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Abstract: Accumulative evidence has shown that mitochondrial dysfunction plays a pivotal role in 
the pathogenesis of Alzheimer's disease (AD). Mitochondrial impairment actively contributes to the 
synaptic and cognitive failure that characterizes AD. The presence of soluble pathological forms of 
tau like hyperphosphorylated at Ser396 and Ser404 and cleaved at Asp421 by caspase 3, negatively 
impacts mitochondrial bioenergetics, transport, and morphology in neurons. These adverse effects 
against mitochondria health will contribute to the synaptic impairment and cognitive decline in AD. 
Current studies suggest that mitochondrial failure induced by pathological tau forms is likely the re-
sult of the opening of the mitochondrial permeability transition pore (mPTP). mPTP is a mitochon-
drial mega-channel that is activated by increases in calcium and is associated with mitochondrial 
stress and apoptosis. This structure is composed of different proteins, where Ciclophilin D (CypD) 
is considered to be the primary mediator of mPTP activation. Also, new studies suggest that mPTP 
contributes to Aβ pathology and oxidative stress in AD. 
Further, inhibition of mPTP through the reduction of CypD expression prevents cognitive and syn-
aptic impairment in AD mouse models. More importantly, tau protein contributes to the physiologi-
cal regulation of mitochondria through the opening/interaction with mPTP in hippocampal neurons. 
Therefore, in this paper, we will discuss evidence that suggests an important role of pathological 
forms of tau against mitochondrial health. Also, we will discuss the possible role of mPTP in the 
mitochondrial impairment produced by the presence of tau pathology and its impact on synaptic 
function present in AD.  
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1. INTRODUCTION 
AD is a progressive neurodegenerative disease with a 

high worldwide prevalence [1, 2]. AD represents around 
80% of all dementia cases present today [3]. AD is consid-
ered a world health problem because it is estimated that by 
the year 2050, approximately 150 million people will mani-
fest this disease [2]. Despite the vast body of evidence gen-
erated in AD research, there is no clear definition of the 
mechanisms involved in the pathogenesis of this disorder. 
However, there is scientific consensus about two distinctive 
hallmarks present in AD; the presence of extracellular senile 
plaques, formed by Aβ peptide accumulation [4, 5], and the 
generation of intra-neuronal neuro-fibrillary tangles (NFTs), 
formed by the accumulation of pathological forms of tau 
protein [4, 5].  

Tau belongs to the family of microtubule-associated pro-
teins (MAPs) [6] and confers stability to micro tubules 
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[6, 7], allowing the correct transport of molecules and organ-
elles essentials for neuronal function [6, 7]. Tau is mainly 
distributed in the axon; however, under pathological condi-
tions, tau changes its localization and its affinity for micro-
tubules decays, causing the destabilization of these structures 
[7]. At the same time, tau is prone to undergo several post-
translational modifications, including ubiquitination, nitrosy-
lation, glycosylation, hyperphosphorylation, and cleavage [7, 
8]. From this group, hyperphosphorylation and cleaved of 
tau have been suggested as an essential contributor to the 
genesis and progression of AD [9-13]. Tau cleaved by 
caspase 3 has been indicated as an important factor in the 
formation of NFTs [14], and current evidence suggests that 
this tau form impairs both pre and post-synaptic structures 
[15]. These deleterious effects on the synaptic process have 
also been documented for hyperphosphorylated tau [16]. 
Despite this evidence, the underlying mechanisms of how 
these pathological forms of tau contribute to synaptic dete-
rioration in AD are not fully understood.  

In this context, several studies have shown that mito-
chondrial impairment is an essential player in the neurode-
generative changes present in AD [17]. More important, sev-
eral groups have suggested that the presence of pathological 
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forms of tau (principally hyperphosphorylated or cleaved) 
significantly affects mitochondrial function and bioenerget-
ics [18-23]. This evidence suggests that mitochondria could 
be the initial target of neuronal damage and synaptic altera-
tion in AD and that these changes could be vital for the cog-
nitive and memory impairment observed in the early stages 
of this disease. 

Here, we review an interesting body of work related to 
the effects of pathological forms of tau against mitochondrial 
function. We will focus on discussing the actions of hyper-
phosphorylated and cleaved/truncated tau against mitochon-
drial health, and its contribution to synaptic dysfunction 
showed in AD. Also, we proposed that these pathological 
forms of tau can especially modify mitochondrial function, 
promoting oxidative damage, and affecting bioenergetics. 
These negative changes could be achieved through specific 
mechanisms that include the impairment of mitochondrial 
dynamics, a process that controls mitochondrial morphology, 
and the opening of mitochondrial permeability transition 
pore (mPTP), a mitochondrial structure involved in the proc-
ess of cellular death induced by apoptosis.  

2. TAU PROTEIN AND AD 
AD is a neurodegenerative disorder that is clinically char-

acterized by a progressive cognitive decline and deterioration 
in the ability of the individuals to care for their basic needs [1, 
2]. Along with the clinical manifestations of cognitive and 
memory impairment, there are defining neuropathological 
hallmarks in the AD brain, primarily in the hippocampus and 
cortex [1, 2, 24]. These pathological features include the ex-
tracellular senile plaques with amyloid deposits, which are 
formed with aggregates of the Aβ peptide, and the intraneu-
ronal accumulations of NFTs composed of the tau protein, 
which is abnormally phosphorylated and cleaved [1-5]. The 
growing interest in tau studies increased after the realization 
that abnormally modified tau is forming the paired helical 
filaments (PHFs), which are part of the NFTs found in the AD 
brain [4, 8]. Pathological tau modifications present in these 
filaments include hyperphosphorylation and truncation which 
both affects the ability of tau to stabilize microtubules [3, 14]. 
One of the current hypothesis that explains neurodegeneration 
present in AD suggests that these changes are the consequence 
of several events in where an increase in Aβ production sub-
sequently facilitates tau hyperphosphorylation and cleavage, 
which converts this protein into a toxic species that negatively 
impact neuronal function [25] (Fig. 1). Studies based on tau 
gene mutations responsible for rare autosomal dominant neu-
rodegenerative diseases (known as frontotemporal dementia 
with Parkinsonism linked to chromosome 17 (FTDP-17), ex-
hibited a pronounced tau pathology, but no amyloid aggre-
gates, indicating that the alterations in this protein are suffi-
cient to cause neurodegeneration [26, 27]. Also, other studies 
showed that primary neurons from tau knockout mice (-/-) are 
resistant to neurodegeneration, mitochondrial impairment, and 
calcium stress induced by Aβ challenging, compared to neu-
rons that expressed normal tau levels [28-30]. These findings 
indicate that alterations in tau could directly result in neurode-
generation and remarks on the importance of tau in the patho-
genic processes present in AD (Fig. 1). 

In this context, several studies showed that non-
aggregated forms of tau but not NFTs, play a critical role in 
the pathogenesis of AD [31, 32]. For example, in an induc-
ible murine tauopathy model, the reduction in the mutant tau 
(FTDP-17) expression prevented behavioral deficits and neu-
ronal loss, without affecting NFT numbers [32]. Also, com-
plementary studies have shown that suppressing tau expres-
sion reduced Aβ-induced cognitive deficits but did not affect 
Aβ levels in an APP mouse model of AD [33] and that the 
deficiency in axonal mitochondria transport does not occur 
in neurons from tau (–/–) mice [34]. These findings have 
contributed to a re-evaluation of the role of tau in neurode-
generation, including the exploration of different targets that 
could be affected by the action of pathological forms of tau.  

2.1. Pathological Modifications of Tau in AD  
In humans, tau protein is encoded by a single gene lo-

cated on the long arm of chromosome 17 [6, 35] and belongs 
to a family of microtubule-associated proteins (MAPs). Un-
der physiological conditions, tau is located predominantly in 
the axon; meanwhile, under pathological circumstances, 
modified tau migrates towards other neuronal compartments, 
including the somatodendritic area [36]. A hallmark in the 
AD brain is the presence of pathological forms of tau [7, 35, 
36]. Studies on AD brains have shown different post-
translational modifications of tau, including phosphorylation 
and truncation [4, 14]. Given that abnormal hyperphosphory-
lation and tau truncation seem likely to play a crucial role in 
the genesis and progression of AD [7, 14] (Fig. 1), we will 
discuss these two modifications a bit further. 

2.2. Role of Pathological Tau Phosphorylation in AD 
Tau is a phosphoprotein, and its phosphorylation plays a 

prominent role in regulating its physiological function [6]. 
Anomalous tau phosphorylation is present in the AD brain, 
and its presence has been associated with progression and 
neurodegeneration related to this disease [4, 8, 36]. Patho-
logical phosphorylation of tau at specific sites can signifi-
cantly increase its tendency to aggregate and disassemble 
from microtubules [71]. For example, hyperphosphorylation 
at Ser396 and Ser404 (PHF-1 epitope), makes tau more fi-
brillogenic [7 ]. Also, tau phosphorylated at Ser-396 and Ser-
404 is a significant component of PHFs and its presence in-
duced toxicity in neurons by affecting microtubules’ stability 
[37, 38]. Glycogen synthase kinase 3β (GSK3β) is often con-
sidered to be a “tau kinase” as it efficiently phosphorylates 
tau at Ser396 and Ser404, as well as other AD-relevant tau 
epitopes in vitro and neuronal cells [39]. Increased expres-
sion of GSK3β results in an augment in tau phosphorylation 
levels at pathological sites, including the PHF-1 epitope 
(Ser-396/404), contributing to neuronal toxicity [40, 41]. 
Also, exposure of primary rat cultured neurons to Aβ fibrils 
induces tau hyperphosphorylation at Ser-396/Ser-404, in-
creasing its accumulation and blocking its ability to bind 
with microtubules [41].  

Pathological phosphorylation of tau has been related to 
synaptic dysfunction observed in AD [42]. These synaptic 
alterations have been strongly related to the clinical symp-
tomatology of memory loss, and cognitive decline shown in 
patients with AD [43]. Memory loss is distinctive since the 
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Fig. (1). Schematic representation of how tau protein can be pathologically modified by the action of different stressors in Alz-
heimer´s disease (AD). (a) Reactive oxygen species (ROS), (b) Amyloid-β peptide (Aβ), (c) Calcium (Ca2+) stress, and, (d) Aging. 1) As a 
result of several stressors, tau can be abnormally hyperphosphorylated at residues Ser396 and Ser404 and cleaved by the action of caspase-3 
at D421 residue. These modifications can also affect mitochondrial health, and these actions could impact neuronal communication through 
synaptic impairment. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
beginning of AD, where patients start forgetting trivial things 
and then show a significant cognitive failure and loss of es-
sential memories [43]. 

Importantly, it has been determined that in AD, there is a 
significant decrease in enzymes responsible for producing 
and synthesizing acetylcholine [44, 45], which correlate with 
the accumulation of one the AD hallmarks (amyloid plaques 
and neurofibrillary tangles) [35]. In turn, synaptic protein 
markers such as synaptophysin, a protein associated with the 
transport and functionality of presynaptic vesicles, suffer 
from a significant decline in the brains of patients with AD 
as the disease progresses [46]. It has also been shown that in 
AD, the shape and number of dendritic spines are strongly 
reduced [47, 48], which are highly essential structures in-
volved in memory and learning processes [49]. 

Although it is known that under physiological conditions, 
tau is mostly distributed in the axon, it has been established 
that the tau’s presence at the postsynaptic level could play an 
essential role in neuronal communication [50]. In this con-
text, studies have [51] shown that the presence of tau could 
be observed in the pre and postsynaptic compartments of 
brains from both AD and non-AD patients, although in the 
case of AD brains, an accumulation of these pathological 
forms may occur in the synaptosomes fraction of neurons 
[51]. Also, other studies showed that hyperphosphorylated 
tau (phosphorylated at both serine 202 and threonine 205) is 
present in the presynaptic terminals of the AD brain [51]. 
However, in vitro experiments showed that hyperphosphory-
lated tau is capable of binding to synaptic vesicles, which 
affects their correct movement [52]. Similar to the above, 
new studies reported that synaptogyrin-3 (a synaptic vesicle 

membrane protein) is responsible for the abnormal tau-
vesicle association [52]. These effects are consistent with 
some studies showing that hyperphosphorylated tau could be 
released by exosomes [53] and that this tau form can be 
transported in the brain through neuronal connections (syn-
apses), extending hyperphosphorylated tau to other regions 
[54]. Together, these antecedents allow us to assume active 
participation of this aberrant tau form in the synaptic im-
pairment in AD. 

Phosphorylated tau could also affect the synapses process, 
altering the neuronal electrophysiology [55]. Neurons from the 
CA1 hippocampal zone expressing hyperphosphorylated tau 
showed a migration of the initial segment of the axon, which 
significantly reduced the neuronal excitability [55]. Also, 
other studies suggested that hyperphosphorylated tau favors 
the altered post-synaptic excitability due to the interaction 
between tau, Fyn, and PSD95-NMDA [56]. This interaction 
between tau, Fyn, and PSD95 is also consistent with other 
studies showing that decreasing the expression of hyperphos-
phorylated tau does not reduce the levels of Aβ in the hAPP 
transgenic mice, but significantly decreases the behavioral 
alterations in this murine model [57]. This tripartite relation-
ship between tau, Fyn, and PSD95 has been corroborated by 
studies of whole-cell electrophysiological recordings in hippo-
campal slices of hAPP mice expressing and not expressing 
hyperphosphorylated tau [58]. These studies correlate with 
evidence that showed that the Fyn protein expression is sig-
nificantly higher in the brain samples obtained from AD pa-
tients [59]. Despite these indications, the exact cascade of 
events of how this non-physiological tau phosphorylation 
affects neuronal function remains unsolved. 
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Fig. (2). Effects of hyperphosphorylated tau against mitochondria function. The presence of tau modifications like hyperphosphorylation 
(p-Tau) increases ROS levels, which could affect cardiolipin, a mitochondrial membrane phospholipid, increasing its oxidation. This modifi-
cation may contribute to increasing the sensitivity of mitochondrial permeability transition pore (mPTP) to calcium and then produces its 
opening (1). Interestingly, it has been proposed that the presence of p-Tau in neurofibrillary tangles from AD patients interacts with voltage-
dependent anion channel (VDAC), which is an important protein component of mPTP, producing a sustained opening state of the mPTP (2). 
The opening of mPTP impairs mitochondrial health inducing ROS production, mitochondrial membrane potential (MMP) loss, ATP reduc-
tion, and mitochondrial calcium handling defects (3). (A higher resolution/colour version of this figure is available in the electronic copy of 
the article). 
 
2.3. Role of the Truncated tau in the Pathogenesis of AD 

During the progression of tau pathology, this protein ap-
pears to undergo several cleavage events [60]. Caspases, the 
expression and activity of which are elevated in the AD brain 
[61, 62], are likely to be involved in the proteolytic process-
ing of tau. Previously it was shown that tau is cleaved by 
caspase 3 at aspartic acid 421 (D421) in the AD brain and 
appeared to be generated in the early stages of the patho-
genic process [14, 63, 64] with an increase in neuronal death 
[63, 64]. More importantly, pioneer studies using multipho-
ton microscopy showed a transient increase in caspase 3 ac-
tivity in neurons present in a tauopathies mouse model, 
where the formation of NFTs followed this process without 
affecting neuronal viability [14]. Additionally, the expres-
sion of tau truncated at D421 in wild-type mouse brain also 
resulted in the formation of similar tau aggregates, indicating 
that caspase 3 activation and tau cleavage precede the forma-
tion of tau fibrils [65]. In AD, increases in tau cleavage may 
compromise neuronal function. For example, inducible ex-
pression of tau truncated at D421 in a cortical neuronal cell 
line results in significant defects in mitochondrial function 
and oxidative damage [66]. More importantly, both the 
cleaved and hyperphosphorylated tau were colocalized in the 
temporal cortex of the AD brain, suggesting that caspase-3 
may contribute to the cleavage of hyperphosphorylated tau 
(at Ser306/404) and neurodegeneration [65]. Therefore, trun-
cated tau and phosphorylated tau could be actively present at 
the same time, indicating that the presence of both patho-
logical forms could mediate tau-mediated toxicity.  

Interestingly, some studies showed that tau truncated at 
D421 negatively influences synaptic processes causing mem-
ory deficits and cognitive disabilities [67]. This was 
demonstrated in young BALB / c mice (2 months old) who 
expressed truncated tau at a developmental level in the brain 
[67]. These studies indicated that mice who expressed trun-
cated tau show a significant deficit in memory and learning 
tests [67]. At the same time, there was a significant loss of 
the dendritic spines and a decrease in the levels of the synap-
tic proteins: postsynaptic density 95 (PSD-95) and the inte-
gral protein of presynaptic vesicular membrane, Synapto-
physin [67]. In turn, a recent study based on progressive su-
pranuclear palsy showed a close relationship between Ap-
poptosin (a mitochondrial protein), caspase 3 activation, and 
truncated tau generation [68]. The increase in truncated tau 
levels due to the activation of caspase-3 generated a reduc-
tion in the expression of the PSD-95 protein associated with 
the postsynaptic compartment, in addition to a decrease in 
the expression and localization of NMDA type glutamate 
receptors, which have active participation in the synaptic 
process [68]. 

Interestingly, appoptosin is a protein with pro-apoptotic 
traits that have been found to be accumulated in the brains of 
patients with AD [69] and is associated with the internal mi-
tochondrial membrane [69]. Therefore, changes in the activ-
ity and location of Appoptosin could modify mitochondrial 
bioenergetics and ROS production, generating a highly toxic 
environment in neurons (Fig. 3). In general, the presence of a 
highly oxidative environment is characteristic of several 
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Fig. (3). Effects of truncated tau by caspase 3 (TauC3) against mitochondria health. The presence of TauC3 through the stressors agents 
could increase ROS levels affecting cardiolipin function and then sensitizes the mPTP opening to calcium. High ROS levels can also induced 
a sustained opening of the mPTP (1). mPTP opening will impair different aspects of mitochondrial health, including ROS production, mito-
chondrial membrane potential (MMP), ATP production, and mitochondrial calcium regulation (2). We showed that truncated tau expression 
induces mitochondrial fragmentation through the reduction in Opa1 levels in neuronal cells [19]. However, it is not clear if activation of 
mPTP would be involved in the reduction of mitochondrial length induced by truncated tau (3). Defects in mitochondrial bioenergetics pro-
duced by TauC3 can be prevented using cyclosporine A (CsA), an immunosuppressive drug that inhibits mPTP opening (4). Interestingly, 
other mitochondrial components like Appoptosin, a mitochondrial carrier protein for glycine, which expression increases TauC3, can also be 
involved in mitochondrial dysfunction and mPTP activation induced by TauC3 in the brain (5). (A higher resolution/colour version of this 
figure is available in the electronic copy of the article). 
 
neurodegenerative diseases, especially in AD [70, 71]. 
Therefore, it is possible that pathological forms of tau, such 
as truncated tau at D421, affect synaptic function through the 
modification of mitochondrial function and oxidative dam-
age in the context of AD (Fig. 3). 

3. MITOCHONDRIAL IMPAIRMENT IN ALZ-
HEIMER´S DISEASE 

Mitochondria is an organelle of unquestionable evolu-
tionary transcendence, known by its function in the produc-
tion of ATP and heat in cells [72]. Mitochondria contributes 
to calcium regulation, ROS production, cell death, detoxifi-
cation, and plays an essential role in synaptic communication 
[72, 73, 74]. Evidence from cellular and AD mice models 
indicates that mitochondria could be affected through the 
impairment of mitochondrial dynamics, bioenergetics failure, 
and mitochondrial transport defects [17-23, 74-76]. 

3.1. Defects in Mitochondrial Dynamics During AD 
Mitochondria are organelles that form an active intracel-

lular network that undergoes continuous fission and fusion 
processes called mitochondrial dynamics [77]. These actions 
play a crucial role in the control of mitochondrial shape and 
number, contributing to bioenergetics and mitochondria 
quality control [77]. Importantly, regulation of mitochondrial 

dynamics is essential for cellular function and plays a pivotal 
role in neuronal communication through the synapse [78]. 
Impairment of mitochondrial dynamics and incorrect fission 
regulation have been identified in sporadic and familial AD 
[75] as well as in AD mouse models [76]. These defects are 
mediated in part by altered function of dynamin-like protein 
1 (Drp1), a regulator of mitochondrial fission and distribu-
tion, disturbing the balance between fission and fusion of 
mitochondria followed by mitochondrial depletion from ax-
ons and dendrites [76]. 

At the same time, defects in mitochondrial fusion and 
proteins involved in its regulation have been reported in AD 
[79]. The actions of three GTPases proteins mainly control 
mitochondrial fusion: optic atrophy protein (Opa1) and mito-
fusins 1 and 2 (Mfn1 and Mfn2) [77]. Opa1 contributes to 
the fusion of the inner mitochondrial membranes, and the 
process is dependent on appropriate proteolytic processing of 
this protein [77, 80]. Also, relevant evidence suggests that 
Opa1 contributes to the synaptic process in the hippocampus 
and other brain areas [81]. Previous studies from our group 
have suggested an interesting relationship between neuronal 
dysfunction and the impairment of mitochondrial fusion in-
duced by the presence of truncated tau at 421D [18-20]. We 
showed that the expression of this tau form induced mito-
chondrial fragmentation in immortalized cortical neurons 
and hippocampal neurons from rats [20], mice [18, 19], and 
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tau knock out (-/-) mice [19]. In these models, mitochondrial 
fragmentation induced by truncated tau contributed to mito-
chondrial depolarization and oxidative stress induced by 
calcium stress [20] and Aβ treatment [19]. Importantly, the 
presence of truncated tau at 421D induced a significant de-
crease in Opa1 expression, which could contribute to the 
mitochondrial fragmentation observed in these neurons [19]. 

Mitochondrial dynamics defects have been observed in 
other neurodegenerative disorders that significantly present 
the accumulation of pathological forms of tau, including 
Huntington’s disease (HD) [82] and Traumatic Brain Injury 
[83]. HD is an autosomal dominant inherited disease caused 
by an abnormal expansion of CAG repeats in exon 1 of the 
Huntingtin (Htt) gene located on chromosome 4p16.3, result-
ing in a pathological elongation of polyglutamine in the Htt 
protein [84]. Regularly, HD has not been indicated as a 
tauopathy; however, further analysis of HD brain samples 
has shown the presence of NFTs [85-87]. More importantly, 
these observations have corroborated in cell and animal 
models of HD [88, 89]. Bioenergetic defects mediated by 
mitochondria are a characteristic of the HD brain [84]. Early 
ultrastructural studies of cortical biopsies from HD patients 
showed abnormal mitochondria [90], and mitochondrial 
functional abnormalities were observed as well [91]. Also, 
defects in mitochondrial dynamics in HD have been exten-
sively reported [92]. Mutant striatal cells (STHdhQ111/ 
Q111) expressing mutant huntingtin (mHtt) showed mito-
chondrial fragmentation and impairment of mitochondrial 
fusion measured with the mitochondrial photo-switchable 
Dendra [93]. More importantly, these changes were accom-
panied by alterations in the expression levels of Drp1 and 
Opa1, critical regulators of mitochondrial fission and fusion, 
respectively [93]. Also, studies by Kim et al., [94] and the 
Reedy’s lab have shown an increase in the expression of 
Drp1, Fis1, and a decrease in the levels of Mnf1/2 and Opa1 
in HD late-stage patients brain [95-97]. Further studies from 
this group showed increased mRNA levels of Drp1 and Fis1 
and decreased levels of fusion genes Mnf1/2 in 2-month-old 
BACHD mice [96] (a mouse model that expresses the full-
length human Htt gene with 97 CAA and CAG) [98], which 
suggests that the impairment of mitochondrial dynamics 
could be an early event in HD. Also, additional studies by 
Costa et al., showed that clonal striatal cells that express 
wild type and mHtt (STHdhQ7/Q7 and STHdhQ111/Q111) 
showed an increase in calcineurin activity which induces 
dephosphorylation of Drp1, increasing its mitochondrial 
translocation and leading to the fragmentation of the organ-
elle [99].  

Traumatic brain injury (TBI) is considered a public 
health concern associated with mid-term and long-term dis-
abilities and neurodegeneration [100]. These neuropa-
thological changes resemble AD brains, and they have been 
found in postmortem brains of patients suffering from TBI 
and chronic traumatic encephalopathy (CTE) [101]. These 
pathological signs include an increase in hyperphosphory-
lated tau levels and, in some cases, Aβ deposits [102, 103]. 
Indeed, recent consensus criteria consider TBI as a tauopathy 
[101]. Interestingly, mitochondrial impairment and oxidative 
stress are both considered essential contributors to neuropa-
thological changes showed in TBI [104]. More important, 
changes in mitochondrial dynamics have been reported in 

different study models of TBI [105, 106]. For example, TBI 
animals showed an increase in Drp1 levels in hippocampal 
mitochondria extracts as compared to untreated animals 
[106]. Interestingly, electronic microscopy analysis of hip-
pocampal tissue from TBI animals showed a significant de-
crease in mitochondrial length at 72 h post-TBI [106]. Also, 
treatment with the mitochondrial division inhibitor-1 (Mdivi-
1), a pharmacological inhibitor of Drp1, prevented this de-
crease in mitochondria length in TBI animals [106].  

Complementary studies by Wu et al., showed that the in-
hibition of Drp1 could attenuate TBI-induced neuropa-
thological changes by inhibiting the fragmentation of mito-
chondria and activation of apoptosis [107]. Also, the same 
group using a cell model for TBI showed that treatment with 
Mdivi-1 reduced scratch injury-induced cell death, mito-
chondrial depolarization, ROS production, and ATP reduc-
tion in primary cortical neurons (PCNs) [108]. These find-
ings suggest that changes in mitochondrial dynamics could 
represent a common mechanism in neurodegenerative disor-
ders that show an evident tau pathology. Although in HD and 
TBI, the contribution of tau pathology to mitochondrial dy-
namics deficiency is unknown and requires to be investi-
gated. 

3.2. Mitochondrial Bioenergetics Impairment in AD 
Excessive generation of ROS and reactive nitrogen spe-

cies (RNS), including superoxide anion (O 2 -) and NO, con-
tribute to neuronal dysfunction and mitochondrial bioener-
getics failure in AD [109]. Increased nitrosative stress can 
result in defects in mitochondrial function. For example, S-
nitrosylation affects mitochondrial respiration by inhibiting 
complexes I and IV [110, 111]. Also, in AD transgenic mod-
els, like APPSw transgenic strain Tg2576, the up-regulation 
of genes related to mitochondrial metabolism was observed 
at two months of age [112]. Also, decreased expression of 
mitochondrial respiratory chain complexes (I and III), and 
impairment of mitochondrial respiration are detected at 
around six months of age before Aβ plaque formation [113-
114], indicating that mitochondrial dysfunction and oxidative 
stress may play a role in early stages of AD.  

3.3. Defects in Mitochondrial Transport in AD 
Axonal mitochondrial transport is crucial for neuronal 

maintenance and synaptic function, and its dysregulation can 
contribute to AD [115]. Mitochondrial transport is regulated 
by a series of molecular adaptors that mediate the union of 
mitochondria to molecular motors [116-119]. In Drosophila, 
mitochondrial transport is facilitated by two proteins: Milton 
and Miro, which regulate mitochondrial attachment to micro-
tubules via kinesin heavy chain [116]. In mammals, two iso-
forms of Milton (OIP106 and GRIF1) and Miro (Miro1 and 
Miro2) have been identified and are proposed to act similarly 
[118]. In Drosophila, in the absence of Milton or Miro, syn-
aptic terminals and axons lack mitochondria, although mito-
chondria are numerous in the neuronal cell body [119]. In-
terestingly, studies showed a reduction in the number of mi-
tochondria in the axon in the brains of AD patients [120], 
and we and others reported that Aβ treatment reduced the 
number of mitochondria in the axons of hippocampal neu-
rons [121, 122].  
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Importantly, several reports have suggested an essential 
role of tau in regulating mitochondrial transport in neuronal 
cells. For example, overexpression of the human tau gene in 
wild type mice reduced mitochondrial movement through the 
axon [123, 124]. Also, the expression of hyperphosphory-
lated tau at AT8 epitopes (Ser199, Ser202, and Thr205) re-
duced mitochondrial movement in cultured neurons [125]. 
More importantly, we previously showed that the expression 
of caspase-cleaved tau impaired mitochondrial an-
terograde/retrograde transport, reducing the number of mov-
ing organelles through the neuronal processes [20, 122]. In-
terestingly, these adverse effects against mitochondrial 
transport induced by hyperphosphorylated and truncated tau 
presence could be enhanced by a failure in tau-Microtubules 
(MT) physiological interaction, induced by these pathologi-
cal tau modifications present in the axon [126]. 

Even though mitochondrial impairment is a multifactorial 
event, the bioenergetics function of mitochondria is vital to 
produce ATP and provide with calcium regulation for syn-
apse. In this context, recent studies have suggested the par-
ticipation of specific mitochondria structures in the neurode-
generative changes in AD. 

3.4. Contribution of Mitochondrial Permeability Transi-
tion Pore on Neurodegeneration Present in AD 

The mitochondrial permeability transition pore (mPTP) is 
a non-specific channel located on the inner mitochondrial 
membrane, which is formed by cyclophilin D (CypD), the 
voltage-dependent anion channel (VDAC) and the ATP syn-
thase oligomycin sensitivity conferring protein (OSCP) 
subunit [127, 128]. This structure participates in the mito-
chondrial permeability process that results in the release of 
mitochondrial content and apoptosis induced by several 
stressors [128, 129]. It has been suggested that in some neu-
rological disorders, the impairment of calcium homeostasis 
and oxidative stress induces mPTP opening, which results in 
increased permeability to different molecules affecting ROS 
production, mitochondrial membrane potential, and ATP 
production [130-132]. Current evidence has suggested that 
CypD is a structural protein that participates in the formation 
of the mPTP [131, 132]. Under normal conditions, CypD is 
confined to the mitochondrial matrix. However, in the pres-
ence of calcium overload or an increase in ROS, CypD binds 
to VDAC and ATP synthase (OSCP) inducing mitochondrial 
permeability [132]. This process drives to mitochondrial 
depolarization, increases ROS levels, and later affects ATP 
production [127, 128]. Notably, several studies have de-
scribed an interesting association between mitochondrial 
failure and mPTP in the AD context [133, 134]. For exam-
ple, studies on the postmortem brains of AD patients and AD 
animal models showed increased levels of CypD [27, 29]. 
These studies are critical because an increase in CypD ex-
pression has been suggested as a principal factor in the acti-
vation of mPTP [27, 29]. 

Moreover, the crossing of the amyloid precursor protein 
(mAPP) transgenic mice, which is a genetic model of AD 
that generates Aβ plaques, with a CypD knock out (-/-) mice, 
resulted in a complete restoration of mitochondrial dysfunc-
tion and cognitive impairment observed in mAPP mice ex-
pressing normal levels of CypD [130, 131]. Complementary 

evidence of hippocampal neurons from the mAPPxCypD(-/-) 
mice showed a significant reduction in mitochondrial dys-
function and an increase in ATPase activity compared to 
mature hippocampal neurons obtained from mAPP mice 
[134]. More importantly, we studied mitochondrial dysfunc-
tion in fibroblasts from AD patients as a way to explore new 
biomarkers for AD [135]. Fibroblasts share a common de-
velopmental origin with neurons, and they can present simi-
lar metabolic changes experimented by neurons in the AD 
brain [135]. Interestingly, we observed that AD fibroblasts 
showed mitochondrial depolarization, calcium dysregulation, 
and reduction in ATP levels compared with aged-match con-
trol fibroblasts [135, 136]. More importantly, these negative 
changes showed in mitochondria were prevented using cy-
closporine A (CsA), an immunosuppressive drug that inhib-
its mPTP opening, indicating an essential role of this struc-
ture in the pathogenesis of AD [136]. 

4. PATHOLOGICAL FORMS OF TAU AFFECT MI-
TOCHONDRIAL FUNCTION IN AD 

Accumulative evidence suggests that mitochondrial im-
pairment is an active contributor to the pathogenesis of sev-
eral neurodegenerative diseases [137] and AD [17-23]. Mi-
tochondrial failure has been widely associated with the de-
velopment and progression of several neurodegenerative 
diseases where the presence of pathological tau has been 
shown to affect mitochondrial bioenergetics [reviewed in 
138]. For example, in triple transgenic mice (3xTg-AD), 
used as a murine model for AD studies, a significant de-
crease in pyruvate dehydrogenase (PDH) and cytochrome c 
oxidase (COX) levels was found compared to non-transgenic 
mice [139]. These changes suggest a decrease in mitochon-
drial bioenergetics, demonstrated through the mitochondrial 
respiration ratio and the measurement of the rate of the free-
radical leakage [139]. At the same time, isolated brain mito-
chondria from 3xTg-AD female mice showed elevated levels 
of ROS, with an increase in the production of hydrogen per-
oxide and lipid oxidation, compared to the control group 
[139]. Previously studies showed that Post-Morten brain 
tissue of AD patients, presented a significant increase in mi-
tochondrial DNA and cytochrome oxidase, accompanied by 
oxidative damage; expressed in high levels of 8-OHG and 
nitrotyrosine in hippocampal neurons and cerebral neocortex 
[140]. 

In the same context, defects in mitochondrial dynamics 
have been reported in different AD mice models expressing 
tau pathology. For example, neuronal cells obtained from 
mice that overexpress human tau (hTau) showed enhanced 
mitochondrial fusion accompanied by an increase in Mnf1/2 
and Opa1 expression [141]. Also, the expression of P301L 
mutant tau modified mitochondrial dynamics, reducing the 
expression of both fission and fusion protein regulators 
[142]. The brain tissue obtained from APP, APP/PS1, and 
3Xtg AD mice showed an increase in the Drp1 binding with 
hyperphosphorylated tau, the interaction of which enhanced 
mitochondrial dysfunction and synaptic impairment in these 
AD mice models [143]. Finally, transgenic mice overex-
pressing P301L mutant tau showed a significant modifica-
tion of mitochondrial and antioxidant protein levels, includ-
ing a decrease in the expression of complex V and the reduc-
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tion of mitochondrial respiratory capacity and ATP produc-
tion [144]. 

 Also, it has been shown that the reduction of tau expres-
sion has positive effects on mitochondrial health of the brain 
[34, 145, 146]. Tau reduction improved mitochondrial trans-
port in the axons of hippocampal neurons obtained from 
APP transgenic mice [34]. Also, the genetic ablation of tau 
prevented dendritic spine loss and cognitive decline induced 
by chronic stress in wild type mice [145]. Interestingly, this 
study also showed that synaptic-related tissue from tau 
knock out (-/-) mice submitted to chronic stress presented an 
increase in mitochondrial transport and antioxidant proteins 
compared with wild type animals exposed to the same stres-
sor [145]. Finally, we determined that tau young tau (-/-) 
mice presented an enhanced mitochondrial function, in-
creased activation of antioxidant pathways (Nrf-2 and PGC1-
α), reduced oxidative damage, and increased ATP produc-
tion in the hippocampus compared to wild type animals 
[146]. More important, young tau (-/-) mice showed better 
cognitive and memory performance compared to wild type 
animals [146]. All these findings suggest an essential role of 
tau protein in the regulation of mitochondrial function and its 
potential impact on cognitive and memory performance.  

4.1. ROS as a Mediator of Mitochondrial Impairment 
Induced by Tau Pathology 

It has been shown that pathological forms of tau facilitate 
ROS production and jointly affect several parameters of mi-
tochondrial health [147]. For example, the transgenic expres-
sion of truncated human tau protein, specifically in rat neu-
rons, alters the mitochondrial distribution and decreases neu-
ronal viability under exogenous oxidative stress conditions 
[147]. Also, it has been established that the expression of 
mutated tau at P301L in SY5Y cells affects mitochondrial 
respiratory activity, decreases baseline ATP levels and mito-
chondrial membrane potential, parameters that worsen when 
cells are subjected to ROS stress by external addition of hy-
drogen peroxide [142]. Additionally, a change in mitochon-
drial structure occurs, and mitochondrial dynamics regula-
tion is affected in neuronal cells expressing tau P301L [142]. 

Interestingly, other studies suggest that the lack of anti-
oxidant "counter-attack" actions facilitates the production 
and accumulation of pathological forms of tau in the brain. 
For example, knockout SOD2 mice (SOD2-/-) exhibited sig-
nificantly higher levels of hyperphosphorylated tau accumu-
lation, when animals were treated with low doses of an anti-
oxidant catalyst, administered through intraperitoneal injec-
tion, compared to those with SOD2 mice (-/-) treated with 
high doses of the same antioxidant [148]. In this same study, 
they also crossed SOD2 (-/-) with Tg2576 transgenic mice 
expressing the human APP (amyloid precursor protein), thus 
obtaining mice lacking SOD2 and prone to Aβ accumulation. 
These experiments showed an increased accumulation of Aβ 
peptide and elevated levels of hyperphosphorylated tau in the 
brain [148]. 

On the other hand, several studies have indicated the age-
dependent nature of the deleterious effects produced by the 
synergy between tau and Aβ. For example, in the early 
stages of life, triple transgenic-AD mice (8 months old) 
showed a reduction in mitochondrial membrane potential 

levels, while middle-age (12 months-old) animals exhibited a 
significant compromise on ATP production and excessive 
ROS levels [149]. In the same context, previous studies have 
studied the harmful effects of P301L mutant tau expression 
on mitochondrial health [144]. Mitochondria isolated from 
the brain of 24-month-old transgenic mice showed a deficit 
in ATP levels and an increase in ROS levels, which was not 
observed in samples obtained from wild type 12-month-old 
mice [1-44]. Interestingly, in a study conducted by our 
group, the protective nature of the deletion of tau against 
mitochondria function was determined [146]. We showed 
that the litter of young tau knock out (-/-) mice exhibited 
lower oxidative damage, improvements in recognition mem-
ory and attention capacity and higher ATP levels compared 
to wild type-age match animals [146]. 

It is noteworthy that, under oxidative stress conditions, 
neurons have the natural capacity to generate antioxidant 
enzymes in order to counteract the damage [150]. The induc-
ible expression of genes that encode for these detoxifying 
enzymes is commanded by Nrf-2 [151], the master regulator 
of redox homeostasis [152, 153]. In this regard, the pharma-
cological use of sulforaphane, a potent activator of the Nrf-2 
pathway, significantly reduced the presence of abnormal tau 
in both hippocampal neuronal cultures and immortalized 
cortical cell (CN1.4) [154]. In the same context, complemen-
tary studies showed that treatment with sulforaphane reduced 
memory impairment and increased synaptophysin levels af-
fected by treatment with oral doses of Fe2+ [155]. 

Whereas mitochondrial impairment is accompanied by 
oxidative damage in AD and Parkinson's disease [156-159], 
the use of the mitochondria-targeted antioxidant MitoQ (mi-
toquinone mesylate: [10- (4, 5-dimethoxy-2-methyl- 3, 6-
dioxo-1, 4-cyclohexadienyl) decyl triphenylphosphonium 
methanesulfonate]) has been proposed to ameliorate oxida-
tive damage produced by the presence of abnormal tau [160]. 
For example, the treatment with MitoQ of cortical neurons 
from a murine model for AD prevented mitochondrial depo-
larization, increased ROS , and reduced Aβ-induced neuro-
toxicity [160]. 

4.2 Pathological forms of Tau Interact with Mitochondria 
and Induce Neurodegeneration and Bioenergetics Failure 

Previously, we observed that the genetic reduction of tau 
could have positive effects on mitochondrial function and 
ATP production [146]. In the same context, our group stud-
ied the effects of caspase-cleaved tau at D421 on mitochon-
drial and calcium regulation in immortalized cortical neurons 
[18]. We induced the expression of full-length tau (T4) or 
D421-truncated tau in immortalized cortical neurons (CN 
1.4), observing that cells expressing truncated tau showed a 
significant decrease in the mitochondrial length and mito-
chondrial membrane potential compared to cells expressing 
full-length tau [18] (Fig. 3). Also, truncated tau expressing 
cells showed an increase in the ROS levels compared to full-
length tau [18]. Then, we showed that in primary cortical 
neurons, the expression of truncated tau induced mitochon-
drial fragmentation [20]. In contrast, when this tau form was 
expressed and challenged with sublethal doses of peptide 
amyloid-beta (Aβ), we observed an increase in the ROS lev-
els and mitochondrial depolarization [20]. Interestingly, 
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these results were corroborated in primary hippocampal cul-
tures from tau (-/-) mice where the expression of truncated 
tau induced mitochondrial fragmentation and deregulation of 
mitochondrial dynamics evidenced by a decrease in Opa-1 
expression [19] (Fig. 3). 

4.3. A Possible Role of mPTP on Mitochondrial Dysfunc-
tion Induced by Tau Pathology 

News studies have suggested that the effects of tau pa-
thology against neurons could be mediated by the mPTP 
activation in AD [18, 23, 161, 162]. For example, immuno-
precipitation studies from Reddy´s group using AD brains, 
and brain tissue from APP/PS1 and 3xTg.AD mice showed a 
significant binding of VDAC with aggregates of hyperphos-
phorylated tau obtained from the brain extracts of AD pa-
tients, APP/PS1, and 3xTg. AD transgenic mice [23] (Fig. 
2). These changes were accompanied by a significant mito-
chondrial dysfunction in all AD-related brain samples com-
pared to age-matched control samples [23]. Also, further 
studies demonstrated that a cleaved N-terminal fragment of 
tau could interact with some components of the mPTP leading 
to mitochondrial failure and calcium handling defects [161, 
162]. More importantly, we have been studying the possible 
role of tau protein in the regulation of mitochondrial function 
through the opening of the mPTP [146]. Our studies showed 
that the genetic ablation of tau improves mitochondrial func-
tion and cognitive performance in the hippocampus of tau (-/-) 
mice [146]. Interestingly, we observed that tau (-/-) mice 
showed decreased levels of CypD (protein and mRNA) com-
pared to WT mice. Also, hippocampal tissues from tau (-/-) 
mice showed a reduction in oxidative damage and an increase 
in ATP production compared to wild type mice with regular 
tau expression [146]. These are significant findings because a 
reduction in CypD expression is considered the most efficient 
way to prevent mPTP opening [163-165].  

Several studies indicate that mPTP is a structure highly 
sensitive to the increase of calcium levels in the mitochon-
drial matrix, suggesting that its transient opening would par-
ticipate in the regulation of calcium levels in the cell [163-
165]. A sustained mPTP opening allows the intra-
mitochondrial calcium release toward the cytosol. An in-
crease in cytosolic calcium will disrupt the signaling path-
ways dependent on this element because of the over activa-
tion of the calcium-dependent enzymes [165]. Furthermore, 
the deacetylation of CypD, due to the decrease in the Sirt3 
enzyme, could facilitate the interaction of CypD with ANT, 
which increases the affinity of CypD with calcium, resulting 
in the mPTP opening [165]. Mitochondrial calcium handling 
defects produced by mPTP activation were observed in cor-
tical neurons that natively expressed cleaved tau at D421 
[19]. Cells expressing this tau form exposed to a minimal 
concentration of thapsigargin (1 µm) showed a significant 
decrease in mitochondrial calcium uptake and mitochondrial 
potential loss compared with cells expressing full-length tau 
[19]. Interestingly, these adverse effects were entirely pre-
vented by CsA (0.5 µM 2h), a pharmacological inhibitor of 
mPTP, in cells expressing caspase-cleaved tau [19]. These 
observations indicate that caspase-cleaved tau affects mito-
chondrial function through the activation of mPTP, which 
has negative consequences for calcium regulation and ATP 
synthesis in the mitochondria.  

In the same context, current studies have linked aberrant 
modifications of Cardiolipin, a phospholipid located at the 
mitochondrial membrane, due to incubation with soluble 
oligomeric tau forms [166]. Mitochondrial extracts exposed 
to these tau forms showed loss of mitochondrial integrity, 
swelling, and mitochondrial depolarization [166]. However, 
mitochondrial dysfunction was prevented with 10-N-nonyl 
acridine orange (NAO), a compound that specifically binds 
to cardiolipin at the mitochondria [166]. These positive ef-
fects on mitochondria are produced because of NAO capac-
ity to block the binding of tau oligomeric forms to the mito-
chondria [166]. These findings suggest that tau pathology 
could affect mitochondria function through an enhanced as-
sociation between these organelle and tau forms. 

Finally, our previous studies showed that the expression 
of truncated D421 and hyperphosphorylated tau forms affect 
mitochondrial function, inducing fragmentation, depolariza-
tion, and increasing the ROS production in response to dif-
ferent stressors [18, 20]. Additionally, we have shown that 
the harmful effects on mitochondrial health, specifically mi-
tochondrial fragmentation, depolarization, and mitochondrial 
calcium handling defects induced by the constitutive expres-
sion of truncated tau, can be prevented using the drug Cy-
closporine A (CsA) [18], an immunosuppressive drug that 
prevents opening of the mPTP through the inhibition of the 
union of CypD with other elements that form part of mPTP 
[163-165] (Fig. 3). Also, it has been shown that the genetic 
deletion of CypD acts favorably on mitochondrial impair-
ment and synaptic deterioration in different AD mice models 
[132-134]. For example, the crossing of knock out mice for 
CypD [164] with APP/PS1 AD model, which generates a 
high accumulation of Aβ peptide [132], prevented mito-
chondrial failure and induced a significant improvement in 
learning and memory tests, compared to APP/PS1 mice that 
express CypD in its endogenous form [130]. 

In the same context, antecedents published by Manczak 
and Reddy showed that the expression levels of VDAC, an-
other protein component of mPTP, were significantly higher 
in brains of patients with AD compared to age-matched con-
trol samples [23]. Importantly, they found an increased co-
localization and interaction between hyperphosphorylated 
tau and VDAC in AD brain samples, which was similarly 
observed in the brain tissue of 3xTgAD triple transgenic 
mice, a murine model for the study of AD [23] (Fig. 2). 
Therefore, these findings suggest that the accumulation of 
hyperphosphorylated tau interacts with VDAC, which would 
produce a mitochondrial deficit, expressed through parame-
ters such as an increase in superoxide production, oxidative 
damage, and low ATP production induced by mPTP activa-
tion. 

5. FINAL REMARKS 
In this paper, we discussed evidence that suggests a vital 

role of pathological forms of tau in mitochondrial failure in 
AD. Mitochondria is essential for neuronal function, and 
their bioenergetics properties are vital for synapsis. Patho-
logical forms of tau affect mitochondria health, modifying 
dynamics, transport, and ATP production. Evidence analyzed 
here suggests that these anomalous tau forms can be pathol-
ogically associated with mitochondria through different pro-
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teins that form the mPTP (see Figs. 2 and 3). mPTP is a mi-
tochondrial structure in which opening responds to calcium 
increase, and high ROS levels, which are regular signs of 
neurodegeneration in AD. Previously, we showed that tau 
regulates mitochondrial function at physiological levels, and 
in this process, CypD contributes, a vital protein in the acti-
vation of mPTP. Therefore, it is possible that pathological 
modifications of tau facilitate the opening of the mPTP (see 
Figs. 2 and 3), causing mitochondrial failure, which leads to 
neurodegeneration and synaptic failure observed in AD. 
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