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Chapter 31
Mitochondrial Transplantation in Myocardial 
Ischemia and Reperfusion Injury

Borami Shin, Douglas B. Cowan, Sitaram M. Emani, Pedro J. del Nido, 
and James D. McCully

Ischemic heart disease remains the leading cause of death worldwide and ischemia 
and reperfusion injury hallmark the central pathophysiology that determines clini-
cal outcomes [1]. Robust investigations have elucidated the mechanisms of myocar-
dial ischemia [2–4] and reperfusion injury [5] as well as the intrinsic adaptive 
mechanisms of myocardial stunning [6], hibernation [7], preconditioning [8, 9] and 
postconditioning [10–12]. They enabled the current knowledge of cardiac metabo-
lism, unraveling the complex biochemical and cellular changes resulting from myo-
cardial ischemia and reperfusion including disruptions of cellular energy, ionic 
homeostasis and oxidative stress which all converge on mitochondrial dysfunction 
to culminate in cellular apoptosis and necrosis [13–16].
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The functional and structural derangements governing the pathophysiology of 
ischemia-reperfusion injury as well as changes in myocardial survival pathways 
inspired many pharmacological, genetic and procedural therapies in a variety of 
models including energy substrates, antioxidants, inhibitors of calcium (Ca2+) and 
sodium accumulation, mitochondrial components, immunomodulation as well as 
procedural techniques. However, a major dichotomy exists between positive results 
of preclinical studies and equivocal or negative results of the same therapies on 
limiting infarct size in human clinical trials [17]. Meanwhile, multi-disciplinary 
approaches in both experimental and clinical research targeting myocardial isch-
emia continue to highlight mitochondrial malfunction as the common denominator 
of cardiomyocyte’s ischemic response, emphasizing that the preservation of mito-
chondrial function and energy production may be the essential gateway to 
cardioprotection.

Rather than ameliorating one mediator or a step within the vast array of mito-
chondrial responses to ischemia and reperfusion, a newly emerging method of 
replacing damaged cardiomyocyte mitochondria with healthy mitochondria isolated 
from non-ischemic tissue of the same patient is being explored in various in vitro 
and in vivo models with promising results. In this chapter, we will explore (1) the 
basic physiology of myocardial ischemia and reperfusion injury, (2) the key features 
of mitochondrial metabolism and changes in ischemia and reperfusion injury, (3) 
current methodologies of mitochondrial transplantation, and (4) potential mecha-
nisms of cardioprotection conferred by mitochondrial transplantation based on the 
most current experimental developments.

 Mitochondria in Cardiac Tissue

The heart is a syncytial, muscular network of cardiomyocytes specialized to propa-
gate electrical impulses across communicating cells allowing the varied compo-
nents of the heart to act as a single contractile apparatus. The incessant contractility 
of the myocardium and cellular homeostasis is almost exclusively powered by the 
production of ATP by the mitochondria which constitute about 30% of the myocar-
dial cell volume and provide for the daily turnover rate of ATP up to 15–20 times the 
weight of the heart in humans [18]. Thus, tight coupling of metabolic proficiency 
and myocardial contraction is essential for normal cardiac function and govern the 
intricate set of metabolic pathways resulting in both ATP producing and non-ATP 
producing endpoints for different classes of substrates under normal physiological 
conditions and during severe energy deprivation.

ATP is produced by the process of oxidative phosphorylation carried out by a 
series of four multi-subunit complexes embedded in the inner mitochondrial mem-
brane as the Electron Transport Chain (ETC). The components of the electron trans-
port chain include: Complex I (NADH dehydrogenase), II (succinate ubiquinone 
oxidoreductase), III (ubiquinol: cytochrome c oxidoreductase), IV (cytochrome c 
oxidase), V (ATP synthase), and two main electron carriers ubiquinone and 
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 cytochrome c. Thirteen of these 76 protein subunits making up the five complexes 
of the electron transport chain are encoded by the mitochondrial DNA and the 
remaining are encoded by the nuclear DNA.  The various catabolic pathways of 
energy- yielding substrates (fatty acid, glucose, amino acids and ketones) converge 
on Acetyl-CoA production which mainly enter the tricarboxylic acid cycle (TCA) in 
the mitochondrial matrix to generate reducing equivalents NADH and FADH2. As 
electrons from NADH and FADH2 flow through the ETC to reduce oxygen to water 
(by complex IV), the resultant release of potential energy is used to pump protons 
into the mitochondrial intermembrane space (by complex I, III and IV) that gener-
ates an electrochemical gradient (−200 mV) across the mitochondrial inner mem-
brane which is harnessed by complex V (ATP synthase) to couple Pi and ADP to 
ATP. The ATP synthesized in the matrix is transported into the intermembrane space 
by an inner membrane channel adenine nucleotide translocase (ANT), where mito-
chondrial creatine kinase (miCK) transfers the high energy phosphate of ATP to 
create phosphocreatine which is then stored in the cytosol as energy reserves. 
Additional ATP is transported out to the cytosol via a complex formed by ANT, 
miCK and the voltage-dependent anion channel (VDAC) located in the outer mem-
brane, where miCK bridges the space between ANT and VDAC, allowing for low 
conductance transfer of ATP out into the cytosol. In addition to the maintenance of 
cellular homeostasis, ATP consuming reactions vital to cardiomyocytes are exem-
plified by three main reactions which include (1) Myosin-ATPase which provides 
energy for myosin filament sliding for muscle contraction, (2) Ca2+/Mg2+-ATPase 
which stores Ca2+ in the sarcoplasmic reticulum for activation of myocardial con-
traction upon release, and (3) Na+/K+-ATPase used to maintain cellular excitability 
and Ca2+ efflux [19].

Cardiac mitochondria consist of two spatially distinct subpopulations, namely 
subsarcolemmal mitochondria (SSM), located directly beneath the cellular mem-
brane, and interfibrillar mitochondria (IFM) which reside in rows between the myo-
fibrils [20, 21]. Scanning and transmission electron microscopy of left ventricular 
papillary muscle sections of Japanese Monkeys and humans have revealed many 
structural differences between SSM and IFM [22, 23]. IFM are generally elongated 
in shape (1.5–2.0 μm), and occupy the space between Z-lines flanked by the junc-
tional sarcoplasmic reticulum, and have predominantly tubular cristae. SSM located 
beneath the sarcolemma have more variable lengths and sizes (0.4–3.0 μm), pos-
sessing more lamelliform and closely-packed cristae [23, 24]. Studies using three 
dimensional modeling approach coupled with MitoTracker Red staining also 
revealed that IFM were arranged in a more orderly pattern in contrast to SSM which 
had a more random arrangement [25, 26]. Numerous reports have also indicated that 
SSM and IFM possess distinct functional differences such as substrate utilizations 
[20, 27, 28], enzymatic rates [21] and ATP synthesis [29, 30] which have been found 
to be generally higher in IFM.

Mitochondrial subpopulations appear to be differentially influenced during dif-
ferent pathological insults. However, many inconsistencies exist across different 
animal models. For example, cardiac ischemia has been reported to primarily effect 
SSM in rats [31] and rabbit models [32, 33] but both SSM and IFM populations in 
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canines [21, 34]. In contrast to some of the ischemic models, ischemia and reperfu-
sion injury have been reported to effect both populations in the mouse, rat and rabbit 
models [35–37]. The clinical significance of spatial distinctions of cardiac mito-
chondria with regards to pathological conditions and therapeutic interventions 
thereof, remain to be investigated.

 Mitochondria in Myocardial Ischemia and Reperfusion

Ischemia-reperfusion injury occurs as a result of attenuation or cessation of coronary 
blood flow such that oxygen delivery to the myocardium is insufficient to meet the 
myocardial oxygen requirements to preserve cellular function and contraction. The 
energy stores generated by the mitochondria are only sufficient to sustain myocar-
dial contractions for a few seconds, and this explains the need for the robustness of 
the cardiac metabolism, consuming the highest rate of oxygen per unit weight basis. 
Under normal conditions, 75% of the oxygen supplied by the coronary vasculature 
is extracted by the myocardium during a single passage through the heart. Therefore, 
the heart is highly susceptible to alterations in oxygen delivery where an increase in 
myocardial oxygen consumption (MVO2) can only be met by an increase in coro-
nary blood flow, a phenomena unique to the cardiac muscle. The loss of myocardial 
oxygen delivery has been shown to exhaust myocardial oxygen reserves within 
8 seconds after the onset of normothermic global ischemia with subsequent decrease 
in energy reserves [38]. In addition, studies measuring energy content by phospho-
rous- 31 NMR spectroscopy have demonstrated that decreases in myocardial energy 
reserves are directly associated with decreases in myocardial function and viability 
which in turn are associated with detrimental clinical pathologies [39–43].

 Reversible Myocardial Ischemia

With the onset of coronary occlusion, myocardial injury begins in approximately 
20 min, being first evident in the subendocardium and papillary muscle, then extend-
ing into the mid-myocardial bed-at-risk by about 60–90 min, such that the wave- 
front of irreversible transmural infarction is complete in 3–4  hrs [44–47]. The 
infarcted myocardium subsequently exhibits features of inflammation and necrosis. 
Depending on the extent and duration of the ischemic event, myocardial injury may 
be reversible where the myocardium activates physiologic adaptations of survival 
manifested by myocardial stunning, hibernation and pre- and post-ischemic condi-
tioning. These conditions result from changes in gene expressions that sustain cell 
survival under oxygen deprivation and during the stresses of reperfusion.

Myocardial stunning, first described by Heyndrickx and colleagues in 1975, refers 
to a state of contractile dysfunction which persists after reperfusion despite the absence 
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of irreversible myocellular damage and return of normal or near-normal perfusion. 
Heyndrickx demonstrated the reversibility of ischemic myocardium following a 5 min 
or 15 min episode of ischemia and reperfusion in dogs, which resulted in a prolonged 
regional contractile deficit that required 6 h to recover from a 5 min ischemic episode 
and greater than 24 h to recover from a 15 min ischemic episode [48]. Stress of reper-
fusion can be exemplified in cardiac surgery patients where, despite modern methods 
of cardioprotection, the heart weaning from cardiopulmonary bypass often exhibit 
varying degrees of myocardial stunning and requires inotropes hours to days after 
surgery without objective evidence of myocardial infarction [49, 50].

In contrast to the stunned myocardium, the hibernating myocardium refers to a 
myocardium with chronically reduced contractility associated with local reduction 
in myocardial perfusion [51, 52]. Although the hypo-perfused cardiomyocytes can 
develop degenerative changes over time, the contractile function of the hibernating 
myocardium can be restored by reperfusion [53–55], allowing the myocardium to 
be called dysfunctional but ‘viable’. As in line with the ‘smart heart hypothesis’, 
hibernation is considered an adaptive mechanism of myocardial metabolism in 
which myocardial contractility and cellular activity is deliberately reduced to mini-
mize metabolic demands and recruit coronary flow reserves in the face of severely 
depressed local perfusion [51]. However, hibernating myocardium cannot maintain 
viability indefinitely and delayed revascularization is associated with worse out-
comes [56, 57]. It is now widely believed that repetitive episodes of stunning 
(i.e. ischemic dysfunction) create a sustained depression of contractile function as 
in hibernation and that stunning and hibernation are likely to be part of a continuous 
disease spectrum [58, 59]. In a swine model where the heart was subjected to repeti-
tive episodes of 90 min of coronary occlusion followed by 12 h of reperfusion 
cycled up to six times, the regional myocardial function was depressed despite 
normalization of perfusion, reflecting myocardial stunning. However, additional 
episodes of coronary occlusion did not result in further decreases in ventricular 
function, reflecting the mismatch between perfusion and contractile function 
which characterizes hibernation [59]. This model along with several older studies 
demonstrated the hallmarks of chronic dysfunction in the human hibernating myo-
cardium including loss of myofibrils, higher dependence on glucose and glycogen 
accumulation [60–62].

 Irreversible Myocardial Ischemia and Mitochondrial 
Dysfunction

Despite regional differences in myocardial hypoxic tolerance and intrinsic adaptive 
mechanisms, irreversible myocardial injury inevitably follows prolonged ischemia. 
Countless studies have identified the pathological modulators of irreversible myocar-
dial ischemic injury and the intricate linkages that converge on mitochondrial damage 
as the central culprit of cascade to myocardial cell death and tissue damage.
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With the cessation of blood flow and oxygen supply, declines in the rate of 
 oxygen consumption by oxidative phosphorylation and the synthesis of high energy 
phosphate products are immediately detectable. Mitochondrial function assessed by 
oximetry in many animal models have shown that ischemia significantly decreases 
state three oxygen consumption and respiratory control index in malate (complex I 
substrate) and succinate (complex III substrate) in energized mitochondria [63, 64]. 
Similar findings were measured for complex III and cytochrome oxidase in buffer- 
perfused rat hearts [32] and rabbit hearts [65] where global ischemia decreases their 
Vmax, mRNA levels as well as the content of cytochrome c. These declines were 
also shown to be paralleled with significant decreases in phosphocreatine, inorganic 
phosphate, ATP, and high energy stores, up to 36 ± 3% following 30 min of ischemia 
which remained decreased at 15 min post reperfusion via 31P nuclear magnetic reso-
nance (NMR) [43].

With ischemic depletion of ATP synthesis, multiple biochemical and ultrastruc-
tural changes occur in the mitochondria that are hallmarked by several key cellular 
events which are cellular acidosis and accumulation of intracellular, mitochondrial 
and even nuclear Ca2+ ([Ca+2]n). With depletion of oxygen, the heart switches from 
fatty acid oxidation to anaerobic glycolysis resulting in a build-up of lactate and a 
decrease in the cellular pH. This rapid metabolic acidosis can be quantified by the 
measurement of tissue PCO2 and 21P NMR spectroscopy in the lab as well as with a 
pH probe in the operating room [66, 67]. Accumulation of intracellular hydrogen 
ion (H+) opens the sodium-hydrogen (Na+/H+) exchanger (NHE), resulting in the 
transport of H+ into the extracellular space and the movement of Na+ into the cytosol 
[68]. The excess Na+ is then extruded in exchange for the intake of Ca2+ through the 
reverse action of the plasma membrane sodium-Ca2+ (Na+/Ca2+) exchanger (NCX), 
increasing the cytosolic Ca2+concentration ([Ca2+])i. The increase in [Ca2+]i is fur-
ther augmented by depolarization of the plasma membrane potential, which leads to 
the opening of the L-type Ca2+channels causing further Ca2+ influx, as well as the 
cessation of uptake of Ca2+ into the sarcoplasmic reticulum by the sarco/endoplas-
mic reticulum Ca2+-ATPase (SERCA) due to the decline in ATP [69]. Cellular Ca2+-
dependent phospholipases and proteases are in turn activated inducing membrane 
injury and further Ca2+ entry into the cell.

The increase in cytosolic Ca2+ leads to the augmented mitochondrial Ca2+ that 
has deleterious effects on their structure and function [70]. In a normal state, mito-
chondrial inner membrane pump H+ out to the cytosol creating a voltage gradient 
that provides the passive energy for Ca2+ influx into the matrix by the Ca2+-uniporter. 
During ischemia, increases in the intracellular Ca2+ ([Ca2+]i) lead to increased Ca2+ 
uptake by the mitochondria which destabilizes the inner membrane potential. As 
Ca2+ accumulates, mitochondria use ATP to transport excess Ca2+ out of the mito-
chondria against the electrochemical gradient which wastes more ATP required to 
maintain cellular viability, a mechanism called ‘futile Ca2+ cycling’ [70–72]. As 
Ca2+ overloads in the mitochondria, water passively follow and the mitochondria 
swell. This has been visualized via ECM and light scattering technique on isolated 
perfused heart and in vivo pig and sheep models, where greater than 88% of myo-
cardial mitochondria are electron translucent and swollen following 20–30 min of 
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global ischemia and exhibit increased intermembrane space, enlarged cristae and 
disrupted matrix [63, 64, 73, 74]. These alterations in mitochondrial structure are 
noted to be damaging to ATP transfer from the mitochondria via the adenine nucleo-
tide translocase (ANT)-mitochondrial creatine kinase (miCK)-voltage-dependent 
anion carrier (VDAC) complex. It has been proposed that mitochondrial swelling 
increases intermembrane distance and dissociate the functional interaction between 
ANT, miCK and VDAC that compromise efficient energy transfer during reperfu-
sion and decrease high energy synthesis in the myocardium post reperfusion [75].

The role of Ca2+ overload has been demonstrated by studies that showed warm 
global ischemia results in rapid accumulation of intracellular and mitochondrial 
Ca2+ which is associated with the depletion of ATP, and precedes the onset of isch-
emic contracture in various animal models [76–78]. Conversely, amelioration of 
this Ca2+ overload has been shown to correlate with maintenance of high energy 
phosphates in the myocardium, results of which formed the conceptual basis for 
optimization of many cardioplegic solutions in cardiac surgery. For example, Hearse 
et al. and many subsequent investigators showed that magnesium, when added to 
potassium cardioplegic solutions, significantly decreases cytosolic and nuclear Ca2+ 
accumulation during global ischemia [79, 80], enhances preservation and re- 
synthesis of high-energy phosphates, and significantly decreases myocardial injury 
upon reperfusion in perfused rabbit heart [43, 78, 81] and in situ blood-perfused 
sheep and pig heart models [47, 82, 83]. Furthermore, the addition of pharmacologi-
cal agents such as diazoxide to the K+/Mg2+ cardioplegia solution, was shown to 
ameliorate mitochondrial Ca2+ accumulation by opening of the mitochondrial ATP- 
sensitive K+ channels which correlated with prevention of mitochondrial swelling, 
decrease in apoptosis and improved post-ischemic function [82, 84–87].

 Myocardial Reperfusion and Mitochondrial Injury

While restoration of blood flow is the absolute therapeutic aim to salvage ischemic 
cell death, it is proposed that reperfusion itself independently activates a cascade of 
cellular injuries which inflate the damages in excess of those produced by ischemia 
alone. First described by Jennings et al. in 1960 in their description of histological 
features of reperfused ischemic canine myocardium, they reported that features of 
cellular injury after 3 h of ischemia followed by 1 h of reperfusion were far worse 
than changes observed after 4 h of ischemia alone; the reperfused myocardium had 
significantly more cell swelling, contracture of myofibrils and mitochondrial and 
sarcolemmal disruption [88]. Clinically, reperfusion injury leads to arrhythmias, 
conversion of myocardial necrosis into a hemorrhagic infarct with prominent con-
traction band necrosis, disruption of the microvasculature leading to the ‘no-reflow’ 
phenomenon, which refers to impairment of blood flow to an ischemic region in 
spite of opening the infarct-related artery [17, 89–91]. In addition, it is associated 
with activation of inflammatory reactions which can be extensive enough to cause 
inflammatory responses on distant, non-ischemic organs [92].
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Extensive experimental efforts have identified the potential mechanisms of 
reperfusion injury that build on the existing elements of the damages sustained from 
ischemia, described by distinct biochemical changes that occur from reperfusion in 
the mitochondria. These changes include (1) rapid normalization of pH, (2) exacer-
bation of existing mitochondrial and intracellular Ca2+ overload, and (3) generation 
of reactive oxygen species.

Reperfusion and re-oxygenation results in rapid restoration of intracellular pH 
by lactic acid washout, clearance of H+ by the Na+/H+ exchanger (NHE) and Na+/
HCO3

− exchanger, and the restoration of the mitochondrial membrane potential. As 
the mitochondrial membrane potential normalizes, the mitochondrial Ca2+-uniporter 
(MCU) opens causing an even more influx of Ca2+ into an already Ca2+-overloaded 
mitochondria [93]. Cytosolic Ca2+ is also proposed to be further increased by the 
damaged sarcolemmal membrane and oxidative stress-induced dysfunction of the 
sarcoplasmic reticulum, all of which can overwhelm the cardiomyocyte’s mecha-
nisms for ionic homeostasis.

Many experimental studies have also implicated Reactive Oxygen Species (ROS) 
as partial mediators of reperfusion injury and the damaged mitochondria as the 
potential primary source of ROS production. Various modalities including electron 
spin resonance spectrometer [94] have detected bursts of ROS during myocardial 
reperfusion in different animal models and patients undergoing coronary revascu-
larization [95]. Examples include H2O2, HO−, HOCl, and O2

−, the superoxide anion 
radial which is considered to be the most toxic ROS generated primarily by the 
mitochondria. In addition, it has been recently proposed that mitochondrial altera-
tions at complex I of the electron transport chain and the accumulation of succinate 
during ischemia may be related to mitochondrial oxidative injury during reperfu-
sion. Succinate is the substrate of complex II, and the sole mitochondrial component 
to the three metabolites that accumulate during ischemia: succinate, xanthine and 
hypoxanthine [96]. Accumulation succinate is detected in the mitochondria when 
the electron transport chain comes to a halt during ischemia. It is proposed that upon 
reperfusion, succinate is abruptly hydrolyzed by complex II [97, 98] at a maximal 
rate that overwhelms the speed of ATP synthesis generating an excess pool of elec-
trons that start to flow backwards by a process termed Reverse Electron Transport 
(RET) [99]. As the excess electrons are forced back through complex I, the reverse 
reaction of NADH dehydrogenase generates large amounts of superoxide. This has 
been demonstrated by various animal experiments which showed that inhibition of 
complex I slows reactivation of mitochondria during the early phase of reperfusion, 
reduce ROS and protects against ischemic-reperfusion injury [100–103]. Excessive 
ROS generated during reperfusion cause tissue damage by a myriad of mechanisms 
including peroxidation of lipids, inactivation of proteins/enzymes, nuclear and 
mitochondrial DNA strand breaks, oxidation of Cardiolipin, SER dysfunction and 
activate inflammation, all of which serve to activate apoptotic and necrotic signaling 
pathways. ROS also reduce the viability of the vasodilator nitric oxide (NO), 
 removing its cardioprotective effects such as inactivation of superoxide radicals, 
inhibition of neutrophil accumulation and improvement of coronary flow [104].
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Multitude of the acute fluctuations described above are proposed to act in concert 
to lead to the opening of the voltage dependent, nonspecific pore in the inner mito-
chondrial membrane known as the Mitochondrial Permeability Transition Pore 
(mTPT), which is thought to be the most noxious step marking the transition from 
reversible to irreversible reperfusion injury. The mTPT is closed during normal con-
ditions and ischemia. Opening of mTPT pore at reperfusion allows the free passage 
of any molecule smaller than 1.5 kDa, causing a buildup of colloidal osmotic pres-
sure leading to severe mitochondrial swelling, complete collapse of the mitochon-
drial membrane potential, uncoupling of oxidative phosphorylation and disruption 
of the mitochondrial membrane and eventual rupture. This process leads to release 
of the cytochrome c from the ETC, which is a potent activator of apoptotic signaling 
cascades leading to cardiomyocyte death [105, 106]. Systemically, activation of 
corresponding immune responses leads to leukocyte aggregation, leukocyte- 
mediated tissue destruction and endothelial dysfunction leading to platelet aggrega-
tion causing damage to the surrounding microvasculature.

 Ischemia Versus Reperfusion Injury

The concept of reperfusion injury as an independent mediator of cardiomyocyte 
death distinct from ischemic injury has been controversial. The uncertainty relates 
to the inability to accurately assess the exact progression of necrosis during the 
transition from myocardial ischemia to reperfusion in situ [17]. Moreover, under-
standing the sequential evolution of mitochondrial damage in relation to the time-
frame along myocardial ischemia and reperfusion is not straightforward. In spite of 
these challenges, studies demonstrate that critical events of mitochondrial damage 
occur at the time of ischemia and persist through reperfusion.

Transcriptomic and proteomic enrichment analyses in both Langendorff-perfused 
and in situ blood-perfused rabbit hearts have demonstrated that global ischemia 
downregulates genes/proteins associated with mitochondrial structure, function, 
energy production, cofactor metabolism, generation of precursor metabolites of 
energy, carbohydrate metabolism and regulation of biosynthesis and transcription 
[107]. In contrast, the same analyses in globally ischemic rabbit hearts treated with 
cardioplegia showed that cardioprotection was associated with significant increases 
in differentially expressed transcripts/proteins associated with mitochondrial func-
tion, energy production, fatty acid beta oxidation, cellular lipid metabolism as well 
as processes of muscle contraction [107]. These results indicate that (1) the mito-
chondrion plays a significant role in both global ischemia and cardioprotective path-
ways, (2) the mechanisms of mitochondrial damage resulting from global ischemia 
as well as pathways of cardioprotection are modulated, at least in part, by RNA- and 
protein-dependent mechanisms, and (3) these critical events occur at the time of 
ischemia rather than reperfusion.

The challenges of elucidating reperfusion injury are also demonstrated by the 
equivocal results of studies targeting the accepted mediators of reperfusion injury. 
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While attractive targets of intervention such as the accumulation of Ca2+, reactive 
oxygen species, components of the electron transport chain and inflammation have 
yielded promising preclinical results, their clinical translations have been largely 
disappointing. For example, efforts to decrease Ca2+ overload with antagonists of 
the sarcolemmal Ca2+ ion channels, mitochondrial Ca2+ uniporter, or the Na+/H+ 
exchanger have shown to decrease myocardial infarct sizes up to 50% in animal 
models [108–110], but have been unsuccessful in the corresponding clinical studies 
[111–113]. The same trend is present in animal studies where these interventions 
were applied just at reperfusion to yield reductions in the final infarct sizes up to 
50%, their applications in patients have been largely negative or inconclusive [17]. 
A host of antioxidants such as superoxide dismutase, trimetazimide, vitamin C and 
E with positive results in animal models failed to show meaningful improvement in 
infarct size, post-ischemic cardiac function nor mortality benefit in human clinical 
trials [114–116]. Similarly, attempts at targeting neutrophils such as leukocyte 
depleted blood [117], antibodies against the cell adhesion molecule P selection 
[118] as well as inhibitors of complement activation [119] have shown significant 
cardioprotection in animals with negative results in their corresponding clinical 
studies [120–124].

Several reasons may exist for the discrepancy between the experimental animal 
studies and human trials. First, although the existence of ischemia and reperfusion 
injury and the essential role of the mitochondria is well established in humans, vari-
abilities may exist in the detailed biochemical mechanisms underlying cell death 
pathways amongst different species. Second, heterogeneities in a clinical setting in 
the varying degrees of ischemia as well as timing and context of intervention may 
contribute to the inconclusive results of clinical studies. Third, the interventions 
examined so far may have been of questionable benefit in preclinical studies or lack-
ing in adequate knowledge of their pharmacological actions and kinetics in clinical 
subjects. Although the unequivocal role of mitochondrial dysfunction in myocardial 
ischemia and reperfusion is increasingly evident, the low rate of clinical success in 
the vast number of therapeutic targets investigated thus far calls for a need to evalu-
ate our current understanding of the sequential mechanism of mitochondrial dys-
function during ischemia and reperfusion, as well as the way we devise our 
remedies.

 Mitochondrial Transplantation

Mitochondrial dysfunction is the prominent feature of myocardial ischemic injury 
which are compounded by the process of reperfusion to have lasting effects on post- 
ischemic function and cellular viability. A myriad of experimental studies confirms 
that loss of mitochondrial function during ischemia significantly decreases cardio-
myocyte viability and post-ischemic recovery. Despite this clear trend, there is cur-
rently no meaningful therapy for mitochondrial rescue from ischemia- reperfusion 
injury with growing discrepancies between preclinical and clinical studies. This 
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calls for a review and a shift in the current paradigm and exploration of new 
approaches in therapeutic design. Instead of targeting a single step or one mediator 
of a complex, interconnected reactions of mitochondrial injury, a new therapy of 
mitochondrial transplantation is being investigated with the hypothesis that replace-
ment of damaged mitochondria with viable, respiration-competent mitochondria 
isolated from non-ischemic tissue would overcome a host of deleterious effects of 
native mitochondrial dysfunction resulting in cardioprotection.

 Mitochondrial Transplantation for Cardioprotection

Based on the hypothesis that myocardial mitochondrial injury occurs during isch-
emia and persists during reperfusion to significantly compromise post-ischemic 
myocardial function and viability, the concept of mitochondrial transplantation at 
the time of reperfusion was proposed in the recent decade. The first validation of 
mitochondrial transplantation in the ischemic heart model was demonstrated in the 
Langendorff-perfused ischemic rabbit heart in 2009 [125]. In this study, viable, 
respiration-competent mitochondria isolated from healthy left ventricular tissue of 
donor rabbits were directly injected into the ischemic zone of isolated hearts after 
30 min of regional ischemia just prior to 120 min of reperfusion. Ischemic hearts 
that were transplanted with healthy mitochondria were found to have significantly 
enhanced cardioprotection by increased ATP content, reduction in infarct size, 
decreased cardiomyocyte loss, and improved post-ischemic myocardial function. 
Confocal microscopy showed that injected mitochondria were present and viable 
after 120 min of reperfusion and were distributed from the epicardium to the sub- 
endocardium. These findings heightened new interests in mitochondrial therapy 
calling for a deeper understanding of the mechanisms behind mitochondrial trans-
fer, uptake, cardioprotection as well as the optimization of methods for enhancing 
clinical applicability.

 Mitochondrial Source and Viability

In efforts to enhance clinical practicality and reduce immunogenic complications, 
rather than transplanting mitochondria from an allogenic source such as a donor 
organism, an approach of isolating mitochondria from a remote, nonischemic tissue 
in the same organism (autologous) to be transplanted into an ischemic region of the 
myocardium have been explored with promising results [126, 127]. A recent study 
in an in-vivo rabbit model of regional myocardial ischemia and reperfusion, autolo-
gous mitochondria from the pectoralis major muscle of the same organism were 
isolated via the newest isolation technique of standard homogenization and filtra-
tion, and injected in the myocardium following 29 min of ischemia immediately 
prior to reperfusion [126]. Results showed that transplantation of mitochondria 
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isolated this way significantly decreased infarct size, improved cardiomyocyte via-
bility and myocardial function at 4 weeks of recovery. Furthermore, additional stud-
ies showed that transplantation of autogenic mitochondria did not induce any 
autoimmunity via multiplex and ELISA assays which did not show any increases in 
inflammatory cytokines associated with immune responses seen in patients with 
heart transplant rejection such as C-Reactive Protein (CRP), Tumor Necrosis Factor- 
alpha (TNFα), Interleukins -1, -4, -6, -12, -18, Macrophage Inflammatory Protein -1 
alpha and -1 beta (MIP-1α, -1β) [126].

In addition to the benefits of the autologous origin of mitochondria, efficacy of 
mitochondrial isolation from various sources of tissues has been investigated. As 
expected, different sources of tissues provide different absolute number of mito-
chondria, with liver being the highest, followed by skeletal muscle followed by 
cardiac muscle [127]. However, no differences were detected in the cardioprotective 
effects of mitochondria derived from different tissue types [125, 126], nor their 
subpopulations (subsarcolemmal or interfibrillar) [125]. On the other hand, mito-
chondrial viability is found to be a prime determinant of efficacy of mitochondrial 
transplantation for cardioprotection. Studies have shown that Nonviable mitochon-
dria isolated from frozen tissue with confirmed absence of oxygen consumption 
failed to provide cardioprotection [125]. Similarly, mitochondrial proteins, mito-
chondrial complexes and mitochondrial RNA and DNA have not been found to 
provide cardioprotection [125]. Injection of exogenous ATP, ATP synthesis promot-
ers, and exogenous ADP have also not shown to result in any protection against 
myocardial ischemia [125, 128]. These findings together indicate the imperative 
requirement of transplanted mitochondria to be viable, freshly-isolated and 
respiration- competent to be efficacious.

 Mitochondrial Isolation and Purification

To assure the viability of the transplanted mitochondria and the clinical practicality 
of mitochondrial transplantation, it is critical that the isolation process of mitochon-
dria is simple, cost-effective and feasible within the clinical timeframe of interven-
tion for myocardial ischemia. For example, in the case of ST-elevation myocardial 
infarction (STEMI), the goal time from the onset of evaluation to revascularization 
via PCI (door-to-balloon time) is less than 90 min. For cardiac surgery, most opera-
tions last from 40 min to several hours in duration. However, the time from the onset 
of actual incision to revascularization or to the time to wean from bypass are often 
less than 1 h. This makes the standard technique of mitochondrial isolation which 
takes over 90 min at best, impractical and unreliable for yielding viable mitochon-
dria. In 2014, a new method of rapid isolation and purification of mitochondria was 
developed by Preble and colleagues, who employ standardized tissue dissociator 
and differential filtration rather than centrifugation, cutting the isolation time to less 
than 30 min [129]. The purity and viability of the mitochondria isolated from this 
method have been validated by many different quality control parameters involving 
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oxygen consumption rates via the Clarke-type electrode, ATP assays, fluorescent 
probe analysis, as well as light microscopy using fluorescent mitochondrial labels 
(MitoTracker CMXros) and transmission electron microscopy [125, 126, 129, 130].

 Mitochondrial Delivery, Mode of Uptake and Distribution

To further enhance the therapeutic potential of mitochondrial transplantation, differ-
ent modes of delivery of exogenous mitochondria have been investigated which 
include direct myocardial injection and intracoronary vascular infusion. From ini-
tial studies in both Langendorff-perfused and in situ-blood perfused rabbit hearts, 
respiration competent, autologous mitochondria were injected directly into eight to 
ten sites in the ischemic left ventricular free wall which showed significant improve-
ment in infarct size and myocardial function. In a recent study using Langendorff- 
perfused rabbit heart model of both regional and global ischemia, the mode of 
vascular delivery via intracoronary infusion was validated and compared to the 
method of direct injection with regards to myocardial distribution using 
18F-rhodamine 6G and iron oxide nanoparticles labeling followed by visualization 
with positron emission tomography, microcomputed tomography and magnetic 
resonance imaging [127]. Intracoronary delivery of mitochondria was shown to 
result in a rapid and a more widespread distribution throughout the myocardium as 
compared to direct injection, which permitted higher concentrations of mitochon-
dria in the targeted region. The efficacy of cardioprotection via intracoronary deliv-
ery of autologous mitochondria paralleled that of direct injection in another 
experiment using Langendorff-perfused rabbit hearts of regional ischemia which 
showed similar decrease in myocardial infarct size and improvement in both global 
and regional myocardial function [127]. While additional in vivo studies are needed, 
the ability to deliver mitochondria by vascular infusion expands the therapeutic 
potential such as global delivery to the ischemic heart just prior to reperfusion after 
cardiopulmonary bypass or delivery into the coronary artery at time of percutaneous 
coronary interventions (PCI) for revascularization.

On a histological level, both in situ and in isolated heart models, transplanted 
mitochondria have been shown to be initially present in the interstitial spaces sur-
rounding cardiomyocytes coinciding with the time of increase in myocardial func-
tion, approximately 10  min post injection. Within 1–2  h post-delivery, the 
transplanted mitochondria were detectable within cardiomyocytes residing near the 
sarcolemma between Z-lines of the sarcomeres, in clusters around endogenous 
damaged mitochondria as well as near the nucleus. This internalization has been 
confirmed using human mitochondria isolated from HeLA cells in a rabbit heart. 
The use of human mitochondria in the rabbit model allows for the differentiation 
between native rabbit mitochondria and transplanted human mitochondria based on 
immune reactivity to a monoclonal anti-human mitochondrion, and internalization 
of the mitochondria into cardiomyocytes were visualized via transmission electron 
microscopy using immune-gold staining [125, 126]. These studies along with other 
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in  vitro studies demonstrated that the uptake of mitochondria is linear and time 
dependent, and remain viable for at least 24 h, significantly enhancing rate of oxy-
gen consumption and high-energy synthesis in both neonatal and adult cardiomyo-
cytes [125, 126, 131].

Many hypotheses have been proposed as to the mechanism of mitochondrial 
internalization by cardiomyocytes such as actin-meditated endocytosis,  
Caveolae-dependent-clathrin dependent endocytosis [132], tunneling nanotubes 
[133] and macro-pinocytosis [134] based on prior experiments in cell types other 
than cardiomyocytes. A recent in  vitro study of cardiomyocytes using specific 
inhibitors of these mechanisms showed that only Cyctochalasin D, a specific inhibi-
tor of actin polymerization, decreased internalization of mitochondria into cardio-
myocytes and deceased ATP content, suggesting actin-mediated endocytosis as a 
potential mechanism of mitochondrial internalization by cardiomyocytes [131]. 
Additionally, the internalized mitochondrial did not co-localize with lysosomal or 
autophagocytosis markers raising another mechanism by which the internalized 
mitochondria escape endosomes. Actin-mediated endocytosis of mitochondria is in 
agreement with the widely accepted theory of the endosymbiotic origin of mito-
chondria. While externally presented mitochondria may be internalized via actin-
mediated endocytosis in cardiomyocytes, intercellular transfer of mitochondria 
between cells may involve tunneling nanotubes within the syncytial architecture of 
cardiomyocytes in vivo [135].

 Mechanisms of Cardioprotection

The mechanism through which transplanted mitochondria provide cardioprotection 
reflect the mediators of mitochondrial damage accrued during ischemic injury. 
Based on the established observations, at the least, cardioprotection via autologous 
mitochondrial transplantation are considered to involve (1) increased myocardial 
ATP content and metabolic recovery (2) change in proteomic and transcriptomics 
(3) upregulations of cytokine and chemokines that enhance post-infarct myocardial 
function and (4) replacement of damaged mitochondrial DNA.

To date, all studies of mitochondrial transplantation in cardiac tissue have shown 
that transplanted mitochondria increase cellular ATP content and oxygen consump-
tion. In the in vivo rabbit model of regional ischemia/reperfusion injury, total tissue 
ATP content in the area of risk in mitochondria-transplanted hearts were signifi-
cantly increased starting as early as 15 min of mitochondrial delivery and present 
even at 21 days of recovery compared to their controls. On the other hand, the use 
of exogenous ATP or ADP have not shown to restore high-energy phosphate stores 
nor have beneficial effects on post-ischemic functional recovery [126, 128, 136]. 
This is believed to be due, in part, to the lability of ATP and its short half-life 
in vivo. In line with this observation, cardioprotection by mitochondrial transplanta-
tion requires mitochondria that are intact, viable and respiration competent. Use of 
non-viable mitochondria or mitochondrial components such as mitochondrial RNA 
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and DNA have not shown to confer improvement in postischemic function or cel-
lular viability, although some mitochondrial complexes such as cytochrome c [137] 
and coenzyme Q10 have been shown to have modest benefit at very high doses [138].

The increases in the energy level and metabolic recovery is also reflected by the 
changes in myocardial proteomics and increases in differentially expressed proteins 
post mitochondrial transplantation. Study using proteomic analysis and functional 
annotation clustering in post-ischemic rabbit myocardial tissue have shown that 
proteome clusters of the mitochondrion, the generations of precursor metabolites 
for energy, and cellular respiration were significantly increased in hearts treated 
with mitochondrial transplantation compared with their controls [126].

Mitochondrial transplantation has also been shown to result in downregulation of 
inflammatory cytokines and upregulation of chemokines that play key roles in 
angiogenesis, ateriogenesis, progenitor cell migration, prevention and protection 
against cardiomyocyte apoptosis and enhanced cardiac functional recovery. Rabbit 
hearts with regional ischemia treated with autologous mitochondrial transplantation 
were shown in  vivo to have significantly decreased inflammatory markers when 
compared to untreated regional ischemic hearts, including tumor necrosis factor 
alpha (TNFα), interleukin -6 and -10 (IL-6, -10), monocyte chemoattractant pro-
tein- 1 (MCP-1) and high-sensitivity C-reactive protein (hsCRP). Multiplex analysis 
indicated that autologous mitochondria significantly upregulated expression of epi-
dermal growth factor (EGF), growth-related oncogene (GRO), interleukin-6 (IL-6) 
and monocyte chemoattractant protein-3 (MCP-3). EGF been shown to play a key 
protective role in myocardial ischemic injury by stimulating cell growth, prolifera-
tion and migration [139, 140]. GRO and IL-6 have been implicated in reconstitution 
of cardiac tissue mass post myocardial infarction by acting as chemoattractants for 
vascularization and protection against cardiomyocyte apoptosis [141]. These che-
mokines all act with MCP-3 to enhance post-infarct myocardial function and 
improve myocardial remodeling. It has been proposed that together with increased 
tissue ATP levels in the area of ischemic injury, induction of cardioprotective cyto-
kines augment the role of differentially expressed proteins and mitochondrial path-
ways to enhance metabolic recovery and post ischemic cardiac function.

The effect on reactive oxygen species (ROS) by mitochondrial transplantation 
remains to be delineated, although results are gearing more towards the idea that 
ROS may not to play a major role in cardioprotection provided by mitochondrial 
transplantation. In Langendorff-perfused rabbit hearts of regional ischemia, ROS in 
form of thiobarbituric acid-reactive substances (TBARS) were found to be signifi-
cantly decreased in hearts that received mitochondrial transplantation when com-
pared to untreated hearts. However, ROS scavenger 2-Mercaptopropionylglycine 
(MPG) failed to block cardioprotection afforded by mitochondrial mitochondria 
when used throughout reperfusion, or added to the transplanted mitochondria, sug-
gesting that cardioprotection by transplanted mitochondria occurs through mecha-
nism that are not significantly modified by ROS [126]. Whether these observations 
represent primary or secondary effects along with more clear role of ROS in the 
spectrum of mitochondrial injury and recue remain open to continued 
investigation.
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Consistent with studies in many other fields, recent studies have also shown that 
mitochondrial transplantation not only rescues cellular energy and function, but also 
replaces damaged mitochondrial DNA [131]. In vitro studies using human HeLa 
cells depleted of mitochondrial DNA (HeLa p0) incapable of oxygen consumption 
were rescued by co-incubation with mitochondria containing intact mtDNA with 
significantly increased ATP content and oxygen consumption rates detected even at 
2  weeks post co-incubation. Quantitative real-time RT-PCR analysis confirmed 
replacement of mtDNA in HeLa p0 cells following mitochondrial transplantation. 
Whether the mechanism of this type of mitochondrial rescue is related to the repli-
cation of mtDNA in the transplanted mitochondria or expansion of transplanted 
mitochondrial population requires further characterization.

 Mitochondrial Transplantation in Human Subjects

First clinical application of mitochondrial transplantation therapy has been done in 
2016 in pediatric patients who suffered myocardial ischemia-reperfusion injury at 
our institution. Five pediatric patients in critical condition who were unable to be 
weaned off extracorporeal membrane oxygenation (ECMO) support due to myocar-
dial dysfunction related to ischemia and reperfusion were treated with autologous 
mitochondria isolated from the patients’ rectus abdominis muscle and were injected 
at ten different places in the most hypokinetic regions of the myocardium [142]. All 
five patients had significant improvement in their myocardial systolic function and 
all but one patient were successfully weaned off ECMO support by the second day 
post mitochondrial transplantation. The single patient who was unable to wean off 
ECMO support suffered irreversible multi-organ failure despite the recovery of 
myocardial function following mitochondrial transplantation. As shown in animal 
models, mitochondrial auto-transplantation successfully improved post-ischemic 
myocardial function and was not associated with adverse short-term complications 
related to mitochondrial delivery such as arrhythmia, intramyocardial hematoma or 
scarring. This case demonstrates the potential role of the novel therapy of mitochon-
drial transplantation to improve ventricular dysfunction following ischemia- 
reperfusion injury in humans. Additional experimental investigations and larger 
scale trials are necessary to evaluate details of safety, efficacy, dosing and modes of 
transplantation with paralleled improvements in our understanding of ischemia and 
reperfusion injury and the role of mitochondria.

 Conclusion

Mitochondrial dysfunction is the principal feature of myocardial ischemic injury 
which prevails through reperfusion to severely compromise cardiomyocyte survival 
and post-ischemic ventricular function. These include alterations in mitochondrial 
structure, function, ionic accumulations, mitochondrial enzyme and complex 
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activity, high energy synthesis, mitochondrial DNA structure, transcriptomics, pro-
teomics, and mitochondria-mediated apoptotic pathways. Mitochondrial auto-trans-
plantation involves replacing damaged mitochondria in the ischemic heart with 
fresh, viable, and respiration competent mitochondria isolated from a nonischemic 
area of the patient’s own body to circumvent damaged mitochondrial function 
accrued during ischemia and rescue myocardial function. This novel method has 
been shown to improve myocardial infarct severity, cellular viability, and ventricu-
lar function in many different animal models and preliminarily, in humans. The 
known mechanisms of cardioprotection by mitochondrial transplantation include 
increase in myocardial ATP content, changes in mitochondrial proteomics and tran-
scriptomics, upregulation of cytokine and chemokines that enhance post-infarct 
myocardial function, as well as replacement of damaged mitochondrial 
DNA. Moreover, the advent of mitochondrial isolation to a simple, rapid and highly 
pure technique, permits application of this method within the clinical timeframe of 
most medical and surgical procedures.

Possible applications of mitochondrial transplantation abound, as mitochondrial 
damage underlie a vast number of disorders including Alzheimer’s disease, 
Parkinson’s disease, ischemia-reperfusion injury of the liver, kidney, brain and mus-
cle compartments, as well as rare mitochondrial genetic disorders. Recently, mito-
chondrial transplantation has been shown to restore damaged mitochondrial function 
in Parkinson’s’ disease brain in rats [143], decrease cell death from ischemia- 
reperfusion injury in rat liver [144] and attenuate hypoxic pulmonary hypertension 
in rats [145]. A recent study by Hayakawa et al. described the transfer of healthy 
mitochondria from astrocytes to surrounding neuronal cells during transient focal 
cerebral ischemia to induce cell survival pathways [146].

From natural phenomena to constructed therapies, the diversified transmissibil-
ity of mitochondria and their exertive roles on cellular transformation and survival 
are difficult to underestimate. Much remains in question with regards to the mecha-
nism of mitochondrial influence on cell survival as well as their specific roles in 
different disease models; and optimizations of safety and long-term outcomes pro-
voke future experimental tasks and innovation. Along with many varied fields of 
mitochondrial disorders, mitochondrial transplantation offers a valuable strategy for 
cardioprotection in ischemic heart disease and opens the gateway to deeper under-
standing of mitochondrial function and therapeutic potential.
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