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Abstract

Mitochondrial transplantation is emerging as a novel cellular biotherapy to alleviate mitochondrial damage and dysfunction.
Mitochondria play a crucial role in establishing cellular homeostasis and providing cell with the energy necessary to accomplish
its function. Owing to its endosymbiotic origin, mitochondria share many features with their bacterial ancestors. Unlike the nu-
clear DNA, which is packaged into nucleosomes and protected from adverse environmental effects, mitochondrial DNA are
more prone to harsh environmental effects, in particular that of the reactive oxygen species. Mitochondrial damage and dysfunc-
tion are implicated in many diseases ranging from metabolic diseases to cardiovascular and neurodegenerative diseases, among
others. While it was once thought that transplantation of mitochondria would not be possible due to their semiautonomous na-
ture and reliance on the nucleus, recent advances have shown that it is possible to transplant viable functional intact mitochon-
dria from autologous, allogenic, and xenogeneic sources into different cell types. Moreover, current research suggests that the
transplantation could positively modulate bioenergetics and improve disease outcome. Mitochondrial transplantation techniques
and consequences of transplantation in cardiomyocytes are the theme of this review. We outline the different mitochondrial iso-
lation and transfer techniques. Finally, we detail the consequences of mitochondrial transplantation in the cardiovascular system,
more specifically in the context of cardiomyopathies and ischemia.

ischemia reperfusion injury; mitochondrial diseases; mitochondrial transplantation; mitochondrial transfer; mitochondrial
cardiomyopathy

INTRODUCTION

Providing adequate contractile force to propel blood
throughout the body is the myocardium’s primary func-
tion, which requires energy, primarily in the form of ATP
supplemented by the mitochondria. Chemiosmotic hypothe-
sis has long established that electron transport system (ETS)
creates a proton gradient across the mitochondrion’s inner
membrane, which is used to drive ATP synthesis (1, 2). Before
this, most were convinced of the role of ETS in ATP synthesis
with a provision that it is achieved based on a direct relation-
ship through substrate-level phosphorylation (3–5). Reactive
oxygen species (ROS) at complexes I and III are the by-prod-
ucts of ETS, which can contribute to mitochondrial damage
when in excess, and are part of the signaling sequence leading
to apoptosis (6). In cardiomyocytes, mitochondria are also re-
sponsible for regulation of calcium homeostasis to avoid irre-
versible ischemic heart damage due to cellular calcium
overload (7). Given the mitochondria’s various functions in
cardiomyocytes, together with cardiomyocytes’ heavy energy
demand, mitochondrial damage or dysfunction is associated

with a variety of heart diseases. Mitochondrial dysfunction is
commonly observed in cardiomyopathies, which can be due
to ischemic damage or geneticmutations (8).

Proper cardiac function depends on collective cellular bio-
energetics and thus mitochondrial quality. Myocardium is
the highest energy-demanding tissue in the body (9), with
mitochondria accounting for up to one third of the total cell
volume (10). Cardiomyocytes require high energy to sustain
their cellular function, and their demands increase during
exercise or stress. The major source of energy for cardiomyo-
cytes are carbohydrates in the fed state and fatty acids in the
fasted state (11). Fatty acid beta oxidation is less energy-effi-
cient than glucose; previous studies have shown that supra-
physiological free fatty acid (FFA) levels observed in heart
failure or myocardial infarction are due to high levels of nor-
epinephrine (11).

A cellular byproduct of oxidative phosphorylation is reac-
tive oxygen species (ROS). Normal levels of ROS are crucial
for cellular communication, mediating different signaling
pathways that are ultimately responsible for maintaining ho-
meostasis and adaptation to physiological stress (12). Hence,
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it is the amount of ROS that determines whether a beneficial
or harmful role is played. ROS play a role in oxidativemodifi-
cation of receptors, kinases, phosphatases, caspases, ion
channels, and transcription factors. In addition, they are
implicated in signaling cascades that are important in cell
fate, such as the protein kinase B (Akt), AMP-activate protein
kinase (AMPK), and mitogen-activated protein kinase
(MAPK) pathways (13–15). Other recent studies have demon-
strated the role of ROS signaling in a variety of other signal-
ing pathways, activating p53, c-jun NH2-terminal kinase 1,
and NF-κB (16–18). Under physiological hypoxia, mitochon-
dria release ROS, which subsequently activate hypoxia in-
ducible factor 1, a crucial mediator for metabolic adaptation
under low oxygen circumstances (19). ROS are also impor-
tant in regulating synaptic plasticity-related signaling mole-
cules, receptors, and channels and critical for long-term
potentiation, which is beyond the scope of the current
review. Large amounts of reactive oxygen, nitrogen, and
lipid species can lead to mitochondrial (mt)DNA damage
and irreversible impairment of mitochondria, reduced ATP
generation, and eventually cell death. ROS-mediated activa-
tion of NHE-1 and CaMKII in cardiac hypertrophy and heart
failure, respectively, and ROS burst in ischemia-reperfusion
injury are some examples of ROS involvement in the context
of cardiovascular pathologies (13).

Mitochondria also play important roles in calcium homeo-
stasis. Calcium influx into the mitochondria is primarily
regulated bymitochondria calcium uniporter. Ryanodine re-
ceptor 1 and leucine zipper-EF-hand-containing transmem-
brane protein 1 (LETM1) are other mechanisms that have
been proposed for calcium entry into mitochondria. A
remaining question is whether LETM1 is in fact a Ca2þ /Hþ

exchanger or a Kþ /Hþ exchanger (20). Calcium exits mito-
chondria through Naþ /Ca2þ /Liþ exchanger (20). The intra-
cellular sodium level is maintained below the cytosolic
sodium by sodium-proton exchangers to create the electro-
chemical gradient necessary for the influx of sodium that is
coupled to the efflux of calcium (20).

Calcium plays a regulatory role in mitochondria and mod-
ulates the activity of mitochondrial dehydrogenases such as
pyruvate dehydrogenase, isocitrate dehydrogenase, and
a-ketoglutarate dehydrogenase. Moreover, calcium leads to
activation of complex V of the ETS, which converts the pro-
ton motive force to ATP. As such, an increase in work, leads
to increased cytosolic and subsequently matrix calcium that
in turn leads to increased ATP production (20). While under
increased work demand, increased mitochondrial calcium
leads to increased ATP production; it is also calcium over-
load that triggers cellular necrosis under ischemia-reperfu-
sion injury (21). Furthermore, it has been shown that in heart
failure an increase in cytosolic sodium is accompanied by
increased matrix calcium, which leads to calcium efflux
frommitochondria and reduced ATP production (22).

Given that the dysfunctionalmitochondria have a devastat-
ing role in the pathophysiology of variety of diseases, mito-
chondrial transplantation may offer exciting therapeutic
applications. Although research on mitochondrial transplan-
tation is currently dedicated predominantly to treatment of
ischemic diseases in the context of cardiology and neurology,
mitochondria play an important role in function of the kid-
ney, gastrointestinal system, reproductive system, respiratory

system, and hematological system, which is beyond the scope
of this review. Here we summarize the current research sur-
rounding mitochondrial transplantation in the context of
therapies for cardiovascular diseases.

Mitochondrial transplantation includes the process of iso-
lation (Fig. 1), transfer, and internalization of exogeneous
intact mitochondria into targets cell or tissue (Fig. 2).
Intracellular transplantation of these functional mitochon-
dria has been proposed to repair damaged tissue in the brain,
respiratory system, cardiovascular system, and renal system
(23–27) to name a few. It is hypothesized that owing to their
endosymbiotic origin, the recipient cells can uptake and
integrate exogenous mitochondria and in doing so rescue
cellular function and restore cellular homeostasis. Ali Pour
et al. (28) and others have also shown the possibility of non-
autologous/allogenic and even interspecies/xenogeneic mi-
tochondrial transplantation (28–31).

MITOCHONDRIAL ISOLATION

Several techniques for isolation of mitochondria, based on
differential centrifugation (DC) (32), density gradient high-
speed ultracentrifugation (UC) (33), and magnetic cell sepa-
ration (MACS) (34) have been practiced so far (Fig. 1).

Originalmethod of isolation relies on centrifugation at dif-
ferential speeds to fractionate the harvesting cell’s nuclear
and cytoplasmic components and purify isolated mitochon-
dria. This is achieved by initially centrifuging the cell sus-
pension or tissue homogenate to pellet the nuclear fraction
and cellular debris, followed by centrifugation at higher
speeds to extract and purify mitochondria from the cytosol
fraction. Another centrifugation-based technique uses a
Ficoll sucrose density gradient and exceedingly high-speed
centrifugation and buoyancy to isolate mitochondria (34).
However, with centrifugation techniques, it is difficult to
achieve both high yield and purity. Since yield is high in DC,
purity is lower compared with UCwith roughly�20% lysoso-
mal and peroxisomal contaminants (35), and similarly, since
purity is higher in UC, yield is lower.

A more recent method known as fractionated mitochon-
drial magnetic separation (FMMS) (34) seems to lead to a
high-yield and high-purity solution. Referred to as FMMS
here, MACS, which is a method typically used for separation
of cell populations based on their surface antigens, has also
been used in the context of mitochondrial isolation (34). In
FMMS, mitochondrion is first labeled with anti-TOM22,
which is a magnetically tagged antibody against the translo-
case of the outer mitochondrial membrane 22. After this
coincubation, the labeled lysate is passed through a column
within a magnetic field. Subsequently, the magnetically
tagged mitochondria will be trapped in the column and
eluted, which leads to a higher purity isolate compared with
the centrifugation techniques (34).

Another method proposed by McCully et al. (27) relies on
collection of autologous tissue samples massing <0.1 g from
a subject through biopsy and homogenization of extracted
tissues via an automated homogenizer, followed by brief
digestion and filtration to break down cellular membranes
and free organelles. This method may better meet the needs
of clinical settings where an interventional time below 60
min is desired. Lastly, centrifugation is used to concentrate
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mitochondria, yielding �1 � 109 mitochondria from a 0.1-g
mass (27). After the isolation, regardless of the used techni-
ques, mitochondria can be immediately used for transfer
and internalization (Fig. 1).

MITOCHONDRIAL TRANSFER AND
INTERNALIZATION

Mitochondrial transfer or internalization as a natural pro-
cess has been observed in living cells, where mitochondria
from one cell can be passed on to another via tunneling
nanotubes, usually under conditions of cellular distress (31,
36–39). However, in biomedical literature, mitochondrial
transfer has been used interchangeably with transplanta-
tion, for artificial internalization of exogenousmitochondria.
Here, we refer to exogenous delivery of mitochondria as

transplantation (38, 40–42). Mitochondrial transplantation
has been attempted through direct injection of isolatedmito-
chondria to the recipient tissue (31, 43–45), coincubation (28,
29, 31, 46–50), centrifugation (51), magnetomitotransfer (use
of electromagnetic forces) (40), and photothermal nanoblade
(Fig. 2) (41).

Direct injection has been used in the in vitro settings, ani-
mal models, and even in clinical settings where the isolated
mitochondria are directly injected into the recipient cells
(throughmicroinjection) or tissue (via needles) (43–45).

Coincubation, as the name indicates, involves the incuba-
tion of the isolated mitochondria and recipient cells in the
vicinity of one another to allow the recipient cells uptake mi-
tochondria, perhaps similar to the way in which ancestral
mitochondrion, once a bacterium, was taken up by the an-
cestral eukaryotic cell (Fig. 3 and Fig. 4).

Figure 1. Mitochondrial isolation appro-
aches in a glance. Current mitochondrial
isolation techniques include A: differential
centrifugation (DC). B: density gradient high-
speed ultracentrifugation (UC). C: fractio-
nated mitochondrial magnetic separation
(FMMS). D: isolation for clinical use. Figure
created with BioRender.
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Centrifugation at 1,500 g for 5 min has been shown to
enhance the delivery of exogenous mitochondria when
compared with the simple coincubation method. In this
technique, once the isolated mitochondria are mixed with
the recipient cells, the coincubated sample is briefly cen-
trifuged to enhance and accelerate the mitochondrial
uptake (Fig. 3) (51).

Magnetomitotransfer is accomplished first by labeling
mitochondria with anti-TOM22 and then exposing these
magnetically labeled mitochondria to a magnetic plate.
Magnetomitotransfer has a reported efficiency of 78–92%
compared with coincubation’s efficiency of 17% (40).
Additionally, this technique can increase mitochondrial
internalization evidenced by a higher ratio of cells and
higher density of transferred mitochondria within the
first day of the recipient cell culture (40).

Finally, a photothermal nanoblade procedure has been
reported to be used to transfer isolatedmitochondria into so-
matic mammalian cells (41). In their proof-of-principle
study, Wu et al. (41) showed that their nanoblade apparatus

was successful in transferring isolatedmitochondria, leading
to restoration of metabolic gene expression, global energetic,
and metabolite profiles. Although the application of such a
mechanism may be limited, their protocol using a precise
apparatus has the potential to protect against the transfer of
other unwanted cytosolic biomolecules such as microRNAs
and abhorrent signaling molecules that can impact cellular
biologic functions (41).

Nevertheless, mitochondrial transplantation studies are
still in their infancy and more needs to be done to assess its
efficiency and efficacy. Evaluating the efficiency of mito-
chondrial transplantation is challenging particularly consid-
ering discrimination and proper quantification of native and
transplanted mitochondrial population. Although these or-
ganelles seem to be independent, they are in fact intercon-
nected through a dynamic reticulated network, allowing to
share their contents (31, 52). Mitochondria can assume differ-
ent sizes and shapes through fission and fusion processes,
and lack of fluorescently stabilized cell lines that allow con-
tinuousmonitoring of native and transplantedmitochondria

Figure 2. Mitochondrial transplantation approaches in
a glance. Mitochondrial transplantation techniques
include direct injection (A), coincubation (B), centrifu-
gation (C), electromagnetic forces (D; known as mag-
netomitotransfer), and photothermal (E; nanoblade).
Figure created with BioRender.
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make the comparison of native and transplanted population
(and hence determining transplantation efficiency) chal-
lenging. Given the recent availability of human-induced plu-
ripotent stem cells with stabilized fluorescently tagged
mitochondria (mECFP and mTagRFP), in our opinion, fur-
ther quantitative studies with more consistent results can be
performed in the near future.

Maeda et al. (53) attempted to increasemitochondrial trans-
plantation efficiency using TransActivator of Transcription
dextran (TAT-dextran) complexes by enhancing cellular
uptake of exogenous mitochondria. They suggest that TAT-
dextran complexes enhance cellular uptake of exogenous mi-
tochondria and can improve the protective effect of mito-
chondrial replenishment in rat cardiomyocytes against
oxidative stress. When compared with coincubation, TAT-
dextran transferred mitochondria showed a lower expression
of apoptosis-promoting gene Bax to apoptosis-suppressing
gene Bcl-2, indicating a more effective anti-apoptotic shift.
TAT-dextran modification also increased internalization of
exogenous mitochondria as confirmed by flow cytometric
analysis (183 ± 18.4%, P< 0.01 vs. coincubation group) (53).

Actin-dependent endocytosis and macropinocytosis have
been speculated as possible mechanisms of internalization of
the transplanted mitochondria into a recipient cell. More stud-
ies are necessary to establish the mechanism or mechanisms of
mitochondrial internalization. In our opinion, perhaps more
than one mitochondrial internalization mechanism could be
involved in internalization of exogenousmitochondria by recip-
ient cells with potential dependency on the recipient cell/tissue
type and mode of mitochondrial delivery. Pacak et al. (26)
investigated blocking caveolae-mediated, clathrin-mediated

endocytosis, actin-dependent endocytosis, macropinocytosis,
and tunneling nanotubes using pharmacological blockers of
endocytosis pathways, i.e., methyl-b-cyclodextrin (MbCD), cy-
tochalasin D (CytoD), 5-(N-ethyl-N-isopropyl) amiloride (EIPA),
and nocodazole (Noco), respectively. Before mitochondrial
transplantation, the cells were incubated with one of the above-
mentioned pharmacological blockers. Mitochondrial internal-
ization was only significantly decreased in the presence of
CytoD, which suggests the involvement of actin-dependent
endocytosis pathway (26). A more recent work by the same
group, Cowan et al. (54) used three-dimensional superresolu-
tion microscopy and transmission electron microscopy to visu-
alize exogenous human mitochondria posttransplantation and
looked more closely at the dynamic of intracellular trafficking
of mitochondria. With respect to mitochondrial internalization
through endocytosis, mitochondria are taken by the cells
through endocytic vesicles formed by the invagination of the
cellular membrane during the cellular uptake process. These
vesicles are then fused with early endosomes as a major sorting
comportment. Once the endosome reaches the cells, it should
ideally release its contents (i.e., mitochondria). However, endo-
somal escape can be a limiting step if the mitochondria get
trapped inside the endosomes. If mitochondria are destined to
be degraded, they will be transported to late endosomes, which

Figure 3. Mitochondrial transplantation. Nonautologous (allogenic) mito-
chondria from skeletal muscle (rat L6; ATCC, Manassas, VA) cells were iso-
lated using a commercially available isolation kit (ThermoFisher Scientific,
Waltham, MA), labeled with MitoTracker Green FM (ThermoFisher
Scientific, Waltham, MA), and transplanted to cardiomyocytes (rat H9c2;
ATCC, Manassas, VA) via combination of centrifugation and coincubation.
Success of mitochondrial transplantation was visualized using holotomog-
raphy microscopy (Nanolive SA, Ecublens, Switzerland) 24 h posttrans-
plantation. The data are from Kheradvar Laboratory.

Figure 4. Native vs. transplanted mitochondrial population. Mitochondrial
transplantation into cardiomyocytes visualized by structured illumination
fluorescence microscopy (Keyence, Itasca, IL). Transplanted mitochon-
drial population labeled with pHrodo Red SE (Thermofisher Scientific,
Waltham, MA), native mitochondria labeled with MitoTracker Green FM
(Thermofisher Scientific, Waltham, MA), and cell nucleus labeled with
NucBlue Live (Thermofisher Scientific, Waltham, MA). Figure adapted
from an image previously published by Ali Pour et al. (28).
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together with Golgi’s lysosomal comportments will form the
endolysosomes that can provide the proper environmental con-
dition for degradation and recycling of material. Yet, some
cargomight be able to escape the late endosomes. In their stud-
ies, Cowan et al. (54) labeled early and late endosomes with
early endosome antigen 1 and late endocytic marker Rab7,
respectively. They assumed some of the transplanted mito-
chondria were degraded based on their fragmented appearance
in some lysosomes. However, themajority of internalized green
fluorescent protein-labeled mitochondria successively pro-
gressed through the endolysosomal system, successfully
escaped the endosomal and lysosomal compartments, and
effectively fused with the endogenous mitochondria based on
their association with the cardiomyocyte mitochondrial net-
work (54).

Although studies by Pacak et al. (26) and Cowan et al.
(54) suggest actin-dependent endocytosis as the mecha-
nism for mitochondrial internalization in cardiomyocytes,
previous studies by Kitani et al. (42) and Kesner et al. (55)
suggest macro-pinocytosis involvement in the context of
internalization of mitochondria in human uterine endo-
metrial cancer cells. In studies by Kesner et al. (55) using
transmission electron microscopy, they observed mito-
chondria were engulfed by the recipient cells through cel-
lular extensions and cell surface ruffling. This led them to
hypothesize macropinocytosis involvement, which was
confirmed when mitochondrial uptake was blocked upon
use of micropinocytosis inhibitors except the clathrin-
mediated endocytosis inhibitors.

With respect to this disagreement on the underlying mech-
anism of mitochondrial internalization, Patel et al. (56) argue
that with the exception of the work by Kesner et al. (55), cur-
rent knowledge may not suggest a conclusive and reliable de-
cision since the studies only rely on use of endocytotic
inhibitors, which can inhibit multiple endocytic pathways.

CONSEQUENCES OF MITOCHONDRIAL
TRANSPLANTATION IN THE
CARDIOVASCULAR SYSTEM

Mitochondrial Transplantation Improves Outcomes in
Ischemia-Reperfusion Injury

Ischemia-reperfusion injury in the context of ischemic
heart disease is defined as the paradoxical exacerbation of
cellular dysfunction and death following restoration of blood
flow to previously hypoxic tissues (57). Ischemic damage to
mitochondria leads to their malfunction. Since mitochon-
dria’s DNA encodesmost of their components, prolonged pe-
riod of ischemia can permanently damage the ability of
cardiomyocytes’mitochondria to generate ATP (58, 59).

It is currently believed that irreversible ischemic damage
may be due to 1) loss of ATP (58, 59); 2) supraphysiological
free fatty acids (FFA) levels (11); 3) formation of excess reac-
tive oxygen species (ROS) (60–62); 4) cellular calcium over-
load (63–66); and finally, 5) sodium pump inhibition (Fig. 5)
(67, 68).

In unstressed healthy individuals, although ROS are con-
tinually generated during cellular metabolism, they are
effectively removed by cellular antioxidant systems. An
example of this antioxidant system is superoxide dismutase

that removes superoxide radicals produced during cellular
metabolism (69). Under normal circumstances, these antiox-
idant systems are efficient at maintaining ROS at a healthy
level. However, it is during ischemia when ROS production
exceeds the “buffering” capacity of the antioxidant system,
leading to disruption of calcium homeostasis, mitochondrial
and cellular DNA damage, andmitochondrial lipid peroxida-
tion (70, 71). Ultimately, this leads to cell death by apoptosis
through the intrinsic apoptosis pathway (60–62).

In the classical manifestation of ischemia, occlusions in
the arterial supply leads to the hypoxic effects described ear-
lier. Restoration of blood flow, or reperfusion, is frequently
found to exacerbate tissue injury. In fact, reperfusion can
lead to an additional 40% cardiac cell death (72). This may
be due to the alteredmetabolism of ischemia-damagedmito-
chondria, leading to excessive ROS production and disrup-
tion of the mitochondria membrane (73). Reperfusion also
elicits rapid alterations in ion flux, and this rapid change of
pH may lead to enhanced cytotoxicity (67, 68). To return to
normal pH levels, the cell utilizes sodium-dependent pH reg-
ulators, such as the Naþ /Hþ exchanger. Once activated,
hydrogen is pumped out of the cell, leading to intracellular
sodium accumulation. High sodium levels activate Naþ /
Ca2þ exchangers, leading to Ca2þ overload, which in turn
causes ATP depletion and damage tomitochondria (63–66).

Metabolic and ionic changes secondary to the lack of oxy-
gen are major contributors to the mitochondrial damage in
the myocardium during ischemia, which significantly affect
cardiac function and cell survival during ischemia reperfu-
sion injuries. Masuzawa et al. (43) hypothesized and tested
that in ischemia, cell survival will improve by transplanta-
tion of autologously derived mitochondria immediately
before reperfusion. In their in vivo and in vitro studies in
New Zealand White rabbits and Lewis rats, autologously
derivedmitochondria were injected into regional zones of is-
chemia, following 29 min of reperfusion injury, and the
hearts were allowed to recover for 4 wk. Their results showed
that the transplanted mitochondria are internalized by the
tissue in 2 to 8 h. Moreover, cardiac enzymes, creatine kinase
MB and cardiac troponin-I, apoptosis, and infarct size signif-
icantly decreased posttransplantation in the reperfusion
injury zone. Additionally, within 10 min after reperfusion,
normal contraction was reestablished in the transplant
group, while in the control group, hypokinesia in the reper-
fusion injury zone persisted until 4-wk recovery timepoint
(Fig. 6) (43).

Cowan et al. (46) expanded on their previous work (43)
and demonstrated the effectiveness of transplantation in an
intracoronary delivery model. They effectively delivered mi-
tochondria through coronary vasculature in Langendorff-
perfused rabbit hearts that were subjected to 30min of ische-
mia and then reperfused for 10min. They concluded thatmi-
tochondrial transplantation through coronary arteries was
practicable and occurred within minutes. Mitochondria deliv-
ered via coronary arteries spread throughout the cardiac tis-
sue, whereas those locally injected were predominantly
localized to the interstitium of the injection site. Vascular
delivery of mitochondria reduced infarct size similar to direct
injection of mitochondria, which indicates a clinically rele-
vant method, since direct injection may not be feasible in all
interventional settings (46).
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Previous work has demonstrated that mitochondria from
diabetic rats are dysfunctional, having reduced ATP produc-
tion and respiratory capacity (74). Doulamis et al. (29) inves-
tigated whether the source of allogenic mitochondria played
a part in improved clinical outcomes, by comparing mito-
chondria isolated from either nondiabetic or diabetic
rats. Their results demonstrate that mitochondrial trans-
plantation enhances postischemic myocardial function and
reduces cardiomyocyte injury in diabetic rat hearts regard-
less of the source of mitochondria (Fig. 7). Both groups of di-
abetic rats receiving mitochondria exhibited an increase in
left ventricular (LV) pressure after transplantation. In dia-
betic rats that received allogenic mitochondria, mean LV
pressure was 92.8 ± 5.2 mmHg, 110.7 ± 2.4 mmHg, and 44.3 ±
5.9 mmHg in rats that received mitochondria from diabetic,
nondiabetic, and healthy control donors, respectively.
Similar improvements were observed for infarct size, with
sizes of 11.8 ± 0.7, 9.9 ± 0.5%, and 52.0 ± 1.4%, in rats that
received mitochondria from diabetic, nondiabetic, and
healthy control donors, respectively.

There was no significant difference in cardiac function
or myocellular viability between mitochondria-receiving
groups, suggesting that mitochondrial transplantation has
great potential to reduce morbidity and mortality in dia-
betic patients subjected to myocardial ischemia-reperfu-
sion injury (29).

McCully’s group (29) continued their mitochondrial
transplantation studies in swine models; Kaza et al. (44)
performed mini-thoracotomies on Yorkshire pigs with
pectoralis major dissected and removed to be used for iso-
lation of autologous mitochondria. After 24 min of ische-
mia-reperfusion injury, the hearts received multiple
injections of either a sham control or vehicle containing
mitochondria into the area at risk. Levels of creatine ki-
nase-MB and troponin I were significantly decreased in
the treatment group compared with the sham group,
which persisted for at least 4 wk posttransplantation.
Immune, inflammatory, and cytokine markers showed no
difference among the groups. While there was no signifi-
cant difference in the area at risk between the sham con-
trol and vehicle containing mitochondria (P = 0.48), the
infarct size was significantly reduced (P = 0.004) in the
group receiving mitochondria. Multiple doses of mito-
chondria were tested, with no significant difference in
decreasing the infarct size despite the number of mito-
chondria injected (44).

The swine model was also used to test the prophylactic
effect of mitochondrial transplantation for the hearts
exposed to ischemia reperfusion injury (Fig. 7). Guariento et
al. (49) cannulated 26 Yorkshire pigs with sham control
buffer or mitochondria, either serially, having 10 injections
over 60 min, or with a single bolus. The hearts were

Figure 5.Mitochondrial dysfunction in ischemia. It is cur-
rently believed that irreversible ischemic damage is due
to 1) loss of ATP, 2) supraphysiological free fatty acids
levels, 3) formation of excess reactive oxygen species
(ROS), 4) cellular calcium overload, and finally, 5) sodium
pump inhibition. Figure created with BioRender.
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subjected to regional ischemia, 15 min after injection, for 30
min and were reperfused for 120 min. They found that
both groups of pigs receiving mitochondria had signifi-
cantly increased coronary blood flow, ejection fraction,
and improved LV pressure. Like the previous findings,
there was no difference in the size of the area at risk, but
pigs receiving mitochondria did have a significantly
smaller infarct size, suggesting mitochondrial transplanta-
tion provides prophylactic cardioprotection from ischemic
reperfusion injury. Most notably, there was no significant
difference between those who received a single bolus of
mitochondria versus those who received serial injections,
suggesting no advantages for the latter (49).

Although previous studies focus on immediate injec-
tion or cannulation of mitochondria, in a typical manifes-
tation of ischemia reperfusion injury, patients will
typically not seek treatment in the minutes or hours fol-
lowing an ischemic event. Blitzer et al. (48) investigated
the efficacy of delayed transplantation of mitochondria
for cardioprotection in a swine model by subjecting
Yorkshire pigs to 30 min of ischemia, allowing for 120 min
of reperfusion, and then introducing either sham control
or autologous mitochondria to the coronary ostium. The

authors suggest that delayed transplantation still pro-
vides cardioprotection, as pigs that received mitochon-
dria after the delay had a significantly enhanced ejection
fraction (P = 0.02) and significantly lower infarct size (P <
0.001), which further underscores the clinical application
of mitochondrial transplantation (48).

Mitochondrial transplantation may also play a role
in improving the efficacy of organ transplantation.
Moskowitzova et al. (50) hypothesized that mitochondrial
transplantation may increase cold ischemia time in heart
transplants. Cold ischemia time is defined as the time
between the chilling of a tissue after its blood supply has
been cut off and the time it is warmed by having blood
supply restored. Moskowitzova et al. (50) suggest that this
type of ischemia-reperfusion injury also benefits from mi-
tochondrial transplantation. Pre- and posttransplantation
injections of either sham control (heparin) or vehicle con-
taining mitochondria to transplanted rat hearts with a
cold ischemic time of 29 h, followed for the next 24 h,
suggest that beating score, ejection fraction, and shorten-
ing fraction were significantly enhanced (P < 0.05).
Neutrophil infiltration and necrosis were significantly
decreased (P < 0.05), ultimately suggesting that their

Figure 6.Mitochondrial dysfunction in mitochondrial dis-
eases. Imbalance in mitochondrial dynamics (decrease
in fusion, increase in fission, and decrease in mitophagy)
leads to accumulation of damage/mutant mitochondria
(top) and Clonal replication and expansion of damaged/
mutant mtDNA beyond tissue threshold level for pheno-
type expression (bottom). ROS, reactive oxygen species;
nDNA, nuclear DNA; mtDNA, mitochondrial DNA. Figure
created with BioRender.
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protocol can enhance graft function and reduce graft fail-
ure in transplant patients (50).

In many countries, donation after circulatory death as
a measure for organ transplantation involves regulations
related to the retrieval of organs for the purpose of trans-
plantation that follows death. Warm ischemia is a serious
concern to this procedure as it affects the entire organ
(75). Guariento et al. (76) recently investigated whether
mitochondrial transplantation can help address this con-
cern by increasing cardiac efficiency. They had 29
Yorkshire pigs undergo circulatory death by cessation of
mechanical ventilation. After 20 min of warm ischemia
and 15 min of reperfusion via an ex situ blood perfusion
system, the hearts received either a sham control or vehi-
cle containing autologous mitochondria. A third group
received a second injection of mitochondria after 2 h of
ex situ heart perfusion. The hearts which received auto-
logous mitochondria showed a significantly increased
left ventricular pressure, fractional shortening, and myo-
cardial oxygen consumption. Infarct size was also signifi-
cantly reduced in hearts receiving mitochondria when

compared with the control group with sham treat-
ment (76).

The question of efficacy and safety ofmitochondrial trans-
plantation remains to be addressed. Accordingly, Shin et al.
(47) developed a novel method for delivering mitochondria
through an intracoronary catheter. To investigate mitochon-
drial biodistribution, mitochondria were tagged using 72F-
rhodamine-6G and were visualized using positron emission
tomography scan. Visualization revealed global distribution
of the mitochondria. These studies also found that intracoro-
nary injection of mitochondria at any tested concentration
did not affect heart rate, mean arterial pressure, or cardiac
rhythm but enhanced regional and global LV function.
Intracoronary injection increased coronary blood flow in a
concentration-dependent scheme without causing any de-
tectable lesions or blockages. The authors used antidiuretic
hormone (ADH) to induce myocardial stress and increase
myocardial demand. Injection of ADH resulted in coronary
vasoconstriction and decrease in coronary blood flow, which
was rescued by intracoronary injection of mitochondria.
Ultimately, this study reveals the safety and efficacy of

Figure 7. Mitochondrial transplantation in animal models. Allogenic mitochondrial transplantation has been shown to increase cardioprotection in dia-
betic rat hearts (left), autologous mitochondria improve cardioprotection and decrease infarct size in rabbits undergone regional ischemia (middle), and
autologous mitochondria transplantation before ischemic damage in pigs leads to improved cardiac function and decreased infarct size, demonstrating
mitochondrial transplantation’s prophylactic effects (right). The diagrams summarize the work by Masuzawa et al. (44), Doulamis et al. (29), and
Guariento et al. (50). Figure created with BioRender.
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mitochondrial transplantation via coronary catheters. This
procedure of bolus delivery makes mitochondrial transplan-
tationmore applicable for use in clinical settings (47).

The first clinical study of mitochondrial transplantation
recruited pediatric patients with ischemia-reperfusion injury
who were on extracorporeal membrane oxygenation (ECMO)
support (77). Autologous mitochondria from nonischemic
skeletal muscle were isolated, suspended in 1 mL respiration
buffer, and administered to the affected myocardium
through direct epicardial injection with a tuberculin syringe,
and monitored by epicardial echocardiography to assess
hypokinesis. Following autologous mitochondrial transplan-
tation, four in five patients were successfully removed from
ECMO support, although ultimately only three survived.
Additionally, the autopsy of patients who could not be
removed from ECMO indicated no difference in pre- and
postinjection markers of systemic inflammatory syndrome
suggesting no inflammation or rejection due to mitochon-
drial treatment (77).

Although this study was limited in its sample size to
draw any statistically significant conclusion, it paved the
way for their next pilot study examining autologous mito-
chondrial transplantation in pediatric patients (45). In this
retrospective study of patients requiring ECMO, 14
patients underwent revascularization alone and 10 under-
went revascularization with subsequent mitochondrial
transplantation. While 80% of the patients who received
mitochondrial transplantation were removed from ECMO
within 1 wk, only 29% of the patients in the revasculariza-
tion alone group became ECMO free (P = 0.02) (45).
Ventricular strain was significantly lower in the mitochon-
drial recipient group. Median functional recovery time af-
ter revascularization was also significantly shorter with
fewer adverse cardiovascular events (45). Ultimately, this
study suggested that mitochondrial transplantation is
associated with successful separation from ECMO and bet-
ter cardiac function overall (45).

Mitochondrial Transplantation Improves Cellular
Bioenergetics in Healthy Cardiomyocytes

One of the many aims of mitochondrial transplantation is
to modulate cellular bioenergetics, and in turn function, in
the recipient cells. Recent studies by Ali Pour et al. (28) dem-
onstrate short and long term (up to 28 days) posttransplanta-
tion bioenergetics in healthy cardiomyocytes. They show
that cellular bioenergetics in vitro is acutely improved post-
transplantation; however, this enhancement is short lived
and the improved bioenergetic indexes (basal respiration
and ATP production) return to normal biological levels in
long-term. This observation suggests that mitochondrial
transplantation may boost healthy cellular energetics, which
can be clinically useful in mitigating acute myocardial stress
(28). However, more research is needed to investigate poten-
tial and efficacy of mitochondrial transplantation in treat-
ment ofmore chronic conditions.

Mitochondrial Diseases and Dysfunction

Mitochondrial cardiomyopathy is characterized by abnor-
mal myocardium secondary to genetic defects that leads to
impairment or loss of the factors in the mitochondrial

respiratory chain, in the absence of other cardiac diseases
(Fig. 6) (8). Cardiomyopathies are some of the most frequent
manifestations of mitochondrial diseases, occurring in 20–
40% of children with mitochondrial disease (78, 79). Clinical
manifestations of mitochondrial cardiomyopathies can vary
in severity from asymptomatic to severe symptoms, most
notably heart failure and arrhythmias. Mortality in children
with mitochondrial diseases is higher in those with cardio-
myopathy than in those without (79).

It is speculated that the etiology of mitochondrial cardio-
myopathy lies in the impairment or loss of the electron
transport chain complex subunits and CoQ10 synthesis (8).
Cardiomyopathy has been reported in patients with muta-
tions in mitochondrial and nuclear genes encoding complex
I subunits, such as MTND1 and MTND5 (80). Mutations in
genes encoding for complex II subunits, such as SDHA and
SDHD, have also been reported in patients with cardiomyop-
athies (81).

The prevalence of mitochondrial diseases is much higher
than previously thought. It is currently estimated that mito-
chondrial diseases occur in 1 in 4,000 individuals, which
could still be an underestimate due to misdiagnosis (82).
Presently, no clinically proven therapy is available for mito-
chondrial diseases, which highlights the unmet clinical
needs.

Potential therapies envisioned are broadly divided into
gene-based and cellular therapies. Cell-based therapies are
established on the transplantation or delivery of intact new
organelles from healthy cells to diseased cells, which may
potentially improve outcome for patients who suffer from
the consequences of acquired or congenital mitochondrial
defects merely due to mitochondrial mutations. This can be
achieved through intercellular transfer of exogenous mito-
chondria, potentially from allogenic sources. Several studies
have also shown the efficacy of intercellular transfer from
stem cells to diseased cells (36, 83–86), and transfer of exoge-
nous mitochondria via transplantation is currently being
investigated (31, 87).

Mitochondrial genome, similar to the nuclear genome, is
constantly exposed to external and internal agents that can
result in damage and mutation (88). Mitochondrial diseases
develop as a result of the clonal expansion of the mutated/
damaged mtDNA (Fig. 6). Different tissues have different
thresholds for mtDNAmutation load that can lead to cellular
mitochondrial dysfunction, with the threshold being lower
for cells that depend heavily on the energy supplied by mito-
chondria, such as cardiac cells (89). Since mitochondria play
a critical role in the cell, the maintenance of mtDNA integ-
rity is vital to the well-being of the cell. Thus mitochondria
constantly undergo fission and fusion processes to maintain
their fitness (90).

mtDNA is packaged into DNA-protein assemblies called
nucleoids (91). Fusion as the name implies is the process
where two mitochondria join and exchange their nucleoids
(92, 93). Fission is the reverse process, in which there is an
increase in number of mitochondria (92, 93). Fusion is
believed to have a protective role in pathologies caused by
mtDNA mutations (92). It has been shown that fusion allows
for complementation effect where two nucleoids, each with
different mutations in the same mitochondria, display the
wild-type phenotype (94, 95). However, when the mutation
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is severe, it would be best to isolate and remove themutation
through fission, in which the mutant nucleoids are segre-
gated into a mitochondrion (or few mitochondria) that can
be marked for degradation by the mitochondrial autophagy,
commonly referred to asmitophagy (93).

With the accumulation of deleterious mutation, nucleoid
replication also increases by the retrograde signaling to pro-
duce more nucleoids so that the mitochondria would be able
to meet the demand of the cell, which is another mechanism
mitochondrion employs in maintaining its proper function
and providing the cell with energy (96).

Although mitochondria lack a true DNA repair mecha-
nism, they use fission and fusion processes to maintain a
healthy network of mitochondria and this characteristic is
the reason why we believe mitochondrial transplantation
may have the potential to serve as a cellular biotherapy in
the context of mitochondrial diseases due to mtDNA muta-
tions. If the transplanted mitochondria are adopted by the
recipient cells for long term, transplantation of healthymito-
chondria can dilute the mutation load. Moreover, with an
effective treatment plan (appropriate mitochondrial dose
and frequency of treatment), which can be established using
mathematical modeling of mitochondrial dynamics in con-
junction with experimental verification, the mutation load
can be modulated to reduce it to lower levels than those
which lead to clinical manifestations. Diseases that involve
mitochondrial defects or mt-nucleus signaling defects, but
not the ones with nucleus involvement, will benefit from
such therapies.

CHALLENGES OF MITOCHONDRIAL
TRANSPLANTATION

Although the studies summarized above show promising
results in animal models, there are still many unknowns and
challenges around mitochondrial transplantation, which
need to be addressed. This could potentially also explain the
reason behind the sparse number of clinical studies involv-
ingmitochondrial transplantation.

One such challenge lies in the source of the mitochondria
being used. Given that most studies utilize autologous mito-
chondria, this greatly limits the clinical use of mitochondrial
transplantation. In our opinion, fibroblasts may be the best
source in terms of ease of access for mitochondrial trans-
plantation for various purposes. However, the number of mi-
tochondria in fibroblasts is not comparable to myocytes or
cardiomyocytes. Platelets could potentially serve as another
source; while platelets have a limited number of mitochon-
dria, they are widely available. However, for more special-
ized cells such as those in the muscles, retina or cochlea, the
mitochondria source may be restricted to the same cell type.
The clinical usage of mitochondrial transplantation is also
limited due to necessity and challenges of mitochondrial
harvest. In clinical studies thus far, autologousmitochondria
from either the abdominal rectus muscle or the pectoralis
major muscles have been used. It has been reported that the
activity of isolated mitochondria greatly decreases when
stored on ice for more than 1 h (27). This short timeframe
demands a rapid procedure, whichmay not be ideal for com-
plex surgeries where timing is a crucial deterministic factor.

However, if mitochondria could instead be used from a
stored source instead of one that is needed to be rapidly
extracted and prepared, clinical applications would be
greatly broadened.

Another challenge for mitochondrial transplantation
revolves around mtDNA haplotypes. mtDNA haplotypes are
specific regions of mitochondrial DNA that cluster with
other mitochondrial sequences and show origins of maternal
lineages. mtDNA haplotypes are often associated with a vari-
ety of phenotypes and disease. Bevers et al. (97) outline that
mitochondrial haplotypes have no direct impact on mito-
chondrial respiration in drosophila but may be associated
with metabolism-related phenotypes. Through swapping of
mitochondrial genomes, they demonstrated that a mito-
chondrial haplotype associated with high-food intake can
rescue a low food intake phenotype, having drastic pheno-
typic implications (97).

mtDNA haplotypes have been shown to influence mtDNA
replication. Liu et al. (98) report that in swine models, differ-
ent mitochondrial haplotypes are associated with different
numbers of mtDNA copies. They also show that haplotypes
with higher mtDNA copy numbers have an increased tran-
script abundance of mitochondrial-encoded subunits ND1,
DN6 and ATP6. Ultimately, their data suggest that variations
in mitochondrial haplotypes may affect mitochondrial con-
tent (98). This is corroborated by findings from Lee at al.
(99). They demonstrate that mtDNA haplotypes influence
changes in gene expression and affinity for mtDNA replica-
tion factors to modulate mtDNA copy number. They also
show that different haplotypes induce distinct DNA methyl-
ation patterns, which skew genetic expression patterns (99).

It is evident thatmitochondrial haplotypesmay have dras-
tic effects on genomic expression, and ultimately, pheno-
type. To our knowledge, we are not aware of any studies that
examines the effects of different mitochondrial haplotypes
in the context of mitochondrial transplantation. Such stud-
ies are needed in the field, as transplanted mitochondria will
conserve their DNA haplotype and may affect respiratory
capacity andmetabolism.

Although sometimes practical, allogenic mitochondrial
transplantation poses challenges of its own, particularly that
it may mediate an autoimmune response in the host. The
studies by McCully’s group (43, 44, 47) examined the role of
immune system in response to mitochondrial transplanta-
tion, and several of their studies in animal models suggest
that transplantation of autologous or allogenic mitochondria
does not result in a significant alloreactivity or an increased
damage-associated molecular pattern (DAMPs) response.
Their results did not suggest an increase in cytokine or che-
mokine levels, which are crucial mediators of immune
responses (43, 44, 47).

Conversely, other studies have shown that mitochondria
may induce an inflammatory response. In fact, some DAMPS
are associated with the mitochondria, likely secondary to its
bacterial origin (100–103), mtDNA, cytochrome c, and the
mitochondrial enzyme carbamoyl phosphate synthase have
all been found to induce inflammation through DAMPs
(100–103). Lin et al. (104) demonstrated the ability of extrac-
ellular mitochondria to activate endothelial cells, resulting
in an upregulation of endothelial cell adhesion molecules
and the production of cytokines and chemokines. They also

MITOCHONDRIAL TRANSPLANTATION IN CARDIOMYOCYTES

AJP-Cell Physiol � doi:10.1152/ajpcell.00152.2021 � www.ajpcell.org C499
Downloaded from journals.physiology.org/journal/ajpcell at Univ of California Irvine (128.195.157.006) on August 18, 2021.

http://www.ajpcell.org


showed that the administration of allogenic mitochondria
increased rejection of a xenograft heart transplant in a
mouse model (104). Pollara et al. (105) reported that mito-
chondria-associated DAMPs were abundant in the systemic
circulation of post mortem organ transplant donors. It was
also concomitantly reported that proinflammatory cytokines
and chemokines were elevated (105). In the case of necrosis
through direct tissue trauma, Zhang et al. (106, 107) reported
thatmitochondrial particles released during cellular necrosis
can activate neutrophils, having immunostimulatory effects.
These reports could pose a challenge to the therapeutic
potential of mitochondria transplantation. More studies in
the field are needed to examine the alloreactivity of allogenic
mitochondria. Of particular use would be additional studies
examining the mechanisms responsible for mitochondrial-
mediated immune responses.

CONCLUSIONS

The studies summarized here collectively demonstrate
the success and potential of mitochondrial transplanta-
tion in ameliorating mitochondrial function and ulti-
mately in improving cardiac function. Despite advances
in the field, challenges remain; the conceptual challenge
is to better understand how mitochondrial transplanta-
tion affects intracellular processes, bioenergetics, and
signaling. Additional studies are needed to investigate
the role of mtDNA haplotypes and the potential for auto-
immune reactions. Establishing the best route of access
and method of administering mitochondria to achieve
the desired effect is of equal significance to institute mi-
tochondrial transplantation as a viable clinical solution.
Although direct injection of mitochondria is practical in
surgical approaches, vascular access may serve as a more
clinically appropriate mechanism of mitochondria distri-
bution. Looking to the future, mitochondrial transplan-
tation holds the potential to serve as a subcellular
biotherapy to rejuvenate damaged or dysfunctional mi-
tochondria and in doing so restoring homeostasis to the
cells, protecting the heart tissue from damage, and, ulti-
mately, improving cardiac function.
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