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ABSTRACT

Mitochondria possess a Ca®™ transport system composed of separate Ca>™ influx and efflux pathways. Intramitochondrial Ca®* concentrations regulate oxidative
phosphorylation, required for cell function and survival, and mitochondrial redox balance, that participates in a myriad of signaling and damaging pathways. The
interaction between Ca®* accumulation and redox imbalance regulates opening and closing of a highly regulated inner membrane pore, the membrane permeability
transition pore (PTP). In this review, we discuss the regulation of the PTP by mitochondrial oxidants, reactive nitrogen species, and the interactions between these
species and other PTP inducers. In addition, we discuss the involvement of mitochondrial redox imbalance and PTP in metabolic conditions such as atherogenesis,

diabetes, obesity and in mtDNA stability.

1. Introduction

Mitochondria are the central hub for metabolic reactions, and the
main source of cellular ATP. This organelle also comprises one of the
main pathways for apoptosis and accumulates DNA mutations that may
be linked to increased rates of oxidants production and several degen-
erative diseases. ATP is produced within mitochondria in high quan-
tities by oxidative phosphorylation, in which nutrient oxidation, with
electrons flowing through the respiratory chain, is coupled to the
generation of a proton gradient across the inner mitochondrial mem-
brane (IMM). This proton gradient (AP) is then used as an energy source
to generate ATP. Interestingly, the negative-inside proton gradient is
also the driving force for mitochondria to take up positively charged
ions such as Ca®*.

In this review, we describe the mechanisms involved in Ca?™*
transport by mitochondria, focusing on Ca®* effects that underlie mi-
tochondrial redox imbalance that leads to the very complex and de-
bated biological phenomenon termed mitochondrial membrane per-
meability transition (MPT) [1-4]. MPT is characterized by the CaZ*-
dependent opening of a non-specific pore, the permeability transition
pore (PTP) in the inner mitochondrial membrane (IMM). The structure
of this pore is still a matter of extensive research and has been ex-
cellently revised by experts on the topic [5-8]. The findings demon-
strating that mitochondrial Ca®* overload is detrimental to

mitochondrial structure and function led many researchers to propose,
starting in the 1970s, that this condition could be the cause of cell death
via disruption of ATP production [1,9-11]. Over the following four
decades, researchers utilized a variety of experimental models and
methods to establish the view that, indeed, mitochondrial Ca®* trans-
port [12,13] and MPT are phenomena of physiological and pathological
significance [5,7,8,14].

2. Mitochondrial calcium transport

Structural and functional effects of Ca®>* on isolated mitochondria,
including swelling and reversible or irreversible uncoupling, have been
observed since the early fifties [15-19], for more details see [20]. In-
deed, achieving intact coupled mitochondria, allowing for advances in
the field of mitochondrial bioenergetics, was possible only after the use
of isosmotic solutions containing Ca®* chelators [21]. In this respect,
early investigations by Britton Chance [22] on the nature of mi-
tochondrial reversible uncoupling promoted by moderate Ca®>* con-
centrations measured the stimulation of oxygen consumption by iso-
lated guinea pig liver mitochondria upon sequential additions of ADP
and Ca®*. Using simultaneous respiration and NADH oxidation re-
cordings, he observed that additions of either ADP or Ca®>* induced
similar reversible activation of respiration. He proposed that Ca®*
could promote the release of bound ADP or stimulated ATP hydrolysis,
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which would regenerate oxidative phosphorylation, a no longer valid
hypothesis.

The first mechanistic understanding of reversible mitochondrial
uncoupling promoted by Ca?™ was reported by Deluca and Engstron in
1961 [23] and Vasington and Murphy in 1962 [24], demonstrating the
ability of isolated rat kidney mitochondria to take up Ca** in a process
directly dependent on respiratory energy or ATP hydrolysis-driven
membrane potential (AW). Ca®>* uptake driven by respiration was
prevented by uncouplers (dinitrophenol, dicoumarol and gramicidin) or
respiratory inhibitors (cyanide, antimycin A, Amytal and azide), but not
by ATP synthase inhibitor oligomycin [24]. On the other hand, Leh-
ninger et al [25] demonstrated that Ca?* uptake supported by ATP
hydrolysis was inhibited by oligomycin and uncouplers, but not by
respiratory inhibitors, proving it was driven by AW.

After a period of controversy [26-29], Ca®* uptake was recognized
to be mediated by an electrophoretic process in which Ca®* influx into
mitochondria carries two positive charges, thus decreasing AW. Ca®*
entry increases the chemical component (ApH) of the electrochemical
potential due to charge compensation by the ejection of 2H™, in-
creasing matrix alkalinization [30]. The corresponding decrease in AW
limits the influx of the cation, unless Ca®* transport occurs in the
presence of anions that accompany Ca®" influx into mitochondria in
the protonated form, neutralizing the pH gradient and thus re-
generating AW [31]. In the presence of these “permeant anions”, re-
spiration continuously restores AW and high amounts of Ca>* can be
accumulated (up to 2000-3000 nmol/mg mitochondrial protein) [24].
Phosphate, that enters in the net form of H3PO, through the Pi-H* co-
transporter [32], is able to accompany Ca®" entry and seems to be the
most important physiological permeant anion in situ. In addition to
favoring Ca®>* accumulation, phosphate reaction with free Ca®* gen-
erates calcium phosphate, which precipitates in the matrix mainly in
the form of hydroxyl apatite when its solubility is exceeded [33]. In-
deed, x-ray diffraction analysis demonstrated the presence of amor-
phous Ca3(PO,), granules in the mitochondrial matrix of intact animals,
particularly in bone-forming tissues [31]. The current view on the role
of various forms of matrix calcium phosphate in physiological or dis-
ease conditions was reviewed by Carafoli [12,34].

Given that Ca®>* uptake and ADP phosphorylation compete for the
electrochemical gradient generated by respiration, the understanding of
the energetics of Ca®>* transport across the inner mitochondrial mem-
brane was relevant to clarify the coupling between respiration and ADP
phosphorylation [31,35]. Interestingly, due to the lower demand of
driving force for Ca®* accumulation, Ca®?* uptake precedes ADP
phosphorylation when they are simultaneously added to the reaction
medium [36]. We describe next studies designed to evaluate the stoi-
chiometric relationships between Ca®>* uptake, oxygen consumption,
and H" ejection from the matrix. These studies provided the first evi-
dence for the relationship between Ca®*-induced mitochondrial redox
imbalance and MPT [36].

Initially, most of the data on these stoichiometric measurements
were obtained in experiments with mitochondria respiring on succinate
in the presence of rotenone to block respiratory complex I [30,37]. The
usual experimental protocol involved mitochondrial pre-incubation in
buffered medium containing rotenone, Ca®>* and N-ethylmaleimide (to
block the influx of endogenous contaminating phosphate, as the per-
meant anion). After the endogenous energy stores were exhausted and
mitochondria were in a de-energized steady state, succinate was added
to initiate respiration. Under these circumstances, in which no anion
movements into the mitochondria take place, oxygen and H* mea-
surements were performed with classical Clark and pH-sensitive glass
electrodes, respectively. Changes in medium Ca®* associated with
Ca®* uptake were monitored with a Ca® " -selective electrode. Thus, the
quotient of H* ejected per Ca>* taken up gives the number of positive
electric charges carried by each Ca®*. The data obtained in the pre-
sence of rotenone permitted these stoichiometric relationships (H*/
Ca%™, H' /0 and Ca®*/0) with electrons flowing only through the two
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Fig. 1. Endogenous respiration by liver and heart mitochondria. Oxygen
consumption was measured using a Clark-type electrode in 1.3 mL of reaction
medium (30 °C), in a sealed glass cuvette equipped with a magnetic stirrer. Rat
liver or heart mitochondria (1 mg/mL) were added to a reaction medium
containing 125mM sucrose, 65mM KCl, 2mM inorganic phosphate, 1 mM
MgCl,, 200 uM EDTA, 5 uM FCCP, pH 7.2. Rotenone (2 pM), 1 mM succinate or
1mM pyruvate were added where indicated. It can be seen that liver mi-
tochondria contained enough endogenous substrates to exhaust the total
medium O,. Therefore, de-energization of these mitochondria before O, ex-
haustion can be achieved by rotenone addition (dashed line). In contrast, the
content of endogenous substrates of heart mitochondria is used after the con-
sumption of a small fraction of medium O,. After this, mitochondria can be re-
energized by NAD-linked substrate (e.g. pyruvate) addition, allowing electrons
top flow through all three energy conserving-sites of the respiratory chain.

remaining respiratory sites that conserve energy, i.e., respiratory
complexes III and IV. The H" /O ratio obtained by Lehninger’s group
under these conditions approached 4H™ per energy-conserving site per
pair of electrons [30,37]. These values were criticized by others
claiming that they could represent an overestimation due to leakage of
electron transport from NAD-linked endogenous substrates past the
rotenone block [31].

At that time, some reports suggested that heart mitochondria were
not very active in Ca®* transport [38]. Thus, a modified procedure
permitted the isolation of tightly coupled heart mitochondria with very
high ADP respiratory control ratios and high Ca®>* accumulation ca-
pacity and rates [36].

During aerobic incubation of these mitochondria in the absence of
rotenone, Vercesi observed that they became totally depleted of en-
dogenous substrates (in contrast to liver mitochondria) within a period
of 5-10 min, after which the oxygen consumption fell to zero and the
organelles were totally de-energized without the use of rotenone (see
Fig. 1). This permitted, for the first time, the measurements of H* /O
and Ca®>*/O stoichiometry using NADH-linked substrates with elec-
trons flowing through all three energy-conserving sites of the re-
spiratory chain [36]. The results showed a Ca®* /O ratio of 6 and an
H™ /0O ratio approaching 12, compatible with the energy requirements
[31] of the Chemiosmotic Hypothesis of Oxidative Phosphorylation
[39] and close to the value of 10 presented in the current Biochemistry
textbooks. The mechanisms leading to Ca®* release by mitochondria
respiring in the absence of rotenone were soon uncovered by Lehnin-
ger’s group, which found that the oxidized redox state of pyridine nu-
cleotides favored Ca®™ release from mitochondria [40]. We will return
to this topic (Section 4).

2.1. Mitochondrial calcium uniporter (MCU)

A mitochondrial calcium uniporter (MCU) present in the inner
membrane mediates the uptake of Ca>* down its electrochemical gra-
dient without coupling Ca®* influx to the transport of another ion.
Although this mechanism was known since the 1960's [23,24], the
molecular nature of the channel was only recently identified [41]. Data
indicated that the uniporter was absent in non-mammalian eukaryotic
cells such as insects, plants and unicellular organisms, including yeast
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Fig. 2. Ca>" transport systems and signaling effects in
the mitochondrial matrix. Upon agonist signals, the ER
generates sufficient [Ca%™] (> 1uM) in mitochondrial
microdomains to permit fast Ca®>* accumulation by mi-
tochondria. At low concentrations, the cation stimulates
ATP production through the activation of matrix dehy-
drogenases, while mitochondrial Ca®* overload promotes
MPT through both stimulation of oxygen and nitrogen-
derived oxidants and binding to pore membrane sites.
Under mitochondrial oxidative imbalance conditions, p53
accumulates in the mitochondrial matrix and triggers MPT
by physical interaction with the pore regulator cyclophilin
D (CypD). Thiol crosslinking modifications occur in CypD,
MCU and in structural pore proteins mediating PTP for-
mation. The mitochondria are a target of *NO. where it can
react with superoxide anion generating peroxynitrate, a
short-lived oxidant that can a) react with membrane pro-
teins forming dithiols and opening the PTP, b) generate
protein 3-nitrotyrosine (Tyr-NO,) as well as c) trigger
membrane lipid peroxidation. EMRE, essential MCU reg-
ulator; ER, endoplasmic reticulum; IDH, isocitrate dehy-
drogenase; IP3R, inositol 1,4,5-trisphosphate receptor;
LETM1, Ca®*/H* antiporter; LPO, lipid peroxidation;
MCU, mitochondrial Ca®* uniporter; MICU1, mitochon-
drial calcium uniporter 1; MICU2, mitochondrial calcium
uniporter 2; NCLX, Ca®*/Na* antiporter; OGDH, ox-
oglutarate dehydrogenase; PDH, pyruvate dehydrogenase;

ERCA

SERCA, sarcoplasmic ER Ca®*-ATPase; VDAC, voltage-dependent anion channel. This figure was adapted from Figueira et al. [14] and based on concepts presented

elsewhere [5,104,266,285,434].

[42]. However, Ca%™ uptake was found to occur in Trypanosoma cruzi
mitochondria in a manner similar to that observed in mammalian cells
[43,44]. Afterwards, MCU activity was described in other unicellular
eukaryotes [45-49].

The identification of the molecular structure of MCU was only
possible due to advances in genome sequencing and to mapping of
uniporter activity among different eukaryotes (see Fig. 2). The knowl-
edge of evolutionary conservation of MCU in vertebrates and kineto-
plastids and its absence in yeast was imperative [50]. Later, RNAi
screening led to the identification of the mitochondrial calcium uni-
porter 1 (MICU1) protein, an MCU regulator [51]. Thus, using a similar
exclusion method but examining only proteins with at least two
transmembrane domains that are conserved in kinetoplastids but not in
yeast, one protein was identified as the MCU (NP 001028431 in Mus
musculus) [52,53]. The two highly conserved MCU transmembrane
domains are present in several eukaryotes, including trypanosomatids
[50].

Mitochondrial Ca®>* uptake machinery is highly conserved among
eukaryotes [54] and seems to be simpler in trypanosomatids compared
to mammalian cells [55]. The relevance of MCU becomes more evident
considering that some trypanosomatids possess orthologs of the uni-
porter despite the absence of functional complexes of the electron
transport chain [54]. These protists are able to maintain their mi-
tochondrial membrane potential by using the ATP synthase in the re-
verse mode, thus driving Ca®* uptake through the MCU [54,56-58].

The uniporter structure in trypanosomes is less complex than in
higher eukaryotes [59,60] but excess Ca®* accumulation by mi-
tochondria, like in mammals, stimulates oxidant generation and leads
to cell death either by apoptosis [61,62] or necrosis [63].

2.2. Role of mitochondria in Ca®* regulation and cellular distribution
While Ca®* influx into energized mitochondria is mediated by the
MCU, efflux occurs via two separate and independent pathways
[64-66] (see Fig. 2). These efflux pathways promote Ca?" release even
when AW is too high to preclude Ca®* efflux from the matrix by re-
versal of the MCU [67-69]. The dynamic balance between influx and
efflux rates explains why Ca2?" distribution across the inner

mitochondrial membrane does not attain the thermodynamic equili-
brium distribution ratio of Ca®* activities dictated by the AW, ac-
cording to the Nernst equation [70], which would lead to a Ca®* gra-
dient across the inner membrane between 10° and 10° in energized
mitochondria (AW 180mV) under steady state conditions
[12,13,66,71]. This means that for an extra-mitochondrial Ca2* con-
centration of 0.4 pM, the intra-mitochondrial free Ca®>* would be in the
range of 20 mM [66,71]. In this situation the solubility product for
calcium phosphate would be exceeded, in contrast to what is observed
in healthy mitochondria in vivo [64]. This suggests that the matrix free
Ca?" is much lower and not governed only by the electrophoretic
uniporter mechanism. Indeed, a Ca?*/Na™ exchanger [64,68,72,73]
mediates Ca®" release from excitable tissue mitochondria and a Ca®*/
H™ exchanger mediates Ca®* release from non-excitable tissue mi-
tochondria [21,74]. Under steady state conditions, influx and efflux
pathways operate simultaneously, and Ca®* cycles across the inner
membrane at rates determined by the kinetic constraints of these
pathways, reaching set point intramitochondrial concentrations
[64,65,75]. Changes from the set point in extra-mitochondrial Ca%*
concentrations, such as induced by the addition of EGTA or Ca®™, are
followed by net Ca®™ release or uptake, respectively [64,65,75]. Under
physiological conditions, the observed extramitochondrial set point
occurs in the range of 0.3-1 uM [44,64,65,75]. The apparent Km values
for matrix free Ca®™ are close to 9.7 uM for the Ca®* /H" antiporter in
liver mitochondria, and 5.7 uM for Ca®>*/Na™ antiporter in heart mi-
tochondria. The corresponding Vmax values were close to 4.7 and
10.8 nmol/min mg of protein in liver and heart mitochondria, respec-
tively. Nicholls [64] estimated that, in liver mitochondria containing
over 10 nmol of calcium/mg protein, the Ca®* efflux pathway is close
to saturation and the equilibrium value for the extra-mitochondrial free
Ca®* concentration is relatively insensitive to increases in matrix Ca*

Under these conditions, Ca®* cycling was considered to buffer cytosolic
free Ca®™ concentrations [65,75]. Generally, Ca?™ release rates values
through the efflux pathways are relatively low, 100-500 times less than
the Vmax for Ca>* uptake via the uniporter [76-78]. Under conditions
where faster Ca®* release from mitochondria is necessary to attenuate
Ca®" overload, the opening of the PTP could be a possibility to cope
with this demand [5,79].
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Despite advances in the understanding of the function of the Ca®*
transport machinery, mitochondria were not considered a cytosolic
Ca?* regulator due to the low affinity of the MCU (Kd 20-70 pM) [80].
Skepticism about this issue was increased by studies with squid giant
axons showing that in situ mitochondria were incapable of accumu-
lating Ca®>* when the extra-mitochondrial concentration was below
2-3uM, a concentration much higher than physiological (about 2 or-
ders of magnitude) [81]. In addition, the Scarpa [81] and Somlyo
groups [82] demonstrated that the levels of matrix Ca®>* were very low
in healthy cells. Accordingly, careful homogenization and fractionation
procedures to isolate mitochondria in the presence of ruthenium red or
EGTA to minimize Ca®>* accumulation revealed values of 1-3 nmol of
Ca®™ per mg mitochondrial protein [83]. These findings led to the
general idea that mitochondria would not participate in cell Ca**
homeostasis under physiological conditions [21,84], and Ca®" influx
was considered an artifact of in vitro experiments for years [13]. To
worsen the mood, the discovery of the second messenger inositol tri-
sphosphate (IP3) permitted the demonstration that Ca?* mobilization
in the cytosol was mediated by the endoplasmic reticulum (ER), but not
mitochondria [85]. Indeed, comparative studies of cytosolic Ca®™*
buffering ability of these two systems in digitonin-permeabilized he-
patocytes indicated that the ER/sarcoplasmic reticulum (SR) presented
higher Ca®* affinity than mitochondria, although the capacity of mi-
tochondria was much higher [86,87].

With respect to the role of the mitochondrial Ca®* transport system
in cell physiology, carefully work done by the laboratories of Denton
and Hansford clarified the role of matrix Ca®>* in the regulation of
various NADH dehydrogenases [88-92] (see Fig. 2). These groups
measured the activities of matrix Ca®>* and Ca®”-sensitive enzymes
(pyruvic dehydrogenase phosphatase and a-ketoglutaric and isocitrate
NADH dehydrogenases) showing that these enzymes were activated
with half-maximum effects in the range of 1 uM free Ca®*. These results
were compatible with the regulation of the Krebs cycle activity via
changes in cytosolic Ca®>* concentrations, thus providing reducing
equivalents to the electron transport chain under increased cell demand
for ATP [93,94].

Studies on Ca®* transport by mitochondria regained significance
upon the development of the genetically encoded chemiluminescent
Ca?™ indicator aequorin by Pozzan's group [95]. This Ca%™ indicator,
specifically targeted to the mitochondrial matrix, permitted the de-
monstration that in situ mitochondria were able to take up Ca®>* under
physiological conditions [95]. The group demonstrated that ER/SR
Ca®™ release generates sufficient levels of Ca®* concentrations in mi-
tochondrial micro-domains to allow accumulation by mitochondria in
living cells. The discrepancy between the low Ca** affinity of the MCU
observed in vitro and the high efficiency of mitochondrial Ca®** accu-
mulation discovered by Rizzuto and Pozzan in vivo [96] was explained
on the basis of the microheterogeneity of the citoplasmic Ca®* increase
under ER/SR stimulation. Under these conditions, Rizzuto and Pozzan
proposed that Ca®* concentration can transiently increase to 10-20 uM
in the microenvironment between ER and mitochondria kinetically fa-
voring Ca®" influx. After this transient increase, extramitochondrial
Ca®* returns to the resting free concentrations (100 nM) in the region
close to the efflux pathways and net mitochondrial Ca®™ efflux should
occur according to the kinetic properties of the Ca®*/Na* or Ca®>*/H*
[96].

These data were also reproduced by other groups, strongly sup-
porting a central role for mitochondrial Ca®* transport systems in cell
physiology [97-103]. In addition, these mitochondria-ER interfaces
were recently shown to host nano-domains at the mitochondrial cristae
containing H,O, generated by the electron transport chain that act as
inter-organelle communications that seem to regulate Ca®>* signaling
and mitochondrial activities. Briefly, these nano-domains are located at
the mitochondrial cristae and contain H,O- generated by the electron
transport chain. Changes in H,O, levels in these nano-domains transfer
matrix Ca®* signals to the ER-mitochondrial interface [104]. The
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description of these H,O, nano-domains added to the understanding of
the cross-talk between mitochondria and the ER that mediates cell
death via PTP opening [105-107]. Cyclophillin D (CypD), a well-known
PTP activator [5,79], has also been proposed to modulate ER-mi-
tochondria interactions and Ca®™ signals via a mechanism independent
of PTP opening [108].

Interest in the role of mitochondrial Ca“™ transport was further
stimulated when opening of the PTP was shown to initiate apoptotic
cell death [109-111]. In this respect, Rottenberg and Hoek [7] pro-
posed that mitochondrial oxidant-induced MPT has a central role in
mechanisms of cell death, aging and aging related degenerative diseases
such as Alzheimer’s [112], Parkinson’s [113], Huntington’s [114],
amyotrophic lateral sclerosis [115], multiple sclerosis [116], diabetes
mellitus [117], heart disease [118] and osteoporosis [119].

2+

3. Mitochondrial oxidants and antioxidants
3.1. Generation and removal of oxygen-derived oxidants

As the central hub of energy metabolism and a microenvironment
rich in electron transfer reactions, mitochondria are also significant
sources of intracellular oxidants (reviewed in [14,120-122]). Although
the production of mitochondrial oxidants is generally believed to be an
unavoidable byproduct of energy metabolism, co-evolution with this
process has led to the development of systems that both regulate mi-
tochondrial oxidant production and are regulated by it. In addition,
multiple cellular processes involve redox signaling in which mi-
tochondrial oxidants participate [14,123-126]. As a result, mitochon-
drial oxidants are integral participants in both mitochondrial and cel-
lular physiology and pathology.

The production of mitochondrial oxidants is typically attributed to
the canonical components of the electron transport chain. Indeed, at
least 4 sites within the electron transport chain have been identified as
sources of oxidants in mitochondria. Notably, Complex I (including
forward and reverse electron transfer), Complex II and the ubiquinone
cycle within Complex III are significant, biologically-relevant, sources
of oxidants (reviewed by [127]).

However, mitochondrial oxidant production is not limited to the
electron transport chain. Many mitochondrial enzymes are capable of
producing superoxide radicals or hydrogen peroxide as a byproduct of
their primary function, including (but not limited to) glycerol-3-phos-
phate, pyruvate, alfa-ketoglutarate, dihydroorotate and very long chain
acyl-CoA dehydrogenases, as well as the electron transfer flavoprotein
[127-132]. Although often overlooked when considering mitochondrial
oxidant production, the release of reactive intermediates from these
enzymes can be significantly larger than that of electron transport chain
components under some conditions. Furthermore, some metabolic
conditions may increase oxidant production specifically at these non-
electron transport chain sites [128,131].

Independently of the source of these oxidants, changes in the rates
of mitochondrial oxygen consumption have an impact on oxidant pro-
duction. Within the electron transport chain, increases in oxygen con-
sumption often prevent the formation of superoxide radicals, due in
part to the lower accumulation of partially reduced intermediates
capable of generating superoxide radicals, and also because of lower
local oxygen availability in the microenvironment (reviewed by [120]).
Higher respiratory rates are promoted by lower mitochondrial inner
membrane potentials, and these lower potentials further inhibit oxi-
dant-producing processes such as reverse electron transfer (from
Complex II to Complex I), adding to the prevention of oxidant forma-
tion [14,121,122].

Oxidant production by mitochondrial dehydrogenases is also in-
directly regulated by oxygen consumption rates, since it is modulated
by NADH and NAD™* levels. Production of oxidants by these enzymes is
enhanced when NAD™" is unavailable, and therefore also inhibited by
enhanced respiratory rates, which maintain the NAD pool in a more
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oxidized state [128,129,131,132]. The central importance of re-
spiratory rate regulation is illustrated by the fact that mild mitochon-
drial uncoupling, increasing respiratory rates by promoting slightly
higher inner membrane permeability to protons, strongly prevents
oxidative damage in many key tissues [133].

Indeed, one of the primary mitochondrial strategies to control oxi-
dant production and therefore maintain physiological redox states is by
activating mitochondrial uncoupling pathways. Oxidants have been
widely shown to activate these pathways, including uncoupling pro-
teins, anion carriers and K™ transporters [134-136]. The resulting mild
uncoupling prevents oxidant production in an elegant and simple ne-
gative feedback loop [135,137] (see Fig. 3).

Other mitochondrial antioxidant strategies include the abundant
presence of antioxidant enzymes. Mitochondria contain superoxide
dismutases both in the matrix and in the intermembrane space, re-
flecting the fact that superoxide radicals are produced in both com-
partments, and that this radical is poorly permeable across the inner
membrane [14,138,139]. Hydrogen peroxide produced by this dis-
mutation or by the activity of mitochondrial oxidases can be removed
by catalase (present in some tissues, such as heart and liver) or per-
oxidases utilizing thiol-containing compounds such as thioredoxin and
glutathione as coenzymes [14,140-142], also present in distinct mi-
tochondrial compartments [143,144]. These enzymes use electrons
donated by thioredoxin or glutathione, which are then re-reduced by
mitochondrial thioredoxin reductase and gluthathione reductase, using
NADPH as the electron donor [145,146]. As a result, mitochondrial
NADPH is critical in the maintenance of mitochondrial redox state (see
Fig. 4).

Mitochondrial NADPH pools are physically and functionally sepa-
rate from cytosolic pools, and thus completely unrelated to pentose
pathway activity. Instead, mitochondrial NADPH is produced by en-
zymes isocitrate and glutamate dehydrogenase (which can reduce both
NAD™" and NADP™", [14,147-149] and, in a more prominent manner,
by the nicotinamide nucleotide transhydrogenase (NNT), which uses
the inner membrane proton gradient as a driving force to transfer
electrons from NADH to NADP* [150]. The NADPH pool, as a result, is
maintained more reduced under high inner mitochondrial membrane
potentials and plentiful NADH, the exact same conditions that favor the
production of oxidants that NADPH helps remove. Thus, in addition to a
pathway regulating oxidant production, an elegant system links con-
ditions of high mitochondrial oxidant release with more efficient mi-
tochondrial antioxidant mechanisms (see Fig. 3).

3.2. Reactive nitrogen species (RNS) and the mitochondria

The nitric oxide radical (NO) is a compound that is gaseous, short-
lived, diffusible through membranes and endogenously produced in
living organisms. This radical is widely recognized for its role as a
signaling molecule in various biological processes [151] and its phy-
siological formation occurs via two biochemical reactions, as depicted
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Fig. 3. Mitochondrial oxidant production and anti-
oxidant capacity are intimately linked to electron
transport rates and inner mitochondrial membrane
potentials (AW). Low electron transport rates and high
AWY lead to higher oxidant generation at various mi-
tochondrial sites, but also activate mitochondrial un-
coupling pathways, which decrease AW, increase respira-
tion and decrease oxidant formation. In parallel, high AW
and low electron transport rates concertedly improve NNT
activity, providing more NADPH within mitochondria, and
thus enhancing the antioxidant and reductase capabilities
of the organelle.
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Fig. 4. Sources of NADPH and H,0, metabolism in the mitochondrial
matrix. NADP* is reduced to NADPH by the activity of the enzymes isocitrate
dehydrogenase 2 (IDH2), malic enzymes (ME) and glutamate dehydrogenase
(GDH). In addition, NADP* is also reduced by the forward reaction of the ni-
cotinamide nucleotide transhydrogenase (NNT). Glutathione reductase (GR)
and thioredoxin reductase (TR) catalyze NADPH-dependent reduction of glu-
tathione disulfide (GSSG) and the oxidized form of thioredoxin (TRX,yiq), re-
spectively. Respiratory chain (R.C.)-generated O,~ is dismutated to H,O, via
matrix superoxide dismutase (SOD2). H,O, is metabolized by glutathione
peroxidase (GPX) and peroxiredoxin (PRX), oxidizing glutathione (GSH) and
thioredoxin (TRX,.q), respectively.

below, from the substrates i-arginine or inorganic nitrite (NO5)
[151-154].

L-arginine + NADPH + O, + HY — 'NO + L-citrulline + NADP*
(Reaction 1)

NO, + EDyeq + H" — 'NO + ED,y; + OH ; ED = electron donor
(Reaction 2)

Reaction (1) is catalyzed by ‘NO synthase (NOS) isozymes and Re-
action (2) results from the nitrite reductase activities of some proteins,
notably mitochondrial respiratory chain complexes, cytochrome ¢ and
heme deoxyglobins [154-156]. The availability of NO,™ to fuel Reaction
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(2) is warranted, because diet-acquired NO3 is reduced to NO, by
commensal bacteria in the oral cavity [153,157]. Within the gut, the
acidic environment of the stomach also favors the biotransformation of
NO, into nitrogen oxides, thus comprising another source of ‘NO that
may not be only available locally but also could affect systemic path-
ways following absorption of nitrated molecules [158]. These inter-
conversions between NO3;/NO,” and ‘NO have been termed the ni-
trogen oxide cycle and are of importance for human physiology and
pathophysiology [153]. More information about the function of this
cycle or NOS isozymes as sources of 'NO can be found elsewhere
[153,159]. Because of 'NO properties in cells (e.g. stability and diffu-
sion) [160], this radical is available in the mitochondrial micro-
environment regardless of whether a specific NOS isozyme is located in
mitochondria, which may be a tissue-specific feature [161] and is also a
subject of debate [152].

*NO may affect mitochondrial function and molecular integrity in
different manners [151,162-166], either directly [166] or indirectly
following the formation of secondary reactive species which are more
oxidative [165,167]. To understand the formation of derived species, it
is important to remember that mitochondria generally behave as net
sources of O,” in cells and that the production of this radical can be
increased under some circumstances. Chemical properties predict that
0," is more likely to react with 'NO (NO + O,” — ONOO ") than to be
dismutated into H;O, by SOD under in situ conditions, producing the
peroxynitrite anion (ONOO ~, pK, 6.8) [168]. A minor fraction (~20 to
39%) of this secondary RNS is protonated (ONOOH) in a physiologi-
cally-relevant pH range (7.4-7.0) and is diffusible through membranes.
Thereby downstream redox reactions are not confined to the cellular
compartment of its production. ONOO ~, the ionized-predominant form
of this chemical specie in cell pHs, can be formed in mitochondria and
its high reactivity can cause oxidative damage to biomolecules and
organelle dysfunction [165,167-170]. Yet the oxidant and damaging
activity of ONOO ™ may reside in derived radicals formed by reactions
with CO,, transition metal centers and homolytic cleavage, namely:
carbonate (CO3"), nitrogen dioxide (‘NO,) and hydroxyl (‘OH) radicals
[168]. For additional details on this topic, we refer the readers to a
recent extensive and comprehensive review that fully covered the
biochemistry of ONOO ™~ and its downstream reactions with other bio-
molecules [171].

4. Mitochondrial permeability transition (MPT)

As mentioned above, evidence that Ca>* promotes uncoupling, ul-
trastructural changes and swelling has been reported since the pio-
neering initial work with isolated mitochondria [12,33,111]. A large
body of evidence indicates that these mitochondrial alterations are
secondary to a Ca®*-dependent opening of a proteinaceous mega-
channel, the permeability transition pore (PTP) which may exhibit
different conductance states [6,172-174]. Under controlled experi-
mental conditions the pore may not be detrimental to mitochondrial
coupling and structure [175-178] and may have physiological func-
tions such as regulation of Ca?" release [173,179]. However, at the
maximal conductance state, the PTP permits equilibration of solutes up
to 1500 Da or even the release of small matrix proteins, eliminating all
mitochondrial energy-linked functions [5,174,180,181].

The relevance of MPT was initially questioned due to the extra-
vagant non-physiological conditions required to trigger the phenom-
enon in isolated mitochondria [182,183]. However, better under-
standing of the factors controlling opening and closing of the PTP and
the demonstration that MPT inhibitors, like cyclosporin A (CsA)
[184,185], prevent cell death under many pathological conditions
[186,187] confirmed the participation of MPT in the pathogenesis of
many diseases. These include ischemia/reperfusion, heart disease,
neurodegenerative diseases, inflammation, traumatic brain injury,
muscular dystrophy, drug toxicity and aging [5,7,182,188-197].

The amount of Ca®* loading that triggers MPT varies with
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mitochondria from different origins and a series of conditions or the
presence of so-called inducing agents [180,198]. Despite an enormous
amount of literature data, the molecular identity of PTP components
remains unresolved and controversial [5,7,172,199]. Various matrix,
inner and outer membrane proteins have been suggested as PTP com-
ponents, such as the adenine nucleotide transporter (ANT), the CsA-
binding protein cyclophilin D (CypD), the voltage dependent anion
channel (VDAC), hexokinase, aspartate-glutamate and phosphate (PiC)
carriers and the spastic paraplegia 7 protein (SPG 7) [179,200-205].
Later, the structure of the PTP was proposed to be composed by the
lateral stalk [206] or the c-ring [6,207-210] of the F;Fo ATP synthase.
However, recent work from John Walker and coworkers proposed that
both subunits are not involved in PTP structure [211,212]. Other stu-
dies using different approaches suggest that although the PiC may have
a regulatory role in PTP opening, it is not a critical component of the
pore [213-215]. Ablation of SPG7, a protease that co-assembles with a
homologous protein, AFG3L, and other unidentified proteins, protects
against PTP opening, thus suggesting that it may have a role in PTP
regulation or structure [205]. In addition, studies using inverted sub-
mitochondrial particles, mitoplasts and plant mitochondria demon-
strated that some of these proteins are also not essential components of
the PTP [216-219]. Accordingly, PTP opening could be monitored in
mitochondria genetically deficient in ANT, VDAC or CypD, although
with different properties [220-223]. For example, in CypD-deficient
mitochondria, MPT requires larger Ca®>* loads and is not blocked by
CsA [201]. In addition, in ANT-deficient mitochondria, atractyloside,
an ANT inhibitor, does not promote PTP opening [221]. Interestingly,
trypanosomatid mitochondria, which possess a mitochondrial CypD
homolog (TcPyD22) to the mammalian CypD [62], have much higher
resistance to PTP opening than mammalian mitochondria [224].
However, overexpression of TcPyD22 in these parasites enhances loss of
mitochondrial AW and cell viability when H,0, is present, via a me-
chanism sensitive to CysA [62,225]. Taken together, these results sug-
gest that PTP may be formed with different properties in the absence of
one or more components.

4.1. Mitochondrial Ca®* release and MPT induced by the oxidized state of
endogenous NAD(P)H: historical background

Among MPT inducers with higher biological relevance are inorganic
phosphate, fatty acids, NADPH oxidants and nitric-oxide-derived spe-
cies [14]. In this respect, we describe below the sequence of events
demonstrating the role of NADP redox state, oxidant generation and
membrane protein thiol oxidation in Ca®*-dependent MPT.

The observation that rat heart mitochondria possess low en-
dogenous substrate contents and lower ability to retain accumulated
Ca2" in the absence of rotenone [36] led to the design of a protocol to
investigate whether stimulation of Ca®* efflux from mitochondria
could be regulated by the redox state of endogenous pyridine nucleo-
tides. Ca®*-loaded liver mitochondria respiring on succinate in the
presence of rotenone could not retain matrix Ca?* when NAD(P)H was
oxidized by either oxaloacetate or acetoacetate. In contrast, the addi-
tion of the reductant B-hydroxybutyrate during the onset of Ca®* re-
lease promoted NAD(P)" re-reduction followed by Ca®™ uptake and
retention (see Fig. 5A). More than one cycle of Ca?" release and re-
uptake could be repeated by alternating cycles of NAD(P)H oxidation
and reduction [40] (see Fig. 5B). Based on these results, Lehninger
proposed a working hypothesis in which Ca®" release associated with
NAD(P)H oxidation and a low cytosolic phosphorylation potential
(AGp) could function as a feedback mechanism to increase the cytosolic
phosphorylation potential through the stimulation of cytoplasmic cat-
abolism by mitochondrial Ca?* that was released [40].

These findings stimulated many groups to work on this topic and
many laboratories reproduced these results in isolated mitochondria
[226-238], intact cells [239] and perfused liver [240]. While the work
with cells and organs suggested a physiological role for Ca?" release
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Fig. 5. Effect of matrix NAD(P) redox changes on mitochondrial Ca®*
transport. Panel A, NAD(P) autofluorescence and Ca?* uptake were measured
simultaneously in a suspension of isolated liver mitochondria. The reaction was
initiated by the addition of mitochondria (4 mg) to a medium (2.0 mL) con-
taining 65mM KCl, 125mM sucrose, 3mM Hepes, 5mM MgCl,, 0.2mM
phosphate, 4 UM rotenone and 1 mM succinate, pH 7.2. Ca*>* (630 nmol), ox-
aloacetate (OAA; 0.5mM) and B-hydroxybutyrate (BOH; 2.4 mM) were added
as indicated. Panel B, transient release and reuptake of Ca®>* by isolated liver
mitochondria. The reaction was initiated by the addition of mitochondria
(11mg) to a medium containing 10mM acetate to replace phosphate.
Successive additions of OAA (0.5mM) and BOH (5mM) promoted NAD(P)
oxidation and reduction, respectively. This figure was adapted from Lehninger
et al. [40].

associated with NAD(P)H oxidation, other researchers questioned the
biological significance and the molecular mechanisms involved in this
process [229,231,233,234]. The most significant data against the phy-
siological role of pyridine nucleotide redox state in the regulation of
cytosolic Ca?* concentration via an electroneutral 2H" /Ca®* ex-
change were published by Nicholls and Brand [229]. Based on experi-
mental data, these authors claimed that Ca?* release by NAD(P)H
oxidants was paralleled by uncoupling and complete collapse of the
membrane potential owing to loss of mitochondrial integrity. In addi-
tion, they showed that the process was stimulated by inorganic phos-
phate [180]. They also provided evidence that ATP plus oligomycin,
that inhibit mitochondrial disruption by Ca®*, blocked these mi-
tochondrial alterations. Furthermore, they proposed that the 2H*/
Ca®™ stoichiometry observed by Fiskum and Lehninger [241] under
these conditions was consistent with the charge movements of 2H™
moving into the matrix to compensate for the efflux of one Ca®* via
reverse of the uniport. Despite the conclusions by Nicholls and Brand
that NAD(P)H oxidation acts through increasing mitochondrial sensi-
tivity to Ca®*-induced damage, the interest on the topic continued
owing to the increased relevance of mitochondrial dysfunction and
redox imbalance associated with alterations in Ca>* homeostasis in cell
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death [10,242-244].

Two main hypotheses were proposed to explain the molecular me-
chanisms involved in the process of this Ca®* release from mitochon-
dria upon NAD(P)H oxidation. First, Ca?™ release induced by NAD(P)H
oxidants occurred from intact mitochondria via a route that was regu-
lated by protein ADP-ribosylation after hydrolysis of intramitochondrial
NAD™ by a Ca®?"-dependent NADase, producing ADP-ribose, nicotina-
mide, and 5 -AMP [245]. Up to now, the participation of ADP-ribosy-
lation in PTP opening has not been confirmed. Second, Ca®* release
occurred through nonspecific leaks caused by accumulation of free fatty
acids and lysophospholipids when the activity of the inner membrane-
associated phospholipase A, is increased by matrix Ca®* and acyl-
Coa:lysophospholipid acyltransferase is inhibited due to oxidation of
sulfhydryl groups [246]. This hypothesis was ruled out by the same
proponent group which could not demonstrate the presence of the latter
enzyme in the matrix [247].

The potential importance of clarifying mechanisms underlying the
correlation between pyridine nucleotide redox state and Ca®*-induced
effects in mitochondria led Vercesi to continue his investigations on this
topic. The first challenge was to look for possible experimental condi-
tions in which NAD(P) *-induced Ca®™" efflux could be dissociated from
swelling and uncoupling. Indeed, mitochondrial swelling was found not
to be mandatory for Ca®>* efflux induced by the oxidized state of NAD
(P) when medium sucrose was partially replaced by large molecular
weight polyethylene glycol. Moreover, when the regular sucrose
medium was complemented with 20 mM K-acetate instead of inorganic
phosphate as the permeant anion, longer periods of NAD(P) " -stimu-
lated Ca®™" release occurred, and could be completely reversed before
the appearance of swelling [176]. In addition, when experiments were
run in the presence of ADP, Mg“, and oligomycin, the addition of
ruthenium red allowed for the estimation of a net increase in the rate of
NAD(P) * -stimulated Ca®>" release from 3.6 to 9.0 nmol/minmg [177].
Most interesting, FCCP addition during the onset of Ca®* efflux induced
by NAD(P)* enabled the estimation of a respiratory control over 6 and
similar to the control experiment, thus strongly demonstrating that this
Ca%" efflux could occur from tightly coupled mitochondria [177].
Another set of experiments provided evidence that i) ruthenium red-
promoted Ca®" release was specifically stimulated by NADP* and not
NAD™*, and, ii) when the redox state of NADP* was shifted to a more
oxidized state, the steady-state level of external Ca?* increased from
0.6 to 0.9 uM, while AW decreased from 100 to 80 mV, until NADP was
fully reduced again. Although these results provided evidence that
Ca®™" release under controlled experimental conditions could be dis-
sociated from mitochondrial damage, it could not be dissociated from
AW decrease. It should be emphasized, however, that the redox state of
NADP* was manipulated through the combination of oxidant/re-
ductants plus different mitochondrial energy states by using different
concentrations of the electron donor TMPD in combination with as-
corbate [178]. Although these experimental conditions were far from
physiological, the demonstration of NADP specificity for Ca?* release
was in agreement with previous data [230] and suggested the partici-
pation of the nicotinamide nucleotide transhydrogenase (NNT) in the
process, a topic developed in detail below. Since the discovery that CsA
is a potent inhibitor of either PTP or NAD(P) *-induced Ca?* efflux
[185], NAD(P)H oxidants began to be included among MPT inducers.

4.2. NADP™ -induced Ca®™ efflux can occur in the presence of physiological
Mg?* and ATP concentrations

The inhibition of NADP *-induced Ca®™* efflux by ATP [229] argued
against both its occurrence under in situ conditions and its biological
importance. In this context, Bernardes and coworkers [175] analyzed
Ca®* flux and the redox state of mitochondrial pyridine nucleotides in
the presence of t-butylhydroperoxide (t-BOOH) or acetoacetate when
isolated liver mitochondria were exposed to 20nmol Ca®* per mg
protein and physiological concentrations of ATP and Mg?". Transient



A.E. Vercesi et al.

NADPH oxidation during an interval in which peroxide was metabo-
lized at the expense of NADPH reducing equivalents occurred in par-
allel to a transient increase in extra-mitochondrial Ca®* concentrations.
This transient increase in extra-mitochondrial Ca®* concentrations
occurred provided acetate, instead of phosphate, was used as the per-
meant anion. These events were associated with both a small transient
decrease in AW (20 mV) and a small amplitude mitochondrial swelling.
Acetoacetate failed to oxidize NADPH and to promote net Ca”™* release,
in agreement with the previous findings [178] that acetoacetate does
not oxidize NADPH at high membrane potentials, and therefore failed
to stimulate net Ca®* efflux from mitochondria [229]. After a cycle of
net Ca®™ release and re-uptake in the presence of ATP and Mg?™, the
degree of mitochondrial coupling was largely preserved despite the
small swelling. Further AW measurements in the presence of ruthenium
red or EGTA, added after a cycle of NADPH oxidation and Ca?* release,
lead to the proposal that the measured AW decrease was caused by at
least three different energy-dissipating processes: a) faster Ca®* cy-
cling, b) a ApH-dependent transhydrogenase reaction transferring re-
ducing equivalents from NADH to NADP" and, c) a transient non-
specific increase in membrane permeability, increasing the conductance
to H*, Ca®* and even to medium sucrose, that explained the parallel
mitochondrial swelling. The latter component of AW decrease could be
augmented by either increases in Ca®>* load or by omitting ATP from
the reaction medium. Again, these results showing AW decrease do not
support the idea that NAD(P) * -induced Ca?™ release occurs through an
electroneutral Ca?*/2H™" exchange [241] even in the presence of
physiological ATP and Mg?™" concentrations. However, the reversibility
of NADP* and Ca®*-induced release, notwithstanding its molecular
nature, opened avenues for the investigation of multiple forms and
specificity of pore conductance [174,248-250].

Based on these results, we revisited data showing opening of PTP
without loss of respiratory control by high Ca®* concentrations and
acetoacetate in mitochondria energized by succinate in the presence of
ADP, Mg?* and oligomycin [177]. In this new study [174] we verified
that FCCP addition triggered a fast oxidation of NADPH that shifted a
low to a high conductance state of acetoacetate-induced PTP. This was
illustrated by fast and high amplitude mitochondrial swelling. The in-
terpretation is in agreement with the data indicating that NADPH oxi-
dation by acetoacetate does not occur at high AW. Large amplitude
swelling started after a full oxidation of NADPH [174,178].

4.3. MPT is promoted by thiol oxidation

Early studies indicated that mitochondrial swelling induced by Ca**
was mediated by membrane thiol oxidation [251-253] (see Fig. 2). In
this respect, evidence was provided that MPT was prevented by thiol
reductants [216,237,254-258], while thiol oxidants such as diamide,
phenylarsine oxide and 4,4P-diisothiocyanato-stilbene-2,2P-disulfonic
acid (DIDS) promoted MPT [256,259-261]. In addition, the similar
inhibition of -BOOH or diamide-induced Ca®* efflux by dithiothreitol
[251,252] led to the hypothesis that NADP *-induced Ca®* release
occurred via membrane sulfhydryl-disulfide transitions [262]. Indeed,
Fagian et al [216] demonstrated that membrane permeabilization in-
duced by Ca®* plus diamide in heart submitochondrial particles was
caused by protein cross-linking formation due to oxidation of critical
sulfhydryl groups. The presence of these large molecular weight protein
aggregates was documented using sodium dodecyl sulfate-poly-
acrylamide (SDS-PAGE) gel electrophoresis of solubilized membrane
proteins. Likewise, the generation of protein aggregates was confirmed
by SDS-PAGE in mitoplasts exposed to Ca®>* and diamide or -BOOH
[256,257,263]. Pre-treatment of heart submitochondrial particles or
mitoplasts with b-mercaptoethanol, a thiol reductant, was found to
reverse both Ca®*- induced permeabilization and generation of protein
aggregates. Most interesting, treatment of the gels with b-mercap-
toethanol before staining with silver nitrate eliminated the protein
aggregates and recovered most of the control protein bands. These
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results strongly support the current propositions that PTP is not a mo-
lecularly defined channel, but rather a permeability transition caused
by thiol cross-linking of various mitochondrial proteins
[5,203,216,264-266].

The possible role of CypD as a thiol redox sensor in the mechanism
of protein-protein interactions is also in line with the data by Fagian
et al. [216]. In this respect, CypD S-nitrosylation at Cys203 prevents
PTP generation due to inhibition of CypD interactions with proteins
involved in PTP formation [267]. In contrast, cross-linking between
ANT Cys56 and Cys159 induced by oxidative imbalance or thiol re-
agents enhances CypD-ANT interaction and PTP opening [268] (see
Fig. 2). The implications of these CypD modifications on PTP activity as
well as the different roles of CypD in cellular physiology and mi-
tochondrial bioenergetics are reviewed in more details by Javadov et al.
[51.

A finding of significant importance relative to CypD participation in
PTP opening was the identification of a p53-CypD complex in the event
of mouse brain ischemia/reperfusion injury [269]. The authors pro-
vided evidence that p53 moves from the cytosol to the mitochondrial
matrix in response to oxidative imbalance that triggers PTP opening by
interacting with CypD. It has also been shown that CsA pretreatment or
ablation of p53 prevented both p53-CypD complex formation and
stroke injury. Further work [270-272] supports these findings as well
as a role for the p53-CypD complex in the mechanisms of PTP-induced
cell death.

4.4. Oxidant participation in MPT

The evidence that MPT induced by Ca®* was stimulated by thiol
oxidation [203,216,256,257] and by exogenous oxidant generating
systems such as xanthine/xanthine oxidase [273,274], menadione
[275], nitrofurantoin [276] and 5-aminolevulinic acid [257,277] and
depletion of mitochondrial NADPH [178,259] and, in contrast, pro-
tected by a variety of antioxidants [256,258,278-281] or the absence of
molecular oxygen [263] led the Vercesi group to directly test the hy-
pothesis that MPT was caused by mitochondrially-generated oxidants.
Indeed, strong evidence for the participation of H,O, was obtained in
studies demonstrating protection against MPT by catalase
[174,256,263,278,282], peroxiredoxin [279] and o-phenanthroline
[263].

While pore “inducing agents” such as Pi [79,180], oxidants and
thiol cross-linkers have a facilitating role [283,284], Ca* alone is
sufficient to induce MPT, probably via its double properties to bind to
PTP regulatory sites [6,203,265] and, in addition, to stimulate the
generation of oxidants by mitochondria [263,284-286]. Evidence has
also been provided that other inducers such as phosphate [258], un-
couplers [280], fatty acids [282] and statins [197,287,288] stimulate
mitochondrial oxidant generation [266].

Indeed, various mitochondrial proteins claimed to participate in
PTP formation are amenable to cysteine oxidation by mitochondrially-
generated oxidants [289]. In line with these findings, redox signals
mediated through cysteine oxidation via sulfenylation, sulfinylation, S-
glutathionylation and S-nitrosylation regulate mitochondrial functions
such as oxidant production, MPT, apoptosis and mitochondrial fission
and fusion [289].

With respect to the mechanisms by which matrix Ca®* stimulates
oxidant generation, Ca®" binding to sub-mitochondrial particles,
probably to cardiolipin, was shown to cause important alterations in
membrane lipid organization [285]. These alterations were character-
ized by increased lipid packing and lipid lateral phase separation as-
sociated with free radical production at the electron transport chain.
This was consistent with the increased production of H,O, when matrix
Ca®™" levels are elevated leading to oxidative alterations of the mi-
tochondrial inner membrane [285] (see Fig. 2).
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4.5. The role of nicotinamide nucleotide transhydrogenase in Ca®™ -
dependent MPT

The continuous re-reduction of NADP ™ is of critical importance for
the maintenance of mitochondrial redox balance since NADPH donates
electrons to enzymatic systems involved in the detoxification of per-
oxides and reduction of thiols in mitochondria [290,291]. The two
main mitochondrial sources of NADPH are the NNT and NADP- de-
pendent isocitrate dehydrogenase (IDH2) [149,291,292]. While IDH2 is
a soluble enzyme that promotes the oxidation of a carbon substrate in
the Krebs cycle, the NNT is located in the IMM and catalyzes the re-
versible transfer of hydride (H) between NAD and NADP, reducing one
at the expense of the oxidation of the other [292,293]. H™ transfer from
NADH to NADP* via NNT is coupled to H* translocation through the
IMM (from the IMS to the mitochondrial matrix). Thus, the existing AP
across the IMM displaces NNT activity towards NADP* reduction and
NADH oxidation, making its forward activity prevail under most me-
tabolic conditions [149,292,294]. Under resting conditions (in the ab-
sence of ATP formation) characterized by high AP and elevated NAD
redox potential, thermodynamic equations predict that NNT activity
results in a NADPH:NADP ™ ratio that exceeds five hundred-fold the
ratio of NADH:NAD " in the mitochondrial matrix [294]. Accordingly,
it has been shown that decreases in NAD redox potential and in AP,
such as those prevailing under conditions of increased ADP phosphor-
ylation rates or decreased availability of respiratory substrates, may
limit the forward NNT activity or even promote the reversal of its ac-
tivity (in this case, NNT oxidizes mitochondrial NADPH and pumps H™*
out of the matrix) [149,178,295].

Our group has recently demonstrated that the ability of NNT to
supply NADPH for peroxide removal in isolated liver mitochondria is
highly dependent on energy state and on substrate availability [149].
Interestingly, when the thermodynamics disfavor forward NNT activity
during ADP phosphorylation, other concurrent sources increase their
own contributions toward NADPH supply (see Fig. 4). In this manner,
the mitochondrial capacity to remove peroxide is totally or partially
preserved as compared to resting conditions, depending on exogenous
substrates fed to the Krebs cycle [149]. ADP-stimulated respiration will
result in higher oxidation rates of carbon substrates, thus increasing
IDH2 flux and the provision of NADPH by this Krebs cycle enzyme.
Mitochondrial glutamate dehydrogenase may also reduce NADP™*, and
this activity is strongly dependent on ADP, which makes this enzyme a
source of NADPH that sustains high rates of NADPH-dependent per-
oxide removal in liver mitochondria during ADP-stimulated respiratory
states in the presence of glutamate as a substrate [149]. Another mi-
tochondrial source of NADPH are NADP-linked malic enzymes, whose
specific rates in mouse liver (nmolyappr/Mgprotein/min) are similar to
that of NADP-linked glutamate dehydrogenase [149]. Nonetheless,
more research is needed to uncover the relevance of NADP-linked malic
enzymes for NADPH supply under different metabolic conditions. It is
noteworthy that recent data strengthened the view that cytosolic NADP
redox potential is not connected to that of the mitochondrial matrix,
and vice-versa [296].

Given the NNT properties highlighted above, the mitochondrial
energy state could be presumed to affect the redox state of NADP and
several related processes such as scavenging of peroxides and Ca®*-
dependent MPT pore opening. We will present bellow important find-
ings that uncovered the roles of NNT in the modulation of MPT pore
opening. Vercesi manipulated NAD redox state and AP in isolated liver
mitochondria in order to oxidize NADPH via the displacement of the
NNT reaction [178]. The oxidation of NADPH that occurs following
NADH oxidation and concomitant dissipation of AP resulted in mi-
tochondrial Ca®* release, which is currently interpreted as a con-
sequence of MPT pore opening [178]. The exclusive oxidation of NADH
in polarized mitochondria also stimulated Ca" release, but to a much
lower extent in comparison to NADPH oxidation [178]. Despite
knowing that NAD(P)H oxidation prompted mitochondrial Ca®* release
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[40], these data [178] provided early evidence that the redox state of
NADP, rather than that of NAD, plays a role in Ca®*-dependent MPT
pore opening. Another implication of the reported findings was the
involvement of NNT in modulating MPT pore opening under specific
mitochondrial energy conditions. In addition to being considered (al-
ready at that time) a central source of NADPH required for redox bal-
ance [294,297], the demonstrated reverse activity of NNT fitted well
with the explanation of why fatty acid- or protonophore-induced un-
coupling elicited MPT pore opening in Ca®*-loaded mitochondria
[282], an energetic condition in which AP drops and NADH is oxidized
by increased respiratory chain complex I activity. The biological re-
levance of reverse NNT activity as a cause of oxidative stress has been
recently documented in an in vivo condition encompassing elevated
energy demand [295]. Nickel et al. [295] used mice lacking NNT ac-
tivity (due to a mutated Nnt“>’B/®’ allele) to demonstrate that the re-
verse activity of this enzyme aggravates redox imbalance and myo-
cardial necrosis in a heart failure model induced by pressure overload.
These authors also performed pharmacological interventions targeting
mitochondria and the results obtained may suggest that the myocardial
injury induced by the reversal of the NNT activity involves MPT pore
opening [295].

Importantly, an Nnt mutation is present in mice used in the above
mentioned study [295]. This mutation arose spontaneously more than
three decades ago in the widely used C57BL/6J mice substrain colony
maintained in The Jackson Laboratory [298,299]. Thus, this mutated
allele has been named Nnt“>’®/¢’ in the Mouse Genomic Informatics
database. Nonetheless, the discovery of this Nnt mutation in the most
used mouse substrain only occurred in 2005 [300,301], and relatively
little attention has been paid to potential scientific issues [299,302].
Although the unaware use of mice that carry mutated Nnt may cause
research bias [299,303-306], mice lacking NNT due to this mutation
have recently been employed in studies that aimed at uncover NNT
functions in different experimental setups [295,303,307-309].

We were the first to employ Nnt mutant mice in order to describe
the consequences of absent NNT activity for specific mitochondrial
redox processes and Ca®*-induced MPT pore opening in isolated liver
mitochondria [307]. Indeed, we showed that lack of NNT facilitates
Ca?"-induced MPT pore opening under experimental conditions that
are associated with spontaneous NADPH oxidation over time [307].
Conversely, there was no influence of NNT activity on Ca®*-induced
MPT pore opening when the supplied respiratory substrates were able
to sustain NADP in its reduced state, which may have occurred mainly
via the activity of IDH2 [307]. Therefore, forward NNT activity seems
to play a critical role in providing mitochondrial NADPH and protection
against Ca®*-induced MPT pore opening in isolated mitochondria when
the activities of concurrent NADPH sources are not favored by the
available substrates [307].

After establishing a suitable mouse model for in vivo interventions
[149], we also attempted to investigate whether NNT would play a role
in the pathogenesis of non-alcoholic fatty liver disease induced by a
high fatty diet [303]. Mitochondrial redox imbalance has generally
been assigned as an important factor involved in the etiology of non-
alcoholic fatty liver disease (NAFLD) [310]. Indeed, our study sup-
ported this assertion, since the Nnt mutation aggravated mitochondrial
redox imbalance and caused NAFLD progression from simple steatosis
to steatohepatitis in mice fed a high fatty diet [303]. Interestingly, the
Nnt genotype greatly modified the effects of 20 weeks of high fatty diet
on Ca®*-induced MPT pore opening, as evaluated in isolated mi-
tochondria from livers in vitro. While the high fatty diet surprisingly
decreased the susceptibility to Ca*>*-induced MPT pore as compared to
chow-fed wild type mice, the high fatty diet intervention in Nnt-mutant
mice led to an increased susceptibility to Ca®*-induced MPT [303].
Overall, these findings evidenced the critical roles of NNT in the at-
tenuation of mitochondrial redox imbalance, MPT pore opening pro-
pensity and non-alcoholic fatty liver disease development in response to
high fatty diet in experimental mice [303].



A.E. Vercesi et al.

4.6. Modulation of Ca®* -dependent MPT pore opening by reactive nitrogen
species (RNS)

It must be emphasized that that 'NO became established as a re-
levant physiological molecule involved in a variety of cellular processes
only in the late 1980s [151]. From then on, the research field related to
‘NO evolved rapidly and the interaction between 'NO or ONOO ™~ with
mitochondria started to be investigated in the 1990s
[162,165,166,311]. A seminal report from Radi et al. [158], published
early in 1994, showed that exogenous ONOO ™ inhibited the activity of
respiratory complexes I and II in isolated mitochondria from heart,
leading to decreases in the respiratory rates supported by glutamate/
malate or succinate. Within this same year, others demonstrated that a
main effect of 'NO on mitochondria was a partial, reversible, and
competitive inhibition of complex IV [162], later proved to be of
physiological relevance [312,313].

Other effects of 'NO on isolated mitochondria observed in early
studies included Ca®™ release or failure to take up Ca®*, which were
generally associated with inhibition of respiratory chain activity and
mitochondrial inner membrane depolarization promoted by elevated
amounts of this radical [166,314]. These effects, however, are energy-
associated and should not be considered primary. Because Ca>™ release
from Ca®*-loaded mitochondria following their depolarization may
occur via different routes, e.g. secondarily to MPT pore opening,
membrane damage or/and by the reversal of the MCU channel
[178,314], proper experimental designs were needed in order to dis-
criminate the different effects of 'NO on mitochondrial bioenergetics,
Ca®* handling and membrane integrity.

Considering the involvement of RNS in MPT, important data were
also published in 1994. By showing that high levels of exogenous 'NO
promoted CsA-sensitive mitochondrial depolarization, Ca®" release and
death in isolated hepatocytes, Richter et al. [311] provided early ex-
perimental evidence suggesting that RNS may indeed play a role in the
modulation of Ca®"-induced MPT pore opening. Notably, CsA was al-
ready known as an inhibitor of Ca?* -induced MPT pore opening [184].
Also in 1994, Packer and Murphy [315] published a study where they
exposed isolated rat liver mitochondria directly to the more reactive
ONOO ", hypothesizing that mitochondria may be a target of ONOO ™
(and derived reactive species) generated from the combination of 'NO
with O, under conditions such as inflammation or ischemia/reperfu-
sion. Indeed, their results indicated that a bolus load of ONOO™ pro-
moted Ca2* efflux from mitochondria in a CsA-sensitive manner, thus
implying that MPT pore opening can be facilitated in the presence of
ONOO ™ [315]. As reviewed above, it is important to remember that, at
this time, seminal studies had already paved the road toward the con-
cept of Ca®*-induced MPT as a redox-sensitive process — research
findings linked oxidants to mitochondrial membrane protein thiol oxi-
dation and MPT pore opening upon Ca®* exposure [40,178,216].
Within this context, some researchers went on to further investigate
how the two most known RNS, 'NO and ONOO~, affected Ca?*-in-
duced MPT pore opening.

Using an experimental setup in which isolated mitochondria were
loaded with Ca®* and co-incubated with exogenous sources of "NO and
O, to fuel the continuous and steady formation of ONOO ~, the com-
bination of those two radicals elicited Ca®* efflux as a consequence of
MPT pore opening [316]. Although the data were not shown, the au-
thors of this study stated that neither 'NO nor O, alone caused Ca®*
efflux [316]. In subsequent work, ONOO ™ -induced mitochondrial glu-
thatione and NAD(P)H oxidation were shown to occur irrespective of
Ca®"-dependent MPT pore opening [317], indicating that these redox
changes are not the consequence of MPT pore opening. In comparison
to mitochondrial glutathione oxidation and disulfide bond formation
induced by a common exogenous peroxide (i.e. t-BOOH), ONOO™
promoted non-recoverable glutathione oxidation and increased levels of
protein-glutathione mixed disulfides [317]. As discussed in this review,
direct oxidation of the mitochondrial thiol pool or of NADPH may

10

Free Radical Biology and Medicine 129 (2018) 1-24

explain why ONOO ~ stimulates Ca®*-dependent MPT pore opening. In
fact, the role of thiol oxidation under these conditions was highlighted
by the fact that a thiol reducing agent (i.e. DTT) reversed the effects of
ONOO™ [317]. Ca®>*-dependent MPT pore opening may not be the only
process occurring when mitochondria are exposed to ONOO ™ : other
dysfunctions such as oxidation and inhibition of mitochondrial enzymes
and of the respiratory chain, as well as Ca®>*-independent permeabili-
zation of inner membrane, may also occur [165,318,319]. We showed
that the latter effect of ONOO ™~ resulted from membrane protein oxi-
dation and aggregation due to membrane protein thiol cross-linking
and lipid peroxidation [318].

The cytotoxic role of 'NO was reinforced when Kroemer’s group
used different 'NO donors (e.g., S-nitrosoglutathione) and demonstrated
that this radical promoted apoptosis mediated by MPT pore opening in
intact thymocytes [320], thus corroborating the early findings from
Richter et al. [311]. 'NO is the primary RNS generally linked to phy-
siological functions, but also a precursor of ONOO ™~ in the presence of
0O,". Thus, despite these early literature findings, the effects of 'NO per
se and of different "NO levels on Ca®>*-dependent MPT pore opening or
on cell death were still uncertain. In this context, questions remained as
to whether "NO behaves only as an inducer of Ca®*-dependent MPT
pore opening.

Brookes et al. [321] attempted to describe the effects of varying
concentrations of "NO on Ca®*-dependent MPT. These authors reported
that lower levels of 'NO protected against MPT pore opening, while
high doses stimulated it. Because the observed protection was asso-
ciated with energy-related attenuation of mitochondrial Ca?* uptake
(i.e. secondary to respiratory inhibition), it remained unclear whether
lower amounts of 'NO could also directly regulate the molecular pro-
cesses leading to MPT pore opening. Important clues that 'NO could
provide mitochondrial and cellular protection against Ca®>* overload
came from later studies investigating thiol modifications by 'NO and the
formation of S-nitrosylated proteins in mitochondria and heart tissue
[322-327]. Targeted thiols in proteins cysteine residues and reduced
gluthatione can establish a covalent bond with 'NO, forming S-ni-
trosothiols (R-SNO), the product of S-nitrosylation [167,325]. S-ni-
trosylation is a post-translational modification of some proteins that
may regulate their activity [323]. Ohtani et al. [328] used various
concentrations of NONOate as an ‘NO donor and demonstrated that
lower levels of NONOate attenuated atractyloside-induced Ca®*-de-
pendent MPT pore opening via mechanisms related to S-nitrosylation
and decreased thiol oxidation/disulfide bond formation. Importantly,
these authors also showed that this effect was not secondary to changes
in mitochondrial membrane potential and that the facilitation of MPT
pore opening in the presence of high amounts of NONOate was abol-
ished by a chemical scavenger of Oy~ and ONOO ™ [328]. Therefore, it
seemed clear that 'NO could play dual roles in MPT pore opening: i)
facilitation may occur when high levels result in formation of its deri-
vative and more oxidant RNS ONOO ~; ii) protection may happen when
S-nitrosylation of mitochondrial proteins avoids the oxidation of puta-
tive critical thiols. The details about the molecular mechanisms by
which S-nitrosylation of mitochondrial proteins protects against Ca®™ -
induced MPT pore opening were elegantly described by Nguyen et al.
[329]. Knowing that cyclophilin D is a critical regulator of MPT pore
opening and that this protein is S-nitrosylated at cysteine 203 upon
exposure to S-nitrosoglutathione [325], Nguyen et al. [329] performed
mutation studies and showed that cysteine 203 of cyclophilin D was a
target of S-nitrosylation required for the attenuation of H,O,-triggered
MPT pore opening in fibroblast cells following their treatment with
nitrosoglutathione. This and other studies seem to indicate that oxi-
dation of protein thiols, formation of disulfide bonds and protein cross-
linking may be lessened by ‘NO-mediated S-nitrosylation
[322,328,329]. In this regard, there is strong experimental evidence
that cardioprotection following interventions such as administration of
‘NO precursors or ischemic pre-conditioning is associated with in-
creased S-nitrosylation of proteins and hindered thiol oxidation
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[156,324,326].
5. MPT and metabolic disturbances

We will now discuss mitochondrial dysfunctions that lead to MPT in
the context of dyslipidemias, diabetes, obesity and related conditions.
The set of findings presented here strongly suggests that prevention of
MPT may be a suitable target to therapeutically impact upon these
metabolic diseases.

5.1. Hypercholesterolemia and MPT: relevance to atherogenesis

Familial hypercholesterolemia is a genetic disorder inherited in an
autosomal dominant pattern and characterized by high plasma cho-
lesterol levels, specifically in the low-density lipoprotein (LDL) fraction,
and early cardiovascular disease due to atherosclerosis. Familial hy-
percholesterolemia is caused by mutations in the LDL receptor gene
(Ldir) that encodes a receptor that normally removes LDL particles from
the circulation. Subjects who have one mutated allele (heterozygous) of
the Ldlr gene may have premature cardiovascular disease at the age of
30-40. Two mutated alleles (homozygous) may result in severe cardi-
ovascular disease and death during childhood. Heterozygous familial
hypercholesterolemia is very common, occurring in 1:200-1:500 people
in most countries, whereas homozygous is much rarer, occurring in 1 in
a million births [330].

The mechanism in which excess circulating LDL-cholesterol relates
to atherosclerosis is explained by the “oxidative modification hypoth-
esis” that proposes that LDL is a major target of oxidation in the arterial
subendothelial space and is involved in both initiation and progression
of atherosclerosis [331,332]. Oxidized LDL induces endothelium acti-
vation and recruitment of circulating monocytes, which differentiate
into macrophages that continuously take up oxidized LDL turning into
cholesterol-engorged foam cells, the hallmark of atherosclerosis [333].
The process evolves with unresolved inflammatory features and foam
cells die, forming the necrotic core of advanced lesions. In this condi-
tion of hypercholesterolemia, there is strong support for the occurrence
of vascular wall oxidative stress that triggers LDL oxidation; however,
the multiple possible mechanisms that drive in vivo LDL oxidation have
not been completely characterized yet [334]. We have previously in-
vestigated the possible contribution of mitochondria to cellular oxida-
tive stress in a familial hypercholesterolemia model, the athero-
sclerosis-prone Ldlr knockout mice (LDLr-/-). Mitochondria from
several tissues in these mice generate more oxidants than controls and
are more susceptible to Ca?"-induced MPT [335]. These findings reveal
that mitochondrial redox imbalance could indeed be involved in two
key events of atherosclerosis: i) as a source of oxidants that oxidize LDL
and ii) as the mitochondrial pathway for cell death [336]. We have also
confirmed in naive hypercholesterolemic subjects that oxidants derived
from peripheral blood monocytes, preferentially from mitochondria,
were increased along with oxidized LDL plasma levels [337]. Mi-
tochondrial oxidative stress and enhanced MPT response was also
shown in the porcine myocardium of hypercholesterolemic pigs [338].
We demonstrated that mitochondrial oxidative stress in LDLr-/- mice is
associated with the depletion of mitochondrial NADP-linked substrates
which leads to insufficient amounts of reducing equivalents (NADPH)
to reconstitute the H,O, scavenging function of the glutathione and
thioredoxin reductase/peroxidase system [339]. Indeed, mitochondrial
NADPH deficiency, oxidant accumulation and MPT could be partially
reversed by treatment with isocitrate, catalase [339] and with the
natural antioxidants Mangiferin and Vimang [340,341]. The NADPH
deficit in LDL receptor-defective cells can be in part explained by the
augmented cholesterol synthesis in these cells [335], a pathway that
consumes large amounts of NADPH (24:1 molar ratio). Using several in
vivo treatments of LDLr-/- mice in an attempt to spare mitochondrial
NADPH content (citrate, pravastatin, citrate+ pravastatin), we were
able to modulate the mitochondrial oxidant production rates, which
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correlated with the severity of atherosclerosis [342]. The positive cor-
relation between mitochondrial oxidant production rates and the size of
aortic atherosclerotic lesions in this model was also verified in the
context of aging [343]. In agreement, increased MPT response to Ca®™*
in hypercholesterolemic pigs was associated with decreased levels of
reduced glutathione (GSH) and of antioxidant enzymes activities
(MnSOD, thioredoxin and peroxiredoxin), as well as with decreased
expression of putative MPT pore components mitochondrial phosphate
carrier and cyclophilin-D [338].

In an attempt to increase mitochondrial antioxidant capacity, we
treated hypercholesterolemic LDLr-/- mice with statins to inhibit cho-
lesterol synthesis and prevent NADPH depletion. Statins are widely
used hypocholesterolemic medicines that are effective in reducing
cardiovascular disease mortality. Unexpectedly, lovastatin treatment
increased the susceptibility of liver and muscle mitochondria to Ca®™ -
induced MPT. In isolated mitochondria, statin effects were shown to be
class and dose-dependent and were associated with the oxidation of
protein thiol groups [288], a key event in the formation of the PTP
[216]. These data indicated that statins might act directly on mi-
tochondria, leading to MPT, that in turn may ensue cell death. In fact,
we observed that simvastatin induces prostate cancer PC3 cell death,
either by apoptosis (low dose) or necrosis (high doses). The partial
prevention of necrosis by MPT inhibitors indicated PTP opening in the
mechanism of cancer cell death [344]. These effects of simvastatin on
PC3 cells were later shown to be sensitive to piracetam (a membrane
stabilizer) and L-carnitine (an antioxidant) [345]. Others also have
shown statin-induced tumor cell death [346]. Although statins are
considered adjuvants in the treatment of cancer, more studies are
needed to better clarify this matter [347].

It is noteworthy that 0.5-10% of the statin-treated patients present
dose- and class-dependent adverse effects, mainly related to the skeletal
muscle. Our group showed that addition of simvastatin (1 uM) to rat
soleus muscle biopsies decreased the content of CoQ10 and inhibited
mitochondrial respiration within one hour [287]. Interestingly, L-car-
nitine or CoQ10 co-incubation with simvastatin, both of which can act
as free radical scavengers, protected muscle mitochondria against re-
spiratory inhibition [287]. Data from this and other studies [348]
suggested that the respiratory dysfunction induced by simvastatin was
mainly promoted by the attack of mitochondrially-generated super-
oxide radicals to complexes I and II, likely at their 4Fe-S clusters.
Afterwards, we went back to the more relevant in vivo context of the
familial hypercholesterolemia model, the LDLr-/- mice. We studied
chronic treatment (three months) with moderate therapeutic doses of a
less toxic and hydrophilic statin, pravastatin [197]. We observed that
respiratory rates were inhibited in the presence of free Ca®* in plantaris
muscle (but not in soleus) from treated LDLr-/- mice. Such a decrease in
respiratory rates was abolished in the presence of Ca>* chelator EGTA,
mitochondrial Ca®* uptake inhibitor ruthenium red, and MPT inhibitor
cyclosporin A (CsA). These findings indicate that in vivo pravastatin
inhibited mitochondrial respiration and induced Ca®*-dependent PTP
opening in plantaris muscle. Along with the respiratory dysfunction and
MPT, pravastatin treatment also caused lipid oxidative damage and
increased catalase activity. All these pravastatin effects are counter-
acted by co-treatment with the antioxidants CoQ10 and creatine. These
findings suggest that oxidative stress provoked by pravastatin signals
for the upregulation of cellular antioxidant systems (e.g. catalase).
When such adaptive responses are not sufficient to counteract oxidative
imbalance, PTP opens and cell death may occur [197]. In summary,
statin actions on mitochondria are both direct and indirect, as follows:
i) in mitochondrial preparations, statins induced oxidation of protein
thiol groups (50% decrease of free SH-) that was prevented by the re-
ducing agent DTT (dithiothreitol) or by the Ca®>* chelator EGTA [288];
ii) in muscle biopsies, statin suppression of the mevalonate pathway
induced mitochondrial dysfunctions (inhibition of respiration, increase
of H,0, accumulation, decrease of CoQ10 content) that were reversed
by either mevalonate or CoQ10 replacement [287]; and iii) in chronic
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Fig. 6. Mechanisms by which hypercholesterolemia due to LDLr defi-
ciency and statin treatment increase oxidant production and decrease
antioxidant capacity, increasing PTP formation. LDLr deficiency induces a
compensatory increase in cholesterol synthesis and metabolism. Thus, several
pathways that consume reducing power (NADPH) are upregulated such as
mevalonate (HMGCoA reductase), bile acid (CYP7) and cholesterol oxidation
(CYP11/27). Decreased mitochondrial and cell NADPH impairs mitochondrial
antioxidant enzymatic systems and favors oxidant accumulation and PTP for-
mation. Liver increased steroidogenesis and lipogenesis results in enhanced
VLDL secretion rates, which include oxidized (ox) components. Augmented
VLDL contributes to further increases in extracellular LDL and oxLDL.
Additionally, permeable mitochondrial and cell oxidants may directly attack
LDL, generating oxLDL, which in turn are taken up by cells and activate extra
mitochondrial oxygenases (ex.: NADPH oxidase), favoring oxidant production.
Statin treatment reduces steroidogenesis but also reduces the synthesis of the
antioxidant CoQ10 (mevalonate pathway intermediate). Statins may also in-
teract directly with mitochondrial respiratory complexes inhibiting respiration
and increasing oxidant accumulation. Hydrophobic statins are metabolized in
the liver by the cytochrome P450 enzyme system (CYP2/3), which are NADPH-
dependent monooxygenases.

in vivo treatment, statin elicited both pro- and antioxidant responses
such as oxidized lipids and catalase upregulation, respectively, in ske-
letal muscle [197]. Additionally, in liver, hydrophobic statins are me-
tabolized by the cytochrome P450 enzyme system (CYP2/3), which are
NADPH dependent monooxygenases, thus favoring the depletion of this
important reducing power.

The major findings and evidences described in this Section are
summarized in Fig. 6.

5.2. Diabetes increases MPT

Diabetes mellitus is a very common metabolic disease [349]. The
complications associated with diabetes lead to low quality of life and
high incidence of micro- and macro-cardiovascular diseases. Prolonged
hyperglycemia alone, or in combination with hyperlipidemia, seems to
be the trigger of the cellular toxic events that occur in several tissues
besides the vessels, such as the myocardium, liver, muscle and pan-
creatic beta cells of diabetic patients. Mitochondrial respiratory rates,
susceptibility to oxidative stress and to MPT are altered in several hy-
perglycemic experimental models of type 1 and type 2 diabetes, such as
high fat diet- or drug-induced, as well as in hereditary diabetes (GK and
Fa/fa rats and NOD and db/db mice).

In Type 1 diabetes (T1D), the autoimmune destruction of pancreatic
beta cells is associated with cellular oxidative stress and mitochondrial
cell death pathway activation [350]. We have previously studied mi-
tochondrial function of spontaneous non-obese diabetic (NOD) mice
[351]. The establishment of T1D in NOD mice is similar to what occurs
in humans, beginning with inflammatory cell infiltration into pan-
creatic islets followed by activation and release of inflammatory

12

Free Radical Biology and Medicine 129 (2018) 1-24

cytokines and advancement of pancreatic beta cell death along with the
loss of glycemic homeostasis [352]. Thus, we studied NOD mice at three
stages: non-diabetic (age 4-6 weeks, glycemia < 100 mg/dl), pre-dia-
betic (age 7-10 weeks, glycemia 100-150 mg/dl), and diabetic (age
14-25 weeks, glycemia > 250 mg/dl) as compared with age-matched
Balb/c control mice. Global cell oxidant levels, but not mitochondrial
oxidant production, was significantly increased in NOD lymphomono-
nuclear and bone marrow stem cells in all three stages. In addition,
pancreatic islets from non-diabetic NOD mice (the only stage when it is
possible to obtain apparently intact islets) already showed a markedly
elevated oxidant production. Isolated NOD liver mitochondria were
more susceptible to Ca®*-induced MPT at all three stages of sponta-
neous diabetes development. These results suggest that cellular oxida-
tive stress precedes diabetes and may be the cause of mitochondrial
dysfunction that is involved in beta cell death [351].

Mutations of the pancreatic duodenal homeobox gene-1, Pdx1,
cause heritable diabetes in humans and mice. Suppression of Pdx1 in-
creased mouse insulinoma MIN6 beta-cell death associated with dis-
sipation of the mitochondrial inner membrane electrochemical gra-
dient. Preventing mitochondrial PTP opening with CsA restored
mitochondrial membrane potentials and rescued cell viability [353]. In
addition, genetic ablation of the gene encoding cyclophilin D (a PTP
pore opening facilitator) in Pdx-1 deficient mice restored beta-cell mass,
inhibited apoptosis and necrosis and normalized diet-induced dis-
turbances in glucose homeostasis [353].

Type 2 diabetes (T2D) is generally linked to prolonged exposure to
unbalanced diets, hyperlipidemias and obesity. Low-grade inflamma-
tion seems to be the common denominator under these conditions,
leading to disruption of insulin signaling in the insulin target tissues,
resulting in insulin resistance. This state overloads pancreatic beta cells
demanding high insulin production rates to cope with the hypergly-
cemia caused by the peripheral resistance to hormone action. Thus, in
T2D, hyperinsulinemia coexists with hyperglycemia up to the stage
where pancreas exhaustion occurs. Insulin resistance is associated with
mitochondrial dysfunction [354], but the specific mechanisms are still
not completely elucidated and may differ according to the insulin target
tissue and the type of insulin resistance inducer. The opening of mi-
tochondrial PTP has been shown to play a critical role in defective in-
sulin-mediated glucose uptake in T2D. In vitro models of insulin re-
sistance have reinforced this idea. In several models of insulin
resistance in cultured skeletal muscle cells (antimycin A, C2-ceramide,
ferutinin, and palmitate), the pharmacological inhibition of PTP
opening with CsA was sufficient to prevent insulin resistance at the
level of insulin-stimulated GLUT4 translocation to the plasma mem-
brane [355].

In vivo, there are several examples of diet-induced insulin resistance
and/or hyperglycemia promoting MPT. Prolonged exposure to high-fat/
high-sucrose diet results in increased oxidant production associated
with mitochondrial morphological and functional alterations in the
skeletal muscle of hyperglycemic mice. Decreased phosphorylating and
resting respiration rates as well as mitochondrial swelling (an indicator
of MPT) were observed in the muscles of these mice. Normalization of
glycemia or antioxidant treatment decreased muscle oxidant produc-
tion and restored mitochondrial integrity [356]. The same mitochon-
drial alterations, including swelling and disruption, were observed in
the skeletal muscle of streptozotocin-treated mice, a known model of
hyperglycemia-induced oxidative stress [356].

In rats fed a high fat/high fructose diet as an insulin resistance in-
ducer and submitted to an acute stress, there was a marked decrease in
the amount of Ca®>* required to open the PTP in brain mitochondria,
suggesting an adverse effect of insulin resistance on brain mitochon-
drial survival [357].

Db/db mice lacking the leptin receptor are murine models of genetic
spontaneous T2D that develop hyperphagic obesity in addition to dia-
betes. Early studies with this model showed that their cardiac muscle
cells contain large numbers of lipid droplets and exhibit degeneration of



A.E. Vercesi et al.

mitochondria [358]. Lanthanum-treated myocardial tissue clearly de-
monstrates an abnormal permeability of sarcolemmal and mitochon-
drial membranes of cardiomyocytes from these diabetic mice [359].
Together with these ultrastructural alterations, defects in fatty acid
oxidation resulting in accumulation of beta-hydroxy fatty acid inter-
mediates in the myocardium and defects in NAD*-linked substrate
utilization by isolated mitochondria were also observed [359]. As mi-
tochondrial oxidant production has been implicated in the pathogenesis
of diabetic cardiomyopathy [360,361], the therapeutic effects of the
mitochondria-targeted antioxidant mito-TEMPO have been investigated
in T1D (streptozotocin treatment) and T2D (db/db mice) diabetes
models. Indeed, one month of daily injections of mito-TEMPO inhibited
mitochondrial oxidant levels, prevented intracellular oxidative stress,
decreased apoptosis and reduced myocardial hypertrophy in these
diabetic hearts [362].

Zucker Fa/fa rats (Fa/fa) present T2D, obesity and cardiomyopathy.
Riojas-Hernandez et al [363] showed a prolonged systolic Ca®** tran-
sient and markedly increased mitochondrial H,O, production in Fa/fa
rat myocardium. Mitochondrial PTP opening in isolated heart mi-
tochondria from Fa/fa rats was more sensitive to Ca®" than mi-
tochondria from lean control rats and correlated with increased thiol
group exposure. Fa/fa mitochondria have decreased oxidative phos-
phorylation capacity, explaining the decreased ATP content in their
myocytes. The results thus suggest that oxidative stress and Ca®* dys-
regulation increased MPT sensitivity leading to mitochondrial dys-
function and apoptosis [363]. In the Goto-Kakizaki (GK) rats, a non-
obese Wistar substrain that develops T2D early in life, MPT has been
documented in mitochondria from brain, kidney [364,365] and heart
[366,367].

One of the best opportunities to explore the role of MPT as a de-
terminant of metabolically-disturbed phenotypes is the knockout (KO)
of CypD, a critical regulator of the PTP [368]. As expected, muscle
mitochondria from CypD KO were shown to be resistant to Ca2™ in-
duced MPT, as evidenced by resistance to fatty diet-induced swelling
and improved mitochondrial calcium retention capacity compared to
controls [355]. These CypD KO mice did not develop glucose intoler-
ance, had improved skeletal muscle glucose uptake following high-fat
feeding [355,369] and were resistant to diet induced obesity [370].
However, conflicting with these findings, two other studies have found
that mice lacking CypD displayed an age-related development of obe-
sity [371] and hepatic insulin resistance [372]. Therefore, the scenario
is more complex than had been anticipated and probably involves
tissue-specific [373] and/or MPT-independent roles of CypD.

Advanced glycation end-products (AGEs) are thought to accumulate
with aging. Under conditions such as hyperglycemia and hyperlipide-
mias, AGEs can be increased far beyond normal levels. They are toxic to
nearly every type of cell in the body and are also believed to play a
causative role in diabetes mellitus complications. AGEs elicit oxidative
stress and cause inflammatory reactions via interaction with a receptor
for AGEs (RAGE) [374,375]. Hyperglycemia leads to the generation of
high levels of glucose metabolites, such as methylglyoxal, which react
with proteins generating AGEs. In HepG2 cells, methylglyoxal pro-
moted the production of oxidants, depleted glutathione content and
induced apoptosis. Methylglyoxal treatment also induced MPT and pre-
treatment with CsA partially inhibited cell death induced by methyl-
glyoxal [376]. In osteoblastic MC3T3-E1 cells, methylglyoxal increased
mitochondrial superoxide and cardiolipin peroxidation, increased MPT
and decreased intracellular ATP. The antioxidant trolox and CsA pre-
vented methylglyoxal-induced cytotoxicity [377]. In addition, exposure
of primary renal cells to AGEs, transient overexpression of the receptor
for AGEs (RAGE) and infusion of AGEs in healthy rodents each induced
renal cytosolic oxidative stress leading to MPT. When these experiments
were performed in hyperglycemic conditions in vitro or in diabetic rats,
significant generation of mitochondrial superoxide at the level of
complex I was also observed. These results suggest that the AGE-RAGE
pathway induced-MPT plays a role in the development and progression
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Fig. 7. Mechanisms in which type 1 (T2D) and type 2 (T2D) diabetes in-
crease oxidant production, favoring PTP formation. Chronic hyperglycemia
leads to nonenzymatic formation of advanced glycation end products (AGEs)
that are internalized by cells through their receptors (RAGE) or formed in-
tracellularly. AGEs induce and amplify oxidative stress. Hyperlipidemia, that
generally is present in T2D, increases cellular facilitated transport of fatty acids
(FATP, fatty acid transport proteins and others) that may exert several actions:
1) esterification and accumulation as lipid droplets, 2) increased ceramide
synthesis, that is toxic to mitochondria, 3) form oxidants (enzymatic or none-
nzymatic processes) and 4) enter mitochondrial  oxidation pathway. Overload
of mitochondrial } oxidation without concomitant upregulation of electron
transport results in increased oxidant production. In T1D, autoimmune attack of
cytokines seems to be the primary insult generating cell oxidative stress.
Mitochondrial dysfunctions in T1D and T2D include: reduced respiration rates
and ATP production, increased protein thiol oxidation, lipid peroxidation, and
PTP formation. Mitochondrial and extra mitochondrial oxidants induce and
amplify inflammatory pathways that are responsible for insulin signaling in-
hibition. Inhibiting PTP rescues insulin sensitivity in several models (see text).

of diabetic nephropathy [378].
The major findings and evidences described in this Section are
summarized in Fig. 7.

5.3. Fatty diets, obesity and MPT

Prolonged consumption of high fat diets or simply chronic over-
eating leads to an expansion of the body adipose tissue mass (obesity),
insulin resistance and other co-morbidities. Lipid overload in tissues
other than the adipose is believed to be the cause of many obesity co-
morbidities (diabetes, cardiomyopathies, nonalcoholic fatty liver, etc).
Tissue-specific lipotoxicity varies widely depending on diet composi-
tion, duration of feeding and the experimental model [379]. Mi-
tochondrial dysfunctions have been investigated in several of these
contexts. The mechanisms underlying mitochondrial dysfunctions are
associated with intracellular overload of non-esterified fatty acids
(NEFA). NEFA are classical mitochondrial uncouplers known for a long
time [380,381]. They can act as protonophores and/or activating mi-
tochondrial uncoupling proteins [380,382,383]. In excess, they are able
to open the mitochondrial PTP through at least two mechanisms: i) they
have the ability to interact directly with the adenine nucleotide trans-
locator, and, ii) they induce mitochondrial oxidative stress [282,384].
Thus, when Ca®*-loaded mitochondria are exposed to micromolar
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concentrations of NEFA, the permeability of the inner membrane in-
creases, resulting in matrix swelling, rupture of the outer membrane
and release of intermembrane pro-apoptotic proteins [385].

The chronic consumption of obesogenic diets has been shown to
cause heart mitochondrial uncoupling, oxidant production [386], al-
terations in Ca?* oscillations [387], lower ATP/oxygen ratios asso-
ciated with fatty acid oxidation [388] and synthesis of pro-apoptotic
ceramides [389]. High-fat diet-triggered cardiac mitochondrial ab-
normalities (functional and structural), including susceptibility to MPT,
have been consistently confirmed [361,390]. Whether these changes
are a result of obesity-associated conditions such as insulin resistance
(as discussed above) or related to the fatty diet more directly is difficult
to distinguish. Littlejohns et al [391] have shown that a high fat diet
(with low sucrose content) that induced enlargement of adipose depots
and hyperlipidemia but did not cause insulin resistance indeed trig-
gered changes in cardiac calcium handling and mitochondria that are
likely to be responsible for the increased vulnerability to cardiac insults
such as those promoted by ischemia-reperfusion. Compared to a normal
diet, high-fat fed non-insulin resistant C57BL/6J mice presented higher
[Ca*?]i oscillations, higher catalase and lower SOD2 expression,
smaller mitochondria and lower mitochondrial density in their myo-
cardium. In addition, changes in the expression of putative components
or regulators of the mitochondrial PTP were observed: increased in-
organic phosphate carrier and decreased VDAC and hexokinase II, with
no alterations in CypD and adenine nucleotide translocator. A role for
MPT was demonstrated using CsA, that conferred cardioprotection
against ischemia/reperfusion damages in the high fat-fed mice [391].

Liver mitochondria may be also damaged in high fat diet-induced
non-alcoholic fatty liver, a common feature of obesity that evolves to
nonalcoholic steatohepatitis. Enhanced mitochondrial fatty acid oxi-
dation without concomitant up-regulation of the mitochondrial re-
spiratory chain promotes oxidant overproduction. This event seems to
play a significant role in the initiation of oxidative stress and sub-
sequent development of nonalcoholic steatohepatitis [392].

We have previously employed a genetic mouse model that exhibits
elevated plasma levels of triglycerides and NEFA and mild steatosis but
no other metabolic confounding factors such as obesity and disturbed
glucose homeostasis. Even under a balanced regular low fat diet, they
already show increased liver mitochondrial susceptibility to Ca®*-in-
duced MPT [393]. Liver accumulation of NEFA was associated with this
process, since in vivo treatment with the hypolipidemic drug ciprofi-
brate, which accelerates intracellular fatty acid beta-oxidation, in-
hibited MPT in the liver mitochondria of these hypertriglyceridemic
mice [393]. When exposed to chronic high fat feeding, these mice
showed exacerbation of obesity [394,395] and nonalcoholic steatohe-
patitis compared to controls [396], indicating that mitochondrial dys-
functions are early events that precede the appearance of the high fat
diet-induced disease phenotypes.

Finally, it is important to emphasize that not only the content but
also the quality of dietary fatty acids modifies mitochondrial function
and integrity. For instance, a recent study investigated the trans-gen-
erational effect of dietary trans-fatty acids, a type of unsaturated fat
that occurs in small amounts in nature, but is abundant in industrialized
foods. Its intake has been associated with increased risk of coronary
artery disease [397]. Compared to normolipidic diets, trans-un-
saturated fatty acids and inter-esterified fat-containing diets adminis-
tered to C57BL/6 mothers resulted in impaired liver mitochondrial
respiration, increased H,O, production and reduced mitochondrial
Ca®™" retention capacity (MPT) in their offspring [398]. These results
show evidence of an epigenetic impact of dietary fat on mitochondrial
function.

5.4. Calorie restriction protects against MPT

Calorie restriction is a dietary intervention widely shown to prevent
ad libitum feeding-induced obesity and increase lifespans, as well as
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prevent age-related diseases (reviewed by [399]). Recently, while
studying mechanisms in which caloric restriction prevents excitotoxic
neuronal cell death [400], we found that caloric restriction changes
Ca®™ transport properties in brain mitochondria. Mitochondria isolated
from the forebrains of mice maintained on a restricted diet exhibited
resistance to MPT, an ability to accumulate larger amounts of Ca®>* and
faster Ca®>* uptake rates. These results were correlated with a deace-
tylation of cyclophilin D, which inactivates this protein and prevents
MPT. Based on these results and a prior study in skeletal muscle mi-
tochondria suggesting high fat diets promote MPT [355], we hypothe-
sized that dietary interventions could have a more widespread effect on
mitochondrial Ca?* homeostasis. Indeed, we found that caloric re-
striction also promoted a very significant increase in Ca®>* uptake ca-
pacity in liver mitochondria, with marked prevention of permeability
transition [401]. Interestingly, in liver mitochondria the diet-induced
changes in Ca®>* uptake could be completely eliminated by depleting
and re-establishing intramitochondrial ATP levels, suggesting they are
related to intramitochondrial adenine nucleotide levels, which both
buffer Ca®>* and regulate permeability transition. Of note, caloric re-
striction also promotes cardiolipin redistribution among mitochondrial
membranes [402], which may also play a key role in the prevention of
permeability transition, given the role cardiolipin has in interacting
with Ca®* ions, as discussed above.

Overall, we believe that this newly found link between dietary in-
terventions and mitochondrial Ca?™ makes metabolic sense, since both
caloric intake and cellular Ca?* homeostasis are pivotal metabolic
regulators. We hope future studies will further uncover how changes in
diet and mitochondrial Ca?™* are interrelated in both physiological and
pathological metabolic regulation.

The major findings and evidences described in these two later
Sections are summarized in Fig. 8.

In conclusion, stimulation of oxidant production seems to be the
common denominator in metabolic disturbances that predispose to PTP
opening. Upstream pathways that elevate oxidant production differ in
each particular condition. In hypercholesterolemia and statin therapy,
the depletion of reducing agents or antioxidant molecules (NADPH and
CoQ10) are the key events. In diabetes, cytokine-induced inflammation
and excess of oxidizable substrates (glucose and fatty acids) are the
hallmarks. High fat diets, obesity and insulin resistance favor in-
tracellular accumulation of free fatty acids that trigger a variety of toxic
effects in both mitochondrial and extra-mitochondrial compartments.
In addition, unbalanced diets are associated with perturbations of in-
tracellular [Ca%™] that together with elevation of oxidants trigger PTP
opening. Caloric restriction and some antioxidant treatments prevent or
reverse the redox imbalance.

6. MPT and mitochondrial DNA

Mitochondria contain their own DNA. The human mitochondrial
DNA (mtDNA) is 16.5 Kb long and encodes 2 rRNAs, 22 tRNAs and 13
polypeptides, which are subunits of 4 of the 5 oxidative phosphoryla-
tion (OXPHOS) complexes [403]. Mitochondrial DNA integrity is es-
sential for mitochondrial function, as all 13 mtDNA-encoded polypep-
tides are required for proper function of respiratory complexes I, III and
IV and the F;Fo ATP synthase (reviewed in [404]). Mutations in the
mtDNA or in nuclear-encoded OXPHOS subunits cause several human
syndromes, collectively named OXPHOS diseases, which represent the
largest group of inborn errors of metabolism [405], and have also been
implicated in common diseases, particularly those associated with age
[406].

The mtDNA is located in the mitochondrial matrix, as part of a
nucleoproteic complex known as the mitochondrial nucleoid, likely
containing 1-2 copies of the mtDNA and core protein components, in-
cluding those required for mtDNA replication, repair and transcription,
and peripheral proteins involved in several signaling pathways that
control mitochondrial function [407]. Of relevance to this review,
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Fig. 8. Mechanisms in which high fat diet/obesity/insulin resistance in-
crease oxidant production, favoring PTP formation. Increased exposure to
high free fatty acids (FFA) concentrations results in uptake of fatty acids (FA)
that may exert several actions: 1) esterification and accumulation as lipid
droplets, 2) formation of oxidants (enzymatic or nonenzymatic processes) such
as malondialdehydes (MDA) and 4-hydroxynonenal (HNE), 3) increased cer-
amide synthesis, that is toxic to mitochondria, 4) overload of mitochondrial 3
oxidation, producing intermediate excess and increasing oxidant production, 5)
acting as protonophores, increasing membrane permeabilization, 6) interacting
with adenine nucleotide translocator (ANT) and uncoupling proteins (UCP),
decreasing the membrane potential and ATP production. Unbalanced high fat
diets may also promote perturbations of intracellular [Ca®*] handling by un-
known reasons, which may contribute to increased mitochondrial Ca?* and
PTP formation. Caloric restriction may prevent PTP by 1) inhibition of oxidant
production, 2) buffering diet induced [Ca®*] perturbations, 3) promoting
deacetylation of cyclophilin D (CypD) and 4) increasing intramitochondrial ATP
levels.
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mitochondrial nucleoids are tethered to the inner side of the IMM
[408], in close proximity to sites of O, and H,0, generation and to the
PTP, making the mtDNA a prominent target for oxidation. In fact,
several groups have demonstrated, in models such as flies, mice and
humans, that mtDNA accumulates significantly more oxidized bases
than nuclear DNA (reviewed in [409], although their relevance to mi-
tochondrial function has been questioned recently (see [410]). It has
been speculated that persistent MPT, and the ensuing redox imbalance,
could lead to increased mtDNA damage, contributing toward mi-
tochondrial bioenergetic dysfunction and cell death. Additionally, as
mtDNA encodes essential OXPHOS components, mtDNA damage and
mutations impact the electron transport chain, ATP production and
mitochondrial redox state, suggesting a possible mechanistic link be-
tween mtDNA integrity and susceptibility to PTP opening and perme-
ability transition.

Several lines of evidence support the idea that oxidants damage
mtDNA, but few studies have directly addressed the role of MPT. We
have addressed whether MPT causes mtDNA damage in isolated liver
mitochondria exposed to the Fe>* /citrate complex, which causes lipid
peroxidation and membrane depolarization. This treatment induced
intense mtDNA fragmentation, accumulation of 8-hydroxy-2-deox-
yguanosine and 3’-phosphoglycolate termini, indicative of "OH-induced
damage [411]. Exposure of human colon cancer cells to H,O, also
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resulted in extensive mtDNA degradation, although the authors did not
specifically demonstrate opening of the PTP under the experimental
conditions used [412]. Recently, aflatoxin Bl-induced mtDNA muta-
tions in duckling livers were correlated with permeability transition, as
indicated by mitochondrial swelling [413].

Other studies have linked permeability transition to nuclear DNA
damage. Permeability transition was associated with extensive nuclear
DNA fragmentation in a variety of experimental models including: i)
angiotensin II-induced cardiomyocyte apoptosis [414]; ii) arsenite-in-
duced DNA damage in cancer cell lines [415]; iii) oxidative DNA da-
mage induced by oncogenic ras expression in normal human cells
[416]; and iv) ionomycin-induced MPT in human spermatozoa [417].
While several of these studies correlated DNA damage induction to
increased oxidant production, the observation that Ca2*-induced mi-
tochondrial membrane permeabilization causes Endonuclease G release
from the mitochondrial intermembrane space [418] raises the possibi-
lity that, at least in part, DNA fragmentation is due to EndoG attack, as
has been proposed for its role in apoptosis [419].

While still highly controversial, some authors have suggested that
the c subunit of the F1Fo ATP synthase is a component of the PTP. As
two subunits of the ATP synthase, ATPase 6 and ATPase 8, are encoded
in the mtDNA, mutations in these subunits could alter ATP synthase and
impact on PTP opening. The mtDNA pathogenic mutation T8993G,
found in high heteroplasmy in patients with neurogenic muscle weak-
ness, ataxia, and retinitis pigmentosa (NARP), results in a Leu to Arg
substitution in ATPase 6 subunit (subunit a), which is thought to, along
subunit c, catalyze proton translocation and participate in the catalytic
cycle. The mutation results in a structural defect in the F;F5 ATP syn-
thase and severe impairment of ATP synthesis [420]. Cybrids carrying
98% of T8993G mtDNA accumulate higher mitochondrial Ca®* levels
and showed increased oxidant production after hypoxia/reoxygenation
[421]. However, the NARP cybrids responded to hypoxic pre-
conditioning as control cells did, suggesting that the transient opening
of the PTP involved in preconditioning is maintained in these mutants
[422]. A recent study modeling two ATP6 mutations found in human
cancers (ATP6-P136S and ATP6-K64E, found in prostate and thyroid
cancer, respectively) in yeast showed that both mutations increased
sensitivity of yeast cells to oxidative stress and to high calcium con-
centrations, and affected the activation of yeast permeability transition
pore [423]. As for ATP8, while some variants have been associated with
mitochondrial dysfunction and diseases (see www.mitomap.org/
foswiki/bin/view/MITOMAP/MutationsCodingControl), the only con-
firmed pathogenic mutation in this locus, T8528C, overlaps the ATP6
gene [424], and no data is available on MPT in cells carrying this
mutation. Altogether, most available data support the idea that muta-
tions in mtDNA-encoded F,Fo ATP synthase subunits render mi-
tochondria more susceptible to permeability transition; however, none
of these papers provide mechanistic evidence linking this effect to a
direct role of F;Fo ATP synthase subunits in the PTP.

Other mtDNA mutations that affect OXPHOS function could also
indirectly impact MPT via increased oxidant production. Cybrid cells
harboring pathogenic mtDNA mutations that cause MELAS (Myoclonic
Epilepsy with Lactic Acidosis and Stroke, tRNA*"), MERRF (Myoclonic
Epilepsy with Ragged Red Fiber, tRNA™) and LHON (Leber’s
Hereditary Optic Neuropathy, ND1) were more sensitive to H,O» than
their wild-type cybrid controls, in a Ca®*-dependent manner. In these
experiments, cell death was significantly prevented by CsA, suggesting
that MPT was involved in the citotoxicity mechanism [425].

On the other hand, somatic mtDNA mutations do not seem to as-
sociate with increased susceptibility to MPT. Data from two transgenic
mouse models with increased mtDNA mutagenesis due to expression of
a proofreading deficient Pol y do not support a direct causal relation-
ship between mtDNA instability and PTP opening. Heart mitochondria
from a mouse model displaying tissue-specific increased mtDNA mu-
tations showed a marked inhibition of calcium-induced PTP opening
and increased association with the anti-apoptotic protein Bcl-2 [426].
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In addition, brain mitochondria from the mutant Pol y mice sequestered
Ca®™ more rapidly, although Ca®* retention capacity and mitochon-
drial AW were unaffected. Altered Ca>* dynamics in brains from these
mice was attributed to downregulated expression of CypD, an effect
that was mimicked in wild-type brains by adding cyclosporin A [427]. It
is noteworthy, however, that high levels of somatic mtDNA mutations
did not increase oxidant production or oxidative stress in the mtDNA
mutator mice [428,429].

Taken together, these results suggest that while some pathogenic
mtDNA mutations make mitochondria more prone to permeability
transition, random accumulation of somatic mtDNA mutations either
does not affect or renders mitochondria more resistant to Ca>*-induced
MPT. However, it should be considered that all cellular models used in
the studies mentioned here had the pathogenic mtDNA mutation in
high heteroplasmy or in homoplasmy, while the mtDNA mutator mice
carry each particular mutation in very low levels. Thus, it is likely that
the impact of somatic mtDNA mutations on permeability transition
depends heavily on the target and functional consequences of the mu-
tations, and probably also on the relative frequency of pathogenic
versus silent mutations.

The possibility that the opening of the PTP could facilitate release of
mtDNA fragments should also be considered. Cytosolic and extra-
cellular mtDNA has been identified as an important agonist of the im-
mune system, through activation of multiple pattern-recognition re-
ceptors, functioning as a damage-associated molecular pattern (for
review, see [430]). Mitochondrial DNA fragments ranging from around
300-1800 base pairs (bp) were detected in the incubation medium of
rat liver mitochondria loaded with as low as 50 nmol Ca?*, but not
when CsA was added. Large mtDNA fragments (around 10 Kb) were not
detected, suggesting that, indeed, the fragments were released through
the PTP [431]. In another study using Fe?* /H,0, to induce MPT in
isolated rat liver mitochondria, mtDNA fragments of up to 1000 bp
were detected in the incubation medium [432]. Interestingly, it was
recently demonstrated that pneumolysin, a pore-forming virulence
factor from Streptococcus pneumoniae, induces mitochondrial calcium
influx and loss of mitochondrial AW resulting in opening of the PTP and
mtDNA release without activation of intrinsic apoptosis [433], estab-
lishing a direct causal relationship between MPT, mtDNA release and
the inflammatory response.

7. Concluding remarks

There is compelling evidence that intra-mitochondrial Ca®* levels
signal for the control of both oxidative phosphorylation and redox
balance [14]. In this review we focused on the interactions between the
mitochondrial Ca®*-transporting system and cell and mitochondrial
oxidant production that lead to redox imbalance and opening of the
mitochondrial permeability transition pore (PTP). Under the low con-
ductance states, this pore may regulate physiological cell functions, but
under severe redox imbalance, PTP activity seems to be a central event
in mechanisms of cell death in several metabolic diseases as well as in
cancer, drug toxicity, aging and aged-related diseases. In addition, there
is evidence that some mutations in the mtDNA favor opening of the PTP
and the generation of mtDNA damage after PTP opening has also been
demonstrated. It seems that the most challenging perspective on this
topic is the uncovering of the links between redox signals and pore
formation and function. The progress in this field may contribute to a
better understanding of the mechanisms underlying pore activation,
shedding light on the role of mitochondria in cell death in the context of
a myriad of diseases.

Acknowledgments
The studies from our laboratory reported in this review were funded

by Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP #
2006/59786-0, # 2011/50400-0, # 2013/07607-8, # 2014/11261-2, #

16

Free Radical Biology and Medicine 129 (2018) 1-24

2017/17728-8), Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) (PNPD20131798) and Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq) (307681/2014-9).
We thank Annelise Francisco for helping with the figures preparation.

References

[1] D.R. Hunter, R.A. Haworth, J.H. Southard, Relationship between configuration,
function, and permeability in calcium-treated mitochondria, J. Biol. Chem. 251
(16) (1976) 5069-5077.

D.R. Hunter, R.A. Haworth, The Ca?*-induced membrane transition in mi-
tochondria. I. The protective mechanisms, Arch. Biochem. Biophys. 195 (2) (1979)
453-459.

R.A. Haworth, D.R. Hunter, The Ca?"-induced membrane transition in mi-
tochondria. II. Nature of the Ca®* trigger site, Arch. Biochem. Biophys. 195 (2)
(1979) 460-467.

D.R. Hunter, R.A. Haworth, The Ca?*-induced membrane transition in mi-
tochondria. III. Transitional Ca®* release, Arch. Biochem. Biophys. 195 (2) (1979)
468-477.

S. Javadov, S. Jang, R. Parodi-Rulldn, Z. Khuchua, A.V. Kuznetsov, Mitochondrial
permeability transition in cardiac ischemia-reperfusion: whether cyclophilin D is a
viable target for cardioprotection? Cell Mol. Life Sci. 74 (15) (2017) 2795-2813.
V. Giorgio, V. Burchell, M. Schiavone, C. Bassot, G. Minervini, V. Petronilli,

F. Argenton, M. Forte, S. Tosatto, G. Lippe, P. Bernardi, EMBO Rep. 18 (7) (2017)
1065-1076.

H. Rottenberg, J.B. Hoek, The path from mitochondrial ROS to aging runs through
the mitochondrial permeability transition pore, Aging Cell 16 (5) (2017) 943-955.
P. Bernardi, F. Di Lisa, The mitochondrial permeability transition pore: molecular
nature and role as a target in cardioprotection, J. Mol. Cell Cardiol. 78 (2015)
100-106.

A.L. Lehninger, Mitochondria and calcium ion transport, Biochem. J. 119 (2)
(1970) 129-138.

K. Wrogemann, S.D. Pena, Mitochondrial calcium overload: a general mechanism
for cell-necrosis in muscle diseases, Lancet 1 (7961) (1976) 672-674.

T.E. Gunter, R.N. Rosier, D.A. Tucker, K.K. Gunter, Uptake of calcium and man-
ganese by rat liver submitochondrial particles, Ann. N.Y. Acad. Sci. 307 (1978)
246-247.

E. Carafoli, The fateful encounter of mitochondria with calcium: how did it
happen? Biochim. Biophys. Acta 1797 (6-7) (2010) 595-606.

I. Drago, P. Pizzo, T. Pozzan, After half a century mitochondrial calcium in- and
efflux machineries reveal themselves, EMBO J. 30 (20) (2011) 4119-4125.

T.R. Figueira, M.H. Barros, A.A. Camargo, R.F. Castilho, J.C. Ferreira,

A.J. Kowaltowski, F.E. Sluse, N.C. Souza-Pinto, A.E. Vercesi, Mitochondria as a
source of reactive oxygen and nitrogen species: from molecular mechanisms to
human health, Antioxid. Redox Signal. 18 (16) (2013) 2029-2074.

F.E. Hunter, L. Ford, Inactivation of oxidative and phosphorylative systems in
mitochondria by preincubation with phosphate and other ions, J. Biol. Chem. 216
(1) (1955) 357-369.

J. Raaflaub, Swelling of isolated mitochondria of the liver and their susceptibility
to physicochemical influences, Helv. Physiol. Pharmacol. Acta 11 (2) (1953)
142-156.

D.F. Tapley, The effect of thyroxine and other substances on the swelling of iso-
lated rat liver mitochondria, J. Biol. Chem. 222 (1) (1956) 325-339.

B. Chance, On possible mechanisms for the control of electron transport in the
respiratory chain, in: Proceedings 3rd Intern. Congr. Biochem Brussels, 1956.
N.E. Saris, Om oxidativ fosfotylering, 1959.

A.L. Lehninger, The mitochondrion: molecular basis of structure and function, in:
L.W.A. Benjamin (Ed.). New York, USA, 1964.

E. Carafoli, Historical review: mitochondria and calcium: ups and downs of an
unusual relationship, Trends Biochem. Sci. 28 (4) (2003) 175-181.

B. Chance, The energy-linked reaction of calcium with mitochondria, J. Biol.
Chem. 240 (1965) 2729-2748.

H.F. Deluca, G.W. Engstrom, Calcium uptake by rat kidney mitochondria, Proc.
Natl. Acad. Sci. USA 47 (1961) 1744-1750.

F.D. Vasington, J.V. Murphy, Ca ion uptake by rat kidney mitochondria and its
dependence on respiration and phosphorylation, J. Biol. Chem. 237 (1962)
2670-2677.

A.L. Lehninger, C.S. Rossi, J.W. Greenawalt, Respiration-dependent accumulation
of inorganic phosphate and Ca ions by rat liver mitochondria, Biochem. Biophys.
Res. Commun. 10 (1963) 444-448.

J. Moyle, P. Mitchell, Electric charge stoicheiometry of calcium translocation in rat
liver mitochondria, FEBS Lett. 73 (2) (1977) 131-136.

J. Moyle, P. Mitchell, Lanthanide-sensitive calcium-monocarboxylate symport in
rat liver mitochondria, FEBS Lett. 84 (1) (1977) 135-140.

K.C. Reed, F.L. Bygrave, A kinetic study of mitochondrial calcium transport, Eur. J.
Biochem. 55 (3) (1975) 497-504.

M.J. Selwyn, A.P. Dawson, S.J. Dunnett, Calcium transport in mitochondria, FEBS
Lett. 10 (1) (1970) 1-5.

M.D. Brand, C.H. Chen, A.L. Lehninger, Stoichiometry of H* ejection during re-
spiration-dependent accumulation of Ca* by rat liver mitochondria, J. Biol.
Chem. 251 (4) (1976) 968-974.

A.L. Lehninger, B. Reynafarje, A. Vercesi, W.P. Tew, Transport and accumulation
of calcium in mitochondria, Ann. N.Y. Acad. Sci. 307 (1978) 160-176.

A.L. Lehninger, Role of phosphate and other proton-donating anions in

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91
[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]

[21]
[22]
[23]

[24]

[25]

[26]
[27]
[28]
[29]

[30]

[31]

[32]



A.E. Vercesi et al.

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

respiration-coupled transport of Ca?* by mitochondria, Proc. Natl. Acad. Sci. USA
71 (4) (1974) 1520-1524.

J.W. Greenawalt, C.S. Rossi, A.L. Lehninger, Effect of active accumulation of
calcium and phosphate ions on the structure of rat liver mitochondria, J. Cell Biol.
23 (1964) 21-38.

E. Carafoli, Mitochondria and disease, in: I. Roman (Ed.), Molecular Aspects of
Medicine, 1980, pp. 295-429.

A. Scarpa, G.F. Azzone, The mechanism of ion translocation in mitochondria. 4.
Coupling of K* efflux with Ca®* uptake, Eur. J. Biochem. 12 (2) (1970) 328-335.
A. Vercesi, B. Reynafarje, A.L. Lehninger, Stoichiometry of H* ejection and Ca®*
uptake coupled to electron transport in rat heart mitochondria, J. Biol. Chem. 253
(18) (1978) 6379-6385.

B. Reynafarje, M.D. Brand, A.L. Lehninger, Evaluation of the H* /site ratio of
mitochondrial electron transport from rate measurements, J. Biol. Chem. 251 (23)
(1976) 7442-7451.

W.E. Jacobus, R. Tiozzo, G. Lugli, A.L. Lehninger, E. Carafoli, Aspects of energy-
linked calcium accumulation by rat heart mitochondria, J. Biol. Chem. 250 (19)
(1975) 7863-7870.

P. Mitchell, Coupling of phosphorylation to electron and hydrogen transfer by a
chemi-osmotic type of mechanism, Nature 191 (1961) 144-148.

A.L. Lehninger, A. Vercesi, E.A. Bababunmi, Regulation of Ca®* release from
mitochondria by the oxidation-reduction state of pyridine nucleotides, Proc. Natl.
Acad. Sci. USA 75 (4) (1978) 1690-1694.

K.J. Kamer, V.K. Mootha, The molecular era of the mitochondrial calcium uni-
porter, Nat. Rev. Mol. Cell Biol. 16 (9) (2015) 545-553.

E. Carafoli, W.X. Balcavage, A.L. Lehninger, J.R. Mattoon, Ca®>* metabolism in
yeast cells and mitochondria, Biochim. Biophys. Acta 205 (1) (1970) 18-26.

R. Docampo, A.E. Vercesi, Ca*>* transport by coupled Trypanosoma cruzi mi-
tochondria in situ, J. Biol. Chem. 264 (1) (1989) 108-111.

R. Docampo, A.E. Vercesi, Characteristics of Ca*>* transport by Trypanosoma cruzi
mitochondria in situ, Arch. Biochem. Biophys. 272 (1) (1989) 122-129.

S.N. Moreno, R. Docampo, A.E. Vercesi, Calcium homeostasis in procyclic and
bloodstream forms of Trypanosoma brucei. Lack of inositol 1,4,5-trisphosphate-
sensitive Ca®* release, J. Biol. Chem. 267 (9) (1992) 6020-6026.

A.E. Vercesi, S.N. Moreno, C.F. Bernardes, A.R. Meinicke, E.C. Fernandes,

R. Docampo, Thapsigargin causes Ca>* release and collapse of the membrane
potential of Trypanosoma brucei mitochondria in situ and of isolated rat liver
mitochondria, J. Biol. Chem. 268 (12) (1993) 8564-8568.

G. Benaim, R. Bermudez, J.A. Urbina, Ca®>" transport in isolated mitochondrial
vesicles from Leishmania braziliensis promastigotes, Mol. Biochem. Parasitol. 39
(1) (1990) 61-68.

A.E. Vercesi, R. Docampo, Ca®* transport by digitonin-permeabilized Leishmania
donovani. Effects of Ca®*, pentamidine and WR-6026 on mitochondrial mem-
brane potential in situ, Biochem. J. 284 (Pt 2) (1992) 463-467.

A.E. Vercesi, D.V. Macedo, S.A. Lima, F.R. Gadelha, R. Docampo, Ca®* transport
in digitonin-permeabilized trypanosomatids, Mol. Biochem. Parasitol. 42 (1)
(1990) 119-124.

R. Docampo, J. Lukes, Trypanosomes and the solution to a 50-year mitochondrial
calcium mystery, Trends Parasitol. 28 (1) (2012) 31-37.

F. Perocchi, V.M. Gohil, H.S. Girgis, X.R. Bao, J.E. McCombs, A.E. Palmer,

V.K. Mootha, MICU1 encodes a mitochondrial EF hand protein required for Ca®*
uptake, Nature 467 (7313) (2010) 291-296.

D. De Stefani, A. Raffaello, E. Teardo, I. Szabo, R. Rizzuto, A forty-kilodalton
protein of the inner membrane is the mitochondrial calcium uniporter, Nature 476
(7360) (2011) 336-340.

J.M. Baughman, F. Perocchi, H.S. Girgis, M. Plovanich, C.A. Belcher-Timme,

Y. Sancak, X.R. Bao, L. Strittmatter, O. Goldberger, R.L. Bogorad, V. Koteliansky,
V.K. Mootha, Integrative genomics identifies MCU as an essential component of
the mitochondrial calcium uniporter, Nature 476 (7360) (2011) 341-345.

R. Docampo, A.E. Vercesi, G. Huang, Mitochondrial calcium transport in trypa-
nosomes, Mol. Biochem. Parasitol. 196 (2) (2014) 108-116.

D. Pendin, E. Greotti, T. Pozzan, The elusive importance of being a mitochondrial
Ca®™ uniporter, Cell Calcium 55 (3) (2014) 139-145.

D.P. Nolan, H.P. Voorheis, The mitochondrion in bloodstream forms of
Trypanosoma brucei is energized by the electrogenic pumping of protons catalysed
by the F1F0-ATPase, Eur. J. Biochem. 209 (1) (1992) 207-216.

A.E. Vercesi, R. Docampo, S.N. Moreno, Energization-dependent Ca®>* accumu-
lation in Trypanosoma brucei bloodstream and procyclic trypomastigotes mi-
tochondria, Mol. Biochem. Parasitol. 56 (2) (1992) 251-257.

B.M. Porcel, F. Denoeud, F. Opperdoes, B. Noel, M.A. Madoui, T.C. Hammarton,
M.C. Field, C. Da Silva, A. Couloux, J. Poulain, M. Katinka, K. Jabbari, J.M. Aury,
D.A. Campbell, R. Cintron, N.J. Dickens, R. Docampo, N.R. Sturm,

V.L. Koumandou, S. Fabre, P. Flegontov, J. Lukes, S. Michaeli, J.C. Mottram,

B. Szo6r, D. Zilberstein, F. Bringaud, P. Wincker, M. Dollet, The streamlined
genome of Phytomonas spp. relative to human pathogenic kinetoplastids reveals a
parasite tailored for plants, PLoS Genet. 10 (2) (2014) e1004007.

N. Lander, M.A. Chiurillo, M.S. Bertolini, R. Docampo, A.E. Vercesi, The mi-
tochondrial calcium uniporter complex in trypanosomes, Cell Biol. Int. (2017).
M.A. Chiurillo, N. Lander, M.S. Bertolini, M. Storey, A.E. Vercesi, R. Docampo,
Different roles of mitochondrial calcium uniporter complex subunits in growth and
infectivity of Trypanosoma cruzi, MBio 8 (3) (2017).

F. Irigoin, N.M. Inada, M.P. Fernandes, L. Piacenza, F.R. Gadelha, A.E. Vercesi,
R. Radi, Mitochondrial calcium overload triggers complement-dependent super-
oxide-mediated programmed cell death in Trypanosoma cruzi, Biochem. J. 418 (3)
(2009) 595-604.

P.L. Bustos, A.E. Perrone, N.A. Milduberger, J. Bua, Mitochondrial permeability

17

[63]

[64]
[65]
[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]
771

[78]

[79]
[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]
[90]

[91]

[92]

[93]

[94]

Free Radical Biology and Medicine 129 (2018) 1-24

transition in protozoan parasites: what we learned from Trypanosoma cruzi, Cell
Death Dis. 8 (9) (2017) e3057.

M.P. Fernandes, N.M. Inada, M.R. Chiaratti, F.F. Aratjo, F.V. Meirelles,

M.T. Correia, L.C. Coelho, M.J. Alves, F.R. Gadelha, A.E. Vercesi, Mechanism of
Trypanosoma cruzi death induced by Cratylia mollis seed lectin, J. Bioenergy
Biomembr. 42 (1) (2010) 69-78.

D.G. Nicholls, The regulation of extramitochondrial free calcium ion concentration
by rat liver mitochondria, Biochem. J. 176 (2) (1978) 463-474.

D.G. Nicholls, M. Crompton, Mitochondrial calcium transport, FEBS Lett. 111 (2)
(1980) 261-268.

D. De Stefani, R. Rizzuto, T. Pozzan, Enjoy the trip: calcium in mitochondria back
and forth, Annu. Rev. Biochem. 85 (2016) 161-192.

J.S. Puskin, T.E. Gunter, K.K. Gunter, P.R. Russell, Evidence for more than one
Ca®* transport mechanism in mitochondria, Biochemistry 15 (17) (1976)
3834-3842.

D.G. Nicholls, I.D. Scott, The regulation of brain mitochondrial calcium-ion
transport. The role of ATP in the discrimination between kinetic and membrane-
potential-dependent calcium-ion efflux mechanisms, Biochem. J. 186 (3) (1980)
833-839.

D. Nicholls, K. Akerman, Mitochondrial calcium transport, Biochim. Biophys. Acta
683 (1) (1982) 57-88.

T. Pozzan, M. Bragadin, G.F. Azzone, Disequilibrium between steady-state Ca**
accumulation ratio and membrane potential in mitochondria. Pathway and role of
Ca®* efflux, Biochemistry 16 (25) (1977) 5618-5625.

E. Murphy, K. Coll, T.L. Rich, J.R. Williamson, Hormonal effects on calcium
homeostasis in isolated hepatocytes, J. Biol. Chem. 255 (14) (1980) 6600-6608.
E. Carafoli, R. Tiozzo, G. Lugli, F. Crovetti, C. Kratzing, The release of calcium
from heart mitochondria by sodium, J. Mol. Cell Cardiol. 6 (4) (1974) 361-371.
M. Crompton, M. Capano, E. Carafoli, Sodium-induced efflux of calcium from
heart-mitochondria - Possible mechanism for regulation of mitochondrial calcium,
Eur. J. Biochem. 69 (2) (1976) 453-462.

D. Jiang, L. Zhao, D.E. Clapham, Genome-wide RNAi screen identifies Letm1 as a
mitochondrial Ca?*/H™ antiporter, Science 326 (5949) (2009) 144-147.

K.E. Coll, S.K. Joseph, B.E. Corkey, J.R. Williamson, Determination of the matrix
free Ca®* concentration and kinetics of Ca®" efflux in liver and heart mitochon-
dria, J. Biol. Chem. 257 (15) (1982) 8696-8704.

M. Bragadin, T. Pozzan, G.F. Azzone, Kinetics of Ca®* carrier in rat liver mi-
tochondria, Biochemistry 18 (26) (1979) 5972-5978.

H. Affolter, E. Carafoli, Hyperbolic kinetics of the electrophoretic carrier of Ca2 +
uptake in liver mitochondria, Eur. J. Biochem. 119 (1) (1981) 199-201.

H. Chweih, R.F. Castilho, T.R. Figueira, Tissue and sex specificities in Ca**
handling by isolated mitochondria in conditions avoiding the permeability tran-
sition, Exp. Physiol. 100 (9) (2015) 1073-1092.

T.E. Gunter, D.R. Pfeiffer, Mechanisms by which mitochondria transport calcium,
Am. J. Physiol. 258 (5 Pt 1) (1990) C755-C786.

E. Carafoli, M. Crompton, The regulation of intracellular calcium by mitochondria,
Ann. N.Y. Acad. Sci. 307 (1978) 269-284.

F.J. Brinley, J.T. Tiffert, L.J. Mullins, A. Scarpa, Kinetic measurement of Ca®*
transport by mitochondria in situ, FEBS Lett. 82 (2) (1977) 197-200.

A.P. Somlyo, M. Bond, A.V. Somlyo, Calcium content of mitochondria and en-
doplasmic reticulum in liver frozen rapidly in vivo, Nature 314 (6012) (1985)
622-625.

R.G. Hansford, F. Castro, Intramitochondrial and extramitochondrial free calcium
ion concentrations of suspensions of heart mitochondria with very low, plausibly
physiological, contents of total calcium, J. Bioenery. Biomembr. 14 (5-6) (1982)
361-376.

R.G. Hansford, Relation between mitochondrial calcium transport and control of
energy metabolism, Rev. Physiol. Biochem. Pharmacol. 102 (1985) 1-72.

H. Streb, R.F. Irvine, M.J. Berridge, I. Schulz, Release of Ca®>* from a non-
mitochondrial intracellular store in pancreatic acinar cells by inositol-1,4,5-tri-
sphosphate, Nature 306 (5938) (1983) 67-69.

G.L. Becker, G. Fiskum, A.L. Lehninger, Regulation of free Ca** by liver mi-
tochondria and endoplasmic reticulum, J. Biol. Chem. 255 (19) (1980)
9009-9012.

B.E. Corkey, K. Tornheim, J.T. Deeney, M.C. Glennon, J.C. Parker,

F.M. Matschinsky, N.B. Ruderman, M. Prentki, Io.M. Functions (Ed.), Integrated
Mitochondrial and Microsomal Regulation of Free Ca?* in Permeabilized
Insulinoma Cells, Pienum Publishing Corp, New York, 1988, pp. 543-550.

R.M. Denton, J.G. McCormack, N.J. Edgell, Role of calcium ions in the regulation
of intramitochondrial metabolism. Effects of Na*, Mg?* and ruthenium red on the
Ca®*-stimulated oxidation of oxoglutarate and on pyruvate dehydrogenase ac-
tivity in intact rat heart mitochondria, Biochem. J. 190 (1) (1980) 107-117.
R.M. Denton, Regulation of mitochondrial dehydrogenases by calcium ions,
Biochim. Biophys. Acta 1787 (11) (2009) 1309-1316.

R.G. Hansford, F. Castro, Role of Ca®* in pyruvate dehydrogenase interconversion
in brain mitochondria and synaptosomes, Biochem. J. 227 (1) (1985) 129-136.
R.G. Hansford, Relation between cytosolic free Ca?* concentration and the control
of pyruvate dehydrogenase in isolated cardiac myocytes, Biochem. J. 241 (1)
(1987) 145-151.

J.G. McCormack, R.M. Denton, The effects of calcium ions and adenine nucleotides
on the activity of pig heart 2-oxoglutarate dehydrogenase complex, Biochem. J.
180 (3) (1979) 533-544.

B. Glancy, R.S. Balaban, Role of mitochondrial Ca®* in the regulation of cellular
energetics, Biochemistry 51 (14) (2012) 2959-2973.

F.W. Heineman, R.S. Balaban, Control of mitochondrial respiration in the heart in
vivo, Annu. Rev. Physiol. 52 (1990) 523-542.



A.E. Vercesi et al.

[95]

[96]

[971

[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]

R. Rizzuto, A.W. Simpson, M. Brini, T. Pozzan, Rapid changes of mitochondrial
Ca®* revealed by specifically targeted recombinant aequorin, Nature 358 (6384)
(1992) 325-327.

R. Rizzuto, T. Pozzan, Microdomains of intracellular Ca?*: molecular determi-
nants and functional consequences, Physiol. Rev. 86 (1) (2006) 369-408.

L. Filippin, P.J. Magalhaes, G. Di Benedetto, M. Colella, T. Pozzan, Stable inter-
actions between mitochondria and endoplasmic reticulum allow rapid accumu-
lation of calcium in a subpopulation of mitochondria, J. Biol. Chem. 278 (40)
(2003) 39224-39234.

C. Garcia-Pérez, G. Hajnéczky, G. Csordds, Physical coupling supports the local
Ca®* transfer between sarcoplasmic reticulum subdomains and the mitochondria
in heart muscle, J. Biol. Chem. 283 (47) (2008) 32771-32780.

R. Rizzuto, M. Brini, M. Murgia, T. Pozzan, Microdomains with high Ca** close to
IP3-sensitive channels that are sensed by neighboring mitochondria, Science 262
(5134) (1993) 744-747.

R. Rizzuto, S. Marchi, M. Bonora, P. Aguiari, A. Bononi, D. De Stefani, C. Giorgi,
S. Leo, A. Rimessi, R. Siviero, E. Zecchini, P. Pinton, , Ca?™ transfer from the ER to
mitochondria: when, how and why, Biochim. Biophys. Acta 1787 (11) (2009)
1342-1351.

R. Rizzuto, P. Pinton, M. Brini, A. Chiesa, L. Filippin, T. Pozzan, Mitochondria as
biosensors of calcium microdomains, Cell Calcium 26 (5) (1999) 193-199.

R. Rizzuto, P. Pinton, W. Carrington, F.S. Fay, K.E. Fogarty, L.M. Lifshitz,

R.A. Tuft, T. Pozzan, Close contacts with the endoplasmic reticulum as determi-
nants of mitochondrial Ca?* responses, Science 280 (5370) (1998) 1763-1766.
G. Szabadkai, K. Bianchi, P. Varnai, D. De Stefani, M.R. Wieckowski, D. Cavagna,
A.IL Nagy, T. Balla, R. Rizzuto, Chaperone-mediated coupling of endoplasmic re-
ticulum and mitochondrial Ca?* channels, J. Cell Biol. 175 (6) (2006) 901-911.
D.M. Booth, B. Enyedi, M. Geiszt, P. Varnai, G. Hajnéczky, Redox nanodomains are
induced by and control calcium signaling at the ER-mitochondrial interface, Mol.
Cell 63 (2) (2016) 240-248.

G. Hajnéczky, G. Csordas, M. Madesh, P. Pacher, The machinery of local Ca®*
signalling between sarco-endoplasmic reticulum and mitochondria, J. Physiol. 529
(Pt 1) (2000) 69-81.

G. Hajnéczky, G. Csordas, M. Yi, Old players in a new role: mitochondria-asso-
ciated membranes, VDAC, and ryanodine receptors as contributors to calcium
signal propagation from endoplasmic reticulum to the mitochondria, Cell Calcium
32 (5-6) (2002) 363-377.

S. Dikalov, Cross talk between mitochondria and NADPH oxidases, Free Radic.
Biol. Med. 51 (7) (2011) 1289-1301.

M. Paillard, E. Tubbs, P.A. Thiebaut, L. Gomez, J. Fauconnier, C.C. Da Silva,

G. Teixeira, N. Mewton, E. Belaidi, A. Durand, M. Abrial, A. Lacampagne,

J. Rieusset, M. Ovize, Depressing mitochondria-reticulum interactions protects
cardiomyocytes from lethal hypoxia-reoxygenation injury, Circulation 128 (14)
(2013) 1555-1565.

P. Bernardi, Mitochondrial transport of cations: channels, exchangers, and per-
meability transition, Physiol. Rev. 79 (4) (1999) 1127-1155.

N. Zamzami, G. Kroemer, The mitochondrion in apoptosis: how Pandora's box
opens, Nat. Rev. Mol. Cell Biol. 2 (1) (2001) 67-71.

K.K. Gunter, T.E. Gunter, Transport of calcium by mitochondria, J. Bioenerg.
Biomembr. 26 (5) (1994) 471-485.

Q. Chen, K. Wang, D. Jiang, Y. Wang, X. Xiao, N. Zhu, M. Li, S. Jia, Blocking mPTP
on neural stem cells and activating the nicotinic acetylcholine receptor a7 subunit
on microglia attenuate AB-induced neurotoxicity on neural stem cells, Neurochem.
Res. 41 (6) (2016) 1483-1495.

M.Z. Rasheed, H. Tabassum, S. Parvez, Mitochondrial permeability transition pore:
a promising target for the treatment of Parkinson's disease, Protoplasma 254 (1)
(2017) 33-42.

R.A. Quintanilla, C. Tapia, M.J. Pérez, Possible role of mitochondrial permeability
transition pore in the pathogenesis of Huntington disease, Biochem. Biophys. Res.
Commun. 483 (4) (2017) 1078-1083.

L.J. Martin, D. Fancelli, M. Wong, M. Niedzwiecki, M. Ballarini, S. Plyte, Q. Chang,
GNX-4728, a novel small molecule drug inhibitor of mitochondrial permeability
transition, is therapeutic in a mouse model of amyotrophic lateral sclerosis, Front.
Cell Neurosci. 8 (2014) 433.

J. Warne, G. Pryce, J.M. Hill, X. Shi, F. Lenneras, F. Puentes, M. Kip, L. Hilditch,
P. Walker, M.I. Simone, A.W. Chan, G.J. Towers, A.R. Coker, M.R. Duchen,

G. Szabadkai, D. Baker, D.L. Selwood, Selective inhibition of the mitochondrial
permeability transition pore protects against neurodegeneration in experimental
multiple sclerosis, J. Biol. Chem. 291 (9) (2016) 4356-4373.

S. Yan, F. Du, L. Wu, Z. Zhang, C. Zhong, Q. Yu, Y. Wang, L.F. Lue, D.G. Walker,
J.T. Douglas, S.S. Yan, F1FO ATP synthase-cyclophilin D interaction contributes to
diabetes-induced synaptic dysfunction and cognitive decline, Diabetes 65 (11)
(2016) 3482-3494.

R. Gordan, N. Fefelova, J.K. Gwathmey, L.H. Xie, Involvement of mitochondrial
permeability transition pore (mPTP) in cardiac arrhythmias: evidence from cy-
clophilin D knockout mice, Cell Calcium 60 (6) (2016) 363-372.

L.C. Shum, N.S. White, S.M. Nadtochiy, K.L. Bentley, P.S. Brookes, J.H. Jonason,
R.A. Eliseev, Cyclophilin, D. Knock-Out Mice, Show enhanced resistance to os-
teoporosis and to metabolic changes observed in aging bone, PLoS One 11 (5)
(2016) e01557009.

J.F. Turrens, Mitochondrial formation of reactive oxygen species, J. Physiol. 552
(Pt 2) (2003) 335-344.

R.S. Balaban, S. Nemoto, T. Finkel, Mitochondria, oxidants, and aging, Cell 120 (4)
(2005) 483-495.

M.P. Murphy, How mitochondria produce reactive oxygen species, Biochem. J.
417 (1) (2009) 1-13.

18

[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]

[149]

[150]

[151]

Free Radical Biology and Medicine 129 (2018) 1-24

Y.J. Suzuki, H.J. Forman, A. Sevanian, Oxidants as stimulators of signal trans-
duction, Free Radic. Biol. Med. 22 (1-2) (1997) 269-285.

W. Droge, Free radicals in the physiological control of cell function, Physiol. Rev.
82 (1) (2002) 47-95.

Y. Collins, E.T. Chouchani, A.M. James, K.E. Menger, H.M. Cochemé,

M.P. Murphy, Mitochondrial redox signalling at a glance, J. Cell Sci. 125 (Pt 4)
(2012) 801-806.

E. Schulz, P. Wenzel, T. Miinzel, A. Daiber, Mitochondrial redox signaling: inter-
action of mitochondrial reactive oxygen species with other sources of oxidative
stress, Antioxid. Redox Signal. 20 (2) (2014) 308-324.

H.S. Wong, P.A. Dighe, V. Mezera, P.A. Monternier, M.D. Brand, Production of
superoxide and hydrogen peroxide from specific mitochondrial sites under dif-
ferent bioenergetic conditions, J. Biol. Chem. 292 (41) (2017) 16804-16809.
A.A. Starkov, G. Fiskum, C. Chinopoulos, B.J. Lorenzo, S.E. Browne, M.S. Patel,
M.F. Beal, Mitochondrial alpha-ketoglutarate dehydrogenase complex generates
reactive oxygen species, J. Neurosci. 24 (36) (2004) 7779-7788.

L. Tretter, V. Adam-Vizi, Generation of reactive oxygen species in the reaction
catalyzed by alpha-ketoglutarate dehydrogenase, J. Neurosci. 24 (36) (2004)
7771-7778.

M.D. Brand, The sites and topology of mitochondrial superoxide production, Exp.
Gerontol. 45 (7-8) (2010) 466-472.

A.R. Cardoso, P.A. Kakimoto, A.J. Kowaltowski, Diet-sensitive sources of reactive
oxygen species in liver mitochondria: role of very long chain acyl-CoA dehy-
drogenases, PLoS One 8 (10) (2013) e77088.

P.A. Kakimoto, F.K. Tamaki, A.R. Cardoso, S.R. Marana, A.J. Kowaltowski, H202
release from the very long chain acyl-CoA dehydrogenase, Redox Biol. 4 (2015)
375-380.

C.C. Caldeira da Silva, F.M. Cerqueira, L.F. Barbosa, M.H. Medeiros,

A.J. Kowaltowski, Mild mitochondrial uncoupling in mice affects energy meta-
bolism, redox balance and longevity, Aging Cell 7 (4) (2008) 552-560.

K.S. Echtay, D. Roussel, J. St-Pierre, M.B. Jekabsons, S. Cadenas, J.A. Stuart,
J.A. Harper, S.J. Roebuck, A. Morrison, S. Pickering, J.C. Clapham, M.D. Brand,
Superoxide activates mitochondrial uncoupling proteins, Nature 415 (6867)
(2002) 96-99.

H.T. Facundo, J.G. de Paula, A.J. Kowaltowski, Mitochondrial ATP-sensitive K+
channels are redox-sensitive pathways that control reactive oxygen species pro-
duction, Free Radic. Biol. Med. 42 (7) (2007) 1039-1048.

P. Jezek, B. Holendovd, K.D. Garlid, M. Jaburek, Mitochondrial uncoupling pro-
teins: subtle regulators of cellular redox signaling, Antioxid. Redox Signal. (2018).
A. Négre-Salvayre, C. Hirtz, G. Carrera, R. Cazenave, M. Troly, R. Salvayre,

L. Pénicaud, L. Casteilla, A role for uncoupling protein-2 as a regulator of mi-
tochondrial hydrogen peroxide generation, FASEB J. 11 (10) (1997) 809-815.
L.A. Sturtz, K. Diekert, L.T. Jensen, R. Lill, V.C. Culotta, A fraction of yeast Cu,Zn-
superoxide dismutase and its metallochaperone, CCS, localize to the inter-
membrane space of mitochondria. A physiological role for SOD1 in guarding
against mitochondrial oxidative damage, J. Biol. Chem. 276 (41) (2001)
38084-38089.

AK. Holley, V. Bakthavatchalu, J.M. Velez-Roman, D.K. St Clair, Manganese su-
peroxide dismutase: guardian of the powerhouse, Int. J. Mol. Sci. 12 (10) (2011)
7114-7162.

H. Nohl, D. Hegner, Evidence for the existence of catalase in the matrix space of
rat-heart mitochondria, FEBS Lett. 89 (1) (1978) 126-130.

R. Radi, J.F. Turrens, L.Y. Chang, K.M. Bush, J.D. Crapo, B.A. Freeman, Detection
of catalase in rat heart mitochondria, J. Biol. Chem. 266 (32) (1991)
22028-22034.

M. Salvi, V. Battaglia, A.M. Brunati, N. La Rocca, E. Tibaldi, P. Pietrangeli,

L. Marcocci, B. Mondovi, C.A. Rossi, A. Toninello, Catalase takes part in rat liver
mitochondria oxidative stress defense, J. Biol. Chem. 282 (33) (2007)
24407-24415.

F. Gomes, F.R. Palma, M.H. Barros, E.T. Tsuchida, H.G. Turano, T.G.P. Alegria,
M. Demasi, L.E.S. Netto, Proteolytic cleavage by the inner membrane peptidase
(IMP) complex or Octl peptidase controls the localization of the yeast peroxir-
edoxin Prx1 to distinct mitochondrial compartments, J. Biol. Chem. 292 (41)
(2017) 17011-17024.

P. Kritsiligkou, A. Chatzi, G. Charalampous, A. Mironov, C.M. Grant, K. Tokatlidis,
Unconventional targeting of a thiol peroxidase to the mitochondrial inter-
membrane space facilitates oxidative protein folding, Cell Rep. 18 (11) (2017)
2729-2741.

E.S. Arnér, A. Holmgren, Physiological functions of thioredoxin and thioredoxin
reductase, Eur. J. Biochem. 267 (20) (2000) 6102-6109.

C.C. Winterbourn, The biological chemistry of hydrogen peroxide, Methods
Enzymol. 528 (2013) 3-25.

J.B. Hoek, J. Rydstrom, Physiological roles of nicotinamide nucleotide transhy-
drogenase, Biochem. J. 254 (1) (1988) 1-10.

L.A. Sazanov, J.B. Jackson, Proton-translocating transhydrogenase and NAD- and
NADP-linked isocitrate dehydrogenases operate in a substrate cycle which con-
tributes to fine regulation of the tricarboxylic acid cycle activity in mitochondria,
FEBS Lett. 344 (2-3) (1994) 109-116.

J.A. Ronchi, A. Francisco, L.A. Passos, T.R. Figueira, R.F. Castilho, The contribu-
tion of nicotinamide nucleotide transhydrogenase to peroxide detoxification is
dependent on the respiratory state and counterbalanced by other sources of
NADPH in liver mitochondria, J. Biol. Chem. 291 (38) (2016) 20173-20187.

J. Rydstrém, Mitochondrial NADPH, transhydrogenase and disease, Biochim.
Biophys. Acta 1757 (5-6) (2006) 721-726.

S. Moncada, E.A. Higgs, The discovery of nitric oxide and its role in vascular
biology, Br. J. Pharmacol. 147 (Suppl. 1) (2006) S193-S201.



A.E. Vercesi et al.

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]
[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]
[177]

[178]

P.S. Brookes, Mitochondrial nitric oxide synthase, Mitochondrion 3 (4) (2004)
187-204.

J.O. Lundberg, M.T. Gladwin, A. Ahluwalia, N. Benjamin, N.S. Bryan, A. Butler,
P. Cabrales, A. Fago, M. Feelisch, P.C. Ford, B.A. Freeman, M. Frenneaux,

J. Friedman, M. Kelm, C.G. Kevil, D.B. Kim-Shapiro, A.V. Kozlov, J.R. Lancaster
Jr., D.J. Lefer, K. McColl, K. McCurry, R.P. Patel, J. Petersson, T. Rassaf,

V.P. Reutov, G.B. Richter-Addo, A. Schechter, S. Shiva, K. Tsuchiya, E.E. van
Faassen, A.J. Webb, B.S. Zuckerbraun, J.L. Zweier, E. Weitzberg, Nitrate and ni-
trite in biology, nutrition and therapeutics, Nat. Chem. Biol. 5 (12) (2009)
865-869.

S. Basu, N.A. Azarova, M.D. Font, S.B. King, N. Hogg, M.T. Gladwin, S. Shiva,
D.B. Kim-Shapiro, Nitrite reductase activity of cytochrome c, J. Biol. Chem. 283
(47) (2008) 32590-32597.

S. Shiva, Z. Huang, R. Grubina, J. Sun, L.A. Ringwood, P.H. MacArthur, X. Xu,
E. Murphy, V.M. Darley-Usmar, M.T. Gladwin, Deoxymyoglobin is a nitrite re-
ductase that generates nitric oxide and regulates mitochondrial respiration, Circ.
Res. 100 (5) (2007) 654-661.

U.B. Hendgen-Cotta, M.W. Merx, S. Shiva, J. Schmitz, S. Becher, J.P. Klare,

H.J. Steinhoff, A. Goedecke, J. Schrader, M.T. Gladwin, M. Kelm, T. Rassaf, Nitrite
reductase activity of myoglobin regulates respiration and cellular viability in
myocardial ischemia-reperfusion injury, Proc. Natl. Acad. Sci. USA 105 (29)
(2008) 10256-10261.

M. Govoni, E.A. Jansson, E. Weitzberg, J.O. Lundberg, The increase in plasma
nitrite after a dietary nitrate load is markedly attenuated by an antibacterial
mouthwash, Nitric Oxide 19 (4) (2008) 333-337.

R. Radi, M. Rodriguez, L. Castro, R. Telleri, Inhibition of mitochondrial electron
transport by peroxynitrite, Arch. Biochem Biophys. 308 (1) (1994) 89-95.

J.O. Lundberg, E. Weitzberg, NO generation from inorganic nitrate and nitrite:
role in physiology, nutrition and therapeutics, Arch. Pharm. Res 32 (8) (2009)
1119-1126.

A.R. Cardoso, B. Chausse, F.M. da Cunha, L.A. Luévano-Martinez, T.B. Marazzi,
P.S. Pessoa, B.B. Queliconi, A.J. Kowaltowski, Mitochondrial compartmentaliza-
tion of redox processes, Free Radic. Biol. Med. 52 (11-12) (2012) 2201-2208.

F. Forner, C. Kumar, C.A. Luber, T. Fromme, M. Klingenspor, M. Mann, Proteome
differences between brown and white fat mitochondria reveal specialized meta-
bolic functions, Cell Metab. 10 (4) (2009) 324-335.

M.W.J. Cleeter, J.M. Cooper, V.M. Darleyusmar, S. Moncada, A.H.V. Schapira,
Reversible inhibition of cytochrome-C-oxidase, the terminal enzyme of the mi-
tochondrial respiratory-chain, by nitric-oxide - implications for neurodegenerative
diseases, FEBS Lett. 345 (1) (1994) 50-54.

E. Nisoli, E. Clementi, C. Paolucci, V. Cozzi, C. Tonello, C. Sciorati, R. Bracale,
A. Valerio, M. Francolini, S. Moncada, M.O. Carruba, Mitochondrial biogenesis in
mammals: the role of endogenous nitric oxide, Science 299 (5608) (2003)
896-899.

M. Palacios-Callender, M. Quintero, V.S. Hollis, R.J. Springett, S. Moncada,
Endogenous NO regulates superoxide production at low oxygen concentrations by
modifying the redox state of cytochrome c oxidase, Proc. Natl. Acad. Sci. USA 101
(20) (2004) 7630-7635.

R. Radi, M. Rodriguez, L. Castro, R. Telleri, Inhibition of mitochondrial electron-
transport by peroxynitrite, Arch. Biochem. Biophys. 308 (1) (1994) 89-95.

M. Schweizer, C. Richter, Nitric-oxide potently and reversibly deenergizes mi-
tochondria at low-oxygen tension, Biochem. Biophys. Res. Commun. 204 (1)
(1994) 169-175.

R. Radi, A. Cassina, R. Hodara, Nitric oxide and peroxynitrite interactions with
mitochondria, Biol. Chem. 383 (3-4) (2002) 401-409.

R. Radi, Peroxynitrite, a stealthy biological oxidant, J. Biol. Chem. 288 (37)
(2013) 26464-26472.

J.P. Bolanos, S.J.R. Heales, J.M. Land, J.B. Clark, Effect of peroxynitrite on the
mitochondrial respiratory-chain - differential susceptibility of neurons and astro-
cytes in primary culture, J. Neurochem. 64 (5) (1995) 1965-1972.

A. Cassina, R. Radi, Differential inhibitory action of nitric oxide and peroxynitrite
on mitochondrial electron transport, Arch. Biochem. Biophys. 328 (2) (1996)
309-316.

G. Ferrer-Sueta, N. Campolo, M. Trujillo, S. Bartesaghi, S. Carballal, N. Romero,
B. Alvarez, R. Radi, Biochemistry of peroxynitrite and protein tyrosine nitration,
Chem. Rev. 118 (3) (2018) 1338-1408.

L. Biasutto, M. Azzolini, I. Szabo, M. Zoratti, The mitochondrial permeability
transition pore in AD 2016: an update, Biochim. Biophys. Acta 1863 (10) (2016)
2515-2530.

F. Ichas, J.P. Mazat, From calcium signaling to cell death: two conformations for
the mitochondrial permeability transition pore. Switching from low- to high-
conductance state, Biochim. Biophys. Acta 1366 (1-2) (1998) 33-50.

E.B. Zago, R.F. Castilho, A.E. Vercesi, The redox state of endogenous pyridine
nucleotides can determine both the degree of mitochondrial oxidative stress and
the solute selectivity of the permeability transition pore, FEBS Lett. 478 (1-2)
(2000) 29-33.

C.F. Bernardes, L. Pereira da Silva, A.E. Vercesi, t-Butylhydroperoxide-induced
Ca®*efflux from liver mitochondria in the presence of physiological concentra-
tions of Mg?* and ATP, Biochim. Biophys. Acta 850 (1) (1986) 41-48.

A.E. Vercesi, Dissociation of NAD(P) " -stimulated mitochondrial Ca? " efflux from
swelling and membrane damage, Arch. Biochem. Biophys. 232 (1) (1984) 86-91.
A.E. Vercesi, Stimulation of mitochondrial Ca®>* efflux by NADP* with main-
tenance of respiratory control, Acad. Bras. Cienc. 57 (3) (1985) 369-375.

A.E. Vercesi, The participation of NADP, the transmembrane potential and the
energy-linked NAD(P) transhydrogenase in the process of Ca®* efflux from rat
liver mitochondria, Arch. Biochem. Biophys. 252 (1) (1987) 171-178.

19

[179]
[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

Free Radical Biology and Medicine 129 (2018) 1-24

A. Rasola, M. Sciacovelli, B. Pantic, P. Bernardi, Signal transduction to the per-
meability transition pore, FEBS Lett. 584 (10) (2010) 1989-1996.

M. Zoratti, 1. Szabo, The mitochondrial permeability transition, Biochim. Biophys.
Acta 1241 (2) (1995) 139-176.

U. Igbavboa, C.W. Zwizinski, D.R. Pfeiffer, Release of mitochondrial matrix pro-
teins through a Ca®*-requiring, cyclosporin-sensitive pathway, Biochem. Biophys.
Res. Commun. 161 (2) (1989) 619-625.

C. Bardella, P.J. Pollard, I. Tomlinson, SDH mutations in cancer, Biochim. Biophys.
Acta 1807 (11) (2011) 1432-1443.

A. Ramazzotti, V. Vanmansart, F. Foury, Mitochondrial functional interactions
between frataxin and Isulp, the iron-sulfur cluster scaffold protein, in
Saccharomyces cerevisiae, FEBS Lett. 557 (1-3) (2004) 215-220.

K.M. Broekemeier, M.E. Dempsey, D.R. Pfeiffer, Cyclosporin A is a potent inhibitor
of the inner membrane permeability transition in liver mitochondria, J. Biol.
Chem. 264 (14) (1989) 7826-7830.

M. Crompton, H. Ellinger, A. Costi, Inhibition by cyclosporin A of a Ca**-de-
pendent pore in heart mitochondria activated by inorganic phosphate and oxi-
dative stress, Biochem. J. 255 (1) (1988) 357-360.

P. Bernardi, A. Krauskopf, E. Basso, V. Petronilli, E. Blachly-Dyson, E. Blalchy-
Dyson, F. Di Lisa, M.A. Forte, The mitochondrial permeability transition from in
vitro artifact to disease target, FEBS J. 273 (10) (2006) 2077-2099.

E.J. Griffiths, A.P. Halestrap, Protection by Cyclosporin A of ischemia/reperfusion-
induced damage in isolated rat hearts, J. Mol. Cell Cardiol. 25 (12) (1993)
1461-1469.

H.T. Facundo, M. Fornazari, A.J. Kowaltowski, Tissue protection mediated by
mitochondrial K" channels, Biochim. Biophys. Acta 1762 (2) (2006) 202-212.
M.J. Hansson, R. Méansson, S. Morota, H. Uchino, T. Kallur, T. Sumi, N. Ishii,

M. Shimazu, M.F. Keep, A. Jegorov, E. Elmér, Calcium-induced generation of re-
active oxygen species in brain mitochondria is mediated by permeability transi-
tion, Free Radic. Biol. Med. 45 (3) (2008) 284-294.

M.B. Jekabsons, K.S. Echtay, M.D. Brand, Nucleotide binding to human un-
coupling protein-2 refolded from bacterial inclusion bodies, Biochem. J. 366 (Pt 2)
(2002) 565-571.

W.J. Koopman, S. Verkaart, H.J. Visch, S. van Emst-de Vries, L.G. Nijtmans,

J.A. Smeitink, P.H. Willems, , Human NADH: ubiquinone oxidoreductase defi-
ciency: radical changes in mitochondrial morphology? Am. J. Physiol. Cell
Physiol. 293 (1) (2007) C22-C29.

K.E. Lansley, P.G. Winyard, J. Fulford, A. Vanhatalo, S.J. Bailey, J.R. Blackwell,
F.J. DiMenna, M. Gilchrist, N. Benjamin, A.M. Jones, Dietary nitrate supple-
mentation reduces the O, cost of walking and running: a placebo-controlled study,
J. Appl. Physiol. 110 (3) (2011) 591-600.

P. Mitchell, Possible molecular mechanisms of the protonmotive function of cy-
tochrome systems, J. Theor. Biol. 62 (2) (1976) 327-367.

H. Nojiri, T. Shimizu, M. Funakoshi, O. Yamaguchi, H. Zhou, S. Kawakami,

Y. Ohta, M. Sami, T. Tachibana, H. Ishikawa, H. Kurosawa, R.C. Kahn, K. Otsu,
T. Shirasawa, Oxidative stress causes heart failure with impaired mitochondrial
respiration, J. Biol. Chem. 281 (44) (2006) 33789-33801.

A. Rimessi, M. Previati, F. Nigro, M.R. Wieckowski, P. Pinton, Mitochondrial re-
active oxygen species and inflammation: molecular mechanisms, diseases and
promising therapies, Int. J. Biochem. Cell Biol. 81 (Pt B) (2016) 281-293.

A.P. Halestrap, P. Pasdois, The role of the mitochondrial permeability transition
pore in heart disease, Biochim. Biophys. Acta 1787 (11) (2009) 1402-1415.
E.N.B. Busanello, A.C. Marques, N. Lander, D.N. de Oliveira, R.R. Catharino,
H.C.F. Oliveira, A.E. Vercesi, Pravastatin chronic treatment sensitizes hypercho-
lesterolemic mice muscle to mitochondrial permeability transition: protection by
creatine or coenzyme Q10, Front. Pharmacol. 8 (2017) 185.

A.P. Halestrap, What is the mitochondrial permeability transition pore? J. Mol.
Cell Cardiol. 46 (6) (2009) 821-831.

V. Izzo, J.M. Bravo-San Pedro, V. Sica, G. Kroemer, L. Galluzzi, Mitochondrial
permeability transition: new findings and persisting uncertainties, Trends Cell
Biol. 26 (9) (2016) 655-667.

V. Giorgio, M.E. Soriano, E. Basso, E. Bisetto, G. Lippe, M.A. Forte, P. Bernardi,
Cyclophilin D in mitochondrial pathophysiology, Biochim. Biophys. Acta 1797
(6-7) (2010) 1113-1118.

J.J. Lemasters, T.P. Theruvath, Z. Zhong, A.L. Nieminen, Mitochondrial calcium
and the permeability transition in cell death, Biochim. Biophys. Acta 1787 (11)
(2009) 1395-1401.

L.J. Martin, Mitochondrial and cell death mechanisms in neurodegenerative dis-
eases, Pharmaceuticals 3 (4) (2010) 839-915.

A.P. Halestrap, K.Y. Woodfield, C.P. Connern, Oxidative stress, thiol reagents, and
membrane potential modulate the mitochondrial permeability transition by af-
fecting nucleotide binding to the adenine nucleotide translocase, J. Biol. Chem.
272 (6) (1997) 3346-3354.

A.W. Leung, P. Varanyuwatana, A.P. Halestrap, The mitochondrial phosphate
carrier interacts with cyclophilin D and may play a key role in the permeability
transition, J. Biol. Chem. 283 (39) (2008) 26312-26323.

S. Shanmughapriya, S. Rajan, N.E. Hoffman, A.M. Higgins, D. Tomar, N. Nemani,
K.J. Hines, D.J. Smith, A. Eguchi, S. Vallem, F. Shaikh, M. Cheung, N.J. Leonard,
R.S. Stolakis, M.P. Wolfers, J. Ibetti, J.K. Chuprun, N.R. Jog, S.R. Houser,

W.J. Koch, J.W. Elrod, M. Madesh, SPG7 is an essential and conserved component
of the mitochondrial permeability transition pore, Mol. Cell 60 (1) (2015) 47-62.
V. Giorgio, S. von Stockum, M. Antoniel, A. Fabbro, F. Fogolari, M. Forte,

G.D. Glick, V. Petronilli, M. Zoratti, I. Szabd, G. Lippe, P. Bernardi, Dimers of
mitochondrial ATP synthase form the permeability transition pore, Proc. Natl.
Acad. Sci. USA 110 (15) (2013) 5887-5892.

K.N. Alavian, G. Beutner, E. Lazrove, S. Sacchetti, H.A. Park, P. Licznerski, H. Li,



A.E. Vercesi et al.

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]
[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

P. Nabili, K. Hockensmith, M. Graham, G.A. Porter, E.A. Jonas, An uncoupling
channel within the c-subunit ring of the FIFO ATP synthase is the mitochondrial
permeability transition pore, Proc. Natl. Acad. Sci. USA 111 (29) (2014)
10580-10585.

M. Bonora, A. Bononi, E. De Marchi, C. Giorgi, M. Lebiedzinska, S. Marchi,

S. Patergnani, A. Rimessi, J.M. Suski, A. Wojtala, M.R. Wieckowski, G. Kroemer,
L. Galluzzi, P. Pinton, Role of the ¢ subunit of the FO ATP synthase in mi-
tochondrial permeability transition, Cell Cycle 12 (4) (2013) 674-683.

T. Azarashvili, I. Odinokova, A. Bakunts, V. Ternovsky, O. Krestinina, J. Tyynel4,
N.E. Saris, Potential role of subunit ¢ of FOF1-ATPase and subunit c of storage body
in the mitochondrial permeability transition. Effect of the phosphorylation status
of subunit ¢ on pore opening, Cell Calcium 55 (2) (2014) 69-77.

M. Bonora, C. Morganti, G. Morciano, G. Pedriali, M. Lebiedzinska-Arciszewska,
G. Aquila, C. Giorgi, P. Rizzo, G. Campo, R. Ferrari, G. Kroemer, M.R. Wieckowski,
L. Galluzzi, P. Pinton, Mitochondrial permeability transition involves dissociation
of F, EMBO Rep. 18 (7) (2017) 1077-1089.

J. He, J. Carroll, S. Ding, I.M. Fearnley, J.E. Walker, Permeability transition in
human mitochondria persists in the absence of peripheral stalk subunits of ATP
synthase, Proc. Natl. Acad. Sci. USA 114 (34) (2017) 9086-9091.

J. He, H.C. Ford, J. Carroll, S. Ding, I.M. Fearnley, J.E. Walker, Persistence of the
mitochondrial permeability transition in the absence of subunit ¢ of human ATP
synthase, Proc. Natl. Acad. Sci. USA 114 (13) (2017) 3409-3414.

M. Gutiérrez-Aguilar, D.L. Douglas, A.K. Gibson, T.L. Domeier, J.D. Molkentin,
C.P. Baines, Genetic manipulation of the cardiac mitochondrial phosphate carrier
does not affect permeability transition, J. Mol. Cell Cardiol. 72 (2014) 316-325.
P. Varanyuwatana, A.P. Halestrap, The roles of phosphate and the phosphate
carrier in the mitochondrial permeability transition pore, Mitochondrion 12 (1)
(2012) 120-125.

J.Q. Kwong, J. Davis, C.P. Baines, M.A. Sargent, J. Karch, X. Wang, T. Huang,
J.D. Molkentin, Genetic deletion of the mitochondrial phosphate carrier desensi-
tizes the mitochondrial permeability transition pore and causes cardiomyopathy,
Cell Death Differ. 21 (8) (2014) 1209-1217.

M.M. Fagian, L. Pereira-da-Silva, I.S. Martins, A.E. Vercesi, Membrane protein
thiol cross-linking associated with the permeabilization of the inner mitochondrial
membrane by Ca?* plus prooxidants, J. Biol. Chem. 265 (32) (1990)
19955-19960.

J.A. Ronchi, A.E. Vercesi, R.F. Castilho, Reactive oxygen species and permeability
transition pore in rat liver and kidney mitoplasts, J. Bioenerg. Biomembr. 43 (6)
(2011) 709-715.

F. Fortes, R.F. Castilho, R. Catisti, E.G. Carnieri, A.E. Vercesi, Ca®>* induces a
cyclosporin A-insensitive permeability transition pore in isolated potato tuber
mitochondria mediated by reactive oxygen species, J. Bioenerg. Biomembr. 33 (1)
(2001) 43-51.

J. Sileikyte, V. Petronilli, A. Zulian, F. Dabbeni-Sala, G. Tognon, P. Nikolov,

P. Bernardi, F. Ricchelli, Regulation of the inner membrane mitochondrial per-
meability transition by the outer membrane translocator protein (peripheral
benzodiazepine receptor), J. Biol. Chem. 286 (2) (2011) 1046-1053.

C.P. Baines, R.A. Kaiser, T. Sheiko, W.J. Craigen, J.D. Molkentin, Voltage-depen-
dent anion channels are dispensable for mitochondrial-dependent cell death, Nat.
Cell Biol. 9 (5) (2007) 550-555.

J.E. Kokoszka, K.G. Waymire, S.E. Levy, J.E. Sligh, J. Cai, D.P. Jones,

G.R. MacGregor, D.C. Wallace, The ADP/ATP translocator is not essential for the
mitochondrial permeability transition pore, Nature 427 (6973) (2004) 461-465.
A. Krauskopf, O. Eriksson, W.J. Craigen, M.A. Forte, P. Bernardi, Properties of the
permeability transition in VDAC1(-/-) mitochondria, Biochim. Biophys. Acta 1757
(5-6) (2006) 590-595.

P. Bernardi, M. Forte, The mitochondrial permeability transition pore, Novartis
Found. Symp. 287 (2007) 157-164 (discussion 164-9).

M.P. Fernandes, A.C. Leite, F.F. Aradjo, S.T. Saad, M.O. Baratti, M.T. Correia,
L.C. Coelho, F.R. Gadelha, A.E. Vercesi, The Cratylia mollis seed lectin induces
membrane permeability transition in isolated rat liver mitochondria and a cy-
closporine a-insensitive permeability transition in Trypanosoma cruzi mitochon-
dria, J. Eukaryot. Microbiol. 61 (4) (2014) 381-388.

P.L. Bustos, B.J. Volta, A.E. Perrone, N. Milduberger, J. Bua, A homolog of cy-
clophilin D is expressed in, Cell Death Discov. 3 (2017) 16092.

A.P. Dawson, M.J. Selwyn, D.V. Fulton, Inhibition of Ca** efflux from mi-
tochondria by nupercaine and tetracaine, Nature 277 (5696) (1979) 484-486.
J.H. Arshad, E.S. Holdsworth, Stimulation of calcium efflux from rat liver mi-
tochondria by adenosine 3’5 cyclic monophosphate, J. Membr. Biol. 57 (3) (1980)
207-212.

H.R. Lotscher, K.H. Winterhalter, E. Carafoli, C. Richter, Hydroperoxides can
modulate the redox state of pyridine nucleotides and the calcium balance in rat
liver mitochondria, Proc. Natl. Acad. Sci. USA 76 (9) (1979) 4340-4344.

D.G. Nicholls, M.D. Brand, The nature of the calcium ion efflux induced in rat liver
mitochondria by the oxidation of endogenous nicotinamide nucleotides, Biochem.
J. 188 (1) (1980) 113-118.

V. Prpi¢, F.L. Bygrave, On the inter-relationship between glucagon action, the
oxidation-reduction state of pyridine nucleotides, and calcium retention by rat
liver mitochondria, J. Biol. Chem. 255 (13) (1980) 6193-6199.

M.C. Beatrice, J.W. Palmer, D.R. Pfeiffer, The relationship between mitochondrial
membrane permeability, membrane potential, and the retention of Ca>* by mi-
tochondria, J. Biol. Chem. 255 (18) (1980) 8663-8671.

Z. Roth, S. Dikstein, Inhibition of ruthenium red-insensitive mitochondrial Ca?*
release and its pyridine nucleotide specificity, Biochem. Biophys. Res. Commun.
105 (3) (1982) 991-996.

J.W. Palmer, D.R. Pfeiffer, The control of Ca?* release from heart mitochondria, J.

20

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

Free Radical Biology and Medicine 129 (2018) 1-24

Biol. Chem. 256 (13) (1981) 6742-6750.

M.E. Bardsley, M.D. Brand, Oxaloacetate- and acetoacetate-induced calcium efflux
from mitochondria occurs by reversal of the uptake pathway, Biochem. J. 202 (1)
(1982) 197-201.

S. Baumbhiiter, C. Richter, The hydroperoxide-induced release of mitochondrial
calcium occurs via a distinct pathway and leaves mitochondria intact, FEBS Lett.
148 (2) (1982) 271-275.

M.C. Beatrice, D.L. Stiers, D.R. Pfeiffer, Increased permeability of mitochondria
during Ca®* release induced by t-butyl hydroperoxide or oxalacetate. the effect of
ruthenium red, J. Biol. Chem. 257 (12) (1982) 7161-7171.

P. Costantini, B.V. Chernyak, V. Petronilli, P. Bernardi, Modulation of the mi-
tochondrial permeability transition pore by pyridine nucleotides and dithiol oxi-
dation at two separate sites, J. Biol. Chem. 271 (12) (1996) 6746-6751.

J.L. Coelho, A.E. Vercesi, Retention of Ca** by rat liver and rat heart mitochon-
dria: effect of phosphate, Mg>*, and NAD(P) redox state, Arch. Biochem. Biophys.
204 (1) (1980) 141-147.

G. Bellomo, S.A. Jewell, H. Thor, S. Orrenius, Regulation of intracellular calcium
compartmentation: studies with isolated hepatocytes and t-butyl hydroperoxide,
Proc. Natl. Acad. Sci. USA 79 (22) (1982) 6842-6846.

H. Sies, P. Graf, J.M. Estrela, Hepatic calcium efflux during cytochrome P-450-
dependent drug oxidations at the endoplasmic reticulum in intact liver, Proc. Natl.
Acad. Sci. USA 78 (6) (1981) 3358-3362.

G. Fiskum, A.L. Lehninger, Regulated release of Ca>* from respiring mitochondria
by Ca?*/2H™ antiport, J. Biol. Chem. 254 (14) (1979) 6236-6239.

C.D. Malis, J.V. Bonventre, Mechanism of calcium potentiation of oxygen free
radical injury to renal mitochondria. A model for post-ischemic and toxic mi-
tochondrial damage, J. Biol. Chem. 261 (30) (1986) 14201-14208.

S.A. Jewell, G. Bellomo, H. Thor, S. Orrenius, M. Smith, Bleb formation in hepa-
tocytes during drug metabolism is caused by disturbances in thiol and calcium ion
homeostasis, Science 217 (4566) (1982) 1257-1259.

H. Thor, M.T. Smith, P. Hartzell, G. Bellomo, S.A. Jewell, S. Orrenius, The meta-
bolism of menadione (2-methyl-1,4-naphthoquinone) by isolated hepatocytes. A
study of the implications of oxidative stress in intact cells, J. Biol. Chem. 257 (20)
(1982) 12419-12425.

B. Frei, C. Richter, Mono(ADP-ribosylation) in rat liver mitochondria,
Biochemistry 27 (2) (1988) 529-535.

W.W. Riley, D.R. Pfeiffer, The effect of Ca®>* and acyl coenzyme A: lysopho-
spholipid acyltransferase inhibitors on permeability properties of the liver mi-
tochondrial inner membrane, J. Biol. Chem. 261 (30) (1986) 14018-14024.
K.M. Broekemeier, P.C. Schmid, M.E. Dempsey, D.R. Pfeiffer, Generation of the
mitochondrial permeability transition does not involve inhibition of lysopho-
spholipid acylation. Acyl-coenzyme A:1-acyllysophospholipid acyltransferase ac-
tivity is not found in rat liver mitochondria, J. Biol. Chem. 266 (31) (1991)
20700-20708.

H.C. Patterson, C. Gerbeth, P. Thiru, N.F. Vogtle, M. Knoll, A. Shahsafaei,

K.E. Samocha, C.X. Huang, M.M. Harden, R. Song, C. Chen, J. Kao, J. Shi,

W. Salmon, Y.D. Shaul, M.P. Stokes, J.C. Silva, G.W. Bell, D.G. MacArthur,

J. Ruland, C. Meisinger, H.F. Lodish, A respiratory chain controlled signal trans-
duction cascade in the mitochondrial intermembrane space mediates hydrogen
peroxide signaling, Proc. Natl. Acad. Sci. USA 112 (42) (2015) E5679-E5688.
C.R. Reczek, N.S. Chandel, ROS-dependent signal transduction, Curr. Opin. Cell
Biol. 33 (2015) 8-13.

Y. Wei, C. Kenyon, Roles for ROS and hydrogen sulfide in the longevity response to
germline loss in Caenorhabditis elegans, Proc. Natl. Acad. Sci. USA 113 (20)
(2016) E2832-E2841.

A.E. Vercesi, Possible participation of membrane thiol groups on the mechanism of
NAD(P) +-stimulated Ca®* efflux from mitochondria, Biochem. Biophys. Res.
Commun. 119 (1) (1984) 305-310.

D. Siliprandi, A. Toninello, F. Zoccarato, N. Siliprandi, A possible mechanism for
respiration-dependent efflux of Mg ions from liver mitochondria, Biochem.
Biophys. Res. Commun. 78 (1) (1977) 23-27.

J. Kurantsin-Mills, L.S. Lessin, Aggregation of intramembrane particles in ery-
throcyte membranes treated with diamide, Biochim. Biophys. Acta 641 (1) (1981)
129-137.

E.J. Harris, H. Baum, Production of thiol groups and retention of calcium ions by
cardiac mitochondria, Biochem. J. 186 (3) (1980) 725-732.

A.E. Vercesi, V.L. Ferraz, D.V. Macedo, G. Fiskum, Ca®*-dependent NAD(P) * -in-
duced alterations of rat liver and hepatoma mitochondrial membrane perme-
ability, Biochem. Biophys. Res. Commun. 154 (3) (1988) 934-941.

V.G. Valle, M.M. Fagian, L.S. Parentoni, A.R. Meinicke, A.E. Vercesi, The partici-
pation of reactive oxygen species and protein thiols in the mechanism of mi-
tochondrial inner membrane permeabilization by calcium plus prooxidants, Arch.
Biochem. Biophys. 307 (1) (1993) 1-7.

A.E. Vercesi, R.F. Castilho, A.R. Meinicke, V.G. Valle, M. Hermes-Lima,

E.J. Bechara, Oxidative damage of mitochondria induced by 5-aminolevulinic
acid: role of Ca®>* and membrane protein thiols, Biochim. Biophys. Acta 1188
(1-2) (1994) 86-92.

A.J. Kowaltowski, R.F. Castilho, M.T. Grijalba, E.J. Bechara, A.E. Vercesi, Effect of
inorganic phosphate concentration on the nature of inner mitochondrial mem-
brane alterations mediated by Ca®* ions. A proposed model for phosphate-sti-
mulated lipid peroxidation, J. Biol. Chem. 271 (6) (1996) 2929-2934.

C.F. Bernardes, J.R. Meyer-Fernandes, D.S. Basseres, R.F. Castilho, A.E. Vercesi,
Ca®*-dependent permeabilization of the inner mitochondrial membrane by 4,4’-
diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS), Biochim. Biophys. Acta 1188
(1-2) (1994) 93-100.

D. Siliprandi, G. Scutari, F. Zoccarato, N. Siliprandi, Action of 'diamide' on some



A.E. Vercesi et al.

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

energy linked processes of rat liver mitochondria, FEBS Lett. 42 (2) (1974)
197-199.

E. Lenartowicz, P. Bernardi, G.F. Azzone, Phenylarsine oxide induces the cyclos-
porin A-sensitive membrane permeability transition in rat liver mitochondria, J.
Bioenerg. Biomembr. 23 (4) (1991) 679-688.

D.V. Macedo, V.L. Ferraz, L. Pereira-da-Silva, A.E. Vercesi, lo.M. Functions (Ed.),
Ca“-Dependent NAD(P) *-Induced Alterations in Membrane Permeability of Rat
Liver Mitochondria, Plenum Publishing Corp., New York, 1988, pp. 535-542.
R.F. Castilho, A.J. Kowaltowski, A.R. Meinicke, E.J. Bechara, A.E. Vercesi,
Permeabilization of the inner mitochondrial membrane by Ca®* ions is stimulated
by t-butyl hydroperoxide and mediated by reactive oxygen species generated by
mitochondria, Free Radic. Biol. Med. 18 (3) (1995) 479-486.

L. He, J.J. Lemasters, Regulated and unregulated mitochondrial permeability
transition pores: a new paradigm of pore structure and function? FEBS Lett. 512(
(1-3) (2002) 1-7.

A.E. Vercesi, A.J. Kowaltowski, M.T. Grijalba, A.R. Meinicke, R.F. Castilho, The
role of reactive oxygen species in mitochondrial permeability transition, Biosci.
Rep. 17 (1) (1997) 43-52.

A.J. Kowaltowski, R.F. Castilho, A.E. Vercesi, Mitochondrial permeability transi-
tion and oxidative stress, FEBS Lett. 495 (1-2) (2001) 12-15.

J. Sun, C. Steenbergen, E. Murphy, S-nitrosylation: NO-related redox signaling to
protect against oxidative stress, Antioxid. Redox Signal. 8 (9-10) (2006)
1693-1705.

A.P. Halestrap, C. Brenner, The adenine nucleotide translocase: a central compo-
nent of the mitochondrial permeability transition pore and key player in cell
death, Curr. Med. Chem. 10 (16) (2003) 1507-1525.

A.V. Vaseva, N.D. Marchenko, K. Ji, S.E. Tsirka, S. Holzmann, U.M. Moll, p53
opens the mitochondrial permeability transition pore to trigger necrosis, Cell 149
(7) (2012) 1536-1548.

B. Chen, M. Xu, H. Zhang, J.X. Wang, P. Zheng, L. Gong, G.J. Wu, T. Dai, Cisplatin-
induced non-apoptotic death of pancreatic cancer cells requires mitochondrial
cyclophilin-D-p53 signaling, Biochem. Biophys. Res. Commun. 437 (4) (2013)
526-531.

L.P. Zhao, C. Ji, P.H. Lu, C. Li, B. Xu, H. Gao, Oxygen glucose deprivation (OGD)/
re-oxygenation-induced in vitro neuronal cell death involves mitochondrial cy-
clophilin-D/P53 signaling axis, Neurochem. Res. 38 (4) (2013) 705-713.

Y.F. Zhen, G.D. Wang, L.Q. Zhu, S.P. Tan, F.Y. Zhang, X.Z. Zhou, X.D. Wang, P53
dependent mitochondrial permeability transition pore opening is required for
dexamethasone-induced death of osteoblasts, J. Cell Physiol. 229 (10) (2014)
1475-1483.

T. Inoue, Y. Yoshida, M. Nishimura, K. Kurosawa, K. Tagawa, Ca® " -induced,
phospholipase-independent injury during reoxygenation of anoxic mitochondria,
Biochim. Biophys. Acta 1140 (3) (1993) 313-320.

N. Takeyama, N. Matsuo, T. Tanaka, Oxidative damage to mitochondria is medi-
ated by the Ca®*-dependent inner-membrane permeability transition, Biochem. J.
294 (Pt 3) (1993) 719-725.

V. Petronilli, P. Costantini, L. Scorrano, R. Colonna, S. Passamonti, P. Bernardi,
The voltage sensor of the mitochondrial permeability transition pore is tuned by
the oxidation-reduction state of vicinal thiols. Increase of the gating potential by
oxidants and its reversal by reducing agents, J. Biol. Chem. 269 (24) (1994)
16638-16642.

D. Carbonera, A. Angrilli, G.F. Azzone, Mechanism of nitrofurantoin toxicity and
oxidative stress in mitochondria, Biochim. Biophys. Acta 936 (1) (1988) 139-147.
M. Hermes-Lima, V.G. Valle, A.E. Vercesi, E.J. Bechara, Damage to rat liver mi-
tochondria promoted by delta-aminolevulinic acid-generated reactive oxygen
species: connections with acute intermittent porphyria and lead-poisoning,
Biochim. Biophys. Acta 1056 (1) (1991) 57-63.

A.J. Kowaltowski, R.F. Castilho, A.E. Vercesi, Ca?"-induced mitochondrial mem-
brane permeabilization: role of coenzyme Q redox state, Am. J. Physiol. 269 (1 Pt
1) (1995) C141-C147.

A.J. Kowaltowski, L.E. Netto, A.E. Vercesi, The thiol-specific antioxidant enzyme
prevents mitochondrial permeability transition. Evidence for the participation of
reactive oxygen species in this mechanism, J. Biol. Chem. 273 (21) (1998)
12766-12769.

A.J. Kowaltowski, R.F. Castilho, A.E. Vercesi, Opening of the mitochondrial per-
meability transition pore by uncoupling or inorganic phosphate in the presence of
Ca®* is dependent on mitochondrial-generated reactive oxygen species, FEBS Lett.
378 (2) (1996) 150-152.

R.F. Castilho, A.J. Kowaltowski, A.R. Meinicke, A.E. Vercesi, Oxidative damage of
mitochondria induced by Fe(I)citrate or t-butyl hydroperoxide in the presence of
Ca®*: effect of coenzyme Q redox state, Free Radic. Biol. Med. 18 (1) (1995)
55-59.

R. Catisti, A.E. Vercesi, The participation of pyridine nucleotides redox state and
reactive oxygen in the fatty acid-induced permeability transition in rat liver mi-
tochondria, FEBS Lett. 464 (1-2) (1999) 97-101.

M.J. Hansson, S. Morota, L. Chen, N. Matsuyama, Y. Suzuki, S. Nakajima,

T. Tanoue, A. Omi, F. Shibasaki, M. Shimazu, Y. Ikeda, H. Uchino, E. Elmér,
Cyclophilin D-sensitive mitochondrial permeability transition in adult human
brain and liver mitochondria, J. Neurotrauma 28 (1) (2011) 143-153.

R.F. Castilho, A.J. Kowaltowski, A.E. Vercesi, The irreversibility of inner mi-
tochondrial membrane permeabilization by Ca®* plus prooxidants is determined
by the extent of membrane protein thiol cross-linking, J. Bioenerg. Biomembr. 28
(6) (1996) 523-529.

M.T. Grijalba, A.E. Vercesi, S. Schreier, Ca®*-induced increased lipid packing and
domain formation in submitochondrial particles. A possible early step in the me-
chanism of Ca®*-stimulated generation of reactive oxygen species by the

21

[286]

[287]

[288]

[289]
[290]
[291]
[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

Free Radical Biology and Medicine 129 (2018) 1-24

respiratory chain, Biochemistry 38 (40) (1999) 13279-13287.

E. Cadenas, A. Boveris, Enhancement of hydrogen peroxide formation by proto-
phores and ionophores in antimycin-supplemented mitochondria, Biochem. J. 188
(1) (1980) 31-37.

P.G. La Guardia, L.C. Alberici, F.G. Ravagnani, R.R. Catharino, A.E. Vercesi,
Protection of rat skeletal muscle fibers by either L-carnitine or coenzyme Q10
against statins toxicity mediated by mitochondrial reactive oxygen generation,
Front. Physiol. 4 (2013) 103.

J.A. Velho, H. Okanobo, G.R. Degasperi, M.Y. Matsumoto, L.C. Alberici,

R.G. Cosso, H.C. Oliveira, A.E. Vercesi, Statins induce calcium-dependent mi-
tochondrial permeability transition, Toxicology 219 (1-3) (2006) 124-132.

R.J. Mailloux, X. Jin, W.G. Willmore, Redox regulation of mitochondrial function
with emphasis on cysteine oxidation reactions, Redox Biol. 2 (2014) 123-139.

L. Agledal, M. Niere, M. Ziegler, The phosphate makes a difference: cellular
functions of NADP, Redox Rep. 15 (1) (2010) 2-10.

F. Yin, H. Sancheti, E. Cadenas, Mitochondrial thiols in the regulation of cell death
pathways, Antioxid. Redox Signal. 17 (12) (2012) 1714-1727.

J. Rydstrom, Mitochondrial NADPH, transhydrogenase and disease, Biochim.
Biophys. Acta 1757 (5-6) (2006) 721-726.

J.H. Leung, L.A. Schurig-Briccio, M. Yamaguchi, A. Moeller, J.A. Speir,

R.B. Gennis, C.D. Stout, Structural biology. Division of labor in transhydrogenase
by alternating proton translocation and hydride transfer, Science 347 (6218)
(2015) 178-181.

J.B. Hoek, J. Rydstrom, Physiological roles of nicotinamide nucleotide transhy-
drogenase, Biochem. J. 254 (1) (1988) 1-10.

A.G. Nickel, A. von Hardenberg, M. Hohl, J.R. Loffler, M. Kohlhaas, J. Becker,
J.C. Reil, A. Kazakov, J. Bonnekoh, M. Stadelmaier, S.L. Puhl, M. Wagner,

I. Bogeski, S. Cortassa, R. Kappl, B. Pasieka, M. Lafontaine, C.R. Lancaster,

T.S. Blacker, A.R. Hall, M.R. Duchen, L. Kastner, P. Lipp, T. Zeller, C. Muller,

A. Knopp, U. Laufs, M. Bohm, M. Hoth, C. Maack, Reversal of mitochondrial
transhydrogenase causes oxidative stress in heart failure, Cell Metab. 22 (3)
(2015) 472-484.

V. Cracan, D.V. Titov, H. Shen, Z. Grabarek, V.K. Mootha, A genetically encoded
tool for manipulation of NADP " /NADPH in living cells, Nat. Chem. Biol. 13 (10)
(2017) 1088-1095.

J. Moyle, P. Mitchell, The proton-translocating nicotinamide-adenine dinucleotide
(phosphate) transhydrogenase of rat liver mitochondria, Biochem. J. 132 (3)
(1973) 571-585.

K. Mekada, K. Abe, A. Murakami, S. Nakamura, H. Nakata, K. Moriwaki, Y. Obata,
A. Yoshiki, Genetic differences among C57BL/6 substrains, Exp. Anim. 58 (2)
(2009) 141-149.

A. Kraev, Parallel universes of black six biology, Biol. Direct 9 (2014) 18.

T.T. Huang, M. Naeemuddin, S. Elchuri, M. Yamaguchi, H.M. Kozy, E.J. Carlson,
C.J. Epstein, Genetic modifiers of the phenotype of mice deficient in mitochondrial
superoxide dismutase, Hum. Mol. Genet. 15 (7) (2006) 1187-1194.

A.A. Toye, J.D. Lippiat, P. Proks, K. Shimomura, L. Bentley, A. Hugill, V. Mijat,
M. Goldsworthy, L. Moir, A. Haynes, J. Quarterman, H.C. Freeman, F.M. Ashcroft,
R.D. Cox, A genetic and physiological study of impaired glucose homeostasis
control in C57BL/6J mice, Diabetologia 48 (4) (2005) 675-686.

T.R. Figueira, A word of caution concerning the use of Nnt-mutated C57BL/6 mice
substrains as experimental models to study metabolism and mitochondrial pa-
thophysiology, Exp. Physiol. 98 (11) (2013) 1643.

C.D.C. Navarro, T.R. Figueira, A. Francisco, G.A. Dal'Bo, J.A. Ronchi, J.C. Rovani,
C.A.F. Escanhoela, H.C.F. Oliveira, R.F. Castilho, A.E. Vercesi, Redox imbalance
due to the loss of mitochondrial NAD(P)-transhydrogenase markedly aggravates
high fat diet-induced fatty liver disease in mice, Free Radic. Biol. Med. 113 (2017)
190-202.

D.A. Fontaine, D.B. Davis, Attention to background strain is essential for metabolic
research: C57BL/6 and the international knockout mouse consortium, Diabetes 65
(1) (2016) 25-33.

I. Ingold, C. Berndt, S. Schmitt, S. Doll, G. Poschmann, K. Buday, A. Roveri,

X. Peng, F. Porto Freitas, T. Seibt, L. Mehr, M. Aichler, A. Walch, D. Lamp,

M. Jastroch, S. Miyamoto, W. Wurst, F. Ursini, E.S.J. Arner, N. Fradejas-Villar,
U. Schweizer, H. Zischka, J.P. Friedmann Angeli, M. Conrad, Selenium utilization
by GPX4 is required to prevent hydroperoxide-induced ferroptosis, Cell 172 (3)
(2018) 409-422 (e21).

M. Bourdi, J.S. Davies, L.R. Pohl, Mispairing C57BL/6 substrains of genetically
engineered mice and wild-type controls can lead to confounding results as it did in
studies of JNK2 in acetaminophen and concanavalin A liver injury, Chem. Res.
Toxicol. 24 (6) (2011) 794-796.

J.A. Ronchi, T.R. Figueira, F.G. Ravagnani, H.C. Oliveira, A.E. Vercesi,

R.F. Castilho, A spontaneous mutation in the nicotinamide nucleotide transhy-
drogenase gene of C57BL/6J mice results in mitochondrial redox abnormalities,
Free Radic. Biol. Med. 63 (2013) 446-456.

K.H. Fisher-Wellman, C.T. Lin, T.E. Ryan, L.R. Reese, L.A. Gilliam, B.L. Cathey,
D.S. Lark, C.D. Smith, D.M. Muoio, P.D. Neufer, Pyruvate dehydrogenase complex
and nicotinamide nucleotide transhydrogenase constitute an energy-consuming
redox circuit, Biochem. J. 467 (2) (2015) 271-280.

E. Meimaridou, J. Kowalczyk, L. Guasti, C.R. Hughes, F. Wagner, P. Frommolt,
P. Nurnberg, N.P. Mann, R. Banerjee, H.N. Saka, J.P. Chapple, P.J. King,

AlJ. Clark, L.A. Metherell, Mutations in NNT encoding nicotinamide nucleotide
transhydrogenase cause familial glucocorticoid deficiency, Nat. Genet. 44 (7)
(2012) 740-742.

S. Spahis, E. Delvin, J.M. Borys, E. Levy, Oxidative stress as a critical factor in
nonalcoholic fatty liver disease pathogenesis, Antioxid. Redox Signal. (2016).

C. Richter, V. Gogvadze, R. Schlapbach, M. Schweizer, J. Schlegel, Nitric oxide



A.E. Vercesi et al.

[312]

[313]
[314]
[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]
[332]
[333]

[334]

[335]

[336]

kills hepatocytes by mobilizing mitochondrial calcium, Biochem. Biophys. Res.
Commun. 205 (2) (1994) 1143-1150.

C.E. Cooper, C. Giulivi, Nitric oxide regulation of mitochondrial oxygen con-
sumption II: molecular mechanism and tissue physiology, Am. J. Physiol. Cell
Physiol. 292 (6) (2007) C1993-C2003.

F.J. Larsen, E. Weitzberg, J.O. Lundberg, B. Ekblom, Effects of dietary nitrate on
oxygen cost during exercise, Acta Physiol. 191 (1) (2007) 59-66.

M. Balakirev, V.V. Khramtsov, G. Zimmer, Modulation of the mitochondrial per-
meability transition by nitric oxide, Eur. J. Biochem. 246 (3) (1997) 710-718.
M.A. Packer, M.P. Murphy, Peroxynitrite causes calcium efflux from mitochondria
which is prevented by Cyclosporin A, FEBS Lett. 345 (2-3) (1994) 237-240.
M.A. Packer, M.P. Murphy, Peroxynitrite formed by simultaneous nitric oxide and
superoxide generation causes cyclosporin-A-sensitive mitochondrial calcium efflux
and depolarisation, Eur. J. Biochem. 234 (1) (1995) 231-239.

J.L. Scarlett, M.A. Packer, C.M. Porteous, M.P. Murphy, Alterations to glutathione
and nicotinamide nucleotides during the mitochondrial permeability transition
induced by peroxynitrite, Biochem. Pharmacol. 52 (7) (1996) 1047-1055.

F.R. Gadelha, L. Thomson, M.M. Fagian, A.D. Costa, R. Radi, A.E. Vercesi, Ca®"-
independent permeabilization of the inner mitochondrial membrane by perox-
ynitrite is mediated by membrane protein thiol cross-linking and lipid peroxida-
tion, Arch. Biochem. Biophys. 345 (2) (1997) 243-250.

L. Castro, M. Rodriguez, R. Radi, Aconitase is readily inactivated by peroxynitrite,
but not by its precursor, nitric oxide, J. Biol. Chem. 269 (47) (1994) 29409-29415.
S. Hortelano, B. Dallaporta, N. Zamzami, T. Hirsch, S.A. Susin, I. Marzo, L. Bosca,
G. Kroemer, Nitric oxide induces apoptosis via triggering mitochondrial perme-
ability transition, FEBS Lett. 410 (2-3) (1997) 373-377.

P.S. Brookes, E.P. Salinas, K. Darley-Usmar, J.P. Eiserich, B.A. Freeman,

V.M. Darley-Usmar, P.G. Anderson, Concentration-dependent effects of nitric
oxide on mitochondrial permeability transition and cytochrome c release, J. Biol.
Chem. 275 (27) (2000) 20474-20479.

A.C. Leite, H.C. Oliveira, F.L. Utino, R. Garcia, L.C. Alberici, M.P. Fernandes,
R.F. Castilho, A.E. Vercesi, Mitochondria generated nitric oxide protects against
permeability transition via formation of membrane protein S-nitrosothiols,
Biochim Biophys. Acta 1797 (6-7) (2010) 1210-1216.

J. Sun, M. Morgan, R.F. Shen, C. Steenbergen, E. Murphy, Preconditioning results
in S-nitrosylation of proteins involved in regulation of mitochondrial energetics
and calcium transport, Circ. Res. 101 (11) (2007) 1155-1163.

M.J. Kohr, J. Sun, A. Aponte, G. Wang, M. Gucek, E. Murphy, C. Steenbergen,
Simultaneous measurement of protein oxidation and S-nitrosylation during pre-
conditioning and ischemia/reperfusion injury with resin-assisted capture, Circ.
Res. 108 (4) (2011) 418-426.

M.J. Kohr, A.M. Aponte, J. Sun, G. Wang, E. Murphy, M. Gucek, C. Steenbergen,
Characterization of potential S-nitrosylation sites in the myocardium, Am. J.
Physiol. Heart Circ. Physiol. 300 (4) (2011) H1327-H1335.

T.A. Prime, F.H. Blaikie, C. Evans, S.M. Nadtochiy, A.M. James, C.C. Dahm,
D.A. Vitturi, R.P. Patel, C.R. Hiley, I. Abakumova, R. Requejo, E.T. Chouchani,
T.R. Hurd, J.F. Garvey, C.T. Taylor, P.S. Brookes, R.A. Smith, M.P. Murphy, A
mitochondria-targeted S-nitrosothiol modulates respiration, nitrosates thiols, and
protects against ischemia-reperfusion injury, Proc. Natl. Acad. Sci. USA 106 (26)
(2009) 10764-10769.

B. Lima, G.K. Lam, L. Xie, D.L. Diesen, N. Villamizar, J. Nienaber, E. Messina,

D. Bowles, C.D. Kontos, J.M. Hare, J.S. Stamler, H.A. Rockman, Endogenous S-
nitrosothiols protect against myocardial injury, Proc. Natl. Acad. Sci. USA 106
(15) (2009) 6297-6302.

H. Ohtani, H. Katoh, T. Tanaka, M. Saotome, T. Urushida, H. Satoh, H. Hayashi,
Effects of nitric oxide on mitochondrial permeability transition pore and thiol-
mediated responses in cardiac myocytes, Nitric Oxide 26 (2) (2012) 95-101.
T.T. Nguyen, M.V. Stevens, M. Kohr, C. Steenbergen, M.N. Sack, E. Murphy,
Cysteine 203 of cyclophilin D is critical for cyclophilin D activation of the mi-
tochondrial permeability transition pore, J. Biol. Chem. 286 (46) (2011)
40184-40192.

B.G. Nordestgaard, M.J. Chapman, S.E. Humphries, H.N. Ginsberg, L. Masana,
0.S. Descamps, O. Wiklund, R.A. Hegele, F.J. Raal, J.C. Defesche, A. Wiegman,
R.D. Santos, G.F. Watts, K.G. Parhofer, G.K. Hovingh, P.T. Kovanen, C. Boileau,
M. Averna, J. Borén, E. Bruckert, A.L. Catapano, J.A. Kuivenhoven, P. Pajukanta,
K. Ray, A.F. Stalenhoef, E. Stroes, M.R. Taskinen, A. Tybjarg-Hansen,

E.A.S.C. Panel, Familial hypercholesterolaemia is underdiagnosed and under-
treated in the general population: guidance for clinicians to prevent coronary
heart disease: consensus statement of the European Atherosclerosis Society, Eur.
Heart J. 34 (45) (2013) 3478-3490 (a).

D. Steinberg, The LDL modification hypothesis of atherogenesis: an update, J.
Lipid Res. 50 (Suppl.) (2009) S376-S381.

R. Stocker, J.F. Keaney, Role of oxidative modifications in atherosclerosis, Physiol.
Rev. 84 (4) (2004) 1381-1478.

K.J. Moore, F.J. Sheedy, E.A. Fisher, Macrophages in atherosclerosis: a dynamic
balance, Nat. Rev. Immunol. 13 (10) (2013) 709-721.

A. Yurdagul, A.C. Finney, M.D. Woolard, A.W. Orr, The arterial microenviron-
ment: the where and why of atherosclerosis, Biochem. J. 473 (10) (2016)
1281-1295.

H.C. Oliveira, R.G. Cosso, L.C. Alberici, E.N. Maciel, A.G. Salerno, G.G. Dorighello,
J.A. Velho, E.C. de Faria, A.E. Vercesi, Oxidative stress in atherosclerosis-prone
mouse is due to low antioxidant capacity of mitochondria, FASEB J. 19 (2) (2005)
278-280.

A.E. Vercesi, R.F. Castilho, A.J. Kowaltowski, H.C. Oliveira, Mitochondrial energy
metabolism and redox state in dyslipidemias, IUBMB Life 59 (4-5) (2007)
263-268.

22

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]
[350]

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

Free Radical Biology and Medicine 129 (2018) 1-24

E.M. Vasconcelos, G.R. Degasperi, H.C. de Oliveira, A.E. Vercesi, E.C. de Faria,
L.N. Castilho, Reactive oxygen species generation in peripheral blood monocytes
and oxidized LDL are increased in hyperlipidemic patients, Clin. Biochem. 42 (12)
(2009) 1222-1227.

K.S. McCommis, A.M. McGee, M.H. Laughlin, D.K. Bowles, C.P. Baines,
Hypercholesterolemia increases mitochondrial oxidative stress and enhances the
MPT response in the porcine myocardium: beneficial effects of chronic exercise,
Am. J. Physiol. Regul. Integr. Comp. Physiol. 301 (5) (2011) R1250-R1258.
B.A. Paim, J.A. Velho, R.F. Castilho, H.C. Oliveira, A.E. Vercesi, Oxidative stress in
hypercholesterolemic LDL (low-density lipoprotein) receptor knockout mice is
associated with low content of mitochondrial NADP-linked substrates and is par-
tially reversed by citrate replacement, Free Radic. Biol. Med. 44 (3) (2008)
444-451.

G.L. Pardo-Andreu, B.A. Paim, R.F. Castilho, J.A. Velho, R. Delgado, A.E. Vercesi,
H.C. Oliveira, Mangifera indica L. extract (Vimang) and its main polyphenol
mangiferin prevent mitochondrial oxidative stress in atherosclerosis-prone hy-
percholesterolemic mouse, Pharmacol. Res. 57 (5) (2008) 332-338.

G.G. Dorighello, N.M. Inada, B.A. Paim, G.L. Pardo-Andreu, A.E. Vercesi,

H.C.F. Oliveira, Mangifera indica L. extract (Vimang®) reduces plasma and liver
cholesterol and leucocyte oxidative stress in hypercholesterolemic LDL receptor
deficient mice, Cell Biol. Int (2018).

G.G. Dorighello, B.A. Paim, S.F. Kiihl, M.S. Ferreira, R.R. Catharino, A.E. Vercesi,
H.C. Oliveira, Correlation between mitochondrial reactive oxygen and severity of
atherosclerosis, Oxid. Med. Cell Longev. 2016 (2016) 7843685.

G.G. Dorighello, B.A. Paim, A.C. Leite, A.E. Vercesi, H.C. Oliveira, Spontaneous
experimental atherosclerosis in hypercholesterolemic mice advances with ageing
and correlates with mitochondrial reactive oxygen species, Exp. Gerontol. (2017).
K.A. Oliveira, K.G. Zecchin, L.C. Alberici, R.F. Castilho, A.E. Vercesi, Simvastatin
inducing PC3 prostate cancer cell necrosis mediated by calcineurin and mi-
tochondrial dysfunction, J. Bioenerg. Biomembr. 40 (4) (2008) 307-314.

R.A. Costa, M.P. Fernandes, N.C. de Souza-Pinto, A.E. Vercesi, Protective effects of
l-carnitine and piracetam against mitochondrial permeability transition and PC3
cell necrosis induced by simvastatin, Eur. J. Pharmacol. 701 (1-3) (2013) 82-86.
Y. Ahmadi, A. Ghorbanihaghjo, H. Argani, The balance between induction and
inhibition of mevalonate pathway regulates cancer suppression by statins: a re-
view of molecular mechanisms, Chem. Biol. Interact. 273 (2017) 273-285.

Z. Mei, M. Liang, L. Li, Y. Zhang, Q. Wang, W. Yang, Effects of statins on cancer
mortality and progression: a systematic review and meta-analysis of 95 cohorts
including 1,111,407 individuals, Int. J. Cancer 140 (5) (2017) 1068-1081.

T.J. Schirris, G.H. Renkema, T. Ritschel, N.C. Voermans, A. Bilos, B.G. van
Engelen, U. Brandt, W.J. Koopman, J.D. Beyrath, R.J. Rodenburg, P.H. Willems,
J.A. Smeitink, F.G. Russel, Statin-induced myopathy is associated with mi-
tochondrial complex III inhibition, Cell Metab. 22 (3) (2015) 399-407.

IFD, in: D. Atlas (Ed.) International Diabetes Federation, Brussels, Belgium, 2017.
E.N. Gurzov, D.L. Eizirik, Bcl-2 proteins in diabetes: mitochondrial pathways of f-
cell death and dysfunction, Trends Cell Biol. 21 (7) (2011) 424-431.

C. Malaguti, P.G. La Guardia, A.C. Leite, D.N. Oliveira, R.L. de Lima Zollner,
R.R. Catharino, A.E. Vercesi, H.C. Oliveira, Oxidative stress and susceptibility to
mitochondrial permeability transition precedes the onset of diabetes in auto-
immune non-obese diabetic mice, Free Radic. Res. 48 (12) (2014) 1494-1504.
H. Kikutani, S. Makino, The murine autoimmune diabetes model: NOD and related
strains, Adv. Immunol. 51 (1992) 285-322.

K. Fujimoto, Y. Chen, K.S. Polonsky, G.W. Dorn, Targeting cyclophilin D and the
mitochondrial permeability transition enhances beta-cell survival and prevents
diabetes in Pdx1 deficiency, Proc. Natl. Acad. Sci. USA 107 (22) (2010)
10214-10219.

J.A. Kim, Y. Wei, J.R. Sowers, Role of mitochondrial dysfunction in insulin re-
sistance, Circ. Res. 102 (4) (2008) 401-414.

E.P. Taddeo, R.C. Laker, D.S. Breen, Y.N. Akhtar, B.M. Kenwood, J.A. Liao,

M. Zhang, D.J. Fazakerley, J.L. Tomsig, T.E. Harris, S.R. Keller, J.D. Chow,

K.R. Lynch, M. Chokki, J.D. Molkentin, N. Turner, D.E. James, Z. Yan, K.L. Hoehn,
Opening of the mitochondrial permeability transition pore links mitochondrial
dysfunction to insulin resistance in skeletal muscle, Mol. Metab. 3 (2) (2014)
124-134.

C. Bonnard, A. Durand, S. Peyrol, E. Chanseaume, M.A. Chauvin, B. Morio,

H. Vidal, J. Rieusset, Mitochondrial dysfunction results from oxidative stress in the
skeletal muscle of diet-induced insulin-resistant mice, J. Clin. Investig. 118 (2)
(2008) 789-800.

K. Couturier, I. Hininger, L. Poulet, R.A. Anderson, A.M. Roussel, F. Canini,

C. Batandier, Cinnamon intake alleviates the combined effects of dietary-induced
insulin resistance and acute stress on brain mitochondria, J. Nutr. Biochem. 28
(2016) 183-190.

F. Giacomelli, J. Wiener, Primary myocardial disease in the diabetic mouse. An
ultrastructural study, Lab. Investig. 40 (4) (1979) 460-473.

T.H. Kuo, K.H. Moore, F. Giacomelli, J. Wiener, Defective oxidative metabolism of
heart mitochondria from genetically diabetic mice, Diabetes 32 (9) (1983)
781-787.

S. Boudina, S. Sena, H. Theobald, X. Sheng, J.J. Wright, X.X. Hu, S. Aziz,

J.I. Johnson, H. Bugger, V.G. Zaha, E.D. Abel, Mitochondrial energetics in the
heart in obesity-related diabetes: direct evidence for increased uncoupled re-
spiration and activation of uncoupling proteins, Diabetes 56 (10) (2007)
2457-2466.

E.R. Dabkowski, C.L. Williamson, V.C. Bukowski, R.S. Chapman, S.S. Leonard,
C.J. Peer, P.S. Callery, J.M. Hollander, Diabetic cardiomyopathy-associated dys-
function in spatially distinct mitochondrial subpopulations, Am. J. Physiol. Heart
Circ. Physiol. 296 (2) (2009) H359-H369.



A.E. Vercesi et al.

[362]

[363]

[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

[377]

[378]

[379]
[380]
[381]
[382]
[383]

[384]

[385]

[386]

[387]

[388]

[389]

[390]

R. Ni, T. Cao, S. Xiong, J. Ma, G.C. Fan, J.C. Lacefield, Y. Lu, S. Le Tissier, T. Peng,
Therapeutic inhibition of mitochondrial reactive oxygen species with mito-TEMPO
reduces diabetic cardiomyopathy, Free Radic. Biol. Med. 90 (2016) 12-23.

A. Riojas-Hernéndez, J. Bernal-Ramirez, D. Rodriguez-Mier, F.E. Morales-
Marroquin, E.M. Dominguez-Barragan, C. Borja-Villa, I. Rivera-Alvarez, G. Garcia-
Rivas, J. Altamirano, N. Garcia, Enhanced oxidative stress sensitizes the mi-
tochondrial permeability transition pore to opening in heart from Zucker Fa/fa
rats with type 2 diabetes, Life Sci. 141 (2015) 32-43.

P.1. Moreira, M.S. Santos, A.M. Moreno, R. Seica, C.R. Oliveira, Increased vul-
nerability of brain mitochondria in diabetic (Goto-Kakizaki) rats with aging and
amyloid-beta exposure, Diabetes 52 (6) (2003) 1449-1456.

P.J. Oliveira, T.C. Esteves, R. Seica, A.J. Moreno, M.S. Santos, Calcium-dependent
mitochondrial permeability transition is augmented in the kidney of Goto-Kakizaki
diabetic rat, Diabetes Metab. Res. Rev. 20 (2) (2004) 131-136.

G.S. Bhamra, D.J. Hausenloy, S.M. Davidson, R.D. Carr, M. Paiva, A.M. Wynne,
M.M. Mocanu, D.M. Yellon, Metformin protects the ischemic heart by the Akt-
mediated inhibition of mitochondrial permeability transition pore opening, Basic
Res. Cardiol. 103 (3) (2008) 274-284.

T. Itoh, H. Kouzu, T. Miki, M. Tanno, A. Kuno, T. Sato, D. Sunaga, H. Murase,
T. Miura, Cytoprotective regulation of the mitochondrial permeability transition
pore is impaired in type 2 diabetic Goto-Kakizaki rat hearts, J. Mol. Cell Cardiol.
53 (6) (2012) 870-879.

C.P. Baines, R.A. Kaiser, N.H. Purcell, N.S. Blair, H. Osinska, M.A. Hambleton,
E.W. Brunskill, M.R. Sayen, R.A. Gottlieb, G.W. Dorn, J. Robbins, J.D. Molkentin,
Loss of cyclophilin D reveals a critical role for mitochondrial permeability tran-
sition in cell death, Nature 434 (7033) (2005) 658-662.

M. Tavecchio, S. Lisanti, M.J. Bennett, L.R. Languino, D.C. Altieri, Deletion of
cyclophilin D impairs B-oxidation and promotes glucose metabolism, Sci. Rep. 5
(2015) 15981.

K. Devalaraja-Narashimha, A.M. Diener, B.J. Padanilam, Cyclophilin D deficiency
prevents diet-induced obesity in mice, FEBS Lett. 585 (4) (2011) 677-682.

S. Luvisetto, E. Basso, V. Petronilli, P. Bernardi, M. Forte, Enhancement of anxiety,
facilitation of avoidance behavior, and occurrence of adult-onset obesity in mice
lacking mitochondrial cyclophilin D, Neuroscience 155 (3) (2008) 585-596.

E. Tubbs, P. Theurey, G. Vial, N. Bendridi, A. Bravard, M.A. Chauvin, J. Ji-Cao,
F. Zoulim, B. Bartosch, M. Ovize, H. Vidal, J. Rieusset, Mitochondria-associated
endoplasmic reticulum membrane (MAM) integrity is required for insulin sig-
naling and is implicated in hepatic insulin resistance, Diabetes 63 (10) (2014)
3279-3294.

R.C. Laker, E.P. Taddeo, Y.N. Akhtar, M. Zhang, K.L. Hoehn, Z. Yan, The mi-
tochondrial permeability transition pore regulator cyclophilin d exhibits tissue-
specific control of metabolic homeostasis, PLoS One 11 (12) (2016) e0167910.
S.F. Yan, R. Ramasamy, A.M. Schmidt, Mechanisms of disease: advanced glycation
end-products and their receptor in inflammation and diabetes complications, Nat.
Clin. Pract. Endocrinol. Metab. 4 (5) (2008) 285-293.

S. Yamagishi, S. Maeda, T. Matsui, S. Ueda, K. Fukami, S. Okuda, Role of advanced
glycation end products (AGEs) and oxidative stress in vascular complications in
diabetes, Biochim. Biophys. Acta 1820 (5) (2012) 663-671.

K. Seo, S.H. Ki, S.M. Shin, Methylglyoxal induces mitochondrial dysfunction and
cell death in liver, Toxicol. Res. 30 (3) (2014) 193-198.

K.S. Suh, E.M. Choi, S.Y. Rhee, Y.S. Kim, Methylglyoxal induces oxidative stress
and mitochondrial dysfunction in osteoblastic MC3T3-E1 cells, Free Radic. Res. 48
(2) (2014) 206-217.

M.T. Coughlan, D.R. Thorburn, S.A. Penfold, A. Laskowski, B.E. Harcourt,

K.C. Sourris, A.L. Tan, K. Fukami, V. Thallas-Bonke, P.P. Nawroth, M. Brownlee,
A. Bierhaus, M.E. Cooper, J.M. Forbes, RAGE-induced cytosolic ROS promote
mitochondrial superoxide generation in diabetes, J. Am. Soc. Nephrol. 20 (4)
(2009) 742-752.

P.A. Kakimoto, A.J. Kowaltowski, Effects of high fat diets on rodent liver bioe-
nergetics and oxidative imbalance, Redox Biol. 8 (2016) 216-225.

V.P. Skulachev, Fatty acid circuit as a physiological mechanism of uncoupling of
oxidative phosphorylation, FEBS Lett. 294 (3) (1991) 158-162.

H.A. Lardy, B.C. Pressman, Effect of surface active agents on the latent ATPase of
mitochondria, Biochim Biophys. Acta 21 (3) (1956) 458-466.

M. Klingenberg, Uncoupling proteins — how do they work and how are they
regulated, IUBMB Life 52 (3-5) (2001) 175-179.

P. Jezek, Possible physiological roles of mitochondrial uncoupling proteins —
UCPn, Int. J. Biochem. Cell Biol. 34 (10) (2002) 1190-1206.

M.R. Wieckowski, L. Wojtczak, Fatty acid-induced uncoupling of oxidative phos-
phorylation is partly due to opening of the mitochondrial permeability transition
pore, FEBS Lett. 423 (3) (1998) 339-342.

M. Di Paola, M. Lorusso, Interaction of free fatty acids with mitochondria: cou-
pling, uncoupling and permeability transition, Biochim. Biophys. Acta 1757
(9-10) (2006) 1330-1337.

R. Harmancey, C.R. Wilson, H. Taegtmeyer, Adaptation and maladaptation of the
heart in obesity, Hypertension 52 (2) (2008) 181-187.

L. Pereira, J. Matthes, I. Schuster, H.H. Valdivia, S. Herzig, S. Richard,

A.M. Gémez, Mechanisms of [Ca®" ]i transient decrease in cardiomyopathy of db/
db type 2 diabetic mice, Diabetes 55 (3) (2006) 608-615.

G.D. Lopaschuk, C.D. Folmes, W.C. Stanley, Cardiac energy metabolism in obesity,
Circ. Res. 101 (4) (2007) 335-347.

K. Ballal, C.R. Wilson, R. Harmancey, H. Taegtmeyer, Obesogenic high fat western
diet induces oxidative stress and apoptosis in rat heart, Mol. Cell Biochem. 344
(1-2) (2010) 221-230.

C.L. Williamson, E.R. Dabkowski, W.A. Baseler, T.L. Croston, S.E. Alway,

J.M. Hollander, Enhanced apoptotic propensity in diabetic cardiac mitochondria:

23

[391]

[392]

[393]

[394]

[395]

[396]

[3971]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

[410]

[411]

[412]

[413]

[414]

[415]

[416]

Free Radical Biology and Medicine 129 (2018) 1-24

influence of subcellular spatial location, Am. J. Physiol. Heart Circ. Physiol. 298
(2) (2010) H633-H642.

B. Littlejohns, P. Pasdois, S. Duggan, A.R. Bond, K. Heesom, C.L. Jackson,

G.D. Angelini, A.P. Halestrap, M.S. Suleiman, Hearts from mice fed a non-obeso-
genic high-fat diet exhibit changes in their oxidative state, calcium and mi-
tochondria in parallel with increased susceptibility to reperfusion injury, PLoS One
9 (6) (2014) e100579.

K. Begriche, J. Massart, M.A. Robin, F. Bonnet, B. Fromenty, Mitochondrial
adaptations and dysfunctions in nonalcoholic fatty liver disease, Hepatology 58
(4) (2013) 1497-1507.

L.C. Alberici, H.C. Oliveira, E.J. Bighetti, E.C. de Faria, G.R. Degaspari, C.T. Souza,
A.E. Vercesi, Hypertriglyceridemia increases mitochondrial resting respiration and
susceptibility to permeability transition, J. Bioenerg. Biomembr. 35 (5) (2003)
451-457.

A.G. Salerno, T.R. Silva, M.E. Amaral, L.C. Alberici, M.L. Bonfleur, P.R. Patricio,
E.P. Francesconi, D.M. Grassi-Kassisse, A.E. Vercesi, A.C. Boschero, H.C. Oliveira,
Overexpression of apolipoprotein CIII increases and CETP reverses diet-induced
obesity in transgenic mice, Int. J. Obes. 31 (10) (2007) 1586-1595.

H.F. Raposo, A.A. Paiva, L.S. Kato, H.C. de Oliveira, Apolipoprotein CIII over-
expression exacerbates diet-induced obesity due to adipose tissue higher exo-
genous lipid uptake and retention and lower lipolysis rates, Nutr. Metab. 12
(2015) 61.

A.A. Paiva, H.F. Raposo, A.C. Wanschel, T.R. Nardelli, H.C. Oliveira,
Apolipoprotein CIII overexpression-induced hypertriglyceridemia increases non-
alcoholic fatty liver disease in association with inflammation and cell death, Oxid.
Med. Cell Longev. 2017 (2017) 1838679.

G.P. Zaloga, K.A. Harvey, W. Stillwell, R. Siddiqui, Trans fatty acids and coronary
heart disease, Nutr. Clin. Pract. 21 (5) (2006) 505-512.

P.C. de Velasco, G. Chicaybam, D.M. Ramos-Filho, R.M.A.R. Dos Santos,

C. Mairink, F.L.C. Sardinha, T. El-Bacha, A. Galina, M.D.G. Tavares-do-Carmo,
Maternal intake of trans-unsaturated or interesterified fatty acids during preg-
nancy and lactation modifies mitochondrial bioenergetics in the liver of adult
offspring in mice, Br. J. Nutr. 118 (1) (2017) 41-52.

R.S. Sohal, M.J. Forster, Caloric restriction and the aging process: a critique, Free
Radic. Biol. Med. 73 (2014) 366-382.

I. Amigo, S.L. Menezes-Filho, L.A. Luévano-Martinez, B. Chausse,

A.J. Kowaltowski, Caloric restriction increases brain mitochondrial calcium re-
tention capacity and protects against excitotoxicity, Aging Cell 16 (1) (2017)
73-81.

S.L. Menezes-Filho, I. Amigo, F.M. Prado, N.C. Ferreira, M.K. Koike, L.F.D. Pinto,
S. Miyamoto, E.F.S. Montero, M.H.G. Medeiros, A.J. Kowaltowski, Caloric re-
striction protects livers from ischemia/reperfusion damage by preventing Ca, Free
Radic. Biol. Med. 110 (2017) 219-227.

L.A. Luévano-Martinez, M.F. Forni, J. Peloggia, 1.S. Watanabe, A.J. Kowaltowski,
Calorie restriction promotes cardiolipin biosynthesis and distribution between
mitochondrial membranes, Mech. Ageing Dev. 162 (2017) 9-17.

S. Anderson, A.T. Bankier, B.G. Barrell, M.H. de Bruijn, A.R. Coulson, J. Drouin,
1.C. Eperon, D.P. Nierlich, B.A. Roe, F. Sanger, P.H. Schreier, A.J. Smith, R. Staden,
I.G. Young, Sequence and organization of the human mitochondrial genome,
Nature 290 (5806) (1981) 457-465.

L.C. Greaves, A.K. Reeve, R.W. Taylor, D.M. Turnbull, Mitochondrial, DNA and
disease, J. Pathol. 226 (2) (2012) 274-286.

G.S. Gorman, A.M. Schaefer, Y. Ng, N. Gomez, E.L. Blakely, C.L. Alston, C. Feeney,
R. Horvath, P. Yu-Wai-Man, P.F. Chinnery, R.W. Taylor, D.M. Turnbull,

R. McFarland, Prevalence of nuclear and mitochondrial DNA mutations related to
adult mitochondrial disease, Ann. Neurol. 77 (5) (2015) 753-759.

D.C. Wallace, The mitochondrial genome in human adaptive radiation and dis-
ease: on the road to therapeutics and performance enhancement, Gene 354 (2005)
169-180.

D.F. Bogenhagen, Mitochondrial DNA nucleoid structure, Biochim. Biophys. Acta
1819 (9-10) (2012) 914-920.

M. Albring, J. Griffith, G. Attardi, Association of a protein structure of probable
membrane derivation with HeLa cell mitochondrial DNA near its origin of re-
plication, Proc. Natl. Acad. Sci. USA 74 (4) (1977) 1348-1352.

M. Muftuoglu, M.P. Mori, N.C. de Souza-Pinto, Formation and repair of oxidative
damage in the mitochondrial DNA, Mitochondrion 17 (2014) 164-181.

N. Nissanka, C.T. Moraes, Mitochondrial, DNA damage and reactive oxygen spe-
cies in neurodegenerative disease, FEBS Lett. 592 (5) (2018) 728-742.

A.M. Almeida, C.R. Bertoncini, J. Borecky, N.C. Souza-Pinto, A.E. Vercesi,
Mitochondrial DNA damage associated with lipid peroxidation of the mitochon-
drial membrane induced by Fe®* -citrate, Acad. Bras. Cienc. 78 (3) (2006)
505-514.

I. Shokolenko, N. Venediktova, A. Bochkareva, G.L. Wilson, M.F. Alexeyev,
Oxidative stress induces degradation of mitochondrial DNA, Nucleic Acids Res. 37
(8) (2009) 2539-2548.

D. Shi, S. Liao, S. Guo, H. Li, M. Yang, Z. Tang, Protective effects of selenium on
aflatoxin Bl-induced mitochondrial permeability transition, DNA damage, and
histological alterations in duckling liver, Biol. Trace Elem. Res. 163 (1-2) (2015)
162-168.

C. Ricci, V. Pastukh, S.W. Schaffer, Involvement of the mitochondrial permeability
transition pore in angiotensin II-mediated apoptosis, Exp. Clin. Cardiol. 10 (3)
(2005) 160-164.

A. Guidarelli, M. Fiorani, L. Cerioni, M. Scotti, O. Cantoni, Arsenite induces DNA
damage via mitochondrial ROS and induction of mitochondrial permeability
transition, Biofactors 43 (5) (2017) 673-684.

0. Moiseeva, V. Bourdeau, A. Roux, X. Deschénes-Simard, G. Ferbeyre,



A.E. Vercesi et al.

[417]

[418]

[419]

[420]

[421]

[422]

[423]

[424]

[425]

Mitochondrial dysfunction contributes to oncogene-induced senescence, Mol. Cell
Biol. 29 (16) (2009) 4495-4507.

F. Treulen, P. Uribe, R. Boguen, J.V. Villegas, Mitochondrial permeability transi-
tion increases reactive oxygen species production and induces DNA fragmentation
in human spermatozoa, Hum. Reprod. 30 (4) (2015) 767-776.

A.M. Davies, S. Hershman, G.J. Stabley, J.B. Hoek, J. Peterson, A. Cahill, A Ca2*-
induced mitochondrial permeability transition causes complete release of rat liver
endonuclease G activity from its exclusive location within the mitochondrial in-
termembrane space. Identification of a novel endo-exonuclease activity residing
within the mitochondrial matrix, Nucleic Acids Res. 31 (4) (2003) 1364-1373.
L.Y. Li, X. Luo, X. Wang, Endonuclease G is an apoptotic DNase when released
from mitochondria, Nature 412 (6842) (2001) 95-99.

A. Baracca, S. Barogi, V. Carelli, G. Lenaz, G. Solaini, Catalytic activities of mi-
tochondrial ATP synthase in patients with mitochondrial DNA T8993G mutation
in the ATPase 6 gene encoding subunit a, J. Biol. Chem. 275 (6) (2000)
4177-4182.

W.Y. Huang, M.J. Jou, T.I. Peng, I.P. Tsung, mtDNA T8993G mutation-induced
F1F0-ATP synthase defect augments mitochondrial dysfunction associated with
hypoxia/reoxygenation: the protective role of melatonin, PLoS One 8 (11) (2013)
e81546.

W.Y. Huang, M.J. Jou, T.I. Peng, Hypoxic preconditioning-induced mitochondrial
protection is not disrupted in a cell model of mtDNA T8993G mutation-induced
F1FO0-ATP synthase defect: the role of mitochondrial permeability transition, Free
Radic. Biol. Med. 67 (2014) 314-329.

K. Niedzwiecka, R. Tisi, S. Penna, M. Lichocka, D. Plochocka, R. Kucharczyk, Two
mutations in mitochondrial ATP6 gene of ATP synthase, related to human cancer,
affect ROS, calcium homeostasis and mitochondrial permeability transition in
yeast, Biochim. Biophys. Acta 1865 (1) (2018) 117-131.

S.M. Ware, N. El-Hassan, S.G. Kahler, Q. Zhang, Y.W. Ma, E. Miller, B. Wong,
R.L. Spicer, W.J. Craigen, B.A. Kozel, D.K. Grange, L.J. Wong, Infantile cardio-
myopathy caused by a mutation in the overlapping region of mitochondrial
ATPase 6 and 8 genes, J. Med. Genet. 46 (5) (2009) 308-314.

A. Wong, G. Cortopassi, mtDNA mutations confer cellular sensitivity to oxidant

24

[426]

[427]

[428]

[429]

[430]

[431]

[432]

[433]

[434]

Free Radical Biology and Medicine 129 (2018) 1-24

stress that is partially rescued by calcium depletion and cyclosporin A, Biochem.
Biophys. Res. Commun. 239 (1) (1997) 139-145.

J.L. Mott, D. Zhang, S.W. Chang, H.P. Zassenhaus, Mitochondrial DNA mutations
cause resistance to opening of the permeability transition pore, Biochim. Biophys.
Acta 1757 (5-6) (2006) 596-603.

M. Kubota, T. Kasahara, T. Nakamura, M. Ishiwata, T. Miyauchi, T. Kato,
Abnormal Ca®>* dynamics in transgenic mice with neuron-specific mitochondrial
DNA defects, J. Neurosci. 26 (47) (2006) 12314-12324.

G.C. Kujoth, A. Hiona, T.D. Pugh, S. Someya, K. Panzer, S.E. Wohlgemuth,

T. Hofer, A.Y. Seo, R. Sullivan, W.A. Jobling, J.D. Morrow, H. Van Remmen,
J.M. Sedivy, T. Yamasoba, M. Tanokura, R. Weindruch, C. Leeuwenburgh,

T.A. Prolla, Mitochondrial, DNA mutations, oxidative stress, and apoptosis in
mammalian aging, Science 309 (5733) (2005) 481-484.

A. Trifunovic, A. Hansson, A. Wredenberg, A.T. Rovio, E. Dufour, 1. Khvorostov,
J.N. Spelbrink, R. Wibom, H.T. Jacobs, N.G. Larsson, Somatic mtDNA mutations
cause aging phenotypes without affecting reactive oxygen species production,
Proc. Natl. Acad. Sci. USA 102 (50) (2005) 17993-17998.

A.P. West, G.S. Shadel, Mitochondrial, DNA in innate immune responses and in-
flammatory pathology, Nat. Rev. Immunol. 17 (6) (2017) 363-375.

M. Patrushev, V. Kasymov, V. Patrusheva, T. Ushakova, V. Gogvadze, A. Gaziev,
Mitochondrial permeability transition triggers the release of mtDNA fragments,
Cell Mol. Life Sci. 61 (24) (2004) 3100-3103.

N. Garcia, J.J. Garcia, F. Correa, E. Chévez, The permeability transition pore as a
pathway for the release of mitochondrial DNA, Life Sci. 76 (24) (2005)
2873-2880.

A. Nerlich, M. Mieth, E. Letsiou, D. Fatykhova, K. Zscheppang, A. Imai-
Matsushima, T.F. Meyer, L. Paasch, T.J. Mitchell, M. Tonnies, T.T. Bauer,

P. Schneider, J. Neudecker, J.C. Riickert, S. Eggeling, M. Schimek, M. Witzenrath,
N. Suttorp, S. Hippenstiel, A.C. Hocke, Pneumolysin induced mitochondrial dys-
function leads to release of mitochondrial DNA, Sci. Rep. 8 (1) (2018) 182.

G. Hajnéczky, G. Csordas, Calcium signalling: fishing out molecules of mi-
tochondrial calcium transport, Curr. Biol. 20 (20) (2010) R888-R891.



