Review

Mitochondrial Permeability Transition: A Pore Intertwines
Brain Aging and Alzheimer’s Disease

Kun Jia ! and Heng Du

check for

updates
Citation: Jia, K.; Du, H.
Mitochondrial Permeability
Transition: A Pore Intertwines Brain
Aging and Alzheimer’s Disease. Cells
2021, 10, 649. https://doi.org/
10.3390/ cells10030649

Academic Editors: Paolo Bernardi

and Evgeny V. Pavlov

Received: 13 November 2020
Accepted: 6 March 2021
Published: 15 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,%

Department of Pharmacology and Toxicology, The University of Kansas, Lawrence, KS 66045, USA;
kunjia@ku.edu

Higuchi Biosciences Center, The University of Kansas, Lawrence, KS 66045, USA

*  Correspondence: heng.du@ku.edu

Abstract: Advanced age is the greatest risk factor for aging-related brain disorders including
Alzheimer’s disease (AD). However, the detailed mechanisms that mechanistically link aging and
AD remain elusive. In recent years, a mitochondrial hypothesis of brain aging and AD has been
accentuated. Mitochondrial permeability transition pore (mPTP) is a mitochondrial response to
intramitochondrial and intracellular stresses. mPTP overactivation has been implicated in mitochon-
drial dysfunction in aging and AD brains. This review summarizes the up-to-date progress in the
study of mPTP in aging and AD and attempts to establish a link between brain aging and AD from a
perspective of mPTP-mediated mitochondrial dysfunction.
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1. Introduction

The correlation of advancing age with the incidence of Alzheimer’s disease (AD)
underpins the argument of AD as a continuum of aging, especially pathological aging [1-3].
Recent failures of anti-amyloid beta (Ap) treatments in clinical trials [4-7] open up the
reappraisal of the importance of aging-related factors in AD pathogenesis. Despite the con-
siderable debate on the relationship between brain aging and AD, the two conditions are
proposed, to some extent, to be intrinsically and mechanistically inter-related [3,8-12]. Mi-
tochondrial dysfunction has been repeatedly implicated in brain aging and AD paradigms.
Aging and AD brains neuropathologically overlap with each other in oxidative stress,
energy deficiency, Ca?* deregulation, as well as alterations in mitochondrial architecture
and functional status [9,13-19]. Analysis of mitochondrial phenotypes in mild cognitive
impairment (MCI) that precedes AD further argues for a role of age-associated mitochon-
drial dysfunction in the development of this disease [20—22]. In this context, attempts to
conciliate brain aging and AD from a mitochondrial perspective are warranted.

Mitochondrial permeability transition (mPT) through the opening of the mitochon-
drial permeability transition pore (mPTP) is a mitochondrial response to calcium over-
loading [23,24] and other cellular stresses such as oxidative stress [25,26], excess inorganic
phosphate [27] and depletion of adenine nucleotides [28,29]. mPTP is a nonselective chan-
nel that increases the permeability of the inner mitochondrial membrane (IMM) to low
molecular-weight solutes and HO. Irreversible mPTP activation results in destructive
consequences leading to severe mitochondrial dysfunction [23,30-32]. Ever since the charac-
terization of mPT for the first time in 1979 [33], mPTP in neurophysiology and neurological
disorders has been under intensive investigation [34-39]. With the increased recognition of
the involvement of mPTP in brain aging [19,40—-44], an mPTP mechanism of mitochondrial
dysfunction in age-related disorders such as AD has been highlighted [22,36,40,45-47]. In
line with the mitochondrial hypothesis of brain aging and AD, these observations query
the role of mPTP as an intrinsic link between the two conditions. Therefore, the current
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review aims to solve the ‘sameness or difference” debate between mPTP deregulation in
aging and AD.

2. The Molecular Composition of mPTP

Despite the consensus that mPTP is a hetero-multimer channel contacting the inner
mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM), the molec-
ular identity of this mitochondrial pore remains as a conundrum to date. A prevailing
opinion was that mPTP is composed of voltage-dependent anion channel (VDAC) and ade-
nine nucleotide translocator (ANT) as the OMM and IMM components, respectively [23].
However, further studies crossed VDAC from the list [48] and demoted ANT from an
indispensable component to a less important role, at most, as a mPTP regulator [49,50].
Interestingly, a very recent report of a full inhibition of mPTP in embryonic fibroblasts
by genetic depletion of ANT4, the fourth paralogue of ANT, seems to move ANT back
to the stage [51]. However, its exclusive abundance in meiotic cells [52] question the
role of ANT4 in controlling mPTP in postmitotic cells such as neurons. Aside from these
membrane-bound components, cyclophilin D (CypD), a mitochondrial peptidyl-prolyl cis-
trans isomerase (PPlase) is a genetically determined key regulator that gates the opening of
mPTP [23,53,54], and depletion of CypD remarkably increases mPTP tolerance to calcium
loading [23,53,54]. In addition, mitochondrial phosphate carrier (PiC) [55,56] and P53 [57]
have also been implicated in the formation and regulation of mPTP.

In recent years, the role of mitochondrial F1Fo ATP synthase in the formation of
mPTP has begun to emerge [58-61]. Mitochondrial F1Fo ATP synthase is formed by
three functional entities including the Fo domain integrated in IMM, the F1 domain in
the mitochondria matrix, and a peripheral stalk linking the two [62]. The dimerized
F1Fo ATP synthase model of mPTP is based on the observation that Ca®* triggers the
dimerization of F1Fo ATP synthase to form a high-conductance channel displaying mPTP
properties [63,64]. Moreover, Ca>*-potentiated F1Fo ATP synthase dimerization is likely
in a CypD-dependent manner, probably via the interaction of CypD with oligomycin
sensitivity-conferring protein (OSCP), an integrative subunit of F1Fo ATP synthase [64].
Other studies have proposed an F1Fo ATP synthase ¢ subunit-ring model in which the
opened channel formed by the c subunits constitutes the IMM component of mPTP [61,65].
The two ATP synthase-centric models of mPTP are reconciled by a two-step process
hypothesis, including the dissociation of ATP synthase dimers (step 1), and mPTP opening
through the c-subunit ring (step 2) [59]. Although compelling evidence supports F1Fo ATP
synthase as the top candidate forming mPTP, Walker et al. cast doubt on this model [66,67].
As the exploration of the molecular structure of mPTP continues, CypD is so far the only
well-accepted mPTP regulator.

3. The Consequence of mPTP Opening

As a nonselective mitochondrial pore, mPTP has been repeatedly linked to mitochon-
drial dysfunction. Prolonged opening of mPTP results in mitochondrial depolarization,
oxidative phosphorylation (OXPHOS) uncoupling, and reactive oxygen species (ROS)
overproduction. In addition, uncontrolled entry of small molecular osmolytes and water
into mitochondria through mPTP causes mitochondrial swelling, leading to the disruption
of OMM [23,30-32]. Moreover, increased mitochondrial permeability favors apoptotic and
necrotic cell death through a rapid depletion of ATP [68,69] as well as the leakage of cell
death-inducing factors such as cytochrome ¢ and apoptosis inducing factor (AIF) from the
inter-membrane space (IMS) [70,71].

Despite the aforementioned deleterious effects of mPTP on mitochondrial function and
structural integrity, the physiological function of mPTP is increasingly recognized. Contrary
to persistent mPTP-mediated nonselective transportation of small and large molecules,
the low-conductance state of mPTP allows a transient diffusion of Ca?* and ROS from
mitochondria [72,73]. It is therefore proposed that transient mPTP prevents overloading of
mitochondria from Ca?* and ROS accumulation and further contributes to intracellular Ca?*
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and ROS signaling [73-76]. Moreover, emerging evidence indicates the relevance of the
physiological function of mPTP to neurophysiology. Our very recent study implies a critical
role of mPTP in counterbalancing mitochondrial calcium uniporter (MCU)-induced excess
calcium accumulation in brain mitochondria [77]. In addition, the physiological mPTP
opening is implicated as a critical mitochondrial mechanism for the regulation of neuronal
activity-induced filopo-diagenesis and dendritic spine dynamics [35]. The physiological
and pathological functions of mPTP seem to raise a “friend or foe” question regarding
mPTP’s role in mitochondrial biology. Our speculation is that transient or low-conductance
mPTP benefits mitochondrial fitness in physiology and protects mitochondria in stress
conditions. However, it may be regarded as certain that in pathological conditions mPTP
leads to persistent opening, resulting in severe mitochondrial injury and cellular stress.

4. The Induction of mPTP

So far, studies have identified a series of modulators of mPTP opening. These reg-
ulatory agents could be further categorized into three groups based on their molecular
nature including: (1) ionic regulators such as Ca?*, inorganic phosphates (Pi), magnesium
ion (Mg?*) and proton (H*); (2) reactive oxygen species (ROS) such as superoxide, hy-
drogen peroxide (H2O;), and hydroxyl radicals; and (3) nucleotides and derivatives of
nucleosides including ADP, ATP and NADH. These regulators have distinct impacts on
mPTP activation. To be more specific, Ca?*, ROS and Pi are activators of mPTP opening,
while matrix Mg2+, H* and nucleotide derivatives desensitize mPTP [78-82]. Ca?* was
historically the first identified mPTP regulator [83], and the interplay between Ca®* and
mPTP in regulating mitochondrial homeostasis in health and disease is still under intensive
investigation [84]. Although the detailed mechanisms underlying Ca?*-mediated mPTP
opening have not been fully elucidated, it is generally accepted that the influence of Ca?* on
mPTP opening is context dependent. Tenuous matrix Ca>* augmentation triggers transient
mPTP activation to alleviate mitochondrial Ca?* overloading and mitochondrial stress;
while excess and long-term matrix Ca?* accumulation promotes persistent mPTP formation,
resulting in destructive mitochondrial changes [23,35,75,85,86]. Of note, mitochondrial
calcium uniporter (MCU) is a determined major pathway for Ca?* entry [87]. In addition,
MCU also mediates the entrance of other divalent cations such as Mg2+, SrZ*, and Mn2*
that inhibit Ca?*-mediated mPTP opening through competitive inhibition [84]. To this end,
mitochondrial Ca?* dynamics and the associated mPTP activation exemplifies, to a certain
extent, the interaction between MCU and mPTP.

In addition to Ca%*, ROS is another critical regulator of mPTP. A possible mechanism
of ROS-mediated mPTP formation is that oxidative modified transmembrane proteins
undergo structural misfolding with the assistance of CypD [88-90] and form aqueous chan-
nels to facilitate mitochondrial membrane permeabilization [91]. A critical and interesting
concept related to ROS-mediated mPTP is ROS-induced ROS release (RIRR) [92,93]. In
the model of RIRR, when mitochondrial ROS elevates to a “MPT ROS threshold”, mPTP
is triggered to release mitochondrial ROS into the cytosol, which further acts on adjacent
mitochondria. The RIRR-induced mPT signal amplification sustains even after the removal
of the ROS-inducing cell stress events, culminating in the propagation of mPT across all
mitochondria. Accompanying mPTP propagation through the RIRR mechanism, mito-
chondria exhibit Ca* deregulation and the leakage of Ca®* from affected mitochondria
further strengthens the effect of ROS in mediating mPTP activation in neighboring mito-
chondria, resulting in severe mitochondrial stress and, in a worse scenario, the induction
of a mitochondrial pathway for apoptosis [92,93].
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5. mPTP in Brain Aging

Mitochondrial dysfunction develops with the aging process and constitutes a feature
of aging brains [94,95]. Previous studies have repeatedly identified age-related mPTP
activation in a variety of tissues. In addition to the liver, the heart, the lymphocytes
and others [96-100], our previous and other studies have observed that increased mito-
chondrial susceptibility to mPTP opening is prominent in brain tissues from aged mice
and rats [19,43,96,101,102], indicating a systemic mPTP activation with age. Importantly,
such an age phenomenon is determined in human subjects, which is supported by the
observations of increased mPTP sensitivity in skeletal muscles from the elderly [103].

mPTP activation leads to mitochondrial ROS production and release, as well as ATP
deficiency and loss of metabolites including nicotinamide (NAD) [23,30-32]. Therefore,
the well-documented Redox stress and metabolic hypotheses of aging [104,105] seem to
support a central role of persistent mPTP activation in the aging process. In this context,
it would be of importance to understand the mechanisms that promote mitochondrial
permeability transition during aging. Ca®* and ROS are strong inducers of mPTP [23].
Ca?* deregulation in neurons develops with age [106] probably through alterations of L
type voltage-gated calcium channels [107], Ca?* buffering capacity of endoplasmic retic-
ulum (ER) [108] and glutamate-induced Ca?* influx [109]. Such age-related impairment
of Ca?* homeostasis increases the propensity of mPTP opening [110,111], which further
exacerbates intraneuronal Ca?* crisis, culminating in a feeding-forward vicious cycle of
Ca?*-induced mPTP activation during aging. Moreover, increased ROS generation and
reduced GSH/GSSG are prominent with age [41,112]. ROS induced mPT is a key process of
the mitochondrial free radical theory of aging. In aging cells, mPTP is both an amplifier and
an effector of ROS toxicity. mPTP opening disrupts OXPHOS and enhances mitochondrial
ROS production. The ROS signal exaggerates through a mPTP dependent RIRR pathway.
Inside the mitochondria, mROS causes oxidative damage of mitochondria DNA, mito-
chondrial proteins, phospholipids and mitochondria dysfunction. Two aging accelerating
factors including nuclear DNA damage and NAD+ depletion occur when mitochondrial
ROS releases through mPTP and vanquishes the antioxidation system [44]. Moreover, ROS
and Ca?* deregulation may synergistically promote mPTP activation. It is proposed that
oxidative modification of calcium transporters potentiates excess calcium influx to mito-
chondria, which subsequently triggers mPTP activation, promoting mitochondrial ROS
generation by interfering with mitochondrial electron transfer [44]. In addition to the ROS
and Ca?* pathways of mPTP activation, aging cells exhibit changes in mPTP formation-
associated proteins. CypD is a crucial regulator of mPTP and increased CypD expression
favors mPTP activation [23,113]. Our previous studies as well as other studies have re-
ported increased CypD expression in brain mitochondria in aging paradigms [19,36,45].
Furthermore, along with enhanced mPTP activation, substantial changes of F1Fo ATP
synthase including selective loss of OSCP, increased interaction between OSCP and CypD,
as well as impaired enzymatic activity and FIFO complex coupling in brain mitochon-
dria from aged mice, were observed in our previous studies [19]. Such an age-related
effect on the integrity and function of F1Fo ATP synthase was consistently observed in a
P. anserina aging model [114,115] and aged rats [19,116]. Previous studies reported ANT
deregulation due to increased oxidative modification in aged Musca domestica [117] and
an increase in the ratio of ANT to CypD in aged rat skeletal muscles [118]. However, given
the contentious role of ANT in mPTP formation, whether such age-related ANT changes
contribute to mPTP activation remains unknown. These observations indicate that mPTP
activation constitutes a key mitochondrial change in aging brains and may potentially
contribute to the development of brain aging.
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6. mPTP in AD

In line with the close relationship of aging and AD, the two neurological conditions
demonstrate a variety of neuropathological overlaps including oxidative stress, Ca?* dereg-
ulation and mitochondrial dysfunction [9,119]. Of note, aging brains and AD share similar
changes in proteins associated with mPTP formation. Elevation in CypD expression was
reported in postmortem AD brains [36]. Moreover, assays on brain tissues from patients
with MCI and AD showed a disease-associated deterioration of OSCP loss [22]. Although
the contribution of ANT to mPTP formation is still under debate, mass spectrometry anal-
ysis found ANT upregulation in brain tissues from patients with MCI and AD [120]. In
view of the inhibitory effect of CypD depletion and OSCP upregulation on mPTP open-
ing in Ap-rich environments [23,36,40,121], these results support a propensity of mPTP
activation in AD. Indeed, increased sensitization of mPTP opening is prominent in brain
mitochondria from mouse models with AD-like brain amyloidosis as well as in amyloid-
beta (Af)-insulted cells [47,122,123]. Despite the appreciation of sameness in the changes
of CypD, OSCP and ANT between brain aging and AD, the contribution of A3, a key AD
mediator to mPTP activation, should be noted. Disturbance of A metabolism including
augmented production and impaired degradation leads to excess parenchymal A accu-
mulation [124]. ABs are peptides produced from sequential cleavages of amyloid precursor
protein (APP) [125]. Monomeric A3 aggregates into more neurotoxic oligomeric forms,
the levels of which correlate with the severity of synaptic injury and cognitive impairment
in AD [126-129]. Of note, in addition to extracellular deposition of Af3, intracellular Af3
accumulation is a feature of AD neurons [130]. Previous studies highlighted the mitochon-
drial toxicity of intra-mitochondrial Ap [22,36,131-133]. However, the precise pathways
for AB’s entry into mitochondria remain unresolved so far. The mitochondrial import
machinery formed by channel-forming proteins including the translocase of the outer
membrane 40 (TOM40) and the translocase of the inner membrane 23 (TIM23) may poten-
tially facilitate mitochondrial uptake of A [134]. Our previous co-immunoprecipitation
(coIP) and electro-microscopy studies have determined a physical interaction between
mitochondrial A and CypD in AD patients and mouse models of brain amyloidosis [36].
The interplay between A3 and CypD promotes mPTP activation in brain mitochondria,
leading to mitochondrial dysfunction and neuronal stress [36,40]. Moreover, our further
examination revealed that OSCP is also a binding partner of Af3 and the formation of
AR /OSCP complex underlies F1Fo ATP synthase uncoupling and mPTP opening [22,121].
Intriguingly, A is an enhancer of CypD regulation of OSCP by increasing their interaction,
strengthening CypD and OSCP-related mPTP formation in A3 rich milieus [19,121]. Addi-
tionally, physical interaction of A with ANT was determined in a previous study [135]
and ANT1 deficient mouse showed enhanced resistance to excitotoxic stimulations and
Ca%*-mediated mPT [136]. Together the impacts of A3 on neuronal Ca?t deregulation
and oxidative stress [137], the interaction of A with mPTP-forming/regulating proteins
highlights a unique role of Af in promoting mPTP and the engagement of A3 as a critical
modifier of mPTP formation in AD-related pathological setting. In addition to A, aggre-
gation of hyperphosphorylated Tau is another characteristic of AD brains and constitutes
a therapeutic target [138]. Modification of Tau protein including hyperphosphorylation
and truncation are linked to disease severity and synaptic defects [139]. The interaction
with Tau enhances the neurotoxicity of A3 [140,141]. A potential impact of Tau on mPTP
is implicated by the observations of increased mitochondrial ROS in Tau overexpressing
mice [142]. Moreover, Tau-mediated mitochondrial membrane potential collapse and
oxidative stress are ameliorated by the application of cyslospoin A (CsA), an inhibitor
of CypD, in neurons [143]. Tau protein was reported to localize at the OMM as well as
within the inner mitochondrial space (IMS) [139,144]. Although the specific mechanisms of
mitochondrial uptake of Tau are hitherto undetermined, the presence of mitochondrial Tau
implicates that mitochondria are a target of Tauopathy [144]. Neurotoxic amino-terminal
(NH2)-derived tau interacts with ANT and ANT/CypD complex in human brain tissues,
promoting A3 /ANT/CypD super-complex [140]. Importantly, genetic depletion of Tau
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downregulates CypD expression and inhibits mPTP opening [145]. These observations
support a connection between Tau and mPTP in AD-related conditions. Therefore, in
addition to expression changes of mPTP-related proteins, the involvement of AD mediators
including A3 and Tau may contribute to exaggerated mPTP activation.

7. Reconciling mPTP Activation in Brain Aging and AD from a Perspective of
Neuronal Stress

The sameness pertaining to mPTP activation in aging brains and AD implicates a
potential link between the two conditions. First, mitochondrial stress demonstrated by
elevated mitochondrial ROS production and calcium deregulation is a common change
in aging and AD brains [146]. These mitochondrial abnormalities may promote mPTP
activation as well as serve as demonstration in consequence to mPTP formation. Moreover,
the expression changes of CypD and OSCP are a mitochondrial response to age-related
cellular stress [147,148]. The altered CypD and OSCP expression in the aging brain that
overlaps with AD is indicative of similar types of neuronal stress between the two condi-
tions. However, despite the sameness in mPTP activation, the difference in the severity
and promoting mechanisms of mPTP formation between brain aging and AD should
not be neglected. This difference is closely associated with AD-related Af3 and Tau as
confounding factors, which adds a layer of difficulty in arguing for a role of mPTP in
the conversion of brain aging to AD (Figure 1). In reference to the mitochondrial cascade
hypothesis of AD [149-154] and the impact of mitochondrial dysfunction on amyloidosis
and Tauopathy [155,156], we therefore hypothesize a model, in which subjects with genetic
and/or metabolic risk factors for AD are at high risk of demonstrating mitochondrial stress
during aging, leading to mitochondrial ROS and calcium deregulation as well as changes of
CypD and OSCP. These changes potentiate mPTP activation and exacerbate mitochondrial
stress, contributing to A and Tau abnormalities and the associated mitochondrial and
neuronal stress, culminating in a feeding-forward vicious cycle involving in the conversion
of brain aging to AD. Of note, cerebral amyloidosis also appears in nondemented older
people [157]. Neither significant antemortem cognitive impairment nor neuronal pathology
are detected in these subjects. A possible explanation is that there are protective factors
which could compensate for A} toxicity and neuronal stress that result in A3 resistance
and neuroprotection in these subjects [157]. Future studies of these cases will deepen our
understanding of the role of mitochondrial mPTP in the development of AD from aging
subjects. Lastly, a paradoxical protection on cell function through mitochondrial dysfunc-
tion, known as mito-hormesis, has been recognized in recent years [158]. In this context,
aging neurons may utilize the activation of transient mPTP as a strategy to protect mito-
chondria from excess ROS accumulation and Ca?* overloading. However, such a strategy
unlatches persistent mPTP opening with the exacerbation of neuronal stress during aging.
In addition, relatively low levels of Ap are produced in normal aging [159]. Therefore,
it is also possible that the bona fide adaption of aging neurons could be hijacked by Af,
resulting in unrestrained irreversible mPTP opening, culminating in severe mitochondrial
dysfunction and the development of AD.
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Figure 1. Schematic representation of mPTP in brain aging and AD. mPTP activation is a common mitochondrial pathology
that underlies neuronal stress in brain aging and AD. The age-related mitochondrial Ca?* overloading and ROS over-
production as well as aberrations of CypD and OSCP are exacerbated by AP and Tau in AD-related conditions, leading to
increased propensity of mPTP opening. Therefore, mPTP activation may constitute a potential mechanistic link between
brain aging and AD and serves as a promising therapeutic target for the treatment of age-related brain disorders including
AD. IMM: inner mitochondrial mebrane; OMM: outer mitochondrial membrane; ANT: adenine nucleotide translocator;
CypD: cyclophilin D; MCU: mitochondrial calcium uniporter; Tim23: translocase of the inner mitochondrial membrane
23; Tom40: translocase of the outer mitochondrial membrane 40; OSCP: oligomycin sensitivity conferring protein; VDAC:

voltage-dependent anion channel.

8. mPTP as a Therapeutic Target for AD

Given the critical role of pathological mPTP opening in AD pathogenesis, inhibiting
mPT could be a promising target for the treatment of AD. Since CypD is the only deter-
mined mPTP component, inhibiting CypD could be a practical therapeutic strategy. Indeed,
our previous studies and others reported the neuronal protective effecting of inhibiting
CypD by either genetic abrogation of CypD or the direct inhibition of CypD by CsA. CypD
deficient AD mice and CsA treated mitochondria showed preserved mitochondria mem-
brane potential, enhanced resistance to Ap3-mediated mitochondria swelling, and synaptic
function and learning memory [45,160]. However, the immunosuppressive effects and
limited permeability through the blood-brain barrier (BBB) of current mPTP inhibitors
such as CsA and its derivatives could be a barricade for CypD-targeted therapy [161]. In
addition, CypD has its physiological functions including protein folding and chaperon
function [76], and manipulation of CypD may also affect mitochondrial protein acetyla-
tion [162]. Moreover, CypD-mediated transient mPTP has its importance for neuronal
physiology [35]. Therefore, these limitations call for a modulation of CypD activity in a
sophisticated manner with caution regarding the physiological functions of CypD and
transient mPTP. Another promising target for mPTP regulation is OSCP. One of our recent
studies confirmed a protective effect of OSCP restoration against neuronal mPTP activa-
tion and synaptic injury in an Af-based AD mouse model in vivo [131]. In this scenario,
manipulation of OSCP through gene therapy gives hope for a future therapy for AD that
needs validation by further clinical trials. Lastly, the molecular identify of mPTP, especially
of the pathological form, remains largely unclear. The clarification of mPTP molecular
structure and its changes in AD brain will shed light on the development of efficient and
safe approaches for mPTP-targeting AD therapy.
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9. Concluding Remarks

With the increase in the aging population, the incidence of AD is escalating. Despite
the familial form of AD, the etiology of sporadic AD remains largely elusive. In recent
years, although a mitochondrial cascade theory of AD has been accentuated [154], the
detailed mechanisms linking aging and sporadic AD from a mitochondrial perspective are
still a topic of intensive investigation. Current studies add credit to a critical role of mPTP
activation in mediating mitochondrial dysfunction in aging and AD brains. Although
increasing evidence supports the argument that mPTP stands at the nexus of aging and
age-related brain disorders, it is still at too early a stage to establish an mPTP-centric
hypothesis of the development of sporadic AD. A better understanding of the molecular
structure of mPTP, as well as more solid evidence to support mPTP in the conversion
of brain aging to AD, are thus called for to strengthen this hypothesis. Nevertheless, in
view of the protective effects of mPTP inhibition on mitochondrial function and neuronal
activity in aging and AD models [19,36,163], manipulations of mPTP, while preserving its
physiological function, seem to be a promising avenue for the treatment and prevention of
AD and age-related cognitive decline.

Author Contributions: Conceptualization, K.J. and H.D.; writing—original draft preparation, K.J.;
writing—review and editing, H.D.; All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by research fundings from NIH (R0O1AG053588 and R01AG059753)
and BrightFocus Foundation (A20201159S).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Molinuevo, J.L.; Casado-Naranjo, I. Clinical profile of Alzheimer’s disease: Is the age of the patient a decisive factor? Results of
the INFLUENCE study. J. Alzheimer’s Dis 2014, 39, 227-232. [CrossRef]

2. Guerreiro, R.; Bras, J. The age factor in Alzheimer’s disease. Genome Med. 2015, 7, 106. [CrossRef]

3. Xia, X, Jiang, Q.; McDermott, J.; Han, J.]. Aging and Alzheimer’s disease: Comparison and associations from molecular to system
level. Aging Cell 2018, 17, €12802. [CrossRef]

4. Aisen, PS. Editorial: Failure After Failure. What Next in AD Drug Development? . Prev Alzheimers Dis 2019, 6, 150. [CrossRef]
[PubMed]

5. Egan, M.F; Kost, J.; Voss, T.; Mukai, Y.; Aisen, P.S.; Cummings, ].L.; Tariot, PN.; Vellas, B.; van Dyck, C.H.; Boada, M.; et al.
Randomized Trial of Verubecestat for Prodromal Alzheimer’s Disease. N. Engl. ]. Med. 2019, 380, 1408-1420. [CrossRef] [PubMed]

6. Egan, M.E; Kost, J.; Tariot, PN.; Aisen, P.S.; Cummings, J.L.; Vellas, B.; Sur, C.; Mukai, Y.; Voss, T.; Furtek, C.; et al. Randomized
Trial of Verubecestat for Mild-to-Moderate Alzheimer’s Disease. N. Engl. |. Med. 2018, 378, 1691-1703. [CrossRef]

7. Nicoll, J.LA.R;; Buckland, G.R.; Harrison, C.H.; Page, A.; Harris, S.; Love, S.; Neal, ].W.; Holmes, C.; Boche, D. Persistent
neuropathological effects 14 years following amyloid-beta immunization in Alzheimer’s disease. Brain 2019, 142, 2113-2126.
[CrossRef]

8. Behl, C. Brain aging and late-onset Alzheimer’s disease: Many open questions. Int. Psychogeriatr 2012, 24 (Suppl. 1), S3-S9.
[CrossRef]

9.  Swerdlow, R.H. Brain aging, Alzheimer’s disease, and mitochondria. Biochim. Biophys. Acta 2011, 1812, 1630-1639. [CrossRef]

10. Jagust, W.; Gitcho, A.; Sun, E; Kuczynski, B.; Mungas, D.; Haan, M. Brain imaging evidence of preclinical Alzheimer’s disease in
normal aging. Ann. Neurol. 2006, 59, 673-681. [CrossRef]

11. Lyros, E.; Ragoschke-Schumm, A.; Kostopoulos, P.; Sehr, A.; Backens, M.; Kalampokini, S.; Decker, Y.; Lesmeister, M.; Liu, Y.;
Reith, W.; et al. Normal brain aging and Alzheimer’s disease are associated with lower cerebral pH: An in vivo histidine (1)H-MR
spectroscopy study. Neurobiol. Aging 2020, 87, 60—-69. [CrossRef] [PubMed]

12.  Raj, T; Li, Y.I.; Wong, G.; Humphrey, J.; Wang, M.; Ramdhani, S.; Wang, Y.C.; Ng, B.; Gupta, I.; Haroutunian, V.; et al. Integrative
transcriptome analyses of the aging brain implicate altered splicing in Alzheimer’s disease susceptibility. Nat. Genet. 2018, 50,
1584-1592. [CrossRef]

13. Nunomura, A.; Perry, G.; Aliev, G.; Hirai, K.; Takeda, A.; Balraj, E.K.; Jones, PK.; Ghanbari, H.; Wataya, T.; Shimohama, S.
Oxidative damage is the earliest event in Alzheimer disease. J. Neuropathol. Exp. Neurol. 2001, 60, 759-767. [CrossRef] [PubMed]

14. Manoharan, S.; Guillemin, G.J.; Abiramasundari, R.S.; Essa, M.M.; Akbar, M.; Akbar, M.D. The Role of Reactive Oxygen Species

in the Pathogenesis of Alzheimer’s Disease, Parkinson’s Disease, and Huntington’s Disease: A Mini Review. Oxid. Med. Cell.
Longev. 2016, 2016, 8590578. [CrossRef]


http://doi.org/10.3233/JAD-131433
http://doi.org/10.1186/s13073-015-0232-5
http://doi.org/10.1111/acel.12802
http://doi.org/10.14283/jpad.2019.23
http://www.ncbi.nlm.nih.gov/pubmed/31062821
http://doi.org/10.1056/NEJMoa1812840
http://www.ncbi.nlm.nih.gov/pubmed/30970186
http://doi.org/10.1056/NEJMoa1706441
http://doi.org/10.1093/brain/awz142
http://doi.org/10.1017/S104161021200052X
http://doi.org/10.1016/j.bbadis.2011.08.012
http://doi.org/10.1002/ana.20799
http://doi.org/10.1016/j.neurobiolaging.2019.11.012
http://www.ncbi.nlm.nih.gov/pubmed/31902521
http://doi.org/10.1038/s41588-018-0238-1
http://doi.org/10.1093/jnen/60.8.759
http://www.ncbi.nlm.nih.gov/pubmed/11487050
http://doi.org/10.1155/2016/8590578

Cells 2021, 10, 649 9 of 14

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Su, B.; Wang, X.; Nunomura, A.; Moreira, P.I; Lee, H.g.; Perry, G.; Smith, M.A.; Zhu, X. Oxidative stress signaling in Alzheimer’s
disease. Curr. Alzheimer Res. 2008, 5, 525-532. [CrossRef]

Lopez-Otin, C.; Blasco, M. A ; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194-1217. [CrossRef]
Oliver, D.M.A.; Reddy, PH. Molecular Basis of Alzheimer’s Disease: Focus on Mitochondria. J. Alzheimers Dis. 2019, 72, S95-5116.
[CrossRef] [PubMed]

Mecocci, P.; Baroni, M.; Senin, U.; Boccardi, V. Brain Aging and Late-Onset Alzheimer’s Disease: A Matter of Increased Amyloid
or Reduced Energy? . Alzheimers Dis. 2018, 64, S397-5404. [CrossRef] [PubMed]

Gauba, E.; Guo, L.; Du, H. Cyclophilin D Promotes Brain Mitochondrial FIFO ATP Synthase Dysfunction in Aging Mice. .
Alzheimers Dis. 2017, 55, 1351-1362. [CrossRef] [PubMed]

Wood, H. Mitochondrial dysfunction manifests in the early stages of Alzheimer disease. Nat. Rev. Neurol. 2020, 16, 242. [CrossRef]
Silva, D.E; Santana, I; Esteves, A.R.; Baldeiras, I.; Arduino, D.M.; Oliveira, C.R.; Cardoso, S.M. Prodromal metabolic phenotype
in MCI cybrids: Implications for Alzheimer’s disease. Curr. Alzheimer Res. 2013, 10, 180-190. [CrossRef]

Beck, S.J.; Guo, L.; Phensy, A,; Tian, J.; Wang, L.; Tandon, N.; Gauba, E.; Lu, L.; Pascual, ].M.; Kroener, S.; et al. Deregulation of
mitochondrial FIFO-ATP synthase via OSCP in Alzheimer’s disease. Nat. Commun. 2016, 7, 11483. [CrossRef]

Baines, C.P.; Kaiser, R.A.; Purcell, N.H.; Blair, N.S.; Osinska, H.; Hambleton, M. A.; Brunskill, EW.; Sayen, M.R.; Gottlieb, R.A.;
Dorn, G.W.; et al. Loss of cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death. Nature 2005,
434, 658-662. [CrossRef] [PubMed]

Halestrap, A.P; Clarke, S.J.; Javadov, S.A. Mitochondrial permeability transition pore opening during myocardial reperfusion—A
target for cardioprotection. Cardiovasc. Res. 2004, 61, 372-385. [CrossRef]

Kowaltowski, A.J.; Castilho, R.F.; Vercesi, A.E. Mitochondrial permeability transition and oxidative stress. Febs Lett. 2001, 495,
12-15. [CrossRef]

Tiwari, B.S.; Belenghi, B.; Levine, A. Oxidative Stress Increased Respiration and Generation of Reactive Oxygen Species, Resulting
in ATP Depletion, Opening of Mitochondrial Permeability Transition, and Programmed Cell Death. Plant. Physiol. 2002, 128, 1271.
[CrossRef] [PubMed]

Kowaltowski, A.].; Castilho, R.E,; Vercesi, A.E. Opening of the mitochondrial permeability transition pore by uncoupling or
inorganic phosphate in the presence of Ca?* is dependent on mitochondrial-generated reactive oxygen species. Febs Lett. 1996,
378,150-152. [CrossRef]

Lapidus, R.G.; Sokolove, PM. The mitochondrial permeability transition. Interactions of spermine, ADP, and inorganic phosphate.
J. Biol. Chem. 1994, 269, 18931-18936. [CrossRef]

Kantrow, S.P,; Tatro, L.G.; Piantadosi, C.A. Oxidative stress and adenine nucleotide control of mitochondrial permeability
transition. Free Radic. Biol. Med. 2000, 28, 251-260. [CrossRef]

Crompton, M. The mitochondrial permeability transition pore and its role in cell death. Biochem. J. 1999, 341, 233-249. [CrossRef]
Reynolds, I.]. Mitochondrial membrane potential and the permeability transition in excitotoxicity. Ann. N. Y. Acad. Sci. 1999, 893,
33-41. [CrossRef]

Bonora, M.; Pinton, P. A New Current for the Mitochondrial Permeability Transition. Trends Biochem. Sci. 2019, 44, 559-561.
[CrossRef]

Haworth, R.A.; Hunter, D.R. The Ca%*-induced membrane transition in mitochondria: II. Nature of the Ca%* trigger site. Arch.
Biochem. Biophys. 1979, 195, 460—467. [CrossRef]

Quintanilla, R.A ; Jin, Y.N.; von Bernhardi, R.; Johnson, G.V. Mitochondrial permeability transition pore induces mitochondria
injury in Huntington disease. Mol. Neurodegener. 2013, 8, 45. [CrossRef] [PubMed]

Sui, S.; Tian, J.; Gauba, E.; Wang, Q.; Guo, L.; Du, H. Cyclophilin D regulates neuronal activity-induced filopodiagenesis by
fine-tuning dendritic mitochondrial calcium dynamics. . Neurochem. 2018, 146, 403—415. [CrossRef]

Du, H.; Guo, L.; Fang, E; Chen, D.; Sosunov, A.A.; McKhann, G.M.; Yan, Y.; Wang, C.; Zhang, H.; Molkentin, ].D.; et al. Cyclophilin
D deficiency attenuates mitochondrial and neuronal perturbation and ameliorates learning and memory in Alzheimer’s disease.
Nat. Med. 2008, 14, 1097-1105. [CrossRef]

Kann, O.; Kovacs, R. Mitochondria and neuronal activity. Am. J. Physiol. Cell Physiol. 2007, 292, C641-C657. [CrossRef] [PubMed]
Martin, L.]. The mitochondrial permeability transition pore: A molecular target for amyotrophic lateral sclerosis therapy. Biochim.
Biophys. Acta 2010, 1802, 186-197. [CrossRef]

Rasheed, M.Z.; Tabassum, H.; Parvez, S. Mitochondrial permeability transition pore: A promising target for the treatment of
Parkinson’s disease. Protoplasma 2017, 254, 33—42. [CrossRef] [PubMed]

Du, H.; Guo, L.; Zhang, W.; Rydzewska, M.; Yan, S. Cyclophilin D deficiency improves mitochondrial function and learn-
ing/memory in aging Alzheimer disease mouse model. Neurobiol. Aging 2011, 32, 398-406. [CrossRef] [PubMed]

Toman, J.; Fiskum, G. Influence of aging on membrane permeability transition in brain mitochondria. J. Bioenerg. Biomembr. 2011,
43, 3-10. [CrossRef]

Rottenberg, H.; Mather, M. Aging Enhances the Activation of the Permeability Transition Pore in Mitochondria. Sci. World J. 2001,
1,71. [CrossRef] [PubMed]

Mather, M.; Rottenberg, H. Aging enhances the activation of the permeability transition pore in mitochondria. Biochem Biophys
Res. Commun 2000, 273, 603—-608. [CrossRef]


http://doi.org/10.2174/156720508786898451
http://doi.org/10.1016/j.cell.2013.05.039
http://doi.org/10.3233/JAD-190048
http://www.ncbi.nlm.nih.gov/pubmed/30932888
http://doi.org/10.3233/JAD-179903
http://www.ncbi.nlm.nih.gov/pubmed/29562513
http://doi.org/10.3233/JAD-160822
http://www.ncbi.nlm.nih.gov/pubmed/27834780
http://doi.org/10.1038/s41582-020-0353-3
http://doi.org/10.2174/1567205011310020008
http://doi.org/10.1038/ncomms11483
http://doi.org/10.1038/nature03434
http://www.ncbi.nlm.nih.gov/pubmed/15800627
http://doi.org/10.1016/S0008-6363(03)00533-9
http://doi.org/10.1016/S0014-5793(01)02316-X
http://doi.org/10.1104/pp.010999
http://www.ncbi.nlm.nih.gov/pubmed/11950976
http://doi.org/10.1016/0014-5793(95)01449-7
http://doi.org/10.1016/S0021-9258(17)32256-1
http://doi.org/10.1016/S0891-5849(99)00238-5
http://doi.org/10.1042/bj3410233
http://doi.org/10.1111/j.1749-6632.1999.tb07816.x
http://doi.org/10.1016/j.tibs.2019.04.009
http://doi.org/10.1016/0003-9861(79)90372-2
http://doi.org/10.1186/1750-1326-8-45
http://www.ncbi.nlm.nih.gov/pubmed/24330821
http://doi.org/10.1111/jnc.14484
http://doi.org/10.1038/nm.1868
http://doi.org/10.1152/ajpcell.00222.2006
http://www.ncbi.nlm.nih.gov/pubmed/17092996
http://doi.org/10.1016/j.bbadis.2009.07.009
http://doi.org/10.1007/s00709-015-0930-2
http://www.ncbi.nlm.nih.gov/pubmed/26825389
http://doi.org/10.1016/j.neurobiolaging.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19362755
http://doi.org/10.1007/s10863-011-9337-8
http://doi.org/10.1100/tsw.2001.111
http://www.ncbi.nlm.nih.gov/pubmed/30147546
http://doi.org/10.1006/bbrc.2000.2994

Cells 2021, 10, 649 10 of 14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Rottenberg, H.; Hoek, J.B. The path from mitochondrial ROS to aging runs through the mitochondrial permeability transition
pore. Aging Cell 2017, 16, 943-955. [CrossRef]

Du, H.; Yan, S.S. Mitochondrial permeability transition pore in Alzheimer’s disease: Cyclophilin D and amyloid beta. Biochim
Biophys Acta 2010, 1802, 198-204. [CrossRef] [PubMed]

Perez, M.].; Ponce, D.P,; Aranguiz, A.; Behrens, M.I.; Quintanilla, R.A. Mitochondrial permeability transition pore contributes to
mitochondrial dysfunction in fibroblasts of patients with sporadic Alzheimer’s disease. Redox Biol. 2018, 19, 290-300. [CrossRef]
Guo, L.; Du, H;; Yan, S.; Wu, X.; McKhann, G.M.; Chen, ].X,; Yan, S.S. Cyclophilin D deficiency rescues axonal mitochondrial
transport in Alzheimer’s neurons. PLoS ONE 2013, 8§, e54914. [CrossRef]

Baines, C.P,; Kaiser, R.A.; Sheiko, T.; Craigen, W.]J.; Molkentin, ].D. Voltage-dependent anion channels are dispensable for
mitochondrial-dependent cell death. Nat. Cell Biol. 2007, 9, 550-555. [CrossRef]

Kokoszka, J.E.; Waymire, K.G.; Levy, S.E.; Sligh, ].E.; Cai, ].; Jones, D.P.; MacGregor, G.R.; Wallace, D.C. The ADP/ATP translocator
is not essential for the mitochondrial permeability transition pore. Nature 2004, 427, 461-465. [CrossRef]

Baines, C.P. The molecular composition of the mitochondrial permeability transition pore. J. Mol. Cell Cardiol. 2009, 46, 850-857.
[CrossRef]

Karch, J.; Bround, M.J.; Khalil, H.; Sargent, M.A.; Latchman, N.; Terada, N.; Peixoto, PM.; Molkentin, J.D. Inhibition of
mitochondrial permeability transition by deletion of the ANT family and CypD. Sci. Adv. 2019, 5, eaaw4597. [CrossRef]

Leung, W.Y.; Hamazaki, T.; Ostrov, D.A.; Terada, N. Identification of adenine nucleotide translocase 4 inhibitors by molecular
docking. J. Mol. Graph. Model. 2013, 45, 173-179. [CrossRef] [PubMed]

Basso, E.; Fante, L.; Fowlkes, J.; Petronilli, V.; Forte, M.A.; Bernardi, P. Properties of the Permeability Transition Pore in
Mitochondria Devoid of Cyclophilin D. J. Biol. Chem. 2005, 280, 18558-18561. [CrossRef]

Schinzel, A.C.; Takeuchi, O.; Huang, Z.; Fisher, ] K.; Zhou, Z.; Rubens, ].; Hetz, C.; Danial, N.N.; Moskowitz, M.A.; Korsmeyer, S.J.
Cyclophilin D is a component of mitochondrial permeability transition and mediates neuronal cell death after focal cerebral
ischemia. Proc. Natl. Acad. Sci. USA 2005, 102, 12005. [CrossRef]

Kwong, J.Q.; Davis, J.; Baines, C.P.,; Sargent, M.A.; Karch, J.; Wang, X.; Huang, T.; Molkentin, ].D. Genetic deletion of the
mitochondrial phosphate carrier desensitizes the mitochondrial permeability transition pore and causes cardiomyopathy. Cell
Death Differ. 2014, 21, 1209-1217. [CrossRef]

Varanyuwatana, P.; Halestrap, A.P. The roles of phosphate and the phosphate carrier in the mitochondrial permeability transition
pore. Mitochondrion 2012, 12, 120-125. [CrossRef]

Vaseva, A.V,; Marchenko, N.D.; Ji, K.; Tsirka, S.E.; Holzmann, S.; Moll, U.M. p53 opens the mitochondrial permeability transition
pore to trigger necrosis. Cell 2012, 149, 1536-1548. [CrossRef] [PubMed]

Bernardi, P. Why F-ATP Synthase Remains a Strong Candidate as the Mitochondrial Permeability Transition Pore. Front. Physiol.
2018, 9, 1543. [CrossRef]

Amodeo, G.F; Solesio, M.E.; Pavlov, E.V. From ATP synthase dimers to C-ring conformational changes: Unified model of the
mitochondrial permeability transition pore. Cell Death Dis. 2017, 8, 1. [CrossRef]

Halestrap, A.P. The C Ring of the F1Fo ATP Synthase Forms the Mitochondrial Permeability Transition Pore: A Critical Appraisal.
Front. Oncol. 2014, 4, 234. [CrossRef]

Alavian, K.N.; Beutner, G.; Lazrove, E.; Sacchetti, S.; Park, H.A.; Licznerski, P; Li, H.; Nabili, P.; Hockensmith, K.; Graham, M.;
et al. An uncoupling channel within the c-subunit ring of the F1IFO ATP synthase is the mitochondrial permeability transition
pore. Proc. Natl. Acad. Sci. USA 2014, 111, 10580-10585. [CrossRef] [PubMed]

Jonckheere, A.IL; Smeitink, ].A.M.; Rodenburg, R.J.T. Mitochondrial ATP synthase: Architecture, function and pathology. . Inherit.
Metab. Dis. 2012, 35, 211-225. [CrossRef] [PubMed]

Urbani, A.; Giorgio, V.; Carrer, A.; Franchin, C.; Arrigoni, G.; Jiko, C.; Abe, K.; Maeda, S.; Shinzawa-Itoh, K.; Bogers, ] EM.; et al.
Purified F-ATP synthase forms a Ca2+—dependent high-conductance channel matching the mitochondrial permeability transition
pore. Nat. Commun. 2019, 10, 4341. [CrossRef]

Giorgio, V.; von Stockum, S.; Antoniel, M.; Fabbro, A.; Fogolari, E; Forte, M.; Glick, G.D.; Petronilli, V.; Zoratti, M.; Szabo, I.; et al.
Dimers of mitochondrial ATP synthase form the permeability transition pore. Proc. Natl. Acad. Sci. USA 2013, 110, 5887-5892.
[CrossRef] [PubMed]

Pinke, G.; Zhou, L.; Sazanov, L.A. Cryo-EM structure of the entire mammalian F-type ATP synthase. Nat. Struct. Mol. Biol. 2020,
27,1077-1085. [CrossRef] [PubMed]

Carroll, J.; He, J.; Ding, S.; Fearnley, LM.; Walker, J.E. Persistence of the permeability transition pore in human mitochondria
devoid of an assembled ATP synthase. Proc. Natl. Acad. Sci. USA 2019, 116, 12816-12821. [CrossRef]

Walker, ].E.; Carroll, J.; He, ]. Reply to Bernardi: The mitochondrial permeability transition pore and the ATP synthase. Proc. Natl.
Acad. Sci. USA 2020, 117, 2745-2746. [CrossRef]

Rasola, A.; Bernardi, P. Mitochondrial permeability transition in Ca2+—dependent apoptosis and necrosis. Cell Calcium 2011, 50,
222-233. [CrossRef]

Kim, ].-S.; He, L.; Lemasters, ].J. Mitochondrial permeability transition: A common pathway to necrosis and apoptosis. Biochem.
Biophys. Res. Commun. 2003, 304, 463—470. [CrossRef]

Ott, M.; Robertson, ].D.; Gogvadze, V.; Zhivotovsky, B.; Orrenius, S. Cytochrome c release from mitochondria proceeds by a
two-step process. Proc. Natl. Acad. Sci. USA 2002, 99, 1259. [CrossRef]


http://doi.org/10.1111/acel.12650
http://doi.org/10.1016/j.bbadis.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19616093
http://doi.org/10.1016/j.redox.2018.09.001
http://doi.org/10.1371/journal.pone.0054914
http://doi.org/10.1038/ncb1575
http://doi.org/10.1038/nature02229
http://doi.org/10.1016/j.yjmcc.2009.02.007
http://doi.org/10.1126/sciadv.aaw4597
http://doi.org/10.1016/j.jmgm.2013.08.016
http://www.ncbi.nlm.nih.gov/pubmed/24056384
http://doi.org/10.1074/jbc.C500089200
http://doi.org/10.1073/pnas.0505294102
http://doi.org/10.1038/cdd.2014.36
http://doi.org/10.1016/j.mito.2011.04.006
http://doi.org/10.1016/j.cell.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22726440
http://doi.org/10.3389/fphys.2018.01543
http://doi.org/10.1038/s41419-017-0042-3
http://doi.org/10.3389/fonc.2014.00234
http://doi.org/10.1073/pnas.1401591111
http://www.ncbi.nlm.nih.gov/pubmed/24979777
http://doi.org/10.1007/s10545-011-9382-9
http://www.ncbi.nlm.nih.gov/pubmed/21874297
http://doi.org/10.1038/s41467-019-12331-1
http://doi.org/10.1073/pnas.1217823110
http://www.ncbi.nlm.nih.gov/pubmed/23530243
http://doi.org/10.1038/s41594-020-0503-8
http://www.ncbi.nlm.nih.gov/pubmed/32929284
http://doi.org/10.1073/pnas.1904005116
http://doi.org/10.1073/pnas.1921409117
http://doi.org/10.1016/j.ceca.2011.04.007
http://doi.org/10.1016/S0006-291X(03)00618-1
http://doi.org/10.1073/pnas.241655498

Cells 2021, 10, 649 11 of 14

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Polster, B.M.; Basafiez, G.; Etxebarria, A.; Hardwick, ].M.; Nicholls, D.G. Calpain I Induces Cleavage and Release of Apoptosis-
inducing Factor from Isolated Mitochondria. . Biol. Chem. 2005, 280, 6447—-6454. [CrossRef]

Wacquier, B.; Combettes, L.; Dupont, G. Dual dynamics of mitochondrial permeability transition pore opening. Sci. Rep. 2020,
10, 3924. [CrossRef]

Ichas, F.; Mazat, J.P. From calcium signaling to cell death: Two conformations for the mitochondrial permeability transition pore.
Switching from low- to high-conductance state. Biochim. Biophys. Acta 1998, 1366, 33-50. [CrossRef]

Mnatsakanyan, N.; Beutner, G.; Porter, G.A.; Alavian, K.N.; Jonas, E.A. Physiological roles of the mitochondrial permeability
transition pore. J. Bioenerg. Biomembr. 2017, 49, 13-25. [CrossRef]

Kwong, J.Q.; Molkentin, J.D. Physiological and pathological roles of the mitochondrial permeability transition pore in the heart.
Cell Metab. 2015, 21, 206-214. [CrossRef]

Elrod, ].W.; Molkentin, J.D. Physiologic functions of cyclophilin D and the mitochondrial permeability transition pore. Circ. J.
2013, 77, 1111-1122. [CrossRef]

Zhang, B.; Jia, K; Tian, J.; Du, H. Cyclophilin D counterbalances mitochondrial calcium uniporter-mediated brain mitochondrial
calcium uptake. Biochem. Biophys. Res. Commun. 2020, 529, 314-320. [CrossRef]

Antoniel, M.; Jones, K.; Antonucci, S.; Spolaore, B.; Fogolari, F,; Petronilli, V.; Giorgio, V.; Carraro, M.; Di Lisa, F; Forte, M.; et al.
The unique histidine in OSCP subunit of F-ATP synthase mediates inhibition of the permeability transition pore by acidic pH.
EMBO Rep. 2018, 19, 257-268. [CrossRef]

Halestrap, A.P. What is the mitochondrial permeability transition pore? J. Mol. Cell. Cardiol. 2009, 46, 821-831. [CrossRef]
Kharechkina, E.S.; Nikiforova, A.B.; Teplova, V.V.; Odinokova, 1.V,; Krestinina, O.V.; Baburina, Y.L.; Kruglova, S.A.; Kruglov, A.G.
Regulation of permeability transition pore opening in mitochondria by external NAD(H). Biochim. Biophys. Acta (Bba) Gen. Subj.
2019, 1863, 771-783. [CrossRef]

Brustovetsky, N.; Brustovetsky, T.; Purl, K.J.; Capano, M.; Crompton, M.; Dubinsky, ].M. Increased susceptibility of striatal
mitochondria to calcium-induced permeability transition. J. Neurosci 2003, 23, 4858-4867. [CrossRef]

Saotome, M.; Katoh, H.; Yaguchi, Y.; Tanaka, T.; Urushida, T.; Satoh, H.; Hayashi, H. Transient opening of mitochondrial
permeability transition pore by reactive oxygen species protects myocardium from ischemia-reperfusion injury. Am. J. Physiol.
Heart Circ. Physiol. 2009, 296, H1125-H1132. [CrossRef]

Crofts, A.R.; Chappell, ].B. Calcium ION accumulation and volume changes of isolated liver mitochondria. reversal of calcium
ION-induced swelling. Biochem. J. 1965, 95, 387-392. [CrossRef]

Bernardi, P.; Rasola, A.; Forte, M.; Lippe, G. The Mitochondrial Permeability Transition Pore: Channel Formation by F-ATP
Synthase, Integration in Signal Transduction, and Role in Pathophysiology. Physiol. Rev. 2015, 95, 1111-1155. [CrossRef]
Hausenloy, D.; Wynne, A.; Duchen, M.; Yellon, D. Transient Mitochondrial Permeability Transition Pore Opening Mediates
Preconditioning-Induced Protection. Circulation 2004, 109, 1714-1717. [CrossRef]

Boyman, L.; Coleman, A.K.; Zhao, G.; Wescott, A.P; Joca, H.C.; Greiser, B.M.; Karbowski, M.; Ward, C.W.; Lederer, W.J. Dynamics
of the mitochondrial permeability transition pore: Transient and permanent opening events. Arch. Biochem. Biophys. 2019, 666,
31-39. [CrossRef]

Mishra, J.; Thun, B.S.; Hurst, S.; O-Uchi, J.; Csordas, G.; Sheu, S.-S. The Mitochondrial Ca2* Uniporter: Structure, Function, and
Pharmacology. Handb. Exp. Pharm. 2017, 240, 129-156. [CrossRef]

Lin, W.; Bonin, M.; Boden, A.; Wieduwild, R.; Murawala, P.; Wermke, M.; Andrade, H.; Bornhduser, M.; Zhang, Y. Peptidyl
prolyl cis/trans isomerase activity on the cell surface correlates with extracellular matrix development. Commun. Biol. 2019, 2, 58.
[CrossRef]

Dunyak, B.M.; Gestwicki, ].E. Peptidyl-Proline Isomerases (PPlases): Targets for Natural Products and Natural Product-Inspired
Compounds. J. Med. Chem 2016, 59, 9622-9644. [CrossRef]

Lemasters, J.].; Theruvath, T.P.; Zhong, Z.; Nieminen, A.-L. Mitochondrial calcium and the permeability transition in cell death.
Biochim. Biophys. Acta 2009, 1787, 1395-1401. [CrossRef]

He, L.; Lemasters, ].J. Regulated and unregulated mitochondrial permeability transition pores: A new paradigm of pore structure
and function? Febs Lett. 2002, 512, 1-7. [CrossRef]

Zorov, D.B.; Filburn, C.R.; Klotz, L.-O.; Zweier, J.L.; Sollott, S.]. Reactive Oxygen Species (Ros-Induced) Ros Release: A New
Phenomenon Accompanying Induction of the Mitochondrial Permeability Transition in Cardiac Myocytes. J. Exp. Med. 2000, 192,
1001-1014. [CrossRef] [PubMed]

Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial ROS-induced ROS release: An update and review. Biochim. Biophys. Acta
(Bba) Bioenerg. 2006, 1757, 509-517. [CrossRef]

Swerdlow, R.H.; Koppel, S.; Weidling, I.; Hayley, C.; Ji, Y.; Wilkins, H.M. Mitochondria, Cybrids, Aging, and Alzheimer’s Disease.
Prog. Mol. Biol. Transl. Sci. 2017, 146, 259-302. [CrossRef]

Paradies, G.; Paradies, V.; Ruggiero, FM.; Petrosillo, G. Changes in the mitochondrial permeability transition pore in aging and
age-associated diseases. Mech. Ageing Dev. 2013, 134, 1-9. [CrossRef]

Goodell, S.; Cortopassi, G. Analysis of oxygen consumption and mitochondrial permeability with age in mice. Mech. Ageing Dev.
1998, 101, 245-256. [CrossRef]


http://doi.org/10.1074/jbc.M413269200
http://doi.org/10.1038/s41598-020-60177-1
http://doi.org/10.1016/S0005-2728(98)00119-4
http://doi.org/10.1007/s10863-016-9652-1
http://doi.org/10.1016/j.cmet.2014.12.001
http://doi.org/10.1253/circj.CJ-13-0321
http://doi.org/10.1016/j.bbrc.2020.05.204
http://doi.org/10.15252/embr.201744705
http://doi.org/10.1016/j.yjmcc.2009.02.021
http://doi.org/10.1016/j.bbagen.2019.01.003
http://doi.org/10.1523/JNEUROSCI.23-12-04858.2003
http://doi.org/10.1152/ajpheart.00436.2008
http://doi.org/10.1042/bj0950387
http://doi.org/10.1152/physrev.00001.2015
http://doi.org/10.1161/01.CIR.0000126294.81407.7D
http://doi.org/10.1016/j.abb.2019.03.016
http://doi.org/10.1007/164_2017_1
http://doi.org/10.1038/s42003-019-0315-8
http://doi.org/10.1021/acs.jmedchem.6b00411
http://doi.org/10.1016/j.bbabio.2009.06.009
http://doi.org/10.1016/S0014-5793(01)03314-2
http://doi.org/10.1084/jem.192.7.1001
http://www.ncbi.nlm.nih.gov/pubmed/11015441
http://doi.org/10.1016/j.bbabio.2006.04.029
http://doi.org/10.1016/bs.pmbts.2016.12.017
http://doi.org/10.1016/j.mad.2012.12.006
http://doi.org/10.1016/S0047-6374(97)00182-6

Cells 2021, 10, 649 12 of 14

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Petrosillo, G.; Moro, N.; Paradies, V.; Ruggiero, EM.; Paradies, G. Increased susceptibility to Ca(2+)-induced permeability
transition and to cytochrome c release in rat heart mitochondria with aging: Effect of melatonin. J. Pineal Res. 2010, 48, 340-346.
[CrossRef] [PubMed]

Mather, M.W.; Rottenberg, H. The inhibition of calcium signaling in T lymphocytes from old mice results from enhanced activation
of the mitochondrial permeability transition pore. Mech. Ageing Dev. 2002, 123, 707-724. [CrossRef]

Jahangir, A.; Ozcan, C.; Holmuhamedov, E.L.; Terzic, A. Increased calcium vulnerability of senescent cardiac mitochondria:
Protective role for a mitochondrial potassium channel opener. Mech. Ageing Dev. 2001, 122, 1073-1086. [CrossRef]

Rottenberg, H.; Wu, S. Mitochondrial dysfunction in lymphocytes from old mice: Enhanced activation of the permeability
transition. Biochem. Biophys. Res. Commun. 1997, 240, 68-74. [CrossRef]

Azarashvili, T.; Krestinina, O.; Galvita, A.; Grachev, D.; Baburina, Y.; Stricker, R.; Evtodienko, Y.; Reiser, G. Ca2+-dependent perme-
ability transition regulation in rat brain mitochondria by 2’,3’-cyclic nucleotides and 2’,3’-cyclic nucleotide 3’-phosphodiesterase.
Am. ]. Physiol. Cell Physiol. 2009, 296, C1428-C1439. [CrossRef]

Krestinina, O.; Azarashvili, T.; Baburina, Y.; Galvita, A.; Grachev, D,; Stricker, R.; Reiser, G. In aging, the vulnerability of rat brain
mitochondria is enhanced due to reduced level of 2’,3"-cyclic nucleotide-3’-phosphodiesterase (CNP) and subsequently increased
permeability transition in brain mitochondria in old animals. Neurochem. Int. 2015, 80, 41-50. [CrossRef] [PubMed]

Gouspillou, G.; Sgarioto, N.; Kapchinsky, S.; Purves-Smith, F.; Norris, B.; Pion, C.H.; Barbat-Artigas, S.; Lemieux, F,; Taivassalo, T.;
Morais, J.A.; et al. Increased sensitivity to mitochondrial permeability transition and myonuclear translocation of endonuclease G
in atrophied muscle of physically active older humans. FASEB J. 2014, 28, 1621-1633. [CrossRef] [PubMed]

Chini, C.C.S,; Tarrago, M.G.; Chini, EIN. NAD and the aging process: Role in life, death and everything in between. Mol. Cell
Endocrinol. 2017, 455, 62-74. [CrossRef]

Gil Del Valle, L. WITHDRAWN: Oxidative stress in aging: Theoretical outcomes and clinical evidences in humans. Biomed. Pharm.
2010. [CrossRef]

Thibault, O.; Porter, N.M.; Chen, K.C.; Blalock, E.M.; Kaminker, P.G.; Clodfelter, G.V.; Brewer, L.D.; Landfield, PW. Calcium
dysregulation in neuronal aging and Alzheimer’s disease: History and new directions. Cell Calcium 1998, 24, 417-433. [CrossRef]
Thibault, O.; Landfield, PW. Increase in single L-type calcium channels in hippocampal neurons during aging. Scienice 1996, 272,
1017-1020. [CrossRef] [PubMed]

Hajieva, P.; Kuhlmann, C.; Luhmann, H.J.; Behl, C. Impaired calcium homeostasis in aged hippocampal neurons. Neurosci. Lett.
2009, 451, 119-123. [CrossRef] [PubMed]

Cady, C.; Evans, M.S.; Brewer, G.J. Age-related differences in NMDA responses in cultured rat hippocampal neurons. Brain Res.
2001, 921, 1-11. [CrossRef]

Toescu, E.C.; Organelles, B.I. 14 Altered Calcium Homeostasis in Old Neurons. In Brain Aging Models Methods Mech.; 2007; 323.
Available online: https://www.ncbinlm.nih.gov/books/NBK3871/ (accessed on 8 March 2021).

Rottenberg, H.; Hoek, J.B. The Mitochondrial Permeability Transition: Nexus of Aging, Disease and Longevity. Cells 2021, 10, 79.
[CrossRef]

Panov, A.; Dikalov, S.; Shalbuyeva, N.; Hemendinger, R.; Greenamyre, J.T.; Rosenfeld, J. Species- and tissue-specific relationships
between mitochondrial permeability transition and generation of ROS in brain and liver mitochondria of rats and mice. Am. J.
Physiol. Cell Physiol. 2007, 292, C708—-C718. [CrossRef] [PubMed]

Li, Y;; Johnson, N.; Capano, M.; Edwards, M.; Crompton, M. Cyclophilin-D promotes the mitochondrial permeability transition
but has opposite effects on apoptosis and necrosis. Biochem. J. 2004, 383, 101-109. [CrossRef]

Daum, B.; Walter, A.; Horst, A.; Osiewacz, H.D.; Kithlbrandt, W. Age-dependent dissociation of ATP synthase dimers and loss of
inner-membrane cristae in mitochondria. Proc. Natl. Acad. Sci. USA 2013, 110, 15301. [CrossRef] [PubMed]

Rampello, N.G.; Stenger, M.; Westermann, B.; Osiewacz, H.D. Impact of F1Fo-ATP-synthase dimer assembly factors on mitochon-
drial function and organismic aging. Microb. Cell 2018, 5, 198. [CrossRef] [PubMed]

Guerrieri, F; Capozza, G.; Kalous, M.; Papa, S. Age-Related Changes of Mitochondrial FOF1 ATP Synthasea. Ann. N. Y. Acad. Sci.
1992, 671, 395-402. [CrossRef]

Yan, L.J.; Sohal, R.S. Mitochondrial adenine nucleotide translocase is modified oxidatively during aging. Proc. Natl. Acad. Sci.
USA 1998, 95, 12896-12901. [CrossRef]

Marzetti, E.; Wohlgemuth, S.E.; Lees, H.A.; Chung, H.-Y,; Giovannini, S.; Leeuwenburgh, C. Age-related activation of mi-
tochondrial caspase-independent apoptotic signaling in rat gastrocnemius muscle. Mech. Ageing Dev. 2008, 129, 542-549.
[CrossRef]

Reddy, PH.; Swerdlow, R.H.; Culberson, J.; Kang, D.; Mitchell, T.L.; Smith, Q.; Suneja, S.; Ory, M.G.; Kumar, S.; Vijayan, M.;
et al. Current Status of Healthy Aging and Dementia Research: A Symposium Summary. J. Alzheimer’s Dis. 2019, 72, S11-S35.
[CrossRef]

Lynn, B.C.; Wang, J.; Markesbery, W.R.; Lovell, M.A. Quantitative Changes in the Mitochondrial Proteome from Subjects with
Mild Cognitive Impairment, Early Stage, and Late Stage Alzheimer’s Disease. ]. Alzheimer’s Dis. 2010, 19, 325-339. [CrossRef]
Gauba, E.; Chen, H.; Guo, L.; Du, H. Cyclophilin D deficiency attenuates mitochondrial F1Fo ATP synthase dysfunction via OSCP
in Alzheimer’s disease. Neurobiol. Dis. 2019, 121, 138-147. [CrossRef] [PubMed]

Moreira, P.I.; Santos, M.S.; Moreno, A.; Rego, A.C.; Oliveira, C. Effect of amyloid -peptide on permeability transition pore: A
comparative study. J. Neurosci. Res. 2002, 69, 257-267. [CrossRef]


http://doi.org/10.1111/j.1600-079X.2010.00758.x
http://www.ncbi.nlm.nih.gov/pubmed/20345745
http://doi.org/10.1016/S0047-6374(01)00416-X
http://doi.org/10.1016/S0047-6374(01)00242-1
http://doi.org/10.1006/bbrc.1997.7605
http://doi.org/10.1152/ajpcell.00006.2009
http://doi.org/10.1016/j.neuint.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25277077
http://doi.org/10.1096/fj.13-242750
http://www.ncbi.nlm.nih.gov/pubmed/24371120
http://doi.org/10.1016/j.mce.2016.11.003
http://doi.org/10.1016/j.biopha.2010.09.010
http://doi.org/10.1016/S0143-4160(98)90064-1
http://doi.org/10.1126/science.272.5264.1017
http://www.ncbi.nlm.nih.gov/pubmed/8638124
http://doi.org/10.1016/j.neulet.2008.11.068
http://www.ncbi.nlm.nih.gov/pubmed/19073233
http://doi.org/10.1016/S0006-8993(01)03063-3
https://www.ncbi.nlm.nih.gov/books/NBK3871/
http://doi.org/10.3390/cells10010079
http://doi.org/10.1152/ajpcell.00202.2006
http://www.ncbi.nlm.nih.gov/pubmed/17050617
http://doi.org/10.1042/BJ20040669
http://doi.org/10.1073/pnas.1305462110
http://www.ncbi.nlm.nih.gov/pubmed/24006361
http://doi.org/10.15698/mic2018.04.625
http://www.ncbi.nlm.nih.gov/pubmed/29610761
http://doi.org/10.1111/j.1749-6632.1992.tb43813.x
http://doi.org/10.1073/pnas.95.22.12896
http://doi.org/10.1016/j.mad.2008.05.005
http://doi.org/10.3233/JAD-190252
http://doi.org/10.3233/JAD-2010-1254
http://doi.org/10.1016/j.nbd.2018.09.020
http://www.ncbi.nlm.nih.gov/pubmed/30266287
http://doi.org/10.1002/jnr.10282

Cells 2021, 10, 649 13 of 14

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.
139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Valasani, K.R.; Sun, Q.; Fang, D.; Zhang, Z.; Yu, Q.; Guo, Y.; Li, J.; Roy, A.; ShiDu Yan, S. Identification of a Small Molecule
Cyclophilin D Inhibitor for Rescuing Ap-Mediated Mitochondrial Dysfunction. ACS Med. Chem. Lett. 2016, 7, 294-299. [CrossRef]
Kummer, M.P; Heneka, M.T. Truncated and modified amyloid-beta species. Alzheimer’s Res. Ther. 2014, 6, 28. [CrossRef]

Roher, A.E.; Kokjohn, T.A.; Clarke, S.G.; Sierks, M.R.; Maarouf, C.L.; Serrano, G.E.; Sabbagh, M.S.; Beach, T.G. APP/Af structural
diversity and Alzheimer’s disease pathogenesis. Neurochem. Int. 2017, 110, 1-13. [CrossRef] [PubMed]

Gong, Y.; Chang, L.; Viola, K.L.; Lacor, PN.; Lambert, M.P; Finch, C.E.; Krafft, G.A.; Klein, W.L. Alzheimer’s disease-affected
brain: Presence of oligomeric A beta ligands (ADDLs) suggests a molecular basis for reversible memory loss. Proc. Natl. Acad. Sci.
USA 2003, 100, 10417-10422. [CrossRef] [PubMed]

Lesné, S.E.; Sherman, M.A.; Grant, M.; Kuskowski, M.; Schneider, J.A.; Bennett, D.A.; Ashe, K.H. Brain amyloid-f oligomers in
ageing and Alzheimer’s disease. Brain 2013, 136, 1383-1398. [CrossRef]

Cline, E.N.; Bicca, M.A.; Viola, K.L.; Klein, W.L. The Amyloid-$ Oligomer Hypothesis: Beginning of the Third Decade. ].
Alzheimer’s Dis. 2018, 64, S567-5610. [CrossRef]

Sanz-Blasco, S.; Valero, R.A.; Rodriguez-Crespo, I.; Villalobos, C.; Nufiez, L. Mitochondrial Ca2+ overload underlies Abeta
oligomers neurotoxicity providing an unexpected mechanism of neuroprotection by NSAIDs. PLoS ONE 2008, 3, e2718. [CrossRef]
Gouras, G.K;; Tsai, J.; Naslund, J.; Vincent, B.; Edgar, M.; Checler, F.; Greenfield, J.P.; Haroutunian, V.; Buxbaum, J.D.; Xu, H.; et al.
Intraneuronal Abeta42 accumulation in human brain. Am. J. Pathol. 2000, 156, 15-20. [CrossRef]

Gauba, E,; Sui, S,; Tian, J.; Driskill, C.; Jia, K.; Yu, C.; Rughwani, T.; Wang, Q.; Kroener, S.; Guo, L.; et al. Modulation of OSCP
mitigates mitochondrial and synaptic deficits in a mouse model of Alzheimer’s pathology. Neurobiol. Aging 2021, 98, 63-77.
[CrossRef] [PubMed]

Lustbader, ].W,; Cirilli, M,; Lin, C.; Xu, HW.,; Takuma, K.; Wang, N.; Caspersen, C.; Chen, X.; Pollak, S.; Chaney, M.; et al. ABAD
directly links Abeta to mitochondrial toxicity in Alzheimer’s disease. Science 2004, 304, 448—452. [CrossRef]

Cha, M.Y,; Han, S.H.; Son, S.M.; Hong, H.S.; Choi, Y.J.; Byun, J.; Mook-Jung, I. Mitochondria-specific accumulation of amyloid
beta induces mitochondrial dysfunction leading to apoptotic cell death. PLoS ONE 2012, 7, €34929. [CrossRef] [PubMed]
Hansson Petersen, C.A.; Alikhani, N.; Behbahani, H.; Wiehager, B.; Pavlov, PF,; Alafuzoff, I.; Leinonen, V.; Ito, A.; Winblad,
B.; Glaser, E.; et al. The amyloid beta-peptide is imported into mitochondria via the TOM import machinery and localized to
mitochondrial cristae. Proc. Natl. Acad. Sci. USA 2008, 105, 13145-13150. [CrossRef]

Singh, P.; Suman, S.; Chandna, S.; Das, T.K. Possible role of amyloid-beta, adenine nucleotide translocase and cyclophilin-D
interaction in mitochondrial dysfunction of Alzheimer’s disease. Bioinformation 2009, 3, 440-445. [CrossRef] [PubMed]

Lee, J.; Schriner, S.E.; Wallace, D.C. Adenine nucleotide translocator 1 deficiency increases resistance of mouse brain and neurons
to excitotoxic insults. Biochim. Biophys. Acta (Bba) Bioenerg. 2009, 1787, 364-370. [CrossRef] [PubMed]

Murphy, M.P; LeVine, H., 3rd. Alzheimer’s disease and the amyloid-beta peptide. J. Alzheimers Dis. 2010, 19, 311-323. [CrossRef]
Congdon, E.E.; Sigurdsson, E.M. Tau-targeting therapies for Alzheimer disease. Nat. Rev. Neurol. 2018, 14, 399-415. [CrossRef]
Amadoro, G.; Corsetti, V,; Stringaro, A.; Colone, M.; D’Aguanno, S.; Meli, G.; Ciotti, M.; Sancesario, G.; Cattaneo, A.; Bussani, R.;
et al. A NH 2 Tau Fragment Targets Neuronal Mitochondria at AD Synapses: Possible Implications for Neurodegeneration. J.
Alzheimer’s Dis. 2010, 21, 445-470. [CrossRef]

Amadoro, G.; Corsetti, V.; Atlante, A.; Florenzano, F.; Capsoni, S.; Bussani, R.; Mercanti, D.; Calissano, P. Interaction between
NH2-tau fragment and A in Alzheimer’s disease mitochondria contributes to the synaptic deterioration. Neurobiol. Aging 2012,
33, 833. [CrossRef]

Corsetti, V.; Florenzano, F,; Atlante, A.; Bobba, A.; Ciotti, M.T.; Natale, F.; Della Valle, E.; Borreca, A.; Manca, A.; Meli, G.;
et al. NH2-truncated human tau induces deregulated mitophagy in neurons by aberrant recruitment of Parkin and UCHL-1:
Implications in Alzheimer’s disease. Hum. Mol. Genet. 2015, 24, 3058-3081. [CrossRef]

David, D.C.; Hauptmann, S.; Scherping, I.; Schuessel, K.; Keil, U.; Rizzu, P,; Ravid, R.; Drése, S.; Brandt, U.; Miiller, W.E. Proteomic
and functional analyses reveal a mitochondrial dysfunction in P301L tau transgenic mice. . Biol. Chem. 2005, 280, 23802-23814.
[CrossRef]

Quintanilla, R.A.; Matthews-Roberson, T.A.; Dolan, PJ.; Johnson, G.V.W. Caspase-cleaved tau expression induces mitochondrial
dysfunction in immortalized cortical neurons: Implications for the pathogenesis of Alzheimer disease. J. Biol. Chem. 2009, 284,
18754-18766. [CrossRef]

Cieri, D.; Vicario, M.; Vallese, F.; D’Orsi, B.; Berto, P.; Grinzato, A.; Catoni, C.; De Stefani, D.; Rizzuto, R.; Brini, M_; et al. Tau
localises within mitochondrial sub-compartments and its caspase cleavage affects ER-mitochondria interactions and cellular Ca?*
handling. Biochim. Biophys. Acta (Bba) Mol. Basis Dis. 2018, 1864, 3247-3256. [CrossRef]

Jara, C.; Aranguiz, A.; Cerpa, W.; Tapia-Rojas, C.; Quintanilla, R.A. Genetic ablation of tau improves mitochondrial function and
cognitive abilities in the hippocampus. Redox Biol. 2018, 18, 279-294. [CrossRef] [PubMed]

Reddy, P.H. Mitochondrial dysfunction in aging and Alzheimer’s disease: Strategies to protect neurons. Antioxid Redox Signal.
2007, 9, 1647-1658. [CrossRef] [PubMed]

Lam, CK.; Zhao, W,; Liu, G.S.; Cai, W.E;; Gardner, G.; Adly, G.; Kranias, E.G. HAX-1 regulates cyclophilin-D levels and
mitochondria permeability transition pore in the heart. Proc. Natl. Acad. Sci. USA 2015, 112, E6466-E6475. [CrossRef] [PubMed]
Margineantu, D.H.; Emerson, C.B.; Diaz, D.; Hockenbery, D.M. Hsp90 inhibition decreases mitochondrial protein turnover. PLoS
ONE 2007, 2, €1066. [CrossRef] [PubMed]


http://doi.org/10.1021/acsmedchemlett.5b00451
http://doi.org/10.1186/alzrt258
http://doi.org/10.1016/j.neuint.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28811267
http://doi.org/10.1073/pnas.1834302100
http://www.ncbi.nlm.nih.gov/pubmed/12925731
http://doi.org/10.1093/brain/awt062
http://doi.org/10.3233/JAD-179941
http://doi.org/10.1371/journal.pone.0002718
http://doi.org/10.1016/S0002-9440(10)64700-1
http://doi.org/10.1016/j.neurobiolaging.2020.09.018
http://www.ncbi.nlm.nih.gov/pubmed/33254080
http://doi.org/10.1126/science.1091230
http://doi.org/10.1371/journal.pone.0034929
http://www.ncbi.nlm.nih.gov/pubmed/22514691
http://doi.org/10.1073/pnas.0806192105
http://doi.org/10.6026/97320630003440
http://www.ncbi.nlm.nih.gov/pubmed/19759867
http://doi.org/10.1016/j.bbabio.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19366611
http://doi.org/10.3233/JAD-2010-1221
http://doi.org/10.1038/s41582-018-0013-z
http://doi.org/10.3233/JAD-2010-100120
http://doi.org/10.1016/j.neurobiolaging.2011.08.001
http://doi.org/10.1093/hmg/ddv059
http://doi.org/10.1074/jbc.M500356200
http://doi.org/10.1074/jbc.M808908200
http://doi.org/10.1016/j.bbadis.2018.07.011
http://doi.org/10.1016/j.redox.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30077079
http://doi.org/10.1089/ars.2007.1754
http://www.ncbi.nlm.nih.gov/pubmed/17696767
http://doi.org/10.1073/pnas.1508760112
http://www.ncbi.nlm.nih.gov/pubmed/26553996
http://doi.org/10.1371/journal.pone.0001066
http://www.ncbi.nlm.nih.gov/pubmed/17957250

Cells 2021, 10, 649 14 of 14

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Swerdlow, R.H.; Burns, ].M.; Khan, S.M. The Alzheimer’s disease mitochondrial cascade hypothesis: Progress and perspectives.
Biochim. Biophys. Acta 2014, 1842, 1219-1231. [CrossRef] [PubMed]

Muller, W.E,; Eckert, A.; Eckert, G.P.; Fink, H.; Friedland, K.; Gauthier, S.; Hoerr, R.; Ihl, R.; Kasper, S.; Moller, H.]J. Therapeutic
efficacy of the Ginkgo special extract EGb761((R)) within the framework of the mitochondrial cascade hypothesis of Alzheimer’s
disease. World |. Biol. Psychiatry 2019, 20, 173-189. [CrossRef]

Swerdlow, R.H.; Burns, ].M.; Khan, S.M. The Alzheimer’s disease mitochondrial cascade hypothesis. J. Alzheimers Dis. 2010, 20
(Suppl. 2), S265-5279. [CrossRef]

Swerdlow, R.H.; Khan, S.M. The Alzheimer’s disease mitochondrial cascade hypothesis: An update. Exp. Neurol. 2009, 218,
308-315. [CrossRef]

Mancuso, M.; Coppede, F.; Murri, L.; Siciliano, G. Mitochondrial cascade hypothesis of Alzheimer’s disease: Myth or reality?
Antioxid. Redox Signal. 2007, 9, 1631-1646. [CrossRef] [PubMed]

Swerdlow, R H.; Khan, S.M. “A mitochondrial cascade hypothesis” for sporadic Alzheimer’s disease. Med. Hypotheses 2004, 63,
8-20. [CrossRef] [PubMed]

Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative stress and the amyloid beta peptide
in Alzheimer’s disease. Redox Biol. 2018, 14, 450-464. [CrossRef] [PubMed]

Wilkins, HM.; Swerdlow, R.H. Amyloid precursor protein processing and bioenergetics. Brain Res. Bull. 2017, 133, 71-79.
[CrossRef] [PubMed]

Murray, M.E.; Dickson, D.W. Is pathological aging a successful resistance against amyloid-beta or preclinical Alzheimer’s disease?
Alzheimer’s Res. Ther. 2014, 6, 24. [CrossRef]

Palmeira, C.M.; Teodoro, ].S.; Amorim, J.A.; Steegborn, C.; Sinclair, D.A.; Rolo, A.P. Mitohormesis and metabolic health: The
interplay between ROS, cAMP and sirtuins. Free Radic. Biol. Med. 2019, 141, 483-491. [CrossRef] [PubMed]

Reas, E.T. Amyloid and Tau Pathology in Normal Cognitive Aging. J. Neurosci. 2017, 37, 7561-7563. [CrossRef]

Gainutdinov, T.; Molkentin, ].D.; Siemen, D.; Ziemer, M.; Debska-Vielhaber, G.; Vielhaber, S.; Gizatullina, Z.; Orynbayeva, Z.;
Gellerich, EN. Knockout of cyclophilin D in Ppif =/~ mice increases stability of brain mitochondria against Ca®* stress. Arch.
Biochem. Biophys. 2015, 579, 40—46. [CrossRef]

Rao, V.K.; Carlson, E.A_; Yan, S.S. Mitochondrial permeability transition pore is a potential drug target for neurodegeneration.
Biochim. Et Biophys. Acta (Bba) Mol. Basis Dis. 2014, 1842, 1267-1272. [CrossRef]

Nguyen, T.T.; Wong, R.; Menazza, S.; Sun, J.; Chen, Y.; Wang, G.; Gucek, M.; Steenbergen, C.; Sack, M.N.; Murphy, E. Cyclophilin
D modulates mitochondrial acetylome. Circ. Res. 2013, 113, 1308-1319. [CrossRef] [PubMed]

Vereczki, V.; Mansour, J.; Pour-Ghaz, I.; Bodnar, L; Pinter, O.; Zelena, D.; Oszwald, E.; Adam-Vizi, V.; Chinopoulos, C. Cyclophilin
D regulates lifespan and protein expression of aging markers in the brain of mice. Mitochondrion 2017, 34, 115-126. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.bbadis.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24071439
http://doi.org/10.1080/15622975.2017.1308552
http://doi.org/10.3233/JAD-2010-100339
http://doi.org/10.1016/j.expneurol.2009.01.011
http://doi.org/10.1089/ars.2007.1761
http://www.ncbi.nlm.nih.gov/pubmed/17887917
http://doi.org/10.1016/j.mehy.2003.12.045
http://www.ncbi.nlm.nih.gov/pubmed/15193340
http://doi.org/10.1016/j.redox.2017.10.014
http://www.ncbi.nlm.nih.gov/pubmed/29080524
http://doi.org/10.1016/j.brainresbull.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27545490
http://doi.org/10.1186/alzrt254
http://doi.org/10.1016/j.freeradbiomed.2019.07.017
http://www.ncbi.nlm.nih.gov/pubmed/31349039
http://doi.org/10.1523/JNEUROSCI.1388-17.2017
http://doi.org/10.1016/j.abb.2015.05.009
http://doi.org/10.1016/j.bbadis.2013.09.003
http://doi.org/10.1161/CIRCRESAHA.113.301867
http://www.ncbi.nlm.nih.gov/pubmed/24062335
http://doi.org/10.1016/j.mito.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28288917

	Introduction 
	The Molecular Composition of mPTP 
	The Consequence of mPTP Opening 
	The Induction of mPTP 
	mPTP in Brain Aging 
	mPTP in AD 
	Reconciling mPTP Activation in Brain Aging and AD from a Perspective of Neuronal Stress 
	mPTP as a Therapeutic Target for AD 
	Concluding Remarks 
	References

