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Abstract—Potentially, patients with COVID-19 can experience long-term disturbances after the acute infec-
tion period, even people with no symptoms or mild illness. Our current understanding of brain-associated
post COVID-19 condition and why some people are more affected is limited. Post COVID syndrome or long
COVID, with continuing symptoms of impaired brain functioning, in particular, ‘brain fog’, chronic fatigue,
cognitive decline, mood disturbances, anxiety, and depression, is due to multiple molecular mechanisms.
This narrative review updates most important cellular and molecular brain mechanisms as well as system

mechanisms underlying post COVID syndrome.
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INTRODUCTION

COVID-19 was initially considered a pulmonary
disease with extrapulmonary manifestations. As the
pandemic spread, it became clear that the disease
affects various organs/systems, including the central
and peripheral nervous systems [1]. COVID-19 is a
multi-systemic disease which can target the lungs, the
cardiovascular system, other organs of the body, and
can also affect regions of the brain for expanded peri-
ods of time. Post COVID-19 condition, also known as
post COVID syndrome (PCS) or long COVID, refers
to long-term symptoms that some people experience
after they have had COVID-19. Though most people
fully convalesce from COVID-19, current evidence
suggests that up to 20% of people experience a variety
of mid and long-term effects after they recover from
their initial illness [2]. According to other sources,
international evidence on COVID-19 estimates the
incidence of PCS about 10—30% of non-hospitalized
cases, 50—70% of hospitalized cases and 10—12% of
vaccinated cases [3].

Most long COVID symptoms disappear within
6-12 months, but in some cases, it can take longer.
During the PCS, the SARS-CoV-2 nucleocapsid anti-
gen is present in cerebrospinal fluid in the absence of
viral RNA [4]. The symptoms of PCS might persist
from the initial illness or develop after recovery; they
can come and go or relapse over time. Indeed, the
term “post COVID condition” or PCS may be

regarded as an umbrella name for the wide variety of
ongoing, novel or recurring symptoms of physical and
mental health consequences occurring in a number of
patients a month or later after SARS-CoV-2 infection,
including the patients with initially mild or even
asymptomatic acute infection. A prospective cohort
study showed that factors that were found to be associ-
ated with a higher risk of developing PCS were female
gender, older age and active smoking, but not severity
of the acute disease [5].

The impacts of COVID-19 infection on mental
health are mediated by increased stress load and result
in affective and neurological symptoms including anx-
iety, depression, difficulty thinking and/or concen-
trating, headache, sleep problems, dizziness, pins-
and-needles feeling, changes in smell or taste [6]. Peo-
ple with COVID-19 who had severe illness might have
organ damage affecting the lungs, heart, kidneys, and
brain. This damage may be associated with inflamma-
tion and problems with the immune system. COVID-
19 illness can induce the development of new condi-
tions, such as diabetes or a heart or nervous system
condition. People with severe symptoms of COVID-19
often needed to be treated in a hospital intensive care
unit. This could result in extreme weakness and post-
traumatic stress disorder (PTSD) triggered by regard-
ing severe COVID-19 illness as a terrifying event.

Understanding of post COVID conditions remains
incomplete. This narrative review aims to update most
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important cellular and molecular brain mechanisms
underlying PCS or long COVID.

COGNITIVE AND AFFECTIVE SYMPTOMS
OF POST COVID SYNDROM

Impaired brain functioning in PCS is associated
with a number of neurological and psychiatric symp-
toms including ‘brain fog’; extreme and chronic
fatigue; headaches; headedness; cognitive dysfunc-
tion, such as concentration problems, short-term
memory deficits, general memory loss, a specific
decline in attention, language and praxis abilities,
encoding and verbal fluency, impairment of executive
functions and psychomotor coordination; confusion;
compromised sleep; loss of smell and/or taste; mood
changes, anxiety, depression, and PTSD [1, 7]. Obvi-
ously, multiple molecular mechanisms underlie these
symptoms. Numerous psychoneurological symptoms
of PCS are believed to be associated with many mech-
anisms, in particular, systemic inflammation, neu-
roinflammation, neuroendocrine and neurochemical
disbalance [4].

Post COVID-19 cognitive complaints at 9 months
and 15 months and fatigue are highly common and
frequently continuing [8]. Neuropsychological mea-
sures of PCS patients’ cognitive status shows that
COVID-19 is capable of eliciting persistent measur-
able neurocognitive alterations predominantly signifi-
cant in the areas of attention and working memory [9].
Standard neuropsychological tests and experimental
cognitive tasks revealed that frequent PCS cognitive
symptoms, described as ‘brain fog’, are associated
with significant attention deficits in both neuropsy-
chological measurements and cognitive tasks [10].
Reduced performance was revealed in tasks involving
interference resolution and selective and sustained
attention, and about 61% of patients reported major
routine prospective memory problems. Neuropsycho-
logical deficits in patients with cognitive complaints
associated with PCS show persistent impact on atten-
tion abilities, both as the singularly affected domain
and coupled with decreased performance in executive
functions, learning, and long-term memory [11].
Importantly, psychosocial assessment of PCS patients
can detect fragile persons at risk of cognitive impair-
ments and may be useful for prognostic purpose [12].

Severe acute SARS-CoV-2 infection is associated
not only with considerable cognitive impairment, but
also with an increased risk for mental health comor-
bidities. Depression appears to contribute to cognitive
symptoms of PCS. In patients with PCS, depression
symptom severity was significantly associated with the
severity of cognitive impairment [13]. This association
was driven mainly by lesser performance in verbal flu-
ency, attention, and delayed recall tasks among PCS
patients with higher severity of depression symptoms.
Main predictor of self-reported memory disturbances
were perceived sleep problems. Importantly, neither
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PTSD severity nor anxiety severity were significant
predictors of cognitive impairment or self-reported
memory disturbances [13]. People hospitalized with
COVID-19 had more anxiety after discharge, which is
associated with PSC neurologic symptoms [4]. Inter-
estingly, depression-, anxiety- and PTSD-spectrum
disturbances in PCS may not be directly associated
with disease-related and premorbid features [14].

Patients with severe COVID-19 experience high
levels of stress and thus are at risk for developing acute
stress disorder ASD and/or PTSD. Though remitted
COVID-19 patients experience lower levels of stress
and use less emotion-focused strategies, those who
develop PTSD after COVID-19 infection demon-
strate high levels of stress and use more disengagement
and emotion-focused types of coping strategies [15]
The role of psychological factors in PCS is very
important indeed. Hospitalized subjects were more
likely to report persistent symptoms of PTSD than
asymptomatic or home-treated subjects [16]. PCS
symptoms could be significantly predicted by the
severity of antagonism, hyperarousal, and difficulty
identifying emotions. It is suggested that emotional
dysregulation can affect key physiological processes
and contribute to the development of organ patholo-
gies.

Patients with PCS may demonstrate brain
hypometabolism, hypoperfusion of the cerebral cortex
and changes in the brain structure and functional con-
nectivity [1]. Abnormal brain diffusivity was reported
in patients with PCS. Microstructural abnormalities
were revealed in PCS six months after acute COVID-19.
Similarly to seen in stress conditions, the restricted
diffusivity and higher fractional anisotropy suggest
augmented myelination or higher magnetic suscepti-
bility from iron deposition [17]. In female patients,
elevated amygdala mean diffusivity was revealed sug-
gesting that fatigue, anxiety, and perceived stress in
PCS may be potentially associated with chronic neu-
roinflammation.

Interestingly, the persistent changes induced by
COVID-19 on brain structure overlap with those asso-
ciated with PTSD of other origins. Common elements
are hypometabolism in the insula and caudate
nucleus, reduced hippocampal volumes, and sub-
arachnoid hemorrhages; white matter hyperintensities
are prevalent in both PTSD and PCS [18]. Another
important issue suggests that long COVID is a very
recent myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/CFS)-like illness arising from the single
pandemic virus, SARS-CoV-2. Some authors believe
that the ME/CFS-like ongoing effects of PCS are
based on similar mechanisms involving neuroinflam-
mation, though with some specific signaling induced
by the initial COVID infection [19]. Though the initial
triggers are different, identical symptoms in ME/CFS
and PCS support the existence of common dysfunc-
tional CNS component(s).
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Alterations of the limbic system may be intimately
associated with both cognitive and affective symptoms
of PCS. In a study of multimodal emotion recognition
abilities, patients 6—9 months following SARS-CoV-2
infection were divided into groups with severe, moder-
ate or mild according to respiratory symptom severity
in the acute phase. The long-term consequences of
SARS-Cov-2 infection on the limbic system were
shown in these groups at both the behavioural and
neuroimaging levels [20]. In the context of PCS, there
is a growing understanding of the potential implica-
tions for the pituitary gland [21]. The virus can directly
affect the pituitary, leading to abnormalities in hor-
mone production and regulation. This can result in
symptoms such as fatigue, changes in appetite, and
mood disturbances. A number of PSC symptoms may
be explained by deficiencies in ACTH and growth hor-
mone production from the pituitary gland. Corti-
cotropin insufficiency can result in the dysregulation
of the body’s stress response and can lead to prolonged
feelings of stress, fatigue, and mood disturbances in
PCS patients. Simultaneously, somatotropin insuffi-
ciency can affect growth, muscle function, and energy
metabolism, potentially causing symptoms such as
muscle weakness, exercise intolerance, and changes in
body composition [21].

BRAIN MOLECULAR AND CELLULAR
MECHANISMS UNDERLYING
POST COVID SYNDROM

The question of what mechanisms are initiated by
viral infection is all the more relevant because in many
patients with PCS, the disease itself was asymptomatic
or mild. In COVID-19, pathologic changes in the cen-
tral nervous system most often demonstrate signs of
nonspecific neuroinflammation with microglia acti-
vation and lymphoid infiltrates, ischemic/hypoxic
encephalopathy, acute cerebrovascular disorders, and
microthrombosis [22]. The underlying global mecha-
nisms involved in the development of post COVID
brain damage (neuroinvasion, neuroinfection, cere-
bral vascular injury, neuroinflammation, demyelin-
ation and hypoxia) are important and contribute sig-
nificantly to the development of both neurological and
psychiatric symptoms. It should also be considered
that a substantial proportion of the data from which
conclusions have been drawn about the mechanisms
of the development of post COVID brain dysfunction
have been derived either from experimental models or
from samples of patients who have died from very
severe disease. Therefore, when discussing the real
causes of the long-lasting PCS after an asymptomatic
or mild course of COVID disease, the question
remains whether this syndrome correlates with virus
persistence or latency, or whether it is the result of a
persistent neurochemical imbalance caused, in partic-
ular, by metabolic abnormalities or epigenetic changes
in genes encoding neurotrophic factors. Undoubtedly,
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both direct effects of SARS-CoV-2 on brain cells and
indirect effects due to local or systemic immune
response of the organism to the virus, and, most prob-
ably, combinations of these factors are involved in the
mechanisms of development of post COVID brain
diseases [23—25].

Let us consider the most important systemic effects
of COVID for brain pathologies in PCS. It has been
shown that the proportion of CD14lowCD16+ non-
classical monocytes, as well as CD4 and CD8 lympho-
cytes expressing IL-4+ and IL-6+ simultaneously, is
increased in patients with PCS accompanied by a
sharp decrease in the level of circulating cortisol (by
about 50%) [26]. This indicates global post COVID
long-term disorders of the neurohumoral and immune
system of the whole organism, which undoubtedly
affect brain functioning. The hypothalamic-pituitary-
adrenal (HPA) axis is one of the most important neu-
roendocrine targets of SARS-CoV-2, whose changes
influence the course of the post infection period [27].
Corticosteroid deficiency associated with critical ill-
ness, direct cytopathologic effects of SARS-CoV-2
infection on the adrenal glands, pituitary and hypo-
thalamus, immune-mediated inflammation, small
vessel vasculitis, microthrombotic events, cortisol
receptor resistance and impaired postreceptor signaling,
as well as dysregulation of ACTH and cortisol, may con-
tribute significantly to the development of PCS.

COVID-19 causes lung disease, which in severe
cases leads to systemic hypoxemia caused by decreased
0,/CO, exchange in the lungs, indirectly affecting the
cerebral vasculature. Microvascular damage and dra-
matic changes in cerebral blood flow have been shown
even in patients who recovered from mild COVID-19
infection without any neurologic symptoms [28].
Fibrinogen in the blood can fold into an abnormal
“amyloid” form of fibrin, which (like other B-amy-
loids and prions) is relatively resistant to proteolysis
(fibrinolysis). In the plasma of patients with PCS,
fibrin accumulates in the form of amyloid-like micro-
clots (“fibrinaloids™) that can persist and interact with
other proteins, leading to the production of various
autoantibodies [29]. The microclots are able to
obstruct capillaries and thus limit the movement of
red blood cells and, consequently, the exchange of
oxygen, creating hypoxic foci in the brain.

Inflammation, necessary to fight infections,
becomes a threat when it exceeds the immune system’s
ability to control it. In addition, inflammation is a
cause and/or symptom of many different diseases,
including metabolic, psychiatric, neurodegenerative,
autoimmune, and cardiovascular diseases [30]. The
neuroinflammatory process is considered to be a key
factor in the etiology of PCS brain pathology symp-
toms, suggesting that SARS-CoV-2 structural proteins
may directly induce inflammatory processes in the
brain independently and/or in addition to peripheral
pro-inflammatory effects, which together may be key
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reasons for the development of neurological and neu-
ropsychiatric symptoms during PCS [31]. The S-pro-
tein SARS-CoV-2 causes blood-brain barrier (BBB)
dysfunction and neuronal damage either directly or
through activation of brain mast cells and microglia
and release of various pro-inflammatory molecules in
the brain [32]. In turn, the cytokine storm in COVID-
19 can cause disruption of the BBB leading to the
entry of cytokines and SARS-CoV-2 into the brain.
This triggers an immune response in the brain by acti-
vating microglia, astrocytes, and other immune cells,
leading to neuroinflammation [33]. Neuroinvasion of
the virus, which spreads to brain compartments, par-
ticularly through transsynaptic transmission, is
accompanied by binding of the spike viral protein (S-
protein) to the angiotensin-converting enzyme 2
(ACE2) receptor [34, 35]. Stimulating the release of
chemokines, cytokines and other proinflammatory
molecules accompanied by BBB disruption, this pro-
cess engulfs microglia and astrocytes, and their activa-
tion increases neuroinflammation and neuronal
death, contributing to neurodegenerative changes.
Brain vascular damage is mediated by the coronavirus
adhesion protein, although the exact molecular mech-
anisms remain incompletely understood [36].

Resident brain cells, astrocytes, neurons, oligoden-
drocytes, and microglia, as well as infiltrating immune
cells, monocytes, T cells, and macrophages, are
involved in the formation of complex intercellular net-
works and multiple interactions. Alterations in
microglia, which play a regulatory role in inflamma-
tion, contribute to the disturbance of brain homeosta-
sis and neuroimmune responses. Neuroinflammation
can provoke structural damage, reduces regeneration,
promotes neuronal death, modulates synapse remod-
eling, and thus may adversely affect brain function.
Although neuroinvasion may vary, SARS-CoV-2
infection supports persistent neuroinflammation with
local cytokine production, microglia activation, and
secondary neuronal death [24]. Inflammatory pro-
cesses in the body and neuroinflammation are main-
tained as a result of increased expression of various
cytokines such as tumor necrosis factor-alpha (TNF-ov),
interleukin 6 (IL-6), interleukin 10 (IL-10), interleu-
kin 1 beta (IL-1B), chemokine CCL3 [37, 38]. Pro-
inflammatory factors can initiate a “cytokine storm”
by stimulating immune T helper 1 (Thl) [39].

Ependymal, glial cells and neurons are exposed to
neuroinflammation during the acute phase of the dis-
ease, but the effects on the brain may persist for a long
period. Most studies have confirmed that SARS-CoV-2
can directly infect and replicate in certain types of
brain cells, mainly endothelial cells, vascular plexus
cells and astrocytes. Vascular plexus cells are among
the most susceptible to SARS-CoV-2 infection and,
particularly because of their localization at the border
of the brain and cerebrospinal fluid, may serve as an
entry route for neuroinvasion [40]. Astrocytes are
present in brain tissue, the BBB, and vascular struc-
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tures of the brain, being a target for virus replication
(particularly as a result of neuropilin-1 expression,
which makes them susceptible to SARS-CoV-2 inva-
sion). Infected astrocytes can induce cell death of
nearby neuronal cells, and perivascular astrocytes, like
vascular cells, experience a greater viral load during
SARS-CoV-2 infection, which pathologically alters
brain vascular properties.

COVID-19-induced immune and inflammatory
responses in the brain trigger numerous specific brain
mechanisms that contribute significantly to the mani-
festation of post COVID neurological and psychiatric
symptoms. For example, an association between
SARS-CoV-2-mediated neuroinflammation and
nigrostriatal ~dopaminergic  abnormalities and
impaired o-synuclein metabolism has been postulated
[41]. The involvement of tachykinins, primarily sub-
stance P, a neuropeptide expressed in the nervous and
immune systems and providing interaction between
them, in post COVID conditions is considered [42].
Attempts have been made to link the mechanisms of
PCS with the resulting cholinergic insufficiency [43].
Neuronal and glial metabolite abnormalities in PCS
were studied using brain proton magnetic resonance
spectroscopy. In people with PCS accompanied by
persistent neuropsychiatric symptoms, the lower-
than-normal total N-acetyl compounds and gluta-
mate + glutamine indicate neuronal injury, while the
lower-than-normal myo-inositol reflects glial dys-
function, possibly related to mitochondrial dysfunc-
tion [44].

Demyelination is considered as one of the mecha-
nisms of central nervous system damage, causing neu-
rological and psychiatric disorders. During SARS-
CoV-2 infection and subsequent PCS, factors that
may cause demyelination include direct effects of the
virus on oligodendrocytes, inflammation, and cere-
brovascular abnormalities causing myelin damage.
The limited number of studies so far that have used
specific methods for myelin quantification have iden-
tified changes in white matter tracts 3 and 10 months
after the acute period of COVID-19 indicating demy-
elination [45].

The hippocampus plays a key role in the realization
of cognitive functions as well as emotions. In this
regard, postmortem changes observed specifically in
the hippocampus may underlie the development of the
observed neurological and psychiatric disorders after
SARS-CoV-2 infection. Preclinical studies have
shown that the hippocampus is subject to a high viral
load [46]. Postmortem studies of human hippocampus
and data received from experimental animal models
have revealed alterations in neurogenesis, dendritic
state and immune response, as well as high levels of
apoptosis and neuroinflammation. Given the key role
of the hippocampus in learning, memory, and the for-
mation of the emotional sphere, as well as the known
selective sensitivity of the hippocampus to external
Vol. 18
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influences, in particular through the development of
neuroinflammation [47], the complaints of cognitive
decline, neuropsychological changes, depressive and
anxiety symptoms characteristic of PCS may be
directly related to hippocampal dysfunction. Recently,
it has been demonstrated that COVID-19 actually
activates microglia in the hippocampus and causes a
cytokine storm leading to suppression of hippocampal
neurogenesis [48]. Chronic neuroinflammation alters
adult hippocampal neurogenesis by suppressing it
through the action of proinflammatory cytokines [49].
Disorders of adult neurogenesis are associated with
various brain diseases such as depression, anxiety,
cognitive decline and dementia. Also, blood clotting
disorders and thrombosis inducing acute cerebral
ischemic hypoxia inhibit hippocampal synaptic trans-
mission and exacerbate neuronal apoptosis [39].

Various inflammatory biomarkers such as pro-
inflammatory cytokines, chemokines, acute phase
proteins and adhesion molecules are implicated in
psychiatric disorders and play an important role in the
development of neuropsychiatric symptoms [33].
Indeed, biomarkers of post COVID depression
include elevated levels of interleukin IL-6, its soluble
receptor (sIL-6R),interleukin 1 (IL-1), tumor
necrosis factor oo (TNF-), interferon y (IFN-v),
interleukin 10 (IL-10), interleukin 2 (IL-2), its soluble
receptor (sIL-2R), C-reactive protein (CRP), mono-
cyte chemoattractant protein-1 (MCP-1), serum
amyloid A (SAAI), and metabolites of the kynurenine
pathway, as well as decreased levels of brain-derived
neurotrophic factor (BDNF) and tryptophan (TRP)
[50]. Such biomarkers point to an etiopathogenesis of
post COVID depression consistent with the leading
inflammatory hypothesis for the development of
major depressive disorder.

In spite of active research, mechanisms for per-
sistent cognitive symptoms (“brain fog”) following
acute and often mild COVID-19 remain obscure. In a
large prospective cohort of people who underwent
testing a median of 9 months after acute COVID-19 it
was found that (a) cognitive dysfunction is common;
(b) it is not influenced by mood, fatigue, or sleepiness;
and (c) it is correlated with MRI changes in very few
people [51]. Single-cell gene expression analysis in the
cerebrospinal fluid showed data consistent with
monocyte recruitment, chemokine signaling, cellular
stress, and suppressed interferon response, especially
in myeloid cells. Longitudinal analysis showed slow
recovery accompanied by key alterations in inflamma-
tory genes and increased protein levels of interleukin 8
(CXCLS8), chemokine CCL3L1, and soluble triggering
receptor expressed on myeloid cells 2 (STREM?2).
These findings suggest that the prognosis for brain fog
following COVID-19 correlates with myeloid-related
chemokine and interferon-responsive genes [51].

To search for neurological markers of PCS, the sol-
uble biomolecules present in the plasma and the pro-
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teins associated with plasma neuronal-enriched extra-
cellular vesicles were investigated in 33 PCS patients
with neurological impairment (PCS), 12 COVID-19
survivors without any PCS symptoms (Cov), and 28
pre-COVID-19 healthy controls [52]. Interleukin 15
was significantly increased in both PCS and Cov
groups and interleukin 8 was elevated in PCS group
only. Both brain-derived neurotrophic factor (BDNF)
and cortisol were significantly elevated in PCS and
Cov groups as compared to healthy controls. Plasma
neuronal-enriched extracellular vesicles from people
with PCS had significantly elevated protein markers of
neuronal dysfunction, including amyloid 3 1-42, tau
phosphorylated at threonine-181 (pTaul81) and TAR
DNA-binding protein 43 (TDP-43). This study con-
firmed chronic peripheral inflammation with
increased stress after COVID-19 infection [52].
Another study showed that the plasma proteome of
patients with neurologic symptoms of PCS differed
from COVID-19 convalescents without persistent
symptoms and healthy control subjects more substan-
tially than the two combined post COVID-19 groups
differed from healthy controls [53]. Proteomic differ-
ences in PCS patients 3-9 months following acute
COVID-19 demonstrated alterations in inflammatory
proteins and pathways as compared to healthy control
subjects. Proteomic associations with PCS symptoms
of brain fog and fatigue included changes in markers of
DNA repair, oxidative stress, and neutrophil degranu-
lation. A correlation was revealed between PCS
patients lower subjective impression of recovery to
pre-COVID-19 baseline with an increase in the con-
centration of the oxidative phosphorylation protein
cytochrome C oxidase subunit 7A1 (COX7A1), which
was also associated with neurologic symptoms and
fatigue, as well as impairment in quality of life and
cognitive dysfunction. The results of this study con-
firms ongoing inflammatory changes and mitochon-
drial involvement in PCS [53].

Since COVID-19 is characterized by systemic
inflammation, hypoxia resulting from respiratory fail-
ure, and neuroinflammation, it is hypothesized that
these events may initiate or exacerbate the patient’s
pre-existing psychiatric and cognitive disorders, con-
tributing to further PCS-related impairment. Accord-
ing to brain pathomorphologic studies, both astrocyte
and microglia changes are observed in COVID-19
patients, as COVID-19 activates a potent glial cell
response that acts as a key regulator of inflammatory,
protective, and repair processes in the brain [54].
However, this unified astrocyte response to brain
adverse effects in a certain subgroup of patients may
not complete after infection and restoration of the
physiological state of glia does not occur, leading to
homeostatic failure underlying the specific neuropsy-
chiatric symptoms associated with PCS. Primarily,
SARS-CoV-2 infection can provoke brain lesions vul-
nerable due to pre-existing CNS changes mediated by
priming of microglia and other cells. Such conditions
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Fig. 1. Main mechanisms (molecular, cellular, and systemic) underlying brain-associated symptoms of post COVID syndrome.
*Processes that can be induced directly by SARS-CoV-2, but also indirectly as a result of secondary processes. BBB—brain blood
barrier; HPA—hypothalamic-pituitary-adrenal axis; PTSD—posttraumatic stress disorder.

may be induced or exacerbated by aging, pre-existing
psychiatric and somatic diseases. In these situations,
COVID-19 may further induce priming of neuroim-
munologic substrates, activating the immune response
and autoimmune structures in the CNS. Meanwhile,
minor environmental exposures that activate the
immune system, including stress, allergens, pollut-
ants, or past brain lesions, may serve as a trigger for
brain problems during SARS-CoV-2 infection [55].
Advanced age is an important determinant of corona-
virus risk, in part due to age-related dynamic remod-
eling of the immune system, known as immunosenes-
cence, as well as chronic systemic low activity inflam-
mation. Both of these factors may provide conditions
for the development of neuroinflammation, causing
stable changes in the microenvironment of neurons
and microglia [56].

On the other hand, it is debated that COVID-19
may increase the risk of developing neurodegenerative
diseases or accelerate their progression [57]. Thus, the
relationship between dementia and COVID-19/PCS
brain pathologies [58], particularly between neurolog-
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ical complications of COVID-19 and Alzheimer’s dis-
ease [59], is actively discussed. Risk factors/targets
and underlying biological mechanisms common to
these two disorders include the ACE2 receptor, apoli-
poprotein E (APOE), aging, neuroinflammation, and
cellular pathways related to amyloid precursor protein
(APP), B-amyloid (AP), and tau neuropathology,
among others. For example, it has been shown that
post COVID cognitive disorders are associated with
tauopathy (the result of aberrant hyperphosphoryla-
tion of tau protein) [60], which may explain many of
the symptoms of PCS [61].

CONCLUSIONS

It can be concluded that the mechanisms of neuro-
psychiatric complications of post COVID states are
multifactorial, involving long-term damage to brain
tissue as a result of direct or indirect viral damage to
the central nervous system, prolonged systemic
inflammation and neuroinflammation, oxidative
stress, maladaptation of the blood coagulation sys-
Vol. 18
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tems, immune dysfunction, dysfunction of neu-
rotransmitter systems and HPA axis, and psychosocial
stress caused by social changes due to the pandemic
[62]. In this review, we have updated most important
cellular and molecular mechanisms of brain-related
symptoms of PCS which are presented in the Fig. 1.

The emergence of COVID-19 was quickly followed
by infection and the deaths of millions of people in the
whole world. The European Working Group on
SARS-CoV-2 discussed current understanding,
unknowns, and recommendations on the neurological
complications of COVID-19 [5]. Though many stud-
ies and scientific progress were focused on decreasing
the burden of acute COVID-19 infection, the long-
term effects experienced by survivors after the acute
infection have been previously mostly disregarded.
Now, an appreciation for PCS, a condition in
which COVID-19-like symptoms continue or develop
after the acute infection has passed, is growing. PCS,
affecting dozens million adults over the world, often
includes brain symptoms, devastating brain fog, cog-
nitive issues, slow thinking, forgetfulness, impaired
focusing, mood disturbances, etc. However, regarding
the etiology and risk factors of PCS, as well as its effec-
tive diagnostics and treatment, many essential ques-
tions regarding PCS remain unanswered, mechanisms
of its neurological complications and associated
sequalae are still obscure, and new extensive studies
are needed in this important area [5].
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