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Abstract—During the last twenty years, molecular genetic investigations of Alzheimer’s disease (AD) have significantly
broadened our knowledge of basic mechanisms of this disorder. However, still no unambiguous concept on the molecular
bases of AD pathogenesis has been elaborated, which significantly impedes the development of AD therapy. In this review,
we analyze issues concerning processes of generation of two proteins (-amyloid peptide and Tau-protein) in the cell, which
are believed to play the key role in AD genesis. Until recently, these agents were considered independently of each other, but
in light of the latest studies, it becomes clear that it is necessary to study their interaction and combined effects. Studies of
mechanisms of toxic action of these endogenous compounds, beginning from their interaction with known receptors of
main neurotransmitters to specific peculiarities of functioning of signal intracellular pathways upon development of this
pathology, open the way to development of new pharmaceutical substances directed concurrently on key mechanisms of
interaction of toxic proteins inside the cell and on the pathways of their propagation in the extracellular space.
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Alzheimer’s disease (AD) is a progressive neurode-
generative disease, the most common form of dementia.
The development of AD is characterized by deterioration
in patients’ condition aggravating with years, rapid dis-
ability with a loss of the capacity for independent living
activity and, in the long run, death. Notwithstanding the
efforts of researchers and physicians during the last thirty
years, no efficient methods of AD treatment have been
developed yet.

Abbreviations: A3, beta-amyloid peptide; AD, Alzheimer’s dis-
ease; ADAM, a desintegrin and metalloproteinase domain;
AICD, amyloid precursor protein intracellular domain; APOE,
apolipoprotein E; APP, amyloid precursor protein; BACE,
beta-site amyloid precursor protein cleaving enzyme; CTF, C-
terminal fragment; FAD, familial Alzheimer’s disease; GSM,
y-secretase modulator; LXR, liver X receptor; MAPT, micro-
tubule-associated protein tau; NFT, neurofibrillary tangles;
PART, primary age-related tauopathy; PHE, paired helical fila-
ments; PPAR,, peroxisome proliferator-activated receptor v,
PrP, prion protein; PSEN, presenilin, RAGE, receptor for
advanced glycation end products; RXR, retinoid X receptor;
SNP, single-nucleotide polymorphism.
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There are millions of people over the world suffering
from AD. Diagnostics, treatment, and nursing care of
patients are extremely expensive for both governments
and the patients themselves. Epidemiological prognoses
published by the World Health Organization suggest a
remarkable deterioration of the existing state in the near-
est decades [1]. Now AD is not only an unsolved medico-
biological problem, but also a serious social and econom-
ic trouble.

Therefore, studies of basic mechanisms of AD
pathogenesis have become of great importance. The
understanding of molecular bases of this pathology is
required both for developing therapeutic methods and for
early diagnostics that are extraordinarily impeded by the
prolonged course of the asymptotic stage of the disease.
The clinical stage of the disease manifestation begins
when brain disturbances are so great that it is difficult to
expect positive effects of medical treatment. More than a
hundred years ago, A. Alzheimer, who described this dis-
ease, indicated its foremost morphological feature —
senile plaques in the brain of patients that died of AD.
These plaques consist mainly of B-amyloid peptide (AP)
having molecular mass of 4 kDa and length of about 40-
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43 amino acid residues. Af is a fragment of a transmem-
brane precursor protein of B-amyloid (APP) found in
many tissues including neuronal synapses. APP is
involved in neuroplasticity, formation of synapses, and is
required for survival of nerve cells [2]. Researchers paid
attention to Tau-protein (microtubule-associated Tau-
protein, MAPT) somewhat later than to AB. It was found
that in AD patients, Tau-protein undergoes hyperphos-
phorylation, loses its normal capacity to stabilize micro-
tubules, and aggregates inside the cell forming paired hel-
ical filaments (PHF) and neurofibrillary tangles (NFT).
The number of Tau fibrillar deposits correlates with cog-
nitive deficit. No such correlation has been found for
senile plaques with AB. Today, combined consideration of
pathogenetic processes with involvement of AB and Tau-
protein seems to be the most promising. The available
data suggest that the “pathological” oligomeric form of
one of these factors can induce generation of oligomeric
toxic forms of the other protein. Therewith, A may trig-
ger AD development, but after AR has induced patholog-
ical changes in Tau-protein, the latter affects the course
of the pathology. In this case, A itself is not already so
important.

MOLECULAR BASES OF ALZHEIMER’S DISEASE
PATHOGENESIS

Though a great number of experimental results on
morphology, biochemistry, and physiology of AD are
available in the world literature, there is still no unam-
biguous concept on the molecular mechanisms of patho-
genesis of this disease and, as a result, of adequate
approaches to its treatment and prevention. One of the
factors causing death of nerve cells and cognitive distur-
bances is pathological accumulation in brain tissue of
aggregates of AP peptide, the main component of senile
plaques, which are morphological features of AD. As a
product of proteolytic cleavage of APP, AB has clearly
expressed fibrillogenic properties, and its oligomers are
toxic to nerve cells, causing their degeneration and death
[3, 4]. Neurotoxicity of AR becomes apparent via distur-
bance of Ca?" homeostasis, induction of oxidative stress,
excitotoxicity, inflammation, and apoptosis. The latter
effect can take place, in particular, via induction of mito-
chondrial pore opening, when cell death can proceed also
by the mechanism of necrosis [5].

The second characteristic morphological feature of
AD is disturbance of cytoskeleton in nerve cells and accu-
mulation of neurofibrillary tangles (NFT) inside them.
NFT consist mainly of insoluble filaments of hyperphos-
phorylated Tau-protein [6, 7]. It is speculated that during
the neurodegenerative process, the first to be formed are
amyloid fibrils, disturbing the functioning of nerve cells,
and then neurofibrillary tangles are generated in them.
The two processes lead to degeneration and death of neu-
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rons, mainly in such brain areas as the cortex and the hip-
pocampus. Synaptic transmission is disturbed, particular-
ly in cholinergic terminals [8]. In AD patients, the con-
tent of serotonin, noradrenalin, and other monoamines
in brain tissues is reduced [9].

AD is characterized by a complex etiology. Its emer-
gence is caused by both genetic mutations and a multi-
tude of external factors. While the chief risk factor for
sporadic AD in elderly people is their age, “familial” AD
affects younger people and mainly depends on mutations
in a number of genes (in the first place, presenilin-1, pre-
senilin-2, and APP). Studies of the genetic basis of AD
greatly widen our notions on the pathogenesis of the dis-
order, though they define first its uncommon monogenet-
ic forms affecting separate families [10]. These diseases
are characterized by mutations of the above-mentioned
genes — APP, PSN-1, and PSN-2. At present, increased
risk of emergence of sporadic AD is associated with
enhanced expression of the apolipoprotein E gene
(APOE) in brain tissues. It was demonstrated that APOE
binds to AP and jointly with it forms senile plaques.
Moreover, it was shown that expression of APOE is
enhanced in AD [11]. Further investigations confirmed
that carriers of one of the three APOE alleles (namely
APOEF €4) run increased risk of developing AD. Thus, in
heterozygote patients it increases 3-fold, whereas in
homozygote ones it increases 15-fold. Meanwhile, the
presence of the APOE €2 allele, on the contrary, has a pro-
tective effect [12]. A meta-analysis of literature data
shows that there are also at least 20 loci associated with
pathogenesis of AD [13]. Current methods of genetic typ-
ing and mapping of single-nucleotide polymorphisms
(SNP) can provide a possibility to discover other genes
that increase or decrease the risk of AD, which is of great
importance for improving methods of early diagnostics
and development of effective drugs.

Until recently, the accumulation of AP fibrils was
regarded as an irreversible process, but now data have
become available that demonstrate Af} release from brain
tissue through perivascular pathways [14], and different
enzymes cleave it proteolytically [15, 16]. According to
up-to-date notions, A metabolism is a dynamic process
depending on various factors of different nature — inter-
nal (genetic, cellular, vascular) and external, for example,
hypoxia and stress. These factors can affect both genera-
tion and accumulation of AP and its degradation and
release. The cause of higher frequency of AD in aged peo-
ple is disturbance in the supply of the brain with oxygen
during ischemia and insults. Due to this, studies are con-
ducted on its effects on the processes of Af} generation as
well as on the activity and expression of amyloid-forming
and amyloid-degrading enzymes [15, 17, 18]. In addition
to doubtless theoretical importance — establishing molec-
ular mechanisms of pathology development — these stud-
ies can contribute to developing new approaches for AD
therapy and prevention.
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GENERATION OF BETA-AMYLOIDS

As stated above, AP is a product of fragmentation of
a precursor protein (APP) — a type I transmembrane pro-
tein (Figs. 1 and 2); its extracellular N-terminal domain
(sAPP) can be subject to two independent mechanisms of
proteolysis [19]. Enzymes involved in AP cleavage are
called secretases. During the more common mode of pro-
teolysis [20], APP is first affected by a-secretase, more
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exactly, one or several representatives of the ADAM (“a
disintegrin and metalloproteinase domain”) family of
proteins including ADAM10, ADAM17, ADAMY, and
ADAMI19 [21-23]. ADAMI10 is the predominant form of
a-secretase in the brain, and recently two uncommon
mutations of ADAM 10 were identified as a factor predis-
posing to an early form of AD [24]. However, this discov-
ery should still be confirmed. This mode of proteolysis
involving o-secretase is called non-amyloidogenic,
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Fig. 1. Schematic representation of a full-size APP showing the position of the transmembrane domain (indicated by an oval) and sites of
cleavage by a.-, B-, and y-secretases leading to generation of correspondingly soluble sSAPPa and APP-CTFa,; soluble sAPPP and APP-CTFB;

AR intracellular amyloid domain (AICD) (from [19]).
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Fig. 2. Schematic representation of processing pathways of APP — non-amyloidogenic (with the involvement of a-secretase and endosome
return to the cytoplasmic membrane) and amyloidogenic (cuts made by -secretase and y-secretase) (from [19]).
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because fragmentation of the APP molecule occurs near
the external surface of the membrane between amino acid
residues within the AP sequence that prevents subsequent
formation of an amyloid peptide molecule. An alterna-
tive, less common cleavage reaction is catalyzed by [3-sec-
retase (BACE) breaking APP near the N-terminus of the
corresponding Af domain located close to the external
side of the membrane, at a distance of 16 amino acid
residues from the site of cleavage by a-secretase (Fig. 1).

APP and B-secretase get into the cell in independent
ways of endocytosis and meet in clathrin vesicles or in
early endosomes, where the full-size APP is cleaved by [3-
secretase with involvement of such proteins as PICALM,
BIN1, and CD2AP [25]. After endocytosis, APP is
directed to specific compartments inside the cell due to
the work of intracellular receptors of vesicle transport and
grading. Interactions with these receptors and with
SORLI1 determine whether the full-size APP (holopro-
tein) will be redirected to the retromeric complex or will
continue moving to mature endosomes [26-29]. The
retromeric complex is a conservative protein complex that
is assembled on endosomes and returns to the Golgi com-
plex a number of physiologically important proteins,
including SORLI1. The C-terminal fragment (CTF) of
APP bound to the membrane that appeared because of
action of either a- or B-secretase is further subjected to
secondary intramembrane endoproteolysis by y-secre-
tase, realized by the connected to the membrane multi-
meric protein complex called a presenilin or y-secretase
complex. This presenilin complex consists of four pro-
teins [30]: presenilin 1 or presenilin 2 [31], nicastrin, and
also aph-1 and pen-2 [32]. The products of APP-CTF
cutting by y-secretase are subsequently released from the
plasmatic membrane into the intracellular space and into
the extracellular space in the case of AP generated in the
BACE pathway and p3 from the o-secretase pathway
(Fig. 2).

KEY STATEMENTS
OF THE AMYLOID HYPOTHESIS

After extraction of AP from brain tissues of deceased
AD patients and incomplete establishment of its primary
structure, George Glenner advanced a hypothesis that
stated that AD could be a result of accumulation of mis-
folded B-structural proteins as occurs in systemic amyloi-
dosis [33]. This hypothesis has been widely, though not
universally, acknowledged by specialists due to a number
of subsequent studies (mentioned below) that support
concepts on the central role of AB in AD pathogenesis.
However, it should be emphasized that only accumulation
of AP is insufficient for generation of AD pathology — this
requires also accumulation of deposits of Tau-protein that
plays a significant and possibly decisive role in mecha-
nisms of subsequent stages of the pathology.
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The importance of AP in AD genesis is inter alia con-
firmed by the fact that a small percentage of pathology
cases are associated with inherence of the disease in auto-
somal dominant manner. Familial Alzheimer’s disease
(FAD) patients are carriers of mutations in one of the
genes encoding APP, presenilin 1 (PSEN1) [31], or pre-
senilin 2 (PSEN2) (Fig. 3). Products of expression of the
three genes interact closely upon A formation, and AD
mutations in these genes associated with FAD affect pep-
tide generation and its biology with some differences in
mechanisms. With FAD, some mutations in genes encod-
ing PS1, PS2, and APP switch the generation of the pep-
tide from the AP40 form to AP42 with propensity for
aggregation [34]. Other mutations increase the overall
generation of A by (i) providing a larger number of sub-
strates — APPP (also upon APP duplication) [35]; (ii)
facilitating the accessibility of APP for BACE (for exam-
ple, the so-called Swedish mutation of APP -—
KM760/671NL [36]); (iii) enhancing capacity of A for
aggregation (for example, the Arctic mutation — APP
E693G [37)).

Though most monogenetic autosomal dominant
forms of FAD develop much earlier than in the case of the
more common later sporadic AD, both forms of the dis-
ease have very close clinical and neuropathological fea-
tures, which leads to a proposal on the general character
of molecular mechanisms of their pathogenesis. The sim-
ilarity between familial and sporadic pathologies was con-
firmed by reports that several genes most likely involved
in pathogenesis of late-stage AD are also involved in APP
processing (Figs. 2 and 3). By now, data on genetic inves-
tigations have made it possible to compile a list of putative
genes, in their common and uncommon versions (by their
coding or noncoding sequences), associated with a small
increase in the risk of development of AD [38-43].
Bioinformatics methods have approximated classification
of these genes by their functional categories, defined as
genes encoding proteins involved in (i) vesicle transport,
(ii) lipid metabolism, and (iii) inflammatory processes. It
is important that some of these genes evidently affect the
processing of APP and A formation.

Thus, changes in SORL1, PICALM, ABCA7,
ADAM10, and PLD3 are associated both with increase in
AP generation due to changes in intracellular processing
and/or with the capture of AB (Figs. 2 and 3) [38, 44].

Some other genes connected with the risk of AD may
be involved in the pathological response to accumulation
of extracellular aggregates of incorrectly folded Af, and
in particular, in immune response to the generation of
these aggregates (Fig. 3). For example, the changes both
in coding and noncoding sequences of the clusterin gene
(CLU) [45], encoding a molecular chaperone, are associ-
ated with enhanced risk of development of late AD.
Though the effect of these mutations associated with AD
has not been reliably established on the molecular level, it
is clear that clusterin binds AP oligomers and prevents
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Fig. 3. Scheme of the cascade of the complement system indicating genes of inherent immune system associated with risk of AD development

(from [19]).

their further aggregation [46]. In this way, coding
(uncommon versions of the sequence itself and common
insertions in it) and noncoding parts of the gene encoding
receptor 1 of the complement system (CR1) are connect-
ed with the development of late-stage AD [43, 47-49].
Therefore, though on the molecular level the effects of
these mutations on the release of AP aggregates and the
immune response to peptide have not been studied, it
looks likely that these mutations can modulate activation
of inherent immunity in response to the formation of
aggregates [50-52]. Changes in microglia activity in
response to the presence of A aggregates are also a
remarkable feature of AD neuropathology. Recently, it
was reported that CD33 [43, 53], TREM2 [39, 54], and
TREML2 [55] are associated with changed probability of
late-stage AD development (Fig. 3).

The presumptive protective effect of uncommon
missense TREML2 is to be confirmed. By the results of
sequential meta-analyses of the data from 74,046 test sub-
jects, CD33 has not been shown to be important on the
level of the whole genome [42]. These genes are supposed
to be able to modulate directly and indirectly the
microglial response to AP, decreasing the capture of the
peptide by microglia cells and affecting its subsequent
activation [56, 57].

Criticism of the “amyloid cascade” hypothesis. Due to
the apparent significant role of intracellular Tau-protein
aggregates in AD pathogenesis, there are two lines of criti-
cism pointed at the amyloid cascade hypothesis. The first
is based on that fact that the NFT content correlates well
with the severity of the pathology [58]. For senile plaques,
no such correlation is observed [59]. In addition, quite
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often plaques can be found in the brain of healthy elderly
people. A more serious criticism is based on comparative
studies of Tau-protein pathology in patients of different
age. Some results of these studies demonstrate that most
early-stage pathological changes in AD may be the accu-
mulation of Tau-protein aggregates in neurons of the tem-
poral cortex and olfactory bulbs, which becomes more
expressed and propagates over the brain tissues in more
elderly people [60]. Therefore, it was assumed that initial
pathological changes in AD consist of accumulation of
Tau-protein aggregates, which then spread over the brain.
In studies of the amyloid cascade, a method of neurovisu-
alization of biomarkers in liquor was developed that allows
measurements of the content of accumulated A and Tau-
protein in brain tissues (both in patients with AD symp-
toms and without them) [61-65]. This method made it
possible to observe the correlation of these cognitive, neu-
rovisualization, and neuropathological studies and propose
another interpretation of the events. In particular, evi-
dences have appeared that the available data on pathogen-
esis reflect the course of two different processes: (i) age-
related neurodegeneration of the hippocampus with the
development of tauopathy without A pathology (the pri-
mary age-related tauopathy — PART), and (ii) the disease
independent of and associated with A} that begins from
the early accumulation of AP in the neurocortex, occurring
at the preclinical stage, followed by Tau-protein accumu-
lation, inflammatory process, and cognitive disturbances
in accord with the amyloid cascade hypothesis [66, 67].

INTERACTION OF BETA-AMYLOID
AND TAU-PROTEIN

AD has been traditionally considered as a disorder
proceeding with parallel incorrect folding (misfolding)
and aggregation of two different proteins, key factors of
pathogenesis, existing independently of each other: -
amyloid peptides, which are proteolytic fragments of
transmembrane precursor protein of beta-amyloid
(APP), and Tau-protein normally existing in neurons (in
small amounts in axons) — the protein associated with
microtubules. However, studies performed during recent
years have revealed numerous functional interactions
between AP and Tau-protein that impeach the correct-
ness of the dominant hypothesis of “amyloid cascade” in
AD pathogenesis. Moreover, the character of the spread
of toxic AP and Tau-protein subjected to misfolding has
considerable similarity with the spread of toxic incorrect-
ly folded forms of the constitutive prion protein PrP*. In
addition, the misfolded AP induces misfolding of Tau-
protein in vitro due to direct intermolecular interaction. It
is proposed that in a pathological conformation Af is a
matrix leading to misfolding of Tau-protein in vivo [68].

As mentioned, AD is a slowly progressing neurode-
generative disease characterized by misfolding, aggrega-
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tion, and toxicity of AB and Tau-protein in brain tissue
[69]. Aggregated AP is deposited extracellularly as tightly
packed fibrils forming amyloid (senile) plaques. Upon
aggregation, Tau-protein also generates tightly packed fil-
aments, but in contrast to amyloid plaques, they are
accumulated intracellularly in affected neurons, forming
neurofibrillary tangles (NFT). The term “paired helical
filaments” (PHF) is frequently used to designate separate
filaments of Tau-protein in NFT.

During the latest decade, it has been confirmed that
soluble oligomer forms of AP play the key role in AD
pathogenesis. As compared to the fibrillar form, the level
of soluble A oligomers correlates better with neurotoxi-
city revealed in vivo — for neural cultures, they are much
more toxic than fibrillar AB [70-75].

Tau-protein was discovered about 40 year ago as a
microtubule-associated Tau-protein (MAPT) that stimu-
lates tubulin polymerization [76], but its presence in NFT
was demonstrated only a decade later [77-79]. It should
be noted that in addition to the nonspecific function as a
factor stimulating the assembling of microtubules, the
only known specific function of Tau-protein consists in
slowing of the motion of microtubule-associated kinesin
motor proteins (as well as loads associated with them)
along microtubules (Fig. 4) [80, 81].

Historically, in spite of a wide range of neurodegen-
erative diseases designated as non-Alzheimer’s tauo-
pathies characterized by accumulation of PHF in the
brain, in studying AD much less attention was paid to
Tau-protein as compared to AB. These pathologies can be
caused by tens of Tau-protein mutations [81]. In PHE,
Tau-protein is abnormally phosphorylated in tens of sites
[82], and some of them can be revealed in vivo both in AD
patients and in transgenic mice prior to generation of
PHF [83].

In our studies [84], we used an in vitro model charac-
terized by: (i) increased expression of the natural form of
full-size human Tau-protein by producer cells 3T3-4R-
Tau; (ii) functionality of the expressed protein: its inter-
action with murine tubulin, accompanied by a change in
the morphology of producer cell membranes; (iii) gener-
ation of fibrillar forms of Tau-protein within cells active-
ly synthesizing this Tau-protein in response to increased
amounts of toxic polymers of Af: high and low molecular
weight forms of AP peptide or Tau-protein itself; (iv) exis-
tence of a similar receptor-mediated “infectiousness” of
such toxic polymers in producer cells of Tau and in neu-
rons of cell culture of the hippocampus of healthy mice.
It was shown that enhanced expression of the 4R-Tau iso-
form by 3T3 cells has a cytotoxic effect on murine neu-
rons. This was observed upon cocultivation of primary
culture of the hippocampus and 3T3-4R-Tau cells secret-
ing expression products (4R-isoforms of Tau-protein)
[85]. Consequently, these results support the published
data on toxicity of polymer Tau forms moving from the
extracellular space into target neurons [86, 87].
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Fig. 4. Tau-protein functioning. Tau-protein stabilizes microtubules via four tubulin-binding domains in the case of its full-size isoform. The
association of Tau-protein with microtubules is maintained because of the coordinated action of kinases and phosphatases. Tau-protein phos-
phorylation regulates its capacity to bind to microtubules and affects the axon transport. Tau-protein can inhibit the kinesin-aided (+)-termi-

nus-directed transport of vesicles along microtubules (from [81]).

About 30 years after Stanley B. Prusiner described
for the first time the cause of bovine spongiform
encephalopathy (“mad cow disease”) and its human
equivalent, Creutzfeldt—Jakob disease, the term prion was
coined and referred to a previously undescribed form of
infection due to protein misfolding [88]. Prusiner pro-
posed that this infectious process might take place in AD
[85], and there appeared a great amount of data confirm-
ing a surprising similarity in biology and biochemistry of
such disorders as AD and “classical” prion diseases.
Contrary to PrP-associated diseases such as mad cow dis-
ease, scabies in sheep and chicken, most likely AD is not
communicated from one organism to another. However,
the ever-increasing data show that misfolded toxic
oligomers of AB and Tau-protein propagate in brain tis-
sues from the target affected neuron to adjacent neurons,
this reminding greatly a similar process with involvement
of PrP [89-94]. It was demonstrated both for AB [71, 95]
and for Tau-protein [96-100] that in addition to the fact
that their misfolding forms can be captured by neurons
containing normal forms of this peptide and protein, this
also results in latter pathological conformation, become
toxic and propagating to other neurons.

Besides histopathological data [95, 97, 98, 100], dur-
ing recent years some research teams have demonstrated
mechanisms of prion-like propagation of Af and Tau-
protein [101-105] and described a number of proteins in
which an increase in the number of -folds is the basis for
well-known neurodegenerative diseases [90, 92, 94, 106].

In light of this, the most significant is the evidence that
AP and Tau-protein interact with each other both direct-
ly upon molecule contact [107, 108] and indirectly via
cell signaling [70, 72, 74, 102, 109-114]. Thus, AD can be
considered as a disorder with manifestation of prion-like
properties of two molecules.

PRION PROPERTIES OF BETA-AMYLOID

The described progressive aggregation of A at AD
suggested an assumption on the presence of prion-like
mechanisms of its misfolding. At present, the data obtained
in vivo and in vitro are direct evidence of prion-like proper-
ties of AB and have allowed determination of their specific
biochemical and biophysical mechanisms. The most sig-
nificant results obtained in numerous studies in vivo
demonstrated that introduction of incorrectly folded A
from Af-loaded brain of APP23 transgenic mice or an
extract of brain homogenate after autopsy of AD patients,
to the hippocampus or the right-brain of young male
APP23 mice accelerates generation of aggregated recombi-
nant A molecules in the brain [105, 115-117]. While these
deposits of seed-induced A are initially found in tissues
only near the site of injection, their sequential propagation
occurs gradually along axons to different brain regions
bound to the hippocampus. This gives grounds to suggest
the involvement of both the axonal transport and extracel-
lular pathways of A propagation over brain tissues.
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In in vivo studies, several approaches were used that
provided direct evidence for specific mechanisms of
propagation of misfolded AB. Researchers studying AD
long ago noticed the paradox that in many cases purified
AP behaves unpredictably as concerns the induction of a
neurotoxic effect, thereby suggesting the existence of dif-
ferent forms of its aggregates. These assumptions were
recently corroborated experimentally when aliquots of
monomeric AP of one sample were subjected to inde-
pendent aggregation, which resulted in the formation of a
variety of structurally and immunologically different A
oligomers specific for each aliquot [118]. These experi-
ments also demonstrated that the interaction of different
AP oligomers formed specifically with monomeric A
stimulates aggregation of the latter with generation of
oligomer forms with the same dimensions and immune
reactivity. Direct interpretation of these data suggests a
model where specific oligomers formed earlier during
aggregation propagate, “reproducing” themselves by
increasing the probability of realization of such folding
schemes inherent to them in newly formed fibrils.

A considerable part of studies devoted to AP is con-
ducted with the use of synthetic peptide oligomers AB1-
40 and AB1-42. However, AP preparations obtained from
biological specimens, especially from brain tissues of AD
patients, show much higher biological activity in different
studies [119-121]. This may be associated, at least in part,
with the possibility that Af from biological specimens
contains a great variety of peptides including AB1-40 and
AB1-42, distinguished by their biological activity, length
of N- and C-termini, and posttranslational modifications
of the main chain.

In fact, the recent study of A from liquor specimens
showed more than twenty different types of peptide mol-
ecules [122]. At least one of the AP types present in bio-
logical material is concurrently and exclusively toxic and
has prion-like properties. Therefore, it is possible that
represented in small volumes, but displaying considerable
activity infectious A forms, isolated from brain tissues or
neural cultures, can explain the increased biological
activity of natural AP} as compared to its synthetic analog.

PRION PROPERTIES OF TAU-PROTEIN

During recent years, several lines of evidence have
developed demonstrating that polymer filaments of Tau-
protein reveal infectious features in respect to normal
Tau-protein, which upon interaction with pathological
Tau-protein acquires its properties. Such “self-replica-
tion” may take place due to protein aggregation.
Monomeric Tau-protein is a soluble natively unfolded
protein [123] with low capacity to form filaments in vitro,
if this is not facilitated by the presence of proteins with
misfolding or by the presence of strong anion reagents
such as arachidonic acid [124]. Small oligomers of Tau-
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protein (especially dimers) exist as intermediates in the
process of filament assembly [108, 125]. Upon polymer-
ization of filaments, they can be fragmented by ultra-
sound, leading to generation of shorter and numerous
structures that can serve as “seeds” causing aggregation of
other Tau-protein monomers [126].

Preliminarily aggregated Tau-protein, representing a
mixture of filaments and oligomer forms, can penetrate
into cultured cells and induce misfolding and aggregation
of intracellular Tau-protein [127, 128]. This general prin-
ciple was demonstrated in an in vivo experiment when
intracerebral introduction of mutant P301S Tau-protein,
predisposed to aggregation, caused propagation of NFT
generation over the murine cerebral cortex, expressing
wild-type human Tau-protein which does not form fila-
ments (NFT) spontaneously [129]. With account of the
small amount of initially introduced material, it can be
stated that wild-type human Tau-protein becomes able to
have toxic effect inherent to aggregated mutant Tau-pro-
tein, and this facilitates propagation of pathological Tau-
protein in brain tissues. The above-mentioned studies of
P301L Tau-protein, expressed exclusively in the entorhi-
nal cortex of transgenic mice but simultaneously inducing
pathology in hippocampus structures [130-132], provide
additional evidence for prion-like behavior of misfolded
Tau-protein.

It is probable that Tau oligomers are responsible for
propagation of pathology. The use of immunological
methods made it possible to find such oligomers in brain
tissues of AD patients, first of all in neurons in which
NFT had not yet accumulated [125, 129]. Moreover,
intracerebral introduction of Tau oligomers, rather than
its monomer and fibrillar forms, causes neurotoxicity and
also synaptic and mitochondrial dysfunction as well as
memory impairment.

Are Tau-proteins formed under the action of APB?
Several research teams have reported that the toxic effect
of AP peptide is mediated by Tau-protein, thereby having
confirmed that A is involved in AD pathogenesis prior to
Tau-protein [70, 72, 74, 109, 110-113, 131, 132].
Pathological phosphorylation of Tau-protein can be
caused by activation of protein kinases dependent on Af,
in particular GSK3 [74, 113, 114]. Data have been
obtained demonstrating also direct interaction of A and
Tau-protein. In in vitro experiments, A} can bind to Tau-
protein in the absence of other proteins and peptides
[107], inducing oligomerization of its monomers [108].
These results demonstrate explicitly that AB oligomers
provoke in vivo generation of Tau-protein oligomers,
which later are able to propagate independently already in
the absence of AP. If this process occurs in vivo, it can
represent a “trigger mechanism” of AD pathogenesis. In
addition, this process can explain why in clinical trials
massive efforts on searching for AD treatment by effect-
ing AP have been unsuccessful. The reason may evidently
be that all patients, who took part in the clinical trials,
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already have had AD with corresponding clinical mani-
festations, which have advanced far beyond the stage of
the generation of AP oligomers when Tau-protein pathol-
ogy may maintain itself independently.

Thus, AB can form toxic oligomers and induce
oligomerization of Tau-protein, which is capable of prop-
agating by the prion-like mechanism with matrix-mediat-
ed misfolding of normal proteins. AB oligomers can acti-
vate kinases that catalyze pathological phosphorylation of
Tau-protein (pTau), and they themselves can be seeds
inducing Tau-protein oligomerization. Tau oligomers can
propagate by the prion-like mechanism and together with
pathologically phosphorylated Tau-protein can provoke
degeneration and death of neurons responsible for mem-
ory and cognitive functions. Temporary and causal con-
nection between pathological phosphorylation of Tau-
protein and its aggregation should still be determined
[68].

APPROACHES FOR TREATMENT
OF ALZHEIMER’S DISEASE

Studies in molecular genetics, molecular biology,
and design of cell and animal models described above
make it possible to show confidently the existence of sev-
eral metabolic and signaling pathways leading to A} accu-
mulation, hyperphosphorylation, and aggregation of Tau-
protein inside neurons and activation of the immune sys-
tem as well as generation of inflammatory processes. As
molecular mechanisms of functioning of “node points”
of these pathways are elucidated, it becomes more proba-
ble that systems biology approaches will reveal such path-
ways, which will open therapeutic perspectives [133-136].
As a matter of fact, in studies performed using simulation
(in vitro, cell, and animal models), a variety of such
regions of metabolic pathways — targets of possible thera-
peutic intervention — have been described [133, 137].

ApB-directed therapy of Alzheimer’s disease. Below is
a short description of several therapeutic targets referring
both to mechanisms of Af replication and to the process
of destroying it [138].

One of the most promising studied strategies for pre-
vention and/or treatment of AD consists in decreasing
the generation of AP either by increasing the activity of a.-
secretase, by decreasing the activity of BACE, or by
inhibiting the activity of y-secretase. An increase in the
activity of a.-secretase can be achieved experimentally by
activation of 5-hydroxytryptamine-4 (5-HT,) receptors
[139] and by enhancing the expression of matrix metallo-
proteinase 9 [140] or melatonin synthesis [141]. Attempts
to inhibit the activity of BACE were unsuccessful initially
due to the inaccessible catalytic center in BACE and the
necessity to use compounds with high permeability
through the blood—brain barrier. Unfortunately, anxiety
is induced due to a possible effect of partial inhibitors of
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BACE on its other substrates such as neuregulin [142] or
subunits of potential-regulated sodium channels [143].
However at least one highly effective inhibitor of BACE
causing a considerable and prolonged inhibition of AP
generation in human brain is now passing clinical trials
[144, 145]. Its ability to significantly decrease the Af level
in liquor in patients with moderate and severe AD has
been demonstrated in randomized, double blind, place-
bo-controlled studies of the effectiveness of the new
drug — the B-secretase (BACE1) inhibitor MK-8931. The
described effect was dose-dependent; when the highest
dose was applied, the AP level decreased more than by
80% as compared to the initial level (according to the data
of the Alzheimer’s Association International Conference
(AAIC 2013) in Boston).

Much attention was also paid to development of
inhibitors/modulators of y-secretase. Such compounds
were quickly obtained, but quite often they were toxic,
this being associated directly with the mechanism of
action — the toxicity emerged because of inhibition of
other signaling pathways depending on y-secretase-
cleaved receptors differing from APP (including Notch
receptor) [146, 147]. As a result, the attention of
researchers has been focused on an inhomogeneous class
of substances called y-secretase modulators (GSM) [148-
151]. These compounds evidently have their effect due to
modification of the dominating site of cleavage with y-
secretase that provokes a decrease in generation of a more
amyloidogenic AB42 upon increase in generation of AB38
(less inclined to amyloidogenesis). In all probability, sub-
stances of this group do not affect the g-cleavage.
Molecular mechanisms of their action have not been
finally determined, but they may include allosteric inter-
actions of long-range order mediated by the noncatalytic
binding site of the complex or the substrate itself. It was
demonstrated recently that compounds of this group
(GSM) cause conformational changes in the catalytic
center by binding to the presenilin loop in the y-secretase
complex [152]. However, studies should be continued
that would make it possible to clarify whether the given
hypothetical mechanism is universal for representatives of
the GSM group. An alternative approach to decreasing
the generation of A is such a change in APP processing
that would allow breaking the APP transportation to later
endosomes for its splitting first by B- and after that y-sec-
retases. Another alternative therapeutic approach, cur-
rently passing preclinical trials on cell models, is the use
of small molecular chaperones for enhancing the stability
of retromers [153].

Data showing that oligomers of AP are the main
toxic forms have stimulated attempts to inhibit peptide
aggregation with the use of a number of small molecules.
One of these compounds, scyllo-inositol, can prevent A3
oligomerization and lead to alleviation of both cognitive
and neuropathological disturbances, which was shown in
experiments on an animal model [154]. Nevertheless, the

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015



BETA-AMYLOID AND TAU-PROTEIN

second phase of clinical trials of scyllo-inositol was termi-
nated because of its toxicity [155]. Therefore, the thera-
peutic value of this approach remains undetermined. In
our investigations, it has been established that such activ-
ity is inherent to recombinant protein YB1 present in
human and animal organisms [156]. Also, several thera-
peutic targets have been selected in metabolic pathways
implementing AP removal [157]. It is proposed to
enhance the activity of the enzymes that presumably exe-
cute AP degradation (insulin-degrading enzyme,
angiotensin-converting enzyme, and neprilysin), though
it is necessary to take into account that these enzymes can
affect many processes, in particular, stimulate vasocon-
striction and induce side effects [158].

Modulation of AP transcytosis by the action of LRP1
or the receptor for advanced glycation end products
(RAGE) can also be used for controlling AP level.
According to published data, RAGE belongs to the so-
called motif-recognizing receptors (MRR) that can bind
the class of ligands having a common motif [159]. It is
believed that in AD the interaction of AB and RAGE
oligomers results in an increase of the amount of this
receptor and stimulates transportation of amyloid pep-
tides from the blood through the blood—brain barrier
(BBB) and then into neurons, also due to RAGE. This
increases the concentration and accumulation of
oligomer A in the brain parenchyma and in nerve cells
per se, provoking their degeneration. The mechanism of
RAGE-dependent effect on cell biology remains unclear.
The accumulation of late products of glycosylation is
associated with aging. The number of RAGE increases in
cerebral vessels in AD. RAGE is involved in AP trans-
cytosis and mediates its flow to brain tissues [160].
Therefore, it is presumed that RAGE inhibitors can be
used for restriction of Af capture from the blood. In our
studies, we found immunization by a short fragment of
the extracellular domain of this receptor is effective in
olfactory bulbectomized animals with Alzheimer’s type
neurodegeneration [161]. A low molecular weight
inhibitor of RAGE (TTP488) is now passing phases 11
and III of clinical trials [157]. The lipoprotein receptor
LRPI is vital for Af removal from brain tissues by trans-
cytosis through the BBB. A can bind to LRP1 directly or
through APOE [162]. Though the interactions of APOE
and AP have attracted considerable attention of
researchers, a number of research teams demonstrated
that APOE could compete with Ap for LRP rather than
play the role of a carrier [163, 164]. APOE expression is
regulated by liver receptor X (LXR) in the structure of a
heterodimer with other nuclear receptors, including
retinoid receptors X (RXR) and peroxisome proliferator-
activated receptor y (PPARY) [165]. In 2012, great atten-
tion was drawn to a report describing effective removal of
AP deposits in a murine AD model after bexarotene
(RXR agonist used for cancer therapy) injections [166].
Unfortunately, a number of subsequent attempts to repro-
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duce the published results failed [167-169]. A possibly
promising approach is being developed in our laboratory
together with other Russian scientists, based on immuno-
logical blockade of A binding sites with such receptors as
the a-7 nicotine acetylcholine receptor, prion receptor,
or neurotrophin p75 receptor [170-172].

The best-established therapeutic approach to impact
AP accumulation appears to be the use of active or passive
immunization. Initial studies, when transgenic mice
expressing human mutant APP were used as a model,
demonstrated a considerable capacity of anti-Ap anti-
bodies to stimulate disintegration of AP plaques and
improve cognitive functions [173, 174]. Early experi-
ments on active immunization involving AN-172 com-
pounds (Elan Pharmaceuticals, USA) were interrupted
subsequently to the development of encephalitis in some
patients with AD [175]. In later studies, it was found that
the AP level decreased in brain tissues of the immunized
group of patients as compared to the control untreated
group, but no effect on cognitive functions evaluated by
simple tests was demonstrated [176, 177]. Further inves-
tigations with passive immunization by recombinant anti-
AP antibodies did not reveal substantial effectiveness (at
least under conditions of this experiment), but some of
them (for example, Gantenerumab (Roche)) were effec-
tive based on the results of phase II tests [178].
Solanezumab, which was not effective overall, provoked
though small but statistically significant improvements of
cognitive functions in patients from a subgroup of moder-
ate-stage AD [179], and, as a preparation with proved
safety, it was chosen for further investigations.

The reason for almost complete absence of effective-
ness of anti-Af} immunotherapy of AD has not yet been
determined. Several putative explanations have been sug-
gested [136, 170, 180]. In particular, it is probable that the
low capacity of these antibodies to penetrate into the
brain and/or their comparatively low affinity (for some of
these antibodies) could impede their positive effect. It is
also probable that the antibodies could not reach the “tar-
get” oligomer neurotoxic AP forms. Finally, most likely
therapy with the use of antibodies could have begun too
late as concerns the developed pathology, and therefore
could not have a considerable effect. Numerous data of
neurovisualization studies as well as prolonged observa-
tions of asymptomatic carriers of mutations in presenilin
and APP showed that amyloid pathology begins more
than 10 years prior to the manifestation of the first symp-
toms, and that it is later followed by pathological changes
in Tau-protein and development of inflammatory
processes [181, 182].

Contemporary notions have stimulated attempts to
find new sensitive biomarkers of A accumulation and
activation of subsequent biochemical changes that can be
used for preclinical diagnostics and determination of the
risk group, for which in future it is possible to perform
additional studies to develop measures for AD prevention.
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At present, the most sensitive criterion of the risk of AD
development is increased ratios of the AP42/AB40 in
cerebrospinal fluid.

Tau-protein as a therapeutic target. The action on
Tau-protein may also be promising. A number of
approaches for correction of Tau pathology in AD have
been proposed. They are summoned to slow neuronal
degeneration caused by NFT generation, including the
following: inhibition of one or several protein kinases
phosphorylating Tau-protein (glycogen synthase kinase
3-B and cyclin-dependent protein kinase 5); activation of
the basic phosphatase enzyme of Tau-protein — the so-
called phosphatase-2A; amplification of Tau-protein
modification by B-N-acetylglucosamine either using
inhibition of B-N-acetylglucosaminidase or stimulation
of glucose capture by brain tissues; removal of pathologi-
cally hyperphosphorylated Tau-protein by amplification
of autophagy or through the ubiquitin/proteasome system
[183].

CONCLUSION

The clarification of the mechanisms of AD patho-
genesis on the cellular and molecular levels is compli-
cated by simultaneous involvement in it of at least two
pathological factors having toxic properties — AB and
Tau-protein. Their combined involvement in the devel-
opment of this pathology was known long ago, but the
importance of AB and Tau-protein in this process and
the chronology of their involvement in pathogenesis are
still being discussed. Controversy was also expressed rel-
ative to the forms of these toxic substances most signifi-
cant for the pathology, which are known to be charac-
terized by polymorphism. For example, in brain tissues
AP is represented by polypeptide chains of different
lengths, the most numerous of them being AB1-40 and
AB1-42, the most important role in AD pathogenesis
being given to AB1-42. Separate AB molecules can join
in different-sized nonfibrillar aggregates and fibrils,
characterized by a correct periodical structure, and
retain their low-molecular weight form. In its turn, Tau-
protein is represented as a microtubule-associated
hydrophilic low molecular weight form and a relatively
insoluble filamentous form. Of importance also are
posttranslational modifications of this protein: its phos-
phorylation on different epitopes can proceed in the cell
as well as glycosylation, glycation, ubiquitination, and
racemization.

Also, no less complexity is represented by the estab-
lishment of mechanisms of interaction of two toxic pro-
teins that can take place due to direct intermolecular
interaction, be mediated by cell receptors, or have a com-
plex multicomponent nature. Evidence for the presence
of such interaction can also be nontrivial, because there
are assumptions on the possibility of parallel development
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of AB and Tau-protein pathology [66, 67] in different
brain regions.

It should be noted that such exclusive complexity of
pathogenic processes could be a reason that for more than
100 years no effective methods of AD treatment have
been developed, in spite of great efforts to find them.

Therefore, one of the most promising directions of
AD studies is investigation of interactions of the two men-
tioned toxic AP and Tau-protein taking into account
which of their forms have key value for this interaction
and manifestation of toxicity. In this case especially
promising is the use of cell models when cocultivation is
performed in common culturing medium of nerve cells
(first of all, neuronal culture) and producer cells of toxic
AP and Tau-protein forms obtained by transgenesis with
introduction of genes responsible for the synthesis of the
toxic agents.

In accord with the regulations of the dominating
“amyloid” AD hypothesis, for several decades attempts
have been made to develop treatment aimed at A} metab-
olism. As mentioned, these efforts proved ineffective.
Relatively recently, researchers have paid their attention
also to pathology of Tau-protein in AD, the validity of
this being determined, in particular, by the presence of a
direct correlation between the amount of fibrillar Tau-
protein (PHF and NFT) and the degree of decrease in
cognitive functions in AD against the background of the
absence of such a correlation for amyloid plaques. This
makes the process of their formation another promising
target for therapeutic intervention in AD [184]. However,
the presence of interaction of Tau-protein and A should
be taken into account. We have disclosed potentiation of
the toxic effect of Tau-protein in the presence of Ap on
neurons in the primary culture of the hippocampus [85].

A new working hypothesis has been proposed quite
recently, according to which the interaction of oligomer
AP with RAGE leads to a considerable increase in expres-
sion of RAGE on the surface of the target cell, which in
turn disturbs the capacity to recover from the damages on
the cell membrane and make cells particularly vulnerable
to the pathological effect of membranotropic oligomer
AP and/or Tau-protein. In this case, the “infected” cells
lose their ability for normal functioning and accumulate a
greater amount of oligomers forms of Af and Tau-pro-
tein, which finally results in their degeneration [185,
186]. This process can lead to selective and directed prop-
agation of the “infection” by these pathological forms of
proteins between target cells (neurons or vascular wall
cells), which makes the basis for vector propagation of the
pathology characteristic of AD.

Thus, it is still a vital task to study the mechanism of
interaction of AP and Tau-protein that would correlate
the volume of available research data and could be con-
sistently and unambiguously demonstrated on different
AD models in vitro and in vivo. The clarification of this
interconnection with corresponding pathological features
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(synaptic dysfunction, neurodegeneration, brain atrophy,
inflammation) is necessary for developing a therapeutic
strategy for prevention or treatment of AD.
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