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Abstract. Acute myocardial infarction is the leading cause
of cardiovascular-related mortality and chronic heart failure
worldwide. As regards treatment, the reperfusion of ischemic
tissue generates irreversible damage to the myocardium,
which is termed ‘cardiac ischemia-reperfusion (IR) injury’.
Due to the large number of mitochondria in cardiomyocytes,
an increasing number of studies have focused on the roles of
mitochondria in IR injury. The primary causes of IR injury
are reduced oxidative phosphorylation during hypoxia and
the increased production of reactive oxygen species (ROS),
together with the insufficient elimination of these oxidative
species following reperfusion. IR injury includes the oxidation
of DNA, incorrect modifications of proteins, the disruption
of the mitochondrial membrane and respiratory chain, the
loss of mitochondrial membrane potential (AW'm), Ca** over-
load, mitochondrial permeability transition pore formation,
swelling of the mitochondria, and ultimately, cardiomyocyte
necrosis. The present review article discusses the molecular
mechanisms of IR injury, and summarizes the metabolic and
dynamic changes occurring in the mitochondria in response
to IR stress. The mitochondria are strongly recommended as a
target for the development of therapeutic agents; however, the
appropriate use of agents remains a challenge.
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1. Introduction

Ischemia is the disruption of blood flow to tissues, which also
results in the reduction of delivery of oxygen and metabo-
lites to cells (1). Pathological ischemia in the heart results
in oxidative damage, apoptosis and cardiomyocyte death,
which is termed myocardial infarction (MI) (2). The stan-
dard approach for the management of a patient with MI is to
restore blood flow to the ischemic tissue as quickly as possible.
However, this restoration of oxygenated blood causes exten-
sive tissue damage, termed ischemia-reperfusion (IR) injury
or hypoxia-reoxygenation injury (3,4), which may result in
morbidity and mortality in the cardiac intervention following
a heart attack or stroke (5,6), as well as in other pathological
situations, such as acute kidney injury, muscle injury, organ
transplantation, hypovolemic shock and elective surgery (5,7).
MI followed by reperfusion is the major stressor leading to
chronic heart failure (8). However, reducing the irreversible
ischemic damage due to MI and the inevitable IR injury that
occurs during the reperfusion of ischemic tissues remains a
challenge for cardiac therapy.

The mitochondria occupy >30% of the cardiomyocyte
volume, provide 95% of adenosine triphosphate (ATP) gener-
ated through oxidative phosphorylation (OXPHOS) for the
beating of the heart, and serve as the metabolic hub for the
citric acid cycle and fatty acid -oxidation (3,8,9). IR damages
the mitochondrial respiratory chain, and accompanied by
ATP depletion, results in the accumulation of mitochondrial
reactive oxygen species (ROS; mtROS; ROS produced by
mitochondria), and oxidative damage on mitochondrial DNA
(mtDNA) or proteins, ultimately leading to necrotic and
apoptotic myocardial cell death. The extent of mitochondrial
damage is a key determinant in the progression of myocardial
IR injury towards to heart failure (10).
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2. Molecular mechanisms underlying IR injury

In the normoxic heart (Fig. 1A), glucose and fatty acids are
oxidized through glycolysis, f-oxidation and the tricarboxylic
acid (TCA) cycle, respectively. The electrons from the final
metabolites nicotinamide adenine dinucleotide reduced form
(NADH; NAD* + H* + 2¢” «+» NADH) and flavin adenine
dinucleotide hydroquinone form (FADH,; FAD + 2H* + 2¢” <
FADH,) reduce oxygen (O,) into water through the electron
transport chain in the mitochondrial cristae membrane and
generate ATP through OXPHOS driven by the protonmotive
force (Ap) (11). During the conventional forward electron
transport, 2e” are transferred from NADH to reduce coen-
zyme Q (CoQ, ubiquinone) into CoQH, (the fully reduced
form of CoQ, ubiquinol), following pumping of 4 protons (4H*)
into the mitochondrial intermembrane space to maintain the
Ap for the later ATP synthesis. If complex I is inhibited by the
CoQ inhibitor rotenone, the flavin mononucleotide (FMN) can
accept the electrons from NADH and reduce O, to generate
superoxide (O,) at complex I (5,12).

Under hypoxic conditions (Fig. 1B), the levels of the
metabolites lactate and succinate are significantly increased in
ischemic tissues. The accumulation of succinate is a primary
metabolic signature of ischemia (13,14), and is considered to
be a consequence of the inhibition of the TCA cycle during
ischemia or anoxia. However, recent studies have proposed
that it may also be due to the reversal of succinate dehydro-
genase (SDH), driven by the electrons transported from the
accumulated CoQH, to fumarate (14,15). Moreover, succi-
nate cannot be further converted into succinyl-coenzyme A
(succinyl-CoA) by succinyl-CoA synthetase due to the deple-
tion of GTP and CoA during ischemia (13,14).

During the reperfusion process (Fig. 1C), the accumulated
succinate is rapidly re-oxidized by the SDH in the mitochon-
drial respiratory chain complex II, resulting in a burst of
superoxide production from complex I by reverse electron
transport (RET). A CoQH, pool and a high Ap are required
to drive RET. The accumulation of CoQH, is formed during
hypoxia and the high Ap is restored from proton pumping by
complexes III and IV within seconds of reoxygenation. RET
occurs when electrons are forced to flow backward from
a reduced CoQ pool through complex I and onto the FMN
to drive superoxide formation. The superoxide generated at
complex I by RET upon reperfusion is considered as the major
source of ROS during IR injury (5,14,15). In addition to the
classic theory described above, there are also other sources of
mtROS which contribute to IR injury, which have been eluci-
dated in recent years, such as the ROS formed by monoamine
oxidases, p66°™ protein and NADH oxidases (16,17).

ROS include free superoxide anions (O,”), hydroxyl
radicals (OH-), non-radical hydrogen peroxide (H,O,) and
peroxynitrite (ONOO) (18). Usually, the superoxide anion
generated in the mitochondrial matrix can be converted by
the manganese-dependent superoxide dismutase (MnSOD,
also known as SOD2) into H,0,, and then further detoxified
by glutathione peroxidase and thioredoxin enzymes into H,O.
The superoxide anion (O,") diffuses into the cytoplasm and
is transformed by copper-zinc-dependent SOD (CuZnSOD,
also known as SOD1) into H,0, (19,20). When the production
of ROS exceeds the defensive capacity of cellular antioxidant
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systems, the excessive ROS cause functional and structural
damage to the cells (21).

Cardiomyocyte oxidative damage is the major conse-
quence of cardiac IR injury; however, some damage can be
attributed to circulating platelets. During cardiac ischemia,
activated platelets induce thrombi formation and occlusion
of microcirculation, which causes secondary ischemia injury
after reperfusion (4,22).

3. Alterations in mitochondrial metabolism during cardiac
IR injury

Oxidative stress. Restoring blood flow and the reoxygenation
of the cardiac tissue following myocardial ischemia generates
excessive quantities of ROS. The accumulation of ROS damages
cellular components (such as proteins, lipid and DNA oxida-
tion), increases the susceptibility of mitochondria and cells, and
accelerates aging and cell death (3,12,21,23). For example, toxic
ROS can damage mitochondrial respiratory complex I via the
oxidation of thiols, which in turn results in the production of
excess ROS during reperfusion (6). The phospholipid cardio-
lipin, which is required for the mitochondrial inner membrane,
and the activities of complexes III and IV in the respiratory
chain, contains a high percentage of unsaturated fatty acids
and is sensitive to peroxidation by ROS (24). Cardiolipin is also
essential in the biochemical functions of several mitochondrial
proteins, such as mitochondrial creatine kinase (mitCK) (24).
mitCK plays an important role in the creatine-phosphocreatine
energy transferring system (25). The mitCK system has been
shown to be damaged by cardiac ischemia and oxidative
stress (26). The burst of ROS from mitochondria during IR not
only causes direct acute damage in cells or tissues, but also initi-
ates the long-term inflammatory response following reperfusion
or persistent pathologies such as in chronic heart diseases (7,27).

Carbon stress. During IR, activated acyl-CoA accumulates in
the mitochondrial matrix due to a defective f-oxidation pathway.
The non-enzymatic acylation of lysine residues by acyl-CoA
causes matrix protein dysfunction and aggregation (28-30).

Depletion of NAD*. A damaged mitochondrial respiratory
chain also causes the depletion of NAD*. Since NAD" is
required for ATP synthesis and also for the deacylation of Lys
by sirtuins, NAD" depletion disrupts the pathways for bioen-
ergetics and also the pathways altered by carbon stress (30,31).

Bioenergetic insufficiency (ATP). Mitochondria generate
ATP through OXPHOS within the electron transport chain at
the mitochondrial inner membrane. The lack of oxygen and
respiratory substrates impairs OXPHOS during ischemia (3).
IR injury markedly increases mitochondrial permeability,
and dissipates electron and proton gradients. Furthermore,
mitochondrial electron transport chain subunits lose their
integrity and are degraded under conditions of IR. OXPHOS
is markedly diminished in the abnormal mitochondria, leading
to bioenergetic insufficiency during MI (23).

Formation of mitochondrial permeability transition pore
(mPTP). mPTP is a large conductance channel in the inner
membrane, which is activated by Ca** accumulation (32,33).
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Figure 1. Brief illustration of metabolism via aerobic respiration under normal conditions and the mechanism of mtROS production during ischemia-reper-
fusion in heart cells. (A) Under normal oxygen levels, metabolism is balanced by a series of hydrogen and electron transfer reactions in the respiratory chain.
(B) During ischemia, the oxygen levels are dramatically decreased, and electron transport flow is diminished. Ubiquinone (CoQ) accepts an electron and
transforms into ubiquinol (CoQH,) at complex I. SDH catalyzes the reverse reaction by utilizing the increased levels of CoQH, to reduce fumarate to succinate.
This results in the accumulation of succinate which serves as the final electron sink instead of oxygen. (C) When reperfusion occurs, and oxygen supply is
restored, the succinate is rapidly oxidized into fumarate by forward catalysis by SDH. Due to the slow reestablishment of ATP synthesis, the electrons from the
excess flux of CoQH, are forced backward through FMN in complex I. Production of superoxide is significantly increased, generated from oxygen reduction,
driven by RET together with the high proton-motive force. mtROS, mitochondrial reactive oxygen species; TCA, tricarboxylic acid cycle; I, complex I; FMN,
flavin mononucleotide; I1, complex II; SDH, succinate dehydrogenase; FAD, flavin adenine dinucleotide; I1I, complex III; CytC, cytochrome c; IV, complex IV;

V, complex V (also termed ATP synthase).

Ischemic oxidative damage results in the marked reduction of
mitochondrial membrane potential (A¥m), mitochondrial Ca*
bursts and the opening of the non-selective mPTP in the inner
membrane. Accompanied by the release of matrix proteins
and mtDNA into the cytosol, mPTP opening increases
colloid-osmotic pressure in the matrix, induces the innate
immune response, and initiates the activation of proteases and
lipases, leading to mitochondrial swelling and cardiomyocyte
death through necrosis (34,35). The excessive activation of
the mitochondrial fission protein, dynamin-related protein 1
(Drpl), also facilitates mPTP opening and accelerates cell
death. The genetic or pharmacological inhibition of Drpl has
been shown to decrease the frequency of transient opening of
mPTP during cardiac IR and reduce the infarct size following
MI (8,36,37).

Calcium overload. During ischemia, ATP depletion and
acidosis caused by the increasing lactate levels drive cytosolic
Na* accumulation through the plasma membrane Na*/H*
exchanger, which, in turn leads to an excessive exchange of Ca*
via the Na*/Ca®* exchanger (15). The transport of Ca?* between

sarcoplasmic/endoplasmic reticulum and mitochondria enables
cardiac excitation-contraction coupling (38). However, Ca*
uptake by the sarcoplasmic reticulum Ca?*-ATPase is inhibited
due to ATP depletion during ischemia. The rapid restoration
of the AYm by the subsequent reperfusion drives the uptake
of Ca?* into the mitochondria via the mitochondrial calcium
uniporter (15). Therefore, Ca** overload in the mitochondria is
one of the hallmarks of IR injury of the heart (39). During the
reperfusion phase, the accumulation of cytosolic Ca** activates
calcineurin (CaN) to dephosphorylate Drpl at Ser®”’, initiating
mitochondrial fission and cardiomyocyte apoptosis (40).

4. Mitochondrial dynamics in response to IR stress

Biogenesis. There are a large number of transcription factors
and regulatory proteins to enhance mitochondrial biogenesis,
such as nuclear respiratory factors 1 and 2, transcription
factor A mitochondrial, peroxisome proliferator-activated
receptors (PPARS), estrogen-related receptors, cAMP response
element-binding proteins and Forkhead box-O. Transcription
factors can be regulated by coactivators and corepressors,



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 47: 485-499, 2021

such as PPARy coactivator-lo. (PGC-1a) and nuclear receptor
corepressor 1. PGC-la can be activated by post transla-
tional modifications, such as through phosphorylation by
AMP-activated protein kinase (AMPK) and deacetylation by
Sirtuin 1 (Sirtl) (41). Under oxygen insufficiency, an energetic
stress results in the downregulation of mitochondrial biogen-
esis by the hypoxia-inducible factor-mediated suppression of
PGC-la (42).

Fission and fusion. Continuous mitochondrial fission and
fusion enables a dynamic distribution of mitochondrial
proteins and mtDNA through the cellular mitochondrial
network (23). Mitochondrial fission involves division into two
daughter mitochondria, one with a markedly higher mitochon-
drial membrane potential (A¥m) and fusion affinity than the
other one. Subsequently, the active mitochondrion is further
regenerated and the defective one is targeted for degradation
via mitophagy to maintain mitochondrial homeostasis (3,8,43).
Fission and fusion proteins impact mitochondrial morphology
and respiration, therefore, a balanced dynamic is essential to
adjust mitochondrial metabolism to meet the energy demands
in cardiomyocytes (8,44,45). The alteration of proteins
involved in mitochondrial fission and fusion is tightly associ-
ated with the pathophysiology of several cardiac diseases, such
as IR stress and heart failure (10,46).

The mitochondrial fission protein, Drpl, regulates mito-
chondrial dynamics on the mitochondrial outer membrane (47).
Drpl acts with Bcl-2 family proteins (such as the pro-apoptotic
proteins Bax and Bak) to accelerate mitochondrial fragmenta-
tion and apoptosis (48). The phosphorylation at Ser®’ residue
of Drpl by protein kinase A (PKA) inhibits its GTPase
activity and its translocation to the mitochondria (49). Drpl
is enriched in the heart and its inhibition exhibits protective
effects during myocardial IR by preventing excessive fission
at the beginning of reperfusion (36,40). The overexpression of
the cardiac proto-oncogene Ser/Thr kinase, Pim-1, causes the
downregulation of Drpl and an increase in the levels of Ser®’
phosphorylation, and also protects against cardiomyocyte isch-
emia (37). Drpl can be reactivated via the dephosphorylation
of Ser®’ by the calmodulin-dependent kinase CaN (50).
Under normoxic conditions, the actions of PKA and CaN
on Drpl are well regulated by mitochondrial scaffolding
protein the A-kinase anchoring protein 1 (AKAPI) (50).
However, in ischemic myocytes, AKAPI is ubiquitinated by
the hypoxia-induced E3-ubiquitin ligase Siah2 and rapidly
degraded via the ubiquitin-proteasome system, which impairs
PKA-mediated Drpl inhibition and initiates mitochondrial
fission and cardiomyocyte apoptosis (39,50). In addition, cardiac
IR injury may be reduced when the transient suppression of
Drpl has been achieved by small molecular disruptors or by
shRNA/siRNA-mediated knockdown (36,40,51). Chronic Drpl
deficiency, such as the heterozygous knockout (DrpI*"), results
in enlarged infarct sizes after IR stress (52).

The mitochondrial fission factor (Mff) is important for
Drpl recruitment in mitochondria during the process of
fission (53). The inhibition of Mff has been shown to enhance
mitochondrial membrane potential (AYm) and decrease apop-
tosis under hypoxia/reoxygenation (54).

The dynamin-related GTPases mitofusin (Mfn) 1 and 2 are
responsible for the fusion of the mitochondrial outer membrane
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between two mitochondria (19), whereas, the optic atrophy
protein 1 (OPA1) mediates mitochondrial inner membrane
fusion via regulation of the cristae structure (8,19). The down-
regulation of Mfnl under conditions of ROS-induced stress
during IR disturbs mitochondrial fusion and induces cardio-
myocyte apoptosis (55). Conversely, Mfn2 is upregulated in
response to the ROS burst during IR and induces the apoptosis
of cardiomyocytes by inhibiting Akt (also known as protein
kinase B) and activating caspase-9 (39). In the heart, Mfn2
is involved in the regulation of mitophagy, altering mito-
chondrial morphology and forming the ER/SR-mitochondrial
contact sites (8). OPA1 plays a protective role in IR injury.
Opal*" mice showed larger infarct sizes compared with wild
type, and Opal overexpression results in decreased damage
in cardiac function (17). Bax not only directly interacts with
Mfn2 to physiologically regulate its assembly and distribution
in the normal heart, but also co-localizes with Drpl to facili-
tate mitochondrial fission during early apoptosis (39). The
Bcl-2 family proteins, Bax, Bak and Bcl2-interacting protein 3
(BNIP3), promote OPA1 cleavage and mitochondrial cristae
remodeling following reperfusion, which in turn exacerbate
IR injury (39,56).

Degradation and mitophagy. Mitochondrial dynamics
facilitate mitochondrial quality control, which targets aberrant
mitochondrial proteins or entirely damaged mitochondria for
degradation to maintain myocardial mitochondrial homeo-
stasis (57). The ubiquitin-proteasome system (UPS) and the
autophagy-lysosomal system, termed mitophagy, are the major
proteolytic pathways (58). The clearance of misfolded proteins
usually occurs via UPS, whereas the entire damaged mito-
chondrion is degraded selectively by mitophagy (59). There
are interactions and crosstalk between UPS and mitophagy
in several regards, for example, the inhibition of proteasome
induces the activation of mitophagy (58,60).

Defective mitochondrial proteins are labeled with ubiquitin
proteins by a series of El, E2 and E3 enzymes and targeted
into the proteasome for elimination (61). Impaired UPS
proteolytic function has been observed in the heart tissue of
patients with cardiomyopathy and heart failure (62); however,
the enhancement of proteasome-dependent degradation plays
a cardioprotective role against proteinopathy and IR injury in
mouse models (63). However, the effects of proteasome inhibi-
tors remain controversial, which could be both beneficial and
detrimental on cardiac function during myocardial ischemia
and reperfusion (64).

Autophagy is induced by the deprivation of oxygen and
nutrition, and refers to the lysosomal degradation of unneces-
sary cellular components, such as protein aggregates, waste
lipids and dysfunctional organelles (4). During selective
mitochondrial autophagy (mitophagy), the dysfunctional
mitochondria are tagged with polyubiquitin, embedded
into autophagosomes and delivered to the lysosome for
degradation (23,65).

PTEN-induced putative kinase 1 (PINKI) and ubiquitin
ligase Parkin-mediated mitophagy. Kinase PINKI1 is a
Ser/Thr protein kinase that phosphorylates ubiquitin, Parkin
and the mitochondrial outer membrane protein Mfn2. The
phosphorylation events activate Parkin to translocate from the
cytosol to the mitochondria (4,66). Parkin is an E3 ubiquitin
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ligase that polyubiquitinates the phosphorylated Mfn2 (67),
in-turn promoting the binding of mitophagy proteins (seques-
tosome protein p62/SQSTMI1 and autophagy-related protein
8 mammalian homologue LC3) and the cargo sequestration
within the autophagosome for the subsequent degradation in
lysosomes (4,66).

The loss of PINK1 has been shown to increase the myocar-
dial infarct size and generate excess ROS during stimulated IR
injury, whereas the overexpression of PINK1 reduces cardiac
cell death following stimulated IR injury (68). On the one hand,
Parkin-deficiency in the hearts of mice reduces mitophagy,
resulting in the accumulation of dysfunctional mitochondria
and enlarged infarcts following MI (69). However, excessive
Parkin-mediated mitophagy also initiates the induction of
apoptotic pathways in cardiac microcirculation endothelial
cells and exacerbates microvascular injury, as well as cardiac
reperfusion injury (70).

Receptor-mediated mitophagy. The mitophagy recep-
tors, such as BNIP3, Nip3-like protein X (NIX) (also known
as Bcl2-interacting protein 3 like) and FUN14 domain
containing 1 (FUNDCI), localize to the mitochondrial outer
membrane and serve a role in acute IR injury by regulating
mitophagy (4,23,62,65,66). For example, BNIP3 binds to
stabilized PINK1, which facilitates the recruitment of Parkin
on the mitochondrial outer membrane (71). NIX is ubiquiti-
nated by Parkin, enhancing the recruitment of the autophagy
receptor NBR1 and LC3-coated vesicles to the mitochon-
dria (66). Under hypoxic conditions, the heart-enriched
FUNDCI interacts with LC3 to recruit autophagosomes to
mitochondria and enhances mitophagy (72). The phosphoryla-
tion at Ser'® of FUNDCI by casein kinase 2 (CK2) inhibits the
interaction between FUNDCI and Drpl, ultimately decreasing
mitophagy (66). CK2a has been reported to be upregulated
during IR stress. As a consequence, FUNDCI is deactivated
and suppresses FUNDCI-mediated mitophagy (4). Ischemic
preconditioning has been reported to induce extensive
FUNCDI- or Parkin-mediated mitophagy in platelets and
reduces secondary ischemic injury (22). In preclinical studies,
myocardial conditioning interventions, including ischemic
pre-, post-conditioning or remote pre-/per-conditioning,
are widely used strategies to reduce infarct sizes following
sustained IR. Several signaling pathways activated in response
to conditioning stimuli end with the preservation of mitochon-
drial function (17).

Bcl2-associated athanogene (BAG) family molecular
chaperone regulator 3 (BAG3)-mediated non-canonical
mitophagy. BAG3 is highly expressed in cardiac muscles
and functions as a chaperone to target misfolded proteins
for lysosomal-mediated degradation (73). BAG3-Pro209Leu
mutation causes the dysregulation of autophagy, which is asso-
ciated with the rapid progression of restrictive cardiomyopathy
in myofibrillary myopathies (74).

Mitochondrial heterogeneity and subpopulations. In neonatal
cardiomyocytes, the mitochondria are distributed throughout
the cytosol; however, in the adult cardiac cells, the mitochon-
dria are small, round, hypodynamic and relatively static. In
particular, they are heterogeneous and are clustered into
sub-sarcolemmal mitochondria (SSM), inter-myofibril mito-
chondria (IFM) and perinuclear mitochondria subsets with
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distinct morphologies, localizations and functions (8,17,75).
These three mitochondrial subpopulations also possess
different sensitivities to pathological processes, such as IR
injury. For example, SSM exhibit greater oxidative damage
and increased reduction in complex I-mediated respiration
than IFM, whereas IFM consume less oxygen than SSM in
complex II following IR (17,76). Therefore, the mitochondrial
defects in ischemic cells are in a heterogeneously distributed
manner amongst distinct subpopulations (76,77). A significant
heterogeneity of redox states, Ca®>* and A¥m has also been
shown in myocardial cells following IR injury (76).

5. Current developments in mitochondria-targeted agents
with cardioprotective effects against IR injury

The defective mitochondria display several different types of
abnormalities and disturbances in metabolism and morphology,
which are often reciprocally coupled (41) and contribute to
acute, irreversible cell death and potentially, MI (77). The
prevalence of ischemic heart disease is statistically the highest
in Europe and North America. An estimated 8.4 million
American adults (=20 years old) suffered an MI between
2013 and 2016. The mortality related to MI in 2017 was ~0.1
million in the USA. Additionally, ischemic heart diseases
have a notable financial impact. For example, the arithmetic
mean cost for each discharge due to acute coronary syndrome
(ACS) was $63,578 in 2009. Productivity losses connected to
ACS were ~$8,000 (short-term) and $50,000 (long-term) per
disability claim between 2007 and 2010 according to medical,
pharmacy and disability insurance data (78). Therefore, drugs
designed to directly act on the mitochondria for IR injury
therapy would have a substantial impact on both medical and
societal costs.

With a growing understanding of the molecular mecha-
nisms of IR injury, several mitochondrion-targeted agents
are under research and development, which are planned to be
used for cardiac IR injury treatment (Table I). These agents
have been designed to improve mitochondrial function via
different underlying strategies, for example: i) Decreasing
the accumulation of succinate during ischemia; ii) reducing
succinate oxidation following reperfusion; iii) inhibiting
RET at complex [; iv) counteracting the superoxide produc-
tion; v) reducing ROS damage; vi) increasing NAD* levels;
vii) blocking the mPTP; viii) maintaining Ca** homeostasis;
and ix) regulating mitochondrial dynamics and quality control.

Inhibitors of respiratory complex 11 (SDH). Malonate is a
competitive inhibitor of SDH, reducing succinate accumula-
tion and oxidation during myocardial IR injury. Dimethyl
malonate is a cell membrane-permeable form of malonate and
its protective effect against IR injury have been investigated in
purified mitochondria, mouse hearts, and in murine and rabbit
models of stroke (14,79,80).

Chloramphenicol succinate (CAPS) is a prodrug of chlor-
amphenicol (CAP), which is already approved for clinical
use as a human antibiotic, but with a risk of hemotoxicity,
including reversible and irreversible anemia. CAP-induced
reversible anemia with reticulocytopenia, often in conjunction
with leucopenia and thrombocytopenia, develops with the
increasing dose of CAP during treatment. Daily dose levels
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Table I. Research and development status of the current mitochondria-targeted agents with cardioprotective effects against

ischemia-reperfusion injury.

Development stage

Mitochondria-targeted agent

Discovery: Natural source, high- MitoGSH (96)
throughput screening and drug design
Pre-clinical: Tested in cells, isolated
tissues and animals to determine
efficacy, toxicity and pharmacokinetic

properties

Dimethyl malonate (80), chloramphenicol succinate (83), MitoSNO (84),
amobarbital (85), SIQELs (86), SkQ (88), Euk-8 (97), CMX-2043 (a-lipoic acid)
(98), NIM811 (105), sanglifehrin A (106), 5-aminoimidazole-4-carboxamide
ribonucleotide (115,116), resveratrol (123), mitochondrial division inhibitor-1

(125),P110 (51), rapamycin (126), miR-499 (127)

Clinical trials: Tested in humans
Phase I
Phase 11
Phase 111

Bendavia (NCT01572909), nicotinamide mononucleotide (UMIN000021309)
MitoQ (NCT00433108), rosiglitazone (NCT00064727)
Coenzynme Q,, ISRCTN94506234), cyclosporine A (NCT01650662), bezafibrate

(https://www.acc.org/Latest-in-Cardiology/Clinical-Trials/2013/04/13/21/02/BIP),
pioglitazone (NCT00091949), metformin (NCT01217307)

Marketing, approved None

of CAPS between 500-3,500 mg/kg have been observed to
induce significant reversible myelotoxicity in different mouse
strains. CAP-induced irreversible anemia is a non-dose-related
aplastic anemia with a severe pancytopenia, which is fatal and
unpredictable with an incidence of 20-40 cases per million
following therapies (81). CAPS can be hydrolyzed by esterase
or oxidized by SDH into succinate and CAP, indicating that
CAPS may be a competitive substrate of SDH. The active
metabolite, CAP, in turn inhibits SDH reductive function,
underlying the potential myelotoxicity induced by CAPS (82).
The cardioprotective effect of CAPS has been shown in a
pig model of MI, where reduced infarct sizes were observed
following pre-ischemic in vivo administration of CAPS, as well
as in the delayed treatment, where CAPS was administered
prior to reperfusion. CAPS may also induce autophagy, indi-
cated by the upregulated specific autophagy markers Beclin-1
and microtubule-associated protein light chain (LC3-II).
However, the specific molecular mechanisms underlying its
action remain unclear (83).

Inhibitors of respiratory complex I. MitoSNO is a mito-
chondria-targeted S-nitrosating agent, temporarily inhibiting
complex I by reversible S-nitrosation of ND3 Cys* residue
during ischemia. The capability of MitoSNO as a potential
drug has been assessed through incubation of mitochondria
from rat and mouse hearts, ex vivo heart treatment and in vivo
administration in mice models of MI (84).

Amobarbital is also a rapidly reversible inhibitor of complex I,
which can improve mitochondrial function and protect cell
survival during cardiac IR injury possibly via reducing the
release of apoptosis inducing factor from the mitochondrial
intermembrane space into cytosol. The protective effects of
amobarbital against cardiac IR damage has been assessed in
buffer perfused rats and Harlequin (Hq) mouse hearts (85).

Following high-throughput chemical screening and
validation, performed by Brand et al (86), two families of
the cell-permeant compounds synthesized from commercial
companies were identified as effective and selective suppressors

of ubiquinone (Q)-binding site of respiratory complex I (site I)).
Suppressors of site I, electron leak (SIQELSs), SIQELs 1.1-1.6
and S1QELs 2.2-2 4, can inhibit ROS production at complex I
during reverse electron transport without altering basal respi-
ration or the resting OXPHOS. SIQELL.1 is an outstanding
candidate, which strongly suppresses tunicamycin-triggered
endoplasmic reticulum stress and caspase signaling pathways
that leads to apoptosis in cardiomyocyte H9c2 cells and
protects Langendorff-perfused mouse heart models of IR
injury from endogenous oxidative damage, including enhance-
ment of cardiac function in post-ischemic recovery and the
decrease in infarct size. This highlights SIQELI.1 as a novel
therapeutic agent which can be used at the time of reperfu-
sion. The suppression of ROS generation and oxidative stress
signaling by SIQELs have also been assessed in isolated rat
skeletal muscle mitochondria, 293 cells, primary astrocytes
and live Drosophila melanogaster (86).

Mitochondria-permeable or -targeted antioxidants. Coenzyme
Qo (CoQ,p) is an endogenous lipid, with an oxidized-form
(ubiquinone) and fully reduced-form (ubiquinol), which
is the most common form of CoQ in humans. In addi-
tion to its primary role in electron- and proton-transport in
mitochondria for production of ATP (87), CoQ,, is also a
mitochondria-permeable antioxidant (88). CoQ,, deficiency
is associated with several diseases, such as cardiovascular
diseases, muscular dystrophy and neurodegenerative disor-
ders (87). Administration of CoQ,, as a supplement along with
standard clinical therapy shows positive effects in patients
with hypertension (87) and heart failure (89). Higher plasma
CoQ,, concentrations in patients with MI lead to improved
left ventricular function. An intravenous CoQ),, injection in rat
models of coronary artery blockage has been shown to reduce
cardiomyocyte necrosis and limit post-infarction hypertrophy
of the left ventricle (87). A significant improvement in patients
with chronic heart failure was shown in the Q-SYMBIO
study (a randomized double-blind trial of 420 international
patients) (90).
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MitoQ is a bioactive ubiquinone covalent compound linked
with a lipophilic cation triphenylphosphonium (TPP), which
is reduced into the antioxidant ubiquinol in the mitochondria,
and protects against oxidative injury. MitoQ is a promising
mitochondria-targeted antioxidant, which has shown posi-
tive results in an intravenous and oral toxicity study in mice,
in long-term oral administration studies in mice and rats,
and in human Phase I and II trials (no significant difference
in the NCT00329056 study and a potential benefit in the
NCT00433108 study) (91,92).

10-(6'-Plastoquinonyl) decyltriphenyl-phosphonium (SkQ)
is a lipophilic cation attached to a plastoquinone, which is a
mitochondria-targeted antioxidant that protects cells from
age-related diseases and ROS-burst-mediated acute diseases,
such as IR. SkQ has not yet been approved by the US Food and
Drug Administration as the safety and the clinical application
of SkQ requires further study (88).

Bendavia (also known as SS31 and MTP-131) is a
Szeto-Schiller (SS) peptide that can penetrate the mito-
chondria and ameliorate IR injury by interacting with the
phospholipid cardiolipin and protecting mitochondrial cristae
membranes (93). Positive results have been indicated in animal
studies (93,94); however, Bendavia was unsuccessful in the
EMBRACE STEMI study (Phase 2a trial). Therefore, MTP-131
is considered a potential pharmacological compound that
protects mitochondria, but has not yet successfully translated
into clinical use for the patients with ST-elevation MI (95).

MitoGSH is a group of synthetic forms of reduced gluta-
thione (GSH) tagged with SS peptides or TPP ions that can
target the mitochondria. MitoGSH is a class of novel drugs
that may be highly valuable compounds for treatment of heart
diseases by effectively restoring mitochondrial GSH levels.
However, the limitations of TPP and SS peptides should be
taken into consideration (96).

Euk-8 is a SOD/catalase mimetic antioxidant that is
capable of potently scavenging oxyradicals. The positive
cardiac-protective effects of Euk-8 include the reduction of
both oxidative stress and pressure overload-triggered heart
failure in the X-linked Hq mutant and WT mice (97).

o-lipoic acid is an important mitochondria-permeable
antioxidant (88). a-lipoic acid is a natural dithiol that exerts
protective effects against IR injury in several organs (98) and
is used as a treatment of diabetic neuropathy and eye-disor-
ders clinically, but has several side effects (88). CMX-2043
[N-((R)-1,2-dithiolane-3-pentanoyl)-L-glutamyl-L-alanine] is
a novel analogue of a-lipoic acid, which has been shown to
achieve efficacious reduction of infarct damage in a rat model
of myocardial IR injury (98).

Precursors of NAD*. Nicotinamide riboside (NR) and
nicotinamide mononucleotide (NMN) are the natural
precursors of NAD*. The supplementation of NR or NMN
can increase cellular NAD* levels, without any noticeable
side-effects (99,100). Bioactive NMN is synthesized from
nicotinamide, a phosphate group and a ribonucleoside by
nicotinamide phosphoribosyltransferase (100). Both NR and
NMN have been shown to exert beneficial effects on cardio-
vascular functions under IR conditions. The administration of
NMN has been shown to exhibit timing-dependent patterns
on the reduction of infarct size (before ischemia or before
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reperfusion) (100). Several clinical studies regarding the safety
and effects of NR on human physiology are currently underway
in Europe and the USA (NCT03432871, NCT03423342 and
NCTO02812238). NMN is available on the market as a dietary
supplement. A Phase I human clinical study for NMN has
commenced in Japan and has evaluated the safety and the
bioavailability of NMN in humans, with the aim of developing
NMN into an anti-aging nutraceutical (99,101).

Inhibitors of mPTP. Cyclosporine A (CsA) is widely used as an
immunosuppressive drug following organ transplantation and
autoimmune disorders clinically, due to its ability to suppress
the transcription of cytokines in activated T cells via blocking
the CaN/nuclear factor of activated T cells pathway (95,102).
However, CsA is not only an inhibitor of cytosolic CaN, but
also an inhibitor of mPTP, binding to mitochondrial cis-trans
prolyl isomerase cyclophilin D (CyD) (95). CyD is a positive
regulator of mPTP with a chaperone localized in the mitochon-
drial matrix (3,8). The cardioprotective effects of CsA have
been assessed in several species of animals using reperfused
MI models, with inconsistent results in reduction of infarct
size (95). Patients with ST-elevation MI (STEMI) adminis-
tered CsA have exhibited promising results in a Phase II trial;
however, CsA was unsuccessful in the Phase III CIRCUS and
CYCLE trials (95,103,104).

NIMSII is a CsA derivative without immunosuppressive
capabilities, which can also specifically inhibit mPTP opening
in the mitochondria from the reperfused myocardium (95).
Adult male New Zealand white rabbits injected with NIM811
at the time of reperfusion have been shown to exhibit preserved
OXPHOS in the heart mitochondria, reduced infarct sizes and
reduced myocardial damage (105).

Sanglifehrin A (SfA) is a specific inhibitor of cyclophilin D,
similar to CsA, although it cannot suppress CaN activity. The
specific inhibition of CyD by SfA protects against cardiac
IR injury by limiting mPTP opening (3,106). The beneficial
effects of SfA have been examined in MI female rat hearts.
Significantly improved cardiac function was only shown in
reperfused hearts treated with one intravenous bolus of SfA in
the acute phase (2 days) of post-MI remodeling (106).

PPAR agonists for the activation of mitochondrial biogen-
esis. Fibrates have been discovered to activate PPARs,
particularly PPARa, which regulate glucose and lipid
metabolism in the heart. Fibrates have been widely used as
a class of hypolipidemic drugs for treatment of heart attacks
and strokes (107,108). Bezafibrate (marketed as Bezalip) is
a fibrate drug widely used for the treatment of metabolic
syndrome and hyperlipidemias. Bezafibrate is an agonist of
PPARa and partially activates PPARy and PPARY, upregu-
lating mitochondrial biogenesis by increasing PGC-la
expression (109). A small clinical trial including patients
with acute STEMI and hyperfibrinogenemia showed bezafi-
brate treatment resulted in lower fibrinogen levels and lower
frequency of major cardiovascular events compared with
conventional therapy (110). The clinical trial Bezafibrate
Infarction Prevention (BIP) study with 16 years of follow-up
has shown that bezafibrate treatment reduces the risk of
cardiac death and the non-fatal MI as well as mortality in
patients with coronary arterial diseases (107).
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Thiazolidinediones (TZDs) are structurally and pharmaco-
logically similar to fibrates and more specifically act on PPARy.
TZD (also known as glitazone) is a class of hypoglycemic drugs
used for treatment of type 2 diabetes clinically and protects
against cardiovascular diseases. Pioglitazone and rosiglitazone
are TZDs, which are also PPARy agonists and are used as
anti-diabetic drugs (108). With the risk of bias and uncertain
adverse events, pioglitazone was shown to also reduce non-fatal
MI and fatal or non-fatal stroke in four clinical studies (IRIS,
NCT00091949; J-SPIRIT, UMIN000013499; Kernan et al (111);
and PROactive, NCT00174993) (112). Rosiglitazone has exhibited
opposite results in pre-clinical and clinical trials. Rosiglitazone
administration to pig and rat with IR-affected hearts has been
shown to significantly decrease the infarct size, but without
improvement of cardiac mitochondrial function (113). From the
data pooled from 42 clinical studies, a significant increase in MI
and severe adverse cardiovascular causes were observed with the
use of rosiglitazone for patients with type 2 diabetes (114). Only
one phase II clinical trial (NCT00064727) has been completed to
investigate the therapeutic efficiency of rosiglitazone in patients
with congestive heart failure (107).

Activators of mitochondrial biogenesis. 5-Aminoimidazole-
4-carboxamide ribonucleotide (AICAR) is an AMPK agonist,
activating PGC-la by mimicking AMP (109). Serum-starved
rat cardiomyocytes stimulated with AICAR have exhibited the
full activation of AMPK downstream targets, such as Sirtl and
PGC-1a, which may contribute to mitochondrial homeostasis
and cardioprotective effects against ischemic stress (115).
Dogs treated with AICAR during cardiopulmonary bypass
surgery followed by reperfusion have exhibited an improved
recovery of myocardial glucose uptake and utilization (116).

Metformin is also an AMPK activator which exerts protec-
tive effects against cardiac ischemia, MI and heart failure.
Additionally, metformin is a hypoglycemic drug widely used
for the treatment of diabetes. Metformin has been proposed to
reduce myocardial IR injury via increasing PGC-1a levels and
mitochondrial biogenesis (117). Even though both preclinical
and clinical studies (such as the DIGAMI 2 trial) have
suggested the cardioprotective effects of metformin against
IR injury (118-121), 4 months of metformin treatment in the
GIPS-III trial did not result in improved left ventricular func-
tion in patients without diabetes presenting with STEMI. The
2-year follow-up results of the GIPS-III trail also revealed no
beneficial long-term effects (122).

Resveratrol is a natural polyphenol (stilbenoid) found
in red wine, that functions as a Sirtl and PGC-1a activator,
and an inhibitor of mitochondrial ATPase (109). The
protective effects of resveratrol have been shown in animal
models of cardiovascular, neurodegenerative and metabolic
disorders. Five clinical trials of resveratrol for treatment
of pre-diabetes and pulmonary diseases are currently in
progress (NCT02502253; NCT02565979; NCT03762096;
NCT02245932; NCT03819517). However, resveratrol has
limitations in human therapeutic application due to its low
potency and poor pharmacokinetics. Resveratrol and several
other polyphenols are often used as dietary antioxidants (123).

Inhibitors of mitochondrial fission. Mitochondrial division
inhibitor-1 (Mdivi-1) is a derivative of quinazolinone, which
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can inhibit mitochondrial fission by decreasing Drpl activity,
thereby reducing short term ischemic stress and myocardial
IR injury. Mdivi-1 has been shown to exert cardioprotective
effects in pre-treated cardiomyocytes (HL-1 cells), primary
isolated neonatal mice ventricular myocytes, hearts from
Langendorff perfusion in a rat model of IR, a murine coronary
artery ligation model and a pressure overload mouse model
with induced heart failure (40,124,125).

P110 is a small peptide (7-amino acids) which blocks the
contact between Drpl and mitochondrial fission 1 protein,
ameliorating MI and long-term heart remodeling. P110 peptide
has been demonstrated to inhibit excessive mitochondrial
fission in primary neonatal rat cardiomyocytes, decreasing
the infarct size and improving cardiac function in an ex vivo
Langendorff rat heart model and an in vivo rat model of
MI (51).

Regulator of mitophagy. Rapamycin has been found to
promote mitophagy by inhibiting the mammalian target of
rapamycin (mTOR) pathway and reducing infarct size in MI
and cardiomyocyte apoptosis. As an allosteric inhibitor of
mTOR complex I (mTORC1), rapamycin plays a role in the
suppression of cell growth and division, and has been used
as an immunosuppressant drug, or for the treatment of cancer
and in-stent restenosis in clinical practice. Rapamycin has also
been shown to reduce cardiomyocyte hypertrophy in a mouse
model of chronic ischemic injury and to inhibit cardiomyocyte
apoptosis in vitro (angiotensin II-induced myocyte apoptosis
model) and in vivo (MI-induced chronic heart failure rat
model) (126).

MicroRNA (miRNA/miR) regulation. miR-499 is an intronic
miRNA identified to be involved in inhibiting apoptosis and
MI induced by ischemia. miR-499 suppresses the expression
of CaN and reduces cell apoptosis following cardiac ischemia,
protecting against the MI. miR-499 transgenic mice were
previously created, and when they were intravenously injected
with the antagomir of miR-499 following IR induction via
surgery, they were used for the in vivo evaluation of cardiac
function, and hearts harvested from these mice were used for
histological and western blot analysis (127).

6. Future perspectives

Limiting early mtROS production in IR injury. Superoxide
production driven by succinate oxidation upon reperfusion
through RET at complex I in the mitochondrial respiratory
chain is considered the major source of ROS in IR injury (5).
In vivo experiments have indicated that the succinate accumu-
lated during ischemia undergoes rapid oxidation and returns
to normoxic levels within 5 min following reperfusion (14).
Therefore, it could be an effective therapeutic strategy for the
treatment of IR injury by inhibiting RET at complex I for at
least 5 min, until the succinate is no longer functional as an
electron sink (Fig. 2).

The electron transport chain complex I undergoes a
structural change, which is termed ‘active/deactive transition’
during IR (128). Cys*® in complex I is the critical switch of
this conformational transition (Fig. 2), which is exposed in
the deactive state of complex I under ischemic conditions and
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Figure 2. Schematic diagram showing the strategy of using the characteristics of complex I active/deactive transition to reduce ROS production upon reperfu-
sion by temporarily locking complex I in the deactive state with reversible modifications on residue Cys®. ROS, reactive oxygen species; GSH, glutathione;

TRX, thioredoxin; GSSG, glutathione disulfide.

embeds in the reactivated complex I upon reperfusion (5,129).
Several thiol-reactive agents can be used to lock complex I
in the deactive state by thiol modification on Cys®, including
S-nitrosation (-SH into -SNO) by S-nitrosothiols (MitoSNO)
or sodium nitrite (NaNO,) (84,130), S-sulfenylation (-SH into
-SOH) by H,0, (131), S-glutathionylation (-SH into -SSG) by
glutathione disulfide (GSSG) (132) and S-sulfhydration/persul-
fidation (-SH into -SSH) by hydrogen sulfide (H,S) (133).
These post-translational modifications can later be reversed by
the internal mitochondrial GSH and thioredoxin systems (84).

However, the appropriate onset and duration of adminis-
tration of thiol-reactive agents remains uncertain, otherwise
this intervention based on the structural interconversion of
complex I may be an ideal therapeutic method for preventing
the burst of ROS production via RET and to return complex I
activity in time.

Mitochondrial quality control. A poor quality of mitochon-
drial network generates and accumulates excess ROS (35). The
burst of mtROS results in a series of downstream oxidative
damages in cardiomyocytes after acute MI or during cardiac
senescence (134,135), which may lead to sudden cardiac death
or heart failure (136).

Mitophagy plays an important role in maintaining
mitochondrial quality control, particularly in adult cardio-
myocytes (43,137). However, cardiac mitophagy plays
both beneficial and detrimental roles in response to IR

stress (22,66,138). On the one hand, the clearance of the
defective mitochondria via mitophagy may reduce the risk
of ROS release and cell apoptosis, which exerts protec-
tive effects by decreasing myocardial oxidative stress and
infarct size following MI (23,137,138). During IR, additional
mitochondrial mass causes excess oxygen consumption
and ATP depletion, which exacerbates the energetic stress.
When energy is insufficient, active mitophagy can enhance
cell survival (19,23). However, excessive mitophagy causes a
drastic loss of mitochondrial mass and ATP supply in cardio-
myocytes, leading to cell death and heart failure (54,66).
When mitophagy is insufficient, the accumulation of damaged
mitochondria and mtROS weakens the adaptiveness of
cardiomyocytes towards cellular stress and apoptosis (4,66).
Therefore, intervention with properly modulated mitophagy
can serve as an ideal, yet difficult to achieve, therapeutic
method for cardiac IR stress and other diseases (19,66,138).
Both mitophagy and mitochondrial biogenesis are upregu-
lated following heart surgery (139). Thus, it is essential to
maintain a balance between mitochondrial degradation
and biogenesis to maintain mitochondrial homeostasis and
myocardial protection under stress (138,140).

Attention must be paid to mitophagy, which is a complex
process and intersects with several other cellular events. Some
mediators in mitophagy signaling pathways, such as mTOR
and AMPK, also play roles in mitochondrial biogenesis (19,66),
intrinsic fatty acid metabolism (141), glucose-modulated
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amino acid sensing and utilization (142), endothelium-depen-
dent vasodilation in vessels (143), vascular smooth muscle cell
proliferation and migration (144), suggesting that the manipu-
lation of these may cause a series of unexpected side-effects.

Gap between pre-clinical studies and clinical practice of puta-
tive infarct-sparing drugs. As discussed above in Chapter 5
entitled ‘Current developments in mitochondria-targeted
agents with cardioprotective effects against IR injury’, even
though several agents have shown promising cardioprotective
effects in pre-clinical studies, notable clinical trials in the
past have highlighted the limitations or translational failures.
The administration of certain autacoids, such as adenosine,
bradykinin and opioids, can mimic the cardioprotective state
of ischemic pre-conditioning, triggering several signaling
pathways and finally inhibiting the formation of mPTP. As
adjunctive therapies, a common limitation of these pre-condi-
tional mimetics is the prerequisite administration before
lethal ischemia, which makes them suitable for the planned
cardiac surgeries but not effective in the clinical practice of
acute MI. Two large-scale clinical trials, AMISTAD I and II,
which evaluated the effects of adenosine during acute STEMI
therapy, exhibited restrictive infarct size-reduction and a
number of adverse events, such as hypotension, bradycardia,
heart block and ventricular tachycardia, especially in the
adenosine patients with nonanterior MI (145).

Bradykinin, as the vasodilatory peptide, plays a role in
decreasing blood pressure and increasing vascular perme-
ability (146). Bradykinin signaling deficiency may be
responsible for the vascular contraction and the high epithelial
Na* reabsorption observed in patients with hypertension and
cardiovascular diseases. Bradykinin signaling has also been
demonstrated to reduce inflammation and endothelial apop-
tosis in animal models of MI and cardiac IR injury (147).
However, an increasing bradykinin concentration either
inherited or acquired, which is a main mediator of hyper-
permeability of capillaries and accumulation of local edema
fluid, results in a rare disease termed bradykinin-mediated
angioedema (146,148).

Opioids, such as morphine have been widely and frequently
used as analgesics for the patients with STEMI (149). First of
all, STEMI patients often have intense chest pain and anxiety
in the acute phase of the treatment. As a traditional analgesia,
opioids are effective in symptomatic relief. In addition, the
reduction of pain and stress also results in vasodilation,
an increase in blood flow, a decrease in arterial blood pres-
sure and heart rate, equilibrating the supply and demand of
oxygen and nutrients in cardiomyocytes (149,150). However,
increased severe side-effects of opioids in STEMI patients
have been revealed in recent clinical studies. For example, the
low myocardial contractility, hypotension and fainting due
to morphine-induced peripheral vasodilation are the main
hemodynamic adverse effects for the patients with ventricular
failure. A long-term use of opioids raises the risk for respira-
tory and gastrointestinal adverse effects, such as suppression of
breathing, gut motility and absorption (150). Therefore, opioid
administration may disrupt the absorption of certain essential
oral medicaments, such as platelet inhibitors, and consequently
delay the action of antiplatelet agents and prolong the platelet
reactivity in the treatment of STEMI (149).
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One of the major reasons for the limited clinical success is
incomplete or insufficient pre-clinical investigation that does
not offer accurate, reproducible and systematic examination
of results from multiple animal models before large-scale
clinical trials. The multicenter CAESAR (Consortium for
PreclinicAl AssESsment of CARdioprotective Therapies)
initiative supported by the National Heart Lung and Blood
Institute was created to improve translation of cardioprotec-
tive therapies into clinical use (151). CAESAR promotes
integrated, standardized, solid and rigorous preclinical evalu-
ations to examine potential drugs or combined therapies in
centralized laboratories.

7. Conclusions

In conclusion, MI is one of the leading causes of mortality and
economic burden on health systems. Cardiac IR injury following
MI is due to the oxidative damage from mtROS, which leads
to severe mitochondrial damage and cardiomyocyte death.
Therefore, the mitochondria are strongly recommended to be
considered as a therapeutic target to prevent cardiac IR injury.
Several promising mitochondria-targeted agents are under
research and development with significant focus on protecting
against cardiac IR injury by counteracting the changes in mito-
chondrial metabolism and/or morphology during IR. However,
none of these have exhibited sufficient efficacy and safety for
clinical use. For future studies, some theoretical and practical
points are suggested to be taken into consideration: Limiting
ROS production by the reversible and temporary interference
on the complex I structure is an interesting novel potential
strategy. In addition, the side-effects and limitations of drug
use should be thoroughly examined. A beneficial short-term
outcome could lead to undesirable long-term outcomes over
time, such as mitophagy, which is a double-edged sword for
the mitochondrial quality and cell survival. Finally, an innova-
tive multicenter approach is suggested, such as that advocated
by CAESAR, in order to improve the translation of drugs from
the bench to the bedside.
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