it has infected ca. 778 million people worldwide and has led
to over 7 million deaths [4]. The SARS-CoV-2 virus can infect people and animals. The
spike glycoprotein (S protein) binds to the host cell surface receptor angiotensin-converting
enzyme (ACE2), which is most commonly found in alveolar epithelial cells [5]. During the
COVID-19 pandemic, 15–20% of hospitalized patients experienced interstitial pneumonia
leading to acute respiratory distress syndrome (ARDS). SARS-CoV-2 induces a pathological
immunological response that resembles cytokine release syndrome (CRS), resulting in in-
creased expression of pro-inflammatory cytokines such as IL-6 and IFN-γ and the activation
of NF-κB and JAK-STAT signalling pathways. Consequently, CRS leads to epithelial and
endothelial cell apoptosis, which is an abnormal response of T-lymphocytes leading to lung
injury [6,7].

The COVID pandemic has revealed long-term neuropsychiatric sequelae of acute
SARS-CoV-2 infection [8]. According to the WHO, in adults, a post-COVID-19 condition
occurs in individuals with a history of probable or confirmed SARS-CoV-2 infection, usually
3 months from the onset of COVID-19, with symptoms that last for at least 2 months and
cannot be explained by an alternative diagnosis. Common symptoms include fatigue,
shortness of breath, and cognitive dysfunction, and generally have an impact on everyday
functioning. They may also fluctuate or relapse over time. However, in children, the post-
COVID-19 condition, compared with controls, involves fatigue, altered smell/anosmia,
and anxiety. Symptoms generally have an impact on everyday functioning, such as changes
in eating habits, physical activity, behaviour, academic performance, social functions
(interactions with friends, peers, and family) and developmental milestones. Both adult
and child symptoms may be new onset following initial recovery from an acute COVID-19
episode or persist from the initial illness. They may also fluctuate or relapse over time [9].

By definition, it is clear that long COVID is a diagnostically challenging process.
There are no clear biomarkers for its assessment, making it difficult to assess whether the
symptoms a patient presents with are the result of long COVID or another disease entity.

According to existing meta-analyses, the incidence of long COVID ranges from 10% to
43% worldwide and is observed in 54% of people requiring hospitalization and in 34% of
those who did not require hospitalization [10–13].

However, since 2020, there has been a decline in the incidence of long COVID. In the
USA, 8.9% of patients (10.3% of women and 7.3% of men) who were infected reported per-
sistent symptoms of long COVID, with the peak age being 30–59 years [14]. It can develop
in patients after a severe infection requiring intensive care, as well as in patients after an
asymptomatic and mild infection. Any SARS-CoV-2 infection can develop long COVID [15].
Patients with a more severe infection are at higher risk of developing long COVID, which
is likely related to the occurrence of a cytokine storm and acute inflammation.
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COVID-19-associated neuroprogression is a dynamic disorder of the central nervous
system (CNS) in which neuroinflammatory and neurovascular damage are responsible for
abnormal frontal–limbic control, clinically manifested by cognitive, depressive, and anxiety
disorders [8].

1.3. The Impact of Long COVID Varies from Mild Impairment to Severe Disability

As a result of COVID-19 infection, the immune system is modulated [16], resulting in
changes in neuroimmune interactions that affect the CNS.

As a result of the activation of the immune system, pro-inflammatory cytokines IL-6
and TNF-α, and vascular endothelial growth factor VEGF are produced, and immunoglob-
ulins are deposited on the vascular endothelium, which leads to its damage and loss of
integrity. As a result, the blood–brain barrier (BBB), which protects the CNS from systemic
circulation, becomes more porous and permeable, and the brain is exposed to the action of
cytokines and reactive oxygen species, leading to the activation of glial cells, exhaustion of
T cells, and development of neuroinflammation [17–19].

SARS-CoV-2 spike proteins interact with the human angiotensin-converting enzyme
2 (ACE2) receptor, along with accessory molecules that facilitate viral entry, through the
spike receptor-binding domain (RBD). Although ACE2 is the primary receptor required
for viral replication, its expression patterns do not fully correlate with viral distribution
or tissue pathology. Furthermore, SARS-CoV-2 has been shown to infect cells and tissues
without detectable ACE2 expression. Viral entry through the ACE2-independent pathways
may also confer resistance to some monoclonal antibodies (Abs) directed against spike
RBDs, which block ACE2-mediated binding [20]. As a result, the virus enters the host cell
and replicates. A decrease in lysozyme activity leads to protein aggregation in neurons and
may contribute to the development of neurodegenerative diseases [21].

Post-mortem examination of patients infected with SARS-CoV-2 has revealed the
presence of the virus in brain capillaries, endothelial cells, pericytes and neurons [22,23].

However, in the severe course of COVID-19, hypoxia, dysfunction of the lungs and
other organs, reduced blood pressure, and metabolic disorders that can negatively affect
nerve cells may occur. There are different mechanisms of nervous system damage that
can co-occur in patients with different frequencies. The most common mechanism of
neuroinflammation is the immune response to a respiratory infection leading to impaired
neuronal plasticity. This can occur after a mild course of COVID-10. A rare mechanism is
direct infection of the brain by SAR-CoV-2 [24].

2. Cytokine Release Syndrome (CRS)—Cytokine Storm in COVID-19
Cytokine release syndrome is caused by the pathological inflammatory response

initiated by macrophages, dendritic cells, NK cells, and T cells in response to pathogen-
associated molecular patterns [6,25]. Activation of lung capillary endothelial cells may
contribute to enhanced immunological response and predispose to cytokine storm [26]. In
patients with severe COVID-19, a significant decrease in CD8+ T cells, CD4+, B cells and
NK cells [6] and marked elevation of IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IFN-α/β/γ,
MCP-1, CCL-3, CCL2, CCL5, and YKL-40 [27] were found [26,28–30]. INF-γ may initiate
cytokine storm in patients with SARS-CoV-2 [6,31]. IL-6 and TNF-α are considered major
components associated with increasing cytokine storm.

3. The Role of the NLRP3 Inflammasome in SARS-CoV-2 Infection
Damage to type II alveolar epithelia expressing ACE2 activates PAMPs (pathogen-

associated molecular patterns induced by bacterial, viral, and fungal pathogens) as well as
DAMPs (damage-associated molecular patterns from urate crystals and reactive oxygen
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species) of the NLRP3 cytosolic inflammasome (NOD-like receptor family, pyrin domain-
containing 3). Inflammasomes belong to intracellular complexes located in the cytosol;
they are part of non-specific immunity and are responsible for detecting molecular patterns
indicative of cell damage as well as the presence of pathogens causing infection [32,33].
Their activation is necessary for the stimulation and maturation of cytokines that determine
an efficient immune response, leading to virus elimination. The NLRP3 inflammasome
plays an important role in host antiviral defence, and its abnormal activation and induction
of downstream mediators lead to pathological tissue damage during infection. The devel-
oping inflammasome releases the enzyme-caspase1, which participates in cell death or the
conversion of inactive pro-inflammatory cytokines into their active forms (IL-1β and IL-18).
IL-1β increases the expression of NF-κB, a mitogen-activated protein kinase (MAPK) that
stimulates the production of other pro-inflammatory cytokines. The NLRP3 inflammasome
is a major inflammatory component involved in the innate immune response when induced
by various stimuli [34].

SARS-CoV-2-infected pneumocytes release alveolar macrophages secreting TNF-α
and IL-β and initiate a pro-inflammatory cascade [35]. These cytokines induce cell damage
and death, activate the NLRP3 inflammasome, and create a hyper-inflammatory microenvi-
ronment localized to the tissue injury site; subsequently, pro-inflammatory cytokines are
present in the blood due to vascular integrity loss [26,36].

4. The Role of the Receptor for Angiotensin-Converting Enzyme ACE2
The strong pro-inflammatory potential of the SARS-CoV-2 spike protein is demon-

strated by its ability to bind to ACE2 receptors on microglia, which activates the NLRP3
inflammasome, resulting in the secretion of pro-inflammatory cytokines, intensifying neu-
roinflammation [37].

Neuroinflammation is inflammation of the central nervous system. The main cells re-
sponsible for this condition are microglia and astrocytes. Upon NF-κB activation, microglia
increase the transcription of genes to produce more substances that trigger inflammation,
such as iNOS, COX-2, TNF-α, IL-6, IL-1, and ROS. Brain inflammation is a major cause
of many neurodegenerative diseases, such as Parkinson’s disease (PD) and Alzheimer’s
disease (AD) [38].

Neurodegeneration is a complex process underpinning the decline in neuronal func-
tions and synaptic connections in the brain. It is often associated with ageing and usually
leads to death. In neurodegeneration, certain proteins in the brain malfunction, causing
clusters to form in various parts of the brain. Other problems caused by neurodegeneration,
such as inflammation, energy deficiency, and DNA damage, gradually increase in intensity,
resulting in cell death. Therefore, it is important to find ways to inhibit neurodegeneration
by targeting this inflammation [38].

A large number of ACE2 receptors are found in intestinal epithelial gland cells, the
respiratory tract epithelium, lung parenchyma [39,40], and in the immune system and
brain [41]. SARS-CoV-2 binding to ACE2 on neurons can disrupt their mitochondrial
function and protein folding, contributing to brain degeneration even decades after the
index infection [42,43].

5. Vascular Endothelial Dysfunction and Blood–Brain Barrier
(BBB) Damage

Long-term neuropsychiatric consequences result from changes associated with cy-
tokine storm, which can cause blood–brain barrier (BBB) damage, vascular dysfunction,
and punctate infarcts in the brain [24,44]. SARS-CoV-2 can infect the patient’s brain and
cause CNS lesions and cognitive impairment. Cranial nerves such as the olfactory, trigemi-
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nal, optic, and vagus nerves and the blood–brain barrier (BBB) are important structures for
the interaction between SARS-CoV-2 and the brain. The physical barrier between nerve
cells and circulating immune cells is the blood–brain barrier (BBB), consisting of brain
endothelial cells, vascular basement membrane, astrocytes, microglia, and neurons, known
as neurovascular units (NVUs) [39,45,46]. Dysfunction of the blood–brain barrier as a result
of infection affects neuronal activity in the CNS and may be related to cognitive impairment
and COVID-19 severity.

Once across the BBB, the virus invades brain cells by binding the S1 subunit of the S
protein to ACE2 receptors, resulting in a conformational change in the S2 subunit to achieve
membrane fusion with the host cell [47]. As a result of SARS-CoV-2 infection, the concen-
tration of pro-inflammatory cytokines and coagulation factors such as thrombin, fibrinogen
and plasmin increases, which induces hypoxia [39]. Elevated levels of pro-inflammatory
factors interfere with the activity of TJ proteins (occludin, claudin-5, ZO proteins) [48]
and increase metalloproteinase-9 (MMP-9) levels, which damages the BBB. Virus-infected
leukocytes expressing ACE2 can transmit SARS-CoV-2 to the brain through the vascular
system, meninges, and choroid plexus through the ‘Trojan horse’ mechanism- by recruiting
to the brains of neutrophilia-infected people (this mechanism was demonstrated by the
authors in a study on human and mouse cells in the case of encephalitis caused by West
Nile virus) [49].

6. Autoimmunity of the Nervous System
The presence of molecular mimicry, an autoimmune response associated with the pro-

duction of autoantibodies that cross-react with brain tissue, may initiate its damage [50,51],
while persistently elevated values of neuroimmune biomarkers, such as glial fibrillary
acidic protein (GFAP), neurofilament light chain (NFL), C-C motif chemokine ligand 2
(CCL2), monocyte chemoattractant protein-1 (MCP-1), and galactin 6, confirm immune
activation in the central nervous system [52].

Elevated levels of these molecules were detected in the serum and CSF of patients with
long-term COVID. In preclinical findings, Gutman et al. validated increased NFL levels
more frequently in patients with cognitive impairment and fatigue in long COVID [53].
Synaptic function biomarkers SNAP-25 and neurogranin measured in CSF were de-
creased [27]. Disrupted production of neurotransmitters such as serotonin (tryptophan
Trp degradation leads to decreased serotonin levels) contributes to the development or
exacerbation of psychiatric disorders, low motivation, memory impairment and executive
dysfunction [54–56].

Dysregulation of immune-inflammatory pathways affects hippocampal function and
synaptic plasticity, playing a significant role in the development of neurological and neu-
ropsychiatric symptoms [57].

Viral proteins—spike (S) and nucleocapsid (N) proteins—exhibit sequence homology
with neuronal antigens. This structural similarity may lead to cross-reactivity of CD8+ T
cells and the production of autoantibodies against myelin oligodendrocyte glycoprotein
(MOG) and the N-methyl-D-aspartate receptor (NMDAR) on the surface of central nervous
system cells [58–60].

7. Cognitive Dysfunction in Patients After COVID-19 Infection
The cohorts of numerous retrospective studies have shown that one-third of patients

within 6 months after SARS-CoV-2 infection developed neurological or psychiatric symp-
toms [39,61]. Cognitive dysfunction was found in more than 60% of all subjects [61].

However, in a cohort study of 1438 participants treated for COVID-19, Liu et al.
found a 12.45% prevalence of cognitive impairment in survivors 12 months after hospital
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discharge. Severe COVID-19 was associated with a higher risk of early and progressive
cognitive impairment. The authors emphasize that COVID-19 survival was associated with
an increased risk of long-term cognitive decline, highlighting the importance of immediate
actions to address this challenge [62].

Elevated levels of IL-6 and TNF-α in the cerebrospinal fluid (CSF) triggered stress
response mechanisms disrupting synaptic plasticity and hippocampal neurogenesis [63].
Brain dysfunction and neuronal damage are caused by either direct cytolysis or secondary
inflammatory responses as a result of viral infection. Regardless of how SARS-CoV-2 affects
the brain, by primary or secondary routes, the neurological complications of COVID-19
may be related to the invasive effects of SARS-CoV-2 on brain tissue [64].

Cognitive impairments in domains such as memory, attention, executive functions, lan-
guage, visuospatial functions, and information processing speed should be assessed with
standardized neuropsychological tests such as the Montreal Cognitive Assessment (MoCA),
Mini-Mental State Examination (MMSE), and Symbol Digit Modalities Test (SDMT). The re-
sults of these tests have confirmed the occurrence of impaired attention, executive functions,
verbal fluency, and working memory in patients with long COVID [65,66].

Cognitive impairment is a common and debilitating symptom of long COVID-19,
often manifesting as post-infectious fatigue syndrome, as demonstrated in a prospective
study carried out by Graham et al., in which half of the patients had abnormal neurological
examination results, and the most frequently reported symptoms were impaired short-term
memory and attention [10]. Fontes-Dantas and co-authors proposed that the spike protein
is associated with long COVID-19-related brain dysfunction, independent of SARS-CoV-
2 replication in the brain; the spike protein or its S1 fragments can be transported by
inflammatory cells to the central nervous system, where it crosses the blood–brain barrier
(BBB) and binds to Toll-like 4 receptors, stimulating the production of pro-inflammatory
mediators, exacerbating and perpetuating inflammation, and affecting memory-related
areas [67].

The presence of abnormal magnetic resonance imaging (MRI) findings in patients
with COVID-19 and the detection of SARS-CoV-2 RNA in the cerebrospinal fluid confirms
the neuroinvasive potential of the virus [68–70], leading to damage and loss of brain
neurons and endothelial cells. This contributes to the occurrence of neurological symptoms
in patients.

Elevated levels of IL-6 and TNF-α in the cerebrospinal fluid (CSF) can trigger stress
response mechanisms disrupting synaptic plasticity and hippocampal neurogenesis [71].

Regardless of how SARS-CoV-2 affects the brain, by primary or secondary routes,
the neurological complications of COVID-19 may be related to the invasive effects of
SARS-CoV-2 on brain tissue [72–74].

7.1. Virus Invasion into the Central Nervous System

There are two potential main routes for the virus to enter the CNS: neuroinvasion and
damage to the BBB [75]. SARS-CoV-2 RNA has not only been detected in the olfactory
mucosa and olfactory bulb but also in various branches of the trigeminal nerve, where it
enters through the ACE receptor [76].

Potential entry virus into the CNS involves hematogenous spread and retrograde
neuronal transmission via olfactory neurons in the cribriform plate.

Each olfactory receptor neuron projects dendrites into the nasal cavity and extends its
axons basolaterally through the cribriform plate to the olfactory bulb in the brain [77–79].
Through this pathway, SARS-CoV-2 in the nasal endothelium can attach to motor proteins
along sensory and olfactory nerves to reach the brain [80].
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The olfactory mucosa of mice and humans has been shown to express two key proteins
involved in SARS-CoV-2 entry: ACE 2 and TMPRSS 2 [81,82]. In a post-mortem study,
immunostaining confirmed the expression of NRP-1 in the superficial layer of human
respiratory and olfactory epithelium [83]. Intranasal inoculation of mice with SARS-CoV-2
showed that the virus entered the brain through the olfactory nerve and then spread to brain
regions such as the thalamus and brainstem [84]. Therefore, after inhaling SARS-CoV-2 into
the nasal cavity, the virus may enter the central nervous system along the recurrent axons
of the olfactory nerve through ACE2 and TMPRSS2 receptors on the olfactory mucosa,
causing neuronal necrosis and dysfunction, and thus, cognitive impairment due to CNS
damage [63].

7.2. The Effect of Inflammation on the Central Nervous System

Persistent systemic inflammation during COVID-19 infection has been shown to
be associated with subsequent cognitive decline, relative to the observed hippocampal
atrophy [85,86]. In addition, patients with COVID-19 had impaired coagulation, ele-
vated D-dimer levels, thrombocytopenia, a hypercoagulable state and an increased risk of
ischaemic stroke.

Potential biomarker findings are complemented by advanced neurodiagnostic tech-
niques, including magnetic resonance imaging (MRI) and positron emission tomography
(PET), which have revealed hypometabolism in the frontal and parietal cortex, decreased
cortical thickness, and white matter changes in patients with cognitive impairment, while
neuroinflammation and vascular damage have been demonstrated in PET scans [87–92].
Imaging studies indicate disturbances in the permeability of the blood–brain barrier, which
confirms the neurovascular model of COVID-19-induced damage to the central nervous
system [93].

The efficiency of complex cognitive functions depends on many cortical and subcortical
brain structures and the neuronal connections between them. Structures such as the frontal
and temporal lobes, hippocampus, thalamus and areas of the association cortex are mainly
responsible for the most important cognitive functions. Damage and ischaemia within these
structures are associated with decreased cognitive functions. Hypoxia, encephalitis and
stroke cause structural and functional damage to the CNS, which then results in long-term
or even permanent impairment of neurocognitive function [94].

8. Long-Term Effects of COVID-19
COVID-19 infection contributes to cerebral complications (cognitive and neuropsy-

chiatric disorders) Table 1. Concentration difficulties, insomnia, and psychotic disorders
such as hallucinations, delusions and behavioural changes, as well as affective disorders,
including suicidality, are the most commonly reported complications [95]. About 30% of
patients with severe SARS-CoV-2 developed neurological and psychiatric disorders [61,96].
Some of these patients developed autoimmune-associated anti-NMDA receptor encephali-
tis. Patients who have cerebrospinal fluid antibodies against the NMDA receptor might
develop working memory deficits, attentional deficits, confusion, agitation, and acute psy-
chosis symptoms such as auditory hallucinations, catatonia, and speech dysfunction. This
indicates that clinicians should pay attention to the possibility of developing autoimmune
encephalitis in patients with severe COVID-19 [96].

Some reports indicate that neuropsychiatric symptoms such as impaired immediate
verbal memory and learning, deferred verbal memory, impaired verbal fluency, impaired
working memory, anxiety, and depression persisted for at least one year in patients who
recovered from COVID-19 [19,97]. Once severe respiratory symptoms have resolved,
patients are at increased risk of long-term neuropsychiatric conditions such as depression,
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obsessive-compulsive disorder, and neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease [98]. The neurobiology of these symptoms is not fully understood, but
it is postulated that an excessive cytokine response plays an important role. Increasing IL-
1β and IL-6 expression in microglia can induce nervous system inflammation and neuronal
damage, causing neurotransmission abnormalities and functional changes in the brain.
High levels of IL-1β in the cerebrospinal fluid (CSF) in COVID-19 patients damage the
blood–brain barrier (BBB), allowing cytokines and immune cells to enter the brain [99].

The effects of SARS-CoV-2 infection can manifest many years after the infection, so
it is essential to monitor patients who had COVID-19 and adopt measures to mitigate or
prevent cognitive impairment associated with the disease.

The long-term effects of COVID-19 are attributed to persistent inflammation of the
nervous system, especially immune system dysregulation, and pro-inflammatory cytokines.

8.1. Long COVID Symptoms

The most common symptom is anxiety, which persists in approximately one-third of
patients for more than 6 months after illness onset. This fatigue can be mental or emotional,
and may result in weakened muscle strength [100,101]. The consequences of long-term
fatigue are serious for both the patient and those around them, sometimes preventing
normal functioning in daily activities and relationships, causing emotional distress. Many
studies have demonstrated a link between anxiety and depression and the severity of
COVID-19, especially in women [102]. Currently, we do not have tools that would clearly
show whether depressive anxiety disorders are a complication of cognitive disorders in
long COVID or contribute to their occurrence.

About 30% of COVID-19 survivors may experience anxiety, depression, and post-
traumatic stress that persist for months after recovery, leading to a need for psychological
intervention and psychiatric treatment [103,104]. Common variables associated with depres-
sion included female gender, previous psychiatric history, and psychological stress [105].
Inflammation may contribute to the occurrence of psychiatric disorders, especially de-
pression; this may be related to increased levels of pro-inflammatory cytokines and acute
phase proteins in the chronic state [106]. Patient with depression have high levels of pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6), C-reactive protein, α-1-acid glycoprotein,
α-1-antichymotrypsin, and haptoglobin in their blood, as well as increased expression
of adhesion molecules and chemokines [107,108]. The kynurenine pathway is activated
by reducing tryptophan and quinolic acid production, affecting neurotransmitters and
BDNF production [109]. In the microglia, on the other hand, IL-8 is produced and, through
positive feedback, maintains inflammation [110].

Benedetti et al. published data from a magnetic resonance imaging (MRI) study
showing that the severity of depressive disorders is associated with a decrease in grey
matter volume in the anterior cingulate cortex [103]. A significant association was ob-
served between the severity of inflammation during acute COVID-19, brain structure and
function, and the clinical diagnosis of depression and posttraumatic stress disorder in sur-
vivors [103]. These results suggest that increased cytokine levels affect neurotransmitters
such as monoamines and glutamate in the amygdala, insula, and anterior cingulate cortex,
which are areas associated with anxiety [107].
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Table 1. Neuropsychiatric complications of long COVID.

Type of Symptoms References

Brain
complications

Cognitive and
neuropsychiatric

disorders

cognitive impairment
(confirmed by
neuropsychological
tests):

- memory, especially
short-term memory

- attention
- executive functions
- visuospatial function
- speed of

information processing

[10,65,66]

Fatigue:
- mental
- emotional
- muscle weakness

[100,101]

subjective feeling of
“brain fog”:

- decreased psychomotor
performance

- lack of mental clarity
- difficulty concentrating
- impairment of function
- executive

[19,97]

psychotic disorders

- hallucinations
- delusions
- changes in behaviour
- suicidal thoughts

[95]

anxiety [102]

depression [102]

posttraumatic stress [103,104]

obsessive-compulsive
disorder [98]

neurodegenerative
diseases

(Alzheimer’s disease,
Parkinson’s disease) [98]

8.2. Long COVID Neuropsychiatric Disorders

The most clinically significant symptoms of the neuroprogressive process are cog-
nitive decline and affective syndromes. “Brain fog” is defined as reduced psychomotor
performance, lack of mental clarity, disorientation, difficulty thinking or concentrating and
impaired executive function [111–113]. It has occurred more frequently in women who
required hospitalization for infections, were in the intensive care unit, and had breathing
difficulties. Depressive disorders are associated with impairments in cognition, episodic
memory, executive function, processing speed, visuospatial memory, attention, and work-
ing memory as neuropsychiatric symptoms [114], although according to other authors, it
occurs regardless of age and COVID-19 exacerbation [115].

Cognitive deficits have been observed in 20–35% of patients after the resolution
of the acute form of COVID-19, impairing concentration, short-term memory, atten-
tion, frontal and executive functions, depression, or anxiety disorders lasting more than
3 months [116–120]. In a study by Graham and Clark, people with COVID-19 who were not
hospitalized and did not have prolonged brain fog experienced pronounced and persistent
brain fog and fatigue that impacted their cognitive abilities and quality of life [121]. At the
individual level, deficits are usually mild but may have significant functional significance,
especially in patients with severe COVID-19, suggesting that this infection may accelerate
pre-existing neurodegenerative, inflammatory, or cerebrovascular vulnerabilities [122].
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8.3. Long COVID in Children and Adolescents

Long COVID in paediatrics presents with heterogeneous severity and duration [123].
In a meta-analysis by Lopez, Wegman, et al., the prevalence of long COVID-19 in chil-
dren and adolescents was 25.24%. The most common clinical symptoms included mood
disorders (16.50%), fatigue (9.66%), sleep disturbances (8.42%), headache (7.84%), and
respiratory symptoms (7.62%). Risk factors associated with long COVID-19 included the
following: older age, female gender, severe COVID-19, overweight/obesity, concomitant
allergic diseases, and other long-term comorbidities [124].

Currently, long-term observational studies evaluating neurodevelopmental outcomes
in children after infection with nervous system viruses are limited. The highest burden of
diseases associated with CNS infections is in low- and middle-income countries. Longitu-
dinal studies are important in tracking the impact of SARS-CoV-2 infection on the CNS so
that we can better understand and take effective intervention [125].

9. Predictors of “Brain Fog”
Depression is the strongest predictor of brain fog, and it has been postulated that

neuroinflammation may be responsible for both “brain fog” and depressive disorders.
During a prolonged immune response, in which inflammatory cells and mediators cross
the BBB, neuroinflammation develops with elevated plasma TNF-α levels, which has been
associated with cognitive deficits several months after recovery from acute COVID-19
infection [126,127]. Increased levels of IL-6, CRP, soluble IL-6 receptor, and TNF-α are
responsible for persistent low-grade inflammation leading to the development of post-viral
neurocognitive syndromes, which include cognitive dysfunctions, mood disorders, and
fatigue [128]. NFL and GFAP are responsible for persistent neurodegeneration, indicating
damage to axons and astrocyte cells [129].

It is estimated that over 10 million patients suffer from neurocognitive and neuropsy-
chiatric dysfunction due to the neurological manifestation of COVID-19, leading to a decline
in the quality of life and an inability to return to previous functioning levels. Long-term
follow-up is necessary, as autoimmune effects may become apparent much later [130].

10. Neurodegeneration in the Course of COVID-19
Viral neurotropic infections can cause neuronal dysfunction by promoting chronic

inflammation, induction of oxidative stress in cells, impairment of mitophagy and mito-
chondria, alteration of neurotransmitter systems, or induction of misfolded and aggregated
pathological proteins associated with neurodegenerative diseases. This is the cause of
multidimensional brain damage leading to specific neuronal and brain disorders [131].

The neuropsychiatric sequelae of COVID-19 resemble a neuroprogressive process, in
which acute inflammatory and vascular damage can lead to permanent CNS dysfunction,
depressive and anxiety disorders, and cognitive decline. The concept of downstaging as a
therapeutic option aimed at reversing or attenuating disease progression by influencing
impaired neuroplasticity and immune dysregulation would disrupt the possibility of
perpetuating the cognitive-affective syndrome [132,133]. This is in line with contemporary
translational neuropsychiatry, where the therapeutic goal is to slow the progression of the
stage, preserve cognitive functions, prevent the consolidation of depressive and anxiety
phenotypes after COVID-19, and treat already existing symptoms [17,133].

Long-term consequences of neuroinflammation include persistent deficits in attention,
memory, and executive functions, and may increase the vulnerability and progression of
neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease. The incidence of
dementia increases with age, often with a prolonged subclinical latency period. Survivors
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of SARS-CoV-2 infection are among the population most at risk for accelerated or de novo
neurodegenerative disease [134].

Recent studies indicate that SARS-CoV-2 infection may induce neurodegenerative
changes in Parkinson’s disease (PD) by accelerating ageing and accumulating abnormal
proteins in the brain. In contrast, the basis of neurodegeneration in Alzheimer’s disease
(AD) is an amyloid-stimulated interferon (IFN) response resulting in inflammation of the
central nervous system [135]. As a result of SARS-CoV-2 infection, the neurodegeneration
process is associated with microglia activation and mitochondrial dysfunction development,
and the increased levels of α-synuclein, total Tau, phosphorylated (pTau), β-amyloid (Aβ42)
in serum, and CSF may accelerate these processes [136].

Kim and Yang demonstrated that SARS-CoV-2 infection of DA neurons triggers an
inflammatory response and cellular senescence. Midbrain dopamine (DA) neurons derived
from human pluripotent stem cells (hPSCs) are selectively sensitive and susceptible to
SARS-CoV-2 infection. The researchers observed a reduced number of neuromelanin-
and tyrosine hydroxylase (TH)-positive DA neurons and fibres in a cohort of patients
with severe COVID-19. These findings demonstrate that hPSC-derived DA neurons are
sensitive to SARS-CoV-2. This represents a potential group of patients in whom the use of
neuroprotective drugs may alleviate symptoms or halt the neurodegeneration process [137].

Moreover, viral replication can also hijack the protein synthesis machinery in neurons,
promote the response to misfolded proteins, and disrupt proteostasis, thus leading to the
accumulation of misfolded proteins and subsequent aggregation [43,138,139].

11. Neurodegenerative Diseases—Alzheimer’s Disease
Viral infection is considered an aetiological factor in Alzheimer’s disease [140]. How-

ever, it is not known whether SARS-CoV-2 virus infection is associated with an increased
risk of the disease. The long-term neurological complications of virus infection are partially
caused by inflammation, which plays a central role in the neuropathology of Alzheimer’s
disease [141]. It is not clear whether COVID-19 can induce de novo Alzheimer’s disease or
accelerate its onset. Nonetheless, coronaviruses have been detected in the CNS of patients
with Parkinson’s (PD) and Alzheimer’s disease (AD) [135].

After binding to ACE2 receptors, which are widely distributed in the brain and can be
found in dopamine neurons of the striatum, SARS-CoV-2 can infect the brain, including
even the brainstem [142–144]. COVID-19 may increase the risk of developing diseases
as a distant complication of the infection. Therefore, it can be speculated that survivors
represent a potential population at higher risk of developing neurodegenerative diseases
as a result of silent viral infection in the brain.

The severe complications of SARS-CoV-2 infection are most often associated with a
“cytokine storm” resulting from inflammation and increased levels of pro-inflammatory
cytokines. In patients with AD, this may act synergistically with the amyloid-stimulated
Interferon-1 (IFN) response, leading to a so-called “perfect storm”. In some patients with
undiagnosed AD, SARS-CoV-2 infection may result in accelerated disease initiation and
earlier onset of AD symptoms [145].

12. COVID and Parkinson’s Disease
In patients with Parkinson’s disease, anti-coronavirus antibodies were found in the

cerebrospinal fluid (PMR) more than two decades ago [146]. Pre-entry of coronaviruses
into the brain through the nasal cavity causes olfactory abnormalities, a premotor feature
of Parkinson’s disease, while alpha-synuclein (aSyn), a major protein component of Lewy
bodies found in the brain of PD patients, is deposited in the olfactory bulb [147]. Lippi et al.
investigated the role of SARS-CoV-2 in the development of neurodegenerative diseases [43].
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They highlighted cellular pathways in the course of viral infection, such as proteostasis
(protein homeostasis). These pathways maintain dynamic equilibrium and activate stress
response mechanisms, which also appear to be involved in neurodegeneration [43,148].
In vitro studies have shown that alterations in proteostasis can lead to the accumulation of
toxic insoluble proteins [149]. SARS-CoV2 infection can lead to PD neurodegeneration by
accelerating brain cell ageing [142].

Conversely, the neuropathology of Parkinson’s disease itself may trigger a protective
effect against COVID-19 infection. The infection develops as SARS-CoV-2 binds to ACE2
receptors, which are also found in striatal dopamine neurons [143]. PD patients present a
reduced number of black matter dopamine neurons as a result of neurodegeneration with
Lewy bodies (eosinophilic inclusions present in the cytoplasm of nerve cells, composed
mainly of α-synuclein protein). In addition, α-synuclein inhibits viral neuroinvasion,
providing protection against pro-inflammatory response [43,150].

Further studies are needed to better elucidate the links between clinical status and
COVID-19 severity, systemic inflammatory response with cytokine levels and virus detec-
tion in the cerebrospinal fluid of PD patients.

After entering the central nervous system (CNS), SARS-CoV-2 invades and replicates
within neurons, leading to their death. Infection of certain brain regions, particularly the
brainstem, can lead to cardiorespiratory dysfunction and even death. Viral invasion and
neuronal death activate astrocytes and microglia, triggering an inflammatory response.
This, combined with the intense release of cytokines during an intense cytokine storm, can
increase the permeability of the BBB, thus facilitating SARS-CoV-2’s entry into the CNS.

In sum, long-term complications following COVID-19 infection may be associated
with neurodegenerative diseases [138,151].

13. Clinical Implications
Using data extracted from the electronic medical records of two large cohorts, Peluso

and Deeks [152] identified four reproducible long COVID subphenotypes that were associ-
ated with distinct patient demographics, comorbidities prior to SARS-CoV-2 infection, and
the severity of the acute phase of infection.

In the first subphenotype, constituting 33.75%, patients, who were predominantly
male, had cardiovascular disease, renal failure, anaemia, and water-electrolyte disorders.
In this group, acute COVID-19 was associated with the highest rates of hospitalization
(61.15%) and mechanical ventilation (4.81%). The second subphenotype mainly concerned
women with respiratory diseases, sleep disorders, anxiety and symptoms such as headache
and chest pain. Patients predominantly women with musculoskeletal and nervous system
complications such as musculoskeletal pain, headaches, and sleep and wakefulness disor-
ders constituted the third subphenotype. The mildest clinical manifestations were observed
in the group of patients in the fourth subphenotype of 10.14%, with a predominance of
women and musculoskeletal and nervous system complications such as musculoskeletal
pain, headache, and sleep and wakefulness disorders.

Patients with subphenotypes 1 and 2 were more likely to be hospitalized in intensive
care units and required artificial ventilation in acute COVID than patients with subpheno-
types 3 and 4.

Other authors have identified a lower overall burden of underlying diseases alongside
a slightly higher incidence of gastrointestinal diseases, such as hematemesis, gastroduode-
nal disorders, and gastrointestinal cancers, based on the number of symptoms. Currently,
many endotypes exhibit overlapping characteristics, making their application in practice
challenging. It would be helpful to identify objectively defined phenotypes that can be
readily applied in clinical settings.
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Long COVID is not limited to any single organ system and has documented respiratory,
cardiovascular, neuropsychiatric, and endocrine complications [153–155].

Common limitations reported in these meta-analyses include population heterogeneity,
a lack of consensus regarding the definition and diagnosis of the post-COVID-19 state, and
diverse geographic locations.

We noted that studies involving meta-analyses had a high probability of bias, in-
cluding a lack of standardized definitions, incorrect classification, recall, selection, loss
of observation, or lack of response. In addition, the included meta-analysis studies have
limitations inherited in all observational studies, such as a high level of heterogeneity and
error due to residual and unmeasured confounding factors. This may have been due to
differences in study design, different environments, different study groups, follow-up time,
methods of recognizing symptoms, different nomenclature, limited data on the stratification
of comorbidities, and previous vaccination against COVID-19.

14. Conclusions
Although the COVID-19 pandemic has passed, complications resulting from COVID-

19 continue to impact patients’ health. Comprehensive assessment of possible neuropsychi-
atric disorders, particularly a vulnerability to cognitive decline and dementia in the future,
will be an important diagnostic and therapeutic challenge, as well as an important aspect
of improving patients’ quality of life. It is still not fully understood whether SARS-CoV-2
causes de novo neurodegenerative diseases or whether it accelerates or exacerbates pre-
existing neurodegenerative diseases and cognitive impairment. This is a social issue that
cannot be ignored. Analyses using independent, newer patient cohorts and prospective
studies are necessary to further validate the observed inflammatory and degenerative
phenotypes. It is important to monitor patients post-infection, and personalize treatment
based on their phenotype and immunological biomarkers. Potential prognostic, diagnostic,
and treatment response monitoring tools include immune biomarkers such as interleukins
IL-6 and cytokine TNF-α, structural proteins GFAP and NFL, neurotransmitters serotonin
and dopamine, and CNS dysfunction indicators, which enable disease progression tracking
and treatment response, rehabilitation, and cognitive therapy assessment. However, their
clinical value in long COVID monitoring has not yet been clearly established. Therapeutic
strategies targeting inflammatory mediators, particularly the IL-6 pathway (tocilizumab)
and TNF inhibitors (currently in clinical trials), may demonstrate benefits in long COVID.
A promising therapeutic approach to inhibiting neurodegeneration involves inhibiting tran-
scription factor NF-kB, which enhances glial cytokine production. Future research should
focus on determining and monitoring immunological biomarkers, radiological studies, and
neuropsychological testing to enable the early identification of long COVID patients with
cognitive impairment and reduce the risk of developing neurodegenerative diseases.

In clinical trials, promising results have been demonstrated using therapy based on
mitochondrial miRNA antagonists to increase the expression of specific proteins that are
downregulated, or to decrease the expression of the proteins they abnormally induce [156].

Therefore, a deeper understanding of the mechanisms underlying SARS-CoV-2 infec-
tion is essential for the development of more effective preventive and therapeutic strategies
to protect at-risk groups.
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