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Mitochondrial transplantation is a promising therapeutic approach 
for the treatment of mitochondrial diseases caused by mutations 
in mitochondrial DNA, as well as several metabolic and neuro-
logical disorders. Animal studies have shown that mitochond-
rial transplantation can improve cellular energy metabolism, re-
store mitochondrial function, and prevent cell death. However, 
challenges need to be addressed, such as the delivery of func-
tional mitochondria to the correct cells in the body, and the 
long-term stability and function of the transplanted mitochond-
ria. Researchers are exploring new methods for mitochondrial 
transplantation, including the use of nanoparticles or CRISPR 
gene editing. Mechanisms underlying the integration and function 
of transplanted mitochondria are complex and not fully under-
stood, but research has revealed some key factors that play a 
role. While the safety and efficacy of mitochondrial transplan-
tation have been investigated in animal models and human trials, 
more research is needed to optimize delivery methods and eval-
uate long-term safety and efficacy. Clinical trials using mitochond-
rial transplantation have shown mixed results, highlighting the 
need for further research in this area. In conclusion, although 
mitochondrial transplantation holds significant potential for the 
treatment of various diseases, more work is needed to overcome 
challenges and evaluate its safety and efficacy in human trials.  
[BMB Reports 2023; 56(9): 488-495]

INTRODUCTION

Mitochondrial diseases, caused by mutations in the mitochond-
rial DNA, represent a growing health challenge. Mitochondrial 

transplantation is a therapeutic approach that is aimed at deli-
vering healthy mitochondria to cells to alleviate the symptoms 
of these diseases. 

Mitochondrial transplantation has been shown to be a 
promising approach for the treatment of mitochondrial diseases 
in animal models. Studies in mouse have demonstrated that 
mitochondrial transplantation can lead to the improvement of 
cellular energy metabolism, the restoration of mitochondrial 
function, and the prevention of cell death. Moreover, mito-
chondrial transplantation has been found to be safe and ef-
fective in the treatment of some mitochondrial diseases, such 
as Leber’s hereditary optic neuropathy, and Leigh syndrome.

However, there are still several challenges that need to be 
overcome to translate the results of animal studies to the 
clinic. One of the main challenges is the delivery of functional 
mitochondria to the correct cells in the body. In addition, the 
integration of transplanted mitochondria into host cells, and 
their long-term stability and function, are important aspects 
that require further investigation.

To address these challenges, researchers are exploring new 
methods for mitochondrial transplantation, including the use 
of nanoparticles or CRISPR gene editing. Nanoparticles have 
been shown to be effective carriers of functional mitochondria, 
and can be engineered to target specific cells. CRISPR gene 
editing technology can be used to modify the DNA of the 
transplanted mitochondria, for example, to repair mutations that 
cause mitochondrial diseases.

Therefore, mitochondrial transplantation holds significant 
potential for the treatment of mitochondrial diseases. However, 
more research is needed to overcome the current challenges 
and to evaluate the safety and efficacy of this therapeutic ap-
proach in animal models and human trials. Nevertheless, the 
development of new techniques for mitochondrial transplan-
tation, such as the use of nanoparticles or CRISPR gene edit-
ing, is promising, and could pave the way for the development 
of novel therapies for mitochondrial diseases.
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Fig. 1. The diagram of mitochondrial 
transplantation. Mitochondria isolated from 
healthy donor cells, either through den-
sity gradient centrifugation, magnetic cell 
separation, or affinity purification, could 
enhance cellular energy metabolism and 
prevent cell death.

ADVANCEMENTS IN MITOCHONDRIAL ISOLATION 
AND PRESERVATION TECHNIQUES FOR 
ENHANCED FUNCTIONAL STUDIES AND 
THERAPEUTIC APPLICATIONS

Often referred to as the ‘powerhouses’ of the cell, mitochond-
ria serve as intricate hubs for various metabolic pathways and 
cellular processes, contributing significantly to the overall health 
and functionality of the cell. Recent research focused on re-
scuing mitochondrial function has shown promise through mito-
chondrial transplantation, which serves as a therapeutic process 
involving the transfer of functional exogenous mitochondria 
into target host cells or organs (Fig. 1). The purity and func-
tionality of isolated mitochondria play a crucial role in main-
taining mitochondrial function. Therefore, it is essential to rapid-
ly perform and complete the process of mitochondrial isolation 
under 4oC conditions.

The first attempt to isolate mitochondria was made by Ben-
sley and Hoerr in the 1930s. They successfully isolated mito-
chondria from the livers of guinea pigs and rabbits by grinding 
the liver, and centrifuging the resulting emulsion in a salt sol-
ution (1, 2). Subsequently, in the 1940s, differential centrifu-
gation (DC) was introduced for cell fractionation and mito-
chondrial isolation, based on the differences in sedimentation 
velocity of cellular organelles (3). While these early studies 
aimed to separate mitochondria from other cell components 
and analyze their functions, recent studies have focused on the 
therapeutic use of functional mitochondria. Consequently, more 
advanced isolation methods that preserve the metabolic cha-
racteristics of mitochondria are required.

Density gradient centrifugation (GC) has been employed to 
isolate mitochondria and remove contaminants, such as other 

subcellular components. However, the use of sucrose gradient 
centrifugation often leads to poor preservation of the metabo-
lic properties of mitochondria (4). Subsequent studies attempted 
to isolate metabolically active mitochondria from brain tissue 
using density gradient centrifugation with Percoll gradients, in-
stead of sucrose (5-8). Despite the elimination of synaptosomal 
contaminants by these methods, the isolated mitochondrial 
fraction still contained lysosomal and peroxisomal contaminants. 
Furthermore, these initial isolation methods, which involved 
several repetitive steps, were time-consuming and difficult to 
handle for numerous samples, thereby reducing the viability 
and metabolic function of mitochondria. To address these limi-
tations and preserve the metabolic characteristics of mitochond-
ria, recent approaches have focused on simplifying the process 
by favoring differential centrifugation (DC).

For the isolation of metabolically active mitochondria, it is 
crucial to promptly isolate them from fresh tissues or cultured 
cells. To overcome these limitations, some studies have pro-
posed advanced methods to isolate functional mitochondria 
from cryopreserved samples. These studies have shown that 
mitochondrial properties can be preserved if tissues are frozen 
in a buffer containing cryoprotectants, such as glycerol or 
DMSO. Tissues stored at −80oC in a frozen buffer containing 
20% glycerol (or DMSO) and fatty acid-free bovine serum 
albumin (BSA) demonstrated no significant differences in mem-
brane potential generation and ATP production, compared to 
fresh tissue (9, 10).

In recent years, several studies have attempted to address 
time-consuming methodological challenges by incorporating 
affinity purification into mitochondrial isolation. Magnetic beads 
have been reported as a useful tool for the isolation of mito-
chondria (11-13). These approaches utilize magnetic cell sepa-
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ration (MACS), a cell sorting method. Magnetic beads conjugated 
with antibodies against TOMM22, a mitochondrial membrane 
protein, are employed to isolate mitochondria from other cel-
lular compartments. By binding to TOMM22 expressed on the 
mitochondrial outer membrane, the anti-TOMM22-conjugated 
magnetic beads label the mitochondria magnetically. Conse-
quently, only the magnetically labeled mitochondria are cap-
tured and isolated in the magnetic field of the MACS separator. 
These MACS-based approaches yield purer mitochondria at a 
faster rate compared to differential centrifugation (DC) or gra-
dient centrifugation (GC) methods, while resulting in the iso-
lation of intact mitochondria with higher oxygen consumption 
capacity (12, 13). Other studies utilizing affinity purification 
have employed an epitope HA-tagged to TOMM20 for mito-
chondrial isolation (14, 15). These recent advances in affinity- 
based methods have significantly reduced isolation time, while 
preserving the integrity and purity of mitochondria.

However, a crucial question remains: do isolated mitochond-
ria retain their metabolic function after transplantation into 
new host cells or organs? Above all, the successful delivery of 
well-preserved intact mitochondria to target cells and the 
maintenance of mitochondrial metabolic capacity are essential. 
To achieve these goals, the development of a well-established 
transplantation method will be a key factor.

MECHANISMS OF INTERCELLULAR TRANSFER OF 
MITOCHONDRIA

Mitochondria are sensitive to cell damage and play a crucial 
role in maintaining cellular homeostasis. Recent studies have 
shown that mitochondria can be transferred intercellularly 
under physiological and pathological conditions (Fig. 1). 

When cells are damaged or mitochondrial dysfunction occurs, 
adjacent cells transfer healthy mitochondria into the damaged 
cells that need energy support. This process of transferring 
functional mitochondria can help restore cellular function and 
facilitate repair (16, 17). Additionally, mitochondria transfer can 
occur between tumor cells and non-tumor cells. This transfer 
might enhance survival (18, 19), invasiveness (20, 21), and 
metabolic adaptation of cancer cells (22), potentially contri-
buting to cancer progression and metastasis.

Intercellular mitochondrial transfer occurs in various ways, 
including tunneling nanotubes (TNTs), extracellular vesicles 
(EVs), gap junctions, and exocytosis and endocytosis of free 
mitochondria, depending on the cell types and conditions. 
However, mitochondrial transfer is primarily reported to occur 
through tunneling nanotubes (TNTs) and extracellular vesicles 
(EVs).

Tunneling nanotubes (TNTs) are long and thin bridge-like 
structures between cells composed of plasma membrane and 
actin filaments. TNTs primarily play a role in intercellular 
communication by allowing the exchange of various cellular 
components, including proteins, lipids, and other cargos. Re-
searchers confirmed that TNTs allow mitochondrial transfer by 

observing the movement of MitoTracker-labeled mitochondria 
in 2005 (23). Since then, several groups have confirmed 
intercellular mitochondrial transfer through TNTs (24-27).

Another mechanism of mitochondrial transfer is the use of 
extracellular vesicles (EVs). EVs deliver various cellular compo-
nents, including proteins, RNA, miRNA, lipids, and even or-
ganelles like mitochondria. EVs, which play an important role 
in intercellular communication, are classified into three types: 
exosomes (30-150 nm), microvesicles (0.1-1 μm), and apoptotic 
bodies (＞ 1 μm). Microvesicles, relatively large EVs, can carry 
cellular organelles like mitochondria. It was in 2006 that EV- 
mediated mitochondrial transfer was presented as a mode to 
transfer functional mitochondria. This research suggested the 
potential exchange of functional organelles between cells (28). 
Another study confirmed that mitochondrial transfer is reduced 
by inhibiting endocytosis (29).

MECHANISMS OF ACTION AND INTEGRATION OF 
TRANSPLANTED MITOCHONDRIA

Studies have shown that transplanted mitochondria can inte-
grate into host cells and contribute to the improvement of 
cellular energy metabolism, restoration of mitochondrial function, 
and prevention of cell death (30-32). However, the mechanisms 
underlying these effects are complex, and not fully understood. 
Nevertheless, research has revealed some key factors that play 
a role in the integration and function of transplanted mito-
chondria (Fig. 1).

Both autologous and non-autologous mitochondria can be 
used for transplantation. Non-autologous mitochondrial trans-
plantation has been demonstrated to improve cellular energy 
metabolism, similar to the transplantation of autologous mito-
chondria (30). The study showed that mitochondria isolated 
from healthy skeletal muscle cells can be successfully trans-
planted into normal cardiomyocytes without adverse effects; 
however, it also revealed limitations in transiently enhancing 
mitochondrial respiration and ATP production in normal cardio-
myocytes through mitochondrial transplantation. The study 
suggested that these transiently enhanced bioenergetics after 
mitochondrial transplantation reflect the energy demand of 
recipient cells.

In recipient cells with damaged mitochondria, transplanted 
mitochondria had a lasting impact on mitochondrial respira-
tion and cell death. Artificially induced mitochondrial dysfunc-
tion resulted in decreased mitochondrial oxidation and mem-
brane potential. Mitochondrial pre-treatment was reported to 
prevent these failures resulting from mitochondrial dysfunction 
in cardiomyocytes. Furthermore, the study suggested that these 
myocardial protections are achieved through the inhibition of 
apoptosis (31). In another study, mitochondrial transplantation 
was performed using a polypeptide (PEP)-triphenylphosphonium 
cations (TPP) complex bound to mitochondria (32). According 
to this research, the targeting polypeptide (PEP) possesses is-
chemia-sensing properties and dissociates from the PEP-TPP- 
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mitochondria complex, enabling the effective internalization 
of mitochondria. Thus, injected mitochondria could be trans-
located into the ischfemic region, and effectively transplanted. 
Transplanted mitochondria using the PEP-TPP-mitochondria 
complex improved cardiomyocyte energetics, decreased the 
pro-inflammatory response, and reduced cell apoptosis. These 
studies on cardiomyocytes have yielded consistent results, 
demonstrating that mitochondrial transplantation promotes ener-
gy metabolism and reduces cell death.

In addition, the integration of transplanted mitochondria into 
host cells can be influenced by various molecular and cellular 
mechanisms, such as the interplay between mitochondria and 
the endoplasmic reticulum (ER), the regulation of mitochond-
rial fission and fusion, and the release of inter-organellar sig-
nals. The success and effectiveness of mitochondrial transplan-
tation relies on the ability of transplanted mitochondria to 
become functionally integrated and contribute to the overall 
cellular function.

In recent times, there has been a growing recognition of the 
significance of the interaction between the endoplasmic reti-
culum (ER) and mitochondria in facilitating the integration of 
transplanted mitochondria. Consequently, researchers have di-
rected their attention toward comprehending the role of the ER 
in the process of mitochondrial transfer. A notable investi-
gation highlighted the ER’s role as a mediator of mitochondrial 
transfer between proximate cells (33). This exploration was car-
ried out using osteocytes, chosen due to their intricate dend-
ritic structures that establish connections with neighboring cells. 
The outcomes of this study unveiled the capacity for mito-
chondria to be exchanged via dendritic extensions linking ad-
jacent osteocytes, with the ER playing a pivotal role in facili-
tating this intricate process of mitochondrial transfer. Further-
more, the research findings strongly imply a dependence on 
the ER for both mitochondrial transfer and the subsequent 
distribution of mitochondria through dendritic processes.

Upon the transfer of mitochondria to recipient cells, a dy-
namic interaction transpires between the ER of the donor and 
that of the recipient osteocyte. The donor mitochondria exhibit 
a close colocalization with the ER along dendrites, and it is 
precisely these mitochondria in close proximity to the ER that 
undergo the transfer. Throughout this transfer process, specific 
proteins localized within the membranes of both the mito-
chondria and the ER act as tethers, effectively linking the mito-
chondria to the ER. Consequently, this interaction prompts the 
migration of mitochondria to neighboring cells. It has been 
observed that the suppression of the expression of Mitofusin-2 
(Mfn2) or VAMP associated protein B and C (VAPB), the mem-
brane proteins found on mitochondria and the ER respectively, 
results in the inhibition of the mitochondrial transfer process. 
The findings of this study compellingly demonstrate that the 
exchange of mitochondria between osteocytes primarily occurs 
through dendritic processes, facilitated by a complex of te-
thering proteins that prominently feature Mfn2 and VAPB.

Mitochondria undergo fusion and fission, referred as ‘mito-

chondrial dynamics’, to maintain their own intact function and 
cellular homeostasis. Mitochondrial fusion is the process by 
which two or more mitochondria combine to form a single, 
larger mitochondrion. On the other hand, mitochondrial fission 
is the opposite process in which a mitochondrion is divided 
into two or more smaller mitochondria (34). These processes 
can also occur in the recipient cells when exogenous mito-
chondria are introduced. When isolated mitochondria are in-
troduced, they may undergo fusion with existing mitochondria 
in the recipient cells. These interactions can impact the 
distribution and functionality of both transplanted and host 
mitochondria. Studies have shown that the fusion process is 
observed in the early stages of mitochondrial transplantation. 
This process might contribute to the function of the mito-
chondrial population in the recipient cells (35). Additionally, a 
study reported that the mitochondrial fusion process occurs 
more frequently than the fission process when isolated mito-
chondria are transplanted (36). Researchers have suggested 
that transplanted mitochondria can promote ‘mitochondrial 
dynamics’ in the recipient cells. However, it’s important to 
note that the exact dynamics of mitochondrial fusion and fi-
ssion during transplantation are still an active area of research.

SAFETY AND EFFICACY OF MITOCHONDRIAL 
TRANSPLANTATION

The safety and efficacy of mitochondrial transplantation have 
been investigated in a range of animal models and human 
trials. Studies in animal models have demonstrated that mito-
chondrial transplantation is a safe and effective approach for 
treating various mitochondrial diseases. For example, one study 
utilized a peptide-mediated delivery method by conjugating 
the cell-penetrating peptide Pep-1 to enhance mitochondrial 
functionality and delivery efficacy. When co-incubated with 
Pep-1 in PC12 cells, a Parkinson’s disease (PD) model gene-
rated from rat, the mitochondria abolished apoptotic cell death 
and neurotoxin-induced oxidative stress (37). Another study 
involved mitochondrial transplantation through intravenous 
injection of mitochondria isolated from human hepatoma cells 
(HepG2 cells) into the brains of neurotoxin-induced PD mice 
(38). This transplantation resulted in the suppression of PD 
progression by increasing the efficiency of the Electron Tran-
sport Chain (ETC), reducing free radical generation, and de-
creasing apoptotic cells in the transplanted mice. These find-
ings suggest that mitochondrial transplantation holds promise 
for the treatment of various mitochondrial diseases, including 
Leber’s hereditary optic neuropathy (LHON), a condition cha-
racterized by reduced retinal ganglion cells (RGCs) due to mu-
tations in mtDNA encoding for mitochondrial Complex I sub-
units.

The Pebay group investigated the use of induced pluripotent 
stem cells (iPSCs) to model LHON, and created isogenic iPSC 
controls by substituting LHON mtDNA using cybrid techno-
logy. This technique involves fusing a cell that acts as a nuclear 
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Table 1. Studies of mitochondrial transplantation in human sample for each mitochondria delivery method

Donor cell/tissue Recipient cell/tissue Delivery method Reference

Human MSCs MDA-MB-231 (human breast cancer cell line) Co-incubation (41)
Rectus abdominis muscle 

(in pediatric patients with 
refractory cardiogenic shock after 
ischemia-reperfusion injury [IRI])

Myocardium 
(in pediatric patients with 
refractory cardiogenic shock after 
ischemia-reperfusion injury [IRI])

Direct injection (autologus transplantation) (42)

Human UC-MSCs Human UC-MSCs Centrifugation (43)
MRC-5 (human fetal lung fibroblast cell line) MRC-5 Magnetomitotransfer (44)
143B cells (human osteosarcoma cell line) MERRF B2 cybrid cells 

(fused 143B ρo cells with 
enucleated skin fibroblasts from 
MERRF syndrome patient)

Cell-penetrating peptide (45)

HeLa cells MDA-MB-231 Biocompatible polymer (46)
MDA-MB-453 (human breast cancer cell line) 143BTK ρo cells 

(human osteosarcoma cell line)
Photothermal nanoblade (47)

HeLa cells HeLa cells Fluidic force microscope (FluidFM) (48)

donor with a cytoplast from a different source, which serves as 
a mitochondrial donor, to generate eukaryotic cell lines. The 
researchers produced mutation-free LHON iPSCs, and differen-
tiated them into retinal ganglion cells (RGCs). After validating 
the level of apoptosis, the LHON condition, which was cor-
rected using cybrid technology to fix the mutation, exhibited 
recovery comparable to the control (39).

Mitochondrial transplantation has achieved success in var-
ious in vitro and in vivo scenarios. Multiple delivery methods 
have been employed for mitochondrial transplantation, such 
as co-incubation, direct injection, centrifugation, magnetomito-
transfer, cell-penetrating peptide, biocompatible polymer, photo-
thermal nanoblade, and fluidic force microscopy (FluidFM) 
(Table 1) (40-48).

Nevertheless, further research is necessary to evaluate the 
safety and efficacy of mitochondrial transplantation in human 
trials. To date, only a limited number of clinical trials have 
been conducted, with mixed results. While some trials have 
demonstrated the safety and efficacy of mitochondrial trans-
plantation, others have indicated the need for more research to 
optimize delivery methods and assess the long-term safety and 
efficacy of this approach. Additionally, the transplantation of 
isolated mitochondria from exogenous sources requires careful 
consideration and exploration in human trials.

CLINICAL TRIALS THROUGH MITOCHONDRIAL 
TRANSPLANTATION

Mitochondrial transplantation is being studied in preclinical 
and clinical trials as a potential treatment for various diseases 
related to mitochondrial dysfunction. These diseases include 
neurodegenerative diseases, brain and heart ischemia, obesity, 
diabetes, and non-alcoholic fatty liver disease.

One example of a clinical trial involving mitochondrial trans-

plantation is that being conducted by the McCully group, who 
performed autologous mitochondria transplantation to treat 
dysfunction after ischemia-reperfusion (IR) injury. Myocardial 
IR injury is a significant contributor to negative cardiovascular 
outcomes following instances of myocardial ischemia, cardiac 
surgery, or circulatory arrest. This condition arises due to an 
imbalance between the heart’s oxygen demand and supply 
when blood flow is restricted (referred to as ischemia), causing 
damage or dysfunction in cardiac tissue. Rapid restoration of 
blood flow is crucial to prevent further tissue damage, typi-
cally achieved through thrombolytic therapy or percutaneous 
coronary intervention. However, the process of reperfusion, 
where blood flow is reintroduced to the ischemic heart tissue, 
can also lead to additional injury, known as myocardial IR 
injury. The McCully group isolated mitochondria from the 
rectus abdominis muscle of patients, and directly injected 
them into the IR-injured myocardium. In all cases, ventricular 
function had improved within a few days. Additionally, markers 
of systemic inflammatory response syndrome were not found 
before or after injection, confirming the safety and efficacy of 
autologous mitochondrial transplantation (49).

Walker’s group is another research team that is investigating 
the use of autologous mitochondrial transplantation. They are 
currently recruiting subjects for a first-in-human-brain trial to 
confirm the safety of mitochondrial transplantation for cerebral 
ischemia. Brain ischemia occurs when the brain receives ina-
dequate blood flow to meet its metabolic needs. This results in 
insufficient oxygen supply, leading to cerebral hypoxia and 
ultimately the death of brain tissue, known as cerebral infarc-
tion or ischemic stroke. This condition is a subtype of stroke, 
which also includes subarachnoid hemorrhage and intracere-
bral hemorrhage. In this trial, they will isolate the mitochond-
ria from muscle tissue adjacent to the surgical site, and infuse 
them into the brain artery via micro-catheter during reper-
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Table 2. Registered studies for mitochondrial transplantation on ClinicalTrials.gov

Condition/disease Donor Recipient Phase Status NCT number

Cerebral Ischemia Muscle tissue Brain artery Phase 1 Recruiting NCT04998357
Extracorporeal Membrane 

Oxygenation Complication
Skeletal muscle Myocardium N/A Recruiting NCT02851758

Repetition Failure MSCs Oocyte N/A Unknown NCT03639506
Myocardial Infarction, 

Myocardial Ischemia, 
Myocardial Stunning

MSCs-derived exosomes Myocardium Phase 1
Phase 2

Recruiting NCT05669144

Polymyositis, 
Dermatomyositis

Allogeneic Umbilical Cord-derived MSCs 
(PN-101)

- Phase 1
Phase 2

Enrolling by invitation NCT04976140

Infertility Ovarian stem cells Oocyte N/A Completed NCT02586298

N/A: not applicable.

fusion with endovascular treatment (NCT04998357, Table 2).
Since 2021, Paean Biotechnology Inc. has been actively 

engaged in clinical trials centered around mitochondrial trans-
plantation, sourced from allogeneic umbilical cord-derived me-
senchymal stem cells, targeting refractory cases of polymyositis 
(PM) and dermatomyositis (DM) conditions (NCT04976140). 
Polymyositis (PM) or dermatomyositis (DM) are complex inflam-
matory disorders affecting muscles, skin, and various organs. 
Diagnosis hinges on specific criteria, including muscle weakness, 
elevated muscle enzyme levels, electromyography alterations, 
distinctive muscle biopsy findings, and observable skin mani-
festations. While the precise origins of these conditions remain 
uncertain, autoimmune mechanisms are believed to be in-
volved. In PM, muscle fibers fall victim to attacks from CD8+ 
T-cells, culminating in muscle cell demise. Conversely, in DM, 
early activation of complement triggers capillary and muscle 
damage, leading to ischemia. The challenge of targeted im-
munotherapy stems from unidentified autoantigens. However, 
nonspecific immunotherapeutic drugs have displayed promise 
in enhancing patient outcomes. Present treatments fail to di-
rectly address the underlying autoimmune processes in PM or 
the complement-related complications in DM. In the clinical 
study, participants will undergo intravenous administration of 
mitochondria. Initial safety assessments include monitoring the 
development of dose-limiting toxicities (DLT) in subjects du-
ring the first two weeks following mitochondrial administration.

However, as previously mentioned, there are several limi-
tations to the use of mitochondrial transplantation in clinical 
research involving human. Numerous studies have emphasized 
the need to isolate mitochondria rapidly and under low-tempe-
rature conditions, as they are fragile, and quickly lose their 
viability. Additionally, mitochondria cannot be stored perma-
nently. Therefore, ensuring the maintenance of mitochondrial 
activity, stability, and long-term safety and efficacy is critical 
for their use in human applications. Furthermore, it is essential 
to select an appropriate delivery mechanism that aligns with 
the treatment approach to accurately target the specific tissue 
(50).

CONCLUSION

Overall, while mitochondrial transplantation holds great pro-
mise, continued research and development are needed to 
overcome existing challenges, optimize techniques, and esta-
blish the safety and efficacy of this therapeutic approach in the 
treatment of mitochondrial diseases. The advancements in de-
livery methods, preservation techniques, and mechanistic in-
sights discussed in this manuscript pave the way for future 
breakthroughs and the development of novel therapies for 
mitochondrial diseases.
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