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Abstract 
Mesenchymal stromal cells (MSC) have excellent clinical potential and numerous properties that ease its clinical translation. Mitochondria play 
a crucial role in energy metabolism, essential for cellular activities, such as proliferation, differentiation, and migration. However, mitochon-
drial dysfunction can occur due to diseases and pathological conditions. Research on mitochondrial transfer from MSCs to recipient cells has 
gained prominence. Numerous studies have demonstrated that mitochondrial transfer led to increased adenosine triphosphate (ATP) production, 
recovered mitochondrial bioenergetics, and rescued injured cells from apoptosis. However, the complex mechanisms that lead to mitochondrial 
transfer from healthy MSCs to damaged cells remain under investigation, and the factors contributing to mitochondrial bioenergetics recovery 
in recipient cells remain largely ambiguous. Therefore, this review demonstrates an overview of recent findings in preclinical studies reporting 
MSC mitochondrial transfer, comprised of information on cell sources, recipient cells, dosage, route of administration, mechanism of transfer, 
pathological conditions, and therapeutic effects. Further to the above, this research discusses the potential challenges of this therapy in its clin-
ical settings and suggestions to overcome its challenges.
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Graphical Abstract 

The therapeutic effects of MSC mitochondrial transfer in different tissue systems in preclinical studies as well as the in vitro studies.
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Significance Statement
This article summarizes the preclinical evidence of mesenchymal stromal cell (MSC) mitochondrial transfer in treating a variety of diseases 
comprehensively. Donor sources, dosage, and routes of administration, as well as the therapeutic effect (short/long term) of MSC/
mitochondria transplantation, are discussed in this article. The preclinical evidence for such strategy is convincing, and no safety issues 
have been raised. Knowledge gaps and challenges toward clinical translation of such strategy have been identified and discussed in this 
review.

Introduction
Research in mesenchymal stromal cells (MSCs) has become 
popular in the past 30 years owing to their great clinical 
potential and ease of clinical translation.1 There are cur-
rently over 1000 registered MSC-based clinical trials listed 
in the ClininalTrials.gov database, and more than 70 000 
publications related to MSCs have been released in PubMed. 
MSCs were first described in 1967 as bone marrow-derived ad-
herent, fibroblast-like clonogenic cells called colony-forming 
unit-fibroblasts (CFU-F). These cells display strong replica-
tion capacity in vitro, wherein they can be differentiated into 
osteoblasts, chondrocytes, and adipocytes and support hema-
topoietic stroma when a single CFU-F is transplanted in vivo.2

MSCs have numerous properties that help ease their clin-
ical translation, some of which include their ability to be iso-
lated from tissues, such as bone marrow, adipose tissue, and 
umbilical cord tissue (Wharton’s jelly) with ease, have a high 
capacity to expand ex vivo, multipotency to differentiate into 
various cell types, immunomodulatory properties, ability to 
be manipulated, or genetically modified, as well as possessing 

immune-evasive or immune-privileged status which allows 
the usage in allogeneic setting.3 Mechanisms that are funda-
mental to MSC-based therapy mainly attribute to 3 aspects: 
cell replacement, where damaged tissues are replaced by 
MSCs differentiating into various cell lineages and inte-
grating into damaged parts; immunomodulation, where the 
MSC paracrine secretion regulates immune responses and 
lastly, cell rescue, where MSCs rescue the damaged tissues 
via diverse mechanisms, such as secretion of extracellular 
vesicles (EVs), direct cell–cell contact, cell fusion, as well as 
restoration of cell bioenergy through mitochondrial transfer.4 
Figure 1 illustrates a schematic diagram of the mechanisms 
mentioned above.

Recently, more evidence demonstrates that mitochondria 
transfer between cells can rescue and revitalize exhausted 
cells; this makes mitochondrial transfer a promising ap-
proach for treating mitochondrial diseases. Mitochondria are 
essential in energy metabolism and are crucial for numerous 
cellular activities, providing the energy that drives the physi-
ological functions of cells via oxidative phosphorylation and 

Figure 1. Mechanisms underlying MSC-based therapy. (1) Cell replacement; MSCs can differentiate into various cell lineages and replace the 
damaged tissues. (2) Immunomodulation; MSCs can regulate immune responses through paracrine activity whereby secretome (ie, soluble factors 
and extracellular vesicles [EVs]) are released to exert immunomodulatory, pro-mitotic, pro-angiogenic, antiapoptotic, and antioxidative effects. (3) 
Cell rescue; MSCs can rescue or repair the damaged tissues through cell-cell contact, EV secretion, mitochondrial transfer, and cell fusion. All these 
biological activities lead to the transfer of cellular components to injured cells. 
Abbreviations: IL-6, interleukin-6; IDO, indoleamine 2,3-dioxygenase; HGF, hepatocyte growth factor; TGFβ, transforming growth factor-β, ATP, adenosine 
triphosphate.
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production of adenosine triphosphate (ATP).5 Mitochondrial 
dysfunction is responsible for the pathogenesis of many 
chronic diseases, such as mitochondrial myopathies, Kearns-
Sayre syndrome, Andersen-Tawil syndrome, as metabolic 
disorders are frequently accompanied by a disruption in 
mitochondrial function.6 Replacement of nonfunctional 
mitochondria with healthy mitochondria could potentially 
reverse mitochondrial dysfunction in certain mitochondrial 
diseases. The intercellular transfer of healthy mitochondria 
from MSCs to rescue mammalian cells with dysfunctional 
mitochondria was first demonstrated in vitro in 2006.7

It has been proposed that intercellular mitochondrial transfer 
also happens spontaneously under physiological conditions in 
maintaining tissue homeostasis and development.8 This pro-
posal was based on several observations in vitro as follows. He 
et al9 showed that bidirectional mitochondrial transfer occurs 
between cardiomyocytes and cardiofibroblasts, providing 
structural and functional connectivity for myocardial tissue 
homeostasis. Moreover, cell-to-cell crosstalk between MSCs 
and renal tubular cells (RTCs) promotes the differentiation of 
MSCs toward functional RTCs, suggesting that MSCs could 
potentially replace the damaged kidney cells and maintain 
organ homeostasis during organ injury.10 On the other hand, 
co-cultured mouse cardiomyocytes with human multipotent 
adipose-derived stem cells (hADSCs) revealed that mitochon-
drial transfer from stem cells to cardiomyocytes is involved 
in cardiomyocyte reprogramming back to a progenitor-like 
state, suggesting that such somatic reprogramming could be 
essential for tissue homeostasis.11 Unfortunately, there are 
limited studies on this intercellular mitochondrial transfer 
under physiologic conditions, which could further clarify 
its significance in tissue homeostasis.8 This would build on 
the premise that MSCs from bone marrow or adipose tissue 
can home efficiently to the affected tissues for tissue main-
tenance. Interestingly, Sinclair et al12 demonstrated that resi-
dent MSCs derived from healthy lung tissues (LT-MSCs) and 
bronchoalveolar lavage fluid of lung transplant recipients 
(BAL-MSCs) could also donate cytoplasmic content and 
mitochondria spontaneously to healthy human bronchial ep-
ithelial cells with similar efficiency as bone marrow-derived 
MSCs via unidirectional transfer. Hence, the mechanism of 
intercellular mitochondrial transfer between stem cells and 
specialized cells in maintaining tissue homeostasis would re-
quire further studies.

Mitochondrial transfer rescued injured cells with non-
functional mitochondria by restoring the mitochondrial func-
tion, as indicated by the improved oxidative phosphorylation 
and increased ATP production.13 Subsequent to a report on 
how bone marrow-derived MSCs transfer mitochondria can 
rescue injured lung alveolar epithelial cells in vivo in 2012,14 
MSC-based mitochondrial transfer has then been explored 
as a possible treatment strategy in a variety of mitochondrial 
disorders, such as respiratory system injury, kidney injury, 
spinal cord injury, and ischemic stroke.15 In 2015, a protocol 
to transfer mitochondria artificially from a donor into recip-
ient cells in vitro was published.16 The technique involves 
forced contact of isolated mitochondria from donor cells 
with recipient adherent cells via plate centrifugation at 4 °C. 
This technique was coined as mitoception. The technique 
has been used to assess the effect of transferring human 
MSC mitochondria to cancer cells16 and glioblastoma stem 
cells.17 This review provides an overview of recent findings 
in the preclinical studies reporting mitochondria transfer 

from MSCs to treat a myriad of diseases. Additionally, 
challenges in clinical translation of this relatively new ther-
apeutic strategy and potential approaches for overcoming 
these issues are discussed.

MSC Sources
MSCs are readily available from various tissue sources, such 
as bone marrow, adipose tissue, and umbilical cord.18-20  
Table 1 summarizes the key findings in preclinical studies 
that reported mitochondrial transfer from MSCs to treat 
various disease studies (Table 1) applied bone marrow-
MSCs (BM-MSCs) derived from humans, rats, and mice. 
Spees et al7 were the first to demonstrate mitochondrial 
transfer to A549 cells from human BM-MSCs in vitro. 
Although BM-MSCs are the most common sources, umbil-
ical cord-derived MSCs (UC-MSCs) can be used as an alter-
native cell source with higher accessibility and fewer ethical 
restrictions.21 Other than that, Mahrouf-Yorgov et al22 used 
human multipotent adipose-derived stem cells (hADSCs) to 
increase the mitochondrial biogenesis of myocardium in a 
mouse model of myocardial infarction (MI) model. Paliwal 
et al23 showed that MSCs isolated from different tissue 
sources exhibit differential mitochondrial transfer and dif-
ferential mitochondrial reactive oxygen species (mtROS) 
reduction in cells under oxidative stress. They found that 
dental pulp-MSCs (DP-MSCs) and Wharton’s jelly-MSCs 
(WJ-MSCs) demonstrated higher mitochondrial bioener-
getics and more potent respiratory capacities with a lower 
mitochondrial transfer compared with BM-MSCs and adi-
pose tissue-MSCs (AD-MSCs).

Controlled differentiation of induced pluripotent stem cells 
(iPSCs) into MSCs gives rise to a new source of MSCs. The 
advantages of using iPSC-MSCs compared with adult MSCs 
are that they have higher proliferation capacity (unlimited 
supply) and allow for reprogramming of aged adult cells 
from geriatric patients to “younger” stem cells for autologous 
therapy.24 Li et al showed that treatment with iPSC-MSCs 
produces a higher retention rate and better mitochondrial 
transfer than BM-MSCs in the rescue of cigarette smoke-
induced mitochondrial damage.

Autologous MSC therapy has some drawbacks, such as 
difficulty obtaining sufficient MSCs from some patients and 
having decreased or altered biological activity when iso-
lated from aged patients and patients with systemic diseases. 
These shortcomings will result in unsatisfactory treatment 
outcomes.25 Hence, allogeneic MSC (allo-MSC) therapy has 
gained traction, free from these shortcomings. Allo-MSCs 
can be off-the-shelf and readily available to patients, making 
them ideal for acute diseases such as stroke and myocardial 
infarction (MI). Allo-MSCs also display immunosuppres-
sive properties and low immunogenicity; thus, they are not 
rejected after implantation.25 Allo-MSCs and xenogeneic 
MSCs (xeno-MSCs) have been used in several studies and 
generated promising therapeutic outcomes without triggering 
host immune responses as they are immune privileged. Lin et 
al26 showed that the same amount of xenogeneic iPSC-MSCs 
was not inferior to allogeneic AD-MSCs in protecting against 
acute lung ischemia-reperfusion injury in the rat. These results 
indicated that the recipient’s setting would not influence the 
therapeutic outcome of MSC therapy, as both allo- and xeno-
MSCs did not trigger the host immune response after implan-
tation and displayed similar efficacy.
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Dosage and Route of Administration
In the studies, the dose of MSCs, isolated mitochondria, and 
MSC-EVs applied ranges between 1 × 104 and 3 × 106, 1 × 106 
and 8 × 106, and 5 × 105 to 1 × 108, respectively. These doses 
varied based on the different disease models, administration 
routes, and MSC sources. A dose-dependent curve of mito-
chondrial transfer was observed when co-culturing donor 
MSCs at an increasing MSC:PBMC (peripheral blood mono-
nuclear cell) ratio (ie, 1:100, 1:25, and 1:10).27

In terms of therapeutic efficacy dose comparison be-
tween these factors,28 found no significant difference using 
EVs generated from 5  ×  105 or 1  ×  106 BM-MSCs in the 
treatment of lipopolysaccharide (LPS)-induced lung injury 
(decreasing the bronchoalveolar lavage fluid (BALF) total 
protein), restoring mitochondrial respiration and ATP pro-
duction. Li et al29 reported that 1 × 106 BM-MSCs were com-
parable to mitochondria extracted from 3 × 106 BM-MSCs in 
the drastic reduction of injured neurons of spinal cord injury 
(SCI) from apoptosis. In another study, the number of ap-
optotic Streptozotocin (STZ) induced-renal proximal tubular 
epithelial cells (PTECs) reduced significantly with the addi-
tion of 1 × 104 MSCs in vitro and was comparable to the ef-
fect with the addition of mitochondria isolated from 1 × 106 
MSCs.30 In a recent study, injection of 1 × 108 MSC-EVs at 
3 sites around infarct regions in mouse MI models increased 
tissue ATP levels, improved left ventricular ejection fraction 
and reduced left vertical remodeling.31 Treatment with iso-
lated mitochondria that contained the same amount of mi-
tochondrial proteins (1.0 µg/mL) showed no such effects. 
Furthermore, they demonstrated that mitochondria inside 
EVs were more resistant to calcium ions overload and oxida-
tive stress than the isolated mitochondria.

Numerous routes of administration were applied in these 
studies, such as intraperitoneal, intravenous, intravitreal, 
intra-arterial, intranasal, intracardiac, intratracheal, and 
more. Several studies involved direct injection of MSCs or 
MSC-derived mitochondria into the injured part (local de-
livery), and others involved transfer via blood vessels or veins 
(systemic delivery). Local delivery has been widely utilized in 
animal models, especially small animals, as it is easy to op-
erate in laboratories.32 The critical advantage of this strategy 
is that it retains high cell concentration in the targeted site 
without significant washout, and permits large cells, such as 
MSCs, to be injected into the desired part. However, there is 
a risk of perforation around the injection site since it is inva-
sive.33 While systemic delivery is an attractive, non-invasive 
strategy that permits repeated injection of large numbers of 
cells,34 Wolf et al35 demonstrated that intravenous delivery 
of MSCs in the pig model restored myocardial function after 
myocardial infarction. However, cells ranging from 20 to 50 
µm remained within the systemic vasculature, suggesting a 
higher risk of vascular occlusion from systemic delivery.36

In a model of doxorubicin (DOX)-mediated nephrotox-
icity in rats, Kubat et al37 administered isolated mitochondria 
intraperitoneally below the cortex capsule of each kidney, and 
similarly, Konari et al30 administered isolated mitochondria 
under the renal capsule of the left kidney of rats with 
Streptozotocin (STZ)-induced diabetic nephropathy. On the 
other hand, for diseases related to the respiratory system, the 
routes of administration are generally intravenous, intranasal, 
and intratracheal. For example, in an acute respiratory dis-
tress syndrome (ARDS) model, MSC-EVs were injected in-
travenously through the tail vein of mice.28 While in another 

study, MSCs were instilled intranasally in mice to promote 
the regeneration of lipopolysaccharide (LPS)-induced injured 
lung tissues.14 For Escherichia coli pneumonia MSCs were 
injected intravenously and intranasally in mice to transfer 
their mitochondria to alveolar macrophages, where both the 
routes of administration did not affect the efficacy.38 Moreover, 
in the mouse chronic obstructive pulmonary disease (COPD) 
model, MSCs were injected intravenously and transferred 
their mitochondria to rescue the lung tissues (airway smooth 
muscle cells) with ozone-induced mitochondrial dysfunction39 
or cigarette smoke-induced damage in airway epithelial cells 
of rats.24 Ahmad et al40 administered MSCs intratracheally to 
bronchial epithelial cells of mice in Rotenone (Rot)-induced 
airway injury model and intranasally to bronchial epithe-
lial cells in ovalbumin-induced allergic airway inflammation 
(AAI) model.

In a mouse model of graft-versus-host disease (GVHD), 
Court et al27 injected mitocepted human PBMCs intrave-
nously through the tail vein and the transferred mitochondria 
increase the mRNA transcripts expression involved in T-cell 
activation and differentiation in PBMCs. The mitocepted 
PBMCs reduced the degree of tissue inflammation and tissue 
injury in the main target organs of GVHD mouse model as 
compared to the non-treated PBMCs. In a model of mito-
chondrial complex I deficient retina (Ndufs4 knockout mice 
model), Jiang et al41 injected MSCs into the vitreous cavity of 
one eye (intravitreal) and demonstrated that the mitochondria 
from MSCs were detected in the retina starting from 96 h post-
injection. Examples of other disease models where MSC mito-
chondrial transfer was shown or assumed to occur and found 
to be beneficial are: Jiang et al42 transplanted MSCs+matrix 
(scaffold) onto the burned area of the corneal surface in a 
rabbits corneal alkali burn model; Li et al29 injected MSCs 
and mitochondria separately into the rats’ epicenter of spinal 
cord in a spinal cord injury (SCI) model; Liu et al43 injected 
MSCs into the common carotid artery (intra-arterial) of rats 
and transfer to the cerebrovascular system in an ischemic 
stroke model while, Boukelmoune et al44 administered MSCs 
twice in each nostril (intranasal) of mouse and transfer to 
neural stem cells (NSCs) in a cisplatin-induced NSC damaged 
model; Mahrouf-Yorgov et al22 injected human multipotent 
adipose-derived stem cells (hADSC) into the infracted site of 
the myocardium (intracardiac) in a mouse myocardial infarc-
tion (MI) model. In these studies, cells or mitochondria are 
delivered to the injured sites via (i) direct injection, (ii) injec-
tion to the adjacent tissues, or (iii) the circulatory system to 
promote tissue regeneration.

Mechanism of Mitochondrial Transfer
Intercellular mitochondrial transfer can occur via tun-
neling nanotubes (TNTs), extracellular vesicles (EVs), gap 
junctions, uptake of isolated mitochondria, and cell fusion. 
Fig. 2 illustrates a schematic diagram of the abovementioned 
transfer mechanisms.

Tunneling Nanotubes (TNTs)
TNTs are spontaneous membranous tubes that interconnect 
cells and are discovered to be heterogeneous in morphology 
and composition, varying between and within cell systems.45 
Two (2) types of TNTs were observed in WJ-MSC cultures 
with varying thickness and composition. Type I TNTs are 
thinner tubes with no organelles inside, whereas type II TNTs 
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are thicker tubes with polyribosomes, cisterns of rough en-
doplasmic reticulum, vesicles, and mitochondria inside.46 
Another study showed that the structural components of TNTs 
formed between BM-MSCs and human umbilical vein endo-
thelial cells (HUVECs) contained F-actin and microtubules.47 
Nuclear factor-kappa light chain enhancer of activated B cells 
(NF-κB) signaling pathway was reported to be involved pre-
dominantly in TNT development for MSC-mediated mito-
chondrial transfer, where inhibition of this NF-κB pathway 
reduces the formation of TNT, suggesting that Rotenone/
NF-κB/TNF alpha-induced protein-2 (Rot/NF-κB/TNFαip2) 
signaling pathway is mainly involved in TNT develop-
ment. The transcription factor NF-κB will be activated and 
phosphorylated when the corneal epithelial cells are treated 
with Rot. Activation of NF-κB increased the expression of 
TNFαip2 protein, which triggered F-actin polymerization 
that subsequently upregulates TNT formation.42 Moreover, 
Ahmad et al40 showed that mitochondrial movement from 
MSCs to recipient cells is regulated by Miro1, a calcium-
sensitive mitochondrial Rho-GTPase. The overexpression of 
Miro1 enhanced mitochondrial transfer and therapeutic effi-
cacy, while the knockdown of Miro1 inhibited mitochondrial 
transfer and led to the loss of therapeutic efficacy.

Extracellular Vesicles
Extracellular vesicles (EVs) are spheroidal structures 
surrounded by a phospholipid bilayer membrane that 
envelopes a broad array of protein, nucleic acid, chemical, 
and structural contents derived from the cell of origin.48-50 
They can be classified as exosomes (30-100  nm), shed-
ding vesicles (100  nm to 1 µm), or apoptotic bodies (>1 
µm) according to their origins.51 One of the mechanisms 
of microvesicle (MV) biogenesis found in mammalian cells 
is the recruitment of TSG101 protein to the cell surface by 
arrestin-domain containing protein 1 (ARRDC 1), where the 
formation and release of ARRDC 1-mediated microvesicles 
(ARMMs) at the plasma membrane is mediated by the re-
cruitment of tumor susceptibility gene 101 (TSG101) 
protein.28 Silva et al52 showed that MSC-EVs contain 
mitochondria, which can easily be internalized by recipient 
cells and intercalated into the endogenous mitochondrial 
network to restore mitochondrial biogenesis and atten-
uate mitochondrial dysfunction. In addition, Islam et al14 
reported that mitochondrial transfer occurs through TNTs 
and connexin 43 (Cx43)-expressing microvesicles in a Ca2+-
dependent manner. The released microvesicles moved away 
from the cell at 1.8 ± 0.5 µm min–1.

Figure 2. The possible intercellular mitochondrial transfer mechanisms from MSCs to rescue injured cells. (A) The structural components of TNTs 
formed between MSCs and injured cells contain F-actin and microtubules. (B) Mitochondria can be enveloped in vesicles and transferred to injured 
cells together with other cytosolic contents. (C) Direct cell-to-cell contact can transfer mitochondria through the formation of gap junction, where gap 
junctions are transmembrane complexes of connexin proteins. (D) Free mitochondria alone can be internalized by recipient cells without carrier, yet, the 
exact uptake mechanism remains unknown. (E) Cell fusion is another transfer mechanism, where cytosolic content and organelles such as mitochondria 
can be shared or exchanged between cells.
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Gap Junctions (Direct Cell-to-Cell Contact)
Most studies reported that the mitochondrial transfer is 
mediated through TNTs formation rather than gap junctions. 
This may be because TNTs formation can easily be observed 
in in vitro co-culture systems.53 Gap junctions are trans-
membrane complexes of connexin proteins that allow in-
tercellular communication where ions and small signaling 
molecules can be transferred between neighboring cells54,55) 
revealed that 6 connexin proteins assembled into an oligomer 
called connexon, and these connexons are transported to and 
inserted into the plasma membrane. Gap junction plaque can 
be formed during cell–cell contact where a hemichannel can 
dock head-on with another hemichannel from an opposing 
cell and cluster to form plaque. A portion of the entire plaque 
is internalized and forms an annular gap junction. This an-
nular gap junction may then be degraded via several processes, 
and the content can be released. Islam et al14 emphasized the 
positive effect of gap junction protein, Cx43 on mitochon-
drial transfer by stabilizing the attachment of MSCs to al-
veolar epithelial cells and promoting the formation of TNTs 
and MVs. Li et al29 demonstrated that mitochondrial transfer 
from MSCs to the injured motor neurons occurred via gap 
junction. In addition, the Western blot assay revealed that het-
erotypic gap junction by Cx43 and Cx32 might form between 
MSCs and neurons, where Cx43 was expressed in MSCs but 
not in motor neurons; meanwhile, Cx32 was expressed in 
motor neurons but not in MSCs.

Uptake of Isolated Mitochondria (Direct Free 
Mitochondria Uptake or Endocytosis)
The exact mechanism of isolated mitochondria uptake 
is unknown, but it was thought that mitochondria could 
be internalized by recipient cells via macropinocytosis.56 
Macropinocytosis is an endocytic process where extracellular 
contents are engulfed in vesicles known as macropinosomes.57 
Díaz-Carballo et al58 demonstrated that free mitochondria 
uptake relies on the integrity of the outer mitochondrial mem-
brane and the fusion proteins, eg, syncytin-1 and syncytin-2 
on it, which may function as ligands in the interaction be-
tween free mitochondria and recipient cell. Kubat et al37 
injected isolated mitochondria from MSCs into the renal 
cortex of rats in a DOX-mediated nephrotoxicity model, and 
tubular regeneration was noted after mitochondria trans-
plantation. Furthermore, Li et al29 injected both MSCs and 
isolated mitochondria into the injured spinal cord, and im-
munofluorescence staining showed that mitochondria were 
localized inside the injured parenchyma and the body of 
neurons. In a diabetic nephropathy model in rats, Konari et 
al30 administered isolated mitochondria into the renal cap-
sule of the kidney, and a massive cluster of mitochondria was 
detected under the renal capsule 1, 3 days after the adminis-
tration of mitochondria.

Cell Fusion
Another form of intercellular communication is through cell 
fusion, where the plasma membrane of 2 independent cells 
combines while nuclear morphology is retained. Cytosolic 
content and organelles are shared between these 2 cells, espe-
cially if permanent fusion occurs. On the other hand, partial 
fusion involves a direct but temporal exchange of subcellular 
organelles between cells, such as mitochondria and protein 
complexes.59 There are 3 steps involved in cell–cell fusion , 

namely competence, commitment, and fusion. Fusion com-
petence allows cells to differentiate into fusion-competent 
cells through one or more of these complex processes: trig-
gered and activated by extracellular signals, execution of 
developmental programs, cell polarization, migration, mor-
phological changes, polarized secretion, and surface display 
of critical molecules required for the next step. Next, com-
mitment involves cell–cell interactions, induction, and acti-
vation of the fusion machinery. Finally, the cells are fused by 
merging the plasma membranes, the main barriers that define 
the cells. Cytoplasms are mixed, leading to further signaling 
and developmental changes.60 Cell fusion is used, yet, rarely 
for MSC-driven mitochondria sharing, and the underlying 
mechanisms to remain elusive.11 Acquistapace et al61 showed 
that MSCs could reprogram adult mouse cardiomyocytes to 
a rejuvenated progenitor-like state via partial cell fusion and 
mitochondrial transfer.

Pathological Conditions and Therapeutic 
Effects
Urinary System
In a doxorubicin (DOX)-mediated nephrotoxicity model, 
Kubat et al37 monitored the rats until the 9th day and sacrificed 
them after 10 days of DOX administration. Protein accumu-
lation of tubular cells was reduced (P < .05), and proteinuria 
level started to decrease on the 6th day (P < .001) after infu-
sion of mitochondria into the renal cortex. Mitochondrial ad-
ministration also decreased cellular oxidative stress (P < .001) 
and promoted tubular regeneration (P = .009) after renal in-
jury. Meanwhile, in an STZ-induced diabetic nephropathy 
model, Konari et al30 monitored the rats for 3 days, and renal 
tissues were obtained 1 and 3 days after mitochondrial injec-
tion. Collagen IV expression in the tubular basement mem-
brane and expression of megalin, as the protein transporter, 
in the brush border was restored similar to that of the intact 
and normal proximal tubular epithelial cells (PTECs) due to 
the structural restoration of renal tubules.

Respiratory System
In an LPS-induced lung injury model of acute respiratory 
distress syndrome (ARDS), Silva et al28 sacrificed the mice 
24  h after LPS instillation, where bronchoalveolar lavage 
fluid (BALF) and lungs were collected. MSC-EVs administra-
tion attenuates lung injury, where either dose of MSC-EVs 
(isolated from 5 × 105 or 1 × 106 MSCs) had decreased the 
LPS-stimulated increase in BALF total protein, total and dif-
ferential cell counts, as well as restored lung tissue mitochon-
drial respiration and ATP production. Correspondingly, the 
lungs were recovered after 24 h (LPS instillation) in an LPS-
induced acute lung injury (ALI) model, wherein the survival 
of mice had increased with MSCs instillation.14 Furthermore, 
in an E. coli pneumonia model of ARDS, Jackson et al38 
euthanized the mice 24 or 48 h after infection when BALF 
or lungs were collected. Mitochondrial transfer from MSCs 
to alveolar macrophages enhances phagocytic capacity (P = 
.003) and is involved in the antimicrobial effect of MSCs.

Furthermore, in an ozone-induced mitochondrial dysfunc-
tion model of chronic obstructive pulmonary disease (COPD), 
Li et al39 collected lungs 21 h after ozone exposure for analysis. 
MSCs were able to prevent but not reverse ozone-induced lung 
damage. MSCs injected 24 h before ozone exposure showed a 
significant decrease in lung damage. In contrast, MSCs injected 
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6  h after ozone exposure showed no difference compared 
with ozone exposure in the saline-injected group. In another 
cigarette smoke (CS)-induced lung damage model of COPD, 
the rats were exposed to 4% CS for 56 days, and they were 
sacrificed on day 5724). The transplantation of iPSC-MSCs can 
repair CS-induced lung damage causing alveolar wall destruc-
tion, mean linear intercept (Lm) reduction, where mean linear 
intercept represents the lung’s structural changes, and the at-
tenuation of fibrosis after MSCs instillation (P < .05).

Moreover, Ahmad et al40 studied both Rot-induced airway 
injury and ovalbumin-induced allergic airway inflammation 
(AAI) models, where the mice have euthanized 6 and 24 h 
post-MSC treatment in the Rot-induced airway injury model. 
Mice were challenged for 7 days, while MSCs were delivered 
on day 3, and mice were dissected on day 5 for mitochondrial 
uptake visualization or on day 8 to measure a few parameters 
in the ovalbumin-induced AAI model. The mitochondrial do-
nation was able to reverse mitochondrial dysfunction associ-
ated with cell stress in the airway injury model and reverse 
airway pathology in the AAI model.

Visual System
In a Ndufs4 knockout model where the mouse was 
subjected to mitochondrial complex I (NADH: ubiquinone 
oxidoreductase) deficiency and eventually retinal ganglion 
cell (RGC) loss and death, Jiang et al41 monitored the mice 
for 4 weeks, and they were sacrificed at 96 h, 1 week, and 4 
weeks after MSC injection. MSCs injection successfully pre-
served retinal function, delayed the loss of RGC, and helped 
suppress the abnormal activation of Müller cells and inflam-
matory response of degenerating retina. While in a corneal 
alkali burn model, Jiang et al42 euthanized the rabbits 48 h 
after MSC transplantation. MSC transplantation achieved the 
best wound healing compared with the Rot-MSC (P < .05) or 
matrix-only group (P = .06); this suggests that only healthy 
MSCs can improve corneal wound healing.

Central Nervous System
In an SCI model, Li et al29 observed the rats for 6 weeks, and 
they were sacrificed 6 weeks after treatment. Mitochondrial 
transplantation significantly decreased apoptosis (P < .01) 
in the early stage of SCI, improved locomotor function 
recovery (P < .01), and reduced the area of lesion cavity, 
glial scar, and the number of glial fibrillary acidic protein 
(GFAP)-positive cells in the late stage of SCI. While in an 
ischemic stroke model, Liu et al43 observed the rats for 28 
days for behavioral tests and to be sacrificed on days 5, 7, 
and 15 after MSC transplantation. MSCs injection signifi-
cantly reduced infarct volume, improved motor functions, 
displayed higher microvessel densities, and improved basic 
oxygen consumption and maximum mitochondrial oxida-
tive capacity. In another cisplatin-induced NSC damaged 
model, Boukelmoune et al44 euthanized the mice 1 month 
after completion of cisplatin treatment where mice were 
injected with cisplatin for 2 cycles of 5 days, with 5 days of 
rest in between. MSCs were administered 48 and 96 h after 
the last cisplatin dose. MSCs rescued NSCs from cisplatin-
induced cell death and reversed the loss of doublecortin 
(DCX) + neuroblasts.

Cardiovascular System
Mahrouf-Yorgov et al22 accessed the mouse ischemic heart area 
24 h after MSCs injection in an MI model. MSCs protected 

cardiac tissue from cell death and increased expression of 
heme oxygenase-1 (HO-1) and peroxisome proliferator-
activated receptor-gamma coactivator 1-α (PGC1-α) and mi-
tochondrial biogenesis. In a simulated ischemia/reperfusion 
(SI/R) injury model, Han et al62 co-cultured H9c2 cells with 
BM-MSCs in vitro, and this co-culture decreased apoptosis of 
H9c2 cells and increased mitochondrial membrane potential 
(∆ψm).

Other Tissue Systems
In a graft-versus-host disease (GVHD) model, Court et al27 
monitored the mouse until the 23rd day as the onset of 
GVHD progression occurs typically 7 days after PBMC in-
jection. Euthanasia was performed on days 8-9 for immu-
nological analysis and on day 14 for histological analysis, 
or when total body weight loss was >20% of the original 
weight. The MitoCepted PBMC-induced group significantly 
improved mice survival rate, with a median survival of 19 
days (P < .05) and reduced tissue injury of the spleen, small 
intestine, liver, and lung (main organs affected in GVHD). 
In a cytarabine (Ara-C)-treated chemotherapy stress model 
in vitro, co-culture of BM-MSCs and HUVECs significantly 
alleviate apoptosis (P < .01) and promote proliferation (P < 
.05), as well as significantly increase migration capacity (P 
< .01) and improve capillary angiogenesis (P < .01).47 In a 
model where cells were pretreated with ethidium bromide to 
mutate the mitochondrial DNA (mtDNA), direct co-culture 
with BM-MSCs produced clones of rescued cells with func-
tional mitochondria.7

Mitochondrial Genetic Disorders
Mitochondrial diseases are usually hereditary disorders 
where mitochondria fail to produce enough energy for the 
body to function correctly. Mitochondrial dysfunction can 
happen in childhood or adulthood due to mutations in ei-
ther mitochondrial DNA or nuclear mitochondrial genes.63 
In a mitochondrial myopathy, encephalomyopathy, lactic ac-
idosis, and stroke-like episodes (MELAS) model in vitro, by 
co-culturing WJ-MSCs and MELAS fibroblasts, the mutation 
burden was eliminated with long-term retention (persisted in 
continuous culture for up to 28 days) as well as improved 
mitochondrial functions and cellular performance including 
respiratory complexes translation, ROS overexpression, cell 
proliferation, and apoptotic resistance.21 Moreover, Chuang 
et al64 demonstrated that in a myoclonus epilepsy associated 
with ragged-red fibers (MERRF) model in vitro, WJ-MSCs 
were transferred mitochondria with normal mtDNA into 
the MERRF cybrid. This partially reduced the mtDNA mu-
tation load and oxidative stress while enhancing mitochon-
drial bioenergetics. These in vitro studies provide evidence of 
long-term retention of transferred mitochondria from MSCs. 
However, there is currently no in vivo animal study using 
MSC mitochondrial transfer to treat mitochondrial genetic 
disorders. The potential of treating inheritable mitochondrial 
myopathy remains an exciting exploration that awaits further 
in vivo proof of concept.

Potential Challenges and Suggestions
Potential Challenges in Translating MSC 
Mitochondrial Transfer Therapy in Clinical Settings
Despite the widespread research and discussion on MSC 
therapy over the past decade, some critical questions remain 
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to be answered. Some of these questions point toward 
optimizing and standardizing MSC source, dose, and route of 
administration in mitochondrial transfer therapy, presenting 
undiscovered challenges for medical intervention to treat 
mitochondrial dysfunction diseases. Very few studies have 
investigated the mitochondrial donation capacity variance 
and compared the effect of different MSC sources, doses, 
and cell delivery techniques on the therapeutic outcomes. 
In addition, the question of how allogeneic and xenogeneic 
MSCs or isolated mitochondria transplantation can activate 
host immune response and cause treatment failure in the long 
term remains unknown and unexplored to date. Further to 
the above, while some mechanisms of mitochondrial transfer 
in the rescue of damaged cells have been established, signals 
that trigger the activation of this mechanism remain unclear, 
apart from whether or not the mechanism activated is reliant 
on donor or recipient cells or the microenvironment. The 
signaling pathway involved in the mechanism of action and 
the regulation of these mechanisms also requires further ex-
ploration and answering.

Moreover, the current knowledge gap in this field still 
exists and needs to be closed through further and more 
in-depth research. For example, what are the long-term 
effects of mitochondria transferred from MSCs? What 
are the fates of these mitochondria transferred in injured 
tissues within weeks or even months?29 Can mitochondria 
donated from MSCs with lower mitochondrial bioener-
getics fulfill the higher bioenergetic needs of recipient cells, 
such as cardiomyocytes, that contracted tirelessly? Should 
the MSCs be differentiated before delivery to obtain better 
therapeutic outcomes? The effects of other mechanisms such 
as the release of paracrine factors from MSCs or the de-
livery of other cytosolic contents such as ATP or microRNA 
via TNTs or EVs cannot be excluded and require further 
investigations.24 Further understanding of these gaps can 
facilitate translating MSC mitochondrial transfer therapy 
into a clinical setting.

Next, the efficacy and safety profile of MSC mitochondrial 
transfer therapy remain doubtful as there is insufficient pre-
clinical and clinical data on these. How to ensure the quality 
of mitochondria from the MSCs or isolated from MSCs? How 
to ensure that sufficient mitochondria can be transferred to 
the targeted tissues when administered intravenously? What 
effect does the donor mitochondrial DNA exert on its host 
long-term? Caicedo et al16 showed that the transfer of MSC 
mitochondria to cancer cells results in enhanced oxidative 
phosphorylation activity of cancer cells and favored cancer 
cell proliferation and invasion. This result indicates that there 
is a possibility that the MSC mitochondria administered can 
be uptaken by the cancer cells and enhance the bioenergetics 
of cancer cells. Volarevic et al65 also showed that MSCs have 
the potential to be differentiated into undesired tissues, such 
as bone and cartilage while suppressing the anti-tumor im-
mune response and generating new blood vessels. Other than 
that, co-culture of iPSC-MSCs with airway smooth muscle 
cells without cigarette smoke medium treatment can increase 
cell apoptosis, suggesting that iPSC-MSCs may induce stress 
in cells at baseline.39

Although the usage of iPSC-MSCs is becoming popular in 
the field of cell therapy, the undesired differentiation and ma-
lignant transformation potentials of iPSC-MSCs are a major 
safety and ethical issue as there are risks of tumor growth 
and metastasis in humans.65 Furthermore, ethical concerns 

regarding the premature clinical translation of MSC therapy 
on humans in certain applications are still debated. It is in-
teresting to note that while specific Good Manufacturing 
Practice (GMP) guidelines for cell-based therapeutic 
products have been released and updated by the European 
Commission66 and US FDA.67 Yet, the validation strategy 
is challenging due to the unclear mechanism of action and 
the lack of reference standards, as well as the effectiveness 
of the potency assay being affected by many variables, such 
as the donor diversity and cellular population heterogeneity 
of the potency assay.68 Cell-derived products such as isolated 
mitochondria, secretomes, and extracellular vesicles which 
are currently broadly categorized as biologics may require 
specific guidelines in their manufacturing and use. Additional 
concerns such as, “Can immortalized or genetically-enhanced 
MSCs produce equally safe and efficacious mitochondrial 
transfer?”69 and “How to improve the isolation techniques 
to obtain active and intact mitochondria for therapeutic 
purposes?”29 will need to be answered before clinical trans-
lation. It may also be worthy to explore the enhancement of 
mitochondria bioenergetics and increase the mitochondrial 
load in EV cargos to maximize the benefit of their transfer 
to host cells.

Suggestions on Methods to Improve MSC 
Mitochondrial Therapy
More preclinical and clinical studies must be carried out 
to better understand the detailed mechanisms of mitochon-
drial transfer and obtain the optimized and standardized 
cell preparation for the best therapeutic outcomes. Besides, 
priming MSCs with growth factors or cytokines can be 
considered in the MSCs mitochondrial transfer therapy. Our 
study previously has shown that such priming can increase 
the mitochondrial quantity and density, leading to higher 
ATP production (unpublished data). Strategies to increase 
the release of EVs, incidence of cell fusion, and mitochon-
drial transfer via gap junction may be explored in the fu-
ture. In addition, MSC mitochondria may be isolated and 
purified and then encapsulated in biomaterials to achieve 
controlled release delivery.70 Methods to isolate large EVs 
(500-700  nm) such as centrifuging the MSC conditioned 
media at a low speed (around 100 RCF)28 or filtering at spe-
cific ranges (500 < × < 700) nm can also be used. According 
to Appleby,71 2 main points that must be fulfilled before 
ethical clinical application of mitochondrial replacement 
technique (MRT) (assumed to be applied as well to MSC 
mitochondrial transfer therapy) are: first, MRTs must un-
dergo a comprehensive schedule of preclinical safety as-
sessment before it is approved for human use. Second, any 
clinical use of MRTs needs to be accompanied by sufficient 
safeguards to reduce the health risks to future persons as 
much as practicable.

Conclusion
Mitochondrial transfer of MSC therapy has shown to be a 
promising therapeutic strategy in mitochondrial dysfunction 
disease models due to the effectiveness of MSCs or isolated 
mitochondria transplantation in tissue repair. Nevertheless, 
further investigations remain crucial to identify the knowledge 
gaps, troubleshoot the challenges for clinical applications, 
and resolve ethical concerns regarding this therapy. Despite 
the numerous issues that require solving, this review provides 
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a better understanding of the current preclinical evidence of 
MSC mitochondrial transfer for cell rescue, thereby paving 
the way for clinical translation of MSC therapy.
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