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Summary

Despite considerable efforts to prevent and treat ischemic cardiomyopathy (ICM), effective therapies remain lacking,
in part owing to the complexity of the underlying molecular mechanisms, which are not completely understood yet.
It is now widely thought that mitochondria serve as “sentinel” organelles that are capable of detecting cellular injury
and integrating multiple stress signals. These pathophysiological activities are temporally and spatially governed by
the mitochondrial quality surveillance (MQS) system, involving mitochondrial dynamics, mitophagy, and biogene-
sis. Dysregulation of MQS is an early and critical process contributing to mitochondrial bioenergetic dysfunction
and sublethal injury to cardiomyocytes during ICM. An improved understanding of the pathogenesis of ICM may
enable the development of novel preventive and therapeutic strategies aimed at overcoming the challenge of myocar-
dial ischemia and its cardiovascular sequelae. This review describes recent research on the protective effects of MQS
in ICM and highlights promising therapeutic targets.
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Introduction

Ischemic cardiomyopathy (ICM) is mainly caused due
to long-term ischemia/hypoxia in coronary atherosclero-
sis, leading to the impairment of cardiac systolic or dia-
stolic function. This induces a series of phenotypic
syndromes, including myocardial remodelling and
heart failure." The pathophysiological mechanisms
underlying ICM include a spectrum of metabolic, neu-
rohumoral, and inflammatory alterations, such as cardi-
omyocyte hypertrophy, fibrosis, inflammation, oxidative
stress, calcium mishandling, and cell death.* The myo-
cardium is abundant in mitochondria which generate
ATP to support cardiomyocyte metabolism and func-
tion. There is increasing evidence that mitochondria
serve as “sentinel” organelles that are not only capable
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of detecting cellular insults but are also involved in
the integration of signals of oxidative stress, Ca**
fluctuation, inflammation, post-transcriptional modi-
fication, protein synthesis, and cell death. Studies
have highlighted the pivotal role of mitochondrial
damage in the pathogenesis of ICM. In response to
damage, the mitochondrial quality surveillance
(MQS) system, involving mitochondrial dynamics,
mitophagy, and mitochondrial biogenesis, is acti-
vated to restore homeostasis by inducing division,
degradation, or regeneration. In turn, abnormalities
in MQS, such as excessive mitochondrial fission,?
defective mitophagy,* and delayed biogenesis,” are
associated with additional cardiomyocyte damage,
thus serving as potential targets in ICM treatment.
In this review, we briefly describe the molecular
basis of MQS in the regulation of mitochondrial
integrity and behaviour. The complex roles of MQS
in the pathogenesis of ICM, including cardiomyocyte
hypertrophy, fibrosis, inflammation, oxidative stress,
calcium mishandling, and cell death, are comprehen-
sively summarised and discussed. In addition, poten-
tial drugs and small-molecule compounds targeting
MQS for the treatment of ICM are presented.
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Mitochondrial quality surveillance (MQS)

Mitochondrial fission

enzymes classified as GTPases (dynamin family) for
membrane remodelling (Figure 1), including dynamin-

related protein 1 (Drp1), mitofusini/2 (Mfni/2), and
optic atrophy protein 1 (Opar).

During fission, the mitochondrial fission 1 (Fis1) pro-
tein mediates the transfer of Drp1 from cytosol to outer
membrane of the mitochondria. Subsequently, Drpr accu-
mulates at the fission site and binds to Fis1 to form a
complex, altering the angle and distance between

Mitochondrial dynamics involve both fission and fusion,
which are considered key processes for maintaining
mitochondrial structure and cell viability. Dysregulation
of mitochondrial fusion and fission leads to structural
and functional alterations, commonly followed by oxida-
tive stress and apoptosis. The core proteins that mediate
mitochondrial fission and fusion are mechanochemical
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Figure 1. Regulatory mechanism of mitochondrial fission on mitochondrial homeostasis. Mitochondrial fission induced by ICM.
Ischemic/hypoxic stress increases phosphorylation of the mitochondrial fission protein Drp1 as well as the expression levels of the
Drp1 receptor proteins fission protein 1(Fis1) and mitochondrial fission factor (Mff). Together these proteins mediate typical mito-
chondrial fission. Mitochondrial fission increases a precursor to mitophagy when cells are subjected to various stresses. This is
related to the accumulation of various markers of mitochondrial autophagy. Drp1 phosphorylation induces mitochondrial fission by
mediating its oligomerization around the mitochondrial outer membrane after recruitment and stabilization of Fis1 and Mff. Increas-
ing levels of phosphorylated Drp1 increase mitochondrial fission, leading to their fragmentation, which will reduce both energy
metabolism and cellular activity and stimulate mitophagy.
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molecules via hydrolysed GTP. This process is followed
by the cleavage of a mitochondrion into two or more
independent mitochondria. Conversely, mitochondrial
fusion is mediated by Mfn1/2 and Opar. Mfn1/2 partici-
pates in the integration of the outer mitochondrial mem-
brane (OMM), whereas Opar participates in the fusion of
the inner mitochondrial membrane (IMM). During ICM
development, ischemia contributes to alterations in Drp1
and Mfni/2 expression and distribution, resulting in the
formation of fragmented mitochondria with lower mito-
chondrial membrane potential, broken mitochondrial
DNA (mtDNA), and misfolded proteins.>*®

In light of the important role of mitochondrial fission in
aggravating ischemia-related myocardial damage, several
drugs against mitochondrial division have shown promis-
ing effects on the ischemic myocardium via multiple
mechanisms. Mdivi-1 is a pharmacological inhibitor of
mitochondrial fission that suppresses the interaction
between Drpr1 and Fis1. Pre-treatment with Mdivi-1 before
myocardial ischemia-reperfusion (I/R) injury is accompa-
nied by a decrease in the number of fragmented mitochon-
dria and a correlated decrease in cardiac troponin I
levels.®” Mechanistically, Mdivi-1 prevents the opening of
the mitochondrial permeability transition pore (mPTP),"
stabilises mitochondrial potential,” increases the activity of
antioxidant enzymes,” and represses caspase-9-related car-
diomyocyte apoptosis.” Recently, two mnovel inhibitors,
Drpitort and Drpitorra, having higher specificity and
potency than that of Mdivi-1 toward Drp1 GTPase activity,
have been reported to maintain heart function during I/R
injury.” Other mitochondrial fission-targeted drugs with
potentially beneficial effects on ICM are summarised in
Table 1.

Mitochondrial fusion

Mitochondrial fusion is accomplished by merging outer
membrane lipid molecules between two mitochondria,
resulting in the close arrangement of adjacent mem-
brane structures and ensuring fusion specificity. OMM
integration is regulated by Mfni1/2, whereas IMM fusion
is modulated by Opar (Figure 2). During mitochondrial
fusion, merging of membrane bilayers of the fusing
mitochondria to form larger or reticular organelles
occurs along with material and energy exchange.”
Although mitochondrial fusion has been regarded as a
protective program favouring ATP production, the role
of fusion-regulated proteins in ICM is controversial.
Cardiomyocyte-specific Mfni-knockout hearts show
normal mitochondrial respiration and lack of sensitivity
to hydrogen peroxide-mediated oxidative injury.'
Whereas, cardiomyocyte-specific Mfn2-knockout hearts
show extensive mtDNA breaks and mitochondrial dys-
function.” I/R-induced apoptosis is prominent in Mfn2-
knockout cardiomyocytes.'® Furthermore, Mfn1/Mfn2
double deletion has been associated with the accumula-
tion of dysfunctional mitochondria and the activation of
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Name Target Reference
Mdivi-1 Mitochondrial fission (Drp1) 69
Drpitor1 Mitochondrial fission (Drp1) 12
Cilnidipine Mitochondrial fission (Drp1) o4
Salicylate Mitochondrial fission (Drp1) a1
Propofol Mitochondrial fission (Drp1) 55
Dapagliflozin Mitochondrial fission (Drp1) 6
Dynasore Mitochondrial fission (Drp1) 7
Isosteviol sodium Mitochondrial fission (Drp1/Fis1) 8
(STVNa)
P110 Mitochondrial fission (Drp1/Fis1) 59
Pravastatin Mitochondrial fusion (Mfn1) 60
Vildagliptin Mitochondrial fusion (Mfn1/2) o
SAMBA Mitochondrial fusion (Mfn1) 62
M1 Mitochondrial fusion (Mfn2/Opa1) 8
Urolithin A (UA) Mitophagy (Parkin) 27
Melatonin Mitophagy (Parkin) o3
Simvastatin Mitophagy (Parkin) o4
Liraglutide Mitophagy (Parkin) o
Sevoflurane Mitophagy (Parkin) 66
Curcumin Mitophagy (Bnip3) 7
Ketone ester [KE] Mitophagy (Parkin) 68
Bicarbonate Mitophagy (Parkin) 69
Ellagic acid Mitophagy (Bnip3) 70
Hydrogen-rich saline  Mitophagy (Parkin) 1
Tilianin and syringin  Mitochondrial biogenesis (PGC-1) @
Empagliflozin Mitochondrial biogenesis (PGC-1a) 72
Metformin Mitochondrial biogenesis (PGC-1a) 7
Resveratrol Mitochondrial biogenesis (PGC-1a/Nrf1) 74
Polydatin Mitochondrial biogenesis (Sirt3) 75
Table 1: Compounds or drugs targeting mitochondrial quality
surveillance in ischemic cardiomyopathy.

mitochondrial unfolded protein response.” Based on
these findings, although Mfn1 and Mfn2 have similar
roles in inducing mitochondrial fusion, their influence
on the heart during ICM may differ. Thus, a small num-
ber of pharmacological experiments have focused on the
identification of drugs that normalise Mfni1/2-depen-
dent fusion. The mitochondrial fusion promoter M1 has
been found to reduce the Drpr/Mfn2 ratio, thus revers-
ing mitochondrial fusion and protecting the heart
against myocardial ischemic injury."® A subsequent
study further confirmed that Mz is able to restore mito-
chondrial fusion in Mfn2-knockout cardiomyocytes,"
possibly via the increased expression of Opai. Other
pharmacological agents that improve mitochondrial
fusion for cardioprotection are listed in Table 1.

Mitophagy

Mitophagy is an evolutionarily conserved process in
which excess or damaged mitochondria are selectively
removed. It plays an important role in regulating the
number of mitochondria in a cell and in maintaining
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Mitochondrial fusion dysfunction in ischemic cardiomyopathy
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Figure 2. Regulation of mitochondrial fusion and mitochondrial homeostasis. Mitochondrial fusion is highly important for
maintaining mitochondrial homeostasis and the integrity and quality of mitochondrial structure to ensure that proper energy
metabolism is maintained even during ischemia/hypoxia. Mitochondrial fusion is accomplished through the coordinated execution
of separate mechanisms underlying fusion of the mitochondrial inner and outer membranes. Mitochondrial inner membrane fusion
is mediated mainly by optic atrophy 1 (OPA1) protein, while outer membrane fusion is mediated mainly by mitofusin 1 (Mfn1) and

Mfn2.

the normal function and structure of mitochondria,
especially in the ICM-affected myocardium.>® Receptor-
dependent mitophagy mediates a group of mitophagy
receptor proteins that bind directly to LC3 to transfer
damaged mitochondria to autophagosomes (Figure 3).*'
The receptor-independent mitophagy pathway is mainly
driven by the stability of PTEN-induced kinase 1 (PINKi),
a cytosolic kinase that translocates to the mitochondria
upon a reduction in membrane potential and initiates
receptor-independent mitophagy.** Within the mitochon-
dria, PINKTI recruits the E3 ubiquitin ligase Parkin, which
induces the wubiquitination of multiple outer

mitochondrial membrane proteins, enabling p62 recogni-
tion, LC3 binding, and autophagosome targeting.

Under stress conditions, such as nutrient deficiency
and hypoxia, damaged mitochondria are often selec-
tively cleared by mitophagy to maintain mitochondrial
health and cellular homeostasis. In contrast, stress
responses may also enhance mitophagy, resulting in
excessive mitochondrial clearance and insufficient ATP
production, in turn resulting in cell death.>® Therefore,
excessive as well as insufficient mitophagy are linked to
additional cell damage, and moderate mitophagy is
essential for maintaining mitochondria. A clear
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Mitochondrial autophagy dysfunction in ischemic cardiomyopathy
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Figure 3. Regulatory mechanisms governing mitophagy and mitochondrial homeostasis. Under ischemia/hypoxic conditions,
fragmented mitochondria or mitochondria with structural damage caused by mitochondrial fission will experience a loss of mito-
chondrial membrane potential (AWm). Mitochondria with low membrane potentials recruit FUN14 domain-containing 1(FUNDC1),
which phosphorylates/dephosphorylates various proteins, leading to high expression of LC3 and formation of mitochondrial auto-
phagic lysosomes. Phosphatase and tensin homolog-induced putative kinase 1 (PINK1) is also translocated to mitochondria, where
it induces Parkin to ubiquitinate proteins in the mitochondrial outer membrane. The ubiquitinated mitochondria interact with LC3
on lysosomes to form autophagosomes. In addition, BCL-2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) and NIX
contain an LC3 interaction motif (LIR), which directly binds LC3 and promotes formation of autophagic lysosomes. Through these
processes, the mitochondrial self-renewal and homeostasis necessary for cardiomyocyte activity are achieved.

www.thelancet.com Vol 84 October, 2022



Review

example in which excessive mitophagy is harmful
involves Bcl2/adenovirus E1B 19 kD interacting protein
3 (Bnips)-induced mitophagy following cardiac I/R
injury.?® Increased Bnips-related mitophagy suppresses
ATP synthesis, an alteration that is accompanied by
depolarised mitochondrial potential and an extended
mPTP opening rate.**> An example in which mitophagy
has protective effects against myocardial ischemic stress
is FUNi4 domain-containing protein 1 (FUNDCI)-
dependent mitophagy. Hypoxia or ischemia promotes
FUNDCT activation via post-transcriptional phosphory-
lation and this alteration reduces reperfusion-mediated
myocardial dysfunction by neutralising oxidative stress,
maintaining mitochondrial potential, promoting bio-
genesis, and suppressing cardiomyocyte death.*#*
Therefore, different mitophagy regulators may have dis-
tinct effects on cellular outcomes, ranging from cell sur-
vival to death. Based on this, several mitophagy-targeted
drugs have been explored. In particular, urolithin A
(UA) is promising for ICM treatment. UA is a gut
microbiota-generated small metabolite derived from die-
tary pomegranate fruits. Supplementation of UA indu-
ces mitophagy and consequently attenuates myocardial
fibrosis and inflammation in a rat diabetic cardiomyopa-
thy model.>® Human clinical experiments have pro-
vided further evidence for the beneficial effects of UA
on skeletal muscle health.?” Other compounds or drugs
targeting mitophagy to prevent the progression of ICM
are presented in Table 1.

Mitochondrial biogenesis

Mitochondrial biogenesis involves the synthesis of phos-
pholipids comprising the inner and outer mitochondrial
membranes and proteins encoded by both nuclear and
mitochondrial DNA, as well as the replication of
mtDNA and transfer of nuclear DNA-encoded proteins
into the mitochondria.*® This dynamic process enables
mitochondria to stably maintain their structure, func-
tion, and quantity to ensure normal cellular metabolism
when the demand for energy increases, e.g., upon cellu-
lar stress or during increased activity or proliferation.*?
The regulation of mitochondrial biogenesis can be
divided into transcriptional and post-transcriptional
components (Figure 4). These processes are activated
by peroxisome proliferator-activated receptor y coactiva-
tor-te (PGC-1 «), nuclear respiratory factors (Nrfs),
mitochondrial transcription factor A (TFAM), and other
signalling pathways.>® Nrf-1 is a positive regulator that
stimulates the expression of components of the mito-
chondrial respiratory chain, including the cytochrome ¢
promoter.®’ It is also linked to the expression of essen-
tial genes encoded by mtDNA. Nrf-2 mainly acts on
nuclear genes, including genes encoding respiratory
subunits and TFAM, therefore promoting the transcrip-
tion and replication of mtDNA. PGC-1e regulates the
interaction between nuclear and mitochondrial genes

by cooperating with Nrf-1/2, which finally drives the
expression of TFAM, a key regulator of mtDNA tran-
scription, and accelerates mitochondrial oxidative phos-
phorylation.** Potential therapeutic strategies aimed at
improving mitochondrial biogenesis to attenuate ICM
are summarised in Table 1.

Role of MQS in ICM

MQS in myocardial hypertrophy and fibrosis
Drpi1-induced mitochondrial fission causes mitophagic
dysfunction, leading to cardiomyocyte hypertrophy."”
The absence of Mfn1 or Mfn2 expression in the myocar-
dium of pregnant rats promotes cardiomyocyte hyper-
trophy and heart failure due to a disrupted
mitochondrial structure.’® In a mouse model of cardiac
hypertrophy, the expressions of mitochondrial biogene-
sis-related proteins (PGC-te and Nrf-1) were signifi-
cantly inhibited. Similarly, the levels of mitophagy
proteins (PINKr and FUNDCI) were significantly down-
regulated during myocardial hypertrophy.** Conditional
knockout of Drp1 in cardiomyocytes inhibited mitochon-
drial fission and induced mitochondrial enlargement.
These data suggest that abnormal MQS may induce car-
diomyocyte hypertrophy.

Excessive mitochondrial fission is thought to increase
fibroblast proliferation and collagen production,*” possibly
because mitochondrial division functions as a down-
stream effector of TGF-B1.>> The inhibition of mitochon-
drial fission via Mdivi-t markedly alleviates fibroblast
proliferation, collagen production, and fibrosis in the
myocardial infarcted border zone.*® Unlike mitochondrial
fission, the pharmacological activation of mitophagy is
associated with decreased levels of angiotensin II and
atrial natriuretic peptide, contributing to decreased cardio-
myocyte apoptosis and myocardial fibrosis in a pressure
overload-induced chronic cardiac dysfunction model.*”
Lastly, mitochondrial biogenesis is evidently downregu-
lated during myocardial fibrosis, but the underlying
mechanism is undefined.*® Exercise has been regarded as
a powerful stimulus for mitochondrial biogenesis, and
post-infarction exercise training can decelerate cardiac
remodelling and fibrosis by a mechanism involving
PGCia-regulated biogenesis.*”

MQS in inflammation

Inflammatory signal transduction in cardiomyocytes
usually starts as an early stress response to myocardial
injury, which leads to the accumulation of mitochon-
drial ROS and, eventually, to the impairment of mito-
chondrial oxidative phosphorylation. In neonatal
cardiomyocyte models of ischemia-like conditions,
mitochondrial fission has been identified as an activator
of the nucleotide-binding oligomerization domain-like
receptor protein 3 (NLRP3) inflammasome.*®

www.thelancet.com Vol 84 October, 2022
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Figure 4. Regulatory mechanism governing mitochondrial biogenesis and mitochondrial homeostasis. Mitochondrial biosyn-
thesis mainly occurs in the late stage of mitochondrial fission and mitophagy. PGCl« is the primary regulatory factor controlling
mitochondrial biogenesis and is situated upstream of the mitochondrial biosynthesis reticular regulatory system. It is the hub con-
necting external signals to internal functional regulation within mitochondria. PGC1a promotes transcription of mitochondrial tran-
scription factor A (TFAM) by activating nuclear respiratory factors 1 and 2 (Nrf-1 and Nrf-2) and regulates the citric acid and
tricarboxylic acid cycles and, in turn, oxidative phosphorylation. In addition, ERP and PPAR-y are members of the nuclear receptor
transcription factor superfamily that act to regulate expression of target genes and the levels of TFAM transcription and mitochon-

drial biosynthesis.

Mechanistically, Drpr-related mitochondrial fission pro-
motes the release of mtDNA and mitochondrial ROS
(mtROS) into the cytosol, which is followed by inflam-
masome formation within the myocardium and the ele-
vated transcription of pro-inflammatory factors, such as
caspase-3 and IL-18.4° In addition to cardiomyocytes,
the endothelial inflammatory response is also affected
by mitochondrial fission. Abnormal mitochondrial fis-
sion promotes endothelial cell membrane damage in

www.thelancet.com Vol 84 October, 2022

hypoxic conditions, which is followed by the augmented
adhesion of monocytes to endothelial cells.*" In light of
the necessary role of mitophagy in suppressing mtDNA
release and mtROS leakage, the anti-inflammatory
properties of mitophagy have been reported in neuro-
logical diseases, although this concept has not been vali-
dated in ICM.** Similarly, the inhibitory effects of
PGCia- or Nrf-2-dependent mitochondrial biogenesis
on the NLRP3 inflammasome have been investigated in
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septic?® and diabetic** cardiomyopathies; however,
additional experiments are required to further demon-
strate the beneficial effects of biogenesis on myocardial
inflammation during ICM.

MQS in oxidative stress and calcium homeostasis

ROS are by-products of mitochondrial metabolism, and
increased ROS production can induce oxidative stress
injury, which in turn promotes mitochondrial lipid and

protein oxidation. As the second calcium pool within
cardiomyocytes, the mitochondria may act as a spatial
Ca®" buffer in response to fluctuations in intracellular
calcium. Excessive accumulation of Ca®" in the mito-
chondria is followed by disrupted mitochondrial oxida-
tive phosphorylation and defective ATP synthesis,
leading to impaired cardiomyocyte contraction/relaxa-
tion (Figure 5). Increased mitochondrial fission triggers
oxidative stress in ischemic cardiomyocytes.® Mechanis-
tically, mtDNA is unevenly distributed in daughter

Normal heart

Ischemic. yopathy
[schemic ggiomyopatry |

Figure 5. Mechanisms of mitochondrial calcium homeostasis and ROS-mediated mitochondrial oxidative stress injury and
mitochondrial dysfunction in ICM. Impact of ROS overproduction-activated oxidative stress injury in ICM on mitochondrial
homeostasis. Intrinsic and extrinsic stress signals, such as hypoxia, ischemia, reperfusion, and inflammation, can mediate overpro-
duction of ROS and can lead to mitochondrial oxidative stress damage. When mitochondria are damaged excessively, mitochondrial
outer membrane permeabilization (OMM) is dysfunctional, and mitochondrial permeability transition pore (mPTP) is abnormally
opened. On the other hand, mPTP opening induces necrosis or necroptosis, accompanied by oxidative phosphorylation dysfunction
and dysregulation of the tricarboxylic acid cycle. A range of dysfunctions also induces abnormal calcium signaling, excess ROS pro-
duction and mitochondrial respiratory chain dysfunction and related protein gene expression changes. Disruption of the mitochon-
drial calcium cycle has important linkages with mitochondrial uniporter complexes (consisting of MCU, EMRE, MICU1, MICU2,
MICU3, MCUB and MCUR1), NCLX, LETM1. And calcium transport in mitochondria is also closely related to ryanodine receptors and
mitochondrial permeability transition pore. The normal operation of the above mechanisms(mitochondrial calcium homeostasis
and oxidative stress injury) directly or indirectly affects the normal operation of mitochondrial respiratory chain function and mito-
chondrial energy metabolism function.
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Figure 6. MQS in cardiomyocyte fate regulation (apoptosis, necrosis, necroptosis, pyroptosis, autophagic cell death). MQS
fully participates in apoptotic or necrotic cardiomyocyte death. Under ischemic/hypoxic stress, intracellular ROS are overproduced
and accompanied by intracellular Ca®* overload. Ischemic stress also breaks the balance between Drp1/FIS1/Mff-mediated mito-
chondrial fission and OPA1/Mfn1/Mfn2-mediated mitochondrial fusion, which leads to mitochondrial fragmentation and structurally
abnormal mitochondria. Mitochondrial autophagy mediated by FUNDC1/Parkin /BNIP3 and NIX is enhanced, leading to PGC1a- and
Nrf1/2-mediated decreases in mitochondrial biosynthesis, abnormal opening of mPTPs, and excessive release of Cyto-c into the
cytosol. Dysregulation of the mitochondrial electron transport chain and tricarboxylic acid cycle leads to insufficient ATP production.
Expression levels of RIPK3 and MLKL are increased, as is activation of caspase-3/-12 and levels of cardiomyocyte.

mitochondria during mitochondrial division, and this
can result in the decreased transcription of respiratory
complex-related proteins®® and thereby in mtROS over-
production. Due to mtROS-mediated oxidative injury, a
cysteine residue within the mitochondrial calcium uni-
porter (MCU) is S-glutathionylated, resulting in the
assembly of MCU channels into higher-order complexes
with persistent activity, which is associated with sus-
tained mitochondrial calcium uptake. In addition,
sarco/endoplasmic reticulum Ca**-ATPase (SERCA), a
calcium channel that pumps calcium from the cytosol
back to the sarco/endoplasmic reticulum, is prone to
oxidation by the oxidative micro-environment at cyste-
ine-674,% resulting in intracellular calcium overload.
The mitophagy-mediated removal of dysfunctional
mitochondria substantially reduces mtROS produc-
tion.*” Although there is a causal relationship between
oxidative stress and intracellular/mitochondrial calcium
overload, evidence supporting the regulatory effect of
mitophagy on calcium handling is lacking. Similarly,

www.thelancet.com Vol 84 October, 2022

although several studies have shown that moderate
mitochondrial calcium accumulation promotes mito-
chondrial biogenesis, the influence of biogenesis on cal-
cium handling merits further investigation. It is well
known that mitochondrial biogenesis-related proteins,
especially Nrf-1/2, act as transcription factors to aug-
ment the expression of mitochondrial antioxidant genes
(including manganese superoxide dismutase, catalase,
peroxiredoxin 3 and 5, uncoupling protein 2, thioredoxin
2, and thioredoxin reductase), highlighting the antioxi-
dative property of mitochondrial biogenesis. However,
additional data are required to validate the inhibitory
effects of mitochondrial biogenesis on oxidative stress
during ICM.

MQS and cardiomyocyte fate regulation

MQS can participate in cardiomyocyte death. Increased
Drpi-related mitochondrial fission induces the release
of cytochrome ¢ from the mitochondria into the
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Drug Condition or disease Targets Title Outcome measures Results Recruitment Clinical trial
status number
Pravastatin, car- Heart failure Mitochondrial Evaluation of myocardial improvement in Mitochondrial function — Completed NCT00402376
vedilol, metabolism patients supported by ventricular assist
perindopril device under optimal pharmacological
therapy
Cyclosporine A Non shockable out of Mitochondrial perme- Cyclosporine A in cardiac arrest (CYRUS) Sequential organ failure assessment score In patients presenting with non-shockable Completed NCT01595958
hospital cardiac arrest ability transition (SOFA) cardiac rhythm after out-of-hospital car-
pore diac arrest, cyclosporine does not pre-
vent early multiple organ failure
Nitrate rich beet- Heart failure with normal Mitochondrial oxida- Effect of inorganic nitrates (beetroot juice) Change in peak exercise efficiency during Inorganic nitrate increased exercise capacity Completed NCT01919177
root juice ejection fraction tive capacity on arterial hemodynamic and exercise maximal effort supine-bicycle in heart failure with preserved ejection
capacity exercise and peak oxygen consumption fraction by targeting peripheral
(VO,) during a maximal effort supine- abnormalities
bicycle exercise test
Resveratrol Type 1 diabetes Mitochondrial metabo- Type 1 diabetes, endothelin, and skeletal Skeletal muscle mitochondrial function — Recruiting NCT04449198
lism and biogenesis muscle mitochondrial dysfunction: the
role of Sirtuin-1 (T-St1M)
Mitoquinol mesy- Dilated cardiomyopathy Mitochondrial oxida- Examining the effects of mitochondrial oxi- Change in myocardial PCr:ATP — Recruiting NCT05410873
late (mitoQ) (DCM) tive dative Stress in DCM (MitoDCM)
phosphorylation
Nicotinamide Heart failure Mitochondrial The effect of nicotinamide riboside on skel- Number of participants who had enhance- — Recruiting NCT03565328
riboside metabolism etal muscle function in heart failure ment of mitochondrial function in skele-
subjects tal muscle
Pioglitazone Type 2 diabetes, coronary Mitochondrial function Myocardial dysfunction in type 2 Diabetes Myocardial glucose uptake Pioglitazone improves whole-body and Completed NCT01588470
heart disease mellitus (T2DM) myocardial insulin sensitivity, left ventric-
ular diastolic function, and systolic func-
tion in type 2 diabetes
Acipimox Type 2 diabetes, dilated Mitochondrial function Cross-over study on effect of lipid lowering Changes in mitochondrial function A reduced basal ADP-stimulated and maxi- Completed NCT00943059
cardiomyopathy by acipimox on cardiac and skeletal mus- mal mitochondrial respiratory capacity
cle mitochondrial function (ACP) underlies the reduction in in vivo mito-
chondrial function, independent of mito-
chondrial content in diabetic patients.
Trimetazidine Coronary artery disease Mitochondrial Prospective observational study of trimeta- Change in rate of myocardial oxygen con- — Completed NCT02152527
respiration zidine influence on mitochondrial metab- sumption expressed in pmolO2/min/
olism in human heart ventricle units of citrate synthase activity
Rosuvastatin Cardiovascular disease Mitochondrial oxida- Effect of rosuvastatin on endothelial Change in flow mediated dilatation (FMD) — Recruiting NCT00986999
tive function of the brachial artery
phosphorylation
Empagliflozin Heart failure with pre- Mitochondrial mor- SGLT2i and KNO3 in HFpEF - The SAK HFpEF Submaximal exercise endurance — Recruiting NCT05138575
served ejection phology and Trial
fraction biogenesis
14 N sodium Heart failure Mitochondrial function Oral nitrite for older heart failure patients Skeletal muscle bioenergetics - mitochon- — Completed NCT02457260
nitrite (ONTx+HF) drial function
Coenzyme Q10 Cardiovascular disease Mitochondrial function Effects of CoQ10 on inflammatory response Inflammatory and endothelial blood work — Recruiting NCT04444349
in cardiac surgery biomarkers
Sitagliptin Cardiovascular disease, Mitochondrial function Impact of sitagliptin on cardiovascular exer- Peak oxygen consumption (VO, peak). Three months of sitagliptin improved dia- Completed NCT01951339

type 2 diabetes

cise performance in type 2 diabetes

stolic cardiac function, however, cardio-
respiratory fitness did not change

Table 2: Clinical trials of compounds or drugs targeting mitochondria in cardiovascular diseases.
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cytoplasm, where caspase-9 is activated and cardiomyo-
cyte apoptosis is subsequently induced in the presence
of ischemia/hypoxia.#’ In addition to apoptosis, cardio-
myocyte necroptosis is also induced by mitochondrial
fission during I/R injury.*® In comparison, the disrup-
tion of Drpr mitochondrial translocation renders cells
resistant to lethal hypoxia/reoxygenation injury.*?
Ample data supports the functional importance of
mitophagy in promoting cardiomyocyte survival during
ischemic stress.*° Mechanistically, mitophagy pre-
vents ROS accumulation, repairs mtDNA damage, pro-
motes poor mitochondrial elimination, reduces the
leakage of mitochondria-localised pro-apoptotic pro-
teins, interrupts the assembly of mPTP, and restores
the cardiomyocyte energy supply***" > during myocar-
dial ischemic challenge (Figure 6). Nevertheless, the
mechanistic connection and functional relationship
between mitochondrial biogenesis and cardiomyocyte
fate regulation remain to be characterised.

Future perspectives and translational issues
Despite extensive recent research on the contributions
of disturbed MQS to the occurrence and development
of ICM, the vast majority of results are based on animal
experiments or cell-based studies. There are several
unaddressed issues that may impede human clinical
research and translating basic findings into clinical
practice. First, serum biomarkers of impaired MQS are
unavailable; therefore, it is difficult to evaluate or contin-
ually monitor the development of ICM. Additionally,
complex interactive effects on MQS remain unknown
and efforts to comprehensively describe relationships
between upstream and/or downstream factors related to
dynamics, mitophagy, and biogenesis are urgently
needed. Finally, the cardioprotective effects of drugs or
small molecular compounds that preserve mitochondrial
function in cardiovascular diseases are well documented
based on several clinical trials (Table 2). However, further
attempts are required to search for safe and effective
drugs or combined therapies targeting global MQS.

Outstanding questions

Despite significant advances in therapies, the mortality
rate of ICM remains high at 102.6 deaths per 100,000
patients in the first year after diagnosis. The lifetime
risk of ICM is 37.5% for men and 18.3% for women.
The myocardium contains abundant mitochondria that
generate ATP to support cardiomyocyte metabolism
and performance. The role of mitochondria as
“sentinel” organelles capable of detecting cellular
insults as well as integrating multiple intracellular sig-
nals is increasingly recognised. MQS is an endogenous
protective mechanism preserving mitochondrial integ-
rity and function via mitochondrial dynamics, mitoph-
agy, and mitochondrial biogenesis.
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Mitochondrial dynamics, characterised by the coordi-
nated actions of mitochondrial fission and fusion, fine
tunes the mitochondrial population and has an irreplace-
able impact on cardiomyocyte energy supply. Mitophagy
and mitochondrial biogenesis account for mitochondrial
degradation and regeneration, respectively, guaranteeing
a healthy and appropriate mitochondrial population.
Given the pathologically significant impact of MQS on
myocardial ischemic events and ischemia-related aetiol-
ogy, it is clinically important to map the upstream regula-
tory mechanisms underlying the MQS and downstream
molecular events in the development of ICM.

Although much progress has been made in our
understanding of the relationship between MQS and the
pathogenesis of ICM, the detailed pathological basis of
ICM is complex, involving various cell types and organ-
elles, and is associated with numerous risk factors, such
as atherosclerotic plaque formation, endothelial dysfunc-
tion, thrombogenesis, coronary artery spasm, and extra-
cellular matrix metabolism. Consequently, investigations
of the pathology of ICM must consider various perspec-
tives, including genetic factors, smoking, diet, mental
stress, obesity, and sedentary lifestyle. Other outstanding
questions for further research include the development of
more precise, personalised, and optimised therapeutics
targeting MQS for patients with ICM.

Search strategy and selection criteria

Data for this review were obtained from PubMed and
ClinicalTrials.gov using the key words “mitochondria
quality control”, “mitochondrial quality”, “mitochondrial
dynamics”, “mitophagy”, “mitochondrial biogenesis”,
“mitochondria”, “ischemic cardiomyopathy”, “myocardial
ischemia”, “cardiac ischemia”, “cardiomyocyte hypoxia”,
and “myocardial hypoxia”. Articles published between
1980 and 2022 were included with particular emphasis on
those published in the past five years.
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