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Abstract—Under the influence of external and internal factors, various changed proteins inevitably arise in
cells. With age, the activity of chaperones and other components of cellular control over protein quality
decreases. This is accompanied by the accumulation of misfolded proteins with altered conformations. The
most dramatic event for the cell is the transformation of an active soluble protein into an amyloid insoluble
and inactive state. It is believed that this change in protein conformation underlies the process of neurode-
generation. Although this process is being intensively studied, many details of neurodegeneration remain
unclear. In this review, we present the currently most accepted molecular mechanisms of the pathogenesis of
the most common neurodegenerative diseases, Alzheimer’s and Parkinson’s. They include sequential reac-
tions B-amyloid and o-synuclein with membrane receptors and are modulated by phase separation and cross-
seeding with other cellular prions. Particular attention is paid to natural polyfunctional compounds as the

most therapeutically promising.
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INTRODUCTION

Neurodegeneration caused by a conformational
change in a protein, despite many years of intensive
study, remains one of the most pressing problems in
molecular cell biology and medicine. In this review,
we have tried to present generally accepted concepts of
the pathogenesis of the most common neurodegener-
ative diseases, Alzheimer’s (AD) and Parkinson’s
(PD), as well as modern approaches to the search for
substances to combat them.

PROTEIN ISOFORM GENERATION

Under the action of external and internal factors at
the level of transcription, translation, or post-transla-
tional modifications, various protein forms, or proteo-
forms, inevitably arise in the cell. The most cardinal of
them is the conversion of the active soluble state to the
amyloid, insoluble and inactive state. It is widely
believed that the ability to form amyloid fibrils is
inherent in all polypeptide chains. In other words,
even typically nonamyloid proteins, under certain cir-
cumstances, are transformed into either an amyloid or

Abbreviations: BA—B-amyloid; AS—o-synuclein; ROS—reac-
tive oxygen species; AD—Alzheimer’s disease; PD—Parkinson’s
disease; RP—red yeast pigment; NMO—nonmembrane organ-
elle; TAG—triacylglycerol; ES—ester of sterol; EGCG—epiga-
locatechin gallate; calcein—AM—calcein acetoxymethyl.

an amyloid-like state (Stefani and Dobson, 2003). The
cause of this is usually an imbalance between native
folding and protein aggregation. The main compo-
nents of the control system, proteostasis, ensure either
the correction of the nonfunctional form of the pro-
tein or its proteolysis (Franic et al., 2021). An imbal-
ance most often leads to a decrease in the activity of
either lysosomal (Desplats et al., 2009; Hamano et al.,
2018), or a dynein—dynactin complex delivering the
defective protein to the autophagosome (Kieran et al.,
2005). Short-lived proteins involved in the regulation
of cell signaling systems are usually degraded by ubig-
uitin-proteasome parthway. Long-lived cellular com-
ponents, organelles and protein aggregates, are
destroyed by the cell with the help of lysosomal sys-
tems. Delivery of these components to lysosomes is
carried out in the process of autophagy, including
chaperone-mediated autophagy. With aging, the
activity of chaperones and cellular control proteins
decreases, resulting in the accumulation of misfolded
proteins with altered secondary and tertiary structures.

PATHOGENESIS OF ALZHEIMER'’S DISEASE

Conformational = neurodegenerative  diseases
(chronic and progressive forms of proteinopathies)
have common features: death of neurons in specific
areas of the brain, damage to synapses, and accumula-
tion of misfolded protein aggregates, leading to
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impaired cognitive and a number of other neuronal
functions. The common cause of these diseases is that
soluble, correctly folded proteins that perform regula-
tory functions in nerve cells and synapses undergo
amyloidization, turning into nonfunctional insoluble
aggregates or polymers, the monomers of which
are the proteins themselves with a changed conforma-
tion. Amyloid aggregation is based on the ability of
proteins to self-assemble, which results in the forma-
tion of B-pleated secondary structures stabilized by
intermolecular hydrogen bonds. Short polymers con-
taining B-layers are called “seeds” or “propagons,”
since they significantly accelerate the self-assembly
process through the templated mechanism of amyloid
reproduction.

Huge clinical and experimental material obtained
at the cellular and organismal levels has been inten-
sively studied over the past decades (more than 3). The
most common neurodegenerative disease, AD, is
associated with damage to synapses and neurons,
mainly cholinergic, related to the hippocampus and
cerebral cortex (Braak et al., 2006). It is symptomatic
of confusion and memory loss. In the brain of patients,
in the intercellular space, deposits (plaques) are
found, consisting of B-amyloid fibrils (BA) and net-
works of neurofibrillary strands of T protein. The
deposits of these proteins serve as the main diagnostic
marker of AD. Although BA is formed outside the cell,
and the T protein is within, the aggregation of these
proteins has an interdependent character (Bennett
et al., 2017; Jacobs et al., 2018).

Functionally active BA results from the cleavage of
the soluble APP precursor protein by three secretases:
o, B, and y. The main pathway of proteolysis begins
with the action of a-secretase and leads to the forma-
tion of the soluble sSAPP-o protein and the 83-amino-
acid nonamyloidogenic protein. Minor amyloi-
dogenic proteolysis at the first stage is carried out by
B-secretase. It leads to the soluble protein SAPP-J3,
from which o-secretase cleaves the protein BA, which
contains from 37 to 42 amino acids. Functional pro-
teins, including the APP precursor protein, play a pos-
itive regulatory role in normal brain development and
synapse activity, as well as neuroprotection (Hillen,
2019; Penke et al., 2019). In particular, BA not only
ensures the normal functioning of synapses, but is also
needed by nerve cells for regeneration and to maintain
the blood—brain barrier. Its antimicrobial and antiviral
activity has also been shown. However, the protein
structure of BA provides its ability to, first, assemble
into soluble intermediates and, then, turn into insolu-
ble fibrils.

On the way to the formation of mature amyloid
fibrils, intermediates appear, which are usually divided
into three main groups: oligomers, protofibrils, and
fibrils that differ in basic parameters. Thus, the oligo-
mers formed at the early stages of fibrillation have a
structure with antiparallel B-layers and are not stained
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with amyloid-specific dyes (thioflavins and Congo
red). They are soluble, highly variable in their mor-
phology, and react with antibodies to oligomers.

The class of protofibrils is distinguished by the par-
allel arrangement of B-layers and binding to amyloid-
specific dyes, as well as the reaction to antibodies
against amyloid fibrils. However, like oligomers, they
remain soluble and retain great morphological diver-
sity. The class of fibrils is characterized by a parallel
direction of B-layers, binding to dyes typical of amy-
loids, reacts to fibrillar antibodies, but, unlike the two
previous intermediates, consists of linear insoluble fil-
aments, twisting into strands as they mature (Fig. 1)
(Penke et al., 2020). Mature fibrils are usually slightly
toxic, and under certain conditions they can even per-
form a certain function, most often a protective one.

Numerous evidence has been obtained that oligo-
mers, rather than mature fibrils, are the most toxic
intermediates (see review Dujardin et al., 2014). It is
believed that small-sized oligomers that appear at the
earliest stages of aggregation have a primary pro-
nounced toxic effect (Chernova et al., 2019). At the
same time, the ends of the polymer, penetrating into
the membrane of the nerve cell and destroying it, serve
as one of the main causes of BA toxicity (Wells et al.,
2021). Therefore, oligomers, as smaller polymers, are
more dangerous for the cell than fibrils. Model exper-
iments with growing different amyloids clearly show
that the longer the fibrils, the less their toxicity (Xue
et al., 2010).

Recent studies have revealed an interesting fact that
is important for the search for effective AD therapy. It
turned out that not all oligomers have a pathological
effect in vitro and in vivo. In a number of studies,
oligomers are divided into toxic and nontoxic subpop-
ulations (Lorenzen et al.,2014; Paslavski et al., 2014;
Alam et al., 2019; Penke et al., 2020). Toxic oligomers
of the first type have a relatively high molecular weight
of more than 50 kDa, are rich in B-layers, do not bind
to plaques, do not react with antibodies to fibrils, and
impair memory when injected into mice. Oligomers of
the second type have a molecular weight of less than
50 kDa, are rich in o helices, and do not lose the func-
tions that monomers carry. They do not form fibrils,
they bind to plaques, they react to antibodies to fibrils,
and, being nontoxic, they do not impair memory.

The pathogenesis of AD is a long multistage pro-
cess in which toxic BA oligomers act as triggers after
the hydrophobic areas on their surface interact with
the lipid layer of the cell membrane of the neuron. The
key role in the pathogenesis of AD is presumably
played by BA oligomers and modified forms of the
membrane T protein, primarily oligomers and hyper-
phosphorylated 7t fibrils (Penke et al., 2020; Niewi-
adomska et al., 2021).

In the first pathological process, PA oligomers
form complexes with specific receptor proteins. A spe-
cial role is assigned to the cellular prion protein PrP. It
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Fig. 1. Assembly of units B-amyloid (BA) and their possible transformations. (/) Ribosome, (2) unfolded native monomer,
(3) disordered aggregates, (4) chaperones, (39) folded protein containing o~ helices and B- layers, (6) oligomer with o~ helical
structure,(7) oligomer consisting of § -layers, (8) soluble protofibrils with parallel B- layers, (9) proteasome in which aggregates
undergo hydrolysis, (/0) amino acids, (/) insoluble fibrils, and (/2) deposits consisting of large amyloid aggregates and a net-

work of strands of T protein (plaques).

is a glycosylated protein localized (anchored) in the
lipid layers of the membrane. The toxic effect of PrP
binding to BA, is shown in Drosophila (Younan et al.,
2018). In its intact monomeric form, PrP is involved in
signal transmission, and altered forms of this protein
significantly affect the development of AD (Hachiya
et al., 2021; Konig et al., 2021). In addition, the prion
form of PrP—Sc changes the structure and expression
of the T protein, which is also associated with the cell
membrane. Normally, phosphorylated T protein binds
to microtubulins, ensuring the stability of the genetic
material of neurons, and by binding to actin, it partic-
ipates in the work of the cytoskeleton, protecting the
ends of microtubulins from depolymerization. Due to
alternative splicing, varying degrees of phosphoryla-
tion and fibrillation in neurons, there is a wide variety
of T protein isoforms. In AD, due to interaction with
amyloid BA, oligomerization of the T protein occurs,
which reduces its ability to bind to microtubulins and
perform its functions (Barbier et al., 2019).

A change in signaling under the action of BA oligo-
mers leads to the appearance of toxic hyperphosphor-
ylated forms of the T protein, both monomeric and
oligomeric proteoforms. At the same time, it turns into
strands that prevent the formation of stress granules,
and in this state becomes highly toxic. Hyperphos-
phorylation is accompanied by the transformation of
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protein molecules into bundles of tangled filaments or
a network of neurofibrillary strands (NETs), which is
always found in the brain of AD patients. But although
these strands are composed of toxic isoforms, they do
not necessarily lead to neuronal dysfunction. The key
role in the induction and development of toxicity
belongs to the oligomers of the T protein, regardless of
the degree of their phosphorylation. They have a
developed B-structure and the mechanism of their
pathological action on neurons differs from BA. They
cause multiple disorders due to exocytosis and the
ability to spread to surrounding nerve cells due to
endocytosis. Pathological processes triggered by
oligomers BA in the intercellular space and T protein
inside the cell are very diverse (Nygaard et al., 2014;
Zhang et al., 2019a). These are violations of genomic
stability, energy and ion exchange, mitochondrial
functions, cell signaling, synaptic conduction, micro-
tubulin assembly, damage to the neuronal cytoskele-
ton, axonal transport, and the proteolytic system. It
should be noted that an increase in A in the cerebro-
spinal fluid of patients is detected before the appear-
ance of increased levels of toxic forms of T protein;
therefore, it is believed that A toxic oligomers is the
main primary trigger of AD.
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PATHOGENESIS OF PARKINSON’S DISEASE

PD is the second-most-common neurodegenera-
tive disease after AD. Its external symptoms are akine-
sia, decreased tone of the skeletal and internal mus-
cles, tremor at rest, impaired coordination of move-
ments, and in some cases damage to the cognitive
sphere. These pathological changes are based on the
loss of dopaminergic neurons in an area of the brain
called the “substantia nigra.” Surviving neurons con-
tain cytoplasmic inclusions, so-called “Lewy bodies,”
which consist of a-synuclein (AS) protein in amyloid
form in the state of fibrillar structures (Baba et al.,
1998).

o-Synuclein monomers consist of 140 amino acids
and control neuronal transmission, i.e., the transmis-
sion of a nerve impulse in the synapses of dopaminer-
gic neurons. o-Synuclein aggregation blocks these
vital functions. Of the intermediates on the aggrega-
tion pathway, oligomers are considered the most toxic,
but mature fibrils, preventing neuronal transmission
in axons, also contribute to synuclein toxicity (Steph-
anis, 2012).

There are many processes involved in neuronal
death caused by a-synuclein amyloidization. They are
based on the ability of certain forms of amyloid to inte-
grate into the lipid layers of the cell membrane, violat-
ing its integrity.

At the initial stages of fibrillation, the structure of
oligomers is rich in o helices, but as the fibril grows,
the proportion of B-layers in them increases sharply.
Paslavsky et al. discovered two types of oligomers: one
incapable of monomer reverse dissociation, but capa-
ble of transforming into fibrils during elongation, and
another that is not involved in either fibril formation
or synuclein-induced pathogenesis (Paslawski et al.,
2014). Later, three classes of oligomers were proposed
(Cascella et al., 2022). The first includes tetrameric or
more complex oligomers that are rich in o helices, are
short lived, and do not differ from monomers in bio-
logical function. They are not capable of producing
aggregated amyloid forms and are not toxic. The sec-
ond one is oligomers with disordered structure, short
lifetime, sensitive to proteinase K and biologically
inert (OA). The third is oligomers of 15—30 monomers
rich in B-structure. They are long-lived, resistant to
proteinase K, and do not function as monomeric
a-synuclein (OB).

Although the OA and OB classes are able to bind to
the cell membrane, it has been shown that nontoxic
OA oligomers and toxic OB differently disrupt the
integrity of the lipid bilayer membrane (Fusco et al.,
2017). The authors used recombinant human amyloid
AS expressed in E. coli. The isolated and purified AS
fractions were added to calcein—AM-containing
model vesicles with an intact lipid membrane. Mem-
brane damage was identified from an increase in the
fluorescence of calcein released from vesicles. Incuba-
tion of vesicles with OA induced a small amount of
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calcein released from them comparable to that caused
by oa-synuclein monomers and mature fibrils. At the
same time, incubation of vesicles with OB resulted in
a release of calcein that was ten times more intense,
which indicates that OB causes significant damage to
the lipid layers. These results coincided with data
obtained on cell lines of human neuroblastoma and rat
cortical neurons: only the OB fraction induced a high
level of free calcein luminescence. It also significantly
increased the amount of ROS and cell death.

The interaction of o-synuclein oligomers with the
bilayer lipid membrane of the cell was studied by con-
focal scanning microscopy. It has been shown that
OAs have a mostly disordered structure and bind
exclusively to the membrane surface. Toxic OB oligo-
mers bind to the membrane surface by folding the
mobile N-terminal region into amphipathic o-helixes
and penetrate into the lipid layers due to core regions
rich in B-structures. In this case, the integrity of the
two-layer cell membrane is violated, accompanied by
significant damage to it. OB oligomers induce the
entry of calcium ions into the cytoplasm from the
endoplasmic reticulum or from the intercellular space.
Since o-synuclein is a lipophilic protein co-localized
with mitochondria, (Volles et al., 2001), excess cal-
cium stored in mitochondria disrupts the transport of
electrons in the respiratory chain and dysfunction of
mitochondria triggers mitophagy (Zubova, 2019).
Mitochondria are fragmented, oxidative stress occurs,
and ROSs accumulate, disrupting the functions of
other cellular structures. In particular, transition takes
place of dopamine from vesicles to the cytoplasm,
where it is highly toxic (Luth et al., 2014; Vivoli Vega
et al., 2019). The accumulation of oligomers causes
endoplasmic stress (Colla et al., 2012) and dysfunction
of the proteostasis system, disrupting processes in the
proteasome system and in the lysosomal degradation
system during autophagy (Lindersson et al., 2004;
Scudamore and Ciossek, 2018). The suppression of
autophagy, in turn, leads to the accumulation of mis-
folded proteins and increases oxidative stress, with
subsequent additional accumulation of ROS.

Cascella et al. (2021) showed that fibrils become
sources of toxic oligomers, while long fibrils are less
toxic than short ones. The authors explain this by say-
ing that a larger proportion of them consists of small
fibrils, since the “cleavage” of oligomers comes from
the ends of the fibrils. Small-sized fibrils, like OB
oligomers, interact with the surface of the cell mem-
brane due to the special structure of their N-terminal
region, but do not penetrate deeply into the membrane
and therefore do not cause significant damage in it.

The main mechanism of o-synuclein toxicity is,
thus, predominantly associated with OB oligomers
that are rich in B-structures and hydrophobic regions
oriented towards the lipid layers of the cell membrane,
while the main role of fibrils in the pathogenesis of PD
is not in damage to cell membranes, but in the fact that
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they serve as a source of toxic oligomers, and are also
necessary for the reproduction and spreading of PD by
the prion type. That is, a-synuclein aggregates act as
primers, causing amyloid conversion of monomers
even with the correct conformation and, thus, trigger-
ing pathological changes in recipient neurons. Distri-
bution of a-synuclein is carried out due to exo- and
endocytosis. Neurons secrete o.-synuclein monomers,
oligomers, and fibrils from vesicles and exosomes
through calcium-dependent exocytosis (Emmanoui-
lidou et al., 2010), and, with the help of membrane
receptors or endocytosis, free fibrils bind to the plasma
membrane and penetrate into the cytosol of nerve cells
(Hijaz and Volpicelli_Daley., 2020).

THE ROLE OF METALS IN AMYLOIDIZATION

In a number of neurodegenerative diseases, a viola-
tion of the homeostasis of metal ions has been noted:
the number of metal ions in brain cells increases up to
ten times. Normally, the protective function in the cell
is performed by neutral endopeptidase (NEP—Zn—
metallothionein), which breaks down toxic BA oligo-
mers, regulating the balance between them and mono-
mers (Russo et al., 2005), while increasing the con-
centration of BA—metalloprotein, and copper, iron,
and zinc ions act as a factor in initiating AD (Opazo
et al., 2002; Li et al., 2004). A correlation was found
between the concentrations of these ions in the brain,
the formation of BA plaques, and an increase in oxida-
tive stress associated with an imbalance in redox reac-
tions in mitochondria: an increase in the concentra-
tion of metal ions in neurons causes oxidative stress,
followed by accumulation of ROS, which is detrimen-
tal to the cell (Bush, 2003; Jomova et al., 2010).

One effective way to combat metal-induced toxic-
ity can be the search for chelate ligands, which, when
bound to metals, have a higher affinity for the cell
membrane compared to that of the metal complex
with amyloid-protein molecules. Some purine nucle-
otide analogs, being natural chelators, may be useful in
the treatment of AD, causing disaggregation of BA
and, at the same time, acting as antioxidants (Hevroni
et al., 2016). Villar-Piqué et al. (2016) showed that the
mutant H50-Q protein, binding to Cu?*, causes the
displacement of the H50 complex with copper in the
amyloid synuclein molecule. In this case, the conver-
sion of toxic forms of the OB protein into nontoxic o.-
synuclein aggregates of the OA type occurs. The
resulting oligomers were amorphous, did not bind to
thioflavin T, and were unable to act as a seed. The
structure and chelate action of some metal-containing
complexes are described in detail (see review Gomes
et al., 2020).
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CROSS-SEEDING AND HETEROTYPIC
INTERACTIONS BETWEEN AMYLOIDS

Although the mechanisms of toxicity are now
largely elucidated, it remains unclear what triggers
self-assembly, i.e., amyloid aggregation of proteins
prone to proteinopathy, in particular, BA and o-synu-
clein. It is assumed most likely that it is triggered either
by stress or by the concentration of monomers that has
reached a critical value. It has been shown that a high
concentration of monomers causes the conversion of
the native protein into a protein with a disturbed con-
formation prone to aggregation. As a result, seeding
occurs. The initial process of self-assembly is called
“primary nucleation.” It occurs in the absence of
formed amyloid aggregates and leads to the formation
of a metastable oligomeric core, from which fibrils are
then formed during elongation. The first stage of
nucleation can take a long time, but, after its comple-
tion, the next stage of secondary nucleation passes
quickly (Habchi et al., 2018). Secondary nucleation is
a process in which mature fibrils catalyze the forma-
tion of new oligomers that act as seeds. The latter not
only provide enhanced growth of fibrils, but, due to
endocytosis, spread pathology among nerve cells
through synapses (Wells et al., 2019).

With many neurodegenerative diseases, including
AD and PD, cross-seeding plays an important role in
aggregation. Seeds of one protein stimulate the nucle-
ation of others. In recent years, heterotypic interac-
tions between amyloids have been found to be quite
common in neurodegenerative diseases, and funda-
mental processes such as aggregation, nucleation, and
toxicity depend on them (Konstantoulea et al., 2021;
Subedi et al., 2022). Recent studies have shown that
heterotypic protein interactions in AD are not limited
to BA with T and PrP, but also extend to the IAPP
polypeptide that causes type 2 diabetes in humans
(Wang, Westermark, 2021). In patients with this dis-
ease, the chance of getting AD increases several times.
In experiments in vitro in various mammalian cell
lines, IAPP injections have been shown to increase
aggregation BA (Bharadwaj et al., 2020) and injections
of BA fibrils in type 2 diabetic transgenic mice have
been shown to induce IAPP aggregation (Jackson
et al., 2013).

Cross seeding, aggregation interdependence, and
physical interaction of IAPP with BA on the molecular
level were shown by Young et al. (2015). Using ion-
mobile mass spectrometry, these authors showed the
formation of heterogeneous prefibrillar structures—
hetero-oligomers. A possible explanation for the het-
erotypic relationships of these proteins lies in the sig-
nificant similarity of their primary amino-acid
sequence, which is 47%, while, in certain short sec-
tions in hydrophobic regions, which are especially
important for amyloid self-assembly, this similarity is
even greater. The steric “zipper” effect that emerges
between the B-layers of different amyloid peptides
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makes possible the effective cross-seeding. A short
fragment -GNINQQNU- was found in the yeast
prion Sup35, stimulating cross seeding both with amy-
loid BA and with IAPP amyloid and causing co-
expression of both amyloids (Zhang Y. et al., 2021 b).
The impact of cross- seeding between BA and and
enhancer protein of viral immunodeficiency display-
ing typical features of a prion (HIV/AIDS-SEVI) was
demonstrated in experiments in vivo and in vitro.
Cross -seeding resulted in an inhibitory effect of SEVI
on the aggregation and toxicity of BA (Tang et al.,
2022b).

Much information has been accumulated on the
heterotypic association of amyloids in AD and PD:
Lewy bodies have been found in the brains of many
patients with AD (Hashimoto and Masliah, 1999) and
BA plaques have been found in the brain of patients
with PD (Kalaitzakis et al., 2008). Data in vivo on
human brain tissues and transgenic mice indicate
greater neuronal degeneration and large defects in
both cognitive and motor activity with the simultane-
ous presence of both amyloids (Masliah, 2001). At the
same time, amyloids of different proteins interact both
in cells and in the extracellular matrix, which proves
the possibility of a-synuclein to be excreted from the
cell and that BA can penetrate into neurons (LaFerla et
al., 2007). The particular characteristic of interactions
BA and o synuclein is that fibrillation BA is suppressed
by monomers and oligomers of a.-synuclein, although
oligomerization of BA, on the contrary, stimulates
them (Candreva et al., 2020).

Different cell models show co-expression of
a-synuclein and T protein, which changes the aggrega-
tion kinetics and amyloid polymorphism of o-synu-
clein (Badiola et al., 2011). An interesting result was
obtained by cross seeding TKEQVTNU octopeptide
isolated from o-synuclein and IAPP amyloid: as a
result, apoptosis of pancreatic cells was significantly
reduced (Tanget al., 2022a) . The in vitro data demon-
strate that if amyloid o-synuclein and PrP are in the
state of co-acervates in nonmembrane organelles
(NMUOs), their heterologous interaction during the
liquid—solid-phase transition is greatly accelerated
(Agarwal et al., 2022).

A STRATEGY TO COMBAT
NEURODEGENERATIVE DISEASES

To form an effective strategy to combat neurode-
generative diseases, it is important to know which
molecules and processes in the cell can resist the mis-
folding and distribution of the amyloid protein. The
cellular-protein quality-control (PQC) system solves
several problems. The main one is the control of fold-
ing, refolding, and degradation with the help, first of
all, of molecular chaperones, mainly Hsp70 and
Hsp90, often acting together with co-chaperones
(Margulis et al., 2020). It has been shown that some
chaperones are involved in the processes of fibrillation
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and secondary nucleation. So, the heat-shock protein
HSP104, binding to oligomers, protofibrils and small
fibrils of BA, also suppresses their further fibrillation.
Similarly, the introduction of Hsp40 and Hsp70 chap-
erones suppresses the maturation of fibrils required for
secondary nucleation in AD and PD. A number of
amyloidogenic proteins contain about 100 amino-acid
domains that function as chaperones, limiting the for-
mation of oligomers (Cohen et al., 2015). The endog-
enous amphipathic antimicrobial peptide LL-37 binds
to the C-terminal region of o-synuclein and exhibits
chaperone activity, blocking it and, thereby, prevent-
ing its penetration into the cell membrane (Santos
etal., 2022). A yeast model shows the chaperone-
mediated action of factors sorting misfolded inactive
proteins into different intracellular deposits (Barbitoff
et al., 2017).

The suppression of oligomer-induced toxicity is
often associated with oligomer clusters. Clusterin
binds prefibrillar forms of various proteins, including
BA and a-synuclein, thereby limiting their toxicity and
nucleation (Beeg et al., 2016). In some cases, the bind-
ing of the chaperone to hydrophobic sites of BA and
with the surface of the neuron is more important than
reducing the level of aggregation of BA (Fernandez-
Funez et al., 2016). Thus, the action of some chaper-
ones of the Hsp family consists in the fact that, when
combined with the corresponding site on the amyloid
molecule, they strongly change its conformation. This
prevents the binding of amyloid to cellular receptor
proteins and, thus, blocks the launch of further patho-
logical processes (Wentink et al., 2019).

In addition, small molecules have been found and
characterized, which, like dopamine, contain one aro-
matic ring (Pena-Diaz and Ventura, 2022). Unlike
dopamine, which, while temporarily alleviating symp-
toms, does not affect the mechanisms of PD, these
substances act as molecular chaperones. They effec-
tively block aggregation, remodulating this process by
the conversion of toxic oligomers into nontoxic, so-
called “off-pathway aggregates.”

However, the use of chaperones can in some cases
lead to negative results due to the fact that a balance
between Hsp90, Hsp70, and Hsp40 is necessary for
the normal activity of proteins. In addition, an excess
of the concentration of chaperones, which cause fibril
dissociation, can lead to the opposite result due to the
formation of seeds and an increase in secondary
nucleation.

A special approach to the suppression of toxicity
BA is the use of monoclonal antibodies to the confor-
mational epitope inherent in B-rich oligomers and
fibrils, but not monomers. The same antibodies
blocked the increase in the amount of phosphorylated
T protein (Lambert et al., 2007). A similar result was
obtained when mice expressing human o-synuclein
were vaccinated with monoclonal antibodies against
protofibrils. Not only antibodies specific for oligomers
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were effective, but also peptidomimetics, which reas-
semble toxic oligomers, converting them into nontoxic
forms (Liang et al., 2019).

In some cases, a more indirect effect on cells can
lead to a decrease in toxicity. Thus, it has been shown
that fatty-acid-associated cellular proteins FABP3 and
FABP7 can serve as triggers for amyloidization in the
case of PD (Cheng et al., 2022). They are co-localized
with ai-synuclein, forming complexes with it, and their
induction stimulates oxidative stress, which, in turn,
activates oligomerization. When cells are exposed to
the ligand-modified FABP7 protein, oligomerization
and cell death are dramatically reduced.

In yeast, under stress conditions, the Lsb2 protein,
taking the prion form, promotes the assembly of other
cellular proteins and their conversion to an aggregated
state at sites associated with the cytoskeleton. In the
form of such temporary deposits, proteins are stored
until the stress ends and the Lsb2 prion is lost during
cell division (Chernova et al., 2019).

A representative of the imidazolquinolines—
imiquimod acting on certain cell receptors, has an
anti-amyloid effect on yeast and higher cell cultures,
specifically inhibiting the participation of ribosomes
in protein assembly (Banerjee and Sanyal, 2014;
Blondel et al., 2016).

In addition, nonselective degradation of protein
aggregates during proteolysis during autophagy has
been shown (Thellung et al., 2019). Spermidine is a
semi-amine that stimulates autophagy; in yeast, it
eliminates PSI* and PIN*prions. Dimebon, blocking
histamine serotonin and choline receptors, regulates
lysosomal activity and ensures degradation of BA in
the process of autophagy. The yeast model shows a
decrease in the level of aggregated BA under the action
of dimebon if the cell does not carry a mutation in the
gene ATGS necessary for the process of formation of
the phagotophore (Doody et al., 2008).

The mechanisms of apoptosis, autophagy, and pro-
tein quality control are highly conserved; therefore,
rapidly dividing and genetically well-studied yeast cells
are a very convenient object for modeling neurodegen-
erative diseases (Botstein, Fink, 2011; Tenreiro et al.,
2013; Chernoff et al., 2020). Most of the key chaper-
ones that modulate protein aggregation are the same
in yeast as in human beings; therefore, humanized
yeast is an extremely successful model for the search
for protective substances that affect different stages of
pathogenesis. Many effective and simple approaches
have been worked out on them, with the help of which
a large number of potentially promising substances
have been identified (Su et al., 2010; Faria et al., 2013;
Tardiff et al., 2013; Fernandes et al., 2014).

We will present one of them that is used in several
laboratories. Variants of human BA fused with a fluo-
rescent protein (GFP, YFP, or CFP) were obtained,
which, during accumulation and aggregation, provides
fluorescence of intracellular inclusions. Fluorescence
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suppression caused by a test substance indicates that it
suppresses aggregation BA. In this way, a direct effect
was shown on fibrillogenesis of folic acid (the oxidized
form of vitamin B9)—a substance with good anti-
inflammatory activity, as well as a number of peptido-
mimetics obtained for the amyloidogenic site of BA
(Fig.2) (Macreadie et al., 2008; Rajasekhar et al.,
2015). A detailed analysis of the results obtained on
yeast models is contained in a number of works (Cher-
nova et al., 2019; Tuite, 2019). Particular promise (at
least for the treatment of synucleinopathies) may be
presented by the use of yeast with a sensitivity muta-
tion to synuclein-induced toxicity (Sangkaew et al.,
2022).

Among patients with PD, about 15% of cases are
related to familial or hereditary forms of the disease
caused by mutations in the o-synuclein gene. Thus,
the S129 mutation, causing phosphorylation and pro-
viding better binding of fibrillar synuclein to the cell
membrane, significantly increases the distribution of
aberrant synuclein and its pathological consequences
(Zhang S. et al., 2021a). Similar mechanisms of aggre-
gation and nucleation in the A30 and A50 mutants and
the manifestations of toxicity caused by them are
effectively studied in animal models—nematode
C. elegans (A30 and A50) and fruit fly D. melanogaster
(Mizuno et al., 2010; Perni et al., 2021). Models cre-
ated using mutant lines are promising for finding rem-
edies for hereditary PD variants.

NMOs (which are also biological condensates)
often serve as the center for the formation of amyloid
and amyloid-like fibrils (Li and Liu, 2022; Simonsen
and Wollert, 2022). NMOs consist of a triacylglycerol
core (TAG) and esters of sterol (ESs) surrounded by a
phospholipid layer and form as temporary structures
between the membranes of the endoplasmic reticulum
(Choudhary et al., 2015). In these organelles, phase
separation or liquid-to-liquid phase transition occurs.
As a result, due to dehydration, the interactions
between the solvent and dissolved molecules within a
homogeneous system change, i.e., the interaction
between the macromolecule and water is replaced by
the interaction between the macromolecules them-
selves (Koopman et al., 2022). A number of studies
have shown that 40% of proteins undergo phase sepa-
ration and such proteins often contain domains with a
disordered structure (intrinsically disordered regions,
IDRs) (Vernon et al., 2018; Hardenberg et al., 2020).
The links of these domains through short sites with a
certain set of amino acids form NMOs.

Phase transitions can lead to abnormal protein
aggregation underlying many neurodegenerative
pathologies such as PD, amyotrophic lateral sclerosis,
frontal temporal dementia, and a number of tauopa-
thies (Li and Liu, 2022). However, NMOs are also
used by the cell to control proteostasis, namely, selec-
tive autophagy responsible for the degradation of mis-
folded proteins. Which process will prevail—aggrega-
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and, thus, serves as an indicator of its anti-amyloid activity.

tion of fibrils or their degradation during autophagy—
depends on the state of autophagy receptors or other
proteins involved in the synthesis of NMO and TAG
components, as well as on the molecular chaperones
incorporated into NMOs (Schepers and Behl, 2021).

Ubiquitin-dependent and -independent receptors
are membrane proteins activated by stress or dysfunc-
tion of cell organelles. They contain an interactive site
with a disordered structure, due to which they are
associated with the Atg8 protein. Receiving energy
from NMOs, Atg8 triggers the formation of an auto-
phagophore. After elongation, the mature autophago-
some, together with cargo (spoiled protein), is deliv-
ered to the lysosome, fuses with it, and undergoes deg-
radation (Jacquier et al., 2011;). In the process of
selective autophagy, the interaction of autophagic
receptors with the central (core) regions of autophagy-
controlling proteins ensures the synthesis of autopha-
gosomal membranes (Simonsen and Wollert, 2022).

Synthesis of ESs is carried out with the help of two
membrane proteins of the endoplasmic reticulum—
Arel and Are2. The yeast model showed that their
absence leads to a reduction in autophagic degradation
activity. The presence of ergosterol in the membranes
of the endoplasmic reticulum restored vacuolar activ-
ity (Hurst and Fratti, 2020). Some NMO-localized
lipases degrade TAG and ES, while others play an
essential role in autophagy (Tanguy et al., 2019).

NMOs arise as temporary formations in response
to the actions of various exogenous and endogenous
factors. Molecular chaperones intercalating into
NMOs regulate their dynamic assembly and stability.
Some chaperones switch their activity and, through
post-translational modifications, prevent or stimulate

phase transitions (Li and Liu, 2022). In addition to
chaperones, single- and double-stranded DNA,
RNA, and small RNAs act. They modulate phase sep-
aration and phase transition by inducing, for example,
the conversion of PrP to the prion form. At the same
time, antisense oligonucleotides acting on PrP protein
RNA increase the lifespan of an infected animal and,
thus, can serve as a potential remedy for prion diseases
(Silva et al., 2022).

THE MOST PROMISING ANTIAMYLOID
SUBSTANCES NATURAL AND
MULTIDIRECTIONAL IN THEIR ACTION

Particular interest from the point of view of therapy
is presented by natural products—naturally occurring
organic molecules that can effectively modulate pro-
tein aggregation (Ashrafian et al., 2021). Two natural
products belonging to the class of aminosterols—
squalamine and troduskvemin—can modulate aggre-
gation of BA and a-synuclein, changing the physico-
chemical properties of oligomers and suppressing tox-
icity in neuroblastoma cells. The mechanism of toxic-
ity suppression is associated with the chelate
displacement of amyloid aggregates from the cell
membrane in the presence of zinc ions (Perni et al.,
2018; Limbocker et al., 2021).

Natural compounds whose structure includes one
or more phenolic rings actively inhibit aggregation of
BA, and some of them also inhibit aggregation of
o-synuclein. Due to the peculiarity of the structure
of the phenol ring, they form noncovalent bonds with
B-layers that are common to all amyloidogenic struc-
tures.

CELL AND TISSUE BIOLOGY  Vol. 17

No. 6 2023



MOLECULAR MECHANISMS UNDERLYING ALZHEIMER’S AND PARKINSON’S

The original two-step system for searching for
inhibitors of o-synuclein aggregation is given by
Hideshima et al. (2022). At the first stage,
these authors transformed HelLa cells with a prefibril-
lar o-synuclein isoform labeled with a fluorescent
protein. Cells were stained with thioflavin T, which
made it possible to judge the degree of amyloidization,
and cell-based assays were performed at the second
stage. As a result of this screening, the substances were
evaluated for their ability to inhibit fibrillation without
inhibiting cell survival. Out of the 1262 low-molecu-
lar-weight substances approved for use in medicine,
the authors selected seven compounds, among which
thiamic acid containing a phenol ring turned out to be
the most promising. Testing of thiamic acid was suc-
cessfully carried out in experiments in vitro on widely
used models—mouse neurons and nematode C. ele-
gans muscle cells (Hideshima et al., 2022).

On the whole, polyphenol rings effectively suppress
the nucleation and elongation of aggregates by inter-
acting with aromatic amino-acid residues. These sub-
stances are found in berries, nuts, red wine, and green
tea. A wide range of polyphenols reduce oxidative
stress by binding metal ions. The antioxidant activity
of polyphenols such as queritin, cathetin, and rutin is
due to the chelation of Fe3*, Cu?*, and Zn?" ions,
which, in associating with the aggregated form of BA,
induce the formation of free radicals. Resveratrol,
which is found in grapes and red wine, binds to the N-
terminus of BA, preventing further oligomerization. Its
effect on proteasome activity has also been shown
(Beldona et al., 2022). Polyphenols carry out
enhanced positive regulation of such cellular antioxi-
dant enzymes as catalase, glutathione peroxidase, and
superoxide dismutase.

Among natural polyphenols, catechins are worth
noting. They effectively suppress the formation of the
PrP prion, and also change the way the APP precursor
is cleaved by the type of nonamyloidogenic hydrolysis.
Among them, a unique compound isolated from green
tea, epigalocatechin gallate (EGCG), was found,
which has multiple neuroprotective effects well stud-
ied on amyloid BA (Youn et al., 2022). EGCG directs
precursor proteolysis of BA along the nonamyloi-
dogenic pathway, thereby blocking the formation of
toxic oligomers. In addition, EGCG binds directly to
mature fibrils and transforms them into amorphous
nontoxic aggregates. In this case, the dissociation of
fibrils into monomers and oligomers does not occur
(Gauci et al., 2011; Grelle et al., 2011; Palhano et al.,
2013). EGCG also stimulates monomer aggregation of
BA, turning it into a nonstructurable and nontoxic
oligomer (Ehrnhoefer et al., 2008).

It has been shown that EGCG can transform dense
fibrillar structures of BA—Cu?"complexes, turning
them into globular aggregates with inaccessible free
ends (Tavanti et al., 2020). In this case, EGCG has a
chelating effect due to the fact that the central (core)

CELL AND TISSUE BIOLOGY Vol. 17

No.6 2023

601

region PBA possesses higher affinity to it than the com-
plex with copper. EGCG acts as a molecular chaper-
one and, in the case of PD, directs the formation of
oligomers along a nontoxic pathway (Hardenberg
et al., 2021). Cellular models have shown that EGCG
forms intermolecular hydrogen bonds with IAPP and
BA, and it turns out to be highly effective in suppress-
ing IAPP—BA heteroaggregates, reducing their co-
aggregation and cytotoxicity (Adem et al., 2022).

In a previous review, we presented our own data on
the multidirectional anti-amyloid action of another
natural compound, red pigment (RP), produced by
Saccharomycetes yeasts mutated in genes ADEIand
ADE?2 (Nevzglyadova et al., 2022). This substance, a
polymerization product of aminoimidazole ribotide,
was studied by us in experiments in vitro and in vivo.
RP significantly reduces the amount of both native
yeast amyloids themselves, which increases with age,
and aggregated proteins of BA and human o-synuclein
expressed in yeast. In model experiments with the
growth of fibrils of insulin, lysozyme, and A, RP
almost completely suppresses their growth at the pre-
fibrillar stage, contributing to the formation of stable
conglomerates. In RP-accumulating yeasts, the aggre-
gated fraction of lysates did not contain prion-depen-
dent proteins, which include some chaperones
involved in seeding induction and distribution. We
demonstrated the ability of RP to change the structure
of toxic aggregates using FRAP analysis of yeast cells
expressing o-synuclein—GFP (Nevzglyadova et al.,
2022). In cells grown in the presence of RP, the sur-
vival rate increased and the proportion of cell inclu-
sions with high diffusion, the ones most mobile and
fully restored after laser irradiation, decreased, and a
new fraction of inclusions appeared, which practically
did not restore luminescence. This composition of
cytoplasmic inclusions can be explained by the fact
that, under the action of RP, dense -layers of toxic
oligomers are transformed into a disordered structure,
and the emerging nontoxic aggregates form stable
conglomerates similar to those that arise under the
action of EGCG.

It is generally accepted that neuronal death in AD
and PD occurs due to oxidative stress and accumula-
tion of ROS. We have shown that, in the presence of
RP, ROS accumulation practically does not occur.
The protective effect of RP was confirmed in experi-
ments on transgenic Drosophila lines expressing A
proteins and human o-synuclein. These models made
it possible to see the relationship between changes
caused by RP in brain cells and improvement in
behavioral indicators: memory in AD and motor
activity in PD.

It should be noted that the difficulty in finding an
effective therapy for neuronal degradation is that it
occurs as a result of a whole cascade of processes
occurring both inside and outside the cell. Strategies
for the treatment of neurodegenerative diseases asso-
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ciated with the modulation of the mechanisms of
fibrillogenesis can lead to significant complications in
the medium and long-term stages of treatment. For
example, attempts at therapy with fibril-growth inhib-
itors do not lead to the desired result in medium-term
studies, because a small amount of toxic oligomers are
enough to trigger further pathological processes. In
addition, direct destruction of amyloid deposits (for
example, when using specific antibodies) can cause
serious complications, because as a result of fibril
decay, toxic oligomers are formed that act as a seed for
secondary nucleation. Therefore, we believe that a fur-
ther search for compounds with a multifunctional
effect, as well as substances that suppress aggregation
at the earliest stage and/or transform oligomers into a
nontoxic state, has the greatest chance of leading to
positive results.

CONCLUSIONS

In works of recent years, the most significant issue
is the decoding of the cascade mechanism underlying
neurodegeneration, including such widespread dis-
eases as Alzheimer’s and Parkinson’s diseases. The
links of this cascade include the reactions of BA and
o-synuclein with membrane receptors, as well as
modifications of aggregation by phase separation and
heterotypic interactions with other cellular amyloids.
It is noteworthy that nontoxic variants incapable of
aggregation were found among the class of soluble
oligomers considered to be triggers of the neurodegen-
eration process. It has been shown that natural poly-
functional substances that support the selection of
nontoxic oligomers are especially promising for ther-

apy.
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