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ABSTRACT Drug development for the treatment of neurodegenerative diseases has to confront numerous
problems occurring, in particular, because of attempts to address only one of the causes of the pathogenesis of
neurological disorders. Recent advances in multitarget therapy research are gaining momentum by utilizing
pharmacophores that simultaneously affect different pathological pathways in the neurodegeneration process.
The application of such a therapeutic strategy not only involves the treatment of symptoms, but also mainly
addresses prevention of the fundamental pathological processes of neurodegenerative diseases and the reduction
of cognitive abilities. Neuroinflammation and oxidative stress, mitochondrial dysfunction, dysregulation of
the expression of histone deacetylases, and aggregation of pathogenic forms of proteins are among the most
common and significant pathological features of neurodegenerative diseases. In this review, we focus on the
molecular mechanisms and highlight the main aspects, including reactive oxygen species, the cell endogenous
antioxidant system, neuroinflammation triggers, metalloproteinases, a-synuclein, tau proteins, neuromelanin,
histone deacetylases, presenilins, etc. The processes and molecular targets discussed in this review could serve
as a starting point for screening leader compounds that could help prevent or slow down the development of
neurodegenerative diseases.

KEYWORDS neurodegeneration, neuroinflammation, oxidative stress, histone deacetylases, proteinopathy,
aggregation of pathogenic proteins.

ABBREVIATIONS DAM - disease-associated microglia; HATs — histone acetyltransferases; HDACi — histone
deacetylase inhibitors; HDACs — histone deacetylases; mGluR5 — metabotropic glutamate receptor 5; MMP-3,
MMP-9 — matrix metalloproteinase 3, 9; NDD — neurodegenerative diseases; NMIDA — N-methyl-D-aspartate;
PSEN1, PSEN2 - presenilin 1, 2; ROS — reactive oxygen species; SIRTs — sirtuins; TIM — translocase of the inner
membrane; TOM — translocase of the outer membrane; TREM2 — triggering receptors expressed on myeloid
cells 2.

INTRODUCTION years worldwide[l]. The figure is expected to reach

The development of effective therapeutic approaches
to the treatment of neurological disorders is one of
the most daunting challenges of modern biomedi-
cine. The central issue is the absence of drugs that
affect the disease pathogenesis. At the same time,
the number of patients with the most common neu-
rodegenerative diseases (NDD), such as Alzheimer’s
disease and other forms of dementia, is estimated at
approximately 30—35 million and doubles every 10
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70 million people in the next 10 years [2]. Total world-
wide treatment expenses for patients with neurolog-
ical disorders in 2015 amounted to US$ 818 billion
and could potentially jump to US$ 2 trillion by 2030
[2]. About one hundred drugs for the treatment of
Alzheimer’s disease, including vaccines, undergo clin-
ical trials every year [3]. However, despite the vast
resources involved, no new drug has been brought
to market since 2003. An analysis of current devel-
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opments in the field of new medicinal products for
NDD suggests that most of the activity is focused on
a search for multi-target compounds that affect the
key aspects of pathogenesis [4]. Proteinopathy pro-
cesses (pathological aggregation of specific proteins
in the brain), mitochondrial dysfunction, neuroin-
flammatory processes, and dysfunction of histone
deacetylases (HDACSs), which serve as regulatory
elements in the expression of the genes related to
neurological disorders, are among the key pathologi-
cal features that need addressing.

PROBLEMS AND TARGETS IN THE TREATMENT

OF NEURODEGENEATIVE DISEASES

Today, about a billion people worldwide suffer from
neurodegenerative diseases. The most common are
Alzheimer’s disease, Parkinson’s disease, and amyo-
trophic lateral sclerosis. They can occur as a result of
a combination of genomic, epigenomic, metabolic and
environmental factors. The risk of developing most
neurodegenerative diseases increases with age, re-
sulting in a progressive neurodegenerative process
(in some cases due to the death of neuronal cells in
various brain regions, in other cases as a result of
motoneuron death), as well as neuroinflammatory
processes. Currently, the available treatment methods
cannot prevent or arrest the progression of neuro-
degenerative diseases. No basic therapy which could
accrue significant benefits to patients with detrimen-
tal disorders has been developed so far. Modern treat-
ment methods can only improve a patient’s condition
affecting symptom manifestation with cognitive
impairments and motor body functions temporarily.
However, with the improvements in our quality of
life, average life expectancy has increased consider-
ably, and so has the number of age-related diseases.
Hence, the detection of new targets for drug action,
the development of new synthesis methods, and tar-
get-oriented selection of potential neuroprotectors
are a priority both in modern medical chemistry and
healthcare in general.

In neurodegenerative diseases, the progression of
pathology begins many years before the appearance
of the first evident symptoms of the disease. Numer-
ous studies have suggested that there are a number
of common events among pathological conditions
which can explain why an ageing brain is vulnera-
ble to neurodegeneration. Physiological neuronal
processes such as endosomal-lysosomal autophagy,
neuroinflammatory reactions, mitochondrial homeo-
stasis, and proteostasis are beyond systemic control in
neurodegenerative diseases. The changes that occur
in the redox cell balance and mitochondrial function-
ing, the impairment of the expression and activity of

epigenetic enzymes and the increased pool of aggre-
gated proteins with an impaired tertiary structure
(AR, a-synuclein, etc.) are the main indicators of the
development of neurodegenerative diseases (Fig. 1).

Oxidative stress and, in particular, peroxidation
of membrane lipids, impairment of endogenous
antioxidant mechanisms (glutathione system), and
mitochondrial dysfunction (suppression of the activ-
ity of complex I and complex IV of the respiratory
chain — cytochrome-c-oxidase) are inter-related and
reinforce each other, leading to neurodegenerative
processes [5, 6, 7]. Moreover, dead cell remnants and
the aggregated proteins released into the extracel-
lular environment from the neuron provoke glial
activation and the release of cytokines and free rad-
icals, leading to neuronal death, which triggers an
additional pathological process: neuroinflammation.
Pharmacological treatment of the abovementioned
manifestations of early neurodegeneration stages
could arrest the disease’s progression. This is there-
fore highly important for the medical treatment of
neurodegeneration (Fig. I).

Role of oxidative stress in the development

of a neurodegenerative process

Oxidative stress, a process which occurs as a result
of the impairment of the pro-oxidant-antioxidant
balance that promotes oxidative species, leading to
potential damage to the cell [8, 9] and is the result of
excessive accumulation of reactive oxygen species
(ROS), as well as a decreased activity of the antioxi-
dant system of cell defence, has always played a piv-
otal role in neurodegenerative diseases (Alzheimer’s
disease, Parkinson’s disease, and others), including
ageing [10—13]. The concentration of reactive oxygen
species in physiological conditions is maintained at a
relatively low level thanks to the activity of endoge-
nous antioxidant mechanisms such as the glutathione
system, superoxide dismutase, catalase, etc. [14]. How-
ever, with age and due to genetic and ecological risk
factors, the redox system becomes unbalanced, result-
ing in the production of reactive oxygen species [15,
16]. Though ROS in moderate concentrations plays an
important role in physiological processes (for example,
in the regulation of signalling pathways and induction
of the mitogenic response), its overproduction and im-
balance in the endogenous antioxidant defence system
leads to oxidative damage such as post-translation
modifications and the oxidation of proteins, lipids and
DNA/RNA, which are the shared features of many
NDDs [17, 18]. Thus, patients with various neurolog-
ical disorders (in particular, Alzheimer’s disease and
Parkinson’s disease) suffer from ROS overproduction
in the brain [19, 20], leading to increased peroxidation
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Fig. 1. Molecular targets for pharmacological effects in the treatment of neurodegenerative diseases

of membrane lipids through the action of free radi-
cals, an elevated content of malone-dialdehyde in the
system, excessive accumulation of metals with var-
iable valency, and mitochondrial dysfunction with a
subsequent release of apoptogenic factors and further
neuronal apoptosis (Fig. 2) [21, 22].

It should be noted that such neuronal susceptibil-
ity to oxidative damage has several reasons [23, 16].
Membrane lipids in the brain contain a large amount
of polyunsaturated fatty acids, which are prone to
free radical attack and lipid peroxidation. In addition,
active neurons also exhibit a high level of oxygen
consumption, exacerbating therefore ROS production
[24]. Moreover, it has also been shown that the brain
contains quite a small amounts of enzymes for its own
antioxidant cell protection, which play an important
role in the metabolism of free radicals [25].

Malondialdehyde, 4-hydroxy-trans-2,3-nonenal,
acrolein, and F2-isoprostanes are known oxidative
stress markers that are routinely encountered in
the brain and cerebrospinal fluid of patients with
Alzheimer’s. Greilberger et al. investigated the blood
of healthy individuals and that of patients with neuro-
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degenerative disorders (mild cognitive disorders and
Alzheimer’s), and they discovered that the significant
increase in malondialdehyde, carbonylated proteins,
and oxidized albumin levels found in NDD patients
compared to their controls indicates a relationship be-
tween lipid peroxidation induced by oxidative stress
and the development of neurodegenerative disorders
[26]. 4-hydroxy-trans-2,3-nonenal has the highest
reactivity and hippocampal cytotoxicity and can
accumulate in significant amounts in the brain and
cerebrospinal fluid of Alzheimer’s and Parkinson’s
patients [27, 28].

Oxidative stress is considered an important cause of
both forms of Parkinson’s: the inherited and sporadic
forms [17]. A high level of oxidized lipids, proteins, and
DNA was found in the biological material of Parkin-
son’s patients, as well as decreased levels of reduced
glutathione [29—31], which leads to the generation of
more reaction-capable species mediated by the Fen-
ton’s and Haber-Weiss reactions. Overproduction of
reactive oxygen forms leads to the degeneration of
dopaminergic neurons and, as a consequence, to the
development of key symptoms of Parkinson’s, includ-
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Fig. 2. Oxidative stress in the development of neurodegenerative diseases. The increase of oxidative processes is
associated with hyperproduction of reactive oxygen species and a decreased activity of the endogenous antioxidant
defence system of cells leading to oxidative damage to lipids, proteins, and DNA /RNA, which triggers a cascade of
apoptotic neuronal cell death and promotes neurodegeneration

ing muscular rigidity, bradykinesia, resting tremor,
and postural instability. Thus, patients with Parkin-
son’s show a 80—90% loss of dopaminergic neurons in
substantia nigra and a 40—50% loss of the ventral teg-
mental area [32].

The possibility of using antioxidants in the treat-
ment of neurodegenerative diseases was confirmed
in the end of the last century, but new neuroprotec-
tors are now actively sought among the compounds
that inhibit oxidative processes. Vitamin E utilization
in the therapy of Alzheimer’s patients at 2000 IU a
day for 2 years attenuates the functional decrease of
cognitive functions [33]; similarly, administration of
this antioxidant at an early age can potentially reduce
the risk of Parkinson’s [34]. Another known free rad-
ical acceptor is Vitamin C, which protects membrane
phospholipids from peroxidation and participates in
catecholamine biosynthesis [35]. Despite the fact that
ascorbic acid is not a direct scavenger of lypophilic
radicals, it has a synergic effect when combined with
vitamin E [36, 37]. Resveratrol is a naturally occurring
phytoalexin that has the ability to capture active oxy-
gen species, acting as a metal chelator and enzymatic
activity modulator [38, 39]. Its antioxidant properties
include effective inhibition of lipid peroxidation in

the hippocampus and are confirmed by an increased
catalase activity [38]. It has also been shown that the
extract derived from the leaves of the Chinese Ginkgo
tree (Ginkgo biloba L.), which has some of the most
potent antioxidant properties, can improve cognitive
brain functions in the Alzheimer’s disease by reducing
the toxicity of APB-plaques [40].

The positive impact of the antioxidant compounds
used as neuroprotectors was also confirmed by stud-
ies of a natural compound derivative representing the
alkaloid-derived adducts securinine and tryptamine
and also known as allomargaritarine. A study of the
neuroprotective properties of this conjugate in vari-
ous neurotoxicity models using a primary culture of
the rat cortex showed that allomargaritarine has a
pronounced cytoprotective effect that contributes to
an increased cell survival rate after glutamate, Fe3*
and AP exposure. The ability of allomargaritarine to
protect neurons from death correlated with its an-
tioxidant potential: namely, there was a concentra-
tion-depended inhibition of lipid peroxidation caused
by ferric iron ions and tert-butylhydroxyperoxide
[41, 42]. Allomargaritarine also has an anticonvulsant
activity [43], which may be due to its antioxidant po-
tential, since oxidative stress is known to be involved
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in the pathogenesis of epilepsy [44, 45]. Antioxidant
properties are considered one of the mechanisms of
the neuroprotective action of one of the bioisosteric
analogues of cinnamon acid. Moderate inhibition of
rat brain homogenate peroxidation was shown, and,
importantly, there was an increased cell survival
count of human neuroblastoma SH-SY5Y in ionomy-
cin-induced neurotoxicity [46]. When assessing the
effect of structural analogues of Dimebon (deriva-
tives of tetrahydro-gamma-carboline derivatives)
on the ratio of reduced and oxidized glutathione,
it turned out that DF-407 effectively inhibited the
accumulation rate of reactive oxygen species and in-
creased the GSH/GSSG ratio, which indicates a pos-
sible effect on the cell defence system and correlates
with a decrease of the glutamate-induced death rate
of cortical neurons in the brain of new born rats [47].
Therefore, the key role that oxidative stress plays in
the development of neurodegenerative diseases, as
well as the positive results achieved through the use
of antioxidants as potential neuroprotectors, suggests
that manipulation of the levels of reactive oxygen
species can be considered as a promising means for
treating neuropathologies and alleviating their ac-
companying symptoms.

Neuroinflammatory reactions in a
neurodegenerative process

Neuroinflammation is a pathological process which
is typical of a number of neurodegenerative diseases
such as Parkinson’s, Alzheimer’s, amyotrophic lateral
sclerosis, and Huntington’s disease. Many of these dis-
orders are proteinopathies and are characterized by an
accumulation of specific protein deposits, in particular
AP in Alzheimer’s [48], resulting in the activation of
immunocompetent brain cells and subsequent inflam-
matory reactions [49, 50]. Thus, it has been shown that
activated cells can both reduce the amount of Af and
increase its toxic effect [48, 51, 52].

The main residents of the immune system in the
brain are microglial cells and astrocytes, which par-
ticipate in the immediate inflammation response.
Neuroprotective microglial functions are present in
transgenic mice expressing human APP under the
control of the Thy-1 promoter (APP23) [53]. More-
over, CX3CR1-CX3CL1 receptors play an impor-
tant role in the interaction between glial cells and
neurons. The chemokine receptor CX3CR1 allows
microglia to participate in synapse formation and
decreases the A3 level [54, 55]. The expression of the
Toll-like receptors TLR-2 and TLR-4 by microglial
cells also promotes the uptake of aggregated AP [56].
While investigating the role of the chemokine recep-
tor CX3CRI1 recruiting glial cells in the pathogenesis
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of neuroinflammation in animal models, S. Hickman
et al. noted that the concentration of aggregated A
and a number of senile plagues in brain tissues were
lower in heterozygous APP/PS1 mice (PS1-APP-
CX3CR1*/7). Moreover, unlike APP/PS1 mice, the
levels of AR lysing enzymes were significantly higher
in the animals [57].

Considering the neuroprotective role of astrocytes,
it should be mentioned that the proinflammatory
cytokines TNF-a, TGF-8, and IL-1f are released by
cells at an early response, they subsequently activate
adjacent microglial cells, and also degrade soluble A
with the help of apolipoproteins and, to a larger extent,
ApoE2. Therefore, it is believed that astrocytes can act
as a therapeutic target in Alzheimer’s [51]. Yet, neu-
roinflammation primarily disrupts the cytokine bal-
ance and changes the microenvironment; hence, some
glial cells may have a pro-inflammatory function. This
is due to the synthesis of proinflammatory cytokines
(IL-1B, IL-6, TNF-a), the toxic effect of AP itself, and
the suppression of the phagocytic microglia function in
the brain of patients with Alzheimer’s [58—60]. It was
also shown that the glia surrounded by the aggregated
amyloid migrates to the amyloid-free regions, skipping
its activation and, as a result, their ability to degrade
amyloid decreases. [60, 61].

The pathological effects of astrocytes in the brain of
patients with Alzheimer’s are caused by the impaired
calcium exchange [62], the enhanced glutamate secre-
tion [63] which leads to excitotoxicity, as well as the
toxicity of apolipoprotein isoforms (ApoE3, ApoE4)
[64]. In general, with the development of amyloidosis,
activated astrocytes can both stimulate the neuro-
protective functions of microglia at the early stages
of Alzheimer’s and suppress the activity of glial cells
during the disease.

Current findings on the participation of glia cells in
neuroinflammation fit into a polar model reflecting the
differentiation of the activated macrophages M1 and
M2 in the development of tissue inflammation. How-
ever, numerous studies show that this analogy does
not describe the complex interaction in the microglia
and the neuronal environment [65]. Yet, microglial cell
phenotypes appear to be more diverse than expected,
which is confirmed by ultrastructural analyses [66].
It is also known that glial activity depends on gender,
age, and genotype [67]. Currently, five clusters of cells
can be distinguished as participating in the pathogen-
esis of neurodegenerative diseases [68]. A hypothesis
has also been formulated on the transcriptional shift
mechanism of microglial cells, which highlights the
transcription factors mediating neuroinflammation
(NF-xB, Activator protein-1, Interferon regulatory
factors, p53 tumor suppressor, and STAT), support-
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ing healthy microglia (PU-1, SALL1, MAFB), and the
main factors necessary for cell survival and differen-
tiation [69].

The last identified cluster seems more significant,
and it is specified as DAM, the disease-associated
microglia. The cells in this cluster are located near
amyloid deposits and have a characteristic gene ex-
pression, and they contribute to pathological process-
es, especially at early stages of the disease [70]. The
TREM2 receptor (Triggering Receptors Expressed on
Myeloid cells) plays a critical role in DAM cluster acti-
vation [71] and can be used as a biomarker of an early
stage of Alzheimer’s [72]. Thus, TREM?2 inhibition, a
decrease of variability or the receptor’s knockdown
in animal models reduce the likelihood of the disease,
phagocytic activity of microglia, as well as total acti-
vation and secretion of excitotoxic ApoE isoforms [70,
73—175].

Neuroinflammation is a complex and multifactor
process where the activation of glial cells represents
only an aspect of the pathological state in proteinopa-
thies. Inflammatory processes in the brain are not only
affected by the microenvironment. T-helper cells are
also engaged in the process, which is evidenced in App-
Tg mice and in patients with Alzheimer’s [76—78]. The
intestinal microbiota is also involved [79—81]. The func-
tion of the blood-brain barrier is impaired during acute
and chronic inflammation. Matrix metalloproteinases
(MMP-3, MMP-9), which are involved in the develop-
ment of pro-inflammatory reactions, play a critical role
in the molecular mechanisms of neuroinflammation
pathogenesis [82—84].

Neuroinflammation is associated with neuronal
loss in Parkinson’s disease, which is typically under
the control of microglia. Microglial activation in the
substantia nigra was found in patients both with
sporadic [85] and familial Parkinson’s forms [86], as
well as in the substantia nigra and striatum of trans-
genic animals modelling this pathology, as induced
by an inhibitor of complex I of the respiratory chain
I complex 1-methyl-4-phenyl-1,2 3,6-tetrahydro-
pyridine (MPTP) [87]. The chronically activated or
overactivated microglial condition causes redundant
and uncontrolled neuroinflammatory reactions due
to an abundant release of free radicals, which, in
turn, leads to a self-maintained neurodegeneration
cycle [88]. The molecules released from the damaged
dopaminergic neurons due to impaired metabolic
activity dopamine and reactive microgliosis include
neuromelanin, a-synuclein, and the active form of
metalloproteinase-3 (MMP-3) [17]. Insoluble extran-
euronal neuromelanin granules are found in patients
with juvenile idiopathic Parkinson’s [89] and in
patients with MPTP-induced parkinsonism [90]. In-

tracerebral neuromelanin injection causes strong mi-
croglial activation and loss of dopaminergic neurons
in substantia nigra [91]. Since neuromelanin remains
in the extracellular space for a very long time [90],
it is considered a target molecule responsible for the
triggering of a chronic neuroinflammation in Parkin-
son’s disease [17]. The addition of aggregated human
a-synuclein to a primary culture of mesencephalic
neurons induced microglial activation and neurode-
generation, and the cytotoxicity was not observed in
the absence of microglia [92]. Moreover, a-synuclein
obtained from these neurons stimulated astrocytes to
produce inflammation modulators which enhanced
the activation of microglia, chemotaxis, and the pro-
liferation of neuronal cells [93]. Gao et al. have shown
that transgenic mice expressing mutant a-synuclein
develop a persistent neuroinflammation and chronic
progressive degeneration of the nigrostrial dopa-
mine pathway initiated by low liposaccharide levels
[94]. Moreover, in response to the oxidative stress
in dopaminergic neurons, the active form of MMP-
3 causes the activation of microglial cells, which,
in turn, leads to the formation of reactive oxygen
and nitrogen species [95—99]. MMP-3 also affects
protease-activated receptors, their cleavage, the
removal of the N-terminal domain, and conversion
of the remaining C-terminal domain into the binding
ligand, which, in turn, generates intracellular signals
and activates microglia [100—102]. MMP-3 also par-
ticipates in the formation of interleukin-1 beta (IL-
1PB) and facilitates the expression of inflammatory
cytokines in activated microglia [84, 103, 104]. Thus,
it has been shown that modulation of the various
pathways linked to neuroinflammation can consid-
erably contribute to the neuroprotective action of
multifunctional drugs.

Role of mitochondrial stress in neurological disorders
Despite the fact that the aetiology of many neurode-
generative diseases remains largely unclear, over the
last three decades the contribution of mitochondria to
the development of neuropathologies has been vigor-
ously discussed, and the accumulated evidence sug-
gests that the dysfunction of these organelles plays
an important role in the pathogenesis of a number of
NDDs. Mitochondria are the most important compo-
nents of eukaryotic cells, as they provide high-energy
phosphates and products of intermediary metabolism,
support homeostasis by participating in the regulation
of the electrolyte balance, and maintain the concen-
tration of calcium ions. Mitochondria regulate the
production of the reactive oxygen species playing a
key role in the initiation of apoptotic cell death; hence,
their dysfunction can contribute to the development
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of a number of neurodegenerative diseases, including
Alzheimer’s [105—107].

Evidence to support this hypothesis has been
obtained in studies describing mitochondrial dys-
function (change in morphology and suppression
of metabolic activity) correlated with a decrease
in ATP production and an increase in the level of
reactive oxygen species in the brain [107—-111], fi-
broblasts, and the blood cells [112, 113] of patients
with a neurological disorder, as well as in transgenic
mice modelling Alzheimer’s [106, 111, 114, 115], and
in cell lines expressing the mutant precursor protein
amyloid [116]. It is known that in neurodegenerative
diseases, numerous mitochondrial dysfunctions are
present [117]. Mitochondria undergo several cycles
of division and fusion (shortening and elongation),
or “mitochondrial dynamics” [118, 119]. The emerg-
ing defects in the dynamics of these organelles are
associated with the changes in the expression of
the fission and fusion proteins determining their
morphology [120, 121], as well as the integrity and
functional state [120, 122]. Therefore, fine regula-
tion of five basic proteins Drpl, Fisl, Opal, Mfnl
and Mfn2 controlling the dynamics of mitochondria
[123] is necessary to maintain normal functioning of
these organelles in brain cells. A postmortem analysis
of the brain samples of patients with Alzheimer’s
revealed an impaired expression of these genes
and, consequently, a change in the morphology of
mitochondria compared to healthy patients [124].
These results were also confirmed in studies of a M17
neuroblastoma cell line overexpressing the mutant
APP, where changes in the mitochondrial structure
were also observed [113], while changes in the mor-
phology of cortical mitochondria in elderly monkeys
correlated with increases in active oxygen forms and
memory impairment [125].

Defects in mitochondria bioenergetics manifest
themselves in a disruption of the functioning of the
electron transport chain, mitochondrial depolariza-
tion, increased production of reactive oxygen species,
and reduced production of ATP. The respiratory
chain localized in the inner mitochondrial membrane
is one of the main functional and structural parts of
the organelles [126], which catalyses the formation of
ATP from ADP and inorganic phosphate via electron
transfer between its subunits [127] and, therefore,
is considered the most important and indispensable
source of energy in mammalian cells. This process
also leads to the formation of free radicals [128], re-
sulting in the production of 1-5% of total cell ROS
under normal physiological conditions [129]. These
by-products of mitochondrial respiration [130] serve
as important redox messengers in the regulation of
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Fig. 3. The role of mitochondria and oxidative stress in the
development of Alzheimer’s. Mitochondrial dysfunction
caused by the action of the pathological tau-protein and
[B-amyloid isoforms leading to respiratory chain disruption,
damage to mtDNA, ROS overproduction, reduction in
ATP levels, and a cascade of apoptotic death of nerve
cells

various signalling pathways [17]. However, disrup-
tions in the activity of even one of the electron trans-
port chain complexes of mitochondria (mainly the I
and IV complexes) can lead to an overproduction of
superoxide radicals and other reactive oxygen species
because of intensive reduction in oxygen molecules
[131-133], which, in turn, contributes to the devel-
opment of oxidative stress, irreversible damage to
cell components and, as a consequence death of the
cell through mitochondrial apoptosis [134, 135]. As
a result, disruption enhances neuronal dysfunction
and leads to neurodegenerative disorders [136]. Mi-
tochondrial dysfunctions may be due to the action of
a pathological AP peptide which destabilizes mem-
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branes and penetrates mitochondria through trans-
locases of the outer (TOM) and inner membranes
(TIM), resulting in the release of apoptogenic factors,
in particular cytochrome c, and subsequent caspase
activation and apoptotic cell activation [137]. The dys-
function can also be due to tau [138, 139]. The effects
of tau on the mitochondrial functions and dynamics
was investigated in neuroblastoma cells expressing
a pathological isoform of tau (P301L), which leads to
a deficiency in complex I of the respiratory electron
transport chain — NADH-ubiquinone oxidoreductase,
resulting in a decrease in ATP levels and increased
susceptibility to oxidative stress. In addition, in-

creased expression of P301L in neuroblastoma cells
also leads to a decreased mobility of mitochondria and
their perinuclear clustering, resulting in an activation
of the Bax proteins that increase the permeability
of the outer membrane of mitochondria and cause
apoptosis [140]. However, it is hard to ignore the fact
that mitochondrial dysfunction can also precede the
formation of pathological AR, after which the latter,
in an aggregated state, penetrates the membranes of
organelles and contributes to a further disruption of
their functioning [141]. Figure 3 outlines the role of
mitochondria and oxidative stress in the development
of Alzheimer’s.
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Mitochondrial dysfunction also plays a role in the
pathogenesis of Parkinson’s (Fig. 4). The dopaminer-
gic neurons in the substantia nigra, which are mostly
prone to progressive degradation and death in pa-
tients with the disease, are very active metabolically
and largely depend on energy production as ATP by
mitochondria. Any pathological situation leading to
mitochondrial dysfunction can induce a significant
ROS increase. Overproduction of free radicals initiates
the peroxidation of mitochondrial lipids, cardiolipin
in particular, and per se leads to cytochrome C re-
lease into the cytosol. In turn, this causes apoptosis.
As mentioned above, electron leakage after damage
to mitochondrial respiratory chain complex I induces
ROS generation. Predominant death of dopaminer-
gic neurons was observed following intraperitoneal
administration of inhibitors of complex I such as rote-
none and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine to animals modelling Parkinson’s disease [142].
The level of dopaminergic neurons with impairment
of the electron-transport respiratory chain in mi-
tochondria was higher in patients with Parkinson’s
than in age-matched controls without any signs of
the disease [143]. Enough evidence of the role played
by mitochondrial dysfunction and impairment of do-
paminergic neurons has been gathered in studies of
gene mutations in mitochondrial proteins DJ-1, Par-
kin, and PINK associated with inherited and sporadic
Parkinson’s. The cells obtained from patients with a
mutation in the Parkin gene show a reduced complex
I activation [144]. Parkin-deficient mice present a de-
creased activity of the respiratory chain in striatum
and various types of oxidative damage [145]. PINK1
gene mutations induce mitochondrial dysfunction,
including formation of abundant free radicals [146].
The sporadic form of Parkinson’s is associated with
protein DJ-1, which is a redox-sensitive atypical
peroxiredoxin-like peroxidase that eliminates per-
oxide compounds by self-oxidation. DJ-1 knockout
mice accumulate more ROS in brain cells and display
a fragmented mitochondrial phenotype [147]. Choi
et al. have shown that the protein DJ-1 in the brain
of patients with Parkinson’s is exposed to oxidative
damage [148]. They identified ten different DJ-1
subtypes using 2D gel electrophoresis and mass spec-
trometry and found that DJ-1 monomers containing
acid fragments are selectively aggregated in the fron-
tal cortex of patients. The authors have assumed that
oxidative damage to protein DJ-1 can be related to
the pathogenesis of the sporadic disease and may be
used as a biomarker of an early stage of the disease.
An important role in the development of pathology in
Parkinson’s disease is assigned to a-synuclein, which
is a cytosolic protein that is capable of interacting with
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mitochondrial membranes and inhibiting complex I
of the mitochondrial respiratory chain (Fig. 4) [149].
Thus, impairment of the mitochondrial structure and
function is found in mice with abundant expression of
mutant a-synuclein [150]. It is also likely that calcium
dysregulation contributes to oxidative stress and mi-
tochondrial dysfunction in Parkinson’s disease [151,
152]. This is due to the fact that the compact layer
of the dopaminergic neurons in the substantia nigra
includes L-type ion channels the disruption of which
allows extracellular calcium to enter the cytoplasm
uncontrollably [153] and thereby enhance dopamine
metabolism, shifting the cytosolic concentration of
the neurotransmitter to the toxic range of L-DOPA
[154]. In particular, Surmeier et al. showed that the
constant opening of L-type calcium channels in the
dopaminergic neurons of the substantia nigra causes
oxidative stress, and likewise leads to fluctuations in
the mitochondrial potential, which is associated with
a disruption of ATP production, which ultimately
triggers processes associated with cell death [155].
Isradipine, an L-type calcium channel blocker, can
attenuate rotenone-induced dendrite loss (shown in
adult midbrain slices), as well as attenuate MPTP-in-
duced neurodegeneration of dopaminergic neurons in
mice [156].

Mitochondrial dysfunction leads to a decreased
ability by the organelles to regulate intracellular cal-
cium homeostasis and initiate mitochondrial permea-
bility transition [157]. In other words, the increase of
the intracellular calcium level can provoke degenera-
tive changes and lead to a significantly higher proba-
bility of mitochondrial permeability with subsequent
initiation of a cell death cascade via apoptosis and
necrosis [158]. Importantly, higher levels of calcium
can lead to excess production of active oxygen forms
and oxidative stress [159]. The increased calcium
levels in the neurons of 3xTg-AD transgenic mice
were investigated by Lopez et al. [160]. In addition,
the mitochondrial dysfunction associated with im-
paired calcium homeostasis has been described in
neurodegenerative pathologies; in particular, in Hun-
tington’s disease [161]. Pronounced defects in calcium
regulation were detected in the brain mitochondria
of transgenic mice modelling Huntington’s disease,
as well as in the lymphblasts of patients with Hun-
tington’s disease [162]. Moreover, the mitochondrial
function was also impaired in cell models of the dis-
ease [161, 163—165], whereas the use of mitochondria
membrane permeability inhibitors such as Bongkrek
acid, Nortriptyline, Desipramine, Trifluoroperazine,
and Maprotiline prevented neuronal death and had a
neuroprotective effect on animal models of this dis-
order [163]. Mitochondrial damage is also observed



REVIEWS

in the neurons of patients with Alzheimer’s, which is
accompanied with membrane depolarization, reduced
ability to bind Ca?" ions, overproduction of reactive
oxygen species and oxidative damage to mitochon-
drial DNA [166].

The possibility of using mitoprotectors for the
treatment of neurodegenerative diseases was also
confirmed by the results of studies of bioisosteric an-
alogues of cinnamic acid and polymethoxybenzenes
as potential neuroprotectors. A high ability to inhibit
calcium-induced opening of the mitochondrial per-
meability transition pore (over 50%) was established
for several compounds. Such mitoprotective activity
is considered as a mechanism of the neuroprotective
effect of these compounds and correlates with the
presence of a cytoprotective potential on a cellular
model of neurodegeneration associated with calcium
stress in ionomycin-induced neurotoxicity [46]. Such
ability was also shown for tetrahydro-gamma-carbo-
lines, structural analogues of Dimebon. These com-
pounds were more likely to inhibit calcium-induced
mitochondrial permeability than the drug Dimebon,
which reduced the rate of mitochondrial swelling by
an average of 20%, whereas the effect of DF-407 was
double [167]. Early studies of the effect of tetrahy-
dro-gamma-carbolines on the survival of neurons
in the cerebral cortex of newborn rats under gluta-
mate-induced toxicity showed a significant decrease
in the death rate of cells treated with these com-
pounds, which may have something to do with their
mitoprotective properties [47]. Preincubation of rat
mitochondria with allomargaritarine, the conjugate
of securinine and tryptamine, inhibits Ca?"-induced
mitochondrial permeability transition in a dose-de-
pendent manner. It also effectively suppresses it when
APB35-25 is used as an inducer and, as a result, displays
cyto(neuro)protector activity in models of excitotox-
icity and toxicity mediated by trivalent iron ions and
amyloid [41, 42, 168]. Moreover, allomargaritarine has
the ability to reduce AP [169]. Therefore, mitochon-
dria represent a promising target in the search for
potential neuroprotective agents aimed at preventing
or slowing down the development of neurodegenera-
tive diseases: in particular, Alzheimer’s.

Histone deacetylases (HDACSs) as a

potential molecular target in the search

for neuroprotective agents

In addition to the main pathological aspects of
Alzheimer’s, the formation of toxic f-amyloid aggre-
gates and neurofibrillary tangles, epigenetic regulation
mechanisms have now become increasingly important
[170, 171]. Epigenetic changes are reversible, do not
affect the modifications of primary DNA structure,

and can be corrected with pharmacological therapy.
Chromosome DNA is enveloped in a compact structure
with the specialized proteins called histones. Histones
are relatively small proteins with a very large fraction

Classification of histone deacetylases

HDAC family
Type Co-factor Localization
Class I
HDAC1 Nucleus
HDAC2 Nucleus
Zn2+
HDAC3 Nucleus/cytoplasm
HDACS Nucleus
Class IT
Subclass Ila
HDAC4 Nucleus/cytoplasm
HDACSH Nucleus/cytoplasm
Zn2+
HDAC7 Nucleus/cytoplasm
HDAC9 Nucleus/cytoplasm
Subclass IIb
HDACS6 Cytoplasm
Zn2+
HDAC10 Cytoplasm
Class 111 Sirtuins
Sirl Nucleus
Sir2 Nucleus
Sir3 Nucleus/cytoplasm
Sir4 Mitochondria
NAD*
Sirb Mitochondria
Sir6 Mitochondria
Sir7 Nucleus
Sir8 Nucleolus
Class IV
HDACI11 Zn** Nucleus
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of positively charged amino acids (lysine and arginine);
a positive charge helps histones bind to DNA (which
is negatively charged) regardless of its nucleotide se-
quence. Histones perform the two main functions in
the cell: they are involved in the packaging of DNA in
the nucleus and the epigenetic regulation of transcrip-
tion, replication, and reparation [172]. Histones undergo
post-translation modification by acetylation, deacetyl-
ation, phosphorylation, and methylation. Histone
acetylation and deacetylation are regulated by histone
deacetylases (HDACs) and histone acetyltransferases
(HATs) [173, 174]. These processes play a decisive role
in the changing of the structure of chromatin and, as a
result, regulate gene expression, cell survival, and cell
differentiation [175].

There are two main subfamilies of HDAC proteins:
“zinc-dependent” conventional histone deacetylases
and “nicotinamide-adenine-dinucleotide (NAD")-de-
pendent” proteins sirtuins (SIRTs), sometimes
referred to as class IIT HDACs. Depending on their
similarity, zinc-dependent HDACs are divided into
four different classes (I, II (ITa and IIb), III and IV)
which differ in their structure, enzymatic functions,
subcellular localization, and expression regions (Table)
[176]. To date, 18 deacetylases have been identified
in mammals. The biological functions of individual
HDACSs are difficult to establish due to the lack of
isoform-specific inhibitors.

The ratio between the levels of histone acetylase
and histone acetyltransferases is strictly regulated
in healthy neurons, whereas in neurodegenerative
pathologies this ratio is disturbed [177]. HDACG6 is over-
expressed in patients with Alzheimer’s, along with the
formation of atypical APP, A accumulation, AB-medi-
ated hyperphosphorylation of the tau protein, degener-
ation of cholinergic neurons, and, consequently, severe
cognitive decline (Fig. 5) [178]. Neurodegenerative
diseases are accompanied by dysregulation of tran-
scription, leading to the death of nerve cells; therefore,
HDACSs are considered very promising targets for the
pharmacological correction of neuropathologies [179],
in part because of the potential reversibility of such
epigenetic modifications [180].

Hahnen et al. have considered the involvement
of histone deacetylase inhibitors (HDACIi) in the
regulation of epigenetic events as relates to the de-
velopment of a number of neurodegenerative pro-
cesses. Histone deacetylase inhibitors, which were
originally used as anti-neoplastic agents, may be ef-
fective in neurodegenerative disorders, particularly
in Alzheimer’s [181]. The results of numerous studies
on the effect of different compounds on HDAC show
that the neuroprotective effect of histoneacetylase
inhibitors might be attributed to the suppression of
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AP production [182, 183] and, consequently, inhibition
of AB-induced hyperphosphorylation of the tau-pro-
tein [184, 185]. The use of the histone deacetylase
inhibitor Entinostat for the treatment of APP/PS1
transgenic mice modelling Alzheimer’s led to an
enhanced microglial activation and a decrease in A
deposits [186]. The use of suberoylanilide hydroxamic
acid (SAHA) in experiments on 20-month-old mice
with age-related memory disorders showed spatial
memory improvements. At the same time, in elderly
mice, a decrease in the level of histone H4K12ac in
the hippocampal region of CA1 was established, while
SAHA led to the expression of acetylated histones,
and also stimulated the activity of NMDA receptors
in the hippocampus [187].

Mice overexpressing HDAC2, but not HDAC1, show
a decreased synaptic plasticity, in the number of syn-
apses formed, and impaired memory formation, while
Vorinostat (an HDAC inhibitor) can restore synaptic
plasticity and improve learning and memory [188].
Akhtar et al. showed that an increased level of HDAC2
in mature neurons affects the main excitatory neuro-
transmission, implying the involvement of HDAC2 in
synaptic plasticity [189]. McQuown et al. found that,
in HDAC3-Flox-modified mice (deletion of HDACS in
the hippocampal region of CA1) or in mice treated with
the selective HDACS3 inhibitor RGFP136, the histone
acetylation process is enhanced and long-term memory
is significantly improved [190]. Moreover, Bardai et al.
have suggested that HDACS is a protein that exhibits
its own strong neurotoxic activity, while its toxic effect
is cell-selective. HDACS is phosphorylated directly by
GSK-3f, and inhibition of GSK-3f protects mice from
HDAC3-induced neurotoxicity [191]. HDACS is local-
ized mainly in the cytoplasm and catalyses a number of
non-histone proteins, such as tubulin and deacetylase
HSP90[192, 193]

The level of HDACSG6 in the brain of patients with
Alzheimer’s is significantly higher in the cortex and
hippocampus compared to the brain of healthy people.
Tubacin (a selective HDACG6 inhibitor) attenuates the
site-specific phosphorylation of the tau-protein [194]
and enhances mitochondrial migration in hippocam-
pal neurons. GSK-3f participates in the regulation
of HDACG6 activity through its phosphorylation [195].
Selective HDACG6 inhibition ensures protection from
the neurodegeneration induced by oxidative stress and
contributes to the proliferation of neurites in cortical
neurons [196]. HDAC4 can also play a significant role
in the functioning of neuronal cells. The enzyme is pre-
dominantly found in the cytoplasm of brain cells, and
abnormal expression of HDAC4 occurs in the nucleus
that contributes to neuronal apoptosis. Its inactivation
suppresses cell death [197].
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Fig. 5. Action of HDAC inhibitors in the cell in neurodegenerative diseases. Impairment of acetylation homeostasis leads
to hypoacetylation of histones and, as a result, aberrant transcriptional activity. Inhibition of HDAC activity has transcrip-
tional and non-transcriptional effects. Acetylation of histone proteins in gene promoters, as well as transcription factors,
can increase the expression of multiple genes which contribute to neuroprotection, plasticity, and learning /memory.
The non-transcriptional action of HDAC inhibitors leads to hyperacetylation and stabilization of microtubule proteins,

increase of vesicular transport, and BDNF release

Recent findings have implicated sirtuins in the
development of neurodegenerative diseases. A signif-
icant decrease in Sirl was found in the parietal cortex
of patients with Alzheimer’s compared to the controls.
Therefore, the accumulation of A and tau proteins
may be associated with a loss of Sirl function [198]. In
addition, memory and synaptic plasticity impairments
are also found in mutant Sirl-deficient mice [199].
Moreover, abundant expression of NAD*-dependent
deacetylase Sirl in a mouse model of Alzheimer’s de-
creases AP production and the formation of plagues
via the activation of the gene encoding a-secretase
ADAM10 [200]. Sir3 knockdown increases the gen-
eration of mitochondrial reactive oxygen species in

fertilized mouse oocytes, and the formation of mito-
chondrial ROS is accompanied by an increase in the
amount of the p53 protein [201]. Moreover, treatment
of the primary cultures of neurons in the cerebral
cortex of mice with glutamate induces excessive
production of ROS, as well as an increase in the level
of mitochondrial Sir3, while overexpression of Sir3
significantly reduces the formation of mitochondrial
ROS. Apparently, Sir3 is involved in the protection
of nerve cells from oxidative stress and excitotoxicity
[202].

The accumulated data support the opinion that
HDAC proteins are involved in the development of
neurodegenerative diseases. HDACs regulate the level
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of histone acetylation and, as a consequence, affect the
expression of some of the genes involved in memory
formation, synaptic plasticity, and other processes
necessary for the normal functioning of brain cells.
HDAC inhibitors can reduce cognitive deficits in ani-
mal models with neurodegenerative disorders. HDAC
inhibitors can potentially act on suppressing AB-in-
duced hyperphosphorylation of the tau protein, as well
as in regulating the expression of the genes that are
involved in learning and memory (Fig. 5). The possibili-
ty of pharmacological correction of neurodegenerative
diseases using HDAC inhibitors is being considered, but
a number of unsolved problems remain. Most current
inhibitors of histone deacetylases are pan-selective; i.e.,
they act against all HDACs types, which causes mas-
sive changes in gene expression leading to multiple ad-
verse effects [203], because HDACs participate both in
cell survival and death processes. Therefore, in order to
develop selective HDAC inhibitors with low toxicity to
normal cells, it is necessary to elucidate the exact role
of individual members of the HDAC family in various
neuropathologies.

Aggregation of pathogenic protein forms as a

key target in the search of potential drugs for

the treatment of neurological disorders

The introduction of the latest cell technologies, bioin-
formatics, and targeted manipulation of the genome
of laboratory animals have led to rapid progress in
this field and allowed us to design a new classification
of the fundamental processes underlying neurode-
generation. As a result, some concepts have been
revised and changes in the classification of neurode-
generative diseases have been introduced. It has been
established that a wide range of neurodegenerative
diseases with different clinical manifestations have
a similar molecular mechanism of pathogenesis. This
mechanism is based on a pathological aggregation of
proteins that leads to the development of proteinop-
athy [204, 205]. Many neurodegenerative diseases are
characterized by the presence of pathological inclu-
sions of various types in tissues of the nervous system
[206]. The cascade nature of the complex mechanism
of formation of detectable inclusions is revealed, and
the molecular-cellular events occurring at the main
stages of this pathological process are identified. [207,
208]. For example, in Parkinson’s disease, the SNCA
gene encoding a-synuclein, a short cytoplasmic pro-
tein (140 amino acids in humans), is predominantly
synthesized in the nervous system and localized in
presynaptic terminals [209—211]. The most typical
histopathological signs of Parkinson’s are the Lewy
bodies found in the dopaminergic neurons of substan-
tia nigra and dystrophic neuritis in the tract leading
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from substantia nigra to the striatum containing ag-
gregates of various proteins [212, 213]. The key role in
the formation of these deposits is played by the fibril-
lar form of a-synuclein, which has unique physical
and chemical properties [214, 215]. It should be noted
that the formation of Lewy bodies in the neurons of
the cerebral cortex also results in diseases that are
classified as a separate group of dementia. For exam-
ple, cytoplasmic and nuclear deposits in neurons and
oligodendrocytes form in multiple systemic atrophy
[216—218].

In Alzheimer’s, it has been established that muta-
tions in three various genes, APP, presenilin-1, and
presenilin-2 (PSEN1, PSEN2), lead to the develop-
ment of hereditary forms of Alzheimer’s with early
manifestation (clinical symptoms appear before the
age of 65 years) [219, 220]. At the same time, familial
and sporadic forms of Alzheimer’s are similar: the
nervous tissues of patients contain protein aggre-
gates of two types: amyloid plaques and neurofibril-
lary tangles, the main components of which are Af3
and hyperphosphorylated forms of the tau protein,
respectively. A hypothesis about the transformation
of non-toxic AP monomers into its toxic oligomers
[221], which can interact with several post-synap-
tic components, including glutamatergic receptors
(N-methyl-D-aspartate (NMDA) and metabotropic
glutamate receptor 5 (mGluRb5)), the prion protein,
neurotrophin receptor, and the A7-nicotin acetyl-
choline receptor [222], and contribute to synaptic
damage, is one of the predominant ones seeking to
explain the order of pathogenic events leading to
neurodegeneration. It is known that oligomers Af
can form channels. leading to the impairment of
membrane permeability and, as a result, calcium
homeostasis, which in turn induces neuronal death
[223, 224]. Similarly, toxic oligomers AP} can modulate
the activity of NMDA-subtype glutamate receptors
[225], attenuate the mGluR-dependent mechanisms
[226] inducing the impairment of recirculation of the
synaptic glutamate contributing to synapse depres-
sion, and damaging synaptic plasticity [227].

It has also been shown that the oligomeric form of
AP activates extrasynaptic NMDA-receptors in neu-
rons which, in turn, leads to hyperphosphorylation of
the tau-protein, activation of caspase-3, production of
nitric oxide. and synaptic depression [228], and inhi-
bition of this subtype of glutamate receptors protects
synapses from Af-induced damage and, apparently,
eliminates memory difficulties [229, 230], which clearly
confirms the potential existent in using modulators of
this process.

Although the exact molecular mechanisms of neu-
rodegeneration development are still unclear, hyper-
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phosphorylation of the tau-protein is one of the key
roles in the pathogenesis of this pathology. To a large
extent, the tau-protein is involved in the abovemen-
tioned processes, acting in parallel or in combination
with AR [231]. In a model of tau-induced neurodegen-
eration, it was shown that an abnormally phospho-
rylated protein initiates the binding and stabilization
of filamentous actin, which leads to mitochondrial
dysfunction and oxidative stress, DNA damage and,
ultimately, apoptosis [232]. Decreased tau protein lev-
els protected both transgenic and nontransgenic mice
from excitotoxicity and restored the memory function
in a tauopathy model [233].

The tau-protein does not have a rigid three-dimen-
sional structure [234]. However, its shortening and
hyperphosphorylation can cause multiple pathological
changes in the structure and lead to the formation of
insoluble paired helical filaments and larger aggregates
[234—238]. First of all, such transformations lead to a
loss of the physiological function of the native protein
(participation in the assembly of tubulin monomers into
microtubules), and secondly, to a toxic effect on brain
cells [235, 234].

Because tau plays an important role in the physi-
ological dynamics of microtubules and thus ensures
the normal functioning of cells [239], researchers are
interested in the development of drugs that can act
on this protein. An in-depth study of the molecular
mechanisms underlying the pathological transfor-
mations of the tau protein opens up the possibility of
specifically targeting the pathological modifications
of tau for therapeutic purposes. At the moment, there
are several approaches for the development of such
agents targeting directly or indirectly the tau-protein:
compounds which prevent or reverse tau aggregation
[240—242], low-molecular drugs which inhibit kinases
or activate tau phosphatases [243, 244], compounds
that are stabilizing microtubules [245], drugs which
contribute to a proteolytic degradation of incorrectly
folded tau-proteins [239, 246, 247] and immunosup-
pressive agents [234], as well as strategies aimed at
active and passive immunization [234, 248, 249].

It has been shown that monoclonal antibodies
can differentiate between tau-protein isoforms and
have a different effect on native than transformed
proteins. Taniguchi et al. demonstrated that the
monoclonal antibodies RTA-1 and RTA-2 binding
specifically to the R1 and R2 parts of tau prevent
the formation of spiral filaments in vitro and simul-
taneously stimulate tubulin assembly induced by
tau [250]. At least three vaccines acting on different
pathogenic forms of AP are in clinical studies. At
the same time, there are currently no data on the
results of these trials. In the transgenic APP animals

modeling Alzheimer’s, the effectiveness of active
immunization was clearly shown, which leads to a
decrease in A3 deposits and, as a result, alleviates
the associated brain damage [251-253]. Asuni et al.
demonstrated that hat active immunization with the
epitope of a phosphorylated tau protein of transgenic
mice expressing the P301L mutant tau in neurons re-
duces the amount of aggregated protein in the brain
and slows down the progression of the behavioural
phenotype associated with this pathology [254, 255].
Furthermore, a significant correlation was observed
between motor activity values obtained in the be-
havioural analysis and the tau pathology in the excit-
able area of the cortex and brain stem, which play an
evident role in motor coordination. It shows a direct
correlation between the main pathological feature of
the model and the related functional disorders [255]
and states that immunotherapy approaches target-
ing the pathological tau-protein form represent a
promising approach to the treatment and/or diag-
nosing of various tauopathies, and the Alzheimer’s
disease in particular.

Some other diseases can be compared in a similar
way. In amyotrophic lateral sclerosis, the autopsy ma-
terial of patients showed deposits containing the pro-
teins FUS, TDP-43, OPTN, UBQLN2, as well as prod-
ucts of intron repetition translation in the C9ORF72
gene [256, 257], while polyglutamine deposits had
accumulated in neurons in patients with Huntington’s
disease as a result of the expansion of trinucleotide
CAG-repetition in the huntingtin gene [258, 259]. De-
spite the difference in the functions of pathogenic pro-
teins, susceptibility to aggregation is the fundamental
feature of a wide range of neurodegenerative diseases;
therefore, the aggregation of pathogenic protein forms
can be considered as the key therapeutic target.

CONCLUSION

Our investigations of the multiple hypotheses put
forth in the attempts to accurately identify the spe-
cific source of any neurodegenerative disorder failed
to pinpoint any primary cause. Therefore, it appears
necessary to take into account multiplicity (combina-
tion) in the context of aetiology of neurodegenerative
diseases. This should be the case when a set of mu-
tations or factors, ranging from neuroinflammatory
processes to the aggregation of proteins in neuronal
cells, leads to the sequential accumulation of a whole
tangle of molecular pathologies. The foundational
aspect in the development of new drugs should rests
in a multifactorial nature of their therapeutic effect.
Such drugs should have a multitarget purpose, even
if they have no or little significant impact on any of
the listed molecular targets. They should affect as
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many targets as possible. Given the hardly conclu-
sive, and sometimes controversial, studies that aim to
identify the root causes of neurodegenerative diseas-
es, it appears that we are only now starting to under-
stand the key factors whose combination triggers a
neurodegenerative process. ®

This work was carried out with financial support
from the Russian Science Foundation (grant No. 19-
73-10195) and as part of the State Assignment of
the Institute of Physiologically Active Compounds,
Russian Academy of Sciences, dated 2019
(No. 0090-2019-0006).

REFERENCES

1. Dementia. Information bulletin. World Health Organi-
zation. 2019. https://wwwwho.int/ru/news-room/fact-
sheets/detail/dementia. Access date 20.01.2020.

2. McDade E., Bateman R.J. // Nature. 2017. V. 547. Ne 7662.
P. 153—-155. doi: 10.1038/547153a.

3. Bachurin S.O,, Bovina EV,, Ustyugov A.A. // Med Res Rev.
2017. V. 37. Ne 5. P. 1186—1225. doi: 10.1002/med.21434.

4. Bachurin S.O., Gavrilova S.I., Samsonova A., Barreto G.E.,
Aliev G. // Pharmacol Res. 2018. V. 129. P. 216—226. doi:
10.1016/j.phrs.2017.11.021.

5.Reddy PH., Reddy T.P. // Curr Alzheimer Res. 2011. V. 8.
Ne 4. P. 393—409. doi: 10.2174/156720511795745401.

6. Swerdlow R.H., Khan S.M. // Med Hypotheses. 2004. V. 63.
Ne 1. P. 8—20. doi: 10.1016/j.mehy.2003.12.045.

7. Moran M., Moreno-Lastres D., Marin-Buera L., Arenas J,,
Martin M.A., Ugalde C. // Free Radic Biol Med. 2012. V. 53.
Ne 3. P. 595—-609. doi: 10.1016/j.freeradbiomed.2012.05.009.

8.Zhu L., L Z., Song YY. // Zhongguo Yi Xue Ke Xue
Yuan Xue Bao. 2015. V. 37. Ne 4. P. 482—488. doi: 10.3881/j.
issn.1000-503X.2015.04.020.

9. Chiurchiu V., Orlacchio A., Maccarrone M. // Oxid
Med Cell Longev. 2016. V. 2016. P. 7909380. doi:
10.1155/2016/7909380.

10. EI-Bacha R.S., De-Lima-Filho J.L., Guedes R.C.

// Nutr Neurosci. 1998. V. 1. Ne 3. P. 205—212. doi:
10.1080/1028415X.1998.11747230.

11. Mandel S., Grunblatt E., Riederer P., Gerlach M., Levites
Y., Youdim M.B. // CNS Drugs. 2003. V. 17. Ne 10. P. 729-762.
doi: 10.2165/00023210-200317100-00004.

12. von Arnim C.A., Gola U,, Biesalski H.K. // Nutrition. 2010.
V. 26. Ne 7-8. P. 694—700. doi: 10.1016/j.nut.2009.11.009.

13. Yu Y.C,, Kuo C.L., Cheng W.L., Liu C.S., Hsieh M. // J
Neurosci Res. 2009. V. 87. Ne 8. P. 1884—1891. doi: 10.1002/
jnr.22011.

14. Zuo L., Zhou T., Pannell B.K., Ziegler A.C., Best T.M.

// Acta Physiol (Oxf). 2015. V. 214. Ne 3. P. 329—348. doi:
10.1111/apha.12515.

15. Mosley R.L., Benner E.J.,, Kadiu I., Thomas M., Bos-
ka M.D., Hasan K., Laurie C., Gendelman H.E. // Clin.
Neurosci. Res. 2006. V. 6. Ne 5. P. 261-281. doi: 10.1016/j.
cnr.2006.09.006.

16. Rego A.C,, Oliveira C.R. // Neurochem Res. 2003. V. 28.
Ne 10. P. 1563—1574. doi: 10.1023/a:1025682611389.

17. Bhat A.H., Dar K.B,, Anees S., Zargar M.A., Masood A.,
Sofi ML.A. Ganie S.A. // Biomed. Pharmacother. 2015. V. 74.
P. 101-110. doi: 10.1016/j.biopha.2015.07.025.

18. Gan L., Johnson J.A. // Biochim Biophys Acta. 2014.

V. 1842. Ne 8. P. 1208—1218. doi: 10.1016/j.bbadis.2013.12.011.

19. Dias V., Junn E., Mouradian M.M. // J Parkinsons Dis.

74| ACTANATURAE| VOL. 12 Ne 3 (46) 2020

2013. V. 3. Ne 4. P. 461—491. doi: 10.3233/JPD-130230.

20. St-Pierre J.,, Drori S., Uldry M., Silvaggi J.M., Rhee J.,
Jager S., Handschin C., Zheng K., Lin J., Yang W,, et al.

// Cell. 2006. V. 127. Ne 2. P. 397—408. doi: 10.1016/j.cell
.2006.09.024.

21. Gill S.S,, Rochon P.A., Herrmann N., Lee P.E., Sykora
K, Gunraj N,, Normand S.-L.T, Gurwitz J.H., Marras C.,
Wodchis W.P, et al. // BMJ. 2005. V. 330. Ne 7489. P. 445. doi:
10.1136/bmj.38330.470486.8F.

22. Lermontova N., Lukoyanov N., Serkova T., Lukoyanova
E., Bachurin S. // Mol. Chem. Neuropathol. 1998. V. 33. Noe 1.
P. 51-61. doi: 10.1007/b£02815859.

23. Berg D., Youdim M.B,, Riederer P. // Cell Tissue Res.
2004. V. 318. Ne 1. P. 201—-213. doi: 10.1007/s00441-004-0976-5.

24. Halliwell B. // Acta Neurol. Scand. Suppl. 1989. V. 126.

P. 23-33. doi: 10.1111/§.1600-0404.1989.tb01779.x.

25. Cohen G. // Oxygen Radicals Tissue Injury. 1988.
P. 130—-135.

26. Greilberger J., Koidl C., Greilberger M., Lamprecht
M., Schroecksnadel K., Leblhuber F., Fuchs D., Oettl
K. // Free Radic. Res. 2008. V. 42. Ne 7. P. 633—638. doi:
10.1080/10715760802255764.

27. Dalfo E., Portero-Otin M., Ayala V., Martinez A., Pamplo-
na R., Ferrer I. // J. Neuropathol. Exp. Neurol. 2005. V. 64.
Ne 9. P. 816—830. doi: 10.1097/01.jnen.0000179050.54522.5a.

28. Selley ML.L., Close D.R., Stern S.E. // Neurobiol. Ag-
ing. 2002. V. 23. Ne 3. P. 383—388. doi: 10.1016/s0197-
4580(01)00327-x.

29. Bosco D.A., Fowler D.M., Zhang Q., Nieva J., Powers E.T.,
Wentworth P, Jr, Lerner R.A., Kelly JW. // Nat. Chem. Biol.
2006. V. 2. Ne 5. P. 249—253. doi: 10.1038/nchembio782.

30. Nakabeppu Y., Tsuchimoto D., Yamaguchi H., Sakumi K.
// J. Neurosci. Res. 2007. V. 85. Ne 5. P. 919—934. doi: 10.1002/
jnr.21191.

31. Zeevalk G.D.,, Razmpour R., Bernard L.P. // Biomed.
Pharmacother. 2008. V. 62. Ne 4. P. 236—249. doi: 10.1016/].
biopha.2008.01.017.

32. Thannickal T.C., Lai Y.Y., Siegel J.M. // Brain. 2008. V. 131.
Noe 1. P. e87. doi: 10.1093/brain/awm?221.

33.Sano M., Ernesto C., Thomas R.G., Klauber M.R., Schaf-
er K., Grundman M., Woodbury P., Growdon J., Cotman
CW, Pfeiffer E., et al. // N. Engl. J. Med. 1997. V. 336. Ne 17.
P. 1216—1222. doi: 10.1056/NEJM199704243361704.

34. Golbe L.I, Farrell T.M., Davis P.H. // Arch. Neu-
rol. 1988. V. 45. Ne 12. P. 1350—1353. doi: 10.1001/arch-
neur.1988.00520360068014.

35. May J.M. // Subcell Biochem. 2012. V. 56. P. 85—103. doi:
10.1007/978-94-007-2199-9_6.

36. Kojo S. // Curr. Med. Chem. 2004. V. 11. Ne 8. P. 1041-1064.
doi: 10.2174/0929867043455567.



REVIEWS

37. Olabisi A.O. The chemistry of L-ascorbic acid derivatives
in the asymmetric synthesis of C2 and C3-substituted al-
dono-g-lactones. Ph.D. Dissertation, 2005. College of Liberal
Arts and Sciences, Wichita State University, Wichita.

38. Harikumar K.B., Aggarwal B.B. // Cell Cycle. 2008. V. 7.
Ne 8. P. 1020—1035. doi: 10.4161/cc.7.8.5740.

39. Venturini C.D., Merlo S., Souto A.A., Fernandes Mda C.,
Gomez R., Rhoden C.R. // Oxid. Med. Cell. Longev. 2010.
V.3.Ne 6. P. 434—441. doi: 10.4161/0xim.3.6.14741.

40. Yao Z., Drieu K., Papadopoulos V. // Brain Res. 2001.

V. 889. Ne 1-2. P. 181-190. doi: 10.1016/s0006-8993(00)03131-
0.

41. Neganova M.E., Klochkov S.G., Afanasieva SV, Serkova
T.P, Chudinova E.S., Bachurin S.O., Reddy V.P, Aliev G.,
Shevtsova E.F. // CNS Neurol. Disord. Drug Targets. 2016.
V.15. Ne 1. P. 102—107. doi: 10.2174/1871527314666150821111
812.

42. Neganova M.E., Serkova T.P., Klochkov S.G., Afanasieva
SV, Shevtsova E.F.,, Bachurin S.O. // Nat. Techn. Sci. 2011.
V. 5. Ne 55. P. 86—90.

43. Neganova M.E., Blik V.A., Klochkov S.G., Chepurnova
N.E, Shevtsova E.F. // Neurochem. J. 2011. V. 5. P. 208.

44. Kann O., Kovacs R. // Am. J. Physiol. Cell. Physiol. 2007.
V. 292. Ne 2. P. C641-657. doi: 10.1152/ajpcell.00222.2006.

45. Kovacs R., Schuchmann S., Gabriel S., Kann O., Kar-
dos J., Heinemann U. // J. Neurophysiol. 2002. V. 88. Ne 6.

P. 2909—-2918. doi: 10.1152/jn.00149.2002.

46. Neganova M.E., Semenov V., Semenova M., Redkozubo-
va O.M.,, Aleksandrova Y.R., Lysova E.A., Klochkov S.G.,
Shevtsova E.F. // Biomed. Chem. Res. Methods. 2018. V. 1.
Noe 3. P. e00052.

47. Vinogradova D.V.,, Neganova M.E., Serkova T.P., Shevtso-
va E.F. // Journal of Natural and Technical Sciences (in
Russian). 2013. V. 6. Ne 68. P. 73-78.

48. Kozin S.A., Makarov A.A. // Mol. Biol. (Mosk.). 2019. V. 53.
Ne 6. P. 1020—1028. doi: 10.1134/S0026898419060107.

49. Bennett C., Mohammed F., Alvarez-Ciara A., Nguyen
M.A., Dietrich W.D,, Rajguru S.M., Streit W.J., Prasad A. //
Biomaterials. 2019. V. 188. P. 144—159. doi: 10.1016/j.biomate-
rials.2018.09.040.

50. Niranjan R. // Neurochem. Int. 2018. V. 120. P. 13—20. doi:
10.1016/j.neuint.2018.07.003.

51. Kim Y.S., Jung H.M., Yoon B.E. // Anim. Cells
Syst. (Seoul). 2018. V. 22. Ne 4. P. 213—218. doi:
10.1080/19768354.2018.1508498.

52. Merlo S., Spampinato S.F., Caruso G.I.,, Sortino M. A. //
Curr. Neuropharmacol. 2020. V. 18. Ne 5. P. 446—455. doi: 10.
2174/1570159X18666200131105418.

53. Wendeln A.C., Degenhardt K., Kaurani L., Gertig M.,
Ulas T., Jain G., Wagner J., Hisler L.M., Wild K., Skodras
A, etal. // Nature. 2018. V. 556. Ne 7701. P. 332—338. doi:
10.1038/s41586-018-0023-4.

54. Mizuno T\, Doi Y., Mizoguchi H., Jin S., Noda M., Sonobe
Y., Takeuchi H., Suzumura A. // Am. J. Pathol. 2011. V. 179.
Ne 4. P. 2016—2027. doi: 10.1016/j.ajpath.2011.06.011.

55. Parkhurst C.N., Yang G., Ninan I, Savas J.N., Yates
JR,, 3rd, Lafaille J.J., Hempstead B.L., Littman D.R., Gan
W.B. // Cell. 2013. V. 155. Ne 7. P. 1596—1609. doi: 10.1016/j.
cell.2013.11.030.

56. Song M., Jin J., Lim J.E., Kou J., Pattanayak A., Rehman
J.A., Kim H.D,, Tahara K., Lalonde R., Fukuchi K. // J.
Neuroinflammation. 2011. V. 8. P. 92. doi: 10.1186/1742-2094-
8-92.

57. Hickman S.E., Allison E.K., Coleman U, Kingery-Gal-
lagher N.D,, El Khoury J. // Front. Immunol. 2019. V. 10.

P. 2780. doi: 10.3389/fimmu.2019.02780.

58. Block M.L., Zecca L., Hong J.S. // Nat. Rev. Neurosci. 2007.
V. 8. Ne 1. P. 57-69. doi: 10.1038/nrn2038.

59. Hickman S.E., Allison E.K., El Khoury J. // J. Neurosci.
2008. V. 28. Ne 33. P. 8354—8360. doi: 10.1523/JNEUROS-
CI.0616-08.2008.

60. Wang Y., Cao Y., Yamada S., Thirunavukkarasu M., Nin
V., Joshi M., Rishi M.T., Bhattacharya S., Camacho-Perei-
ra J., Sharma A.K, et al. // Arterioscler. Thromb. Vasc.
Biol. 2015. V. 35. Ne 6. P. 1401—1412. doi: 10.1161/ATVBA-
HA.115.305566.

61. Eyo U.B., Mo M., Yi M.H., Murugan M., Liu J., Yarlagadda
R., Margolis D.J., Xu P., Wu L.J. // Cell Rep. 2018. V. 23. Ne 4.
P. 959-966. doi: 10.1016/j.celrep.2018.04.001.

62. Hashioka S., Klegeris A., McGeer P.L. // Neuropharma-
cology. 2012. V. 63. Ne 4. P. 685—691. doi: 10.1016/j.neurop-
harm.2012.05.033.

63. Bezzi P, Domercq M., Brambilla L., Galli R., Schols D.,
De Clercq E., Vescovi A., Bagetta G., Kollias G., Meldolesi
J., et al. // Nat. Neurosci. 2001. V. 4. Ne 7. P. 702—710. doi:
10.1038/89490.

64. Liu C.C., Zhao N.,, Fu Y., Wang N,, Linares C., Tsai CW,,
Bu G. // Neuron. 2017. V. 96. Ne 5. P. 1024—1032 e1023. doi:
10.1016/j.neuron.2017.11.013.

65. Ransohoff R.M. // Nat. Neurosci. 2016. V. 19. Ne 8. P. 987—
991. doi: 10.1038/nn.4338.

66. El Hajj H., Savage J.C,, Bisht K., Parent M., Vallieres L.,
Rivest S, Tremblay M.-E. // J. Neuroinflammation. 2019.
V. 16. Ne 1. P. 87. doi: 10.1186/s12974-019-1473-9.

67. Sala Frigerio C., Wolfs L., Fattorelli N., Thrupp N.,
Voytyuk I, Schmidt I., et al. // Cell Rep. 2019. V. 27. Ne 4.

P. 1293-1306 €1296. doi: 10.1016/j.celrep.2019.03.099.

68. Hashemiaghdam A., Mroczek M. // J. Neuroimmunol.
2020. V. 341. P. 577185. doi: 10.1016/j.jneuroim.2020.577185.

69. Holtman LR., Skola D., Glass C.K. // J. Clin. Invest. 2017.
V. 127. Ne 9. P. 3220—3229. doi: 10.1172/JCI90604.

70. Keren-Shaul H., Spinrad A., Weiner A., Matcovitch-Na-
tan O., Dvir-Szternfeld R., Ulland T.K., David E., Baruch
K., Lara-Astaiso D., Toth B, et al. // Cell. 2017. V. 169. Ne 7.
P. 1276-1290 e1217. doi: 10.1016/j.cell.2017.05.018.

71. Jay T.R., Hirsch A.M., Broihier M.L., Miller C.M., Neil-
son L.E., Ransohoff R.M., Lamb B.T., Landreth G.E. // J.
Neurosci. 2017. V. 37. Ne 3. P. 637—647. doi: 10.1523/JNEURO-
SCI.2110-16.2016.

72. Suarez-Calvet M., Araque Caballero M. A, Kleinberger
G., Bateman R.J.,, Fagan A.M., Morris J.C., Levin J., Danek
A., Ewers M., Haass C. // Sci. Transl. Med. 2016. V. 8. No 369.
P. 369ral78. doi: 10.1126/scitranslmed.aagl767.

73. Claes C., van Den Daele J., Boon R., Schouteden S.,
Colombo A., Monasor L.S., Fiers M., Ordovds L., Nami F,,
Bohrmann B, et al. // Alzheimers Dement. 2019. V. 15. Ne 3.
P. 453—464. doi: 10.1016/j.jalz.2018.09.006.

74. Colonna M., Wang Y. // Nat. Rev. Neurosci. 2016. V. 17.

No 4. P. 201-207. doi: 10.1038/nrn.2016.7.

75. Mazaheri F., Snaidero N., Kleinberger G., Madore C., Dar-
ia A., Werner G., Krasemann S., Capell A, Triimbach D.,
Wurst W, et al. // EMBO Rep. 2017. V. 18. Ne 7. P. 1186—1198.
doi: 10.15252 /embr.201743922.

76. Browne T.C., McQuillan K., McManus R.M., O’'Reilly J.A.,
Mills K.H., Lynch M.A. // J. Immunol. 2013. V. 190. Ne 5.

P. 2241-2251. doi: 10.4049/jimmunol.1200947.

77. Fisher Y., Nemirovsky A., Baron R., Monsonego A. //
PLoS One. 2010. V. 5. Ne 5. P. e10830. doi: 10.1371/journal.
pone.0010830.

78. Goldeck D., Larbi A., Pellicano M., Alam L., Zerr 1,

VOL. 12 Ne 3 (46) 2020 | ACTA NATURAE |75



REVIEWS

Schmidt C., Fulop T\, Pawelec G. // PLoS One. 2013. V. 8.
Ne 6. P. e66664. doi: 10.1371/journal.pone.0066664.

79. Atarashi K., Tanoue T., Oshima K., Suda W.,, Nagano Y.,
Nishikawa H., Fukuda S., Saito T., Narushima S., Hase
K., et al. // Nature. 2013. V. 500. Ne 7461. P. 232—236. doi:
10.1038/naturel2331.

80. Hsiao E.Y., McBride SW.,, Hsien S., Sharon G., Hyde E.R,,
McCue T., Codelli J.A., Chow J., Reisman S.E., Petrosi-
no J.F, et al. // Cell. 2013. V. 155. Ne 7. P. 1451—-1463. doi:
10.1016/j.cell.2013.11.024.

81. Mayer E.A., Tillisch K., Gupta A. // J. Clin. Invest. 2015.
V. 125. Ne 3. P. 926—938. doi: 10.1172/JCI76304.

82. Brkic M., Balusu S,, Libert C., Vandenbroucke R.E.

// Mediators Inflamm. 2015. V. 2015. P. 620581. doi:
10.1155/2015/620581.

83. Vafadari B., Salamian A., Kaczmarek L. // J. Neurochem.

2016. V. 139 Suppl 2. P. 91-114. doi: 10.1111/jnc.13415.

84. Woo M..S,, Park J.S., Choi LY., Kim W.K., Kim H.S.

// J. Neurochem. 2008. V. 106. Ne 2. P. 770—780. doi:
10.1111/j.1471-4159.2008.05430.x.

85. McGeer PL., Itagaki S., Boyes B.E., McGeer E.G. //
Neurology. 1988. V. 38. Ne 8. P. 1285—1291. doi: 10.1212/
wnl.38.8.1285.

86. Yamada T., McGeer E.G., Schelper R.L., Wszolek Z.K.,
McGeer P.L., Pfeiffer R.F. // Neurol. Psychiatry Brain Res.
1993. V. 2. P. 26—35.

87. O’Callaghan J.P, Miller D.B,, Reinhard J.F., Jr. // Brain
Res. 1990. V. 521. Ne 1-2. P. 73—80. doi: 10.1016/0006-
8993(90)91526-m.

88. Qian L., Flood P.M., Hong J.S. // J. Neural. Transm. (Vi-
enna). 2010. V. 117. Ne 8. P. 971-979. doi: 10.1007/s00702-010-
0428-1.

89. Ishikawa A., Takahashi H. // J. Neurol. 1998. V. 245. Ne 11
Suppl 3. P. P4—-9. doi: 10.1007/pl00007745.

90. Langston JW., Forno L.S., Tetrud J., Reeves A.G., Kaplan
J.A., Karluk D. // Ann. Neurol. 1999. V. 46. Ne 4. P. 598—605.

doi: 10.1002/1531-8249(199910)46:4<598::aid-ana7>3.0.co;2-f.

91. Zecca L., Wilms H., Geick S., Claasen J.H., Brandenburg
L.O., Holzknecht C., Panizza M.L., Zucca F.A., Deuschl G.,
Sievers J., et al. // Acta Neuropathol. 2008. V. 116. Ne 1.

P. 47-55. doi: 10.1007/s00401-008-0361-7.

92. Lee H.J,, Patel S., Lee S.J. // J. Neurosci. 2005. V. 25. Ne 25.

P. 6016—6024. doi: 10.1523/JNEUROSCI.0692-05.2005.

93. Farina C., Aloisi F., Meinl E. // Trends Immunol. 2007.
V. 28. Ne 3. P. 138—145. doi: 10.1016/j.it.2007.01.005.

94. Gao H.M,, Zhang F., Zhou H., Kam W., Wilson B., Hong
J.S. // Environ. Hlth Perspect. 2011. V. 119. Ne 6. P. 807—814.
doi: 10.1289/ehp.1003013.

95. Kim Y.S., Kim S.S., Cho J.J.,, Choi D.H., Hwang O., Shin
D.H., Chun H, Beal F,, Joh T. // J. Neurosci. 2005. V. 25.

Ne 14. P. 3701—-3711. doi: 10.1523/JNEUROSCI.4346-04.2005.

96. Choi D.H., Kim E.M., Son H.J.,, Joh T.H., Kim Y.S., Kim
D., Beal M.F,, Hwang O. // J. Neurochem. 2008. V. 106. No 1.
P. 405—415. doi: 10.1111/j.1471-4159.2008.05399.x.

97.Kim ST., Kim E.M., Choi J.H., Son H.J., Ji I.J., Joh T.H.,
Chung S.J., Hwang O. // Neurochem. Int. 2010. V. 56. Ne 1.
P. 161-167. doi: 10.1016/j.neuint.2009.09.014.

98. Kim E.M., Hwang O. // J. Neurochem. 2011. V. 116. Ne 1.
P. 22-32.doi: 10.1111/j.1471-4159.2010.07082.x.

99. Kim Y.S., Choi D.H., Block M.L., Lorenzl S., Yang L.,
Kim Y.J, Sugama S., Cho B, Hwang O., Browne S., et al.
// FASEB J. 2007. V. 21. Ne 1. P. 179-187. doi: 10.1096/£j.06-
5865com.

100. Lee E.J., Woo M.S., Moon P.G., Baek M.C., Choi LY., Kim
WK, Junn E.,, Kim H.-S. // J. Immunol. 2010. V. 185. Ne 1.

76| ACTANATURAE| VOL. 12 Ne 3 (46) 2020

P. 615—-623. doi: 10.4049/jimmunol.0903480.

101. Vu T.K., Hung D.T., Wheaton V.I,, Coughlin S.R. //
Cell. 1991. V. 64. Ne 6. P. 1057-1068. doi: 10.1016/0092-
8674(91)90261-v.

102. Suo Z., Wu M., Ameenuddin S., Anderson H.E., Zoloty
J.E., Citron B.A., Andrade-Gordon P, Festoff BW. // J.
Neurochem. 2002. V. 80. Ne 4. P. 655—666. doi: 10.1046/j.0022-
3042.2001.00745.x.

103. Schonbeck U., Mach F., Libby P. // J. Immunol. 1998.
V. 161. Ne 7. P. 3340—3346.

104. Jian Liu K., Rosenberg G.A. // Free Radic. Biol.

Med. 2005. V. 39. Ne 1. P. 71-80. doi: 10.1016/j.freeradbi-
omed.2005.03.033.

105. Aliev G., Palacios H.H., Walrafen B., Lipsitt A.E.,
Obrenovich M.E., Morales L. // Int. J. Biochem. Cell.

Biol. 2009. V. 41. Ne 10. P. 1989—2004. doi: 10.1016/j.bio-
cel.2009.03.015.

106. Hauptmann S., Scherping I., Drose S., Brandt U., Schulz
K.L., Jendrach M., Leuner K., Eckert A., Miiller W.E.

// Neurobiol. Aging. 2009. V. 30. Ne 10. P. 1574—-1586. doi:
10.1016/j.neurobiolaging.2007.12.005.

107. Rhein V., Song X., Wiesner A., Ittner L.M., Baysang
G., Meier F., Ozmen L., Bluethmann H., Drose S., Brandt
U, et al. // Proc. Natl. Acad. Sci. USA. 2009. V. 106. No 47.
P. 20057-20062. doi: 10.1073/pnas.0905529106.

108. Devi L., Prabhu B.M., Galati D.F., Avadhani N.G., Anan-
datheerthavarada H.K. // J. Neurosci. 2006. V. 26. Ne 35.
P. 9057-9068. doi: 10.1523/JNEUROSCI.1469-06.2006.

109. Eckert A., Schmitt K., Gotz J. // Alzheimers Res. Ther.
2011. V. 3. Ne 2. P. 15. doi: 10.1186/alzrt74.

110. Wang Y., Xu E., Musich PR, Lin F. // CNS Neurosci.
Ther. 2019. V. 25. Ne 7. P. 816—824. doi: 10.1111/cns.13116.

111. Yao J., Irwin RW,, Zhao L., Nilsen J., Hamilton R.T,,
Brinton R.D. // Proc. Natl. Acad. Sci. USA. 2009. V. 106.
Noe 34. P. 14670—14675. doi: 10.1073/pnas.0903563106.

112. Valla J., Schneider L., Niedzielko T., Coon K.D., Casel-
li R, Sabbagh M.N., Ahern G.L., Baxter L., Alexander
G., Walker D.G,, et al. // Mitochondrion. 2006. V. 6. Ne 6.

P. 323—-330. doi: 10.1016/j.mit0.2006.10.004.

113. Wang X., Su B,, Siedlak S.L., Moreira PI. Fujioka H.,,
Wang Y., Casadesus G., Zhu X. // Proc. Natl. Acad. Sci.
USA. 2008. V. 105. No 49. P. 19318—19323. doi: 10.1073/
pnas.0804871105.

114. Eckert A., Hauptmann S., Scherping I., Rhein V., Mul-
ler-Spahn F., Gotz J., Miiller W.E. // Neurodegener. Dis.
2008. V. 5. Ne 3—4. P. 157-159. doi: 10.1159/000113689.

115. Li Z., Okamoto K., Hayashi Y., Sheng M. // Cell. 2004.
V. 119. Ne 6. P. 873—887. doi: 10.1016/j.cell.2004.11.003.

116. Keil U., Bonert A., Marques C.A., Scherping I., Wey-
ermann J., Strosznajder J.B., Miiller-Spahn F., Haass C.,
Czech C., Pradier L., et al. // J. Biol. Chem. 2004. V. 279.

Noe 48. P. 50310—50320. doi: 10.1074/jbc.M405600200.

117. Cabezas-Opazo F.A., Vergara-Pulgar K., Perez
M.J., Jara C., Osorio-Fuentealba C., Quintanilla R.A.

// Oxid. Med. Cell. Longev. 2015. V. 2015. P. 509654. doi:
10.1155/2015/509654.

118. Cagalinec M., Safiulina D., Liiv M., Liiv J., Choubey V.,
Wareski P, Veksler V., Kaasik A. // J. Cell. Sci. 2013. V. 126.
Pt 10. P. 2187—-2197. doi: 10.1242/jcs.118844.

119. Chan D.C. // Annu. Rev. Cell. Dev. Biol. 2006. V. 22.

P. 79-99. doi: 10.1146/annurev.cellbio.22.010305.104638.
120. Twig G., Elorza A., Molina A.J., Mohamed H., Wikstrom
J.D., Walzer G., Stiles L., Haigh S.E,, Katz S, Las G., et al.
// EMBO J. 2008. V. 27. Ne 2. P. 433—446. doi: 10.1038/sj.em-

b0j.7601963.



REVIEWS

121. Westrate L.M., Drocco J.A., Martin K.R., Hlavacek W.S,,
MacKeigan J.P. // PLoS One. 2014. V. 9. Ne 4. P. €95265. doi:
10.1371/journal.pone.0095265.

122. Figge M.T., Reichert A.S., Meyer-Hermann M., Osiewacz
H.D. // PLoS Comput. Biol. 2012. V. 8. Ne 6. P. e1002576. doi:
10.1371/journal.pcbi.1002576.

123. Chen H., Chan D.C. // Hum. Mol. Genet. 2009. V. 18. Ne
R2.P.R169-176. doi: 10.1093/hmg/ddp326.

124. Trimmer P.A., Borland M.K. // Antioxid. Redox Signal.
2005. V. 7. Ne 9-10. P. 1101-1109. doi: 10.1089/ars.2005.7.1101.

125. Hara Y., Yuk F,, Puri R., Janssen W.G., Rapp P.R., Mor-
rison J.H. // Proc. Natl. Acad. Sci. USA. 2014. V. 111. Ne 1.

P. 486—491. doi: 10.1073/pnas.1311310110.

126. Chen J.Q., Yager J.D., Russo J. // Biochim. Biophys. Acta.
2005. V. 1746. Ne 1. P. 1-17. doi: 10.1016/j.bbamecr.2005.08.001.

127. Ghezzi D., Zeviani M. // Adv. Exp. Med. Biol. 2012. V. 748.
P. 65—106. doi: 10.1007/978-1-4614-3573-0_4.

128. Finkel T., Holbrook N.J. // Nature. 2000. V. 408. Ne 6809.
P. 239—-247. doi: 10.1038/35041687.

129. Wei Y.H,, Lu CY, Wei CY., Ma Y.S., Lee H.C. // Chin. J.
Physiol. 2001. V. 44. Ne 1. P. 1-11.

130. Chance B,, Sies H., Boveris A. // Physiol. Rev. 1979. V. 59.
Ne 3. P. 527-605. doi: 10.1152/physrev.1979.59.3.527.

131. Alexeyev M.F. // FEBS J. 2009. V. 276. Ne 20. P. 5768—
5787. doi: 10.1111/j.1742-4658.2009.07269.x.

132. Castro Mdel R., Suarez E., Kraiselburd E., Isidro A., Paz
J., Ferder L., Ayala-Torres S. // Exp. Gerontol. 2012. V. 47.
Ne 1. P. 29—-37. doi: 10.1016/j.exger.2011.10.002.

133. Voets A.M., Huigsloot M., Lindsey P.J., Leenders A.M.,
Koopman W.J., Willems P.H., Rodenburg R.J., Smeitink
J.A., Smeets H.J. // Biochim. Biophys. Acta. 2012. V. 1822.
Ne 7. P. 1161-1168. doi: 10.1016/j.bbadis.2011.10.009.

134. Hollensworth S.B., Shen C., Sim J.E., Spitz D.R., Wilson
G.L., LeDoux S.P. // Free Radic. Biol. Med. 2000. V. 28. Ne 8.
P 1161-1174. doi: 10.1016/s0891-5849(00)00214-8.

135. van Houten B., Woshner V., Santos J.H. // DNA Re-
pair (Amst.). 2006. V. 5. Ne 2. P. 145—152. doi: 10.1016/j.
dnarep.2005.03.002.

136. Guo C., Sun L., Chen X., Zhang D. // Neural. Regen.
Res. 2013. V. 8. Ne 21. P. 2003—2014. doi: 10.3969/j.issn.1673-
5374.2013.21.009.

137. Aleardi A.M., Benard G., Augereau O., Malgat M., Talbot
J.C.,, Mazat J.P, Letellier T., Dachary-Prigent J., Solaini
G.C., Rossignol R. // J. Bioenerg. Biomembr. 2005. V. 37. Ne 4.
P. 207-225. doi: 10.1007/s10863-005-6631-3.

138. Eckert E., von Clarmann T., Kiefer M., Stiller G.P,,
Lossow S., Glatthor N., Degenstein D.A., Froidevaux L., Go-
din-Beekmann S., Leblanc T., et al. // Atmos Chem. Phys.
2014. V. 14. Ne 5. P. 2571-2589. doi: 10.5194 /acp-14-2571-2014.

139. Manczak M., Reddy P.H. // Hum. Mol. Genet. 2012. V. 21.
Ne 11. P. 2538—2547. doi: 10.1093/hmg/dds072.

140. Schulz S.B,, Klaft Z.J., Rosler A.R., Heinemann U., Ger-
evich Z. // Neuropharmacol. 2012. V. 62. Ne 2. P. 914—924.
doi: 10.1016/j.neuropharm.2011.09.024.

141. Swerdlow R.H. // J. Alzheimers Dis. 2018. V. 62. Ne 3.

P. 1403—-1416. doi: 10.3233/JAD-170585.

142. Betarbet R., Sherer T.B., Greenamyre J.T. // Bioessays.
2002. V. 24. No 4. P. 308—318. doi: 10.1002/bies.10067.

143. Bender A., Krishnan K.J., Morris C.M., Taylor G.A.,
Reeve A K, Perry R.H,, Jaros E., Hersheson J.S., Betts J,,
Klopstock T, et al. // Nat. Genet. 2006. V. 38. Ne 5. P. 515—
517. doi: 10.1038/ngl769.

144. Muftuoglu M., Elibol B., Dalmizrak O., Ercan A., Kulak-
siz G., Ogus H., Dalkara T. // Mov. Disord. 2004. V. 19. Ne 5.
P. 544—548. doi: 10.1002/mds.10695.

145. Palacino J.J., Sagi D., Goldberg M.S., Krauss S., Motz C,,
Wacker M., Klose J., Shen J. // J. Biol. Chem. 2004. V. 279.
Noe 18. P. 18614—-18622. doi: 10.1074/jbc.M401135200.

146. Gandhi S., Wood-Kaczmar A., Yao Z., Plun-Favreau
H., Deas E., Klupsch K., Downward J., Latchman D.S.,
Tabrizi S.J., Wood N.W,, et al. // Mol. Cell. 2009. V. 33. Ne 5.
P. 627-638. doi: 10.1016/j.molcel.2009.02.013.

147. Irrcher I, Aleyasin H., Seifert E.L., Hewitt S.J., Chhabra
S., Phillips M., Lutz A.K., Rousseaux M.W.C,, Bevilacqua L.,
Jahani-Asl A., et al. // Hum. Mol. Genet. 2010. V. 19. No 19.
P. 3734—3746. doi: 10.1093/hmg,/ddq288.

148. Choi J., Sullards M.C., Olzmann J.A., Rees H.D., Wein-
traub ST., Bostwick D.E., Gearing M., Levey A.L, Chin L.S,,
LiL. // J. Biol. Chem. 2006. V. 281. Ne 16. P. 10816—10824. doi:
10.1074/jbc.M509079200.

149. Devi L., Raghavendran V., Prabhu B.M., Avadhani N.G.,
Anandatheerthavarada H.K. // J. Biol. Chem. 2008. V. 283.
Ne 14. P. 9089—-9100. doi: 10.1074/jbc.M710012200.

150. Martin L.J., Pan Y., Price A.C., Sterling W., Copeland
N.G., Jenkins N.A., Price D.L.., Lee M.K. // J. Neurosci. 2006.
V. 26. Ne 1. P. 41-50. doi: 10.1523/JNEUROSCI.4308-05.2006.

151. Subramaniam S.R., Chesselet ML.F. // Prog. Neuro-
biol. 2013. V. 106—107. P. 17—-32. doi: 10.1016/j.pneuro-
bi0.2013.04.004.

152. Ammal Kaidery N., Thomas B. // Neurochem. Int. 2018.
V. 117. P. 91-113. doi: 10.1016/j.neuint.2018.03.001.

153. Puopolo M., Raviola E., Bean B.P. // J. Neurosci.

2007. V. 27. Ne 3. P. 645—656. doi: 10.1523/JNEUROS-
CI.4341-06.2007.

154. Mosharov EV., Larsen K.E., Kanter E., Phillips K. A,
Wilson K., Schmitz Y., Krantz D.E., Kobayashi K., Edwards
R.H,, Sulzer D. // Neuron. 2009. V. 62. P. 218—229.

155. Surmeier D.J., Guzman J.N., Sanchez-Padilla J., Schu-
macker PT. // Neuroscience. 2011. V. 198. P. 221-231. doi:
10.1016/j.neuroscience.2011.08.045.

156. Chan C.S., Guzman J.N,, Ilijic E., Mercer J.N., Rick C.,
Tkatch T., Meredith G.E., Surmeier D.J. // Nature. 2007.

V. 447. Ne 7148. P. 1081-1086. doi: 10.1038/nature05865.

157. Bezprozvanny I. // Trends Mol. Med. 2009. V. 15. Ne 3.
P. 89-100. doi: 10.1016/j.molmed.2009.01.001.

158. Shevtsova E.F., Vinogradova DV., Neganova M.E.,
Shevtsov P.N,, Lednev B.V,, Bachurin S.O. // Biomed.
Chem. Res. Meth. 2018. V. 1. Ne 3. P. e00058. doi: 10.18097/
BMCRMO00058.

159. Peng T.I,, Jou M.J. // Ann. N. Y. Acad. Sci. 2010. V. 1201.
P. 183—-188. doi: 10.1111/j.1749-6632.2010.05634.x.

160. Lopez J.R., Lyckman A., Oddo S., Laferla FM., Quer-
furth HW, Shtifman A. // J. Neurochem. 2008. V. 105. Ne 1.
P. 262—-271. doi: 10.1111/j.1471-4159.2007.05135.x.

161. Bossy-Wetzel E., Petrilli A., Knott A.B. // Trends
Neurosci. 2008. V. 31. Ne 12. P. 609—616. doi: 10.1016/j.
tins.2008.09.004.

162. Panov AV, Gutekunst C.A., Leavitt B.R., Hayden M.R,,
Burke J.R., Strittmatter W.J., Greenamyre J'T. // Nat. Neu-
rosci. 2002. V. 5. Ne 8. P. 731-736. doi: 10.1038/nn884.

163. Tang T.S., Slow E., Lupu V., Stavrovskaya I.G., Sugimori
M, Llinas R., Kristal B.S., Hayden M.R., Bezprozvanny I. //
Proc. Natl. Acad. Sci. USA. 2005. V. 102. Ne 7. P. 2602—2607.
doi: 10.1073/pnas.0409402102.

164. Zhang H., Li Q.,, Graham R.K,, Slow E., Hayden M.R.,
Bezprozvanny I. // Neurobiol. Dis. 2008. V. 31. Ne 1. P. 80—388.
doi: 10.1016/j.nbd.2008.03.010.

165. Wang X., Zhu S., Pei Z., Drozda M., Stavrovskaya I.G.,
Del Signore S.J., Cormier K., Shimony E.M., Wang H., Fer-
rante R.J., et al. // J. Neurosci. 2008. V. 28. Ne 38. P. 9473—

VOL. 12 Ne 3 (46) 2020 | ACTA NATURAE |77



REVIEWS

9485. doi: 10.1523/JNEUROSCI.1867-08.2008.

166. Bezprosvanny I.B. // Acta Naturae. 2010.T. 1. Ne 4.
P. 80—88.

167. Bachurin S.O., Shevtsova E.P, Kireeva E.G., Oxenkrug
G.F,, Sablin S.O. // Ann. N. Y. Acad. Sci. 2003. V. 993. P. 334—
344; discussion 345—339. doi: 10.1111/j.1749-6632.2003.
tb07541.x.

168. Neganova M.E., Klochkov S.G., Afanasieva SV., Chudi-
nova E.S., Serkova T.P.,, Shevtsova E.F. // Eur. Neuropsy-
chopharmacol. 2014. V. 24. P. 262.

169. Neganova ML.E., Klochkov S.G., Petrova L.N., Shevtsova
E.F., Afanasieva SV, Chudinova E.S., Fisenko V.P, Ba-
churin S.O., Barreto G.E., Aliev G. // CNS Neurol. Disord.
Drug Targets. 2017. V. 16. Ne 3. P. 351—355.

170. Hardy J. // Neuron. 2006. V. 52. Ne 1. P. 3—13. doi:
10.1016/j.neuron.2006.09.016.

171. Li X, Bao X., Wang R. // Mol. Med. Rep. 2016. V. 14. No 2.
P. 1043-1053. doi: 10.3892/mmr.2016.5390.

172. Cheung P, Allis C.D., Sassone-Corsi P. // Cell. 2000.

V. 103. Ne 2. P. 263—271. doi: 10.1016/s0092-8674(00)00118-5.
173. Dejligbjerg M., Grauslund M., Litman T., Collins L., Qian
X., Jeffers M., Lichenstein H., Jensen P.B., Sehested M. //

Mol. Cancer. 2008. V. 7. P. 70. doi: 10.1186/1476-4598-7-70.

174. Hrabeta J., Stiborova M., Adam V., Kizek R.,
Eckschlager T. // Biomed. Pap. Med. Fac. Univ. Palacky
Olomouc Czech Repub. 2014. V. 158. Ne 2. P. 161-169. doi:
10.5507/bp.2013.085.

175. Chen F,, Du Y, Esposito E., Liu Y., Guo S., Wang X., Lo
E.H., Changhong Xing C., Ji X. // Transl. Stroke Res. 2015.
V. 6. Ne 6. P. 478—484. doi: 10.1007/s12975-015-0429-3.

176. Ziemka-Nalecz M., Zalewska T. // Acta Neurobiol. Exp.
(Wars.). 2014. V. 74. Ne 4. P. 383—395.

177. Gomazkov O.A. // Experimental and clinical pharmacol-
ogy. 2015. T. 78. Ne 11. P. 35—44.

178. Zhang K., Schrag M., Crofton A., Trivedi R., Vinters H.,
Kirsch W. // Proteomics. 2012. V. 12. Ne 8. P. 1261—1268. doi:
10.1002/pmic.201200010.

179. Ziemka-Nalecz M., Jaworska J., Sypecka J., Zalewska T.
// J. Neuropathol. Exp. Neurol. 2018. V. 77. Ne 10. P. 855—870.
doi: 10.1093/jnen/nly073.

180. Vaiserman A.M., Pasyukova E.G. // Front. Genet. 2012.
V. 3. P. 224. doi: 10.3389/fgene.2012.00224.

181. Hahnen E., Hauke J.,, Trankle C., Eyupoglu LY., Wirth
B, Blumcke I. // Expert. Opin. Investig. Drugs. 2008. V. 17.
Ne 2. P. 169—184. doi: 10.1517/13543784.17.2.169.

182. Qing H., He G., Ly PT,, Fox C.J., Staufenbiel M., Cai F.,
Zhang Z., Wei S., Sun X., Chen C.-H,, et al. // J. Exp. Med.
2008. V. 205. Ne 12. P. 2781-2789. doi: 10.1084/jem.20081588.

183. Ricobaraza A., Cuadrado-Tejedor M., Marco S., Perez-
Otano I, Garcia-Osta A. // Hippocampus. 2012. V. 22. Ne 5.
P. 1040—-1050. doi: 10.1002/hipo.20883.

184. Huang J., Chen Y.J,, Bian W.H,, Yu J,, Zhao YW, Liu X.Y.
// Chin. Med. J. (Engl.). 2010. V. 123. Ne 10. P. 1311-1314.

185. Zhang Z., Qin X,, Tong N., Zhao X., Gong Y., Shi Y., Wu
X.// Exp. Eye Res. 2012. V. 94. Ne 1. P. 98—108. doi: 10.1016/j.
exer.2011.11.013.

186. Zhang Z.Y., Schluesener H.J. // J. Neuropathol.

Exp. Neurol. 2013. V. 72. Ne 3. P. 178—185. doi: 10.1097/
NEN.0b013e318283114a.

187. Benito E., Urbanke H., Ramachandran B., Barth J,,
Halder R., Awasthi A., Jain G., Capece V., Burkhardt S,
Navarro-Sala M, et al. // J. Clin. Invest. 2015. V. 125. Ne 9.
P. 3572—3584. doi: 10.1172/JCI79942.

188. Guan J.S., Haggarty S.J., Giacometti E., Dannenberg
J.H., Joseph N., Gao J.,, Nieland T.J.F., Zhou Y., Wang

78| ACTANATURAE| VOL. 12 Ne 3 (46) 2020

X., Mazitschek R., et al. // Nature. 2009. V. 459. Ne 7243.
P. 55—60. doi: 10.1038/nature07925.

189. Akhtar M.W.,, Raingo J., Nelson E.D., Montgomery R.L.,
Olson E.N,, Kavalali ET., Monteggia L.M. // J. Neurosci.
2009. V. 29. Ne 25. P. 8288—8297. doi: 10.1523/JNEUROS-
CI.0097-09.2009.

190. McQuown S.C., Barrett R.M., Matheos D.P.,, Post R.J.,
Rogge G.A., Alenghat T., Mullican S.E., Jones S., Rusche
J.R., Lazar M.A,, et al. // J. Neurosci. 2011. V. 31. No 2. P. 764—
774. doi: 10.1523/JNEUROSCI.5052-10.2011.

191. Bardai F.H., D’Mello S.R. // J. Neurosci. 2011. V. 31. No 5.
P. 1746—-1751. doi: 10.1523/JNEUROSCI.5704-10.2011.

192. Bali P, Pranpat M., Bradner J., Balasis M., Fiskus W.,
Guo F, Rocha K., Kumaraswamy S., Boyapalle S., Atadja
P, etal // J. Biol. Chem. 2005. V. 280. Ne 29. P. 26729—-26734.
doi: 10.1074/jbc.C500186200.

193. Zhao Z., Xu H., Gong W. // Protein Pept. Lett. 2010. V. 17.
Ne 5. P. 555—558. doi: 10.2174/092986610791112620.

194. Ding H., Dolan P.J.,, Johnson G.V. // J. Neurochem.

2008. V. 106. Ne 5. P. 2119—2130. doi: 10.1111/j.1471-
4159.2008.05564 .x.

195. Chen S., Owens G.C., Makarenkova H., Edelman D.B.

// PLoS One. 2010. V. 5. Ne 5. P. e10848. doi: 10.1371/journal.
pone.0010848.

196. Rivieccio M.A., Brochier C., Willis D.E., Walker B.A.
D’Annibale M.A., McLaughlin K., Siddiq A., Kozikowski
AP, Jaffrey S.R. Twiss J.L.., et al. // Proc. Natl. Acad.

Sci. USA. 2009. V. 106. Ne 46. P. 19599—-19604. doi: 10.1073/
pnas.0907935106.

197. Bolger T.A., Yao T.P. // J. Neurosci. 2005. V. 25. Ne 41.

P. 9544—-9553. doi: 10.1523/JNEUROSCI.1826-05.2005.

198. Gao J., Wang W.Y., Mao YW, Graff J., Guan J.S., Pan L.,
Pan L., Mak G., Kim D, Su S.C, et al. // Nature. 2010. V. 466.
Noe 7310. P. 1105—1109. doi: 10.1038/nature09271.

199. Julien C., Tremblay C., Emond V., Lebbadi M., Sa-
lem N, Jr., Bennett D.A., Calon F. // J. Neuropathol.

Exp. Neurol. 2009. V. 68. Ne 1. P. 48—58. doi: 10.1097/
NEN.0b013e3181922348.

200. Endres K., Fahrenholz F. // FEBS J. 2010. V. 277. Ne 7.
P. 1585—-1596. doi: 10.1111/j.1742-4658.2010.07566.x.

201. Kawamura Y., Uchijima Y., Horike N., Tonami K., Nishi-
yama K., Amano T., Asano T\, Kurihara Y., Kurihara H. //
J. Clin. Invest. 2010. V. 120. Ne 8. P. 2817—-2828. doi: 10.1172/
JCI42020.

202. Kim S.H., Lu H.F,, Alano C.C. // PLoS One. 2011. V. 6.
Noe 3. P. e14731. doi: 10.1371/journal.pone.0014731.

203. Yang S.S., Zhang R., Wang G., Zhang Y.F. // Transl.
Neurodegener. 2017. V. 6. P. 19. doi: 10.1186/s40035-017-0089-
1.

204. Sweeney P, Park H., Baumann M., Dunlop J., Frydman
J., Kopito R., McCampbell A., Leblanc G., Venkateswaran
A., Nurmi A, et al. // Transl. Neurodegener. 2017. V. 6. P. 6.
doi: 10.1186/s40035-017-0077-5.

205. Weydt P, La Spada A.R. // Expert. Opin. Ther. Targets.
2006. V. 10. Ne 4. P. 505—513. doi: 10.1517/14728222.10.4.505.

206. Gandhi J., Antonelli A.C., Afridi A., Vatsia S., Joshi
G., Romanov V., Murray IV.J., Khan S.A. // Rev. Neu-
rosci. 2019. V. 30. Ne 4. P. 339—358. doi: 10.1515/revneu-
ro-2016-0035.

207. Chung C.G., Lee H., Lee S.B. // Cell. Mol. Life Sci. 2018.
V. 75. Ne 17. P. 3159—3180. doi: 10.1007/s00018-018-2854-4.
208. Ross C.A., Poirier M.A. // Nat. Med. 2004. V. 10 Suppl. P.

S10—-17. doi: 10.1038/nm1066.

209. Kaplan B, Ratner V., Haas E. // J. Mol. Neurosci. 2003.

V. 20. Ne 2. P. 83—92. doi: 10.1385/JMN:20:2:83.



REVIEWS

210. Lavedan C. // Genome Res. 1998. V. 8. Ne 9. P. 871-880.
doi: 10.1101/gr.8.9.871.

211. Tarasova TV, Lytkina O.A., Roman AYu., Ba-
churin S.O,, Ustyugov A.A. // Reports of the Academy
of Sciences. 2006. T. 466. Ne 5. P. 620—623. doi: 10.7868/
S0869565216050285.

212. Kim W.S., Kagedal K., Halliday G.M. // Alzheimers Res.
Ther. 2014. V. 6. No 5. P. 73. doi: 10.1186/s13195-014-0073-2.

213. Spillantini M.G., Schmidt M.L., Lee V.M., Trojanowski
J.Q., Jakes R., Goedert M. // Nature. 1997. V. 388. Ne 6645.
P. 839—-840. doi: 10.1038/42166.

214. Mahul-Mellier A L., Burtscher J., Maharjan N., Weerens
L., Croisier M., Kuttler F., Leleu M., Knott G.W., Lashuel
H.A. // Proc. Natl. Acad. Sci. USA. 2020. V. 117. Ne 9. P. 4971—
4982. doi: 10.1073/pnas.1913904117.

215. Kohan V., Vankin G., Ninkina N., Bachurin S., Shamaki-
na I. // PRoblems of drug addiction. 2012. Ne 1. P. 70—83.

216. Galasko D. // Neurol. Clin. 2017. V. 35. Ne 2. P. 325—338.
doi: 10.1016/j.ncl.2017.01.004.

217. Kosaka K. // Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2014.
V. 90. Ne 8. P. 301-306. doi: 10.2183/pjab.90.301.

218. Sanford A.M. // Clin. Geriatr. Med. 2018. V. 34. Ne 4.

P. 603—-615. doi: 10.1016/j.cger.2018.06.007.

219. Chartier-Harlin M.C., Crawford F., Houlden H., Warren
A., Hughes D,, Fidani L., Goate A., Rossor M., Roques P,,
Hardy J, et al. // Nature. 1991. V. 353. Ne 6347. P. 844—846.
doi: 10.1038/353844a0.

220. Goate A., Chartier-Harlin M.C., Mullan M., Brown J.,
Crawford F., Fidani L., Giuffra L., Haynes A., Irving N,
James L., et al. // Nature. 1991. V. 349. Ne 6311. P. 704—706.
doi: 10.1038/3497044a0.

221. Haass C., Selkoe D.J. // Nat. Rev. Mol. Cell. Biol. 2007.

V. 8. Ne 2. P. 101-112. doi: 10.1038/nrm2101.

222. Dinamarca M.C,, Rios J.A., Inestrosa N.C. // Front.
Physiol. 2012. V. 3. P. 464. doi: 10.3389/fphys.2012.00464.

223. Lashuel H.A., Hartley D., Petre B.M., Walz T., Lans-
bury PT., Jr. // Nature. 2002. V. 418. Ne 6895. P. 291. doi:
10.1038/418291a.

224. Lin H., Bhatia R., Lal R. // FASEB J. 2001. V. 15. Ne 13.

P. 2433-2444. doi: 10.1096/£j.01-0377com.

225. Shankar G.M., Bloodgood B.L., Townsend M., Walsh
D.M,, Selkoe D.J., Sabatini B.L.. // J. Neurosci. 2007. V. 27.
Ne 11. P. 2866—2875. doi: 10.1523/JNEUROSCI.4970-06.2007.

226. Shankar G.M., Li S., Mehta T.H., Garcia-Munoz A.,
Shepardson N.E., Smith I, Brett F.M., Farrell M.A., Row-
an M.J.,, Lemere C.A,, et al. // Nat. Med. 2008. V. 14. Ne 8.

P. 837—842. doi: 10.1038/nm1782.

227.Li S, Hong S., Shepardson N.E., Walsh D.M., Shankar
G.M,, Selkoe D. // Neuron. 2009. V. 62. Ne 6. P. 788—801. doi:
10.1016/j.neuron.2009.05.012.

228. Bourdenx M., Koulakiotis N.S., Sanoudou D., Bezard E.,
Dehay B., Tsarbopoulos A. // Prog. Neurobiol. 2017. V. 155.
P. 171-193. doi: 10.1016/j.pneurobio.2015.07.003.

229. Gomes G.M., Dalmolin G.D., Bar J., Karpova A., Mello
C.F, Kreutz M.R., Rubin M.A. // PLoS One. 2014. V. 9. Ne 6.
P. €99184. doi: 10.1371/journal.pone.0099184.

230. Talantova M., Sanz-Blasco S., Zhang X., Xia P., Akhtar
MW, Okamoto S., Dziewczapolski G., Nakamura T., Cao G.,
Pratt A.E, et al. // Proc. Natl. Acad. Sci. USA. 2013. V. 110.
Ne 27. P. E2518—2527. doi: 10.1073/pnas.1306832110.

231. Roberson E.D., Scearce-Levie K., Palop J.J., Yan F.,
Cheng IL.H., Wu T., Gerstein H., Yu G.Q., Mucke L. //
Science. 2007. V. 316. Ne 5825. P. 750—754. doi: 10.1126/sci-
ence.1141736.

232. Frost B., Gotz J., Feany M.B. // Trends Cell Biol. 2015.

V. 25. Ne 1. P. 46—53. doi: 10.1016/j.tcb.2014.07.005.

233. Santacruz K., Lewis J., Spires T., Paulson J., Kotilinek L.,
Ingelsson M., Guimaraes A., DeTure M., Ramsden M., Mc-
Gowan E., et al. // Science. 2005. V. 309. Ne 5733. P. 476—481.
doi: 10.1126/science.1113694.

234. Zilka N., Kontsekova E., Novak M. // J. Alzheimers Dis.
2008. V. 15. Ne 2. P. 169—179. doi: 10.3233/jad-2008-15203.

235. Kovacech B., Skrabana R., Novak M. // Neurodegener.
Dis. 2010. V. 7. Ne 1-3. P. 24—27. doi: 10.1159/000283478.

236. Novak M., Kabat J., Wischik C.M. // EMBO J. 1993. V. 12.
Ne 1. P. 365—370.

237. Wischik C.M., Novak M., Thogersen H.C., Edwards P.C.,
Runswick M.J., Jakes R., Walker J.E., Milstein C., Roth
M., Klug A. // Proc. Natl. Acad. Sci. USA. 1988. V. 85. No 12.
P. 4506—4510. doi: 10.1073/pnas.85.12.4506.

238. Wischik C.M., Novak M., Edwards P.C,, Klug A., Tiche-
laar W., Crowther R.A. // Proc. Natl. Acad. Sci. USA. 1988.
V. 85. Ne 13. P. 4884—-4888. doi: 10.1073/pnas.85.13.4884.

239. Dickey C.A., Petrucelli L. // Expert. Opin. Ther. Targets.
2006. V. 10. Ne 5. P. 665—676. doi: 10.1517/14728222.10.5.665.

240. Pickhardt M., von Bergen M., Gazova Z., Hascher
A., Biernat J., Mandelkow E.-M., Mandelkow E. //

Curr. Alzheimer Res. 2005. V. 2. Ne 2. P. 219—226. doi:
10.2174/1567205053585891.

241. Necula M., Chirita C.N., Kuret J. // Biochemistry. 2005.
V. 44. Ne 30. P. 10227-10237. doi: 10.1021/0i0503870.

242. Wischik C.M., Edwards P.C., Lai RY,, Roth M., Harring-
ton C.R. // Proc. Natl. Acad. Sci. USA. 1996. V. 93. Ne 20.

P. 11213—-11218. doi: 10.1073/pnas.93.20.11213.

243. Igbal K., Grundke-Igbal I. // Cell. Mol. Life Sci. 2007.

V. 64. Ne 17. P. 2234—2244. doi: 10.1007/s00018-007-7221-9.

244.Igbal K., Grundke-Igbal I. // Curr. Drug. Targets. 2004.
V. 5. Ne 6. P. 495—-502. doi: 10.2174/1389450043345254.

245. Zhang B., Maiti A., Shively S., Lakhani F., McDon-
ald-Jones G., Bruce J., Lee E.B,, Xie S.X,, Joyce S, Li
C, etal. // Proc. Natl. Acad. Sci. USA. 2005. V. 102. No 1.

P. 227—-231. doi: 10.1073/pnas.0406361102.

246. Dickey C.A., Ash P, Klosak N., Lee W.C.,, Petrucelli L.,
Hutton M., Eckman C.B. // Mol. Neurodegener. 2006. V. 1.
P. 6. doi: 10.1186/1750-1326-1-6.

247. Dickey C.A. Eriksen J., Kamal A., Burrows F., Ka-
sibhatla S., Eckman C.B., Hutton M, Petrucelli L. //

Curr. Alzheimer Res. 2005. V. 2. Ne 2. P. 231-238. doi:
10.2174/1567205053585927.

248. Tabira T. // Tohoku J. Exp. Med. 2010. V. 220. No 2.
P. 95-106. doi: 10.1620/tjem.220.95.

249. Schneider A., Mandelkow E. // Neurotherapeutics. 2008.
V. 5. Ne 3. P. 443—457. doi: 10.1016/j.nurt.2008.05.006.

250. Taniguchi T., Sumida M., Hiraoka S., Tomoo K., Kake-
hi T, Minoura K., Sugiyama S., Inaka K., Ishida T., Saito
N, et al. // FEBS Lett. 2005. V. 579. Ne 6. P. 1399—1404. doi:
10.1016/j.febslet.2005.01.039.

251. Sigurdsson E.M., Scholtzova H., Mehta P.D., Fran-
gione B., Wisniewski T. // Am. J. Pathol. 2001. V. 159. Ne 2.
P. 439—447. doi: 10.1016/s0002-9440(10)61715-4.

252. Janus C., Pearson J., McLaurin J., Mathews P.M., Jiang
Y., Schmidt S.D., Chishti M.A., Horne P, Heslin D., French
J., et al. // Nature. 2000. V. 408. Ne 6815. P. 979—982. doi:
10.1038/35050110.

253. Schenk D., Barbour R., Dunn W,, Gordon G., Grajeda
H., Guido T., Hu K., Huang J., Johnson-Wood K., Khan
K, et al. // Nature. 1999. V. 400. Ne 6740. P. 173—177. doi:
10.1038/22124.

254. Boutajangout A., Quartermain D., Sigurdsson E.M. //
J. Neurosci. 2010. V. 30. Ne 49. P. 16559—-16566. doi: 10.1523/

VOL. 12 Ne 3 (46) 2020 | ACTA NATURAE |79



REVIEWS

JNEUROSCI.4363-10.2010.

255. Asuni A.A., Boutajangout A., Quartermain D., Sigurds-
son E.M. // J. Neurosci. 2007. V. 27. Ne 34. P. 9115—-9129. doi:
10.1523/JNEUROSCI.2361-07.2007.

256. Blokhuis A.M., Groen E.J., Koppers M., van den Berg
L.H, Pasterkamp R.J. // Acta Neuropathol. 2013. V. 125.
Ne 6. P. 777-794. doi: 10.1007/s00401-013-1125-6.

80| ACTANATURAE| VOL.12 Ne 3 (46) 2020

257. Prasad A., Bharathi V., Sivalingam V., Girdhar A., Patel
B.K. // Front. Mol. Neurosci. 2019. V. 12. P. 25. doi: 10.3389/
fnmol.2019.00025.

258. Arrasate M., Finkbeiner S. // Exp. Neurol. 2012. V. 238.
Ne 1. P. 1-11. doi: 10.1016/j.expneurol.2011.12.013.

259. Finkbeiner S. // Cold Spring Harb. Perspect. Biol. 2011.
V. 3. Ne 6. P. a007476. doi: 10.1101/cshperspect.a007476.



	Epithelial–Mesenchymal Transition: Role in Cancer Progression and the Perspectives of Antitumor Treatment
	Supramolecular Organization As a Factor of Ribonuclease Cytotoxicity
	Development of Antimicrobial Therapy Methods to Overcome the Antibiotic Resistance of Acinetobacter baumannii
	Infectious Plant Diseases: Etiology, Current Status, Problems and Prospects in Plant Protection
	Promising Molecular Targets for Pharmacological Therapy of Neurodegenerative Pathologies
	Molecular Principles of Insect Chemoreception
	Cytokine Profile As a Marker of Cell Damage and Immune Dysfunction after Spinal Cord Injury
	Near-Infrared Activated Cyanine Dyes As Agents for Photothermal Therapy and Diagnosis of Tumors
	GLAD-PCR Assay of R(5mC)GY Sites in the Regulatory Region of Tumor-Suppressor Genes Associated with Gastric Cancer
	Synthesis and Antiviral Properties of 1-Substituted 3-[ω-(4-Oxoquinazolin-4(3H)-yl)alkyl]uracil Derivatives

