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Abstract: Neurodegenerative and neurovascular disorders affect millions of people worldwide and
account for a large and increasing health burden on the general population. Thus, there is a critical
need to identify potential disease-modifying treatments that can prevent or slow the disease progres-
sion. Mitochondria are highly dynamic organelles and play an important role in energy metabolism
and redox homeostasis, and mitochondrial dysfunction threatens cell homeostasis, perturbs energy
production, and ultimately leads to cell death and diseases. Impaired mitochondrial function has
been linked to the pathogenesis of several human neurological disorders. Given the significant con-
tribution of mitochondrial dysfunction in neurological disorders, there has been considerable interest
in developing therapies that can attenuate mitochondrial abnormalities and proffer neuroprotective
effects. Unfortunately, therapies that target specific components of mitochondria or oxidative stress
pathways have exhibited limited translatability. To this end, mitochondrial transplantation therapy
(MTT) presents a new paradigm of therapeutic intervention, which involves the supplementation of
healthy mitochondria to replace the damaged mitochondria for the treatment of neurological disor-
ders. Prior studies demonstrated that the supplementation of healthy donor mitochondria to damaged
neurons promotes neuronal viability, activity, and neurite growth and has been shown to provide
benefits for neural and extra-neural diseases. In this review, we discuss the significance of mito-
chondria and summarize an overview of the recent advances and development of MTT in neuro-
degenerative and neurovascular disorders, particularly Parkinson’s disease, Alzheimer’s disease,
and stroke. The significance of MTT is emerging as they meet a critical need to develop a disease-
modifying intervention for neurodegenerative and neurovascular disorders.
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1. INTRODUCTION progression of the neurodegenerative process. However, a
major hurdle to the development of new therapies is the gap
in our knowledge of the etiology of neurodegenerative and
neurovascular disorders. The importance of the mitochondri-
on in the maintenance and preservation of neuronal survival
and function is well established, and multiple lines of evi-
dence suggest that mitochondrial dysfunction plays a key
role in the pathogenesis of many neurodegenerative and neu-
rovascular disorders such as Alzheimer’s disease (AD), Par-
kinson’s disease (PD), and ischemic stroke [1-4].

Neurodegenerative and neurovascular disorders are char-
acterized by the gradual and progressive degeneration of
brain function and constitute a major burden of disease
worldwide. Unfortunately, despite decades of research, there
is no effective treatment available for these diseases. Thus,
patients with neurological disorders are in urgent need of
disease- modifying therapies that can slow or stop the
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Mitochondria are membrane-bound cellular organelles
which play an important role in the production of adenosine
triphosphate (ATP) through oxidative phosphorylation
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(OXPHOS). However, OXPHOS represents a significant
source of toxic endogenous free radicals as byproducts of
normal cellular respiration. In addition to energy generation,
mitochondria play a crucial role in a myriad of physiological
functions, including fatty acids biosynthesis, calcium buffer-
ing, and integration of signaling pathways that educate im-
mune response, autophagy, and cell survival [5-7]. However,
dysfunctional mitochondria limit energy availability and
increase oxidative loads, calcium accumulation, and neuroin-
flammation. Mitochondria are dynamic organelle, and their
functions are closely intertwined with their fission and fusion
capacity, motility, positioning, and shape. Mitochondria con-
tain their own DNA, which encodes 37 genes and 13 mito-
chondrial proteins, which are necessary for the proper func-
tion of the electron transport system. Neurons are particular-
ly susceptible to mitochondrial dysfunction due to their de-
pendence on mitochondria for ATP production and calcium
buffering [8]. During pathological conditions, several signal-
ing pathways are activated in mitochondria, including the
opening of the mitochondria permeability transition pore
(mPTP), cytochrome ¢ leakage to induce programmed cell
death, and mitophagy which ultimately may jeopardize neu-
ronal function and survival. Moreover, glutamate excitotoxi-
city in the cellular milieu causes increased oxidative stress
leading to mitochondrial dysfunction, which would then ul-
timately lead to vascular disturbance and cellular dysfunction
[9, 10]. Several works have provided evidence that mito-
chondrial dysfunction is central in the pathogenesis of the
broad spectrum of neurological disorders, such as AD, PD,
and stroke [8, 11]. Therefore, therapeutic strategies targeting
mitochondrial dysfunction have the potential to slow or de-
lay the progression of neurological disorders. Given the role
of mitochondrial dysfunction in neurodegenerative and neu-
rovascular disorders, there has been considerable interest in
developing therapies that can alleviate mitochondrial abnor-
malities and render neuroprotective effects. For instance, the
neuroprotective effect of physical exercise [12-14] and
pharmacological therapeutic approaches [15-17] have been
examined to improve mitochondrial function in experimental
models. Moreover, several clinical trials of mitochondria-
targeted therapy have been conducted, but none have pro-
duced encouraging outcomes in slowing the disease progres-
sion. Therefore, a new paradigm of Mitochondrial Trans-
plantation Therapy (MTT), based on an organelle delivery
strategy which involves the supplement of healthy mito-
chondria to replace the damaged mitochondria, has shown
promise as a treatment for neurological disorders [18-22].
The transplantation of mitochondria isolated from diverse
sources, including adipose, liver, and muscle, has been
shown to cross the blood-brain barrier (BBB) and help alle-
viate multiple CNS diseases, including PD, AD, and ische-
mia/reperfusion injury (Table 1) [23-29]. Moreover, they are
readily internalized into various tissues and cells, making
them more versatile in delivery [23, 30]. MTT suppressed
brain inflammatory response, limited oxidative stress and
improved depression-like behaviors in a rodent model of
depression [31]. The early clinical feasibility of MTT in hu-
mans has provided hope for alleviating genetic mitochondrial
disorders [32], and MTT has been shown to enhance post-
ischemic functional recovery and reduce infarct size [33-35].
Findings from recent studies suggest that mitochondria are
released into extracellular spaces and are transferred between
cells in the central nervous system (CNS) [20, 36, 37].
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Interestingly, MTT is a rapidly growing area of focus in
the neuroscience research field. Its potential as a novel ther-
apy is evident from the exponential increase in the number of
published articles on MTT as searches that were completed
on PubMed, MTT and neurological disorders showed 240
articles that were published in a period from 2000 to 2015.
Evidently, MTT in neurological disorders has received more
attention, with 267 articles on PubMed in the period from
2015 to 2022. These studies led to the emerging concept that
MTT is a potential and feasible therapeutic approach to neu-
rodegenerative and neurovascular disorders. However, MTT
must still be explored for its safety and mechanism of thera-
peutic benefits. In this review, we assess mitochondrial dys-
function in neurodegenerative and neurovascular disorders
and discuss the recent advances in MTT as a novel and
promising treatment for neurodegenerative and neurovascu-
lar disorders.

2. SIGNIFICANCE OF MITOCHONDRIA IN HEALTH
AND NEURODEGENERATIVE AND NEUROVASCU-
LAR DISORDERS

Mitochondria are double-membrane cellular organelles
and are often known as the powerhouse of the cell because
they are the primary unit for generating ATP through
OXPHOS. Although they are known to create energy for a
cell to function, mitochondria also regulate multiple cellular
processes involved in survival and death, lipid biogenesis,
calcium buffering, cellular signaling, and degradation of
misfolding proteins [5-7, 38]. The human brain constitutes
nearly 2% of total body weight but accounts for 20% of the
total body energy consumption; therefore, functional mito-
chondria are indispensable to meet the energy demand of a
healthy brain. In neurons, mitochondria are required for en-
ergy metabolism and calcium buffering, which are funda-
mental for normal cellular processes, neurotransmission, and
plasticity [8, 39]. Mitochondria have also recently been im-
plicated as a hub for the production of metabolic intermedi-
ates that influence cellular epigenetics [40, 41]. Depending
on cellular function and environmental stress, mitochondria
can adopt different sizes, shapes, and numbers. Mitochondria
consists of two membranes, the outer membrane and the in-
ner membrane with folded cristae. The inner membrane of
mitochondria contains the complexes of the OXPHOS and
electron transport system and serves as the most active sites
for cellular metabolism. Mitochondria contain their own
DNA (mtDNA), which encodes 13 proteins for the electron
transport chain and several tRNAs. Together with mitochon-
drial proteins encoded by the nuclear genome, they maintain
mitochondrial health [21, 42]. The maternal inheritance of
mitochondria is thought to contribute to the higher incidence
of disease transmission from mothers to their progeny, which
has been linked to dysfunctions in mitochondrial respiration
and glucose metabolism. During metabolic distress or patho-
logical conditions, several pathways are activated in mito-
chondria, including the opening of the mPTP, cytochrome ¢
release, activation of cell death pathways, and mitophagy [8].
Cytochrome c released into the cytoplasm binds to apoptosis-
activating factor-1 to form the apoptosome, which initiates
the caspase cascade leading to apoptosis [43]. Other than
apoptosis, there are several other non-apoptotic pathways,
including necroptosis, pyroptosis, parthanatos, and ferropto-
sis, all of which have been related to mitochondria [8, 44].
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Table 1. MTT in experimental models of neurodegenerative and neurovascular disorders.
N logical D fD Route of
eu'ro ogica Experimental Model Species Source of Mitochondria o'se ° onf)r ou eo .
Diseases Mitochondria Administration
WT (C57BL/6) Intravenous injection
200 pg/mouse
. .. HeLa cells [24]
Amyloid-p neurotoxicity
BABL/c mi Int injecti
Aged mice ¢ mice . 5 mg/kg body weight ntravenous injection
Mouse liver [25]
Alzheimer’s Olfactory bulbectomized
disease mice with Alzheimer's . 2 to 20 pg/mouse .
. NMRI mice Intranasal delivery
type degeneration .
Mouse brain [182]
Cisplatin-induced
itive deficit: 170 pg/
coghitive cetictts WT (C57BL/6) Human MSCs ng/mouse Intranasal delivery
[26]
6-OHDA PC12 cells and 105 ue/rat Intracerebral injection
) Sprague-Dawley rats Human osteosarcoma o ngra [169]
Parlfinson’s MPTP C57BL/6J HepG2 cells 0.5 m/kg body Intravenous injection
disease . [23]
weight
Sprague-Dawley rats Rat livers Intranasal delivery
6-OHDA 200 pg/rat
[27]
Intravenous injection
WT (C57BL/6) C d 100 e/ 183
Focal Ischemia Model tyopreserved mouse ng/mouse [183]
placenta
MCAO Wit ‘ Intracerebral injection
istar rats
Human umbilical cord 10 pl/rat [184]
derived MSCs
MCAO S Dawl Intracerebral injection
rague Dawle
Stroke prag Y BHK-21 cells 75 pg/rat [185]
Rats
Pectoralis major Intracerebral injection
MCAO Sprague Dawley o
Muscle 5 x 107710 pL [29]
Rats
N2a and mNSC cells Intraarterial injection
MCAO Sprague Dawley

rats

180-200 pg/rat [186]

Mitochondrial dynamics play an important role in ensur-
ing mitochondrial homeostasis and quality and are tightly
regulated by the fusion and fission machinery. Mitochondria
fusion is mediated by the GTPases Opal and Mitofusin-1
(Mfnl) and Mfn2, whereas fission is mediated by the mito-
chondrial fission 1 protein (Fisl), mitochondrial fission fac-
tor (Mff), and dynamin-related protein (Drpl). Impaired mi-
tochondrial dynamics can lead to abnormal transport and
distribution of mitochondria in neurons and can negatively
impact synaptic and neuronal function [45]. Mitophagy plays
an essential role in the removal of damaged or dysfunctional
mitochondria and maintaining steady mitochondrial turnover
[46, 47], which is essential for maintaining cellular homeo-
stasis. Consistent with this notion, impairments in mitophagy
cause an accumulation of dysfunctional mitochondrial,
which in turn increase oxygen consumption and reactive ox-
ygen species (ROS) production, and eventually lead to cell
death [46, 48]. Given the significance of mitochondria in

health and disease, we review mitochondrial dysfunction and
altered mitochondrial dynamics in human neurodegenerative
and neurovascular disorders such as Alzheimer’s disease,
Parkinson’s disease, and stroke.

2.1. Mitochondrial Dysfunction in Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of
age-associated dementia. Nationwide, the incidence of AD
and care costs is rising nearly exponentially. The medical
cost for AD is expected to be $ 290 billion in 2019, and
caregivers will provide an estimated 18.5 billion hours in
unpaid care valued at $234 billion [49]. AD is characterized
by memory deficits and cognitive decline associated with
neuropathological findings of neurofibrillary tangles and
amyloid plaques. These characteristics are further accompa-
nied by synaptic dysfunction, neuroinflammation and pro-
gressive neurodegeneration. Despite gaining considerable
knowledge about the pathological mechanisms of AD over
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the last several decades, there are no disease-modifying
drugs available for AD only symptomatic treatments via
modulating neurotransmitter disturbance. Decades of re-
search on rodents and humans showed that mitochondrial
dysfunction plays a significant role in AD [50-54]. The mi-
tochondrial cascade hypothesis argues that mitochondrial
dysfunction is the primary process that triggers the deleteri-
ous cascade of events that lead to sporadic late-onset AD
[55]. In support of this idea, several previous studies docu-
mented the causal role of mitochondrial dysfunction in AD
pathology [52, 56, 57].

Glucose utilization in the brain is broadly used as a pri-
mary measure to determine energy metabolism. PET imaging
studies have demonstrated a significant decline in glucose
utilization in brain regions involved in learning and memory
of AD patients as compared to controls [58, 59]. The results
of these studies are further supported by findings of reduced
glucose metabolism in the brains of young adults harboring
the apoE4 allele several decades before the appearance of the
neuropathological symptoms [60]. Several characteristics of
mitochondria, such as morphology and number, oxidative
phosphorylation, calcium buffering, ROS production,
mtDNA oxidation and mutation mitochondrial biogenesis,
mitochondria dynamics and mitophagy were found to be
compromised in AD [39, 61-64]. For instance, reduced
OXPHOS complex activities and impaired activities of sev-
eral enzymes involved in mitochondrial energy production
have been reported in postmortem brain tissue from patients
with AD [39, 65-67]. Oxidative stress is caused by an im-
balance between the production of ROS and antioxidants in
the cellular milieu. During normal physiological conditions,
mitochondrial metabolism inevitably produces ROS, which
can accumulate if not adequately buffered and have been
suggested to merely cause cellular damage [68]. Mitochon-
dria are susceptible to oxidative damage, and increased ROS
accumulation can lead to mitochondrial DNA damage, dis-
rupt the mitochondrial respiratory chain, impair membrane
permeability, disturb calcium homeostasis, and ultimately
cause neuronal dysfunction [69, 70]. These findings suggest
that oxidative stress and mitochondrial dysfunction are close-
ly intertwined and play a critical role in the aging and age-
related neurological disorders such as AD [70, 71]. Interest-
ingly, supplementation with antioxidants can improve cogni-
tive function and prevent AD-related neuropathology in pre-
clinical models of AD [72-74], suggesting the deleterious
role of oxidative stress and mitochondrial dysfunction in AD
conditions. Mitochondrial biogenesis plays an important role
in preserving mitochondrial homeostasis to meet the physio-
logical demands of cells. PGC-1a is the master regulator of
mitochondrial biogenesis and regulates the expression of
genes involved in energy homeostasis through interactions
with different transcription factors, including nuclear respira-
tory factor 1/2. Reduced expression levels of proteins regu-
lating mitochondrial biogenesis were observed in human AD
brains and experimental models of AD [63, 75, 76]. Mito-
chondria are highly dynamic cellular organelles that continu-
ously fuse and divide in highly regulated but opposing man-
ners. Mitochondrial morphology and dynamics are critical to
normal cellular function, and impaired balance of the mito-
chondrial fission-fusion process leads to mitochondrial dys-
function and neurodegeneration in AD [77-79].
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Mitochondria develop a sophisticated mitochondrial
quality control system to manage inevitable damage to its
contents or superfluous mitochondria. At the organelle level,
damaged mitochondria are degraded by a selective form of
autophagy which is termed mitophagy. Growing evidence
suggests that mitophagy function is impaired in AD, result-
ing in the accumulation of dysfunctional mitochondria and
promotes Alzheimer’s related neuropathology and cognitive
deficits [80, 81]. Interestingly, mitophagy enhancement re-
duces Alzheimer’s pathology and ameliorates memory im-
pairment [80, 82]. As discussed throughout, mitochondrial
dysfunction is a prominent aspect of AD pathology and thus
represents promising therapeutic targets.

2.2. Mitochondrial Dysfunction in Parkinson’s Disease

Parkinson’s disease (PD), a progressive neurodegenera-
tive disease, is characterized by the death or malfunction of
dopaminergic neurons in the substantia nigra and dopamine
depletion in the striatum resulting in loss of motor functions
[83, 84]. Pathologically, the hallmark feature of PD is the
presence of abnormal filamentous aggregates called Lewy
bodies, which are composed of the a-synuclein protein. Sev-
eral hypotheses have been proposed to explain the cause of
PD, of which mitochondrial dysfunction plays a central role
both in sporadic and familial PD [85-88]. Past studies have
documented defective mitochondrial complex I activity in
the brains, as well as in the platelets, lymphocytes, and skele-
tal muscle tissue obtained from PD patients [85, 89, 90].
Considering this fact, mitochondrial complex I inhibition
with neurotoxins rotenone and MPTP produce neuropatho-
logic and behavioral symptoms in animal models, similar to
human PD cases. Based on the premise that mitochondrial
dysfunction triggers the loss of dopaminergic neurons, stud-
ies from experimental models and human PD provide strong
evidence for disruptions in mitochondrial dynamics such as
fusion or fission [91, 92], bioenergetics defects [93, 94], mi-
tochondrial DNA deletion [95], complex I inhibition [96],
changes in size and morphology [97], alterations in traffick-
ing or transport [85], altered movement of mitochondria
[98], and increased oxidative stress [71, 85, 90]. Increased
ROS production further damages the mitochondrial genome
and components of the mitochondrial respiratory chain and
triggers a vicious cycle between mitochondrial dysfunction
and oxidative stress [88, 99]. Moreover, mutations in several
genes that cause familial PD, such as PINKI, Parkin,
LRRK?2, and DJ-1, are directly or indirectly involved in the
regulation of mitochondrial homeostasis [100-103]. Recent
studies indicate that a-synuclein, a pathological hallmark of
PD, can interact with mitochondria by binding to the outer
mitochondrial membrane [104]. The interaction of a-
synuclein oligomers with mitochondrial membranes is close-
ly correlated with the reduction in mitochondrial function
and neuronal dysfunction [105]. The significance of mito-
chondria in PD is further supported by the finding that
showed the beneficial effects of deep brain stimulation on
energy production and mitochondrial function [106, 107].
These findings provided proof-of-concept evidence that im-
pairments in mitochondrial function can render the brain
more vulnerable to PD-related pathologies and strongly en-
dorse the hypothesis that restoring mitochondrial function
will be an important therapeutic strategy for PD.
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2.3. Mitochondrial Dysfunction in Stroke

Stroke is the most common cause of serious disability for
adults and the leading cause of death worldwide. According
to the World Health Organization (WHO), approximately 15
million people worldwide suffer from stroke each year. Of
these, more than 5 million die and another 5 million are left
permanently disabled, placing a huge burden on the family
and the community [47]. To date, recombinant tissue plas-
minogen activator (tPA) is the only FDA approved recom-
mended for the treatment of ischemic stroke. However, the
efficacy of tPA is limited within 4.5 h after stroke onset and
therefore, not all stroke patients can receive it in a timely
manner. Therefore, there is an unmet need to develop effec-
tive therapeutic options for stroke patients. Most of the
stroke cases are ischemic in nature, which accounts for about
87% of cases. Mitochondrial dysfunction has been recog-
nized as one of the hallmarks of ischemic stroke and contrib-
utes to the pathology of ischemic stroke [108, 109]. Mito-
chondria play a critical role in maintaining cellular energy
and regulating calcium homeostasis and they are essential in
enhancing neuronal survival, and neurological improvement
following ischemic strokes. During an ischemic condition, a
sudden reduction of regional cerebral blood flow leads to the
deprivation of glucose and oxygen and perturbed cellular
homeostasis, which triggers diverse pathophysiological
mechanisms, including excitotoxicity, oxidative stress, mito-
chondrial dysfunction, calcium overload, neuroinflammation,
and apoptotic cell death [110-113]. It is suggested that mito-
chondrial dysfunction following ischemic stroke leads to
apoptotic cell death through depletion of ATP, overwhelm-
ing ROS generation, calcium overload, mPTP opening, cyto-
chrome c releasing and impairment in mitochondria quality
control machineries [4, 114-119].

During reperfusion, blood flow may be restored in time
to maintain neuronal viability; however, reperfusion can it-
self induce mitochondrial to produce substantial amounts of
ROS [120]. Mitochondrial depolarization in response to the
ischemic condition drives excessive ROS production and
ATP depletion [117]. While ATP paucity in ischemic cells
compromises the cell membrane and renders it more perme-
able to the passage of sodium, chloride and water from the
extracellular space [121, 122], ROS overproduction causes
both functional and structural damage in the brain. There-
fore, maintaining mitochondrial function is essential for im-
proving neuronal survival and function after an ischemic
stroke.

The B-cell lymphoma (BCL-2) protein family, a major
regulator of the outer mitochondrial membrane, plays an
important role in the regulation of neuronal death in ischemic
stroke [47, 123]. Additionally, evidence from recent studies
suggests that mitochondrial dynamics play a critical role in
the regulation of cell survival and death after ischemic stroke
[4]. To this end, mitochondrial fission is detrimental to neu-
rons, while mitochondrial fusion allows damaged mitochon-
dria to be repaired during ischemic conditions. Dynamin-
related protein 1 (Drpl), a key regulator of fission, plays an
important role in ischemic stroke [124], and Drpl suppres-
sion reduces infarct volume following ischemic stroke [125].
Exercise preconditioning decreased cerebral edema and im-
proved neurologic function in ischemic stroke through up-
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regulation of mitochondrial fusion protein OPA1l [126].
Thus, it is reasonable to infer that limiting uncontrolled mi-
tochondrial fission and increasing mitochondrial fusion, and
thereby maintaining the equilibrium of mitochondrial dy-
namics, could be an effective therapeutic approach for the
treatment of ischemic stroke. Emerging evidence obtained
from several recent studies suggests that mitophagy plays
critical roles in maintaining mitochondria homeostasis by
removing damaged mitochondria after ischemic stroke [48,
127]. Consistent with this notion, modulating mitophagy by
pharmacological compounds or exercise to remove dysfunc-
tional mitochondria or prevent apoptotic signaling pathways
has been shown to be beneficial in ischemic stroke, as re-
ported by several studies [48, 128-130]. Thus, preserving
mitochondrial integrity through regulation of mitochondrial
dynamics, biogenesis and clearance of damaged mitochon-
dria are important avenues to prevent mitochondrial dysfunc-
tion and neuronal death after ischemic stroke.

3. MITOCHONDRIA-BASES THERAPIES FOR NEU-
RODEGENERATIVE AND NEUROVASCULAR DIS-
ORDERS

Mitochondrial medicine refers to disease-modifying in-
tervention for diseases or conditions caused by mitochondria
dysfunctional. Mitochondrial medicine attempts to mitigate
cellular dysfunction through a targeted approach to amelio-
rate mitochondrial dysfunction through strategies such as
increasing the capacity to generate mitochondrial ATP, re-
ducing excessive ROS overproduction, or improving the
mitochondrial quality control system. Due to the significant
contribution of mitochondrial dysfunction in neurodegenera-
tive and neurovascular disorders, there is growing interest in
the development of pharmacological tools to restore mito-
chondrial function in preclinical models of neurodegenera-
tive and neurovascular disorders. Unfortunately, therapies
that target specific components of mitochondria or oxidative
stress pathways are largely unsuccessful or failed to exhibit a
protective effect in clinical studies. For example, mitochon-
drial biogenesis plays a crucial role in the maintenance of the
mitochondrial pool and activation of PPARy increases mito-
chondrial biogenesis. To this end, the effect of several
PPARy agonists such as pioglitazone and rosiglitazone that
increase mitochondrial biogenesis have been tested in mouse
models of AD [131, 132], PD [133], and stroke [134, 135];
however, their efficacy has come into question after human
studies [136, 137]. Among drugs tested, clinical trials to
rescue mitochondrial function using creatine or co-enzyme
Q10 in manifest PD have been terminated due to lack of
efficacy [138]. Similarly, although the neuroprotective effect
of several mitochondria-targeted antioxidants such as MitoQ,
MitoApocynin, and MitoTEMPO have been reported in ex-
perimental models of these neurological disorders [139-142],
these results are either rarely translated into clinical trials or
did not produce encouraging outcome [143]. The free-radical
trapping agent NXY-059 reduced brain damage and showed
promise as a neuroprotectant in an animal model of stroke.
However, it was found to be ineffective in double-blinded
large-scale clinical trials for the treatment of stroke [144].
The efficacy of isradipine to block calcium channels and
attenuate the production of mitochondria ROS [145] has
come into question after a recent STEADY-PD Phase III
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clinical trial. Inosine, a urate precursor and potential antioxi-
dant, was shown to prevent dopaminergic neuronal loss in
the experimental models [146]. The SURE-PD3 Phase III
clinical trial is ongoing with pending results. Growing evi-
dence from several preclinical studies has shown that target-
ing mitochondrial quality control and mitochondrial dynam-
ics via pharmacological compounds or genetic approach are
potential therapeutic approaches which render neuroprotec-
tive effects. For example, Drpl inhibition reduces mitochon-
drial fission and preserves normal mitochondrial morphology
and function during neurological conditions [147-149].
While aberrant mitophagy is associated with neurodegenera-
tion, mitophagy-inducing agents have been shown to be neu-
roprotective in an experimental model of neurological disor-
ders [128, 150, 151], indicating proper mitochondrial clear-
ance is necessary for neural health. However, the mecha-
nisms by which mitophagy enhancing compounds confer
therapeutic benefits in clinical trials are unknown. We specu-
late that the failure of the clinical trials targeting mitochon-
dria in neurological disorders may be due to the complexity
of mitochondrial dysfunction, and thus targeting a single
aspect of mitochondrial dysfunction may not be sufficient.
To overcome this issue, a novel therapeutic approach has
recently emerged that involves transplantation of healthy
donor mitochondria into host damaged tissue to restore cellu-
lar homeostasis.

3.1. Mitochondrial Transplantation Therapy and Chal-
lenges

Mitochondrial transplantation therapy (MTT) has re-
ceived increasing attention over the past few years because it
presents a novel perspective of mitochondria medicine for
several neural and extraneural diseases [8, 18, 19, 22, 33, 36,
152]. The concept of mitochondrial transplantation was con-
ceived from the observation that mitochondria could be
transferred between cells through several mechanisms, in-
cluding the formation of tunneling nanotubes, extracellular
vesicles, gap junctions, and cell fusion/mitochondrial extru-
sion [153, 154]. Consistent with this notion, the co-culture of
healthy cells with cells containing dysfunctional mitochon-
dria results in the transfer of healthy mitochondria into de-
fective cells [155]. Several previous studies have shown the
efficacy of MTT in co-culture as well as in rodent models
with significant functional outcomes. For example, the trans-
fer of mitochondria from mouse bone marrow derived stro-
mal cells (BMSCs) has been shown to protect pulmonary
alveoli against lipopolysaccharide (LPS)-induced acute lung
injury in mice [156]. The beneficial effect of MTT was asso-
ciated with its ability to increase ATP production and regula-
tion of mitochondria homeostasis. Interestingly, BMSCs
containing damaged mitochondria failed to confer protection,
further endorsing the protective role of MTT. Similarly,
Hayakawa and coworkers reported that astrocytes release
mitochondria-containing vesicles through CD38-mediated
mechanisms that enter neurons which confer neuroprotection
in an experimental model of ischemic stroke [157]. By the
same token, Elliot ef al. have shown that transplantation of
healthy mitochondria into human breast cancer cells limits
cancer cell proliferation and increases the sensitivity of the
cell line to breast cancer medication, suggesting the potential
of MTT for cancer therapeutics [158]. Moreover, the clinical
feasibility of MTT in humans has provided hope for treating
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mitochondrial disorders [32], and transplantation of mito-
chondria into the myocardium both of humans and animal
models results in significant improvement in cardiac function
following ischemia-reperfusion injury [35, 159-162]. Ro-
bicsek and colleagues showed the beneficial effect of MTT
in an experimental model of Schizophrenia [163]. Using an
in vitro approach, they showed that donor mitochondria
could enter various cell types and improve impaired mito-
chondrial function. Using a rodent model of Schizophrenia,
they further showed that intra-prefrontal cortex transplanta-
tion of isolated mitochondria ameliorated mitochondrial dys-
function in neurons and improved Schizophrenia-related
deficit. Consistent with this study, MTT reduced brain in-
flammatory response and oxidative loads in the LPS-induced
mouse model of depression [31].

The mechanisms by which MTT functions to increase
cellular viability are not yet clear. The use of MTT dates
back to 1982, when Clark and Shay first used isolated mito-
chondria from cells with mutations in the mitochondrial ri-
bosomal RNA gene to confer antibiotic resistance in sensi-
tive wild type recipient cells through coincubation [164]. In
line with the endosymbiosis theory of mitochondrial origin,
mitochondria appear to readily incorporate themselves into
recipient cells as well as be transferred out of cells. Other-
wise, healthy retinal ganglion neurons were also found to
shed their mitochondria via axonal protrusions that were
engulfed and digested by neighboring astrocytes, indicating
that at least some portion of these mitochondria undergoes
transcellular degradation via transmitophagy [165]. Further-
more, a potential benefit of introducing healthy donor mito-
chondria into cells is creating heteroplasmy within the exist-
ing mitochondrial pool with new mitochondria with healthy
mitochondrial DNA (mtDNA). MTT would allow repopula-
tion of mtDNA in cells that have accumulated mtDNA dam-
age.

MTT is an innovative approach that consists of the fol-
lowing steps: 1) isolation of healthy and functional donor
mitochondria from diverse sources, including adipose, liver,
and skeletal muscle, or mesenchymal stem cells; 2) trans-
plantation of the donor mitochondria to the host species, and
finally; 3) incorporation of donor mitochondria and therapeu-
tic benefits of MTT in host target tissues/cells (Fig. 1). The
ideal source of mitochondria may play an important role, as
mitochondria can differ depending on their resident tissue.
For example, the liver, heart, and skeletal muscle can exhibit
slightly different mitochondrial proteomes [166], and it is
well established that skeletal muscle contains both subsarco-
lemmal and intermyofibrillar populations of mitochondria
with distinct biochemical and functional properties [167].
The ideal source of mitochondria for MTT may be contin-
gent on the practical and efficient isolation of mitochondria,
as MTT requires rapid isolation and administration of
healthy donor mitochondria. Mitochondria derived from a
liver biopsy may prove to be too invasive; however, a muscle
biopsy can be performed by a trained physician and allows
for transplantation of autologous mitochondria from skeletal
muscle without the need for surgery. Skeletal muscle is high-
ly abundant in mitochondria and thus may yield greater vol-
umes of isolated mitochondria than other easily accessible
peripheral tissues, such as subcutaneous adipose tissue. As a
more practical means of isolating autologous mitochondria
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for multiple MTT, the patient’s stem cells may be collected,
amplified, and stored for future mitochondria isolation and
administration. Therefore, further research is necessary to
elucidate if the mitochondria isolated from different sources
alter their impact on recipient cells.

The therapeutic benefits of MTT depend on several vari-
ables such as, 1) the integrity and health of the donor mito-
chondria, 2) how many mitochondria can be taken up by
cells in a certain period, and 3) how long delivered donor
mitochondria remain viable and functional following trans-
plantation. It is well known that only functional mitochon-
dria can confer their therapeutic efficiency. Therefore, a rap-
id mitochondrial isolation process and quality control check
of donor mitochondria are critical for optimizing outcomes.
Mitochondria can be easily and rapidly isolated both from
liver and skeletal muscle tissue to allow for acute use in a
clinical setting in under 30 minutes, as published by the
McCully research group [168]. This protocol allows for the
rapid isolation of viable and morphologically intact mito-
chondria within a short timeframe. Moreover, mitochondria
isolation kits are commercially available, indicating the fea-
sibility of isolating mitochondria for MTT use in larger scale
applications. Isolated mitochondria can be assayed for oxida-
tive phosphorylation (OXPHOS), and only OXPHOS com-
petent mitochondria isolates can be used for transplantation.

In vivo, mitochondrial transplantation can be carried out
by several routes, including direct injection of donor mito-
chondria to target tissue, intranasal delivery, intra-arterial, or
systemic delivery. Direct injections of autologous mitochon-
dria in a porcine model of cardiac ischemia enhance myocar-
dial cell viability and do not trigger inflammatory or immune
responses [28]. In a CNS-targeted paradigm, isolated donor
mitochondria can be delivered systemically via tail vein in-
jections [23] or intranasal delivery [27] or direct injection to
target tissue [169]. A study by Gollihue and colleagues de-
veloped an intraspinal delivery of mitochondria in a rodent
model of spinal cord injury for the purpose of imaging and
tracking [170]. While the above discussed MTT methods
showed successful delivery of donor mitochondria into host
target tissues, each method has its own limitation that re-
quires careful consideration. The direct injection of donor
mitochondria into the spinal cord or other parts of the brain
and heart effectively mitigates disease progression; however,
the feasibility of this approach is limited in clinical applica-
tion. Given safety concerns with repeated injections, the
risks may limit their use in the course of the disease condi-
tion, which would then limit therapeutic value. Therefore, it
is plausible that systemic or intranasal delivery of mitochon-
dria could be a viable strategy; however, the distribution,
efficacy and safety concerns need to be further investigated.

If the MTT is carried out through a systemic route, it is
also plausible that mitochondria can distribute to several
organs and elicit a possible immune response. However, sev-
eral recent studies suggested that the transplanted donor mi-
tochondria do not trigger any immune or inflammatory re-
sponses [28, 171, 172]. For instance, Ramirez-Barbieri and
coworkers [172] assessed the effect both of autologous and
allogenic mitochondria on the immune and inflammatory
responses in mice. They did not detect any immune response
by single or serial injections of either syngeneic or allogeneic
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mitochondria in mice. Conversely, while these studies have
not observed any immune response after MTT, few studies
suggested that extracellular mitochondria can elicit immune
and inflammatory responses [173, 174]. Considering the
finding of these studies, it is critical to rigorously examine
the interaction between MTT and immune response in future
studies, which would be of value in terms of reducing the
adverse effect associated with MTT. Another pitfall is that
the quality of isolated mitochondria can rapidly degrade after
isolation; thus, immediate use of isolated mitochondrial is
paramount. Therefore, establishing a method that permits
isolated mitochondria to be stored for an extended period
would be important in expanding the MTT therapeutics. The
mechanism of mitochondrial cellular uptake has been chal-
lenged, as a recent study stated that donor mitochondria were
unable to withstand the ionic milieu of blood or the extracel-
lular space [175]. However, it is possible that mitochondrial
isolations in that study [175] resulted in damaged mitochon-
dria that would be susceptible to further damage after expo-
sure to the systemic environments. It is important to note that
although studies have shown that high levels of calcium lead
to mitochondrial toxicity, free viable mitochondria have been
found in blood and cerebrospinal fluid [37, 176].

In order to rapidly facilitate the transfer of donor mito-
chondria across the plasma membrane for increasing mito-
chondrial intake, a new approach was established recently,
where mitochondria are conjugated with cell penetrating
peptides [177]. Mitochondria conjugated with cell-
penetrating peptide increased mitochondrial intake and im-
proved mitochondrial function. Similar to peptide-mediated
mitochondrial delivery, Dextran, a biocompatible polymer,
has been shown to protect isolated mitochondria and facili-
tate their cellular internalization [178]. Synaptosome-
mediated mitochondria delivery restores mitochondrial func-
tion in neuronal cells containing damaged mitochondria
[179]. Although these approaches could enhance mitochon-
drial cellular intake, these are still in the initial stage of de-
velopment, and further comprehensive studies will be war-
ranted for the evaluation of these approaches in preclinical
settings.

3.2. Mitochondrial Transplantation Therapy is a Poten-
tial Strategy for the Treatment of Neurodegenerative and
Neurovascular Disorders

Mitochondria dysfunction is an important component of
neurodegenerative and neurovascular disorders such as Alz-
heimer’s disease, Parkinson’s disease, and stroke. Given the
critical role of mitochondria dysfunction in disease onset and
progression and the therapeutic setbacks of current mitochon-
dria-based therapy for neurodegenerative and neurovascular
disorders, growing attention points to the mitochondria re-
placement strategy. To this end, mitochondrial transplantation
therapy is an alternative approach to organelle-based therapy
used in mitochondrial medicine that involves the use of
healthy mitochondria to replace dysfunctional or damaged
mitochondria (Fig. 1). Although the majority of research on
mitochondrial transplantation has been reported in experi-
mental models and in patients with cardiac injury to improve
the cardiac function, there is growing evidence that mito-
chondrial transplantation is a feasible strategy to improve
cellular functions in several preclinical models of human
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age-related neurodegenerative and neurovascular disorders
(Table 1). However, the precise mechanisms involved in ob-
served benefits remain unclear. Supplementing healthy mito-
chondria to damaged neurons promote neuronal viability,
activity and neurite growth and has been shown to be effec-
tive in treating neural and extra-neural diseases [29, 35, 180].
Therefore, mitochondrial transplantation therapy is an effec-
tive and feasible approach for the treatment of several neuro-
degenerative and neurovascular disorders in which conven-
tional therapies are either ineffective or proved unsuccessful.

3.3. Mitochondrial Transplantation Therapy in Alz-
heimer’s Disease

Currently, there are no disease-modifying drugs available
for AD. The Food and Drug Administration (FDA) has ap-
proved acetylcholinesterase inhibitors galantamine, donepezil,
and rivastigmine or NMDA receptor antagonist memantine,
which can simply relieve the symptoms. Although the recent
FDA approved the drug Aduhelm, which has been shown to
directly target the amyloid beta (AP) pathology of AD, its
efficacy is still under debate.

Targeting the mitochondrial associated impairments may
provide a favorable strategy due to the involvement of mito-
chondria in several AD-related pathologies, including oxida-
tive stress, energy imbalance, and interaction with

AP and phosphorylated tau protein. However, several mi-
tochondria-based therapies have been tested for murine mod-
els of AD but failed to exhibit similar neuroprotective effects
in clinical studies. To overcome these limitations, MTT rep-
resents an innovative organelle-based therapy to replace dys-
functional mitochondria, thereby improving energy genera-
tion, suppressing excessive ROS production, and restoring
mitochondrial function.

Supplement of healthy mitochondria into cells containing
damaged mitochondria was found to be beneficial. Zhao et
al. showed that systemic administration of the youthful mito-
chondria in aged mice reduced oxidative stress, enhanced
mitochondrial function, and improved cognitive and motor
function in aged mice [25]. Consistently, a recent study
demonstrates that MTT increases mitochondrial function in
the brain of aged mice through up-regulation of the mito-
chondrial complex II protein subunit SDHB [181]. By the
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same token, the intravenous administration of donor mito-
chondria obtained from HeLa cells ameliorated neuronal loss
and reactive gliosis and improved memory deficits in AD
mice [24]. In this study, donor mitochondria were detected
only in the liver, despite having a beneficial effect in the
brain. It is possible that the neuroprotective effect can be
mediated by a cell's nonautonomous mechanism. A recent
study by Bobkova and coworkers demonstrated that intrana-
sal administration of donor mitochondria isolated from brain
tissues of NMRI mice led to the improvement of spatial
memory in the olfactory bulbectomized mice with Alz-
heimer’s type degeneration [182]. Consistent with this find-
ing, recently, it has been demonstrated that nasal administra-
tion of mitochondria isolated from human mesenchymal
stem cells effectively reversed the chemotherapy-induced
cognitive deficits and restored brain health in mice [26].
Thus, mitochondria transplantation may be a promising ther-
apeutic approach for the treatment of age-related neuro-
degeneration and cognitive deficits.

3.4. Mitochondrial Transplantation Therapy in Parkin-
son’s Disease

Mitochondria are potential targets to slow down or re-
duce PD because mitochondrial dysfunction plays a central
role both in sporadic and familial PD. Given the importance
of mitochondrial function in PD pathogenesis, mitochondria-
based therapy that replaces dysfunctional mitochondria with
healthy donor mitochondria is a potentially impactful ap-
proach to counter PD. To this end, several studies examined
the efficacy and feasibility of mitochondrial delivery in re-
ducing PD progression (Table 1). For example, Chang ef al.
demonstrated that mitochondria conjugated with peptide
infusion in the 6-hydroxydopamine (6-OHDA)-treated PC12
cells restored mitochondrial function, prevented cell toxicity,
and enhanced neurite growth [169]. Intracerebral injection
of donor mitochondria from allogeneic and xenogeneic
sources limited dopaminergic neurodegeneration and im-
proved neuropathological features in 6-OHDA-induced rat
model of PD. In another study, Shi and coworkers demon-
strated that donor mitochondria improved cell viability in 1-
methyl-4-phenyl-pyridinium-treated SH-SYSY cells [23].
Even more interesting were the facts that systemic admin-
istration of mitochondria led to widespread distribution to
the brain, prevented the MPTP-induced neurotoxicity and
improved behavioral performance in a mouse model of PD.
A recent study by Chang and coworkers demonstrated the
therapeutic feasibility of intranasal delivery of allogeneic
mitochondria in a neurotoxin-induced PD rat model [27],
suggesting mitochondrial delivery from the nose to the brain
is a feasible approach and limits the risk associated with di-
rect brain injection. These studies suggest that MTT may
slow PD progression and demonstrate that the intrave-
nous/intranasal administration of donor mitochondria leads
to widespread distribution to the brain, thus suggesting the
therapeutic feasibility of MTT in PD.

3.5. Mitochondrial Transplantation Therapy in Stroke

Currently, the therapeutic intervention for stroke is lim-
ited owing to a restricted therapeutic time window and un-
successful clinical translation of several neuroprotective
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agents. Mitochondria are an energetic hub for regulating a
wide variety of cellular functions. The discovery of mito-
chondrial transfer from healthy astrocytes to the ischemic
neurons for the purpose of ischemic injury repair and neuro-
protection provides an emerging concept for designing an
organelle-based therapeutic intervention in stroke [157]. To
this end, MTT offers a novel paradigm of therapeutic inter-
ventions that offer therapeutic benefits for neuronal survival
and function in stroke and other acute CNS injury (Table 1).
Nakamura et al. showed that systemic administration of pla-
centa-derived mitochondrial reduces infarct size after cere-
bral ischemia-reperfusion injury in mice [183]. Interestingly,
fluorescent imaging provided evidence that transplanted mi-
tochondria get into the brain, liver, lung, kidney, and heart at
2 hours post MTT. Intracerebroventricular transplantation of
the exogenous mitochondria isolated from human MSCs
reduced the MCAO-induced brain damage and functional
outcome in rats via inhibition of apoptosis and reactive glia
activation [184]. Consistent with this finding, CNS mito-
chondria transplantation decreased brain infarct volume,
reduced cellular oxidative stress, and reversed neurological
deficits after ischemia-reperfusion injury [29]. Similarly,
intracerebral and intra-femoral transplantation of donor mi-
tochondria improved the functional outcome and decreased
the infarct size [185]. One important finding of this study is
that disrupting electron transport or ATPase synthase in mi-
tochondria with antimycin A and oligomycin significantly
limited the neuroprotective effect, suggesting that transplan-
tation benefits require intact mitochondrial function. Another
study by Xie and colleagues examined the therapeutic bene-
fits of MTT in cellular and animal models of stroke and
found that MTT improved behavioral functions and de-
creased infarct size [186]. Moreover, a clinical trial
(NCT04998357) examining the safety of autologous mito-
chondrial transplant in brain ischemia is undergoing.

CONCLUSION AND FUTURE PERSPECTIVES

From several decades, mitochondria have been consid-
ered to be an important therapeutic target for a variety of
neurodegenerative and neurovascular disorders. Significant
progress has recently been made in the development of MTT
as a therapeutic strategy to improve mitochondrial function
in the brain. To this end, MTT represents a novel treatment
paradigm of mitochondrial transfer and replacement strate-
gies that targets mitochondrial dysfunction in disease states.
While mitochondrial transplantation between one cell to an-
other using in vitro approach is investigated by several labs,
there has been considerable interest in testing the therapeutic
benefits of MTT in experimental models of cardiac ischemia.
Considering the positive outcome of MTT in cardiac ische-
mia, in the last few years, there has been growing interest in
determining the therapeutic benefits of MTT in several ex-
perimental models of neurodegenerative and neurovascular
disorders.

Replacing damaged mitochondria with mitochondria tak-
en from healthy tissues is shaping as a promising but as yet
experimental therapy to treat neurological conditions, and
new breakthroughs bring MTT closer to clinical use for treat-
ing neurodegenerative and neurovascular disorders. Current
data suggest that MTT significantly improves neurological
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complications, and at least to this point, it does not appear to
produce any adverse effects in mouse models. Although ear-
ly studies in humans suggest that MTT is effective in acute
injuries such as cardiac ischemia reperfusion injury, yet it is
also possible that MTT may be a feasible and effective
treatment for other conditions, including age-related neuro-
degenerative disorders. Given that mitochondria are heavily
implicated in the aging process, and their dysfunction results
in sustained oxidative stress, metabolic dysfunction and neu-
rodegeneration, repeated bouts of MTT may allow for the
introduction of stable and healthy mitochondrial pools to
substitute the dysfunctional mitochondria. In fact, MTT sig-
nificantly promotes mitochondrial function, prevents neuro-
degeneration, and improves behavioral functions in aging
and age-related neurodegenerative diseases, endorsing the
application of MTT in age-related neurodegenerative diseas-
es. However, the exact mechanism or the full therapeutic
benefits of exogenous mitochondria to treat neurodegenera-
tive and neurovascular disorders is not known, and thus, fur-
ther studies are warranted. MTT is poised as a powerful tool
to recapitulate a healthy metabolic environment through im-
provements in mitochondrial mass, ATP production, redox
state, and modulation of mitochondrial biogenesis and dy-
namics. The finding from recent preclinical studies encour-
ages more comprehensive and rigorous studies to examine
the distribution, safety, and precise mechanisms of therapeu-
tic efficacy of MTT which is essential for clinical translation
and the expansion of therapeutic applications for several
neurodegenerative and neurovascular disorders.
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