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Abstract—The role of neuronal inflammation developing during the formation of amyloid plaques and Lewy
bodies is investigated. The influence of various exogenous and endogenous factors on the development of
neuroinflammation is established, but the role of various infectious agents in the development of this process
is much less studied. Today, the existence of a universal trigger mechanism of the neurodegenerative process
is obvious: a specific pathogen of a bacterial or viral nature (including long-term persistent in nervous tissue
in a latent state), reactivating, penetrates into certain cerebral structures, where it is influenced by either Aβ
or resident macrophages of the central nervous system, which, in turn, are activated and induce the release of
proinflammatory cytokines, leading to the development of neuronal inflammation, autophagy and neurode-
generation. The reactivation of latent infection, such as herpes, in APOE4 carriers significantly increases the
risk of development of Alzheimer’s disease. Class-II genes of the HLA locus (HLA II) may be related to the
progression of neurodegenerative diseases. An increase in iron levels in the glia is induced by inflammation,
which leads to neurodegeneration. Disruption of the homeostasis of redox-active metals, iron and copper, is
an integral part of the pathogenesis of Alzheimer’s disease and Parkinson’s disease. The developing neuroin-
flammation leads to intensification of the processes of peroxidation, oxidation of metals and the development
of ferroptosis.
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INTRODUCTION
Neurodegenerative diseases are a large group of

heterogenic states accompanied by the progressive
death of particular groups of neurons and the develop-
ment of atrophic changes in respective parts of the
nervous system, impairing mainly cognitive and motor
functions. The key to solving the mystery of neurode-
generation is not so much understanding the genetic
patterns of its formation, but rather understanding dif-
ferent stages and triggers of this process. The more
than 115-year history of the study of Alzheimer’s dis-
ease (AD) has resulted in the appearance of at least 14
hypotheses and theories of disease development, the
amyloid hypothesis being the most popular of them.
In recent years, medicinal substances targeting the
amyloid element in the pathogenesis of Alzheimer’s
disease have been actively studied, including those
based on human monoclonal antibodies: antibodies
against the β-amyloid (Aβ) protein. As a result, the
first drug capable of reducing the level of Aβ in the

brain of AD patients by destroying amyloid plaques
and decreasing the rate of progression of cognitive and
functional disorders at the early stages of AD was
recorded in the United States in June, 2021 [5]. In
spite of the fact that the efficiency of such therapy is
yet insufficient for the recovery of patients, it opens up
wide prospects for registration and introduction of
other drugs with a similar mechanism of action but
probably with a greater effectiveness [2]. At the same
time, the following question still remains: why were
the drugs that seemed to affect the “cause of the dis-
ease,” i.e., aggregated amyloid forms, inefficient at the
stage of dementia? The answer to this question lies in
other, less studied hypotheses of AD, which are prob-
ably not independent but represent the stages of a mul-
tistage pathological process. One such stage is neu-
roinflammation that develops during the formation of
Aβ deposits, i.e., amyloid plaques [8].

All physicians remember from their student days
the signs of inflammation described by Cornelius Cel-
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sus: rubor et tumor, cum calore et dolore, which Galenus
supplemented with one more important sign: functio
laesa. However, rubor, local hyperthermia and micro-
cellular edema in the brain cannot be visualized, and
the brain parenchyma has no nociceptors at all. At the
same time, neuroinflammation is a peculiar form of
inflammatory response: the process of activation of
the elements of glial tissue, mainly microgliocytes and
astrocytes, in response to various external factors
(infectious, traumatic, dysmetabolic). Being central
nervous system (CNS) resident macrophages, micro-
gliocytes thereby perform the “phagocyte response of
a body to irritant agents,” as I.I. Mechnikov described
the process of immune response. It is accompanied by
the formation from outgrowth (inactive) microglia of
an amoeboid-like (active) microglial phenotype char-
acterized by the predominance of phagocytic activity
and the secretion of cytokines.

Neuroinflammation definitely plays a role in the
development of neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, amyo-
trophic lateral sclerosis, and is one of the proven ele-
ments of the pathogenesis of multiple sclerosis,
schizophrenia and depression [3]. In turn, neuroin-
flammation can be caused by quite different factors.
The role of chronic stress and the induction of inflam-
mation by released cortisol has been shown. A high fat,
so-called “western diet” and overnutrition proved to
be important for the development of neuroinflamma-
tion. Western diet is a broad term defining the modern
model of nutrition characteristic of western communi-
ties, which is based on ultra-processed, ready-to-eat
foods made of refined substances rich in simple carbo-
hydrates (mainly simple sugars), salt, fats [mostly sat-
urated fatty acids (SFA)] and cholesterol. This nutri-
tion model is also depleted of grain and cellular tissue
and has low levels of monounsaturated and polyunsat-
urated fatty acids, including anti-inflammatory
omega-3, -6 and -9 acids. Moreover, it has a substan-
tial effect on the function and commensal microbiota
of the gut, thereby indirectly resulting in the malab-
sorption of nutrients and vitamins from food [42].

Numerous studies have shown that such nutrition
has a destructive effect on general health, causing
hypercholesterolemia, obesity, nonalcoholic fatty liver
disease, hyperglycemia, insulin resistance and ele-
vated arterial blood pressure (AP), generally maintain-
ing the metabolic syndrome. These conditions cause
and intensify systemic inflammation characterized by
the enhanced activity of peripheral proinflammatory
cytokines. Using experimental models it was shown
how 14 weeks on a diet with a high content of fats
enriched in saturated fatty acids resulted in enhanced
phosphorylation of serine residues of the τ protein,
which are associated with neurofibrillary pathology in
the hippocampus. Diets with a high content of both
saturated fatty acids and sucrose accelerated these
processes already after 7 days of feeding. Three to four
weeks of the “western diet” considerably increased the
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amyloid and τ levels in the hippocampus of rats.
A four-month change in nutrition in the mouse
AD model caused a twofold increase in the Aβ-40 and
Aβ-42 levels in the hippocampus [66]. Proinflamma-
tory factors cause polarization of the microglia and
MDM (proinflammatory monocyte-derived macro-
phage), while free fatty acids and Aβ activate TLR4
(toll-like receptor 4) on the microglia and MDM,
which leads to the loss of their capacity for Aβ phago-
cytosis. The depolarization of AQP4 (aquaporin-4) on
astrocytes impairs Аβ clearance by the glymphatic sys-
tem. In parallel with the above, free fatty acids and 27-
hydroxycholesterol alter the composition of lipid rafts
in the neuronal membranes, where the amyloidogenic
process occurs, increasing the cleavage of amyloid
precursor protein to Aβ. The accumulated Аβ is not
removed from the brain to a sufficient extent because
of the reduced level of LRP1. Activated glial and
immune cells express proinflammatory molecules
such as TNF-α, IL-1β, IL-6 and iNOS, increasing
neuroinflammation and, together with Аβ accumula-
tion, cause neurodegeneration and AD development
[10, 65].

The cause of neuroinflammation, which is much
less studied and most promising for research, is the
variable effects of different infectious agents on ner-
vous tissue.

Astrocytes, being structural components of the
neurovascular unit, facilitate the full functioning of
the blood–brain barrier protecting the brain, inter
alia, against infectious agents. One of the pathways for
the penetration of causative agents into the central
nervous system through the blood–brain barrier is
largely the same as in HIV (the so-called Trojan-horse
mechanism) or via direct damage to epithelial cells.
The second pathway is perineural, typical, e.g., of the
herpes group viruses with respect to the mechanism of
retrograde axonal transport. In this case, the herpes
simplex virus-1 (HSV-1) persistent for a long time in
the trigeminal ganglion can reactivate and penetrate
into the CNS under certain conditions. The periodic
activation of HSV-1 with transaxonal movement of
newly replicated viruses is usually accompanied by
manifestation of the infection as rashes on the skin and
on the oral and nasal mucosa. However, transaxonal
migration is also possible in the opposite direction: to
the CNS structures [38], resulting in invasion of the
pathogen into the pons of the brain, the olfactory bulb,
the amygdale, the hippocampus, and the optic thala-
mus. In this case, the pathogen can manifest itself in
no way, in spite of latent intrathecal limited inflamma-
tion. In another case, the manifested forms of enceph-
alitis develop. In particular, it is well-known that the
main area affected in case of herpetic encephalitis is
precisely the limbic system, which is probably due to
HSV-1 invasion through the olfactory bulb from the
olfactory epithelium [49].
2



388 LITVINENKO, LOBZIN

Fig. 1. Heterogeneity of the astroglial response (with respect to GFAP expression) in the area of amyloid plaques in brain tissue
(arrows) in a person who died of Alzheimer’s disease. Immunohistochemical method, DAB; magnification 400 [9].

100 µm
Pathogen penetration causes the development of
microglial activation and formation of reactive astro-
gliosis: proliferation and hypertrophy of astrocytes,
while the intensity of glial fibrillary acidic protein
(GFAP) expression is determined by the duration and
intensity of the effect of the damaging factor (Fig. 1).
The activation of glial cells results in the release of
inflammation mediators: interleukins (IL-1β, IL-6,
IL-8), TNF-α, and gamma interferon (IFN-γ). Pre-
cisely the same response is determined immunohisto-
chemically in AD, to a greater extent along the periph-
ery of amyloid plaques [56]. At the same time, reactive
astrocytes surrounding the amyloid plaques lose their
neurotrophic functions and acquire neurotoxic prop-
erties due to the production of proinflammatory cyto-
kines (IL-1, IL-6, TNF-α), which has an effect on
neurodegeneration in Alzheimer’s disease [53].
Microgliocytes produce reactive nitrogen and oxygen
species, while astrocytes become a source of toxic glu-
tamate. The developing glutamate–calcium excitotox-
icity causes progressive neurodegeneration.

At present, it has been convincingly shown that the
level of GFAP in blood plasma, which reflects the
intensity of reactive astrogliosis, significantly increases
even before the first symptoms of AD appear. The
blood level of GFAP is much higher in people without
cognitive disorders but with preclinical Alzheimer-
type pathological changes in the form of Аβ accumu-
AD
lation, in contrast to people with no symptoms or Аβ
accumulation (p < 0.01). In addition, the plasma con-
centrations of GFAP correspond to the severity of the
disease, progressively increasing at the preclinical
stage (the stage of moderate cognitive disorders) and
reaching the maximum values in patients with demen-
tia [17].

In view of the similarity of responses to a latent viral
infection and accumulating amyloid protein in AD,
one more question arises: is the formation of Аβ
aggregates a response to pathogen invasion into the
CNS? In reality, Аβ can be considered as a protein
with physiological immune properties, which has an
antiviral and antimicrobial activity at certain concen-
trations [19]. Аβ is the most ancient protein of living
organisms: its age is more than 400 million years, and
it is found in 70% of vertebrates [41]. There are a lot of
data in favor of the fact that Аβ exhibits protective
properties against infectious agents [29], contributes
to the recovery of neural plasticity after brain injury, is
involved in the regulation of synaptic transmission
[50] and facilitates functioning of the blood–brain
barrier [14].

A pathomorphological study performed using the
autopsy material of more than 1 thousand deceased
patients with AD and progressive supranuclear palsy
and persons without apparent neurodegenerative
pathology showed the high levels of viral DNA and
VANCES IN GERONTOLOGY  Vol. 12  No. 4  2022
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RNA of herpes viruses (HHV-6, HHV-7 and, to a
lesser extent, HSV-1) only in the group of deceased
AD patients. It is no less important that the viral load
calculated for HHV-6 correlated with the severity of
dementia, the number of neurons and the density of
amyloid plaques in the cerebral cortex. Experimental
studies demonstrated a probable relationship between
HSV-1 and the formation of amyloid plaques. The
point is that the amyloid protein has a sequence simi-
lar to a certain extent to that of HSV-1 glycoprotein B.
There is a hypothesis that the viral protein is a matrix
for Аβ transcription. The studies by M.A. Wozniak
et al. showed Аβ deposition in the brain of HSV-1
infected mice, with high titers of HSV-1 in the amyloid
plaques [68]. In addition, HSV-1 promotes the induc-
tion of neural excitotoxicity and the activation of intra-
cellular calcium signaling, potentiating also the intra-
cellular accumulation of Аβ and hyperphosphoryla-
tion of the τ protein [72]. And though the mechanisms
of amyloidogenesis in herpes-virus infection are not
completely known, it is supposed that HSP-1 can induce
accumulation of the amyloid protein. W. A. Eimer’s
study has shown that Аβ oligomers inhibit HSP-1 rep-
lication in vitro and prevent the development of acute
viral encephalitis in transgenic mice [25].

Serological studies confirm the importance of
enteroviruses and herpes-group viruses for the mani-
festation of amyotrophic lateral sclerosis, in the case of
which fatal damage to motor neurons is observed. The
flavivirus (the Japanese encephalitis pathogen) was
considered for a long time in the early to mid 20th cen-
tury (and later the influenza virus) as an etiological
factor of PD. The herpes-group viruses, mainly cyto-
megalovirus, are associated with the development of
multiple sclerosis. At present, the interrelationship
between the direct invasion of an infectious agent and
the development of a neurodegenerative disease has
not been definitively proven; however, the presented
data confirm the hypothesis that all manner of patho-
gens can trigger a cascade of pathological processes
resulting in neurodegeneration.

Considerable progress in studying the role of infec-
tions as a possible cause of PD was achieved with the
advent of the “dual-hit” hypothesis proposed by
C.H. Hawkes et al. It is supposed that a pathological
process with the deposition of Lewy bodies occurring
at the early stages of the disease involves the olfactory
bulb and preganglionic parasympathetic fibers of the
vagus nerve [30]. Firstly, perineural invasion of the
CNS by viruses, e.g., the influenza virus, can contrib-
ute to microglia activation, a considerable increase in
phosphorylation and the aggregation of alpha-synu-
clein (α-syn), which results in dopaminergic-neuron
degeneration of the substantia nigra 60 days after
infection resolution [33]. Secondly, gut dysbiosis is
supposed to play a key role [4]. A biopsy taken from the
duodenal and small intestinal mucosa of children with
norovirus infection shows the accumulation of α-synu-
clein (α-syn). The level of the latter correlates with the
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degree of lymphoid infiltration and is maintained for
more than 6 months after clinical reconvalescence
[36]. Simultaneously, the impaired removal of excess
aggregates of pathological forms of α-syn may be very
important for the development of PD; however, the
role of any single specific causative agent is doubtful
[6]. The subsequent trans-synaptic invasion of the
CNS by infectious agents (among them, viruses are
considered more often) via n. vagus and n. olfactorius is
accompanied by the hyperproduction of inflamma-
tory mediators and subsequent formation of α-syn
deposits. The spread of synucleinopathy can partially
decrease after vagotomy, and the risk of PD develop-
ment in persons who underwent vagotomy within a
20-year period of observation is almost two times
lower (OR = 0.53; 95% CI 0.28–0.99) [61].

It should be noted that the role of neuroinflamma-
tion in the development of PD has been studied to an
even greater extent than for AD. Microglial activation
was shown in autopsy material as early as in 1988 [47];
the development of radioligands for positron emission
tomography (11C-BU99088) provided the possibility
of intravital assessment of the activation of astrocytic
glia in PD [67]. By analogy, the activation of microglia
assessed by positron emission tomography using
[11C]PK11195 has also been shown to play a role in
prediction of the development of progressive supranu-
clear palsy. At the same time, the dynamics of struc-
tural changes, according to magnetic resonance imag-
ing (MRI) data, does not correspond with the rate of
disease development, in contrast to the intensity of
progressive neuroinflammation [45].

POSSIBILITY OF SARS-COV-2-INDUCED 
NEURODEGENERATION

The infectious hypothesis becomes especially rele-
vant in our time: in the epoch of the novel coronavirus
(COVID-19) pandemic, when the problem of study-
ing the etiology and pathogenesis of this disease, as
well as immediate and long-term outcomes, has
become obvious.

The data obtained over the past year demonstrate
that the brain can also be a target organ for SARS-
CoV-2. This is confirmed by more and more often
reported neurological manifestations of COVID-19,
from nonspecific symptoms (headache, anosmia and
disorder of consciousness) to life-threatening states
(disorder of cerebral circulation, acute necrotizing
hemorrhagic encephalopathy and encephalitis) [46].
This hypothesis is supported by the fact that a high
level of tropism of β-coronaviruses to nervous tissue
has been known for already 70 years [21].

Angiotensin-converting enzyme 2 (ACE2) [11],
serine protease TMPRSS2 [31], as well as extracellular
matrix metalloproteinase inducer (EMMPRIN)
CD147 [22], which are the “site of entry” for the
pathogen, are also present in the CNS under physio-
2
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logical conditions [15, 16]. ACE2 is expressed by
astrocytes, neurons and endotheliocytes, making the
brain susceptible to COVID-19 [28].

By analogy with the viral infectious agents
described above (in particular, HSV-1) and other
coronaviruses, the SARS-CoV-2 neuroinvasion
occurs according to several pathways: in a retrograde
manner through nerves (olfactory, vagus), in a trans-
synaptic manner through infected neurons, in a tran-
sendothelial manner via the damaged endothelium of
cerebral vessels, or by the migration of leukocytes
through the blood–brain barrier [34, 51]. The glym-
phatic system of the brain, where glial cells play an
important role in communication between the blood
and the nervous system, can also promote invasion of
the brain by the virus [55].

The experimental models of J. Netland et al. with
transgenic mice showed that SARS-CoV-2 penetrated
the brain through the epithelium of the nasal cavity,
spreading further via brain tissue: at the initial stage
(the first 4 days), the virus was found in the piriform
cortex, the basal ganglia, the mesencephalon and the
hypothalamus (i.e., the areas that are in some way
related to the olfactory system); later it affected the
substantia nigra, the amygdaloid body, the hippocam-
pus and the cerebellum. This process caused the devel-
opment of marked neurological disorders (often
resulting in death of animals), which in the first 24 h
were associated with the intensive death of neurons
[34]. In subsequent days, the hyperproduction of
proinflammatory cytokines in brain tissue was
recorded, often causing high lethality [52]. The
impaired integrity of the blood–brain barrier resulted
in its enhanced permeability to cytokines (IL-1β) and
the activation of microglia, GFAP+ astrocytes in the
olfactory bulb and the brainstem. 310 patients with
PCR+ SARS-Cov-2 having neurological symptoms
had higher levels of total τ protein, NfL, GFAP, pTau-
181, pTau/Aβ-42 in the acute period. These values
correlated with the levels of С-RP in blood plasma,
which could be evidence of injury to the blood–brain
barrier, rapid development of neuroinflammation,
astroglia and neuron impairment. In addition, the mod-
erate and severe courses of the disease were accompanied
by elevated NfL in blood plasma, indicating marked neu-
roaxonal damage after COVID-19 [13].

Although at the moment there are not enough data,
it is obvious that neurological manifestations of
COVID-19 can be a result of both the direct cyto-
pathic effect of the pathogen and the activation of
neuroinflammation accompanied by impaired integ-
rity of the blood–brain barrier (which makes a sub-
stantial contribution to penetration of the virus into
the CNS and to the maintenance of neuroinflamma-
tory reactions). Neuroglia are directly involved in the
inflammatory changes in nervous tissue and (as in the
case of already studied neuroinfections) it can be part
of a universal trigger mechanism of neurodegenerative
AD
process. Further investigation of the molecular and
cellular mechanisms of neuroinflammation and neu-
rodegeneration in COVID-19 will be a basis for the
development of methods for treating neurological
complications.

ROLE OF GENETIC FACTORS
IN THE DEVELOPMENT

OF INFECTION-INDUCED 
NEUROINFLAMMATION

The reactivation of HSV-1-associated latent infec-
tion in APOE4-carrying AD patients significantly
increases the risk of development of this disease. The
higher risk of AD is typical of people carrying HSP-1
with the APOE4 genotype. In addition, the anti-HSP-1
antibodies in the cerebrospinal f luid are detected
much more often in AD patients. A prospective study
with the involvement of more than 3 thousand patients
has shown that the detection of anti-HSV IgM doubles
the risk of AD development [32]. According to the lat-
est data, the carriage of the pathological isoform
APOE4/4 considerably increases the risk of a severe
course of COVID-19 and the possibility of pulmonary
edema and a cytokine storm, and the necessity of arti-
ficial ventilation of the lungs (AVL) increases 2.31-fold
[95% CI: 1.65–3.24] [35].

Different polymorphisms of the loci of human leu-
kocyte antigens (HLA) or the major histocompatibil-
ity complex (MHC) are associated with the develop-
ment of quite a number of diseases, including multiple
sclerosis, schizophrenia, psoriasis, etc. The emergence
and progression of neurodegenerative diseases can be
largely related to class-II genes of the HLA locus
(HLA II), which are expressed in the CNS mainly by
microglial cells.

For example, in patients with multiple sclerosis,
high titers of IgG against the Epstein–Barr virus
(EBV) were associated with the presence of the
DRB1*1501 allele in the HLA II genotype [64]. The
study of the mechanisms of interaction between the
virus and the HLA II genotype in MS patients has
shown a close relationship between the active HHV-6
infection and the expression of MHC class II transac-
tivator (MHC2TA/CIITA). The rarer allele of the
MHC2TA gene, rs4774C, was found in patients with
multiple sclerosis and HHV-6A reactivation symp-
toms in almost 50% of cases. HHV-6A-positive
patients with the minor allele rs4774C of the
MHC2TA gene were predisposed to progressive mul-
tiple sclerosis within 2 years to the absence of a
response to β-interferon (IFN-β) therapy [12]. In
such cases, the increased titers of anti-EBV antibodies
in multiple sclerosis patients (compared to healthy
carriers of the virus) are evidence of continuous reac-
tivation of EBV, because the virus can disturb the tol-
erance to myelin antigens by the mechanism of molec-
ular mimicry [58].
VANCES IN GERONTOLOGY  Vol. 12  No. 4  2022
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Monogenic mutations have been identified in more
than 20 genes during PD development. Different vari-
ants of mutations in the PARK2, PARK7, PINK1,
SNCA, LRRK2 and other genes can lead to the prev-
alence of ameboid microgliocytes and astrocyte func-
tion impairments such as disturbance of the trapping
of glutamate and liposomal homeostasis, lysosomal
and mitochondrial dysfunction, the release of IL-1β,
TNF-α, and nitrogen oxide. In addition, we should
take a fresh look at the role of peripheral immune cells,
especially T cells, in disease development. The CD8+
and CD4+ T cells were found in postmortem exam-
inations of brain tissue, and the degree of their expres-
sion correlated with the accumulation of α-syn [44]. It
has been shown that the enhanced T-cell activity
against α-syn appears before the motor stage of PD,
reaches its maximum at the onset of motor symptoms,
and then drastically decreases [40]. Such data, firstly,
confirm the possibility of the early immunological
diagnosis of PD and, secondly, open up new prospects
for immunotherapeutic intervention at the initial
stages of the disease.

The pathomorphological comparison of materials
from deceased people with AD and elderly persons
without AD showed a specific increase in the level of
expression of the HLA-DRA gene in AD patients. At
the same time, PD proved to be associated with quite
a number of single-nucleotide polymorphisms in the
HLA II locus [1]. The involvement of the DRB1_15:01
and DRB5_01:01 МНС alleles was highly specific [60].

Thus, all of the above-mentioned pathogens not
only potentiate the synthesis of pathological protein
isoforms (in this case, Аβ-amyloid, α-syn, τ) but also
impair phagocytosis, intensify oxidant stress, impair
synaptic neurotransmission and induce apoptosis.
However, neuronal inflammation and subsequent
apoptosis is certainly induced not only by damaging
agents, but also by the state of the immune system, as
well as by genetic peculiarities such as the HLA or
APOE genotype.

OXIDANT STRESS AND ACCUMULATION
OF REDOX-ACTIVE METALS

What can the resultant essence of infection-
induced neuroinflammation consist in? One of the
mechanisms underlying the pathway of neuronal
degeneration due to glial activation is the oxidation of
metals and their compounds. Elevated concentrations
of Fe2+ and reduced levels of ferritin are detected in the
cerebrospinal f luid (CSF) of PD patients with pro-
gression of the disease. The Fe2+ concentration in
CSF correlates with the levels of α-syn (r = 0.78; p <
0.0001) and phosphorylated τ-protein (r = 0.72; p <
0.001) [43]. The data on the metabolism of iron in
microglia are currently insufficient; however, it is
known that microglial activation results in increased
iron consumption [37]. Neuroinflammation, in turn,
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results in the activation of glial cells, impairing iron
homeostasis.

An increase in the iron concentration in CNS
related to physiological aging can be caused by several
factors: increased vascular permeability in the brain,
inflammation, iron redistribution, and altered iron
homeostasis. Aging slows down the work of the system
for the maintenance of iron homeostasis described
above, which leads to iron accumulation as a result of
ineffective chelation [26]. An increase in the level of
iron in glia can be induced by inflammation due to the
increased release of proinflammatory cytokines,
which leads to neurodegeneration.

An age-related increase in the iron concentration
occurs in the substantia nigra, the putamen, the globus
pallidus, the caudate nucleus, and the cortex [69]. The
regional heterogeneity of iron distribution in the brain,
as well as its age-related change, has been confirmed
in vivo my MRI [7]. Histochemistry demonstrated the
presence of ferritin deposits in the microglia and
astrocytes of the cerebral cortex, the cerebellum, the
hippocampus and basal ganglia and in amygdaloid
bodies, and their number usually increases with age.
Oligodendrocytes also contain ferritin and transferrin;
however, their concentrations remain constant with
aging [18]. The subpopulations of ferritin-positive
cells of the microglia can be detected in elderly people;
most of them are aberrant and have dystrophic
changes. The iron phagocyted by this type of cells
probably leads to intoxication and causes cell degener-
ation.

Functionally altered ferritin-positive microglia can
be involved in the pathogenesis of AD and PD. Excess
iron can cause oxidative stress through the generation
of ROS, in particular, the hydroxyl radical [23]. ROS
can induce the release of iron from mitochondrial
iron–sulfur clusters and other iron-storage proteins,
which results in the triggering of Fenton’s reaction.
Impaired iron homeostasis can influence mitochon-
drial functions, leading to the acceleration of mecha-
nisms of neurodegeneration [54]. Moreover, it has
been shown in vitro that the aggregation of proteins
involved in the pathogenesis of neurodegenerative dis-
eases (α-syn, hyperphosphorylated τ-protein) is
caused by an elevated level of iron [24]. Thus, neuro-
degeneration developing as a result of the toxic effect
of iron can lead to apoptosis and ferroptosis: pro-
grammed oxidative necrotic cell death with iron-
dependent LPO [71]. Figure 2 schematically shows the
major molecular mechanisms involved in ferroptosis.

An increase in the level of iron with a simultaneous
decrease in the level of ferritin has been shown in the
substantia nigra in the case of PD, and iron in Lewy
bodies is represented by redox ions. It is precisely the
level of ferritin that controls the number of redox ions
[20]. The level of redox ions of iron correlates with the
severity of neuronal death [27]. In spite of a PD-
related increase in iron content in the brain structures
2
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Fig. 2. Main mechanisms of ferroptosis. CP is cerruloplas-
min; TF is transferrin; TFR is transferrin receptor; DMT-1
is divalent metal transporter-1; O2-R is reactive oxygen
species; Fer is ferritin.
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described above, the enhanced concentration of
serum iron is an anti-risk factor of PD, and vice versa
[48]. The higher risk of PD in people with a low con-
tent of serum iron is probably explained by the need for
its adequate supply for the normal synthesis of dopa-
mine, because iron is a cofactor of tyrosine hydroxy-
lase, the key enzyme of dopamine synthesis [63].

The impaired homeostasis of redox-active metals,
first of all iron and copper, is probably a component of
AD pathogenesis. At present, it has been shown that
amyloid plaques and neurofibrillary tangles have high
concentrations of zinc, copper and iron. The impaired
homeostasis of these metals is involved in the synthesis
of Аβ and hyperphosphorylated τ protein and the oxi-
dative stress of neurons [57]. The accumulation of τ
protein in neurofibrillary tangles results in the induc-
tion of heme oxygenase (HO-1) catalyzing heme
destruction. This leads to the further release of iron,
which in turn can trigger Fenton’s reaction [59].

PROMISING TRENDS FOR PREVENTING
INFECTION-INDUCED 

NEURODEGENERATION
Undoubtedly, the main objective in the early, pre-

clinical prevention of neurodegenerative diseases is
sanitation of the foci of chronic infection. In addition,
it would be reasonable to assume that the application
of antiviral drugs in persons with manifested forms of
HSV-1 infection, or vaccination against it, could pre-
vent the further progress of neurodegeneration.

The analysis of available health-insurance data on
the state of health of more than 99.9% of Taiwan resi-
AD
dents indicate that AD in elderly and senile people was
observed less frequently in persons who have been
administered with anti-herpes drugs at some point in
their lives [62]. At present, a 78-week randomized
study of Valacyclovir administration in patients with
prodromal AD is being carried out in the United
States; however, its preliminary results will be known
no earlier than in mid–late 2022 [46]. The second
phase of the clinical trial of a Pleconaril/Ribavirin
combination was completed, where 69 AD patients
(MMSEcp 23.4 ± 1.8) received this combination for
9 months, followed by an observation period of
12 months. In the group administered with the prepa-
ration, the level of Аβ-42 in the cerebrospinal f luid
decreased by 70.4 pg/mL (p < 0.03). The findings
probably represent a decrease in the synthesis of Аβ as
a protein with antiviral activity and a decrease in the
viral load [39]. Now a trial of fecal microbiome trans-
plantation is being performed, and its preliminary
results will allow us to count on the success of PD ther-
apy [70].

CONCLUSIONS

At present it is obvious that there is a universal trig-
ger mechanism for the neurodegenerative process.
A specific bacterial or viral pathogen (including those
persisting in nervous tissue in the latent state for a long
time), reactivating, penetrates particular cerebral
structures where it is exposed to the effects of either Аβ
or CNS-resident macrophages. The latter, in turn, are
activated and induce the release of proinflammatory
cytokines, resulting in the development of neuronal
inflammation, autophagy and neurodegeneration.
Neuroinflammation intensifies the processes of lipid
peroxidation and metal oxidation, which supplements
neurodegeneration-related apoptosis with one more
mechanism: ferroptosis.

Undoubtedly, we should not consider the infection
factor as the only one in the induction of neuronal
inflammation, because the roles of other endogenous
and exogenous factors in the development of this pro-
cess are also quite significant. However, together with
chronic stress, circadian-rhythm disorders leading to
dysfunction of the glymphatic system and the
impaired elimination of pathological metabolic prod-
ucts from the cerebral parenchyma, low physical activ-
ity, “western diet,” metabolic disorders and diabetes
mellitus, against the background of a genetic predis-
position, infectious agents play a significant role in the
development of neurodegeneration.
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