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ABSTRACT

Alzheimer’s disease is a neurodegenerative disease characterized by progressive neurocognitive dysfunction. Today, studying
the pathogenesis of this disease remains an urgent problem. The review describes the pathogenetic basis of Alzheimer's
disease, including not only extracellular deposition of amyloid plaques and intracellular hyperphosphorylation of tau protein with
subsequent formation of neurofibrillary tangles, but also mitochondrial dysfunction, impaired autophagy, neuroinflammation,
etc. Data are presented on the effect of hyperphosphorylated tau protein on the breakdown and enhancement of B-amyloid
peptide synthesis. Oligomerized tau protein causes proteasomal dysfunction and oxidative stress. Mitochondrial dysfunction is
closely related to oxidative stress, which can be both a cause and a consequence. Autophagy, namely mitophagy, in turn, also
plays an important role in the development of mitochondrial dysfunction. It can be argued that neuroinflammation is associated
with all of the listed links in pathogenesis. This review also examines the influence of intestinal dysbiosis on the development
of the disease. The complex mutual influence of pathogenetic mechanisms forms a multicomponent network of pathological
processes. Understanding the Alzheimer’s disease pathogenesis is necessary in the search for methods for correcting impaired
functioning mechanisms of the nervous system, which will help develop effective methods for treating this disease. In addition,
to better understand the mechanisms of Alzheimer’s disease development, it is necessary to search for common pathogenetic
factors with other neurodegenerative diseases.
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bonesHb AnbureMepa: pakropbl pucka,
KNeTo4yHo-MOJIeKyNsipHble OCHOBbI NaToreHesa,
aHanu3 naToreHeTUYeCKMX MexXxaHu3MoB B CpaBHEHUM
¢ 60K0BbIM aMHOTPO(PUYECKUM CKJIEPO3OM

J.A. Axmapuesa, K.K. Harues, A.J1. 3e¢upos, M.A. MyxaMefibsipoB

KasaHcKui rocynapCcTBeHHbIN MeaULMHCKUIA YyHUBepcuTeT, T. Ka3aHb, Poccus

AHHOTALIMA

BonesHb AnbureiiMepa — HelipofereHepaTMBHOe 3aboneBaHue, XapaKTepu3yloLLeecs NporpeccupyioLLen HelMpoKOrHUTUB-
HOW amcdyHKumen. Ha cerofHAWHMI feHb U3ydeHne naToreHe3a faHHOMo 3aboneBaHMsa 0CTAETCS aKTyanbHOM Npobnemoil.
B 0630pe onucaHbl naTtoreHeTUYECKUE OCHOBLI 60Ne3HU AnbLreMepa, BKIIOYAIOLLME He TONbKO BHEKNETOYHOE OTIOMEHME
amMunoMaHbIX BAsLLEK U BHYTpUKNIETOUYHOE runepdocdhopunupoBaHmre Tay-benka ¢ nocnepyowmM 0bpasoBaHueM Helipodu-
BpunnspHbIX KNYHKOB, HO M MUTOXOHAPWANbLHYI0 AUCYHKLMIO, HapyLLeHHYIo ayTodaruio, HelipoBocnaneHue U Ap. MpueegeHs!
AaHHble 0 BNMAHUM runepdochopunmMpoBaHHOro Tay-6enika Ha pacLuennieHne 1 ycuneHue cuHTesa B-amMunomaHoro nenTuaa.
OnuroMepum30BaHHbIi Tay-beNoK BbI3bIBAET NPOTEACOMHYI0 AUCHYHKLIMIO U OKUCITUTENbHBIN CTpece. JuchyHKLMA MUTOXOHApUIA
TECHO CBA3aHa C OKUC/TUTENbHBIM CTPECCOM, KOTOPbIA MOXET ObiTb KaK NPUUMHON, TaK U €€ cneAcTBueM. AyTodarus, a UMEHHO
MuTodarus, B CBOI0 04epe/b, TaKIKE UrpaeT BaXKHYH0 Posib B Pa3BUTUM MUTOXOHAPUANBHONM AMCHYHKLMK. MOXHO YyTBEpKAATD,
4TO HeiipoBOCMaNeHNe CBA3aHO CO BCEMY NepeyncieHHbIMU 3BeHbsIMM NaTtoreHesa. B npefcrasneHHoM 0630pe Takxe paccMo-
TPEHO BNMsSHWE AUCOMO3a KULWIEYHWKA Ha pa3BuTUe 3aboneBaHus. CnoHoe B3aMMOBIUSIHME NATOreHETUHECKUX MeXaHWU3MOB
06pa3syeT MHOrOKOMMOHEHTHYH CETb MaToioryeckux npoweccos. [loHMMaHue naToreHesa bonesHn AnbureliMepa HeobxoauMo
B MOMCKE METOL0B KOPPEKLMW HapYLLEHHBIX MEXaHN3MOB (YHKLIMOHUPOBaHWSA HEPBHOW CUCTEMBI, YTO NOMOXET pa3pabotatb
3 deKTUBHBIE CNOCOBbI Tepanum faHHoro Hepyra. KpoMe Toro, fis ny4Liero NoHUMaHWs MeXaHU3MOB pas3BuUTUs bonestu Anb-
Lrermepa cnefyeT NPOBOAMTL MOMCK 06LLMX NaToreHeTMYecKUX HaKTopoB € ApYriMU HelpoaereHepaTMBHLIMU 3aboneBaHUAMM.

KnioueBble cnoBa: bonesHb AnblireiiMepa; B-aMunouaHbIA NenTUL; TaynaTus; MUTOXOHAPWanbHan AMChYHKLMS; HelipoBocna-
neHue; AMcoUo3 KULLIEYHMKA.
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INTRODUCTION

Alzheimer’s disease (AD), a neurodegenerative disease that
constitutes the most prevalent form of dementia, accounts for
60%-80% of all cases. The global prevalence of this disease
exceeds 50 million individuals,, with approximately 1.5-2 mil-
lion dementia patients in Russia [2].

AD is classified based on the time of onset and origin. The
disease may exhibit both sporadic and familial etiologies [3].
Late-onset (after 65 years of age) is linked to the sporadic
form in about 95% of cases [3, 4]. An estimated 60% of cases
of early-onset AD are caused by a familial factor. Patient age
ranges from 30 to 60-65 years, with approximately 1%—6% of
cases presenting with an early onset.

An estimated 60% of cases of early-onset AD are caused
by a familial factor [4]. A complex combination of genetic and
environmental factors is believed to be responsible for the
sporadic form [5]. A significant proportion of the inherited risk
of AD may be due to the 4 allele of the apolipoprotein E gene
[5]. A mutation in the amyloid precursor protein (APP), PSENT1,
or PSEN2 gene is characteristic of the familial form [6].

There are significant differences in the mechanisms of
development between sporadic and familial forms. In cases
where familial etiology is involved, such as in autosomal
dominant inheritance, for example due to APP duplication, the
pathology commences with the formation of f-amyloid pep-
tide (AB), which subsequently increases the phosphorylation
of tau protein. Conversely, in sporadic AD, the process is ini-
tiated by alterations in cell signaling that disrupt calcium re-
gulation, leading to the phosphorylation of tau protein, which
subsequently increases AB production [7].

The symptoms of AD are based upon the stage of the di-
sease. Based on the extent of cognitive impairment, one of the
existing classifications distinguishes between a preclinical or
presymptomatic, moderate stage and a dementia stage [8].

These stages differ from the American Psychiatric Asso-
ciation’s classification in the Diagnostic and Statistical Manu-
al of Mental Disorders, 5th edition. The initial and most com-
mon symptom is episodic short-term memory loss, which
occurs in most patients, with relative preservation of long-
term memory [8]. Patients with AD develop multiple cognitive
deficits, including memory impairment, aphasia, apraxia, ag-
nosia, and executive dysfunction [9]. In mid- and late-stage
disease, neuropsychiatric symptoms, including apathy, social
withdrawal, disinhibition, agitation, and psychosis, are also
prevalent [8].

RISK FACTORS

The primary genetic risk factors for familial AD are mutations
in three genes: APP, PSEN1, and PSEN2. Mutations in the APP
gene most commonly impact the B-APP cleaving enzyme
(BACE), the B-site APP cleaving enzyme, the y-secretase
cleavage site, and the middle domain region of AB. Mutations in
this gene result in increased production of neurotoxic AB [10].
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The presenilin genes are members of the y-secretase
family. The early onset of the autosomal dominant form of the
disease is associated with 179 mutations in the PSEN1 gene
and 14 mutations in the PSEN2 gene. These mutations, when
combined with APP mutations, contribute to the generation of
more toxic variants of AB [11].

Mutations in PSEN1 may also affect autophagy function.
Mutations in this gene result in impaired acidification/proteo-
lysis of lysosomes, which is a critical component of the au-
tophagy process, as demonstrated in a study utilizing fibro-
blasts from Alzheimer's disease patients [5]. Mouse models
that overexpress mutant APP also exhibit impaired autophagy.
This may be due to the toxic effect of the C-terminal domain of
APP being cleaved by -secretase on lysosomes [5, 12].

The 14 allele of the apolipoprotein E gene is a glycopro-
tein that modulates lipoprotein clearance from plasma by
acting as a ligand that binds to various cell surface recep-
tors. In a study of 42 families (in late-onset cases), the risk
of developing AD increased from 20% to 90% as the number
of 24 alleles of the apolipoprotein E gene increased [13]. Fur-
thermore, a whole genome association study has identified 11
genes associated with AD [10].

Age is one of the primary risk factors for AD [14]. Age-
related changes affect cellular composition, body reactiv-
ity, and blood vessels, causing endothelial dysfunction or
increased arterial wall stiffness. These alterations are consi-
dered when investigating AD pathogenesis, although the con-
tribution of cardiovascular disease to the development of this
pathology remains uncertain [14].

Research has demonstrated that both high and low blood
pressure may be linked to AD development [10]. Additionally,
patients with elevated cholesterol levels experience a more
abrupt decline in cognitive function [10].

Anemiais one of the risk factors for AD. It has been sugges-
ted that hemoglobin production may be impaired in AD patients,
following evidence of its association with the disease [15].

MECHANISMS OF PATHOGENESIS
B-Amyloid

One of the key AD pathohistological features is the extracellu-
lar accumulation of AB plaque aggregates. AP plaques initial-
ly develop in the basal, temporal, orbital, and frontal regions
of the neocortex. In later stages, they progress throughout
the neocortex, hippocampus, amygdala, midbrain, and basal
ganglia [11].

Amyloid formation begins with the anomalous process-
ing of APP, an integral protein at the plasma membrane, by
B-secretases and y-secretases to form AP fibrils, namely
AB monomers (1-40) and AB monomers (1-42). The mem-
brane-bound aspartic protease enzyme, p-secretase, cata-
lyzes the initial proteolytic cleavage of APP and cleaves the
B-site. This protease releases a secreted APP derivative and
a membrane-bound protein fragment of 99 amino acids, the
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so-called C-terminal domain, which is cleaved by -secretase
[10]. The released protein fragments subsequently oligome-
rize, diffuse into synaptic clefts, and polymerize into insolu-
ble amyloid fibrils, thereby disrupting synaptic signaling. In
AD, plaque aggregation is accompanied by the formation of
neurofibrillary tangles. These two processes are accompa-
nied by the activation of microglia, which begin to surround
the plaques. This further contributes to the development of
a local inflammatory response and neurotoxicity [11].

Despite the abundant evidence of AP toxicity to nerve tis-
sue, only a weak correlation between the clinical manifes-
tation of AD and plaque deposition in the sporadic form of
the disease has been demonstrated [16]. This has led some
to suggest that AB is not the primary factor contributing to
the development of pathology. However, in the familial form,
the disease pathogenesis is more clearly defined by the pre-
sence of AB deposits. This indicates that AB may cause neu-
ronal loss without plaque colocalization and neurodegenera-
tion [10].

The weak correlation between fibrillar AB and neuronal
loss in the sporadic form may be attributed to the varying ag-
gregation states of AB [10]. The severity of the disease was
found to be correlated with the quantity of soluble forms of
AB. Conversely, the level of insoluble AB does not exhibit such
a correlation.

Two main types of AR polymers are directly involved in
plaque formation and induce neurotoxicity: AB [1-40] and AB
[1-42], which are composed of 40 and 42 amino acid resi-
dues, respectively.

AB (1-40) is more prevalent and less neurotoxic than Ap
(1-42), which is less abundant, completely insoluble, high-
ly neurotoxic, and more prone to aggregation. It functions as
a toxic building block of AB assembly [11]. AR (1-42) exhibits
the ability to form AB oligomers, which are subsequently in-
corporated into the cell membrane and form channels that
are highly permeable to Ca*. This causes disruption of calci-
um homeostasis, which in turn leads to synaptic degeneration
[18]. Additionally, it has been suggested that Ap (1-42) may
induce neuronal apoptosis by activating caspase 3, thereby
promoting mitochondrial cleavage and increasing the concen-
tration of reactive oxygen species [10].

APP is an integral transmembrane protein with extracel-
lular domains. It has been observed to be localized in the Gol-
gi apparatus, endoplasmic reticulum, as well as on endo-
somal, lysosomal, and mitochondrial membranes [10]. In AD,
APP generates amyloidogenic fragments through differential
cleavage by its enzymes. APP encodes a type 1 transmem-
brane glycoprotein that is cleaved by either the non-amyloido-
genic pathway (in the absence of pathology) or the amyloido-
genic pathway (in the presence of pathology) [19].

In the absence of pathological processes, a-secretase
cleaves and secretes the large soluble ectodomain of APPsa
into the medium. The C-terminal domain (C83) is initial-
ly retained in the membrane and subsequently cleaved by
y-secretase at residue 711, releasing the soluble peptide P3. In
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the presence of a pathological process, an alternative pathway
is activated, in which B-secretase initiates an aberrant cleavage
event, releasing truncated secreted ectodomains of APPsp and
the C-terminal domain (C99). This latter fragment is also re-
tained in the membrane and subsequently subjected to further
y-secretase-mediated cleavage. This procedure, in contrast to
the conventional cleavage process, leads to the release of in-
soluble AP peptides. Cleavage of C83 or C99 by y-secretase
releases the intracellular APP domain into the cytoplasm.
This soluble domain is subsequently transported to the nu-
cleus for further function, specifically gene expression [11].

Loan Vaillant-Beuchot et al. (2020) suggest that the pro-
tein C-terminal domains of APP may be part of the trigger
mechanism of AD pathogenesis. This mechanism probably
occurs independently of AB [20].

BACE1 is a B-secretase that is essential for the synthesis
of all monomeric forms of AB [21]. BACE1 cleaves APP at two
sites: B-cleavage by aspartate and p-cleavage by glutamate
in the AB domain [22]. The theory that BACE1 plays a signifi-
cant role in the pathogenesis of AD is substantiated by the fact
that the concentration and activity of this enzyme are elevated
in the brain in AD. At the intracellular level, B-secretase is lo-
cated in the plasma membrane, endosomes, and healthy syn-
aptic terminals. The relationship between BACE1 gene mu-
tations and AD pathogenesis remains to be determined [21].

Deoxyribonucleic acid (DNA) methylation regulates BACE1
expression. DNA hypomethylation may be another contribu-
ting factor to AD development. Such DNA hypomethylation in
the APP promoter region elevates AD-related gene expres-
sion, including those of APP and PSEN1, leading to increased
AB production [21, 23].

BACE1 is homologous to BACE2, another membrane-
bound secretase [21]. Both enzymes are expressed in the
same cell types in the brain; however, BACE2 is significant-
ly less active. High levels of BACE2 expression and a strong
correlation with BACE1 expression in the neurons and astro-
cytes of AD patients have been demonstrated in human post-
mortem investigations [21].

This enzyme is not a true B-secretase. It serves as an an-
tagonist of BACE1 and an alternative a-secretase. However,
one study claims that BACE2Z may function as a conditional
p-secretase [22]. AD-associated mutations may trigger the
B-secretase activity of BACE2 by damaging the juxtamem-
brane helix APP protein, which normally inhibits BACE2. Fur-
thermore, clusterin, a cell aging marker that is activated in AD,
stimulates BACE2-mediated B-splicing of wild-type APP by
binding to the juxtamembrane helix. Although BACE1 is respon-
sible for the main aberrant APP B-secretase cleavage, abnor-
mally induced B-secretases may better correlate with AD [22].

Another study published in 2021 also indicates that BACE2
encodes an integral membrane glycoprotein that cleaves APP
protein into AB, which becomes a critical step in AD develop-
ment [24]. BACE2-mediated B-cleavage has been proposed
as a potential marker for the progression of AD at specific
phases or may characterize the progression of the disease at
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certain stages. For example, this secretase is more active in
the preclinical phase of AD [22].

Presenilin protein activates the y-secretase enzyme,
a membrane-embedded protease complex that comprises
two transmembrane aspartates in its active site. It is also re-
ferred to as a membrane-bound proteasome, which performs
the hydrolysis of substrates in the hydrophobic environment
of the lipid bilayer. y-Secretase is involved in the cleavage of
the transmembrane domain of the APP, resulting in AB pro-
duction [25]. In familial AD, mutations in the presenilin gene
alter the AB formation process at the level of y-secretase [25].

The processing of APP is well studied. The initial endopro-
teolytic cleavage leads to the formation of 48- or 49-residue
AP and corresponding fragments of the intracellular domain
of APP. y-secretase, which possesses the requisite carboxy-
peptidase activity, can process both varieties of AB and typi-
cally cleaves every three amino acids. Thus, the production of
AB occurs via two pathways [25]:

1) Treatment of 49-residue AB with y-secretase with sequen-
tial formation of 46-residue, 43-residue, and 40-residue Ap;

2) Treatment of 48-residue AP with y-secretase with se-
quential formation of 45-residue, 42-residue, and 38-residue Ap.

Tau protein

Tau protein is a phosphoprotein involved in maintaining micro-
tubule stability and cytoskeletal organization in mature neu-
rons. In AD, the protein’s initial affinity for tubulin diminishes,
resulting in its accumulation in the cytosol of somatodendrit-
ic compartments, where insoluble structures called neurofi-
brillary tubules are formed [26]. They are localized in the lo-
cus coeruleus as well as in the transentorhinal and entorhinal
regions of the brain. The primary sensory and motor domains
remain unaffected until the late stages of the disease, as tau
protein spreads to the hippocampus and neocortex at the crit-
ical stage [11]. Tau pathology, involving the accumulation of
neurofibrillary tangles in brain tissue, correlates well with
progressive gray matter loss and cognitive impairment [10].

Neurofibrillary tangle formation occurs through the intra-
cellular polymerization of tau protein. Hyperphosphorylated
tau fibrils transform into paired helical filaments, which form
neurofibrillary tangles, eventually damaging the neuron. The
classical view maintains that tau protein hyperphosphoryla-
tion is triggered by the activation of kinases during Ap mono-
mer polymerization into insoluble amyloid fibrils [11].

Hyperphosphorylated tau protein can limit Ap cleavage by
trapping APP-containing endosomes in dendrites and forming
endosomal plugs. Endosomal plugs promote AB synthesis by
allowing APP to spend more time in endosomes, where it is
cleaved to Ap. Phosphorylated tau protein can also promote
AB formation in axons by disrupting microtubules, which in-
creases APP and BACE accumulation [7].

Numerous kinases, including glycogen synthase kinase
3B, extracellular AB-activated cyclin-dependent kinase 5,

1 GABA, y-aminobutyric acid.
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protein kinase C, protein kinase A, extracellular signal-regu-
lated kinase 2, serine/threonine kinase, caspase 3, caspase 9,
and others, phosphorylate tau protein [7, 11]. Among the va-
rious kinases and phosphatases, the anomalous hyperphos-
phorylation of tau protein is primarily attributed to protein ki-
nase A and protein kinases 1 and 2A [27].

One of the critical processes is phosphorylation by pro-
tein kinase A at serine 214. Tau protein commences detach-
ment from dendritic microtubules and further aggregates on
them, as well as on smooth endoplasmic reticulum in den-
drites, especially under glutamate synapses. The phosphory-
lation of tau protein by protein kinase A at serine 214 provides
evidence of impaired calcium regulation by the endoplasmic
reticulum at the same site. Tau protein is subsequently hyper-
phosphorylated [7].

These data suggest that cortical glutamate synapses,
which increase in number during brain development, serve
as a pathological engine that can generate the degenerative
pattern characteristic of AD [28]. Transport of pathological tau
protein occurs exclusively near excitatory synapses, but not
inhibitory synapses. This is consistent with the fact that the
tau protein affects glutamatergic but not GABAergic' neurons.
A neuron can only be impacted by the translocated patholo-
gical tau protein if the intracellular environment is optimal for
this process, such as a high calcium content in the cytosol [7].

The development of AD is significantly influenced by gly-
cogen synthase kinase 3 and cyclin-dependent kinase 5, in
addition to protein kinase A and protein phosphatases. The
former regulates cleavage of the C-terminal domains of APP.
Lithium and kenpaullone (two inhibitors of this enzyme) pre-
vent the expression of glycogen synthase kinase 3f and con-
tribute to the inhibition of AB formation. Thus, the formation of
both AB plagues and neurofibrillary tangles in AD may be indi-
rectly influenced by glycogen synthase kinase 3p. In addition,
mitochondrial glycogen synthase kinase 3p activity has been
associated with elevated oxidative stress.

Thus, this type of kinase is crucial in AD pathogenesis, con-
tributing to AP synthesis and its mediation of neuronal death
by increasing tau protein hyperphosphorylation. Furthermore,
this phosphorylation is reported to be influenced by the in-
teraction of AB with cyclin-dependent kinase 5. This interac-
tion results in the cleavage of neighboring proteins, releasing
cleaved peptides with lower solubility and longer half-lives,
which may also phosphorylate the removed proteins [11].

Most tau proteins released into the extracellular fluid are
truncated in the middle tau region and lack tail ends, leading
to tau protein aggregation. The full-length tau protein, once
inside exosomes, can spread by endocytosis or axonal trans-
mission [27]. Tau protein transsynaptic transmission can be
facilitated by exosomes. However, this process requires the
preservation of exosome integrity [29].

Exosomes isolated from the blood of patients with AD or
frontotemporal dementia were found to contain tau protein
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in a 2015 study. Additionally, there was a significant increase
in exosomal levels of total and phosphorylated tau protein,
compared to controls [30].

Additionally, the tau protein study revealed that the con-
centration of abnormal pathological tau protein in exosomes
secreted from the cerebrospinal fluid of patients with mild/
severe stage AD (Braak stages 3—6) was significantly higher
than that of patients with early-stage AD (Braak stages 0-2).
This phenomenon implies that exosome-mediated secretion
of pathological tau protein may play an important role in the
abnormal increase of its concentration in cerebrospinal fluid
during the early stages of AD [27].

In a study involving mouse models of AD, taupathy was
revealed to be exacerbated by the activation of the comple-
ment system and microglia, although the mechanisms of this
process are unknown [31]. Furthermore,the study implicated
microglia in the intercellular spread of tau protein throughout
the brain, possibly mediated by microglial uptake and exo-
somal release of tau [31].

It has been postulated that neurofibrillary bundles may
cause injury to the neurons and glial cells by displacing cyto-
plasmic organelles to the periphery, inhibiting proteasome ac-
tivity, or disrupting microtubule assembly [10].

The proteasome system is essential for the maintenance
of intracellular protein homeostasis by facilitating the clea-
rance of misfolded proteins. Reduced proteasomal activity
can lead to abnormal protein accumulation and initiate a cas-
cade of events that culminate in neuronal death. Compared to
controls, proteasome activity is diminished in the AD group,
which is associated with increased neurofibrillary tangles [32].

Tau protein is a proteasome substrate, both in vitro and
in vivo. Neurofibrillary tangle formation may be influenced by
proteasome dysfunction. This study concluded that moderate
phosphorylation of tau protein activates proteasomes, but ad-
ditional phosphorylation/accumulation of tau protein inhibits
enzyme activity. It follows that proteasome dysfunction may
be a consequence of tau protein hyperphosphorylation during
AD development [32].

Further, oligomerization of tau proteins induces oxidative
stress and energy depletion, which reduces the level of mito-
chondrial respiratory complex | activity, resulting in neurode-
generation [10]. However, mitochondrial oxidative stress itself
is thought to be a factor that causes hyperphosphorylation of
tau protein [33].

Mitochondrial dysfunction

Mitochondria are the cell's powerhouse, synthesizing most
of the adenosine triphosphate (ATP) it requires. Mitochondrial
dysfunction is highly characteristic of neurodegenerative dis-
eases, especially AD [5]. One of the key questions in the study
of this dysfunction is the timing of its occurrence: is it a re-
sult of AB and pathological tau protein accumulation, or does
it itself act as a stimulating factor for the aggregation of se-
nile plagues and neurofibrillary tangles, thereby being one of
the initial steps in AD pathogenesis [5]. Some recent studies
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continue to maintain that mitochondrial dysfunction occurs
during the initial stages of AD development [5, 34].

Over time, AP accumulates in mitochondria and leads to
impaired mitochondrial function, as confirmed by immuno-
gold staining of postmortem brain sections. This study indi-
cates that intramitochondrial accumulation of AB begins prior
to its extracellular deposition. Presumably, intramitochondrial
AP accumulation may be a provocative or early factor of Ap-
mediated neuronal dysfunction [35].

Mitochondrial dysfunction involves low levels of ATP pro-
duction, impaired oxidative phosphorylation activity, impaired
mitochondrial membrane potential, and high levels of reac-
tive oxygen species [36]. Mitochondrial dysfunction may play
a distinct role in the brain’s increased susceptibility to AD de-
velopment. The aging brain is characterized by a reduction in
energy consumption, which encompasses a decrease in glu-
cose consumption and cellular respiratory activity.

The respiratory electron transfer chain is composed of en-
zymatic complexes that facilitate oxygen-dependent ATP syn-
thesis through a process known as oxidative phosphorylation.
Proteomics has demonstrated the deficient expression of pro-
teins of the oxidative phosphorylation pathway and has iden-
tified this process as one of the most significantly impacted in
AD, including in the cortex of patients [37].

Mitochondrial dysfunction leads to the loss or dysfunction
of specific respiratory electron transport chain enzymes: cyto-
chrome c oxidase, the pyruvate dehydrogenase complex, and
the ketoglutarate dehydrogenase complex of the Krebs cycle.
The expression of these enzymes encoded by mitochondri-
al DNA can be influenced by DNA damage. This damage can
occur in two mechanisms: maternally inherited or acquired
through mutagenesis. Currently, there is no consensus on the
issue, since several studies support both theories [37].

In the context of bioenergetic dysfunction, AD is associ-
ated with a reduction in glucose metabolism, which serves
as the primary energy substrate for the brain [10]. This hy-
pometabolism in the frontal, temporal, and parietal cortex in
AD patients correlates closely with diminished levels of blood
thiamine diphosphate, the critical coenzyme pyruvate dehy-
drogenase and a-ketoglutarate dehydrogenase in the Krebs
cycle, and transketolase in the pentose phosphate pathway
[38]. In AD patients, the cerebral cortex exhibits reduced lev-
els of glucose transporters type 1 and 3, which may lead to
hypometabolism and delayed glucose transport. Reduced glu-
cose levels lower mitochondrial ATP [10].

AB significantly contributes to the pathogenesis of mito-
chondrial dysfunction. Ap oligomers cause intracellular calci-
um imbalance, thereby increasing mitochondrial dysfunction.
The mitochondrial Ca?*-dependent pore is one of the thera-
peutic targets for AD, as it modulates the permeability of the
mitochondrial membrane.

In addition to AB exposure, cyclophyllin D levels are sig-
nificantly elevated in neurons affected in AD. Cyclophyllin D
is also linked to pore dysfunction. Cyclophylline D-deficient
neurons have been demonstrated to be resistant to impaired
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mitochondrial AB function. Increased synthesis of reactive
oxygen species with concomitant impaired mitochondrial
function leads to neuronal injury and mitochondrial CaZ*-de-
pendent pore dysregulation, altering mitochondrial membrane
permeability [39].

AB oligomers also facilitate the activation of dynamin-re-
lated protein 1, a fundamental component of the mitochon-
drial fission machinery, causing elevated mitochondrial frag-
mentation and subsequent cell death in AD patients [5].

Reactive oxygen species (ROS) are the inevitable by-pro-
ducts of electron transport during mitochondrial aerobic res-
piration. Estimates suggest that mitochondria contribute ap-
proximately 90% of cellular ROS. Despite performing vital
signaling functions, when present in excess, ROS can in-
duce oxidative stress and significant damage. Mitochondria
are vulnerable to oxidative stress despite the presence of an
antioxidant system. Damaged mitochondria become less ef-
fective ATP producers and more efficient ROS producers. Con-
sequently, increased oxidative stress may be both a cause and
a consequence of mitochondrial dysfunction [38].

Mitochondrial superoxide radicals form primarily at two
conjugation sites: in complexes | and Ill of the respiratory
chain. In AD, both complexes are the principal sources of ROS
generation, whereas under normal metabolic conditions, only
complex IIl performs this function [40].

The mitochondrial macromolecules, which include DNA,
proteins, and lipids, can be damaged by the highly reactive hy-
droxyl radical. Damaged mitochondrial DNA can elevate oxi-
dative stress by decreasing the expression of critical proteins
required for electron transport, leading to a vicious cycle of
ROS and organelle dysregulation, eventually triggering apop-
tosis [40].

Oxidative stress impacts mitochondrial membrane perme-
ability. Mitochondrial phospholipid peroxidation increases the
proton permeability of the inner mitochondrial membrane, al-
ters the mitochondrial membrane properties, and impairs the
biochemical functions of various transporters and respirato-
ry enzymes in the inner and outer membranes [10]. By alte-
ring the permeability of the mitochondrial membrane, active
oxygen species can contribute to the disruption of the normal
function of the pore. Additionally, damage to the pore itself
causes their increased production [40]. Thus, an increase in
oxidative stress could be caused by mitochondrial malfunc-
tion or be an effect of it [38].

Several studies of brain samples from AD patients have
validated the accumulation of damaged mitochondria in neu-
rons of affected brain regions [41, 42]. This may be attributed
to the impaired clearance of damaged mitochondria (e.g., by
mitophagy) in AD. Tau protein is known to impede mitophagy.
Mitochondrial dysfunction and classical pathological changes
in AD may form a vicious cycle [5].

Autophagy and neurodegeneration

The term “autophagy” is derived from the Greek “to eat one-
self,” which implies that the main purpose of this process is
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the destruction of internal components of the cell [5]. There
are three distinct types of autophagy: macroautophagy,
microautophagy, and chaperone-mediated autophagy, which
result in the proteolytic degradation of cytosolic components
in the lysosome. When examining AD pathogenesis, it is cru-
cial to comprehend the mechanism of macroautophagy (here-
after referred to as “autophagy”).

The process commences with the insulating membrane,
also referred to as the phagophore. It expands to engulf in-
tracellular components, including protein aggregates, orga-
nelles, and ribosomes, thereby insulating them with a double
membrane to form an autophagosome. The autophagosome
fuses with the lysosome, facilitating degradation of the au-
tophagosomal contents by lysosomal proteases.

Autophagy is critical for eliminating non-functional cel-
lular components and increasing ATP production, which is
necessary for damage control. It performs several functions:
selective or non-selective removal of specific damaged or-
ganelles (mitochondria, peroxisomes, and endoplasmic re-
ticulum), ribosomes, and protein aggregates; promotion of
cell aging and cell surface antigen presentation; protection
against genome instability; and prevention of necrosis [43].
However, in neurons, autophagy serves to facilitate axonal
guidance, synaptic transmission, the maintenance of com-
munication between neurons, and neural stem cell develop-
ment. In general, there is evidence that brain dysfunction in
neurodegeneration is significantly influenced by impaired au-
tophagy [5].

This perspective is due to an understanding of the pecu-
liarities of neuronal structure and function. The vital activi-
ty of neurons is significantly reliant on the external supply
of nutrients and, consequently, on active membrane trans-
port that connects the distant cell body with dendrites and
axons. Neuronal sensitivity to intracellular imbalances causes
an absence of tolerance to the accumulation of aggregated
or damaged cytosolic compounds or membranes, which oc-
curs due to impaired autophagy mechanisms. Autophagy is an
important homeostatic mechanism in healthy neuronal cells
and a cytoprotective response in chronic neurodegenerative
diseases [3].

The number of mitochondria decreases with autophagy;
hence, autophagy and mitochondrial dysfunction are evident-
ly connected in AD [3, 5. AD impairs mitophagy (a selective
form of autophagy), causing the accumulation of damaged
mitochondria in neurons [5]. The translocation of misfolded
proteins into the mitochondrial membrane impairs oxidative
phosphorylation and activates autophagy. Lysosomal deg-
radation of damaged mitochondria is a critical factor in the
regulation of mitochondrial quality in the absence of patho-
logy. A defective mitophagy mechanism reduces the efficien-
cy of this control, which leads to the oligomerization of AB and
a-synuclein in the mitochondrial membrane, an increase in its
permeability, and the release of cytochrome c. This may initi-
ate a caspase cascade, causing massive cell death and neu-
rodegeneration [3].
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Research on mitophagy is currently focused on identify-
ing genetic causes of dysfunction in the mechanism of deg-
radation of damaged mitochondria [5]. An unusual accumu-
lation of mitochondrial DNA mutations has been found in the
brains of AD patients. This disease results in the suppression
of DNA repair pathways, including double-strand break re-
pair and excision base excision repair. However, the exact re-
lationship between impaired DNA repair and mitophagy/au-
tophagy is still unclear.

SIRT1 and SIRT3, two genes with neuroprotective proper-
ties, exhibit diminished activity in neurodegenerative disea-
ses, including AD. SIRT1 exerts its neuroprotective function
by inducing autophagy/mitophagy, while SIRT3 is an activator
of FOX03, an essential protein for autophagy in neurons. Con-
sequently, SIRT1 and SIRT3 dysfunction suppresses mitopha-
gy and causes the subsequent accumulation of damaged mi-
tochondria in neurons.

Neuronal NAD+? deficiency may also impair mitophagy
in AD. Numerous studies have linked autophagy to neuroin-
flammation. Initially, proinflammatory cytokines released in
AD activate autophagy. Research suggests that prolonged AB
exposure can impair microglial autophagy in AD. Thus, dis-
ruption of autophagy mechanisms exacerbates neuroinflam-
mation and promotes AD progression [5, 44, 45].

Neuroinflammation

Neuroinflammation denotes an inflammatory response in the
central nervous system accompanied by the aggregation of
microglia and astrocytes [46]. Neurodegeneration is exac-
erbated by mediators of inflammation, which in turn contri-
butes to neuropathology. Neuroinflammation plays an impor-
tant role in AD pathogenesis, as it commences at the earliest
phases of the disease [5].

Postmortem brain sections from patients with mid- and
late-stage AD showed large quantities of microglial cells [10].
Microglia are a collection of resident phagocytes in the central
nervous system [5]. Microglial cells, which are true phago-
cytes, perform all the functions inherent to phagocytes. In
the absence of neurodegenerative pathology, microglia inhibit
neuroinflammation, as they have pronounced anti-inflamma-
tory properties [47].

The phenomenon of activated microglia is a critical con-
cept for understanding AD pathogenesis. This indicates a loss
of homeostasis that was previously maintained by microglia.
It entails the triggering of microglia polarization by the proin-
flammatory phenotype M1 [31, 48].

Initially, microglia play a protective role; however, in
AD, the continuous accumulation of amyloid leads to mi-
croglia-induced chronic inflammation. Even though microg-
lia phagocytize amyloid and protect neurons from its toxici-
ty, they also release proinflammatory mediators that cause
neuronal damage [49]. Additionally, AB can hind to several
receptors expressed on microglia, thereby stimulating the

ZNAD, nicotinamidadenine dinucleotide.
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production of cytokines (e.g., tumor necrosis factor a) and
ROS [10].

Inflammasomes play a key role in this process. These are
multiprotein complexes that trigger inflammation within cells
by stimulating cleaving caspase-1 and releasing inflammato-
ry cytokines such as interleukin-1B and -18. Phagocytosis of
AP by microglia has been demonstrated to induce lysosomal
damage and leakage of cathepsin B into the cytosol, resulting
in inflammasome activation. The brain tissue is severely da-
maged by cytokines and chemokines. Many factors contribute
to excessive microglial activation. One of them is complement
receptor activation, which exacerbates the neuroinflammation
process. This microglial activation in AD is linked to the acti-
vation of the nuclear factor kB pathway [5].

Intestinal dysbiosis

The intestinal microbiota refers to a group of microorganisms
that reside in the gastrointestinal tract [50]. Animal models
have demonstrated the existence of a two-way communica-
tion pathway between the stomach and the brain. This inter-
action is depicted as the microbiota —intestine—brain axis
[51]. This axis denotes a complex network of interactions in-
volving both cellular and humoral modes of communication
[52]. Intestinal metabolites that influence brain function in-
clude short-chain fatty acids, serotonin, acetylcholine, GABA,
tryptophan, dopamine, norepinephrine, endotoxins, and his-
tamine [53].

Common elements of the modern lifestyle can disrupt the
intestinal microbiota and stimulate dysbiosis [50]. Alterations
in the intestinal microbiota can increase the permeability of
the intestinal wall and the blood-brain barrier, contributing to
the accumulation of intestinal microbiota metabolites in the
brain with a subsequent transition from a homeostatic state
to a proinflammatory state. As a result, resident central ner-
vous system macrophages, specifically microglia, are activa-
ted because of the influence of intestinal dysbiosis on neuro-
inflammation.

Microbiota alterations also increase circulating levels of
humoral (e.g., proinflammatory cytokines) or cellular (e.g.,
monocytes) effectors of peripheral immunity. The ability of the
microbiota to modulate both peripheral and central immune
responses is being increasingly recognized [52]. Dysbiosis of
the microbiota may lead to a systemic inflammatory response,
thereby affecting the microglial immune response [50].

A potential mechanism by which A gains access to the
enteric nervous system for further translocation to the cen-
tral nervous system via vagus nerve axons has been hy-
pothesized. AD and neuroinflammation may be substantial-
ly influenced by the translocation of AB oligomers from the
intestine to the brain [53]. Furthermore, microbiota-induced
cytokine synthesis is involved in regulating vagus nerve func-
tion [52].
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Another mechanism affecting immune response enhance-
ment is related to the ability of certain bacteria, such as Strep-
tococcus, Staphylococcus, Salmonella, Mycobacteria, Klebsiel-
la, Citrobacter, and Bacillus, to produce functional extracellular
amyloid proteins. The appearance of this amyloid in the intes-
tine may trigger animmune response, resulting in neuroinflam-
mation with endogenous amyloid formation in the brain [54].

Thus, it can be contended that the nervous system’s func-
tionality is significantly influenced by the microbiota-intes-
tine-brain axis. There is increasing evidence that intestinal
dyshiosis may exacerbate AP aggregation and neuroinflam-
mation in AD [5]1, 55].

COMMON PATHOGENETIC MECHANISMS
IN VARIOUS NEURODEGENERATIVE
DISEASES

Neurodegeneration is characterized by progressive neuronal
death. This process combines multiple nervous system pa-
thologies into a group of neurodegenerative diseases, inclu-
ding AD, amyotrophic lateral sclerosis (ALS), and Parkinson’'s
disease [56]. The development of neurodegenerative diseases
is characterized by numerous pathogenetic processes, which
presents an opportunity to investigate the shared mecha-
nisms of their development. In this review, we have explored
this relationship using the example of the similarity of patho-
genetic factors in AD and ALS.

ALS belongs to the clinical and pathological spectrum of
motor neuron diseases. It is characterized by moderate and
progressive dysfunction and loss of motor neurons [56]. Pre-
sently, the most prevalent hypothesis is that the accumulation
of oligomers of key proteins is the primary cause of a number
of neurodegenerative diseases, such as AD and ALS [57]. For
example, AD is characterized by extracellular accumulation
of AB plaque aggregates, whereas the pathogenesis of ALS
is frequently linked to aggregates of pathological superoxide
dismutase 1, FUS, or TAR DNA-binding protein 43 in motor
neurons and oligodendrocytes [56].

There is evidence of the presence of analogous neuroin-
flammation mechanisms, despite the differences in the pri-
mary factors of AD and ALS pathogenesis [56]. The processes
of microglia, astrocyte and inflammatory activation, oxida-
tive stress, production of neurotoxic mediators, mitochondri-
al dysfunction, and autophagy defects may also be character-
istic of neuroinflammation in both AD and ALS patients.

Neuroinflammation in ALS is initially provoked by microg-
lial activation and proliferation, infiltration of the central ner-
vous system by lymphocytes and macrophages, and the pre-
sence of reactive astrocytes in the anatomical areas where
motor neuron injury occurs [56, 58]. The release of misfold-
ed proteins from damaged motor neurons and astrocytes has
been shown to influence microglial activation in ALS. These
activate microglia via CD 14, Toll-like receptors 2, 4, and sca-
venger receptor-dependent pathways [59].
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In addition to activated microglia, factors that contribute
to neuroinflammation in ALS and AD include unregulated and
excessive inflammasome activation [58]. In ALS, inflamma-
some components include interleukin-18, cryopyrin, apopto-
sis-associated speck-like protein, and caspase-1. In compa-
rison, interleukin-18 and -1p, NLRP1, apoptosis-associated
speck-like protein, and cryopyrin have been identified as in-
flammasome components in AD [58]. The production of neu-
rotoxic mediators, such as cytokines and interleukins, is con-
sidered a critical factor in neuronal death.

The primary source of ROS is microglial cells; conse-
quently, neuroinflammation is closely associated with oxi-
dative stress. Oxidative stress in ALS is associated not only
with microglial activation [60], but also with the loss of func-
tion of superoxide dismutase 1, which plays an important role
in scavenging ROS. However, other proteins associated with
ALS, such as mutant TAR DNA-binding protein 43 and other
as-yet unknown factors in sporadic ALS, may also contribute
to oxidative stress in motor neurons [59].

It is not feasible to discuss neurodegenerative diseases
without addressing the violation of autophagy and mitophagy
mechanisms. As mechanisms that contribute to the develop-
ment of neuroinflammation, these pathogenic factors can be
regarded as a distinct link in the disease’s progression. Lyso-
somal dysfunction results from genetic mutations or toxic ef-
fects in ALS [61].

Lysosomal deficiency leads to an abnormal accumula-
tion of autophagic vacuoles that engulf damaged mitochon-
dria in the axons of motor neurons in mice with superoxide
dismutase 1 mutations. Therefore, lysosomal proteolysis de-
fects are linked to mitochondrial pathology and defective mi-
tophagy in ALS [62].

Disruption of autophagy and mitophagy in motor neu-
rons can result in the accumulation of misfolded proteins and
damaged mitochondria, respectively, leading to cell death [59,
63]. The mitochondria of ALS patients exhibit elevated levels
of ROS and impaired Ca2+ homeostasis. Further, ALS results
in metabolic alterations in neurons due to the impaired axonal
transport of mitochondria along microtubules [59]. Autophagy
and mitophagy are also impaired in AD.

CONCLUSIONS

Multiple factors contribute to the development of AD, inclu-
ding genetic mutations, age-related changes in physiological
processes, as well as external and internal risk factors. The
study of the interaction between pathological accumulation of
AP and hyperphosphorylation of tau protein illuminates no-
vel mechanisms that contribute to the disease’s pathogenesis.

In the absence of AD, the dysfunction of intracellular
mechanisms that maintain homeostasis in neurons is high-
lighted. Mitochondrial dysfunction and impaired autophagy
mechanisms, complex interrelated processes leading to neu-
roinflammation and synaptic loss, are important steps in AD
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pathogenesis. Neuroinflammation may result from intestinal
dysbiosis. The relationship between the intestinal microbiome
and the brain is emerging as the most promising area of re-
search in AD pathogenesis.
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