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Abstract— Alzheimer’s disease is the most common age-related progressive neurodegenerative disorder of brain cortex and 
hippocampus leading to cognitive impairment. Accumulation of extracellular amyloid plaques and intraneuronal neurofibril-
lary tangles are believed to be the main hallmarks of the disease. Origin of Alzheimer’s disease is not totally clear, multiple 
initiator factors are likely to exist. Intracellular impacts of Alzheimer’s disease include mitochondrial dysfunction, oxidative 
stress, ER-stress, disruption of autophagy, severe metabolic challenges leading to massive neuronal apoptosis. Mitochon-
dria are the key players in all these processes. This formed the basis for the so-called mitochondrial cascade hypothesis. 
This review provides current data on the molecular mechanisms of the development of Alzheimer’s disease associated with 
mitochondria. Special attention was paid to the interaction between Tau protein and mitochondria, as well as to the promis-
ing therapeutic approaches aimed at preventing development of neurodegeneration. 
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 REVIEW 

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neuro-
degenerative disease leading to cognitive impairment 
(impaired cognitive function), one of the most common 
causes of dementia, morbidity, and mortality in aging 
population [1, 2]. The hereditary and sporadic forms of 
AD are thought to have the same markers – accumula-
tion of misfolded and aggregated proteins, extracellular 
deposits of (Aβ)-amyloid senile plaques, and intracel-
lular neurofibrillary tangles consisting mainly of aggre-
gates of hyperphosphorylated Tau protein. It is believed 
that the increasing accumulation of Aβ aggregates trig-
gers a cascade of cellular changes including hyperphos-
phorylation of the Tau protein and inf lammation [1-3]. 

However, the amyloid cascade hypothesis, which postu-
lates the key role of Aβ in AD development, cannot ex-
plain all the anomalies observed in AD [1, 2]. Formation 
of amyloid oligomers is necessary but not sufficient for 
the development of dementia, and additional factors are 
required, including involvement of peripheral immune 
cells, excessive production of pro-inf lammatory media-
tors, chronic endoplasmic reticulum stress (ER stress), 
and especially chronic energy imbalance and mitochon-
drial damage [1, 3-7]. Postmitotic neurons are especial-
ly sensitive to mitochondrial dysfunction, disruption of 
their dynamics (fusion and fragmentation, intracellular 
localization), which causes dysfunction of synapses, the 
main site of adenosine triphosphate (ATP) utilization, 
and their subsequent loss. The loss of synapses correlates 
with the loss of cognitive functions and precedes the loss 
of neurons, first in the entorhinal cortex and hippocam-
pus, and then in most of the cortex [1].

Recent studies show that there is an intrinsic re-
lationship between Tau protein and mitochondria. 
Tau can inf luence mitochondrial function at three dif-
ferent levels: transport, morphology, and mitochondrial 
bioenergetics. For example, the truncated N-terminal 
Tau protein (20-22  kDa) is largely concentrated in the 
brain mitochondria in AD, and its amount in the nerve 
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terminal fields correlates with pathological changes in 
the synapses [8]. Mitochondrial dysfunction was found 
in transgenic TauP301L mice carrying the Tau protein 
P301L mutation, which causes frontotemporal dementia 
[9]. Dysregulation of mitochondrial complex I during ag-
ing depends on Tau [10]. Other cellular mechanisms by 
which a hyperphosphorylated Tau induces loss of synaps-
es by the retinal ganglion cells during glucolipotoxicity 
include microtubule destabilization and disruption of the 
microtubule-dependent synaptic transport of mRNA and 
mitochondria, disruption of energy generation by mito-
chondria in the synapses due to hyperphosphorylation of 
Tau in a GSK3β (glycogen synthase kinase 3-beta)-de-
pendent manner [11].

Numerous mitochondrial anomalies have been iden-
tified using several cellular and animal models of tauopa-
thy [4, 12]. These include increased production of reactive 
oxygen species (ROS), changes in mitochondrial dynam-
ics, and impaired oxidative phosphorylation [13, 14].

Chronic stress resulted in atrophy of apical den-
drites and loss of spines in the prefrontal cortex neurons, 
as well as significant memory impairments in the wild-
type mice, while animals with the Tau-protein (Tau-KO) 
knockout had no such changes. Quantitative proteomic 
analysis of the synapse fraction of the prefrontal cortex 
combined with the analysis using transmission electron 
microscopy has suggested an important role of mito-
chondria in regulating the effects of stress. Particularly, 
the Tau-dependent changes in the levels of proteins in-
volved in metabolite transport by mitochondria and oxi-
dative phosphorylation have been detected in the animals 
under chronic stress, as well as in mitochondria localiza-
tion in the prefrontal cortex synapses [15].

Aβ oligomers inhibited mitochondrial transport 
in axons in the primary neurons in the wild-type mice, 
while neurons with the reduced level of Tau protein had 
normal transport of mitochondria in axons [16]. These 
observations suggest that along with Aβ, Tau protein is 
also required to disrupt mitochondrial transport in axons, 
and a reduced level of Tau can protect against the Aβ-in-
duced changes in the transport of mitochondria in axons 
[16]. Mitochondrial functional defects were detected in 
the 3xTg-AD mice (reduced respiration and activity of 
pyruvate dehydrogenase, elevated ROS production, and 
lipid peroxidation [17-19]), as well as impaired regula-
tion of mitochondrial Krebs cycle proteins, metabolism 
of pyruvate, glycolysis, antioxidant proteins, transport of 
metabolites, oxidation of fatty acids, utilization of ketone 
bodies and oxidative phosphorylation system proteins, 
especially complexes I and IV of the mitochondrial elec-
tron transport chain (ETC) [10, 20]. In the study of the 
brains of AD patients and 3xTg-AD mice, it was found 
that the dynamin-related protein  1 (Drp1), responsible 
for mitochondrial fragmentation, is activated by hyper-
phosphorylated Tau protein (P-Tau) [21].

Recent studies have also shown that the Aβ- and 

P-Tau-induced inhibition of autophagy and mitophagy 
are important events in AD pathogenesis. The age-relat-
ed increases in the levels of Aβ and P-Tau reduced the 
levels of several autophagy and mitophagy proteins [22]. 
Activating action of Aβ on the protein Drp1 [23,  24], 
P-Tau – on Drp1 [23-25], inhibiting action of Aβ – on 
PINK1/parkin [26, 27], and P-Tau – on PINK1/parkin 
[26] led to disruption of mitophagy and autophagy [22].

Thus, over the past decades, a lot of evidence has 
been accumulated indicating direct association of Tau 
protein with mitochondrial dysfunction in the develop-
ment of neurodegeneration. However, for the most part, 
they revealed these pathological interactions at the cellu-
lar and subcellular level and established existence of mor-
phological and bioenergetic changes. At the same time, 
interactions between Tau protein and mitochondria at 
the molecular level remained poorly understood.

In this review, we attempted to collect all the avail-
able data of recent years, allowing us to fill in the gaps 
in understanding molecular mechanisms of the Tau-in-
duced mitochondrial dysfunction, as well as to trace gen-
eral logic of pathological changes from the lowest level of 
interactions to a higher one, from molecular to cellular. 
In addition, the review presents the recently described 
promising therapeutic approaches aimed at attenuating 
or preventing the development of neurodegeneration in 
AD associated with mitochondria.

IMPACT OF TAU PROTEIN ON BIOENERGY 
PARAMETERS OF MITOCHONDRIA

Exposure of the isolated mitochondria from human 
neuroblastoma SH-SY5Y cells to oligomeric Tau protein 
caused mitochondrial swelling, release of cytochrome c, 
and membrane potential collapse [28].

Localization of different forms of Tau (full-length 
sized human Tau protein (hTau), phosphorylated form, 
or N-terminal fragment cleaved by caspase) in mito-
chondria or their association with the outer mitochon-
drial membrane has been proven [14, 29], which implies 
the possibility of participation of “mitochondrial” Tau in 
cellular dysfunctions observed in tauopathies.

Mitochondrial membranes are obvious targets for 
toxic intracellular Tau species, not least in synapses, 
where mitochondria are particularly numerous [30]. 
The ability of aggregates of the full-length Tau-441 oligo-
mers to penetrate lipid vesicles with a certain composi-
tion of membranes was established [31], mitochondrial 
membranes were found to be particularly vulnerable to 
protein aggregates [28]. Importantly, Tau proteins exhib-
ited high affinity for the membranes enriched in cardi-
olipin (1,3-diphosphatidyl-sn-glycerol, CL), a charac-
teristic phospholipid of mitochondrial membranes [32, 
33], which plays fundamental role in formation of the 
respiratory chain supercomplexes to maintain optimal 
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oxidative phosphorylation [34]; CL oxidation is a prereq-
uisite for the release of cytochrome c from mitochondria 
[35], which predetermines onset of the irreversible stage 
of apoptosis.

Subcortical injection of the recombinant Tau-pro-
tein oligomers into the brain of mice caused mitochon-
drial dysfunction by reducing the activity of complex  I 
and activating the mitochondrial-dependent apoptotic 
pathway leading to synaptic dysfunction [36].

In the transgenic mice overexpressing the mutant 
TauP301 functional analysis has confirmed mitochon-
drial dysfunction in the form of decreased mitochondrial 
respiration and ATP synthesis [9]. Proteomic analysis of 
the mitochondria additionally revealed decrease in the 
D subunit of ATP synthase in the TauP301L mice, which 
was also found in the postmortem brain of the individuals 
with a TauP301L mutation [9]. Activity of the mitochon-
drial cytochrome c-oxidase (complex IV) did not change 
in the transgenic mice with Tau pathology [9], but these 
changes were characteristic of the mice with AD overex-
pressing mutant forms of the amyloid protein precursor 
(APP) [37], as well as upon accumulation of Aβ oligo-
mers and presence of Tau pathology [9, 36].

An intron mutation 10 + 16 in the MAPT gene en-
coding Tau caused frontotemporal dementia and par-
kinsonism associated with chromosome  17 (FTDP-17). 
The increased potential generated at the mitochondri-
al membrane in the FTDP-17 neurons led to the ex-
cessive production of ROS in mitochondria, which, in 
turn, caused oxidative stress and cell death. Excessive 
formation of mitochondrial ROS in these cells could be 
prevented by the mitochondria-targeted antioxidant mi-
toquinone (MitoQ) [38].

A pronounced mitochondrial dysfunction was ob-
served in the 3xTg-AD mice, produced by interbreeding of 
the pR5 TauP301L transgenic mice in which neurofibril-
lary tangles were formed, and in the APP(sw)PS2(N141I) 
mice that produce amyloid plaques, which was manifest-
ed by the inhibition of I- and IV-ETC complexes, re-
duced ATP production, elevated ROS levels, compared 
to the mice with pathology of Aβ or Tau. Therefore, there 
was a synergy of pathological defects caused by Tau and 
Aβ with AD mutations [10, 39].

Tau protein mutations (TauP301L and TauV337M) 
causing frontotemporal dementia reduced ATP produc-
tion due to ETC inhibition and significantly reduced in-
teraction of the physiological full-length Tau protein with 
mitochondrial proteins [40].

The regulatory failure of Ca2+ transport also con-
tributes to etiology of AD and is associated with mito-
chondrial dysfunction [41]. Overexpression of the patho-
logical Tau form phosphorylated at Ser396/404 in the 
primary neurons of the rat cerebral cortex aggravated the 
Aβ-induced loss of the mitochondrial membrane po-
tential due to impaired mitochondrial buffer capacity to 
maintain Ca2+ concentration. The Tau knockout (Tau–/–) 

protected primary mouse cortical neurons from the loss 
of mitochondrial membrane potential induced by low 
concentrations of Aβ42, but resulted in the significant 
increase in cytoplasmic Ca2+ concentration compared 
to the primary cortical neurons in the wild-type mice. 
In general, Tau exacerbated the Aβ-induced mitochon-
drial dysfunction independent on the Aβ-induced chang-
es in the concentration of cytoplasmic Ca2+ [42]. Nema-
todes that express the wild-type full-size Tau protein had 
increased mitochondrial damage and defects in the cell 
movement compared to the control worms in the absence 
of accumulation of Tau protein aggregates in the larval 
stages; calcium chelation with EGTA restored mitochon-
drial activity and improved mobility of these larvae [43].

Hippocampus neurons from the 6-month-old trans-
genic tauopathy model mouse (THY-Tau22) expressing 
oligomeric Tau, contained elongated mitochondria and 
exhibited signs of cellular stress, but no apparent cyto-
toxicity compared to the control mice. Levels of several 
key mitochondrial proteins differed markedly between 
the THY-Tau22 hippocampus and control mice, in-
cluding mitochondrial SIRT3, PTEN-induced kinase 1 
(PINK1), adenine nucleotide translocase  1 (ANT-1), 
and division protein Drp1. Base excision repair of DNA 
(BER), primary system for correcting the effects of ox-
idative DNA damage, was upregulated in the 6-month-
old transgenic mice. DNA polymerase  β (Polβ), a key 
BER DNA polymerase, was detected in significant con-
centrations in the cytoplasm of hippocampal neurons in 
the 6-month-old transgenic mice and was localized with 
and within mitochondria. Polβ has also colocalized with 
the mitochondria in the AD human brain in the neu-
rons containing oligomeric Tau. Most of these changes 
were specific for transgenic mice at the age of 6 months 
and were not detected in the 12 months old mice, when 
Tau pathology reached its maximum and Tau oligomeric 
forms were no longer detected [44].

The 3xTg-AD mice with 50% decrease in Polβ 
(3xTg-AD/Polβ+/–) and also containing a mutated ver-
sion of the human Tau protein, exhibited pronounced 
AD phenotypes with impaired cellular bioenergetics and 
mitochondrial dysfunction. These studies show that Tau 
alterations, mitochondrial abnormalities, and BER defi-
ciency may interact with each other, modulating the de-
velopment of tauopathies [44].

Suppression of Tau expression by Tau–/– knockout 
in mice improved mitochondrial bioenergetic functions 
through enhancing ETC and ATP production, and, like-
ly, through increasing of the levels of proteins involved 
in mitochondrial fusion processes, significantly reduc-
ing oxidative damage, and activating Nrf-2 and PGC-1α 
signaling, modulating mitochondrial antioxidant defense 
and biogenesis, and increasing ATP production in the 
hippocampus [45]. Recent work by the same authors has 
shown that deletion of the Tau protein gene prevented 
cognitive impairment in the Tau–/– mice and improved 
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mitochondrial functions in the course of normal aging 
[46]. Since expression of the cyclophilin D and adenine 
nucleotide translocase genes, which are believed to form 
a nonspecific Ca2+/phosphate-dependent mitochondrial 
pore (mPTP), was decreased, it was suggested that mPTP 
could also be involved in these processes [46].

Thus, a common molecular mechanism could be 
elucidated from the above data showing that Tau protein 
disrupts bioenergetic parameters of the neurons in AD 
pathogenesis. Tau protein binding to cardiolipin provides 
the possibility of direct effect on mitochondrial proteins. 
This, in turn, results in the reduced ATP synthesis due to 
ETC complex I inhibition, increased production of ROS, 
impaired Ca2+ homeostasis, and loss of the membrane 
potential. While such bioenergetic problems are already 
sufficient for the development of pathology in neurons, 
which are most dependent on the energy homeostasis in 
cells, they also become the basis for pathological process-
es at higher levels, as discussed below.

INFLUENCE OF TAU PROTEIN 
ON TRANSPORT AND DISTRIBUTION 

OF MITOCHONDRIA IN NEURONS

Mitochondria, as dynamic organelles, regulate cell 
viability and synapse morphology [47]. Dynamics of mi-
tochondria is regulated by continuous fusion and division 
[48]. Fusion is mediated by mitofusins, Mfn1 and Mfn2, 
integral membrane proteins of the outer mitochondri-
al membrane [49], and mitochondrial dynamin-like 
GTPase (OPA1) associated with the inner mitochondrial 
membrane [50]. In mammalian cells, the dynamin-like 
protein Drp1 plays a key role in mitochondrial division 
[51]. Dynamics of mitochondria determines morpholo-
gy, size, distribution, and functions of mitochondria [52].

Proteomics of subcellular organelles combined with 
bioenergetic estimation of transgenic mice expressing the 
hTau at the age preceding and coinciding with the onset 
of thauopathy revealed that Tau pathological forms are 
predominantly associated with the synaptic mitochon-
dria, which coincides with the changes in bioenergetics 
that resemble aging synaptic mitochondrial phenotype 
in the wild-type mice. While the mitochondrial content 
has not changed, maximal respiration of mitochondria 
has been impaired in the hTau mice synaptosomes. It has 
also been determined that the Tau protein associated with 
mitochondria is bound to the outer mitochondrial mem-
brane. This data show that accumulation of the non-mu-
tant Tau in the synapse produces harmful effects on mi-
tochondria, which probably contributes to the synaptic 
dysfunction observed in the context of tauopathies [53].

The hippocampus neurons expressing caspase-
cleaved Tau truncated at Asp421 (T4C3) were shown to 
accumulate significantly on the mitochondrial popula-
tion in the soma, and clear mitochondrial bioenergetic 

deficit was observed, including mitochondrial depo-
larization, oxidative stress, and significant decrease in 
ATP production. At the same time, expression of the 
mitochondrial kinesin-binding protein 2 (TRAK2, Traf-
ficking kinesin-binding protein 2) required to bind mito-
chondria to kinesins and move to the cell periphery along 
microtubules, decreased in the immortalized and prima-
ry hippocampal neurons. Moreover, binding of TRAK2 
to mitochondria increased compared to the neurons ex-
pressing full-length Tau, further inhibiting movement of 
the mitochondria. Thus, the truncated form of Tau could 
affect mitochondrial transport in neurons by suppressing 
TRAK2 expression, strengthening TRAK2 binding to 
mitochondria, and reducing production of ATP required 
to support movement of these organelles to synapses [54].

Tau protein inhibited the mitochondrial Rho 
GTPase 1 (RHOT1)-mediated mitochondrial antero-
grade movement. RHOT1 is another adapter that binds 
the outer mitochondrial membrane to TRAK2, described 
above forming a mitochondrial motor–adapter complex. 
Increased levels of RHOT1 prevented loss of synapses and 
reversed cognitive impairment in the mice with tauopathy 
by restoring mitochondrial populations in synapses [55].

Overexpression of hTau increased the level of pro-
teins responsible for mitochondrial fusion, including 
OPA1, Mfn1, and Mfn2, and reduced Mfn2 ubiquitina-
tion, enhancing the fusion of mitochondria and their peri-
nuclear accumulation in the HEK293 cells and primary 
neurons of the hippocampus of rats. The ShRNA-medi-
ated reduction of mitofusins to ~45-52% of the control 
levels attenuated the hTau-enhanced mitochondrial fu-
sion, while inhibition of OPA1 to ~50% of the control 
level had no positive effects. The hTau accumulation at 
later stages inhibited mitochondrial functions, which was 
manifested by the decrease in ATP level, ATP/ADP ratio, 
and complex  I activity [13]. These observations suggest 
that intracellular accumulation of the full-length Tau 
protein at the early stages of pathology can impair the 
anterograde movement of mitochondria due to increased 
fusion and can cause neurodegeneration due to synaptic 
dysfunction associated with perinuclear accumulation of 
mitochondria.

Similar effects of Tau protein have been observed in 
other models. Expression of the hTau protein (2N4R) or 
Tau protein 2N4RΔC20 cleaved by caspase-3 has been 
able to induce aggregation and accumulation of the hTau 
protein [56], causing perinuclear clustering of mitochon-
dria [13, 57] and altering the level of expression of mito-
chondrial proteins responsible for fusion [13] in fibro-
blasts of the patients with sporadic atopic dermatitis, in 
the rat hippocampal neurons, as well as in several mam-
malian cell lines, which suggests close relationship be-
tween the intracellular localization of mitochondria and 
Tau. Tau overexpression activated mitochondrial proteins 
responsible for their fusion, leading to perinuclear accu-
mulation of mitochondria accompanied by the decrease 
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in the complex  I activity and ATP levels [13]. Impaired 
transport of mitochondria in axons has been found in the 
sensory neurons of embryonic fish Danio rerio, a mod-
el organism in biomedical research, expressing differ-
ent forms of Tau, including mutant TauP301L [58,  59]. 
Comparing the TauP301L transgenic mice without Tau 
protein and the double transgenic mice with knockout of 
the genes encoding Tau and Drp1 (TauP301L-Drp1+/–) 
showed that the double mutant mice had better cognitive 
abilities compared to the TauP301L mutants: they had 
increased dendritic spines, the number of mitochondria 
was reduced, while their length increased [60]. This may 
indicate that the increased mitochondrial fragmentation 
on exposure to Drp1-dependent Tau protein may be a 
major pathogenetic pathway in AD. Comparative analy-
sis of the effect of hTau, prone to hyperphosphorylation, 
hyperphosphorylated Tau, and Aβ42 peptide, on the brain 
antioxidant defense system and on Marf (human Mfn2 
homologue) and Drp1 in the transgenic Drosophila mela-
nogaster revealed that, despite the deficiency of antioxi-
dants caused by different types of Tau and Aβ42, Tau ap-
pears to have had a more toxic effect on the eye phenotype 
and the regulation of Marf and Drp1 [61]. Flies expressing 
the wild-type Tau protein exhibited a stronger expression 
of Marf, a fusion protein, while hyperphosphorylated Tau 
increased expression of Drp1, a division protein.

As for the protein OPA1 responsible for the fusion of 
the inner mitochondrial membranes, its direct relation-
ship with the Tau protein has not yet been found [62].

From the above, it can be concluded that Tau pro-
tein plays a critical role in the modulation of mitochon-
drial dynamics during neurodegeneration. And while it 
was previously thought to be due to its natural ability to 
bind to microtubules, the recent studies suggest direct in-
hibition of the formation of the functional mitochondrial 
motor–adapter complex responsible for mitochondria 
movement to the periphery of neurons. In addition, in 
the early stages of pathology, the full-length Tau activates 
mitochondrial fusion proteins, leading to their perinucle-
ar clustering and also preventing transport to the periph-
ery. All this is exacerbated by the problems with bioen-
ergetic functions of mitochondria, described in the first 
section, since the movement of loads along microtubules 
is an ATP-dependent process. All these pathological ef-
fects create the basis for synaptic dysfunction, as normal 
functioning of synapses requires energy produced by mi-
tochondria and buffer capacity of calcium ions, which is 
impossible with the wrong quality, quantity, and localiza-
tion of mitochondria in neurons.

TAU PROTEIN AND MITOPHAGY

Energy requirements for the neuronal excitability, 
synaptic activity, and plasticity are met almost exclusively 
by mitochondrial oxidative phosphorylation. But mito-

chondria, in addition to the well-known function of en-
ergy production, perform other key functions in the cell. 
Therefore, quantity and quality of mitochondria and their 
redox state must be carefully monitored by the cell. Along 
with the dynamics of mitochondria, their biogenesis, 
protein degradation systems, mitochondrial DNA repair 
enzymes, and mitophagy, the selective removal of dam-
aged non-functioning mitochondria, are also responsible 
for controlling mitochondria quantity and quality.

New evidence suggests that mitophagy is impaired 
in AD. In animal and cellular AD models and in patients 
with sporadic late-onset AD, mitophagy impairment has 
been shown to contribute to synaptic dysfunction and 
cognitive deficits, causing Aβ and Tau accumulation and 
cellular energy deficiency; they, in turn, disrupt mitoph-
agy [63]. Mitophagy deficiency and increased potential 
generated at the mitochondrial membrane have been re-
ported in tauopathy models in vitro and in vivo [64].

The NH2-Tau fragment (20-22  kDa) located be-
tween the 26th and 230th amino acid residues of the lon-
gest human Tau isoform (also known as NH2hTau) has 
been found in the cellular and animal AD models, as well 
as in mitochondria of the synapses and cerebrospinal 
f luid from the patients with AD; it exhibits neurotoxic-
ity in the primary neurons of hippocampus by disrupt-
ing mitochondrial metabolism both directly by inhibiting 
ANT-1-dependent ADP/ATP metabolism and indirectly 
by disrupting mitophagy. The hTau and the TauP301L 
mutant inhibited mitophagy in neuroblastoma cells by 
reducing the movement of parkin into mitochondria. In 
the nervous system of Caenorhabditis elegans, hTau ex-
pression reduced mitophagy, while TauP301L expression 
completely inhibited it. Tau specifically disrupted re-
cruitment of parkin to the defective mitochondria, iso-
lating it in the cytosol. This sequestration was mediated 
by the aberrant interactions of parkin with the Tau pro-
jection domain [65].

Parkin-dependent removal of the damaged mito-
chondria occurring in the postmitotic neurons expressing 
NH2hTau contributed to neuronal death, while cytoso-
lic ubiquitin carboxy-terminal hydrolase L1 (UCHL-1) 
controlling ubiquitin homeostasis and thus synaptic 
physiological remodeling critically contributed to mito-
chondrial and synaptic deficiency in this AD model in vi-
tro. Pharmacological or genetic suppression of “incor-
rect” mitophagy by inhibiting mitochondrial degradation 
via autophagosomes or by shRNA-mediated suppression 
of parkin or UCHL-1 gene expression provided partial 
but significant protection against the NH2hTau-induced 
neuronal death. Moreover, the endogenous NH2hTau is 
stably associated with parkin and UCHL-1 in mitochon-
dria of human AD synapses. Taken altogether, this indi-
cates causal relationship between the excessive removal 
of damaged mitochondria and the NH2hTau-induced 
neuronal death in vitro. Pathogenic shortening of Tau can 
contribute to degradation of synapses in AD due to aber-
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rant recruitment of parkin and UCHL-1 into mitochon-
dria, making them more prone to “harmful” autophagic 
clearance [66].

Conclusive in vitro and in vivo data have also shown 
that the free ubiquitin pool is a unifying node linking two 
major intracellular proteolytic systems: ubiquitin–prote-
asome system (UPS) and selective autophagy (mitopha-
gy in particular) [67], and that strict control of ubiquitin 
levels is of vital importance for synapse homeostasis and 
neuronal survival [68]. The parkin-associated mitophagy 
pathway, which plays an important role in maintaining 
a competent mitochondrial network in postmitotic neu-
rons, mainly in the ATP-consuming synapses [69-71], 
performs not only ubiquitination of several proteins of 
the mitochondrial outer membrane [72], but also direct 
recruitment and activation of UPS components in mi-
tochondria [73]. Among the family of neuron-specific 
deubiquitinating enzymes, UCHL-1 is the most abun-
dant (1-2% of soluble brain proteins) and multifunc-
tional, acting as a hydrolase – removing and processing 
ubiquitin molecules from target proteins, and as a ubiq-
uitin ligase  – generating polyubiquitin chains, specific 
labels for subsequent utilization of the proteins. More-
over, UCHL-1 is also able to bind to ubiquitin, inhib-
iting its degradation in neurons [74], its primary role in 
synapses is to control structure and/or function of neu-
rons, local maintenance of ubiquitin homeostasis both 
in  vitro and in  vivo [75-77]. It has been proven that the 
impaired UCHL-1 activity is associated with synaptic 
insufficiency in AD neurodegeneration [78, 79], and its 
immunoreactivity is markedly detected in the Tau-load-
ed tangle-bearing neurons located in the selectively af-
fected areas [78]. Interestingly, E3 ubiquitin ligase and 
parkin have been identified as proteins interacting with 
UCHL-1 [80] suggesting that this enzyme may serve as 
a possible modifier of the parkin-dependent removal of 
damaged mitochondria in neurons.

Overexpression of the hTau induced mitophagy 
deficits in the HEK293 cells, primary neurons of the hip-
pocampus, and in the brains of transgenic mice. At  the 
same time, potential generated on the mitochondrial 
membrane increased, while the levels of PTEN-induced 
kinase 1 (PINK1) and parkin decreased in the mitochon-
drial fraction. A dose-dependent accumulation of Tau 
protein in the fraction of the outer mitochondrial mem-
brane, along with its accumulation in the cytoplasm was 
observed. These data suggest that the intracellular hTau 
accumulation could cause mitophagy deficiency through 
direct insertion into the mitochondrial membrane and 
thus affect PINK1/parkin localization [64].

Hence, the Tau protein-mediated inhibition of the 
energy-producing function of mitochondria and the sub-
sequent energy deficit described in the first two sections, 
on the one hand, creates a natural need for the cell to re-
cycle (utilize) non-functional mitochondria. On the oth-
er hand, the hyperphosphorylated Tau directly activates 

mitochondrial fragmentation by inhibiting OPA1 and 
mitofusins  –  fusion proteins, and activating Drp1  –  a 
division protein. At the same time, Tau protein blocks 
mitophagy by directly binding parkin and/or hindering 
its association with the outer mitochondrial membrane. 
This makes ubiquitination of membrane proteins and 
subsequent destruction of mitochondria impossible. 
Here we can suggest the path in which (under the inf lu-
ence of Tau protein at all stages) energy homeostasis of 
the cell is disturbed first followed by the development of 
mitochondria dysfunction and fragmentation, while their 
disposal through mitophagy is blocked.

PROMISING THERAPIES 
FOR TAU-PATHOLOGIES ASSOCIATED 

WITH MITOCHONDRIAL DYSFUNCTION 
AND OXIDATIVE STRESS

High level of integration of vital cell processes, va-
riety of intracellular interactions and regulated signaling 
pathways, as well as proven involvement of mitochondria 
in pathological changes in AD from the earliest stag-
es before the onset of clinical symptoms, make mito-
chondria one of the most promising therapeutic targets 
[81, 82]. Due to the fact that recently new mechanisms 
of mitochondrial dysfunction in AD related to their dy-
namics and distribution have been clarified, therapeutic 
approaches aimed at these new mechanisms have been 
reported more often [83]. For example, one recent work 
demonstrated mitophagy accelerators of high efficiency: 
urolithin A in combination with epigallocatechin gallate 
improved both bioenergetic and morphological parame-
ters in the cellular model of AD (mTau-HT22) [84].

However, general focus of the works proposing new 
approaches has been shifted towards stimulation of mi-
tochondrial bioenergetics. As described in the previous 
sections, although Tau directly affects the regulatory 
proteins of mitochondrial fusion/fission, mitophagy, and 
axonal transport, energy deficiency underlies all these 
higher-level pathological processes.

Currently, one of the most advanced approaches for 
improving bioenergy functions of mitochondria are mi-
tochondria-targeted compounds consisting of a natural 
antioxidant molecule (ubiquinone or plastoquinone, re-
spectively, components of the respiratory or photosyn-
thetic electron transport chain) connected via a C10-al-
iphatic linker with the cation triphenylphosphonium for 
targeted delivery and accumulation in mitochondria. Mi-
tochondrial lipophilic antioxidants have significant ad-
vantages over conventional antioxidants, as they are trans-
ported into cells and mitochondria in accordance with the 
membrane potential generated on the cytoplasmic and 
mitochondrial membranes, respectively. As a result, their 
concentration in mitochondria can increase by several or-
ders of magnitude. This allows them to be used at low, 
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non-toxic, micromolar or submicromolar concentrations. 
Moreover, lipophilic mitochondria-targeted antioxidants 
have high distribution coefficient in the membrane (104), 
resulting in a four-order of magnitude increase of its con-
centration in the lipid bilayer [85]. Finally, they can be re-
stored (regenerated) by the components of the respiratory 
chain, which ensures their continuous functioning. Com-
pounds most intensively studied and used in the treatment 
of various pathologies, especially neurodegenerative dis-
eases, are MitoQ and SkQ1 [85-88].

In the 3xTg-AD mice expressing three human mu-
tant genes, two of which cause early onset of AD (APPswe 
and PS1M146V) and one causing frontotemporal demen-
tia (TauP301L) [89], administration of MitoQ during 
the period of initial manifestation of AD-like patholo-
gies, preservation of cognitive functions was observed 
compared with the control mice, as well as a decrease in 
neuronal oxidative stress, loss of synapses, astrogliosis, 
microglial cell proliferation, Aβ accumulation, caspase 
activation, and Tau hyperphosphorylation. MitoQ treat-
ment significantly increased lifespan of the 3xTg-AD 
mice [90]. MitoQ significantly reduced the amount of 
ROS and Tau aggregation in the HEK293T cells express-
ing the full-length Tau protein [91].

Administration of the mitochondria-targeted an-
tioxidant SkQ1 to OXYS rats with increased oxidative 
stress mimicking key characteristics of the sporadic form 
of AD at the age of 12-18 months (during the period of 
active progression of AD) resulted in accumulation of 
this compound in various areas of the brain, mainly in 
neuronal mitochondria. By improving the structure and 
functional state of mitochondria, SkQ1 prevented neu-
ron death and synapse damage, increased neurotrophic 
supply, and reduced levels of Aβ42 and Tau hyperphos-
phorylation in the hippocampus of OXYS rats resulting in 
improved memory and learning ability [92].

Another interesting trend is moderate inhibition 
of complex  I of the mitochondrial respiratory chain. 
This  leads to the increased AMP/ATP ratio causing 
activation of AMP-activated protein kinase, which, in 
turn, inhibited GSK3β and cyclin-dependent kinase  5 
(CDK5), responsible for Tau hyperphosphorylation, 
while activating phosphatase PP2Ac, responsible for Tau 
dephosphorylation. In addition, moderate inhibition of 
the respiratory chain complex I can initiate an integrat-
ed stress response  (ISR), which increases resistance of 
neurons to stress conditions, thereby exerting a neuro-
protective effect [93]. The effect of a specific inhibitor 
of complex I, tricyclic pyrone compound CP2, was stud-
ied in the mouse models of AD. CP2 protected against 
synaptic dysfunction and cognitive impairment in the 
3xTg-AD mice and lowered human P-Tau [94]. Howev-
er, it is worth mentioning here that in the case of such a 
complicated pathology, even moderate inhibition could 
have unexpected effects, and ISR induced under certain 
conditions could direct the cell towards apoptosis.

A possible therapeutic potential has also been sug-
gested for the mitochondria-targeted lithium, which 
possessed neuroprotective and neurotrophic properties 
that may be associated with the enhanced mitochondrial 
functions [95].

Intracerebroventricular microinjection of the diabe-
togenic drug streptozotocin (STZ) to Wistar rats leads to 
modeling of sporadic AD characterized by Tau patholo-
gy and concomitant cognitive decline, insulin resistance, 
neuroinf lammation, oxidative stress, and mitochondrial 
dysfunction. Paeonol, an active phenolic component of 
some medicinal plants, improved cognitive functions in 
the rat model of AD induced by STZ, partially reduced 
the level of ROS and activity of tumor necrosis factor α 
(TNFα) and interleukin 6 (IL-6), enhanced overall anti-
oxidant capacity, superoxide dismutase (SOD) and cat-
alase activity, and increased mitochondrial membrane 
potential. Thus, paeonol may be of interest in the context 
of attenuating neuroinf lammation, oxidative stress, and 
mitochondrial dysfunction [96].

Injection of stem cells from the human exfoliated 
deciduous teeth (SHED) was shown to improve cog-
nitive abilities and reverse memory loss in the SAMP8 
mouse model of AD. These effects were closely related 
to mitochondria. This treatment was accompanied by the 
increased membrane potential, ATP production, resto-
ration of mitochondrial axonal transport, and inhibition 
of the formation of Aβ42 aggregates and hyperphos-
phorylated Tau [97].

Protection against mitochondrial dysfunction and 
effects of neurotoxicity by minocycline (broad-spectrum 
antibiotic with neuroprotective activity) that are based 
on modulation of the impaired protein kinase B (Akt) 
function, inhibiting Tau hyperphosphorylation under the 
action of GSK3β, may also be a promising therapeutic 
intervention [98].

Calorie restriction by 30-40% increased lifespan, im-
proved condition of many organisms [99], slowed down 
many adverse effects of aging [100], such as increased 
ROS production and reduced rate of oxygen consump-
tion [101,  102]. Reactive nitrogen species at concentra-
tions 4-5 orders of magnitude lower than those capable 
of causing mitochondrial dysfunction or damage to neu-
rons during caloric restriction increased mitochondri-
al biogenesis, thereby providing neuronal resistance to 
stress and neurodegenerative stimuli [103, 104]. Calorie 
restriction and intermittent fasting prevented cognitive 
depression in the triple transgenic 3xTg-AD mice [105].

Several other compounds have been described as 
neuroprotective and stimulating the energy-produc-
ing mitochondrial function. Fibroblast growth factor 21 
(FGF21) was able to repair nerve damage in the diabetic 
and aging mice, weakening neurodegeneration by reduc-
ing neuroinf lammation through regulation of the NF-κB 
pathway and the AMPKα/AKT pathway, protecting mi-
tochondria in the neurons [106].
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Boswellic acid improved antioxidant properties of 
mitochondria and increased activity of ETC complexes in 
the rat model of AD [107].

For the sake of completeness, reference should be 
made to other strategies used to combat AD. Nanosele-
nium chondroitin sulfate (CS@Se) with antioxidant prop-
erties reduced anxiety and improved spatial learning and 
memory in the mouse model mimicking AD, significantly 
reduced cell edema and pyknosis, protected mitochon-
dria and prevented abnormal changes in the ultrastructure 
of synaptic hippocampus neurons in the mice with AD. 
It significantly increased the level of antioxidant enzymes, 
Na+/K+-ATPase and acetyltransferase (ChAT), reduced 
the levels of malondialdehyde (a marker of oxidative stress) 
and acetylcholinesterase (ChAE) in the AD mice, reduced 
excessive phosphorylation of Tau (Ser396/Ser404) by 
regulating GSK3β expression. CS@Se could activate the 
ERK1/2 signaling pathways regulated by the extracellular 
signal of kinases  1/2, and p38 MAPK, p38 mitogen-ac-
tivated protein kinase, inhibiting nuclear translocation of 
NF-κB (kappa B transcription factor), thereby regulating 
expression of the pro-inflammatory cytokines [108].

The data have been accumulated on the protective role 
of TERT protein (telomerase reverse transcriptase) in the 
brain and postmitotic neurons: decreased toxicity of β-am-
yloid, pathological Tau protein, and α-synuclein, as well as 
activation of autophagy as an important process of degra-
dation of toxic proteins of neurons have been noted [109].

Given the multifactorial nature of the Tau-associat-
ed pathologies, perhaps the most promising way to devel-
op new therapeutic strategies is combined use of comple-
mentary technologies.

Thus, despite the fact that the new mechanisms and 
targets of Tau-mediated mitochondrial dysfunction have 
been clarified in recent years, most of the developed ther-
apeutic approaches and compounds are aimed at main-
taining and/or restoring the energy-producing function 
of mitochondria, inhibition of which underlies neurode-
generation, in general, and Tau pathologies, in particular.

CONCLUSIONS

In this review, we have sought not just to report re-
cent discoveries of relationship between Tau protein and 
mitochondria during AD development, but to build gen-
eral picture of pathological molecular processes. Accord-
ing to the recent data, Tau protein disrupts energy ho-
meostasis due to its ability to bind to mitochondria and to 
cardiolipin, and directly inhibit ETC complex I, reduce 
membrane potential and ATP production, and increase 
ROS production (figure). Moreover, this is one of the 
earliest stages in AD pathogenesis, which forms the basis 
for the subsequent ones.

At the higher level, Tau protein, by directly affecting 
regulatory proteins, disrupts fusion/division balance and 
blocks mitophagy, which are critical processes for main-
taining an adequate quantitative and functional state of 
mitochondria required to satisfy exceptional energy needs 
of the neurons (figure).

Finally, Tau protein promotes synaptic dysfunc-
tion, can directly inhibit mitochondria distribution in 
neurons, their anterograde movement towards synapses, 
where mitochondria provide energy, and towards Ca2+ 
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depot for the release of neurotransmitters during synaptic 
transmission (figure).

We would like to pay special attention to the fact that 
all the higher-level pathological processes are initiated 
and aggravated due to disruption of energy homeostasis. 
In this regard, it becomes clear why most of the new ap-
proaches to AD therapy are focused on maintaining the 
energy-producing functions of mitochondria, organelles 
deeply integrated into the cell life processes. But this high 
level of integration makes mitochondria also the main 
target for the pathological action of Tau protein during 
AD development.
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