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Abstract
Regardless of the progress made in the pathogenesis of ischemic stroke, it remains a leading cause of adult disability and 
death. To date, the most effective treatment for ischemic stroke is the timely recanalization of the occluded artery. However, 
the short time window and reperfusion injury have greatly limited its application and efficacy. Mitochondrial dysfunction and 
ATP depletion have become regarded as being hallmarks of neuropathophysiology following ischemic stroke. Mitochondrial 
transplantation is a novel potential therapeutic intervention for ischemic stroke that has sparked widespread concern during 
the past few years. This review summarizes and discusses the effects of mitochondrial transplantation in in vitro and in vivo 
ischemic stroke models. In addition, pharmacological interventions promoting mitochondrial transplantation are reviewed 
and discussed. We also discuss the potential challenges to the clinical application of mitochondrial transplantation in the 
treatment of ischemic stroke.
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Introduction

Stroke is a devastating disease caused by occlusion or rup-
ture of blood vessels supplying the brain. It accounts for 
approximately 5.5 million deaths and 55% of neurological 
disabilities each year [1]. Stroke has imposed a significant 
burden on our society and every affected family due to its 
high mortality and disability rates [2]. There are two major 

types of strokes, ischemic stroke and hemorrhagic stroke. 
Ischemic stroke, also known as cerebral ischemia, repre-
sents approximately 80% of all stroke types [3]. Ischemic 
stroke mostly affected aging people [4], and in some cases 
ischemic stroke can be found in young people, which is 
caused by severe mitochondrial cytochrome c oxidase 
(COX) deficiency, along with a high proportion of mito-
chondrial DNA mutation in cortical blood vessels, leading 
to muscle weakness, fatigue, and pain [5]. Regardless of 
the significant progress made in knowledge surrounding the 
pathology and molecular mechanisms of ischemic stroke, 
the effective treatment for the condition is limited. To date, 
recombinant tissue plasminogen (rtPA) is the only effec-
tive drug for ischemic stroke that has been approved by the 
Food and Drug Administration of the United States [6, 7]. 
However, the short time window (about 4.5 h) and the pos-
sible side effects caused by the treatment (e.g., intracerebral 
bleed transformation and reperfusion injury) have largely 
limited its application [8–10]. These constraints necessitate 
the development of a new therapeutic approach.

The human brain is a high energy-consuming organ that 
uses nearly 20% of the energy produced by the human 

 * Siriporn C Chattipakorn 
 scchattipakorn@gmail.com; siriporn.c@cmu.ac.th

1 Neurophysiology Unit, Cardiac Electrophysiology Research 
and Training Center, Faculty of Medicine, Chiang Mai 
University, 50200 Chiang Mai, Thailand

2 Cardiac Electrophysiology Unit, Department of Physiology, 
Faculty of Medicine, Chiang Mai University, 
50200 Chiang Mai, Thailand

3 Center of Excellence in Cardiac Electrophysiology, Chiang 
Mai University, Chiang Mai 50200, Thailand

4 Department of Oral Biology and Diagnostic Sciences, 
Faculty of Dentistry, Faculty of Medicine, Chiang Mai 
University, Chiang Mai 50200, Thailand

/ Published online: 3 January 2023

Molecular Neurobiology (2023) 60:1865–1883

http://orcid.org/0000-0003-4961-5711
http://orcid.org/0000-0003-1367-5157
http://orcid.org/0000-0002-1265-5210
http://orcid.org/0000-0003-1677-7052
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-022-03200-y&domain=pdf


1 3

body, however, constitutes only 2% of the body mass [11, 
12]. The high dependence of the brain on energy makes it 
vulnerable to energy crises in ischemic stroke. Mitochon-
dria are the “powerhouse” of cells in most of the cell types 
in our human body. The energy produced by mitochon-
dria supports important cellular functions such as protein 
transportation, neuronal cell membrane potential forma-
tion, and signal transduction [13, 14]. Mitochondrial dys-
function is thus inevitably related to neuronal cell death in 
ischemic stroke. Reducing or permanent loss of cerebral 
blood flow caused by cerebral vessel occlusion results in 
mitochondrial dysfunction and adenosine triphosphate 
(ATP) depletion, which trigger a series of cascade reac-
tions including excessive reactive oxygen species (ROS) 
generation, excitotoxicity, and calcium overload [15, 
16]. Mitochondria are also implicated in apoptotic neu-
ronal death because of a long list of apoptosis-related 
proteins in the composition of mitochondria [17]. Taken 
together, mitochondria may be a good therapeutic target 
for ischemic stroke.

To date, there has been a notable advancement in pre-
clinical research for therapeutic agents that target mito-
chondrial dysfunctions in mitochondrial diseases [18–20]. 
Nevertheless, just very few early-stage therapies succeed 
in the translation of these agents into clinical use, and 
their efficacy is still limited [19]. It was shown that under 
oxygen–glucose deprivation conditions, healthy adjacent 
astrocytes can transfer mitochondria to damaged neuronal 
cells to help them recover from ischemia damage [21]. 
However, this form of natural mitochondrial transfer under 
pathological conditions does not prove restoration of dam-
aged cellular function. Mitochondrial transplantation is a 
novel therapeutic intervention for diseases with mitochon-
drial dysfunction aiming at transferring healthy mitochon-
dria to cells or tissues with dysfunctional mitochondria 
to restore their energy supply [22, 23]. During the past 
several years, mitochondrial transplantation by using inter-
cellular mitochondrial transfer or free mitochondrial trans-
fer has shown attractive therapeutic efficacy in different 
kinds of diseases with mitochondrial dysfunction includ-
ing myocardial infarction, Alzheimer’s disease, acute spi-
nal cord injury, acute lung disease, and even cancers [24, 
25]. The promising therapeutic efficacy of mitochondrial 
transplantation also was shown in ischemic stroke [26, 27]. 
In this review, evidence from articles regarding the effect 
of mitochondrial transplantation on ischemic stroke and 
pharmacological interventions targeting and facilitating 
this process from both in vitro and in vivo studies have 
been included and discussed. Challenges in promoting the 
clinical application of mitochondrial transplantation have 
also been discussed.

Mitochondria as a Potent Modulator 
in the Pathophysiology of Cerebral Ischemia 
and Cerebral Ischemia/Reperfusion Injury

Except for the well-known function as the major source of 
energy for most eucaryotic cell types, mitochondria also 
play a crucial role in a wide range of cellular functions. 
Mitochondrial dysfunction and ATP depletion caused by 
cerebral vessel occlusion have been previously related to 
oxidative stress, excitotoxicity, mitochondrial-based neu-
ronal cells apoptosis, inflammation, and changes in mito-
chondrial quality and quantity control system, which are 
contributors to neuronal death in the infarct area. [15–17]. 
Even though blood flow is restored, it triggers more seri-
ous damage to the infarct area, which is known as reperfu-
sion injury [8, 28]. All evidence above links mitochondria 
as a potent modulator in the pathophysiology of cerebral 
ischemia and cerebral ischemia/ reperfusion injury.

Oxidative stress is an important contributor to cerebral 
ischemia and cerebral ischemia/ reperfusion (I/R) injury 
[15, 29]. The role of mitochondrial dysfunction and oxi-
dative stress has been widely reported in association with 
cerebral ischemia and cerebral I/R during the past few 
decades [15, 30]. Oxidative stress reflects the imbalance 
between the generation of ROS and the ability to remove 
them via the cellular antioxidant system [30]. Mitochon-
dria are the major source of ROS generation [30]. Mito-
chondrial dysfunction induces excessive ROS production, 
and this situation is exacerbated during cerebral artery rep-
erfusion [29, 31]. Excessive ROS generation in neuronal 
cells disrupts the balance of the antioxidant system and 
causes direct oxidative damage to important cellular com-
ponents such as lipids, proteins, mitochondria, and DNA 
[29, 32]. ROS has also been associated with the opening 
of mitochondrial permeability transition pores (MPTP), 
resulting in the release of the mitochondrial intermem-
brane protein cytochrome C and the apoptosis-inducing 
factor (AIF) [13].

Excitotoxicity is the molecular mechanism first identi-
fied as being associated with cerebral ischemia and cer-
ebral I/R injury [33, 34]. Mitochondrial dysfunction and 
ATP depletion are important contributors to excitotoxicity 
[16]. Glutamate is an important excitatory neurotransmit-
ter in the human brain that serves as a crucial regulator in 
learning, synaptic plasticity, and memory [16, 35]. Uncon-
trolled aggregation of glutamate can lead to neuronal death 
because of accumulating toxic effects caused by trigger-
ing downstream receptors [35]. This phenomenon is now 
known as excitotoxicity [16, 35]. ATP depletion follow-
ing cerebral ischemia results in electrolyte imbalance and 
subsequently neuronal cell membrane depolarization [35, 
36]. This electrolyte imbalance prevents the uptake of 
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glutamate from extracellular space, leading to the accu-
mulation of glutamate [37]. Excessive accumulation of 
glutamate in the extracellular space induces excitotoxicity 
by activating N-methyl-d-aspartate receptors (NMDAR) 
on neuronal cells, resulting in an influx of calcium and 
subsequent calcium overload [16]. A high concentration of 
intracellular calcium in neuronal cells cascades the activa-
tion of calcium-dependent enzymes and protein kinases, 
causing important cellular component damage and ulti-
mately cell death [38, 39]. Moreover, calcium overload can 
induce the opening of the MPTP, leading to mitochondrial 
dysfunction, ROS production, mitochondrial swelling, and 
cell death through apoptosis or necrosis pathways [40].

In addition, mitochondria are involved in neuronal cell 
death due to the presence of many apoptosis regulator pro-
teins in mitochondria composition [13, 17]. Among these 
apoptosis regulator proteins, the B cell lymphoma 2 (Bcl-2) 
family are excellent regulators for the mitochondrial path-
way of neuronal death [13]. The Bcl-2 family consists of 
two groups of proteins, specifically anti-apoptotic proteins 
(e.g., Bcl-xL, Bcl-w, and Bcl-2) and pro-apoptotic proteins 
(e.g., Bcl‐2 antagonist of cell death, BH3‐interacting domain 
death agonist, and Bcl‐2 antagonist) [13]. With the excep-
tion of the Bcl-2 family, several other mitochondrial proteins 
also play a crucial role in apoptotic cell death, for example, 
cytochrome C, endonuclease G, and AIF [13, 17]. Moreover, 
some of the mitochondrial proteins such as cytochrome C 
can trigger the activation of caspase and then initiate apop-
totic cell death [13].

There is accumulating evidence to suggest that dysfunc-
tional and damaged mitochondria play a crucial role in trig-
gering inflammation and immune response during cerebral 
ischemia and cerebral I/R injury [17, 41, 42]. Following cer-
ebral ischemia and cerebral I/R injury, dysfunctional and 
damaged mitochondria release excessive ROS and mito-
chondrial components including fragmented mitochondrial 
DNA (mtDNA). Previous studies have demonstrated that 
excessive ROS and fragmented mtDNA can serve as activa-
tors of the NLR family pyrin domain-containing 3 (NLRP3) 
inflammasomes, which finally induce the release of proin-
flammatory cytokines interleukin-1 (IL-1) and IL-8 [43–45]. 
The released fragmented mtDNA can also serve as a danger-
ous signal which can activate toll-like receptor 9 (TLR9) fol-
lowed by activation of the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) signaling pathway, 
resulting in upregulation of inflammatory cytokines (e.g., 
IL-6 and tumor necrosis factor-alpha) [46, 47].

Mitochondria, themselves, have a quality and quantity 
control system allowing mitochondria to act against adverse 
situations in cerebral ischemia and cerebral I/R injury [41, 
48, 49]. This system consists of mitochondrial fission, mito-
chondrial fusion, and mitophagy [48, 50, 51]. The process 
of mitochondrial fission enables mitochondria to divide 

into two separate mitochondrial organelles [49]. Mitochon-
drial fission is important in dealing with stressful situations 
because of its ability to divide damaged mitochondria and 
can protect against further damage to the healthy part [41, 
49]. On the contrary, mitochondrial fusion allows the fusion 
of two individual mitochondria, which is important as it 
enables two slightly damaged mitochondria to share mito-
chondrial components (e.g., mitochondrial DNA and mito-
chondrial proteins) in a complementary fashion [41, 49]. 
Mitophagy is a process for the selective degradation of dys-
functional, damaged, or aging mitochondria by autophagy 
[41, 49]. All the mitochondrial quality and quantity control 
processes form a dynamic and coordinated system, which is 
crucial for the maintenance of mitochondrial quality, quan-
tity, mitochondrial function, resistance to detrimental effects, 
and cell survival. The possible mechanisms that link mito-
chondria to the pathophysiology of cerebral ischemia and 
cerebral I/R injury are depicted in Fig. 1.

Mitochondrial Transfer Under 
Pathological and Physiological Conditions 
and the Possible Mechanisms Involved 
in Mitochondrial Transfer

For a very long time, mitochondria were thought to be con-
strained within cells and transference between cells did not 
occur. The earliest report on mitochondrial transfer was in 
1982 when Clark and colleagues reported that antibiotic 
ability in mitochondrial DNA can be transferred by simply 
cocultivation of the isolated mitochondria with recipient 
cells [52]. The first evidence for intercellular mitochondrial 
transfer was reported in 2006, when the authors found that 
mesenchymal stem cells (MSCs) restored the mitochondrial 
function of mtDNA mutated and depleted cells (A549 ρ° 
cells) by cocultivation of the two-cell lines [53]. The first 
in vivo study regarding mitochondrial transplantation was 
reported in 2009 by McCully and colleagues [54]. During 
the past two decades, many studies have been performed 
to investigate the therapeutic potential of mitochondrial 
transplantation on mitochondrial diseases. Mitochondrial 
transplantation is now considered a promising therapeutic 
intervention for different types of diseases, such as central 
nervous system diseases (e.g., spinal cord injury, Parkinson’s 
disease, and ischemic stroke), myocardial infarction, acute 
kidney injury, acute lung injury, and even various cancers 
[55–59].

It was reported that damaged neurons caused by the 
hypoxia-ischemic condition can send “help-me” signals to 
adjacent cells to trigger a series of rescue procedures [60]. 
These “help-me” signals were later recognized as damage-
associated molecular patterns (DAMPs), which include mol-
ecules varying from chemokines, cytokines to mitochondrial 
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debris released from damaged neuronal cells [60]. Among 
these “help-me” signals, the mitochondria debris released 
from damaged neurons can trigger intercellular mitochon-
drial transfer from healthy adjacent cells to damage one [24, 
60]. A recent report demonstrated that mitochondria can be 
released from the adjacent healthy astrocytes and transported 
to damaged neurons to support the viability and recovery of 
neuronal cells after an ischemic stroke attack [21].

Mitochondrial transfer also happens under physiological 
conditions and plays an important role in cell differentiation, 
proliferation, and tissue homeostasis [61, 62]. Acquistapace 

and colleagues found that human multipotent adipose-
derived stem cells (hMADs) were able to reprogram mouse 
fully differentiated cardiomyocytes toward a progenitor-
like state by partial cell fusion and mitochondrial transfer 
[61]. The promotion ability of the hMADs was significantly 
decreased after mutations and depletion of mitochondrial 
DNA in hMADs pretreated by ethidium bromide [61]. Fur-
thermore, according to a previous report, intercellular trans-
fer of mitochondria from vascular smooth muscle cells was 
found to initiate the proliferation of MSCs [62]. Intercellular 
mitochondrial transplantation was also regarded as a new 

Fig. 1  Possible mechanisms that link mitochondria and the patho-
physiology of cerebral ischemia and cerebral I/R injury. Structurally, 
the infarct region can be divided into two areas, including the area 
where cell damage cannot be reversed (the infarct core) and the area 
in which cell damage can be reversed (the penumbra). The blockage 
of the cerebral artery results in ATP depletion and later electrolyte 
imbalance, which can restrain the uptake of glutamate from the extra-
cellular space leading to glutamate aggregation. A high concentration 
of glutamate in the extracellular space over-activates NMDA recep-
tors in the recipient neurons, leading to an influx of calcium, caus-
ing calcium overload. The overload of calcium and oxygen–glucose 
deprivation induce mitochondrial dysfunction, compromises ATP 
production, and causes excessive ROS generation. High concentra-
tions of calcium and ROS in the mitochondria trigger the opening 

of MPTP, leading to the release of proapoptotic proteins (e.g., AIF, 
Cyt C, and Bad) and mitochondrial swelling. Proapoptotic proteins 
released from damaged mitochondria trigger cell death pathways and 
lead to apoptotic or necrotic cell death. The excessive production of 
ROS leads to oxidative stress and causes oxidative damage to impor-
tant cellular components such as DNA, lipids, and mitochondria. 
ROS and mitochondrial DNA released from damaged neuronal cells 
trigger the activation of TLR9 and NLRP3 in immune cells, leading 
to the release of inflammatory cytokines such as IL-1, IL-6, IL-8, and 
TNF α causing inflammatory responses. Mitochondria have a quality 
and quantity control system allowing mitochondria to fight against 
cerebral ischemia and cerebral I/R injury, including mitochondrial fis-
sion, mitochondrial fusion, and mitophagy
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form of mitochondrial dynamic, important in maintaining 
cellular homeostasis [24].

To date, the mechanism involving mitochondrial transfer 
has not been fully elucidated. Several possibilities have been 
reported regarding the mechanisms of intercellular mito-
chondrial transfer, including tunneling nanotubes (TNTs), 
extracellular vesicles (EVs), gap junctions, and cell fusion 
[24, 25]. Moreover, the transplantation of mitochondria can 
also be performed using isolated mitochondria. As to the 
transfer mechanism of free mitochondria, evidence from 
early research suggested that endocytosis may be the major 
mechanism [52]. Further studies confirmed that endocytosis 
can be modulated by different signaling pathways in different 
tissue types. For example, actin-based endocytosis was sug-
gested as being the major mechanism for free mitochondria 
internalization in cardiomyocytes [22]. However, mitochon-
drial internalization in glioma cells was shown to be induced 
by the nicotinamide adenine dinucleotide  (NAD+)- the clus-
ter of differentiation 38 (CD38)- cyclic adenosine diphos-
phate ribose (cADPR)- calcium ion  (Ca2+) pathway [63]. 
An increased understanding of the mechanisms involved 
in mitochondrial transplantation will help to improve the 
application of this intervention in mitochondrial diseases.

The Source of Mitochondria 
for Mitochondrial Transplantation

A good source of mitochondria is critical for successful 
mitochondrial transplantation, especially for future appli-
cation in clinical therapy. The mitochondria used in mito-
chondrial transplantation have to be viable with high res-
piratory competence and the supply needs to be abundant. 
With a focus on the possible problems associated with the 
immune response and histocompatibility, early research 
regarding mitochondrial transplantation used autologous 
tissue as the source of mitochondria for mitochondrial iso-
lation [22]. Various sources of tissues were assessed as a 
potential source of mitochondria for cardioprotection in a 
previous study [22]. They found that the liver has a higher 
mitochondrial number than skeletal muscles and atrial tis-
sues if the starting weight of tissue was constant, and there 
was no significant difference in mitochondrial uptake or the 
efficacy of cardioprotection when using a different source 
of mitochondria [22]. Immune response in mitochondrial 
transplantation is a topic that remains not fully understood. 
Until now, just very few studies focus on this area [64]. Con-
tradictory results were obtained, in which, some of the stud-
ies showed that there were immune responses when using 
allogeneic mitochondria, while the other studies showed no 
significant immune response [64]. Despite all this, many 
studies regarding mitochondrial transplantation using allo-
geneic or even xenogeneic mitochondrial sources have been 

reported and promising results were obtained [24, 65]. 
Allogeneic or xenogeneic mitochondria are also considered 
because, under some circumstances such as in patients with 
congenital mitochondrial dysfunction, mitochondria from 
this source of autologous tissue cannot be used for mito-
chondrial transplantation. However, the obtaining of some 
tissues from the body of the animal is invasive and hard to 
perform, which to some extent will increase pain for animals 
and violate the principles of animal care. Thus, researchers 
have tried to use different cell lines as a source of mito-
chondria for both mitochondrial isolation and intercellular 
mitochondrial transfer because a cell line is easy to access 
by simply cell culture. The most popular candidates are stem 
cells owing to them having the advantage of an abundance 
of mitochondria, exceptional ability for self-renewal, and 
low oxidative damage levels [25, 66]. However, due to the 
aggressive isolation procedures and detrimental extracellu-
lar environment (e.g., high calcium concentration), several 
studies used mitochondria-containing EVs as mitochondrial 
carriers instead of using free mitochondria in mitochondrial 
transplantation [55, 67]. EVs can be further divided into 
three groups according to their size, including microvesicles 
(MVs), exosomes, and apoptotic bodies [68]. Among these, 
MVs are larger vesicles that contain entire mitochondrial 
particles [67]. MVs have been regarded as good mitochon-
drial carriers because they offer a degree of protection to 
mitochondria from high extracellular calcium concentra-
tions [55]. Moreover, the lipid bilayer of MVs can facilitate 
mitochondrial transfer through the membrane of the target 
cells [55]. However, recent evidence suggests that platelets 
may serve as a possible source of mitochondria which has 
a lot of benefits [69, 70]. On the one hand, platelets are an 
abundant component in peripheral blood and are easy to 
acquire by simply venipuncture from peripheral blood. On 
the other hand, mitochondria isolated from platelets from 
the target autologous source can avoid the possible problems 
regarding the immune response and histocompatibility. Also, 
mitochondria isolated from platelets can fulfill the require-
ments for minimally invasive and ethical issues.

Therapeutic Effects of Mitochondrial 
Transplantation on Neuronal Cells 
with Induced Oxygen–Glucose Deprivation 
and Oxygen–Glucose Deprivation/
Reoxygenation Injury

Although it is impossible to absolutely mimic the human 
cerebral ischemia and cerebral I/R model using a single 
cell line in an in vitro system with the absence of cerebral 
components (glial cells, blood–brain barrier, blood flow, 
and the infiltration of peripheral leukocytes population), it 
provides a good opportunity to investigate specific molecular 
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and biochemical mechanisms that are close to the disease in 
the human body [71]. There are two major ways to induce 
in vitro cerebral ischemia, one of these is oxygen–glucose 
deprivation (OGD) the other being enzymatic and chemical 
induction [71, 72]. According to a previous report, it takes 
a longer time to induce neuronal death in in vitro situations 
compared with an in vivo cerebral ischemia model [71]. 
Normally, the exposure time for OGD ranges from 1 to 24 h 
[71]. The rate of neuronal death in hypoxic conditions is 
dependent upon the concentration of glucose in the culture 
media [72, 73]. Usually, it takes 4–8 h to cause a half-max-
imal neuronal loss in a concentration of 2 mM of glucose, 
while it takes more than 24 h to induce a half-maximal neu-
ronal loss in a concentration of 20 mM of glucose [72, 73]. 
Some of the in vitro studies used oxygen deprivation alone 
to model cerebral ischemia, this kind of in vitro model being 
known as the hypoxia model [74]. Neuronal cells can live a 
longer time under this circumstance as they can get access 
to glucose under hypoxic conditions.

To date, five in vitro studies have been carried out with 
a focus on the effect of mitochondrial transplantation on 
cerebral ischemia and cerebral I/R injury. We found that four 
in vitro models have been used in these five studies, includ-
ing the OGD model, hypoxia model (just oxygen depriva-
tion), oxygen–glucose deprivation/reoxygenation (OGD/R) 
model, and the hypoxia/ reoxygenation (H/R) model. Mito-
chondria from autologous or xenogeneic sources were used 
in these studies, including free mitochondria isolated from 
kidney fibroblast cells, N2a cells, and peripheral blood plate-
lets, and microvesicles from the culture medium of astro-
cytes. Most of these studies showed promising therapeutic 
efficacy. Huang et al. reported that mitochondrial transplan-
tation under OGD conditions increased cell viability in a 
primary cortical cell line treated with 4 h of OGD, whereas 
mitochondrial transplantation did not improve cell viabil-
ity in their 6- and 12-h OGD models [75]. However, mito-
chondrial transplantation increased both intracellular LDH 
and neuronal proliferation in all OGD time point studies 
[75]. The results from this study indicated that mitochon-
drial transplantation under OGD conditions increased cell 
survival and reduced cell injury in neurons with induced 
OGD injury [75]. A study conducted by Xie and colleagues 
observed that mitochondrial transplantation under hypoxic 
conditions reduced the cell viability of N2a cells that had 
been exposed to 48 h of hypoxia injury, suggesting that mito-
chondrial transplantation under hypoxic conditions may not 
able to reverse hypoxic cell damage [74]. They presumed 
that exogenous mitochondria are a load to recipient cells. 
They postulated that when oxygen is provided, cells can 
deal with this load appropriately; however, in the absence 
of oxygen, the host cells need to provide additional energy 
to deal with this stress, and this will accelerate neuronal 
death [74]. We notice that in the OGD model, mitochondrial 

transplantation under OGD conditions improved cell viabil-
ity while in the hypoxia model, mitochondrial transplanta-
tion under hypoxic conditions did not have this benefit [74, 
75]. Our hypothesis is that this may be in part because of 
the difference in models and the hypoxic duration used in 
their studies. As we mentioned before, it takes a longer time 
for the hypoxia model to induce neuronal damage in com-
parison with the OGD model because neuronal cells in the 
hypoxia model can still freely access glucose in conditions 
of low oxygen [72, 73]. Therefore, the results of the two 
studies cannot be directly compared because of the differ-
ence in models and oxygen deprivation duration. However, 
it is known to all that mitochondria need continual access 
to oxygen and glucose for the process of ATP production. 
Thus, we can see that most of the in vitro and in vivo stroke 
models performed mitochondrial transplantation treat-
ment under reperfusion conditions. We also found that in 
the study by Huang et al., cell viability was not increased 
when the OGD duration was longer than 4 h (6 and 12 h) 
[75]. This trend is similar to the results observed in the stud-
ies conducted by Xie et al. [74]. As to the reason why the 
mitochondrial treatment under OGD conditions attenuated 
cell viability after 4 h of the OGD procedure, we speculate 
that early treatment will get a greater efficacy under OGD 
conditions, probably by promoting mitochondrial fusion and 
inhibiting the mitochondrial-dependent apoptotic pathway. 
Moreover, in the study by Xie and colleagues, the hypoxia/
reoxygenation model was used and they found that after 48 h 
of the hypoxia procedure, mitochondrial treatment under 
reperfusion conditions increased cell viability and mitochon-
drial fusion, and reduced ROS production and apoptosis in 
neuronal cells [74]. In an in vitro OGD/R study performed 
by Li and colleagues, mitochondrial transplantation using 
mitochondria containing microvesicles isolated from cul-
ture media of astrocytes increased neuronal viability and 
decreased neuronal death [76]. A study by Hayakawa and 
colleagues demonstrated that mitochondrial transplantation 
using mitochondrial particles isolated from culture media 
of astrocytes increased ATP production and cell viability 
in neuronal cells which had suffered from OGD/R injury 
[21]. Shi et al. reported that mitochondrial transplantation 
increased mitochondrial function and cell viability while 
reducing ROS levels and neuronal death in SH-SY5Y cells 
subjected to OGD/R injury [70]. Collectively, most of these 
findings suggest that mitochondrial transplantation attenu-
ates OGD, H/R, and OGD/R-induced neuronal damage 
and neuronal death, in part by improving ATP production, 
mitochondrial fusion, and cell proliferation, and reducing 
apoptosis. However, we identified some important gaps in 
the knowledge in the papers studied. The dose of mitochon-
dria is missing or not clearly elucidated in these papers [21, 
74–76]. This quantity is essential as it is a crucial reference 
for future studies. Additionally, the hypoxia/OGD duration 
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differed significantly, varying from 1 to 48 h; however, very 
few studies explained the reason why they used this duration 
in their text. The time used in hypoxia/OGD is of critical 
importance because 1 h of OGD induction has already been 
shown to cause widespread neuronal death [77]. Just five 
in vitro studies have been published with regard to the effect 
of mitochondrial transplantation on the treatment of oxy-
gen–glucose deprivation and oxygen–glucose deprivation/
reoxygenation injury. More studies with an optimized study 
design will be of great help in understanding the underlying 
mechanisms involved and also inform the development of 
mitochondrial therapy in oxygen–glucose deprivation and 
oxygen–glucose deprivation/reoxygenation injury. All of 
these results are shown in Table 1.

Therapeutic Effects of Mitochondrial 
Transplantation in Rodents with Induced 
Cerebral Ischemia/Reperfusion Injury

The experimental stroke model provides valuable opportu-
nities to explore the pathophysiology and the pathogenesis 
of the disease. In recent years, the most popular in vivo 
stroke models in rodents are rats and mice in contrast to 
early experimental stroke studies which opted to use higher 
animal species [71]. Rats and mice have many advantages 
for mimicking the human stroke model, as well as a lower 
cost in keeping and acquisition, easier monitoring and tissue 
processing, and more acceptable with regard to ethical issues 
[71]. There are many ways to induce an in vivo stroke model, 
including the intraluminal suture MCAO model, craniec-
tomy model, photothrombosis model, endothelin-1 model, 
and embolic stroke model [71]. Middle cerebral artery occlu-
sion (MCAO) is the most frequently used method for the 
induction of cerebral ischemia [71]. The MCAO model can 
be achieved by introducing a monofilament into the internal 
carotid artery until reaching the proximal segment of the 
anterior cerebral artery followed by intraluminal blocking at 
the origin of the middle cerebral artery and the blood flow 
of the middle cerebral artery can be achieved by removing 
this intraluminal suture [78].

Currently, there are eight in vivo studies regarding the 
therapeutic effect of mitochondrial transplantation on cer-
ebral I/R injury. All these studies used the MCAO model. 
Rats or mice were used as the animal models. Free mito-
chondria isolated from skeletal muscles, the livers, or cell 
lines were used as sources of mitochondria. Two of the stud-
ies performed intercellular mitochondrial transfer using stem 
cells as sources of mitochondria. Both free mitochondrial 
transplantation and intercellular mitochondrial transplan-
tation showed promising efficacy. The results showed that 
mitochondrial transplantation improved mitochondrial func-
tion in animals with cerebral I/R injury. In a study by Zhang 

et al., mitochondrial transplantation immediately after reper-
fusion increased ATP levels in rats with induced middle cer-
ebral artery occlusion/ reperfusion (MCAO/R) injury [79]. 
Mitochondrial transplantation also restored mitochondrial 
respiration as indicated by increased oxygen consumption 
rate and extracellular acidification rate in the MCAO/R rat 
model study conducted by Liu et al. [80]. In addition, in a 
study by Yip and colleagues, mitochondrial transplantation 
reduced mitochondrial fission and mitochondrial damage as 
well as increased mitochondrial biogenesis in an MCAO/R 
rat model [81]. Mitochondrial transplantation protected 
against mitochondrial dysfunction in the early stages of 
stroke onset and the protective effect can be observed even 
28 days after reperfusion [79–81]. Evidence showed that 
mitochondrial transplantation plays an important role in 
regulating oxidative stress [79, 81]. In a study by Zhang 
et al., mitochondrial transplantation reduced oxidative stress 
parameters and increased antioxidative enzymes in rats with 
induced MCAO/R injury [79]. Similarly, Yip and colleagues 
reported that reduced nicotinamide adenine dinucleo-
tide phosphate oxidase 1 (NOX-1), NOX-2, and p22phox, 
known as enzymes that can promote ROS generation, were 
downregulated when treated with isolated mitochondria in a 
MCAO/R rat model [81]. In addition to the role mentioned 
above, mitochondrial transplantation alleviated cerebral 
inflammation caused by excessive glial cell activation as evi-
denced by decreasing glial fibrillary acidic protein (GFAP) 
and ionized calcium binding adaptor molecule (Iba-1) 
expression [79, 81, 82]. However, we noticed that in a study 
by Huang and colleagues, it was shown that mitochondrial 
transplantation increased levels of both GFAP-positive cells 
and Iba-1-positive cells, which are opposite to the results 
published by other studies [75]. Unfortunately, these results 
were not extensively discussed in the paper. Astrocytes and 
microglia are crucial components of the central nervous sys-
tem. DAMPs such as fragmented mitochondria, intracellular 
proteins, and ROS released from damaged or necrotic cells 
can trigger the recruitment and activation of astrocytes and 
microglia after the onset of cerebral ischemia and cerebral 
I/R injury [83, 84]. The activation status of astrocytes and 
microglia can continue for several weeks after stroke onset 
[83, 84]. Inflammatory cytokines released by activated astro-
cytes and microglia are vital components of neuronal inflam-
mation during cerebral ischemia and cerebral I/R injury [85]. 
There is an accumulating body of evidence to demonstrate 
that mitochondrial transplantation could alleviate cerebral 
I/R injury in part by inhibiting the activation of glial cells 
and glial scar formation [26, 27]. There is the possibility 
that glial activation might be alleviated after mitochondrial 
transplantation owing to its anti-inflammatory role. These 
results need to be extensively investigated and confirmed in 
future research. Mitochondrial dysfunction, oxidative stress, 
and inflammation caused by glial cell activation ultimately 
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contribute to neuronal death and brain infarction after the 
onset of cerebral ischemia and cerebral I/R injury. Recent 
evidence showed that mitochondrial transplantation also 
plays an important role in the inhibition of neuronal death 
pathways. Mitochondrial transplantation reduced neuronal 
death in MCAO/R rat models as evidenced by a reduction 
in terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL)-positive cells, pro-apoptotic proteins 
(e.g., cleaved caspase 3, BCL‐2‐associated X protein, and 
cleaved poly polymerase), and DNA damage markers (e.g., 
cyclophilin D and H2A histone family member X) [75, 79, 
81, 82]. All these beneficial effects following mitochondrial 
transplantation contribute to the reduction of infarct areas 
in the brain. As is shown in Table 2, mitochondrial trans-
plantation significantly reduced the infarct area in rats with 
induced MCAO/R injury [74, 75, 79–82, 86, 87]. This pro-
tective effect can be observed early on day 1 after arterial 
reperfusion, and also be found at different time points after 
28 days of reperfusion. Neurological function was assessed 
by different systems after mitochondrial transplantation. 
All the results showed that mitochondrial transplantation 
attenuated neurological deficits in animals with induced 
cerebral I/R injury [74, 75, 79–82, 87]. These outcomes 
may be in part attributed to the beneficial effects of mito-
chondrial transplantation. In the articles listed, we found 
that both local and systemic delivery of mitochondria can 
salvage cerebral I/R injury in an in vivo stroke model. Valu-
able data provided by Huang and colleagues showed that 
injection of free mitochondria into both the intra-femoral 
artery and intracerebral can alleviate cerebral I/R injury in 
rats [75]. Interestingly, they found that local administration 
of mitochondria seems to have a better efficacy [75]. They 
showed that local administration of mitochondria can more 
effectively reduce infarct area and cell apoptosis and induce 
glial activity when compared with systemic administration 
[75]. Moreover, local administration of mitochondria in rats 
attenuated a neurological deficit 7 days after stroke onset, 
while systemic administration showed no significant effects 
on neurological function at the same time in their study [75]. 
These results suggested that local administration of mito-
chondria might have greater efficacy in cerebral I/R injury. 
The possible explanation may be that the intracerebral 
injection can directly deliver mitochondria into the specific 
infarct area, while mitochondria that were delivered by sys-
temic administration had to travel a long way before they 
arrived at the infarct site. Importantly, mitochondria deliv-
ered via systemic administration need to pass through the 
blood–brain barrier before they arrive in the parenchyma of 
the brain, and this barrier will largely confine the efficacy of 
the delivery of mitochondria. However, systemic administra-
tion has other advantages regarding mitochondrial delivery. 
Firstly, systemic administration can be achieved by simply 
venous injection and is less invasive therefore secondary 

injury caused by intracerebral injection can be avoided. Sec-
ondly, systemic administration is more acceptable to patients 
and is, therefore, more prone to be widely applied in clinical 
application. In our review, most of the mitochondrial trans-
plantation studies were performed before or at the onset of 
reperfusion; therefore, mitochondrial transplantation would 
provide the best efficacy when it was given together with 
rtPA or given to the subjects after 4.5 h since at the time 
rtPA is not able to protect the brain against ischemic stroke. 
All these findings are described in Table 2.

Pharmacological Interventions that Promote 
Mitochondrial Transplantation

Despite promising results reported by a large number of 
mitochondrial transplantation studies involving differ-
ent kinds of disease, the uptake ratio of transplanted free 
mitochondria is quite low. The uptake ratio of transplanted 
mitochondria in cardiomyocytes was less than 10%, while in 
brain mitochondrial transplantation, the uptake ratio of mito-
chondria was also only 7–14% [69, 70, 88]. Facilitating the 
improvement in mitochondrial uptake will be of great help in 
the outcome and development of mitochondrial therapy. For 
the past few years, several techniques have been developed 
to improve the uptake of mitochondria, including the use 
of centrifugation, the application of high pressure, and the 
help of magnetic beads and cell-penetrating peptides [25]. 
Emerging evidence shows that melatonin plays an important 
role in modulating mitochondrial function and promoting 
mitochondrial transfer under cerebral I/R conditions [81, 
89]. Melatonin has been linked to mitochondrial protec-
tion owing to its crucial role in free radical scavenging, the 
promotion of mitochondrial biogenesis, and antiapoptotic 
ability [90]. Melatonin levels, particularly nocturnal mela-
tonin levels, were significantly decreased in stroke patients, 
compared to the healthy subjects [91, 92]. A previous study 
suggested that a decrease of melatonin levels by 1.0 pg/ml 
might link to an increase in stroke risk of approximately 2% 
[92]. To date, two preclinical studies have carried out inves-
tigations into the possible role of melatonin in mitochon-
drial function and mitochondrial transplantation [81, 89]. 
In the in vitro study conducted by Nasoni and colleagues, 
treatment with melatonin immediately after reoxygenation 
significantly increased mitochondrial mass, mitochondrial 
biogenesis, and mitochondrial fusion, while reducing mito-
chondrial fission and oxidative stress in a murine model 
with induced OGD/R injury [89]. More importantly, they 
found that melatonin can promote mitochondrial transfer 
via promoting the formation of TNTs and the transfer of 
mitochondria through TNTs [89]. In the in vivo study by 
Yip et al., pretreatment with melatonin 3 h before induc-
tion of MCAO/R injury followed by treatment with free 
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mitochondria 1 h after reperfusion significantly increased 
mitochondrial function and neurological function, while 
reducing cell death, oxidative stress, astrogliosis, and brain 
infarction in rats with induced cerebral I/R injury [81]. At 
the same time, Yip et al. also conducted an in vitro study to 
investigate the effect of melatonin on mitochondrial func-
tion and mitochondrial transfer [81]. Similar to the results 
of their in vivo study, they found that pretreatment with 
melatonin before induction of cerebral I/R-like injury sig-
nificantly increased mitochondrial function, mitochondrial 
mass, and antioxidative ability while reducing neuronal 
death in N2a cells with  H2O2-induced injury [81]. Impor-
tantly, they found that pretreatment with melatonin signifi-
cantly improved mitochondrial transfer via the formation 
of TNTs [81]. Collectively, these results suggested that 
melatonin protects against mitochondrial dysfunction and 
promotes mitochondrial transfer under conditions of cerebral 
I/R injury. Melatonin may be a useful pharmacological inter-
vention for improving the efficacy of mitochondrial trans-
plantation. However, these promising results should be care-
fully confirmed in future research. Also, the pre-treatment 
of melatonin for ischemic stroke disease is not possible to 
translate the clinical application. So, future research should 
be conducted post-treatment of melatonin in ischemic stroke 
research. As melatonin is a hormone that is secreted by the 
human body and is vitally important in maintaining body 
homeostasis, the safety and possible side effects caused by 
the administration of melatonin cannot be excluded and 
should also be carefully investigated before it can be used 
in the treatment of the human body. All of these results are 
summarized in Table 3 and Table 4.

Challenges in Promoting the Clinical 
Application of Mitochondrial 
Transplantation in Cerebral Ischemia 
and Cerebral Ischemia/ Reperfusion Injury

Although several preclinical studies, both in  vitro and 
in vivo, have published findings in support of the promising 
role of mitochondrial transplantation as a possible therapeu-
tic intervention for cerebral ischemia and cerebral I/R injury, 
there is still a long way to go before it can be finally applied 
to the clinical situation. Nowadays, an optimal procedure 
clearly defining the source, the dose, the route, and timing of 
administration of the mitochondria has not been established 
in studies investigating mitochondrial transplantation and 
ischemic stroke, procedures evidently vital in ensuring the 
successful application of the therapy. Moreover, the mecha-
nisms which support the role of mitochondrial transplan-
tation in such a wide range of functions that can reverse 
not only energy deficit, but also functions such as oxidative 
stress, apoptosis, and modulating inflammation have not yet 

been fully understood. Furthermore, regardless of the fact 
that the uptake ratio of transplanted mitochondria is just 
around 7 ~ 14%, effective drugs that can promote mitochon-
drial uptake in ischemic stroke have not been successfully 
developed [70]. Even though few studies have shown that 
melatonin can promote intercellular mitochondrial transfer 
by promoting TNTs formation, further studies are needed 
to confirm this result [89]. Several open questions have 
been raised questioning the authenticity of the promising 
therapeutic efficacy of mitochondrial transplantation. One 
of these is “how can free mitochondria survive in the high 
calcium concentration in the extracellular space before they 
are taken up by recipient cells [88]?”. When mitochondria 
are placed in a high calcium concentration condition, cal-
cium overload induces the opening of deadly permeabil-
ity transition pore formation, which allows the leak out of 
mitochondrial components, resulting in mitochondrial swell-
ing, mitochondrial fragmentation, and apoptosis [88, 93]. 
Mitochondria are unlikely to withstand such high calcium 
concentration (around 1.8 mM) in the blood or extracellular 
space [88]. Another is “how can extracellular mitochondria 
generate ATP without the help of enzymes present in the 
cytoplasm [88]?”. Normally, before mitochondria generate 
ATP, substrates such as glucose and fatty acids need to be 
converted into pyruvate and coenzyme A. Thus, it seems 
like impossible for extracellular mitochondria to generate 
ATP without the help of enzymes in the cytoplasm. Last 
but not least, “how can the few mitochondria that get into 
the recipient cells (mostly less than 10%) produce enough 
ATP to support such high energy-consuming cells or organs 
[88]?”. As we know, the human brain and heart are high 
energy-consuming organs. The brain consumes nearly 20% 
of the energy produced by the human body while constitut-
ing just around 2% of body mass [11]. The human heart 
also has a very high energy demand in order to sustain its 
contractile function. The heart will run out of ATP within 
around 2 to 10 s if there is no continued energy supply and 
mitochondrial phosphorylation contributes nearly 95% of 
the ATP requirement for the heart [94]. Thus, it is hard to 
understand how can such a few internalized mitochondria 
reverse the energy deficit of the recipient cells. These open 
questions are critically important and should be answered 
to ensure successful clinical use. A diagram illustrating the 
current challenges in the promotion of the clinical applica-
tion of mitochondrial transplantation on cerebral ischemia 
and cerebral I/R injury is shown in Fig. 2.

Conclusion

Mitochondrial transplantation is a new and promising 
therapeutic intervention for cerebral ischemia and cer-
ebral I/R injury. Evidence from both in vitro and in vivo 
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studies suggest that mitochondrial transplantation can 
restore mitochondrial function, reduce oxidative stress, 
and inhibit apoptotic cell death. In in vivo studies, mito-
chondrial transplantation has also been shown to effec-
tively reduce neuronal inflammation and the infarct area 
and attenuate neurological deficit. An optimal procedure 
for mitochondrial transplantation should be established to 
ensure the success of this procedure. Further clarification 
of the mechanism needed for successful mitochondrial 
transplantation and the answering of the major concerns 
that challenge this promising therapy will be of great help 
in promoting the development of this exciting treatment. 
We believe that mitochondrial transplantation will have 
broad application prospects in mitochondrial diseases, 
especially in the case of cerebral ischemia and cerebral 
I/R injury.
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