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ABSTRACT: Aging is a complex physiological process encompassing both physical and cognitive decline over
time. This intricate process is governed by a multitude of hallmarks and pathways, which collectively contribute
to the emergence of numerous age-related diseases. In response to the remarkable increase in human life
expectancy, there has been a substantial rise in research focusing on the development of anti-aging therapies and
pharmacological interventions. Mitochondrial dysfunction, a critical factor in the aging process, significantly
impacts overall cellular health. In this extensive review, we will explore the contemporary landscape of anti-aging
strategies, placing particular emphasis on the promising potential of mitotherapy as a ground-breaking approach
to counteract the aging process. Moreover, we will investigate the successful application of mitochondrial
transplantation in both animal models and clinical trials, emphasizing its translational potential. Finally, we will
discuss the inherent challenges and future possibilities of mitotherapy within the realm of aging research and

intervention.
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Introduction

Aging is a complex phenomenon that involves multi-
factorial degeneration at a cellular, organismal and
molecular level. Biological aging correlates with an
overall physiological decline of functional tissues and
organs, which eventually results in a myriad of age-related
pathologies. These include Alzheimer’s disease (AD),
Parkinson’s disease (PD), cardiovascular diseases (CVD),
cancer, hearing loss, and osteoarthritis, amongst many
others [1]. At a cellular and molecular level, aging has
been associated with increased oxidative stress,
accumulations of DNA modifications, epigenetic
alterations, and organelle damage [2, 3]. Amongst the
array of hallmarks associated with aging, there has been a

growing interest in the role of mitochondria and how its
defects can influence aging phenotypes.

The mitochondrion is a multi-faceted organelle that
contributes to diverse functions including cellular
metabolism, intracellular signaling, and immune response
[4]. With advanced age, there is an associated increase in
mitochondria perturbations due to the gradual build-up of
mitochondrial DNA (mtDNA) mutations, increased
reactive oxygen species (ROS), impaired respiratory
chain activities, and altered mitochondrial dynamics [5].
Disruption in mitochondrial dynamic affects mitophagy,
hence contributing to the accumulation of defective
mitochondria  [6]. Altogether, given the tight
interconnections among the numerous pathways, will
accelerate the decline of tissue function and ultimately
hasten the aging process.
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The interplay between mitochondria and the aging
process

The mitochondria free radical theory of aging proposes
that as individual ages, there is a buildup of ROS that
results from oxidative phosphorylation that drives further
mitochondria deterioration and cellular damage, which
accelerates the aging process [3, 7]. The overproduction
of ROS causes oxidative damage to the mtDNA,
mitochondrial proteins, respiratory complexes, and
mitophagy [8, 9]. Supporting this, a study observed a
significant increase in the activity of manganese-
dependent superoxide dismutase (MnSOD) in human
skeletal muscles with advancing age [10]. Another study
by Ji et al. further suggested that heightened MnSOD
activity serves as a potential defense mechanism against
elevated ROS levels [11]. Over time, the interplay
between aging, heightened ROS levels, and impaired
mitochondrial function creates a vicious cycle that
accelerates the aging process, thus affecting lifespan and
healthspan.

However, it is also important to note that ROS also
plays a crucial role in activating signalling pathways that
are involved in proliferation and survival, in response to
age-induced stress. For instance, studies have shown that
activation of stress-resistance pathways by ROS can
enhance the lifespan of organisms such as C. elegans and
S. cerevisiae [12, 13]. Considering these findings, it is
plausible that age-associated declines are observed only
when ROS levels surpass a certain threshold. This
indicates that ROS may have a dual role, acting as both
damaging agents and important mediators of stress
response pathways.

Mitochondria DNA mutations, accumulate with age
and are particularly evident in energetically demanding
organs including the brain, skeletal muscle, retina,
ovaries, hepatocytes, and heart [14]. While these
mutations are randomly distributed across the
mitochondrial genome, aged tissues exhibit a higher
occurrence of base-substitution, whereas post-mitotic
tissues tend to show a greater prevalence of large-scale
deletions [15]. Over time, a multitude of studies have
collectively shown the presence of different
mitochondrial deletions in a broad range of age-related
diseases. Among them, the most extensively studied
modification is the 4977-bp deletion in mtDNA
(mtDNA4977) [16]. This deletion has been observed to
accumulate as individuals age and is detected in various
tissues of older individuals, with a higher frequency in
tissues characterized by high oxygen consumption [17,
18] Similar to humans, a 3867-bp deletion analogous to
the 4977-bp deletion was also observed to accumulate in
aged mice [19].

In the context of neurodegeneration, patients with PD
were found to express higher levels of mtDNA deletions
in their striatum and substantia niagra as compared to
normal aging individuals [20, 21]. Similarly, mtDNA
deletions were found in AD mice models, resulting in
disruptions in mitochondria function [22]. Besides
neurodegenerative diseases, ragged red fibers (RRF)
within skeletal muscles becomes increasingly prominent
with advanced age. These RRF serve as a compensatory
response to mitochondrial respiratory capacity
impairments. Notably, in the later stages of aging, a
substantial portion of these RRF fibers exhibit a
significant mtDNA deletion, which correlates with a
deficiency in cytochrome ¢ oxidase activity, an important
component of the mitochondrial respiratory chain. These
findings strongly indicate that mtDNA deletions play a
pivotal role in the progression of aging-related sarcopenia
[23]. In the context of aging-related heart failure, mutated
mice models which encompass high levels of mtDNA
deletions exhibit a range of cardiac aging phenotypes.
These include cardiac hypertrophy and dilatation, mosaic
pattern due to cytochrome c¢ oxidase deficiency,
perturbations in diastolic and systolic function, as well as
cardiac fibrosis [24-26].

Around 1% of the mitochondrial proteome, including
13 wvital proteins in respiratory chain complexes, is
encoded by mtDNA [14]. Throughout an individual’s
lifetime, mtDNA mutations build up, resulting in complex
defects, impaired oxidative phosphorylation, and cellular
dysfunction [27]. The first evidence demonstrating the
direct impact of mtDNA mutations on premature aging
came from the creation of "mtDNA -mutator mice," which
express a proof-reading-deficient version of the catalytic
subunit of polymerase gamma (PolgA) [24]. These
mutator mice contain a high level of mtDNA point
mutations and deletions, which is thought to be closely
associated with the expression of pre-mature aging
phenotypes such as age-related hearing, hair and muscle
loss [24, 26]. Interestingly, in the mutator mice's liver and
heart mitochondria, complexes I, III, and IV were
significantly downregulated, possibly due to accumulated
mtDNA point mutations causing amino acid substitutions
in mtDNA-encoded respiratory subunits, impairing
protein structure. Consequently, these alterations disrupt
complex assembly, leading to respiratory chain deficiency
and promoting premature aging phenotypes [28].

In relation to this, heteroplasmy, which refers to the
co-expression of mutant and wild type mtDNA copies
within a cell, serves as an indicator for measuring the level
of mtDNA mutations. When heteroplasmy exceeds a
certain  threshold, tissues become energetically
compromised, resulting in an undesirable loss of function.
A population study conducted on individuals over 70
years of age discovered an increase in a particular
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mitochondrial mutation, m3243A>G [29]. Elevated
heteroplasmy at this site was found to be associated with
an increased risk of dementia-related and stroke mortality
[29]. A separate study conducted by the same group also
reported that increased heteroplasmy level at 20 different
disease-causing mtDNA sites was correlated with
decreased cognitive function, hearing, vision and mobility
function in elderly individuals [30]. These studies suggest
that mtDNA heteroplasmy could serve as a valuable
biomarker for age-related function.

Mitochondria are highly complex and dynamic
organelles that are constantly undergoing fusion and
fission events. The process is vital to facilitate essential
cellular functions such as adaptation to nutrients
availability, mitigate mitochondrial trafficking which aids
in Adenosine 5’-triphosphate (ATP) production, and most
importantly the maintenance of a well-interconnected
mitochondrial network [3, 31]. Earlier studies conducted
on animal models such as flies and nematodes reported
the presence of enlarged and fragmented mitochondria,
effects of disrupted dynamics [32, 33]. In Drosophila,
inclination toward fission was reported during aging.
Increased  fission  activity  causes  fragmented
mitochondria, which disrupt cellular homeostasis and
signaling. This, in turn, results in germline stem cell loss
and ultimately leads to tissue degeneration. [34].
Considering the significance of preserving mitochondrial
architecture integrity in aging, attaining a well-balanced
fusion and fission process is essential for increased
longevity.

Mitophagy, a subset of autophagy, in which
mitochondria are selectively degraded, is a highly vital
process that regulates the quality of mitochondria through
the elimination of poorly or non-functional mitochondria.
The maintenance of mitochondria quality is essential as it
affects multiple vital cellular functions such as
metabolism, homeostasis and disease prevention [35].
Impaired mitophagy leads to pro-aging metabolic
perturbations such as an increase in ROS and mtDNA
mutation, as well as impaired ATP production [36].
Interestingly, studies reported the close association of
mitophagy-related genes in longevity, as observed in
model organisms. For instance, PTEN Induced Kinase 1
(PINK-1)  overexpression with  a-synuclein in
dopaminergic neurons enhance lifespan in Drosophilia,
whereas the loss of Parkin shorten lifespan [37, 38].
Similarly, in C. elegans, the loss of PINK1 and Parkin
reduces the lifespan of mitochondria respiration mutants
[39]. Apart from studying animal models, Fang et al. have
observed a significant reduction in basal levels of
mitophagy in the hippocampus of patients with AD. This
decrease in mitophagy contributes to the accumulation of
malfunctioning mitochondria and subsequently impairs
cellular metabolism. In their study, Fang et al. also found

that restoring mitophagy abolished tau hyper-
phosphorylation in human neuronal cells associated with
AD. Additionally, significant improvements were
observed in cognitive decline and amyloid-beta (AP)
pathology in both mice and C. elegans models of AD
when mitophagy was reinstated [40]. Based on current
studies and understanding, it appears that mitophagy is an
essential cellular process that helps to promote lifespan.
Currently, the available evidence on mitophagy in humans
is limited. To fully understand the implications of
mitophagy in human cellular processes, further
investigations are crucial. These additional studies will
provide a deeper understanding of the significance and
potential advantages associated with mitophagy in diverse
human cellular processes. As researchers continue to
uncover the role of mitophagy in aging, enhancing this
process has emerged as a potential therapeutic target for
promoting healthy aging and mitigating the effects of age-
related diseases. Further studies are necessary to confirm
the potential benefits and establish the most effective
strategies to harness mitophagy for human health and
longevity.

Mitotherapy
Mechanisms of mitochondrial transfer

Mitochondrial transfer is a natural phenomenon that takes
place under both normal and pathogenic conditions. In
1969, Ruby et al. uncovered the concept of mitochondrial
transfer when they observed the presence of mitochondria
within  intercellular tunnels connecting adjacent
developing mouse oocytes [41]. Among the various
methods of mitochondrial trafficking, tunneling
nanotubes (TNTs) represent a significant route, enabling
the transfer of mitochondria between distinct cell lines
through a coculture system [42, 43]. TNTSs consist of actin
or microtubule-based cytoplasmic extensions, creating
intracellular transport networks that facilitate cargo
transfer [44]. When TNTs were abolished, a considerable
decrease in mitochondrial transfer within cocultures was
observed [45]. To support long-range intercellular
communication, extracellular vesicles act as carriers,
encapsulating mitochondria and releasing them into blood
vessels or tissues [46, 47]. Hayakawa et al. reported that
the release of extracellular mitochondrial particles by
astrocytes conferred neuroprotective effects and promote
neuronal viability post-ischaemic stroke [48]. Lastly,
mitochondria could also be transferred via cell fusion or
gap junctions formed via connexins and cytoskeleton
proteins [49]. In a study conducted by Acquistapace et al.,
live cell imaging revealed the presence of functional
mitochondria in mouse cardiomyocytes directly co-
cultured with human adipose-derived stem cells [S0]. The
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successful transfer of mitochondria through cell fusion is
essential for the reprogramming of post-mitotic murine
cardiomyocytes into proliferating cardiac progenitors
[50]. The topic on mitochondrial mechanism has been
extensively reviewed by Liu et al. [51]. Understanding
how mitochondria are transferred is important as it sets
the foundation for mitotherapy translational application in
clinical trials.

Current interventions targeting mitochondrial function
enhancement in the context of disease and aging

Given the pivotal roles of mitochondria, several studies
have reported the use of various approaches that could
enhance mitochondria function. These approaches
encompass pharmacological supplements as well as

Caloric restrictions

© O
@O

dietary interventions and exercise regimens. Caloric
restriction (CR) is a widely recognized anti-aging
approach that has been shown to markedly increase
lifespan and delay age-related pathologies across various
organisms, including non-human primates [52, 53]. Long-
term caloric restriction has also been associated with a
reduced incidence of chronic illnesses, including cancer,
cardiovascular disease, and hypertension [54]. The effects
of CR are complex and mitochondrial function is one of
the key mechanisms by which CR extends lifespan (Fig.
1). Studies have shown that caloric restriction can
modulate mitochondrial activity through several
processes, including  mitophagy,  mitochondrial
biogenesis, metabolic shifts as well as mitochondrial
respiration [55, 56].
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Dasatinib

Quercetin

TA-65
AGS-499

Resveratol
Rapamycin

. B "
3 @Q " V'R % T
fmii‘mﬂ_w % y ‘.' : Eaniaiid
1 1 1 Altered
Epigenetic Loss of Deregulated intercellular Cellular Mitochondrial ~ Stem cell
instability attrition alterations proteostasis nutrient-sensing communication  Senescence dysfunction exhaustion
w I Healthspan (X)' I Lifespan

Figure 1. Nutritional and pharmacological interventions against the hallmarks of aging. This figure was created with

BioRender.com.

Nisoli et al. documented a substantial increase in
mitochondrial content in the brain, heart, liver, and
adipose tissue, following a 30% caloric restriction.
Furthermore, the amount of mtDNA and expression of
various important players of mitochondrial biogenesis
such as peroxisome proliferator-activated receptor—y
coactivator la (PGC-la), nuclear respiratory factor—1
(NRF-1), and mitochondrial transcription factor A
(TFAM) were significantly elevated in mice fed with CR
diet. These findings collectively indicate a promotion of
mitochondrial biogenesis due to CR. In conjunction with
the up-regulation of these genes, an increase in ATP

concentration was observed, serving as an indication of
enhanced respiratory activity [57].

To better understand the association between CR and
metabolism, extensive research has been conducted to
explore the underlying mechanisms by which CR
influences the metabolic network, resulting in an
increased lifespan  through the stimulation of
mitochondrial biogenesis. However, the precise
mechanisms involved are still not fully understood.
Nevertheless, SIRT1 and AMP-activated protein kinase
(AMPK) have emerged as crucial factors in mediating the
longevity effects associated with CR [58, 59]. Supporting

Aging and Disease * Volume 15, Number 2, April 2024

506



Phua QH., et al.

Mitochondria: a potential rejuvenation tool against aging

this, a number of studies suggest that SIRT1 activates
PGC-1a through deacetylation, ultimately enhancing
mitochondrial activity [60, 61]. Furthermore, Bergeron et
al. reported long-term activation of AMPK was shown to
lead to the activation of NRF-1 and, consequently, an
enhancement in muscle mitochondrial density [62].

In addition, CR has been shown to modulate
respiratory capacity in different tissues. This includes
enhancing mitochondrial respiration rate in brown
adipose tissue and reducing maximal respiratory rate
while limiting hydrogen peroxide release. These findings
highlight the multifaceted effects of CR on cellular
respiration [57, 63, 64]. In the brain, CR was revealed to
effectively reduce the age-related membrane rigidization
and limited the production of oxy-radicals when
mitochondria  were  stimulated with  succinate,
highlighting its potential in preserving mitochondrial
function in the aging brain [65]. In another study, older
mice subjected to caloric restriction (CR) exhibited
heightened respiration rates, indicating that CR enhances
the inherent function of the respiratory chain.
Interestingly, skeletal muscles from these mice
undergoing caloric restriction (CR) showed lower levels
of 8-0x0-dG, indicating reduced oxidative DNA damage.
This implies that caloric restriction (CR) has the potential
to reduce oxidative stress by improving the capacity of
internal antioxidant defenses in skeletal muscles,
ultimately leading to enhanced mitochondrial integrity
and optimal functional performance [66].

In addition to dietary interventions, numerous studies
have provided evidence that regular exercise can
significantly improve mitochondrial function by
increasing the content of mitochondria, enhancing
oxidative phosphorylation, and improving respiratory
capacity [67-71]. Endurance training has been shown to
elevate the levels of mitochondrial proteins involved in -
oxidation, the tricarboxylic acid (TCA) cycle, and the
electron transport chain, thereby enhancing energy
capacity [68]. Remarkably, long-term exercise has been
found to increase mitochondrial volume by a substantial
40-50%, accompanied by improvements in oxidative
capacity and a reduction in ROS [72]. Furthermore,
several studies have reported that exercise training
facilitates the elimination of abnormal mitochondria,
promoting the turnover of healthy mitochondria [73, 74].
Taken together, these findings demonstrate how the
incorporation of CR and consistent exercise into lifestyle
practices can significantly enhance mitochondrial health
and cellular bioenergetics.

Other means to enhance mitochondrial function
includes nutritional supplements. This includes various
options such as vitamins, antioxidants, enzyme inhibitors,
and co-factors [75]. Enhancing mitochondrial biogenesis
to address respiratory capacity deficiencies holds promise

as a potential approach for treating mitochondrial
diseases. One strategy with great potential involves
targeting peroxisome proliferator-activated receptors
(PPARs), which play a crucial role in governing
mitochondrial bioenergetics and metabolic homeostasis
[4]. For instance, pioglitazone, a FDA-approved drug
belonging to the thiazolidinediones (TZDs), activates
PPARs, have exhibited promising outcomes in promoting
mitochondrial biogenesis in diabetic patients, thereby
enhancing oxidative phosphorylation (OXPHOS) activity
[76, 77]. Apart from targeting PPARs, other potential
targets for restoring mitochondria function involve
targeting the modulation of PGC-1-a through SIRT1 and
AMPK [4]. For instance, dietary supplementation of
NAD+  precursors, nicotinamide mononucleotide
(NMN) increased NAD+, activating SIRT1 signalling.
This elevation in SIRT1 activity leads to improved
mitochondrial biogenesis, enhanced mitochondrial
function and a boost in both metabolic fitness and exercise
endurance [78, 79]. Altogether, the exploration of
pharmacological supplements targeting mitochondrial
function through enhancing mitochondrial biogenesis and
improving oxidative phosphorylation demonstrates
promising avenues for therapeutic interventions in
mitochondrial diseases.

In relation to longevity, certain compounds that
mimic the effects of caloric restriction (CR), such as
metformin and resveratrol, as well as rapamycin, an
established mTOR  signaling antagonist, have
demonstrated the ability to extend both lifespan and
healthspan in C. elegans and mouse models. These
compounds target AMPK and complex 1 of the
mitochondrial respiratory chain [80-82]. The effects of
these interventions have been observed in mouse models
that were fed a high-calorie diet and treated with
resveratrol. Administration of resveratrol led to increased
AMPK and PGCl1-a activity, accompanied by a rise in
mitochondrial abundance. Additionally, there was
improvement in muscle function and enhanced insulin
sensitivity, which are beneficial changes associated with
longevity[83].

These findings suggest that caloric restriction and its
pharmacological mimetics hold promise in positively
influencing mitochondrial activity and biogenesis, which
may ultimately contribute to an extended lifespan and
improved health outcomes [80-82]. While CR and
pharmacological interventions offer promising anti-aging
benefits, CR demands considerable lifestyle changes, and
pharmacological treatments may have side effects like
metabolic imbalances, respiratory depression, and
increased cancer risk with long-term use [84, 85]. These
concerns must be thoroughly assessed for safety before
implementing such interventions.
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Mitochondrial transplantation

In recent years, mitochondrial transplantation has proven
to exhibit vast therapeutic benefits in disease treatment
particularly metabolic, neurological and cardiac
pathology [86]. The translation of bench to bedside
stemmed from McCully et al. in 2009, where they isolated
fresh mitochondria from healthy cardiac tissue and
injected them into the ischemic region of the rabbits’
hearts during early reperfusion. Following the transplant,
there was a notable reduction in myocardial necrosis and
a significant improvement in post-ischemic function [87].
Following McCully et al, other studies also displayed the
benefits of mitochondrial transplantation through cardiac
ischemia models. In 2016, Cowan et al. displayed the
ability of exogenous mitochondria to decrease myocardial
infarct size and increase post-ischemia cardiac
functionality through coronary vascular perfusion in a
rabbit model [88]. Following, Guariento et al.
demonstrated an interesting and novel concept of
preischemic mitochondria transplantation which has
proven to be a therapeutic strategy for prophylactic

myocardial protection in porcine models of regional
ischemic reperfusion injury (IRI). Through both single
and serial delivery of autologous mitochondria,
myocardial infarct size has been significantly reduced and
cardiac function improved tremendously. Notably, the
therapeutic outcomes of serial delivery and single delivery
were similar in comparison [89]. Besides cardiac
improvement, the therapeutic potential of mitochondrial
transplantation has been demonstrated in other organs.
For example, exogenous mitochondria have been
demonstrated to rescue hepatocyte function in high-fat
diet-induced fatty liver mice, a model of non-alcoholic
fatty liver disease [90]. Similarly, enhanced lung
mechanics and improved tissue recovery were observed
in ischemia-reperfusion injury mice models that received
mitochondrial transplantation [91]. In the most recent
study by Hayashida et al., performing mitochondrial
transplantation immediately following resuscitation from
cardiac arrest substantially improved both survival rates
and neurological recovery for rats experiencing post-
cardiac arrest [92]. Existing mitochondrial transplantation
in different animal models is summarised in table 1.

Table 1. Summary of existing mitochondria transplantation in animal models.

Targeted Disease models Methods Types of Therapeutic outcomes Ref
organs transplant
Brain Parkinson’s disease  Intravenous injection Xenogeneic e  Increased ETC activity [120]
in healthy e  Reduction in ROS activity
C57BL/6J mice e Prevention of cell apoptosis
models and necrosis
Brain Alzheimer's Intravenous injection Xenogeneic e  Enhanced cognitive [121]
disease in AD mice performance
models e  Significant decrease in
neuronal loss
e  Reduced gliosis in the
hippocampus
Brain Cerebral ischemic Intracerebroventricular Autologous e  Reduction in cellular oxidative  [122]
injury in Sprague- injection stress and apoptosis
dawley rat models e  Enhanced neurogenesis
e  Decreased brain infarct volume
e  Reversed neurological deficits
Brain Sprague-dawley Injection into the Allogenic e  Maintenance of bioenergetics [123]
rats with spinal mediolateral gray
cord injury matter
Heart Ischemia- Injection into the Allogenic . Significant reduction in [87]
reperfusion heart in  ischemic zone of the apoptosis and necrosis
New Zealand white  heart e  Enhanced cellular viability
rabbits e Myocardial functional recovery
Heart Ischemia- Injection into the Autologous e  Reduction in myocardial [112]
reperfusion heart in  ischemic zone of the necrosis and inflammatory
New Zealand white  heart markers
rabbits e  Enhanced oxygen consumption
rate and high energy synthesis
e  Enhanced ATP
Heart Ischemia- Injection into the left Autologous e  Enhanced regional and global [124]
reperfusion heart in ~ coronary ostium myocardial function
Yorkshire pigs e Decreased myocardial infarct
size
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Liver Fatty liver Intravenous injection Xenogeneic e Decreased lipid content [90]
C57BL/6J mice e  Restored cellular redox content
models e  Reduction in oxidative stress

Liver Ischemia- Injection into spleen Allogenic e  Reduction in oxidative stress [125]
reperfusion injury e  Reduction in mitochondrial
in the liver of damage and subsequent cell
Wistar rat models death

Lung Ischemia- Injection into Allogenic e  Improved lung mechanics and [91]

reperfusion injury
in the lung of
C57BL/6J mice
models

pulmonary artery

In addition to animal models, mitochondrial
transplantation has proven its success in human clinical
studies as well. The first clinical application occurred in
2017, where healthy autologous mitochondria were
harvested and isolated from nonischemic skeletal muscle
and injected into the damaged myocardium of 5 pediatric
patients who required central extracorporeal membrane
oxygenation (ECMO) support for ischemia-reperfusion-
associated myocardial dysfunction [93]. Upon the
surgical procedure, none of the patients suffered from
arrhythmia, 4 out of 5 patients demonstrated improvement
in ventricular functions and were successfully removed
from ECMO support [93]. Thereafter in 2020, the same
group reported the success of autologous mitochondria
transplantation in a study conducted on a greater pool of
pediatric patients. Similarly, no patients suffered from
adverse short-term complications such as arrhythmia or
scarring [94]. Patients who received the mitochondria
transplantation were successful in detaching from ECMO
support and exhibited improvement in the ventricular
strain [94]. Currently, there are only two clinical trials,
notably from the same group of researchers, McCully et
al., targeting pediatric patients suffering from ischemia-
reperfusion-associated myocardial dysfunction. Further
studies have to be conducted for optimal surgical process
of mitochondria transplantation across different organs to
better demonstrate the robustness of mitotherapy.
with

Revolutionizing mitotherapy’s future

bioengineered mitochondria

To advance mitotherapy and maximize the potential of
mitochondria as an innovative tool for disease treatment,
multiple supplementary measures can be pursued to
enhance its effectiveness in combating diverse
pathologies. One promising approach involves the
exploration of gene editing technology specifically
targeted at correcting mtDNA genes, subsequently
reducing mutant mtDNA, improved mitochondria
function and ultimately eliminating mitochondrial
diseases. Current tools for mitochondrial gene editing
includes restriction endonucleases (RE) technology, zinc
finger nuclease (ZFN) technology, transcription activator

enhances tissue recovery

like effector nuclease (TALEN) technology and even
CRISPR/Cas9 system [95]. In independent studies
employing  distinct mitochondrial gene editing
technologies, RE and ZFN, the correction of m.8993T>G
mutation has been successfully corrected. This correction
resulted in a decrease in mutant mtDNA levels, restoration
of ATP and wild type mtDNA levels, and the
reestablishment of normal mitochondrial membrane
potential (MMP) [96, 97]. In addition, another gene-
editing tool, TALEN has also effectively eliminated
m.3243A>G mutation in mitochondrial disease patient-
specific induced pluripotent stem cells, which
subsequently displayed restoration of mitochondrial
respiration and bioenergetics [98]. Collectively, these
gene editing tools alter the level of mtDNA heteroplasmy,
eliminating the mutant fraction and ultimately resulting in
enhanced mitochondrial bioenergetics. In the realm of
genetic modification in vivo, it is also crucial to prioritize
the careful design of delivery systems to prevent any
unintended off-target effects. Despite the utilization of the
CRISPR-Cas9 gene-editing tool, its implementation
remains controversial due to numerous unresolved
questions associated with off-target effects [99]. Methods
to circumvent some of these off-target effects in vivo have
been extensively discussed by Han et al. [100]. The
potential to genetically correct mtDNA in vivo presents
tremendous opportunities in enhancing the patient's
cellular metabolism, leading to improved health outcomes
and unparalleled efficiency in cellular energy utilization.
An alternative strategy to enhance mitotherapy
involves implementing surface modifications to
mitochondria, aiming to improve the uptake and specific
targeting of exogenous mitochondria by desired tissue or
cell types. A recent study by Nakano et al., showed that
mitochondria coated with cationic and fusogenic lipids,
DOTAP and DOPE exhibited elevated MMP, improved
uptake and neuroprotection in neurons [101]. In addition,
peptide-labelled mitochondria also enhanced delivery into
dopaminergic neurons and improved locomotive activity
in the PD rats [102]. Lastly, polymer functionalization of
mitochondria  using  Dextran-triphenylphosphonium
(TPP) has shown a three-fold increase in cellular
internalization by cardiac cells compared to uncoated
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mitochondria. This uptake was accompanied by a
metabolic shift from glycolytic to oxidative state and an
increase in the oxygen consumption rate [103]. Although
the current body of research on mitochondria as a targeted
drug delivery vehicle is limited, significant advances have
been achieved in the field of exosomes. In the case of
cerebral ischemia therapy, cyclo(Arg-Gly-Asp-DTyr-
Lys) peptide [¢(RGDyK)] conjugated exosomes which
contained curcumin were found to accumulate in the
region of ischemic brain lesions upon intravenous
injection [104]. As a result, there was a significant
suppression of inflammatory response and cellular
apoptosis in the lesion area. The cumulative evidence
from these examples highlights the immense potential of
bioengineered surface modification on mitochondria,
which could open up new avenues for targeted delivery
and improved cellular uptake, making it a promising and
novel strategy for efficient drug delivery in the treatment
of diseases, particularly those related to metabolic
impairments. Collectively, the convergence of these
approaches pave the way for more effective and precise
interventions in treating mitochondrial-related diseases.

Mitotherapy and aging

During aging, dysfunctional mitochondria compilation
causes the deterioration of cellular and physiological
health, resulting in age-related phenotypes. Hence, the
replacement of aged mitochondria with healthy, mutation-
free ones, presents an alternative avenue to investigate as
a potential anti-aging treatment. Extrapolating from the
technology of mitochondria transfer, Zhao et al.
experimented with the concept of harvesting young,
healthy mitochondria and injecting them into aging
models. In this study, they performed intravenous
injections of healthy, allogenic mitochondria isolated
from young mice into aged mice and observed enhanced
metabolic alterations [105]. Upon mitotherapy treatment,
the level of ROS dropped, and ATP content increased
significantly as compared to the aged mice. Besides
metabolic improvement, there was also a functional
enhancement in the cognitive and motor performance in
learning and memory abilities [105]. Lastly, mitotherapy
also improved mouse sports endurance, evident from
longer swimming time in treated mice [105]. This study is
the first to uncover new insights on mitotherapy and its
huge potential in anti-aging context.

In an independent recent study by Javani et al.,
mitochondria obtained from young rat brain were
transplanted into aged rats which resulted in the
attenuation of aging-related stress induced anxiety and
depressive-like  behavior  [106].  Studies  have
demonstrated a strong correlation between aging, chronic
stress, and impaired mitochondria and bioenergetics. This

association ultimately leads to a decrease in energy levels,
which in turn contributes to the development of
depression [107]. However, by introducing young
mitochondria through transplantation, the levels of ATP
and MMP were restored. This restoration significantly
improved cellular bioenergetics and consequently led to
an amelioration of age-related neurobehavioral changes
[106]. While the current number of examples illustrating
mitotherapy's translational application in addressing
aging-related disorders is limited, with extensive research,
mitotherapy holds great potential in managing and
mitigating the effects of aging.

Limitations & future perspectives

As described above, there are multiple studies which
demonstrated  the  success of  mitochondrial
transplantation. However, there are also some challenges
faced in the process. Firstly, isolation and storage are
major concerns for the therapy to succeed. Whilst freshly
isolated mitochondria are often used in mitotherapy, the
storage condition plays a huge role in the organelle’s
functionality. It has been reported that prolonged storage
of mitochondria correlates with a decline in mitochondria
respiratory capacity. Additionally, the preservation of the
integrity of the membrane potential is important for
mitochondria to function optimally. Even though several
researchers have experimented on different storage
buffers such as University of Wisconsin solution,
Eurocollins  solution  and  4-(2-HydroxyEthyl)-
1PiperazineEthaneSulfonic acid (HEPES)—sucrose-based
buffer to preserve mitochondria, these are of limited
effectiveness against mitochondria impairment [108,
109]. Improving mitochondria quality control is critical,
therefore it would be best for a standardized protocol to
be established for optimal harvest and storage conditions,
whilst following the strict guidelines of safety and ethics.

Additionally, immunological response plays a vital
role in the effectiveness of the therapy. Similar to other
forms of surgical procedures, it is important to investigate
the mechanism of immune reaction to mitochondria
transplant. Significant inflammatory response was
observed in a mouse heterotopic heart transplantation
model, which led to eventual graft rejection [110]. When
endothelial cells were exposed to extrinsic mitochondria,
there was an up-regulation of adhesion molecules, and this
promotes the secretion of inflammatory cytokines [110].
However, there were also studies that reported the absence
of inflammatory markers elevation post-transplantation of
autologous mitochondria [111-113]. While previous
studies were mostly conducted using autologous
mitochondria, Ramirez-Barbieri et al showed that
immune response was not triggered despite the
administration of syngeneic and allogenic mitochondria
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[113]. In addition, Acquistapace et al. also demonstrated
the success of mitochondria transfer in a cross-species co-
culture system between mouse and human [50]. The
significance of these findings is extremely important, as
they expand the potential sources of donor mitochondria
for therapeutic purposes. This approach also creates a
readily available supply of healthy mitochondria, thus
offering a promising avenue for therapeutic translation.
To reduce the risk of an immune reaction,
immunosuppressants are often co-administered with

Mitochond riay

isolation

Healthy mitochondria %’;\Q\

A

Improved method

Aged
individual
* Immunosuppressants
* Mitochondria
encapsulation

* Improved targeting
* Increased uptake
* Increased purity

Modified mitochondria + Enhanced function

—

mitochondria during transfer, as has been done in previous
studies. Another method to potentially reduce immune
rejection could be through the encapsulation of
mitochondria by microvesicles or liposomes. It has been
proven that the membrane of extracellular vesicles aids in
maintaining the functional integrity and lifespan of
mitochondria in the bloodstream [114, 115]. To further
improve the uptake and targeting efficacy, extra
modifications could be made to the membranes of these
transport vehicles, as discussed previously (Fig. 2).
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Figure 2. An overview of mitotherapy’s current and future therapeutic translation. This figure was created with BioRender.com.

Ethical and safety considerations of mitotherapy

From an ethical perspective, mitotherapy generally aligns
with established standards, as numerous studies have
shown that personal traits are primarily determined by
genes derived from nuclear DNA [116]. However, there
are specific concerns related to the origin of donor
mitochondria. In autologous transplantation, where
mitochondria from tissue with a low risk of mtDNA
mutation are used to treat the same individual, ethical
concerns are rarely raised. In cases of mitochondrial
allogenic transfer, preferential consideration is often
given to close family members, and if not feasible,
haplotype matching should be considered [117, 118].
Lastly, while xenogenic transfer has shown feasibility, it
is still in its infancy stages and requires further
investigation before its ethical implications can be fully
understood. In-depth exploration of the ethical issues

surrounding mitochondrial transplantation can be found in
other review articles [116, 119].

Conclusion

Mitochondria play a crucial role in numerous cellular
processes, including metabolism, intracellular signaling,
apoptosis, and immune response, making them a vital
target for therapeutic interventions. The decline in
mitochondrial function is closely linked to aging, as
disruptions in their activity can lead to a cascade of
impaired cellular pathways and quality control
mechanisms, ultimately resulting in the accumulation of
defective mitochondria and accelerated aging. To
counteract this aging process, the transfer of healthy,
functional mitochondria may serve as a potential
treatment option. However, current clinical trials
exploring mitotherapy for aging are scarce, highlighting
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the need for further research to unlock the full potential of
mitochondrial therapies in aging-related applications.
Addressing ethical and safety concerns will also be crucial
moving forward. In summary, mitotherapy holds
significant promise as an innovative approach to combat
aging, paving the way for ground-breaking advancements
in the improvement of healthspan and lifespan in the
future.

Authors Contributions

Qian Hua Phua, Shi Yan Ng and Boon-Seng Soh
conceived and drafted the manuscript. Qian Hua Phua
wrote the manuscript. All authors read, edited and
approved the final manuscript.

Acknowledgements

We express our gratitude to Jeremy Kah Sheng Pang for
proofreading and providing comments on the manuscript.
This work is supported by the Agency for Science,
Technology and Research (Singapore). Qian Hua Phua is
supported by the A*STAR Graduate Scholarship.
Conflict of interest

None declared.

References

[1] Jaul E, Barron J (2017). Age-Related Diseases and
Clinical and Public Health Implications for the 85

Years Old and Over Population. Front Public Health,
5:335.
[2] Janikiewicz J, Szymanski J, Malinska D, Patalas-

Krawczyk P, Michalska B, Duszynski J, et al. (2018).
Mitochondria-associated membranes in aging and
senescence: structure, function, and dynamics. Cell
Death Dis, 9:332.

[3] van der Rijt S, Molenaars M, McIntyre RL, Janssens
GE, Houtkooper RH (2020). Integrating the Hallmarks
of Aging Throughout the Tree of Life: A Focus on
Mitochondrial Dysfunction. Front Cell Dev Biol,
8:594416.

[4] Singh A, Faccenda D, Campanella M (2021).
Pharmacological advances in mitochondrial therapy.
EBioMedicine, 65:103244.

[5] Chistiakov DA, Sobenin IA, Revin VV, Orekhov AN,
Bobryshev YV (2014). Mitochondrial aging and age-
related dysfunction of mitochondria. Biomed Res Int,
2014:238463.

[6] Markin AM, Khotina VA, Zabudskaya XG,
Bogatyreva Al, Starodubova AV, Ivanova E, et al.
(2021). Disturbance of Mitochondrial Dynamics and
Mitochondrial Therapies in Atherosclerosis. Life
(Basel), 11.

[7] Harman D (1956). Aging: a theory based on free

(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

radical and radiation chemistry. J Gerontol, 11:298-
300.

Bratic A, Larsson NG (2013). The role of
mitochondria in aging. J Clin Invest, 123:951-957.
Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G (2013). The hallmarks of aging. Cell,
153:1194-1217.

Pansarasa O, Bertorelli L, Vecchiet J, Felzani G,
Marzatico F (1999). Age-dependent changes of
antioxidant activities and markers of free radical
damage in human skeletal muscle. Free Radic Biol
Med, 27:617-622.

Ji LL, Dillon D, Wu E (1990). Alteration of
antioxidant enzymes with aging in rat skeletal muscle
and liver. Am J Physiol, 258:R918-923.

Schulz TJ, Zarse K, Voigt A, Urban N, Birringer M,
Ristow M (2007). Glucose restriction extends
Caenorhabditis elegans life span by inducing
mitochondrial respiration and increasing oxidative
stress. Cell Metab, 6:280-293.

Mesquita A, Weinberger M, Silva A, Sampaio-
Marques B, Almeida B, Leao C, et al. (2010). Caloric
restriction or catalase inactivation extends yeast
chronological lifespan by inducing H202 and
superoxide dismutase activity. Proc Natl Acad Sci U S
A, 107:15123-15128.

Kauppila TES, Kauppila JHK, Larsson NG (2017).
Mammalian Mitochondria and Aging: An Update. Cell
Metab, 25:57-71.

Greaves LC, Elson JL, Nooteboom M, Grady JP,
Taylor GA, Taylor RW, et al. (2012). Comparison of
mitochondrial mutation spectra in ageing human
colonic epithelium and disease: absence of evidence
for purifying selection in somatic mitochondrial DNA
point mutations. PLoS Genet, 8:¢1003082.

Bua E, Johnson J, Herbst A, Delong B, McKenzie D,
Salamat S, et al. (2006). Mitochondrial DNA-deletion
mutations accumulate intracellularly to detrimental
levels in aged human skeletal muscle fibers. Am J
Hum Genet, 79:469-480.

Lee HC, Pang CY, Hsu HS, Wei YH (1994).
Differential accumulations of 4,977 bp deletion in
mitochondrial DNA of various tissues in human
ageing. Biochim Biophys Acta, 1226:37-43.
Corral-Debrinski M, Shoffner JM, Lott MT, Wallace
DC (1992). Association of mitochondrial DNA
damage with aging and coronary atherosclerotic heart
disease. Mutat Res, 275:169-180.

Tanhauser SM, Laipis PJ (1995). Multiple deletions
are detectable in mitochondrial DNA of aging mice. J
Biol Chem, 270:24769-24775.

Ikebe S, Tanaka M, Ohno K, Sato W, Hattori K, Kondo
T, et al. (1990). Increase of deleted mitochondrial
DNA in the striatum in Parkinson's disease and
senescence. Biochem Biophys Res Commun,
170:1044-1048.

Bender A, Krishnan KJ, Morris CM, Taylor GA,
Reeve AK, Perry RH, et al. (2006). High levels of
mitochondrial DNA deletions in substantia nigra
neurons in aging and Parkinson disease. Nat Genet,

Aging and Disease * Volume 15, Number 2, April 2024

512



Phua QH., et al.

Mitochondria: a potential rejuvenation tool against aging

[22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

38:515-517.

Pinto M, Pickrell AM, Fukui H, Moraes CT (2013).
Mitochondrial DNA damage in a mouse model of
Alzheimer's disease decreases amyloid beta plaque
formation. Neurobiol Aging, 34:2399-2407.

Pesce V, Cormio A, Fracasso F, Vecchiet J, Felzani G,
Lezza AM, et al. (2001). Age-related mitochondrial
genotypic and phenotypic alterations in human
skeletal muscle. Free Radic Biol Med, 30:1223-1233.
Trifunovic A, Wredenberg A, Falkenberg M,
Spelbrink JN, Rovio AT, Bruder CE, et al. (2004).
Premature ageing in mice expressing defective

mitochondrial DNA polymerase. Nature, 429:417-423.

Vermulst M, Wanagat J, Kujoth GC, Bielas JH,
Rabinovitch PS, Prolla TA, et al. (2008). DNA
deletions and clonal mutations drive premature aging

in mitochondrial mutator mice. Nat Genet, 40:392-394.

Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K,
Wohlgemuth SE, et al. (2005). Mitochondrial DNA
mutations, oxidative stress, and apoptosis in
mammalian aging. Science, 309:481-484.

Hiona A, Leeuwenburgh C (2008). The role of

mitochondrial DNA mutations in aging and sarcopenia:

implications for the mitochondrial vicious cycle
theory of aging. Exp Gerontol, 43:24-33.

Edgar D, Shabalina I, Camara Y, Wredenberg A,
Calvaruso MA, Nijtmans L, et al. (2009). Random
point mutations with major effects on protein-coding
genes are the driving force behind premature aging in
mtDNA mutator mice. Cell Metab, 10:131-138.
Tranah GJ, Katzman SM, Lauterjung K, Yaffe K,
Manini TM, Kritchevsky S, et al. (2018).
Mitochondrial DNA m.3243A > G heteroplasmy

affects multiple aging phenotypes and risk of mortality.

Sci Rep, 8:11887.

Tranah GJ, Yaffe K, Katzman SM, Lam ET,
Pawlikowska L, Kwok PY, et al. (2015).
Mitochondrial DNA Heteroplasmy Associations With

Neurosensory and Mobility Function in Elderly Adults.

J Gerontol A Biol Sci Med Sci, 70:1418-1424.
Sharma A, Smith HJ, Yao P, Mair WB (2019). Causal
roles of mitochondrial dynamics in longevity and
healthy aging. EMBO Rep, 20:e48395.

Yasuda K, Ishii T, Suda H, Akatsuka A, Hartman PS,
Goto S, et al. (2006). Age-related changes of
mitochondrial structure  and  function  in
Caenorhabditis elegans. Mech Ageing Dev, 127:763-
770.

Rana A, Oliveira MP, Khamoui AV, Aparicio R, Rera
M, Rossiter HB, et al. (2017). Promoting Drpl-
mediated mitochondrial fission in midlife prolongs
healthy lifespan of Drosophila melanogaster. Nat
Commun, 8:448.

Amartuvshin O, Lin CH, Hsu SC, Kao SH, Chen A,
Tang WC, et al. (2020). Aging shifts mitochondrial
dynamics toward fission to promote germline stem cell
loss. Aging Cell, 19:e13191.

Guo J, Chiang WC (2022). Mitophagy in aging and
longevity. [IUBMB Life, 74:296-316.

Chen G, Kroemer G, Kepp O (2020). Mitophagy: An

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Emerging Role in Aging and Age-Associated Diseases.
Front Cell Dev Biol, 8:200.

Todd AM, Staveley BE (2012). Expression of Pinkl
with alpha-synuclein in the dopaminergic neurons of
Drosophila leads to increases in both lifespan and
healthspan. Genet Mol Res, 11:1497-1502.

Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany
MB, Pallanck LJ (2003). Mitochondrial pathology and
apoptotic muscle degeneration in Drosophila parkin
mutants. Proc Natl Acad Sci U S A, 100:4078-4083.
Palikaras K, Lionaki E, Tavernarakis N (2015).
Coordination of mitophagy and mitochondrial
biogenesis during ageing in C. elegans. Nature,
521:525-528.

Fang EF, Hou Y, Palikaras K, Adriaanse BA, Kerr JS,
Yang B, et al. (2019). Mitophagy inhibits amyloid-beta
and tau pathology and reverses cognitive deficits in
models of Alzheimer's disease. Nat Neurosci, 22:401-
412.

Ruby JR, Dyer RF, Skalko RG (1969). The occurrence
of intercellular bridges during oogenesis in the mouse.
J Morphol, 127:307-339.

Koyanagi M, Brandes RP, Haendeler J, Zeiher AM,
Dimmeler S (2005). Cell-to-cell connection of
endothelial progenitor cells with cardiac myocytes by
nanotubes: a novel mechanism for cell fate changes?
Circ Res, 96:1039-1041.

Rustom A, Saffrich R, Markovic I, Walther P, Gerdes
HH (2004). Nanotubular highways for intercellular
organelle transport. Science, 303:1007-1010.

Vignais ML, Caicedo A, Brondello JM, Jorgensen C
(2017). Cell Connections by Tunneling Nanotubes:
Effects of Mitochondrial Trafficking on Target Cell
Metabolism, Homeostasis, and Response to Therapy.
Stem Cells Int, 2017:6917941.

Sinclair KA, Yerkovich ST, Hopkins PM, Chambers
DC (2016). Characterization of intercellular
communication and mitochondrial donation by
mesenchymal stromal cells derived from the human
lung. Stem Cell Res Ther, 7:91.

Amari L, Germain M (2021). Mitochondrial
Extracellular Vesicles - Origins and Roles. Front Mol
Neurosci, 14:767219.

Nawaz M, Fatima F (2017). Extracellular Vesicles,
Tunneling Nanotubes, and Cellular Interplay:
Synergies and Missing Links. Front Mol Biosci, 4:50.
Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y,
Xing C, et al. (2016). Transfer of mitochondria from
astrocytes to neurons after stroke. Nature, 535:551-
555.

Berridge MV, Neuzil J (2017). The mobility of
mitochondria: Intercellular trafficking in health and
disease. Clin Exp Pharmacol Physiol, 44 Suppl 1:15-
20.

Acquistapace A, Bru T, Lesault PF, Figeac F, Coudert
AE, le Coz O, etal. (2011). Human mesenchymal stem
cells reprogram adult cardiomyocytes toward a
progenitor-like state through partial cell fusion and
mitochondria transfer. Stem Cells, 29:812-824.

Liu Z, Sun Y, Qi Z, Cao L, Ding S (2022).

Aging and Disease * Volume 15, Number 2, April 2024

513



Phua QH., et al.

Mitochondria: a potential rejuvenation tool against aging

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Mitochondrial transfer/transplantation: an emerging
therapeutic approach for multiple diseases. Cell Biosci,
12:66.

Anderson RM, Bitterman KJ, Wood JG, Medvedik O,
Sinclair DA (2003). Nicotinamide and PNC1 govern
lifespan extension by calorie restriction in
Saccharomyces cerevisiae. Nature, 423:181-185.
Colman RJ, Anderson RM, Johnson SC, Kastman EK,
Kosmatka KJ, Beasley TM, et al. (2009). Caloric
restriction delays disease onset and mortality in rhesus
monkeys. Science, 325:201-204.

Rizza W, Veronese N, Fontana L (2014). What are the
roles of calorie restriction and diet quality in
promoting healthy longevity? Ageing Res Rev, 13:38-
45.

Madreiter-Sokolowski CT, Sokolowski AA, Waldeck-
Weiermair M, Malli R, Graier WF (2018). Targeting
Mitochondria to Counteract Age-Related Cellular
Dysfunction. Genes (Basel), 9.

Mehrabani S, Bagherniya M, Askari G, Read MI,
Sahebkar A (2020). The effect of fasting or calorie
restriction on mitophagy induction: a literature review.
J Cachexia Sarcopenia Muscle, 11:1447-1458.

Nisoli E, Tonello C, Cardile A, Cozzi V, Bracale R,
Tedesco L, et al. (2005). Calorie restriction promotes
mitochondrial biogenesis by inducing the expression
of eNOS. Science, 310:314-317.

Ji Z, Liu GH, Qu J (2022). Mitochondrial sirtuins,
metabolism, and aging. J Genet Genomics, 49:287-
298.

Madeo F, Carmona-Gutierrez D, Hofer SJ, Kroemer G
(2019). Caloric Restriction Mimetics against Age-
Associated Disease: Targets, Mechanisms, and
Therapeutic Potential. Cell Metab, 29:592-610.
Makela J, Tselykh TV, Kukkonen JP, Eriksson O,
Korhonen LT, Lindholm D (2016). Peroxisome
proliferator-activated receptor-gamma (PPARgamma)
agonist is neuroprotective and stimulates PGC-1alpha
expression and CREB phosphorylation in human
dopaminergic neurons. Neuropharmacology, 102:266-
275.

Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H,
Lerin C, Daussin F, et al. (2006). Resveratrol improves
mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-1lalpha. Cell,
127:1109-1122.

Bergeron R, Ren JM, Cadman KS, Moore IK, Perret P,
Pypaert M, et al. (2001). Chronic activation of AMP
kinase results in NRF-1 activation and mitochondrial
biogenesis. Am J Physiol Endocrinol Metab,
281:E1340-1346.

Lambert AJ, Wang B, Yardley J, Edwards J, Merry BJ
(2004). The effect of aging and caloric restriction on
mitochondrial ~ protein  density and  oxygen
consumption. Exp Gerontol, 39:289-295.

Serna JDC, Caldeira da Silva CC, Kowaltowski AJ
(2020). Functional changes induced by caloric
restriction in cardiac and skeletal muscle mitochondria.
J Bioenerg Biomembr, 52:269-277.

Gabbita SP, Butterfield DA, Hensley K, Shaw W,

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

Carney JM (1997). Aging and caloric restriction affect
mitochondrial respiration and lipid membrane status:
an electron paramagnetic resonance investigation.
Free Radic Biol Med, 23:191-201.

Lanza IR, Zabielski P, Klaus KA, Morse DM,
Heppelmann CJ, Bergen HR, 3rd, et al. (2012).
Chronic caloric restriction preserves mitochondrial
function in  senescence  without increasing
mitochondrial biogenesis. Cell Metab, 16:777-788.
Holloszy JO (1967). Biochemical adaptations in
muscle. Effects of exercise on mitochondrial oxygen
uptake and respiratory enzyme activity in skeletal
muscle. J Biol Chem, 242:2278-2282.

Holloszy JO, Booth FW (1976). Biochemical
adaptations to endurance exercise in muscle. Annu
Rev Physiol, 38:273-291.

Burgomaster KA, Howarth KR, Phillips SM,
Rakobowchuk M, Macdonald MJ, McGee SL, et al.
(2008). Similar metabolic adaptations during exercise
after low volume sprint interval and traditional
endurance training in humans. J Physiol, 586:151-160.
Porter C, Reidy PT, Bhattarai N, Sidossis LS,
Rasmussen BB (2015). Resistance Exercise Training
Alters Mitochondrial Function in Human Skeletal
Muscle. Med Sci Sports Exerc, 47:1922-1931.

Jacobs RA, Lundby C (2013). Mitochondria express
enhanced quality as well as quantity in association
with aerobic fitness across recreationally active
individuals up to elite athletes. J Appl Physiol (1985),
114:344-350.

Baldwin KM, Klinkerfuss GH, Terjung RL, Mole PA,
Holloszy JO (1972). Respiratory capacity of white, red,
and intermediate muscle: adaptative response to
exercise. Am J Physiol, 222:373-378.

Vainshtein A, Desjardins EM, Armani A, Sandri M,
Hood DA (2015). PGC-1alpha modulates denervation-
induced mitophagy in skeletal muscle. Skelet Muscle,
5:9.

Laker RC, Drake JC, Wilson RJ, Lira VA, Lewellen
BM, Ryall KA, et al. (2017). Ampk phosphorylation
of Ulkl is required for targeting of mitochondria to
lysosomes in exercise-induced mitophagy. Nat
Commun, 8:548.

Nicolson GL (2014). Mitochondrial Dysfunction and
Chronic  Disease:  Treatment With  Natural
Supplements. Integr Med (Encinitas), 13:35-43.
Bogacka I, Xie H, Bray GA, Smith SR (2005).
Pioglitazone induces mitochondrial biogenesis in
human subcutaneous adipose tissue in vivo. Diabetes,
54:1392-1399.

Coletta DK, Sriwijitkamol A, Wajcberg E, Tantiwong
P, Li M, Prentki M, et al. (2009). Pioglitazone
stimulates AMP-activated protein kinase signalling
and increases the expression of genes involved in
adiponectin signalling, mitochondrial function and fat
oxidation in human skeletal muscle in vivo: a
randomised trial. Diabetologia, 52:723-732.

Canto C, Houtkooper RH, Pirinen E, Youn DY,
Oosterveer MH, Cen Y, et al. (2012). The NAD(+)
precursor nicotinamide riboside enhances oxidative

Aging and Disease * Volume 15, Number 2, April 2024

514



Phua QH., et al.

Mitochondria: a potential rejuvenation tool against aging

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

metabolism and protects against high-fat diet-induced
obesity. Cell Metab, 15:838-847.

Bai P, Canto C, Oudart H, Brunyanszki A, Cen Y,
Thomas C, et al. (2011). PARP-1 inhibition increases
mitochondrial metabolism through SIRT1 activation.
Cell Metab, 13:461-468.

Cabreiro F, Au C, Leung KY, Vergara-Irigaray N,
Cocheme HM, Noori T, et al. (2013). Metformin
retards aging in C. elegans by altering microbial folate
and methionine metabolism. Cell, 153:228-239.
Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle
CM, Flurkey K, et al. (2009). Rapamycin fed late in

life extends lifespan in genetically heterogeneous mice.

Nature, 460:392-395.

Shindyapina AV, Cho Y, Kaya A, Tyshkovskiy A,
Castro JP, Deik A, et al. (2022). Rapamycin treatment
during development extends life span and health span
of male mice and Daphnia magna. Sci Ady,
8:eabo5482.

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin
C, Kalra A, et al. (2006). Resveratrol improves health
and survival of mice on a high-calorie diet. Nature,
444:337-342.

Mehlman MJ, Binstock RH, Juengst ET, Ponsaran RS,
Whitehouse PJ (2004). Anti-aging medicine: can
consumers be better protected? Gerontologist, 44:304-
310.

Liu JK (2022). Antiaging agents: safe interventions to
slow aging and healthy life span extension. Nat Prod
Bioprospect, 12:18.

Miliotis S, Nicolalde B, Ortega M, Yepez J, Caicedo A
(2019). Forms of extracellular mitochondria and their
impact in health. Mitochondrion, 48:16-30.

McCully JD, Cowan DB, Pacak CA, Toumpoulis IK,
Dayalan H, Levitsky S (2009). Injection of isolated
mitochondria  during early reperfusion for
cardioprotection. Am J Physiol Heart Circ Physiol,
296:H94-H105.

Cowan DB, Yao R, Akurathi V, Snay ER,
Thedsanamoorthy JK, Zurakowski D, et al. (2016).
Intracoronary Delivery of Mitochondria to the
Ischemic Heart for Cardioprotection. PLoS One,
11:e0160889.

Guariento A, Blitzer D, Doulamis I, Shin B,
Moskowitzova K, Orfany A, et al. (2020). Preischemic
autologous  mitochondrial  transplantation by
intracoronary injection for myocardial protection. J
Thorac Cardiovasc Surg, 160:e15-¢29.

Fu A, Shi X, Zhang H, Fu B (2017). Mitotherapy for
Fatty Liver by Intravenous Administration of
Exogenous Mitochondria in Male Mice. Front
Pharmacol, 8:241.

Moskowitzova K, Orfany A, Liu K, Ramirez-Barbieri
G, Thedsanamoorthy JK, Yao R, et al. (2020).
Mitochondrial transplantation enhances murine lung
viability and recovery after ischemia-reperfusion
injury. Am J Physiol Lung Cell Mol Physiol, 318:L78-
L88.

Hayashida K, Takegawa R, Endo Y, Yin T, Choudhary
RC, Aoki T, et al. (2023). Exogenous mitochondrial

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

transplantation improves survival and neurological
outcomes after resuscitation from cardiac arrest. BMC
Med, 21:56.

Emani SM, Piekarski BL, Harrild D, Del Nido PJ,
McCully JD (2017). Autologous mitochondrial
transplantation for dysfunction after ischemia-
reperfusion injury. J Thorac Cardiovasc Surg,
154:286-289.

Guariento A, Piekarski BL, Doulamis IP, Blitzer D,
Ferraro AM, Harrild DM, et al. (2021). Autologous
mitochondrial transplantation for cardiogenic shock in
pediatric patients following ischemia-reperfusion
injury. J Thorac Cardiovasc Surg, 162:992-1001.
Yang X, Jiang J, Li Z, Liang J, Xiang Y (2021).
Strategies for mitochondrial gene editing. Comput
Struct Biotechnol J, 19:3319-3329.

Tanaka M, Borgeld HJ, Zhang J, Muramatsu S, Gong
JS, Yoneda M, et al. (2002). Gene therapy for
mitochondrial disease by delivering restriction
endonuclease Smal into mitochondria. J Biomed Sci,
9:534-541.

Minczuk M, Papworth MA, Kolasinska P, Murphy MP,
Klug A (2006). Sequence-specific modification of
mitochondrial DNA using a chimeric zinc finger
methylase. Proc Natl Acad Sci U S A, 103:19689-
19694.

Yang Y, Wu H, Kang X, Liang Y, Lan T, Li T, et al.
(2018). Targeted elimination of mutant mitochondrial
DNA in MELAS-iPSCs by mitoTALENS. Protein Cell,
9:283-297.

Gammage PA, Moraes CT, Minczuk M (2018).
Mitochondrial Genome Engineering: The Revolution
May Not Be CRISPR-Ized. Trends Genet, 34:101-110.
Han HA, Pang JKS, Soh BS (2020). Mitigating off-
target effects in CRISPR/Cas9-mediated in vivo gene
editing. ] Mol Med (Berl), 98:615-632.

Nakano T, Nakamura Y, Park JH, Tanaka M,
Hayakawa K (2022). Mitochondrial surface coating
with artificial lipid membrane improves the transfer
efficacy. Commun Biol, 5:745.

Chang JC, Wu SL, Liu KH, Chen YH, Chuang CS,
Cheng FC, et al. (2016). Allogeneic/xenogeneic
transplantation of peptide-labeled mitochondria in
Parkinson's disease: restoration of mitochondria
functions and attenuation of 6-hydroxydopamine-
induced neurotoxicity. Transl Res, 170:40-56 e43.

Wu S, Zhang A, Li S, Chatterjee S, Qi R, Segura-Ibarra
V, et al. (2018). Polymer Functionalization of Isolated
Mitochondria for Cellular Transplantation and
Metabolic Phenotype Alteration. Adv Sci (Weinh),
5:1700530.

Tian T, Zhang HX, He CP, Fan S, Zhu YL, Qi C, et al.
(2018). Surface functionalized exosomes as targeted
drug delivery vehicles for cerebral ischemia therapy.
Biomaterials, 150:137-149.

Zhao Z, Yu Z, Hou Y, Zhang L, Fu A (2020).
Improvement of cognitive and motor performance
with mitotherapy in aged mice. Int J Biol Sci, 16:849-
858.

Javani G, Babri S, Farajdokht F, Ghaffari-Nasab A,

Aging and Disease * Volume 15, Number 2, April 2024

515



Phua QH., et al.

Mitochondria: a potential rejuvenation tool against aging

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Mohaddes G (2022). Mitochondrial transplantation
improves anxiety- and depression-like behaviors in
aged stress-exposed rats. Mech Ageing Deyv,
202:111632.

Manoli I, Alesci S, Blackman MR, Su YA, Rennert
OM, Chrousos GP (2007). Mitochondria as key
components of the stress response. Trends Endocrinol
Metab, 18:190-198.

Jassem W, Armeni T, Quiles JL, Bompadre S,
Principato G, Battino M (2006). Protection of
mitochondria during cold storage of liver and
following transplantation: comparison of the two
solutions, University of Wisconsin and Eurocollins. J
Bioenerg Biomembr, 38:49-55.

McCully JD, Cowan DB, Emani SM, Del Nido PJ
(2017). Mitochondrial transplantation: From animal
models to clinical use in humans. Mitochondrion,
34:127-134.

Lin L, Xu H, Bishawi M, Feng F, Samy K, Truskey G,
etal. (2019). Circulating mitochondria in organ donors
promote allograft rejection. Am J Transplant, 19:1917-
1929.

Kaza AK, Wamala I, Friehs I, Kuebler JD, Rathod RH,
Berra I, et al. (2017). Myocardial rescue with
autologous mitochondrial transplantation in a porcine
model of ischemia/reperfusion. J Thorac Cardiovasc
Surg, 153:934-943.

Masuzawa A, Black KM, Pacak CA, Ericsson M,
Barnett RJ, Drumm C, et al. (2013). Transplantation of
autologously derived mitochondria protects the heart
from ischemia-reperfusion injury. Am J Physiol Heart
Circ Physiol, 304:H966-982.

Ramirez-Barbieri G, Moskowitzova K, Shin B, Blitzer
D, Orfany A, Guariento A, et al. (2019). Alloreactivity
and allorecognition of syngeneic and allogeneic
mitochondria. Mitochondrion, 46:103-115.
Gomzikova MO, James V, Rizvanov AA (2021).
Mitochondria Donation by Mesenchymal Stem Cells:
Current Understanding and Mitochondria
Transplantation Strategies. Front Cell Dev Biol,
9:653322.

Stephens OR GD, Frimel M, Wanner N, Yin M,
Willard B, Erzurum SC, Asosingh K. (2020).

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Characterization and origins of cell-free mitochondria
in healthy murine and human blood. Mitochondrion,
54.

Dimond R (2015). Social and ethical issues in
mitochondrial donation. Br Med Bull, 115:173-182.
Burgstaller JP, Johnston IG, Poulton J (2015).
Mitochondrial DNA disease and developmental
implications for reproductive strategies. Mol Hum
Reprod, 21:11-22.

Chinnery PF, Craven L, Mitalipov S, Stewart JB,
Herbert M, Turnbull DM (2014). The challenges of
mitochondrial replacement. PLoS Genet, 10:¢1004315.
Caicedo A, Aponte PM, Cabrera F, Hidalgo C, Khoury
M (2017). Artificial Mitochondria Transfer: Current
Challenges, Advances, and Future Applications. Stem
Cells Int, 2017:7610414.

Shi X, Zhao M, Fu C, Fu A (2017). Intravenous
administration of mitochondria for treating
experimental Parkinson's disease. Mitochondrion,
34:91-100.

Nitzan K, Benhamron S, Valitsky M, Kesner EE,
Lichtenstein M, Ben-Zvi A, et al. (2019).
Mitochondrial —Transfer Ameliorates Cognitive
Deficits, Neuronal Loss, and Gliosis in Alzheimer's
Disease Mice. J Alzheimers Dis, 72:587-604.

Zhang Z, Ma Z, Yan C, Pu K, Wu M, Bai J, et al.
(2019). Muscle-derived autologous mitochondrial
transplantation: A novel strategy for treating cerebral
ischemic injury. Behav Brain Res, 356:322-331.
Gollihue JL, Patel SP, Mashburn C, Eldahan KC,
Sullivan PG, Rabchevsky AG (2017). Optimization of
mitochondrial isolation techniques for intraspinal
transplantation procedures. J Neurosci Methods,
287:1-12.

Blitzer D, Guariento A, Doulamis IP, Shin B,
Moskowitzova K, Barbieri GR, et al. (2020). Delayed
Transplantation of Autologous Mitochondria for
Cardioprotection in a Porcine Model. Ann Thorac Surg,
109:711-719.

Lin HC, Lai IR (2013). Isolated mitochondria infusion
mitigates ischemia-reperfusion injury of the liver in
rats: reply. Shock, 39:543.

Aging and Disease * Volume 15, Number 2, April 2024

516



