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in MT over the last five years, focusing on its application in treating various
diseases, including ischaemic injuries (of the kidney, heart, lung, and liver),
neurodegenerative disorders, spinal cord injury, sepsis, diabetes mellitus,

stroke, and ultraviolet radiation injuries, as well as in procedures such
as organ transplantation, focusing on instances where MT demonstrated
good efficacy. We also cover the application of engineered mitochondria
and mitochondrial combination therapies and present the latest advances
in improving MT efficiency, as well as the current clinical applications
and shortcomings of MT, aiming to provide a theoretical foundation for
enhanced MT utilisation in the future.

Introduction

Mitochondria are membrane-bound organelles
that are essential for cellular activities and energy
metabolism in eukaryotes. They are responsible
for transmitting information within and between
cells and regulating wvarious life-sustaining
mechanisms, such as adenosine triphosphate
(ATP) and lipid synthesis, reactive oxygen species
(ROS) production, Ca* homeostasis, and various
cellular processes (proliferation, autophagy,
survival, and apoptosis).!  Mitochondria
could protect injured cells by increasing ATP
production, decreasing ROS  production,
and increasing Ca?* buffering capacity.? The
structural composition of mitochondria is
shown in Figure 1. Although physiological ROS
levels are vital, serving as second messengers
that promote various signalling pathways,
excessive ROS could cause oxidative stress (OS)

and elevate intracellular Ca®* levels, preventing
mitochondrial movement, which could affect
the removal and replenishment of damaged
and healthy mitochondria, respectively.’ Proper
Ca’ accumulation in mitochondria improves
mitochondrial function by activating oxidative
phosphorylation (OXPHOS) and Ca**-dependent
mitochondrial stimulating ATP
production, and increasing aerobic respiration.*
According
dynamics, such as mitochondrial fission, fusion,

enzymes,

to research, mitochondrial
degradation, and cristae remodelling, are crucial
for mitochondrial function and eukaryotic cell
survival.”® These dynamics could also contribute
to the regulation of mitochondrial morphology,
mitochondrial DNA (mtDNA), material
exchange, OXPHOS activity, and degradation of
damaged mitochondria.” Mitochondrial cristae
remodelling mayberelated tointer-mitochondrial
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signalling, and an increase in cristae folds can upregulate ATP
synthesis by increasing the surface area available for OXPHOS
processes.” Furthermore, the balance between mitochondrial
fusion and fission controls the mitochondrial size, number
and shape. Specifically, a decrease in fusion or an increase in
fission could increase the population of smaller mitochondria,
often appearing as short tubules or spheres; in neurons, such
mitochondria are more efficiently translocated in the axon.”
Mitochondrial fission is also associated with biogenesis and
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autophagy.® Furthermore, when mitochondrial fission was
blocked, mitochondria assumed an elongated shape with
limited functionality in promoting neurite extension and
supporting axons. Such mitochondria may produce ATP more
efficiently’ and inhibit breast cancer metastasis,” tumour cell
stemness,' and chemoresistance.!! Moreover, mitochondrial
fusion could help reduce the burden on stressed mitochondria,
enhancing their ability to undergo autophagy and produce
more ATP.®
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Figure 1. The structure of mitochondria. Created with BioRender.com. ATP: adenosine triphosphate; mtDNA:

mitochondrial DNA.

However, changes in the cellular state in pathological
environments could cause structural damage to mitochondria,
leading to dysfunctional mitochondria, with typical phenotypes
of membrane ruffling, swelling, and cristae disorganisation.'?
These changes could also cause mitochondrial dysfunction, as
evidenced by decreased ATP levels, increased ROS levels, and
decreased mitochondrial membrane potential (MMP). The
other sign of mitochondrial dysfunction caused by changes in
the cellular state is mitochondrial membrane permeability,"
which could lead to functional damage of the cells or their
complete death, causing organ dysfunction and even serious
health problems such as ageing,"* metabolic disorders,"
cancer,’® and neurodegenerative diseases.” Additionally,
mitochondria have been repeatedly shown to be critically
involved in apoptosis,'®? especially mitochondrial outer
membrane permeabilisation has been shown to be associated
with a variety of apoptotic responses, such as DNA damage,
growth factor deprivation, nutrient deprivation, etc., and is

involved in the activation of pro-apoptotic proteins, such as
caspases, which are mainly controlled by the Bcl-2 family of
proteins.?! Damaged mitochondria are capable of self-repair and
cytoprotection via fission, fusion, autophagy, and intercellular
transfer mechanisms.?” » Furthermore, mitochondria can
migrate between cells, offering the possibility of transplanting
exogenous healthy mitochondria into cells with damaged
mitochondria.”? Currently, MT is widely being explored as
an effective novel intervention for the treatment of diseases
associated with mitochondrial dysfunction.

In this review, we present research advances in MT and
efforts to improve transplantation efficiency, summarising
the role played by MT and its therapeutic effects in the
treatment of various diseases in the last five years, including
ischaemic injuries (of kidney, heart, lung, and liver) and
neurological disorders, as well as in procedures such as organ
transplantation. We also present strategies for mitochondrial
engineering and mitochondrial combination therapies, as well
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as the current clinical applications of MT, with the aim of
providing a theoretical basis for increased use of MT in the
future.

Search Methods

We searched PubMed for relevant published studies,
using keywords such as ‘mitotherapy’, ‘mitochondria’ OR
‘mitochondrial transplantation” AND ‘kidney injury’ OR ‘lung
injury’ OR ‘liver injury’ OR ‘heart’ OR ‘IRI’ OR ‘pulmonary
hypertension’” OR ‘osteoarthritis’ OR ‘muscle damage’ OR
‘neurodegenerative diseases’ OR ‘brain injury’ OR ‘spinal cord
injury’ OR ‘nerve injury’. These keywords are combined with
other relevant search terms. References from these articles and
recommendations of similar articles were used to obtain more
relevant articles.

General Overview of Mitochondrial

Transplantation
Characterisation of mitochondrial transplantation
Mitochondrial transplantation (MT), also known as

mitochondrial therapy (mitotherapy), is an innovative
therapeutic approach for treating mitochondria-related
diseases. It involves replacing damaged mitochondria with
healthy mitochondria isolated or purified from normal cells or
tissues with normal respiratory function, thereby increasing
mitochondrial population and improving mitochondrial
function.”” * Research suggests that exogenous MT could
replace damaged or unhealthy mitochondria with healthy
mitochondria, restoring and fulfilling the function of the
former.” In this context, MT has been widely used in treating
various diseases (Table 1).”-** And transplanted mitochondria
were derived from different origins (autologous, allogeneic,
and xenogenic sources). Some studies have shown that MT
in vivo does not appear to cause any adverse reactions or
chronic alloreactivity, allorecognition or damage-associated
molecular pattern molecules reaction response in mice.'* 252657
Tissue or cell sources that have previously been used for MT
research include the placenta,®® liver, skeletal muscle cells,
cardiomyocytes, fibroblasts, mesenchymal stem cells (MSCs),
astrocytes, adipocytes, platelets, etc.” ** Mitochondria
derived from different sources may be tissue-specific and
could play different roles, possibly related to Ca** regulation
and expression of tissue-specific nuclear-encoded proteins.*®
For instance, liver-derived mitochondria exhibit a relatively
high OXPHOS coupling index and a high mitochondrial
concentration, and the large size and regenerative capacity of
the liver in humans are mainly associated with biosynthetic
processes.® ¢ Furthermore, the function of transplanted
mitochondria may differ based on donor gender. For example,
Yu et al.® used mitochondrial transplants from different
mouse genders for melanoma treatment and discovered
that both types of mitochondria significantly inhibited
tumour cell proliferation, growth, and migratory functions
and also promoted tumour cell apoptosis. However, female
mouse-derived mitochondria showed a stronger anti-
tumour activity. Specifically, they greatly inhibited tumour
cell proliferation and also showed a higher protein content,
pyruvate dehydrogenase activity, and ATP production
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capacity than male-derived mitochondria.®® ® Regarding the
survival of transplanted mitochondria, it is advisable to use
them promptly after extraction, rather than storing them for
long before transplantation. A study comparing the efficacy of
freeze-thawed and fresh mitochondrial transplants in treating
severe ischaemia/reperfusion injury (IRI) after cardiac arrest
discovered that fresh mitochondria had four times the ATP
content of freeze-thawed mitochondria and more significantly
enhanced the survival rate of the affected rats. This outcome
could be due to freezing and thawing yielding relatively
nonfunctional mitochondria.”” Research has also shown that,
mitochondria transplanted in vivo were found to survive in
cardiomyocytes for > 28 days while remaining functional
and active.”! And transplanted mitochondria via intravenous
injection were shown to persist in the brain, kidneys, and
spleen for as up to 24 hours after severe IRI following cardiac
arrest, whereas the heart or lungs showed no mitochondrial
persistence.®”

In addition to performing normal mitochondrial functions,
transplanted mitochondria could also exert anti-inflammatory
effects,” such as increasing the activity of macrophages and T
lymphocytes, stimulating the immune system.” Furthermore,
MT reduces pro-inflammatory cytokine production and lipid
accumulation in foamy macrophages, increases macrophage
phagocytosis, and achieves anti-inflammatory effects by
blocking OXPHOS, nuclear allosterism, and nuclear factor
xB (NF-xB) activity; therefore, it may be used to treat
inflammatory diseases and ameliorate atherosclerosis.”*7
Additionally, MT in T cells reduces T cell activation and
infiltration while promoting Treg cell differentiation in
tissues, thereby suppressing inflammatory responses.®!

Methods of mitochondrial transplantation

Targeted MT is key to improving MT efficiency. Various
MT delivery strategies, including systemic delivery, direct
microinjection, vesicle- or liposome-mediated delivery, and
cell-mediated delivery using tunneled nanotubes, were shown
to potentially affect transplantation efficacy.®® For example,
mitochondria-rich extracellular vesicles (EVs) were found to
be more effective than MT alone because the lipid bilayer of
EVs, which blocks Ca**-induced mitochondrial damage and
fuses directly with the cell membrane, is more conducive to
mitochondrial transport into the recipient cell’s cytoplasm.”
However, this method complicates the transportation of
large amounts of mitochondria, and the vesicles may also
contain other elements besides mitochondria, further making
it difficult to discern the role played by MT.®® Furthermore,
mitochondrial damage may result from injection.”® On the
other hand, magnetic nanoparticles, co-incubation, and Pep-1
(KETWWETWWTEWSQPKKKRKV-cysteamine, one of
the family of cell-penetrating peptides)-coupled mitochondria
are currently being explored to further improve MT efficiency
and some of their impacts on transplantation efficacy have
already been identified.””® For example, compared to normal
MT, cell-penetrating peptide Pep-1-mediated transplantation
further increased mitochondrial permeability. There are
many approaches to transplant mitochondria into cells or
tissues (Figure 2).
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Table 1. Application of MT in the treatment of different diseases
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Disease model Animal Mitochondrial source Delivery method Mitochondrial concentration Reference
AKI Female Yorkshire pigs ~ Sternocleidomastoid muscle, ~Renal artery injection, 1 x 10’ mitochondria in 6 mL respiration 27
human cardiac fibroblasts intravascular injection buffer
Yorkshire pigs ciPTECs Renal artery injection 0.5 mL isolated mitochondria diluted to 28
10 mL in PBS
Male Wistar rats Pectoralis major muscle Renal artery injection 7.5 x 10%/mL, 400 pL 29
tissue
Male SD rats Bilateral soleus muscles Intratracheal instillation 100 pg mitochondria in 200 pL PBS 30
Male C57BL/6] mice Gastrocnemius muscle Pulmonary artery/trachea/ 1x10° mitochondria in 0.5 mL respiration 31
nebulisation delivery buffer
Kidney ischaemia/ Male Wistar rats Pectoralis major muscle cells ~ Renal artery injection 7.5x10%/mL, 0.4 mL 29
reperfusion injury
LPS-induced lung injury ~ Male Fisher C57BL/6 ~ ADSCs Intranasal instillation 2.5x10° AMs/mouse 32
mice
Liver ischaemia/ Male Wistar rats liver Splenic injection 7.7 x 10°+ 1.5 x 105/mL, 100 uL 33
reperfusion injury
Adult male Fisher rats ~ ADSCs Tail vein injection 1.2 x 10°mitochondria 34
Carbon tetrachloride- Kunming mice Mouse liver Intravenous injection 0.2, and 0.4 mg/kg 35
induced liver injury
Hypoxic pulmonary SD rats Femoral artery smooth Tail vein injection 2.25x 10/ mL, ~2 pg 36
hypertension muscle cells
Myocardial ischaemia/ Male New Zealand Pectoralis major muscle Subendocardial injection 9.7 x 10° £ 1.7 x 10° mitochondria/mL, 0.1 mL 37
reperfusion injury white rabbits per injection site, 8 sites in total
Females Yorkshire pigs  Pectoralis major muscle Subendocardial injection 9.9 x 107 £ 1.4 x 107 mitochondria/mL; 1.3 38
x 107 mitochondria per injection site, 8 sites
in total
Intracoronary injection Single injection 1 x 10° in 6 mL; 39
Serial injections (10 injections of 1 x 10° in
6 mL were delivered every 5 minutes)
Right ventricular Immature male soleus muscle, gastrocnemius  Injection into the right 10 x 10¢/mL, 1 mL 40
hypertrophy/right Yorkshire piglets muscle ventricle
ventricular failure
Sepsis SD rats L6 muscle cells Tail vein injection 50 pg 41
Male Wistar rats / Tail vein injection 7.5 x 10° mitochondria/mL, 400 uL 42
Male C57BL/6 mice Homologous pectoralis major Tail vein injection 2.5-3 x 107 particles/100 pL 43
muscle
Optic nerve injury Lister hooded rats Liver Vitreous cavity injection 0.25mg/mL, 5 pL 44
SCI Male SD rats Soleus muscle Jugular vein injection Mitochondria (100 pg) were resuspended in 45
0.2 mL of PBS
C57BL/6 mice Mouse BMDMs Intravenous injection 2-5 x 10°/mL, two injections of 200 pL on 46
the 3" and 5" days after injury
Chronic stress-induced Male Wistar rats Brain Intra-cerebroventricular 10 uL 47
apoptosis injection
Ischaemic stroke Male SD rats Astrocytes Striatum 100 pg/rat 48
Acute ischaemic stroke Male C57BL6 mice Snap-frozen placenta, freshly Intravenous injection 100 pg protein/100 pL saline/mouse 49
isolated skeletal muscle,
brain, brown adipose tissues
Sciatic nerve crush SD rats Baby hamster kidney Sciatic nerve (the epineurium 195 pg of mitochondria diluted in PBS with 50
injury fibroblast cells (BHK-21 cells) 10 mm distal to the crushed volume of 100 pL
site)
Peripheral nerve injury ~ Female SD rats hUCMSCs ANA injection 195 pug, 30 uL per ANA 51
Bilateral cavernous nerve Male SD rats ADSCs Corpus cavernosum 50 pg/mL, 300 pg 52
m]ury
Bacl2 induced skeletal Male C57BL/6] mice Mouse liver Gastrocnemius muscle 50 pg/mL 53
muscle injury injection
OA Male Wistar rats L6 rat cells Intra-articular space injection 10 pg/50 pL, twice weekly 54
in the right knee
Acute limb ischaemia Male C57BL/6] mice Nonischaemic skeletal muscle All the muscles of the hindlimb 1 x 10%, 1 x 107, 1 x 10%, and 1 x 10° 55
injection mitochondria per gram muscle wet weigh
Duchenne muscular Male C57BL10 mice Mouse quadriceps muscle Quadriceps and gastrocnemius 1 pg mitochondrial protein/g body weight 56

dystrophy

muscle injection

in total, per ~50 pL

Note: ADSCs: adipose derived mesenchymal stem cells; AKI: acute kidney injury; ALI: acute lung injury; ANA: acellular nerve allografts; BMDM: bone marrow-derived macrophage;
ciPTECs: human conditionally immortalised proximal tubular cells; hUCMSCs: human umbilical cord-derived mesenchymal stem cells; LPS: lipopolysaccharide; MT: mitochondrial
transplantation; OA: osteoarthritis; PBS: phosphate buffered solution; SCI: spinal cord injury; SD: Sprague-Dawley.
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Figure 2. Approaches for transplanting exogenous mitochondria into cells. Created with BioRender.com.

Numerous scholars have recently developed novel MT
1% used a thermally-
gelling and erodible hydrogel system to deliver mitochondria
to the site of spinal cord injury. This approach protected
the mitochondria under physiological conditions in vitro,

approaches. For example, Patel et a

maintaining their integrity, and also increased the effective
uptake rate of neuronal cells, greatly enhancing their metabolic
vigour. Additionally, Gibelein et al.** proposed a nano-
injector that enables the rapid extraction of mitochondria
from living single cells and their transplantation into recipient
host cells, with a success rate of up to 95%. This approach also
maintains mitochondrial activity and integrity and promotes
mitochondrial internalisation by cells, thereby increasing M T
1.3 developed a centrifugal
delivery method that allows mitochondria to cross the

efficiency. Furthermore, Kim et a

cell membrane more easily without causing intracellular
damage while also increasing ATP content and improving

cellular metabolic activity, allowing for the restoration of
mitochondrial function in damaged cells. This method also
extracts enough mitochondria from a small number of cells
and delivers them efficiently to target cells. On the other hand,
Baudo et al.** used a dextran and triphenylphosphine polymer
coupling to functionally isolate mitochondria from cells,
resulting in increased mitochondrial internalisation, reduced
macrophage glycolysis and decreased pro-inflammatory
cytokine expression. Furthermore, MT into transforming
growth factor-p-treated fibroblasts via this approach
reduced fibrosis by lowering ROS production, extracellular
matrix protein expression, and myofibroblast migration and
proliferation. Using a similar approach, Wu et al.* discovered
that dextran functionalisation of mitochondria could
significantly enhance mitochondrial engraftment efficiency by
placing isolated mitochondria in a metabolic dormant state,
thus protecting their effective respiratory function.

www.biomat-trans.com
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Advances in Mitochondrial Transplantation
in the Treatment of Various Diseases

Kidney, lung, and liver injuries

Kidney injury

Mitochondrial dysfunction in the kidney can cause acute and
chronic renal failure, as well as diabetic nephropathy.*” Since it
protects kidney cells and reduces kidney injury by decreasing
ROS production, maintains MMP, generates more ATP, and
decreases inflammatory responses, MT has been highlighted
in multiple studies as a very promising therapeutic stratege for
treating kidney injury. For instance, it was reported that the
transplantation of mitochondria derived from MSCs leaded to
areduction in the apoptosis of injured renal cells. Moreover, it
promoted the proliferation and regeneration of renal tubular
cells post-injury, thereby attenuating IRI-induced renal
injury.®® Additionally, Preble et al.”’ uncovered that directly
injecting mitochondria derived from sternocleidomastoid
muscle significantly protects the swine kidney from renal IRI,
while promoting tissue repair by enhancing the proliferative
potential of the injured epithelium. Using a porcine model,
Doulamis et al.¥ discovered that intra-arterial mitochondrial
injection protected the kidneys, reduced proximal tubular
necrosis, and downregulated interleukin (IL)-6 (a pro-
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inflammatory factor), thereby attenuating the inflammatory
response. The transplantation of healthy mitochondria also
exerts a renoprotective effect by decreasing proximal tubular
cytotoxicity induced by gentamicin and famciclovir, decreasing
ROS production, inhibiting MMP collapse, and reducing the
lipid peroxidation content.”® * Moreover, mitochondrial
dysfunction has also been identified as a key factor in renal
tubular cell death during acute kidney injury. In this regard,
multiple studies have shown that MT can effectively treat
acute kidney injury. For example, Jabbari et al.” treated acute
kidney injury through the transplantation of muscle-derived
mitochondria and then discovered that MT could ameliorate
renal injury and restore renal function by decreasing renal
tubular cell death and apoptosis during IRI and increasing
tubular regeneration. Furthermore, Rossi et al.?® through
both in vivo and in vitro experiments, demonstrated that
transplanting mitochondria derived from human conditionally
immortalised proximal tubular cells enhanced the proliferative
capacity of proximal tubular cells and attenuated renal injury
by producing more ATP and reducing toxicity and ROS
production. Figure 3 shows how exogenous mitochondria are
transplanted through the renal artery injection into the kidney
in the treatment of IRI-induced renal injury model in rat.”

Figure 3. Application of mitochondrial transplantation in the treatment of ischaemia/reperfusion-induced renal
injury model in rat by renal artery injection. (A-C) Ischaemia/reperfusion was induced by ligature of left renal hilum
for 45 minutes. (D) The isolated mitochondria derived from pectoralis major muscle cells already prepared for the
transplantation. (E, F) The mitochondria were immediately injected into renal artery using a 32 gauge needle. (G-1)
After transplantation, the kidney was returned to abdomen and the anterior abdominal wall was closed with sutures.

Reprinted from Jabbari et al.?’

Lung injury

MT as a salutary intervention for lung tissue injury, principally
through the augmentation of OXPHOS and the attenuation
of inflammatory responses. MSC-derived mitochondria,

Biomater Transl. 2025, 6(1), 4-23

when transplanted into injured lungs, have been shown to
increase OXPHOS, inhibit the macrophage secretion of pro-
inflammatory cytokines, and increase M2-type macrophages,
thereby ameliorating lung injury.”” Furthermore, Pang et al.*
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discovered that MT using mitochondria isolated from the
soleus muscles of rats reduced inflammatory cell infiltration
into acute lung injury-affected lung tissues, which not only
enhanced the endothelial cell function of pulmonary blood
vessels but also improved gas exchange during the acute phase
of acute lung injury, leading to significant restoration of the
damaged lung parenchyma.

Additionally, MT also exerts a therapeutic effect against
IRI that occurs during lung transplantation. Cloer et al.”
discovered that the transplantation of mitochondria harvested
from porcine hearts into lungs affected by IRI reduced
pulmonary vascular resistance and OS. Additionally, it
suppressed the expression of pro-inflammatory cytokines (IL-
6 and IL-1B), and inflammation-related chemokines, thereby
attenuating ex vivo lung perfusion-induced lung tissue damage.
Moskowitzova et al’! also discovered that transplantating
mitochondria derived from gastrocnemius muscle in mice via
vascular transport or nebulisation boosted ATP content in
injured lung tissue, replaced damaged mtDNA, and enhanced
lung dynamics, reducing lung tissue damage.

In conclusion, these findings suggest that MT not only
attenuates cellular damage and inflammation, but may also
initiate intrinsic cellular mechanisms that foster tissue repair
and regeneration, marking a significant advance in our
approach to lung therapy.

Liver injury

Numerous studies have underscored the efficacy of MT in the
treatment of liver injuries, including toxin- and IRI-induced
liver injury, through mechanisms such as increasing ATP
production, decreasing OS, and inhibiting inflammatory
responses. For example, by transplanting rat liver-derived
mitochondria into the spleen, Lin et al.”? discovered that
MT significantly reduced hepatocyte apoptosis after hepatic
ischaemia/reperfusion, mitigated mitochondrial damage,
and effectively ameliorated OS. Notably, the mitochondria
maintained an intact membrane potential for up to 240 minutes
after transplantation into the injured liver, signalling ongoing
mitochondrial activity. Similarly, Ulger et al.”® found that
MT, with mitochondria derived from a rat MSC line, reduced
hepatocyte apoptosis and OS induced by p-acetylamino acid
toxicity in acute liver-injured rats in vivo, thus attenuating
hepatotoxic damage. Additionally, Zhao et al.*® found that
mouse liver-derived mitochondria could integrate into
hepatocytes through co-incubation in vitro, leading to reduced
ROS levels and a bolstered energy supply. Whereas in vivo MT
enhanced hepatocytes’ stress resistance associated with cell
survival, significantly treated liver injury induced by carbon
tetrachloride (CCl,), increased energy supply to hepatocytes,
and attenuated OS, which improved liver function and
prevented fibrosis of liver tissue. Interestingly, hepatic IRI
was linked to mitochondrial dysfunction in neutrophils.*
In this context, Lu et al.** discovered that MSC-derived EVs
could repair damaged mitochondrial function in neutrophils
by transferring mitochondria into the liver, inhibiting the
formation of neutrophil extracellular traps and secretion of
pro-inflammatory cytokines, thus ameliorating hepatic IRI.

10
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Together, these studies highlight the multifaceted efficacy of
MT in the treatment of liver injury. By enhancing cellular
energy production, reducing oxidative damage, and modulating
inflammatory pathways, MT becomes a noteworthy strategy
of interest in the field of mitigation and repair of liver injury.

Cardiovascular disease and heart transplantation
Internalisation of transplanted mitochondria by cardiomyocytes
Transplanted  mitochondria, often positioned near
cardiomyocytes, seamlessly integrate into these cells in single
strands or clusters within 1-4 hours, facilitated by actin-
dependent endocytosis. This process aids in the repair of
damaged mitochondrial function and mtDNA.*”* 7" Current
findings suggest that transplanted mitochondria can be
internalised by various cardiac cells, including cardiomyocytes
and fibroblasts, primarily through an actin-dependent
endocytosis mechanism.” Masuzawa et al.”’ noted that
cardiomyocytes internalise transplanted mitochondria within
2 hours post-transplantation. These mitochondria retain
viability for at least 24 hours, markedly enhancing the oxygen
consumption rate and energy production. Moreover, ithas been
observed that the myocardial absorption rate of mitochondria
stands at an average of 76.18 £ 11.85%.%° Sun et al.”® highlighted
the potential role of nicotinamide adenine dinucleotide-
CD38-cyclic ADP-ribose-Ca®* signalling in the facilitation of
mitochondrial internalisation. It is crucial to note, however,
that the necessity of mitochondrial internalisation for cardiac
perfusion remains controversial. As long as mitochondria
are viable and can sustain their respiratory function, cardiac
contractile function will be maintained and myocardial infarct
size will be reduced, as cardioprotection occurs rapidly within
10 minutes of reperfusion.”*®

Cardiac ischaemia/reperfusion injury

MT can significantly modulate cardiac function, promote
cardiomyocyte survival, and reduce apoptosis by increasing
energy synthesis, promoting damaged mtDNA replacement,
and upregulating cytokines.”® In this regard, MT has been
widely used in treating heart failure, IR, and during cardiac
transplantation procedures. The cardiac muscle is notable
for its substantial daily energy demand, with a healthy heart
consuming between 6-30 kg of ATP daily. Mitochondria,
accounting for 30% of the volume within cardiomyocytes, fulfill
these high energy demands through OXPHOS.” % However,
mitochondrial dysfunction in cardiomyocytes occurs as a result
of increased ROS production, Ca** overload, mitochondrial
permeability, and altered mitochondrial dynamics, drastically
altering oxygen consumption rate and energy synthesis,
ultimately causing cardiomyocyte apoptosis.’” ' While
heart transplantation remains the definitive treatment
modality for severe heart failure, the success of transplants is
frequently compromised by IRI.!* Interestingly, mitochondria
isolated from a variety of sources, including cardiac tissue,
arterial blood, and induced pluripotent stem cell-derived
cardiomyocytes, have demonstrated a conserved capacity
to afford cardioprotection.'® Ali Pour et al.'™ revealed that
non-autologous MT resulted in a short-term enhancement of
bioenergetics, evidenced by improved basal cellular respiration

www.biomat-trans.com
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and ATP generation in healthy cardiomyocytes. After a few
hours, cardiomyocytes readily internalise transplanted
mitochondria, which remain functional and viable, increasing
ATP levels and upregulating the cytokines associated with
angiogenesis, arteriogenesis, and immunomodulation (e.g.,
epidermal growth factor, growth-related oncogene, IL-6,
monocyte chemoattractant protein 3), thereby preventing
apoptosis and enhancing functional recovery post-ischaemia,
which in turn provide cardiac protection against IRI.* 1%
Moreover, Blitzer et al.”' explored the efficacy of transplanted
mitochondria derived from autologous pectoralis major muscle
into a porcine model 2 hours post-IRI and coronary blood
flow restoration, and then discovered that the transplanted
mitochondria not only remained alive in the pig at 28 days
post-surgery but also significantly enhanced cardiomyocyte
viability and ameliorated post-ischaemic myocardial function.

MT hasbeen highlighted for its substantial impact in minimising
the size of myocardial infarction and preserving the heart
in readiness for transplantation. For example, MT has been
found to preserve the function and viability of adult porcine
myocardium, significantly shrink infarct size, and preserve
myocardial function as well as cardiac oxygen consumption
in donated hearts after circulatory death.'® ' Additionally,
MT has also facilitated the rapid recovery of lactate, pH, and
glucose levels, while improving cerebral microcirculation and
neurological functions. These effects have contributed to better
survival rates and promoted neurological recovery following
resuscitation from cardiac arrest in animal models.'* In another
revealing study, Shin et al.'” transplanted mitochondria through
coronary arteries and found that MT improved myocardial
function, increased coronary blood flow, and reduced size
of infarction, thereby highlighting its safety and efficacy of
MT. Also of note is the potential of MT in addressing right
heart failure. It maintains cardiac contractility by reducing
cardiomyocyte apoptosis and fibrosis.*

Pulmonary hypertension

Mitochondrial dysfunction plays a pivotal role in the onset
and progression of pulmonary hypertension (PH). Research
has indicated that MT holds promising therapeutic potential
for PH by bolstering ATP production, mitigating pulmonary
vasoconstriction, and dampening inflammatory responses.
One illustrative study by Hsu et al.”” discovered that MT
significantly enhanced ATP levels in lung tissue, which not only
bolstered right ventricular performance but also remodeled
pulmonary arterial function. Specifically, it was shown to
restore pulmonary artery constriction and pulmonary vascular
reactivity, presenting a viable treatment avenue for combating
PH. Furthermore, Zhu et al** explored the benefits of
transplanting mitochondria extracted from pulmonary artery
smooth muscles. Their findings indicated that this approach
could forestall PH development by inhibiting hypoxia-induced
depolarisation of the cell membrane potential, preventing acute
hypoxia-induced pulmonary vasoconstriction, and reducing
chronic hypoxia-induced pulmonary vascular remodelling.
Moreover, they highlighted that exogenously administered
mitochondria, when injected intravenously, were capable of
reaching the pulmonary artery within 2-24 hours and reached
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stability by 30 hours. This points towards the rapid integration
and functional contribution of transplanted mitochondria,
underscoring their potential utility in clinical interventions
aimed at treating PH.*

Heart transplantation

Several studies have posited that MT enhances the heart
transplantation  success rate by improving damaged
mitochondrial function and prolonging heart preservation (by
increasing cardiomyocyte viability). For example, Moskowitzova
etal.* demonstrated that M T could extend cardiac cold ischaemia
time to as much as 29 hours in murine models. This extension
is pivotal for enhancing cardiac graft function and mitigating
tissue damage incurred during cardiac transplantation,
ultimately leading to a reduction in the failure rate of cardiac
grafts. Complementing this, Lin et al.'' incubated donor hearts
with human platelet-derived mitochondria and discovered
that the latter could improve donor’s mitochondrial activity,
increase critical enzymes like ATPase, and citrate synthase.
Such actions significantly increased cardiomyocyte viability,
thereby prolonging preservation time and functional integrity
of donor hearts. Post-cardiac transplantation issues, such as
immune rejection and delayed graft function, often manifest
and are typically linked to programmed cell death processes,
including apoptosis and necrosis. Mitochondria released during
cellular injury can elicit an endogenous inflammatory response,
significantly increasing allogeneic cardiac transplantation
rejection. Furthermore, impaired mitochondrial permeability
has been associated with the necrotic apoptosis of cardiac
endothelial cells. Alternatively, exogenous MT has been found
to considerably activate endothelial cells and upregulate the
expression of molecules like major histocompatibility complex
class II, vascular cell adhesion molecule, and intercellular
adhesion molecule.'” "2 Sijgnificantly, some studies have
showed that allogenic MT did not appear to produce adverse
immune reactions between the donated mitochondria and
the recipient, signifying a safe and promising path forward in
cardiac transplantation therapies.*® '*

Mitochondrial transplantation in combination with other
strategies for the treatment of heart disease

While MT holds promise as a therapy for heart disease, it
faces certain challenges, including the high extracellular Ca?*
environment’s potential interference with its effectiveness
and its inconsistent ability to produce sufficient ATP for
sustaining cardiomyocyte contractility.”” These limitations
have catalyzed interest in exploring combination therapies that
leverage MT alongside other therapeutic avenues to address
heart diseases more effectively. Multiple studies have reported
that the combined therapeutic approach can ameliorate
myocardial infarction and myocardial IRI by modulating
autophagy, lowering inflammatory responses, and enhancing
mitochondrial function and MMP. For instance, Mokhtari
and Badalzadeh' employed a combined coenzyme Q10 and
mitochondrial therapeutic strategy and discovered that it could
attenuate myocardial IRI in aged rats by modulating autophagy
and downregulating pro-inflammatory factors (tumour
necrosis factor (TNF)-a, IL-1B, and IL-6), illustrating the
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potential of combination therapies in heart disease treatment.
Complementing this, lkeda et al.”” extracted mitochondria-
enriched EV grafts derived from human-induced pluripotent
stem cell-derived cardiomyocytes and established that these
mitochondria could be transferred and integrated into mouse
cardiomyocyte mitochondrial networks, thus recuperating
damaged mitochondrial function and notably enhancing
cardiac function following myocardial infarction. Sun et al.'®
delved into another innovative angle by treating mitochondria
with Alda-1, a potent agonist of mitochondrial aldehyde
dehydrogenase 2. The treatment enhanced mitochondrial
survival and MMP, facilitated the fusion of endogenous and
exogenous mitochondria, and enhanced the respiratory-
mediated mechanical properties of cardiomyocytes.
Additionally, it significantly reduced the areas of infarct focus,
thereby proving effective in treating myocardial IRI. These
studies collectively underscore the promise of MT combination
therapies in heart disease management, by not just addressing
the limitations of MT when used in isolation but also by
amplifying its therapeutic potential through synergistic effects
with other treatments.

Osteoarthritis and muscle damage

Osteoarthritis

Mitochondrial dysfunction in chondrocytes, which includes
impaired MMP and mitochondrial respiratory chain enzyme
complex activity, is crucially involved in the development of
osteoarthritis (OA).!*> Multiple studies have reported that MT
could act as a moderator of the inflammatory response in OA,
diminish ROS production, maintain cellular homeostasis, and
modulate cell death pathways. Yu et al.''® discovered that MT,
using bone marrow derived MSC (BMSC)-derived mitochondria,
could confer therapeutic benefits in knee OA by ameliorating
chondrocyte mitochondrial = dysfunction stimulating
proliferator-activated receptor gamma coactivator-1a signalling
to promote mitochondrial biogenesis, thereby ameliorating
pathologic cartilage damage, suppressing inflammation,
and inhibiting chondrocyte apoptosis. Augmenting these
findings, Guo et al.'” successfully transferred mitochondria
from BMSCs in vitro into another group of recipient BMSCs
from the same batch and discovered that the recipient BMSCs
exhibited enhanced proliferation and migratory abilities, as
well as potential for osteogenic differentiation. Moreover, Lee
et al.** found that MT from L6 cells protected and promoted
chondrocyte regeneration, reduced inflammatory responses
and ameliorated the development of OA. This mitigation
occurred through the downregulation of pro-inflammatory
factors such as IL-1fB, monocyte chemoattractant protein-1,
TNF-a, and the catabolic factor MMP-13. Furthermore, MT
also improved mitochondrial function in injured chondrocytes,
activated mitochondrial autophagy, inhibited ROS activity, and
reduced necrotic apoptosis in chondrocytes, contributing to the
deceleration of OA progression.** Collectively, these studies
present a compelling argument for the therapeutic value of MT
in addressing OA.

and

Muscle injury
MT has been recognised as a potent intervention to counteract
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muscle damage and accelerate tissue recovery in the context of
traumatic muscle injuries. Damaged mitochondria in traumatic
muscle injury could result in cell death and increased ROS
production, which not only exacerbate the injury but also hinder
the healing process of muscle structure and function.”!"® Mouse
liver-derived MT intervenes can ameliorate muscle damage by
inhibiting inflammatory responses, regulating apoptosis, and
promoting muscle fibre regeneration. It was observed that
muscle cells compromised by injury show a selective affinity for
incorporating transplanted mitochondria when compared to
their uninjured counterparts. This selectivity underscores the
injury-specific targeting capacity of M T, which enables direct
action at sites requiring therapeutic intervention.”® Beyond
muscle repair, MT has been shown to exert a therapeutic
effect on tendinopathy, a common musculoskeletal disorder.
It has also been reported that in vitro incorporation of human
umbilical cord-derived MSC-derived mitochondria into TNF-
a-pretreated tendon cells by centrifugation for 24 hours could
inhibit apoptosis in tendon cells, restore both the viability
of damaged tendon cells and the functionality of damaged
mitochondria, alongside suppressed inflammatory responses.
While in vivo transplantation of L6 rat myoblast cell line-
derived mitochondria for collagenase-induced tendinopathy
in rats modulated the metabolic state of tendinopathy, as well
as inhibited the expression of pro-inflammatory cytokines IL-
1B and IL-6 as well as NF-xB signalling, inhibited apoptosis,
and also recycled collagen components of the extracellular
matrix, thereby alleviating tendinopathy.'”” In sum, through
its capacity to directly target and integrate within damaged
cells, MT exerts multifaceted therapeutic effects that culminate
not only in the reduction of inflammation and regulation of
cell death but also in the promotion of tissue recovery and
regeneration, be it in muscle injuries or tendinopathies.

Neurological injuries

Neurodegenerative diseases

Neurodegenerative diseases mainly include amyotrophic lateral
sclerosis, Parkinson’s disease, multiple sclerosis, Huntington’s
disease, and Alzheimer’s disease (AD).'” Ageing is a major
risk factor for most neurodegenerative diseases, which have
few or no effective treatments.'” Mitochondrial dysfunction
in several tissues, which leads to chronic OS and metabolic
abnormalities, is a key feature of ageing.'?>'* MT has emerged
as a novel therapeutic strategy, offering a beacon of hope. The
strategy has shown promise in regulating cellular senescence,
which is also a hallmark of ageing and a fundamental process
contributing to the pathogenesis of neurodegenerative diseases.
For example, Noh et al.'** provided insights into how MT
could regulates cellular senescence, attenuates mitochondrial
dysfunction and hallmarks of cellular senescence, and also
mitigates inflammatory responses by inhibiting NF-xB activity
and inflammatory cytokine expression. Javani et al.”” further
demonstrated MT in young rats reduced the chronic stress-
induced mitochondrial dysfunction in aged rats, decreased
neuronal apoptosis in the prefrontal cortex, and increased cell
viability in tissues.

Multiple studies have linked mitochondrial dysfunction to the
development of neurodegenerative diseases.'”® For example,
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the decrease in MMP and ATP levels that occurs after
mitochondrial dysfunction was found to be a driving factor
in the development of cognitive deficits in AD.'? Neuronal
degeneration in AD has also been strongly associated with
mitochondrial damage at synapses in the hippocampus, a high-
energy-consuming brain region in which mitochondria are
more susceptible to damage.'”® And MT has been reported to
improve neurodegenerative diseases and ameliorate cognitive
dysfunctionbyincreasing the viability of damaged mitochondria
and ATP production, decreasing neuronal apoptosis, and
protecting neurons from iron death. For example, Nitzan et
al.'"” discovered that Hela cell-derived mitochondria could
effectively ameliorate mitochondrial dysfunction in rats models
of AD, improving their cognitive functions by increasing key
mitochondrial enzymes like citrate-synthase, cytochrome
¢ oxidase, and enhancing mitochondrial activities, while
reducing hippocampal neuronal loss and gliosis. Furthermore,
transplanting mitochondria obtained from young mice into
the hippocampus of aged mice not only restored mitochondrial
function in the latter’s hippocampus, which entails increased
ATP levels and enhanced activity of mitochondrial complexes
I, II, and IV, but also countered cognitive decline and
promoted anti-ageing effects through mechanisms such as
the enhancement of Wnt signalling and stimulation of neural
progenitor cell proliferation and neurogenesis.'® This is
particularly relevant as the dysregulation of the Wnt pathway
has been implicated in the development of AD.'” Moreover,
Mishra et al.”® and Chen et al.”' have highlighted MT’s
neuroprotective role, demonstrating its efficacy in inhibiting
neurotoxicity, maintaining neurite extension, and protecting
hippocampal neurons from ferroptosis by modulating ROS
formation and metabolic activity in a dose-dependent manner.
In summary, MT represents a frontier in regenerative
medicine with the potential to address the significant challenge
of neurodegenerative diseases. By targeting mitochondrial
dysfunction, MT offers a way to not only ameliorate the
symptoms but potentially halt or reverse the progression of
neurodegenerative diseases, opening up new possibilities for
the treatment of these complex disorders.

Cognitive and mood disorders
Neuroinflammation is a defining feature
neurodegenerative  diseases.'””  Likewise,
dysfunction has a substantial correlation with cognitive
impairment."® Of note, approximately 75% of cancer
patients who receive chemotherapy also develop cognitive
impairment."* Therefore, countering this impairment
represents a crucial area for therapeutic interventions, and
MT has surfaced as a promising candidate. For instance,
studies have showed that MT can attenuate brain dysfunction
and improve behavioural and cognitive deficits in a sepsis
model in rats through the promotion of M1-type microglia
polarisation to M2-type, which is associated with brain repair
and recovery, as well as the suppression of inflammatory
factor release.'® A fascinating aspect of MT is its migratory
ability. For instance, nasal transplantation of MSC-derived
mitochondria demonstrated their remarkable ability to migrate
to the hippocampus and other brain regions. Interestingly,

of various
mitochondrial

Biomater Transl. 2025, 6(1), 4-23

Biomaterials Translational

these transplanted mitochondria were promptly absorbed by
meningeal cells, especially macrophages. These transplanted
mitochondria contributed to metabolic reprogramming to
an anti-inflammatory reparative phenotype that promotes
recovery of brain function and structure. In addition,
nasal-delivered mitochondria can act directly on neurons
and glial cells, contributing to the repair of damaged cells
and the restoration of synaptic integrity and membrane
function within the hippocampus by altering their metabolic
programming, ultimately rebalancing oxidative-antioxidant
levels and leading to a reversal of cognitive impairment."** In
turn, platelet-derived mitochondria can ameliorate diabetes-
induced cognitive deficits by increasing mitochondrial number,
restoring mitochondrial function, suppressing OS and neuronal
apoptosis, decreasing amyloid-f and tau accumulation in
the hippocampus.’** ¥’ Moreover, MT’s potential extends to
psychiatric disorders, such as schizophrenia. Transplantation of
mitochondria to schizophrenic lymphoblastoid cells improved
mitochondrial functions such as cellular oxygen consumption
and MMP and attention deficits in rats.'**

MT also shows promise as a therapeutic intervention for mood
disorders such as depression. By targeting the physiological
underpinnings associated with depression, M T holds potential
for alleviating symptoms through a multi-faceted approach.
The anti-inflammatory effects of MT are evident in its
ability to suppress the activation of astrocytes and microglia,
which are significant in neuroinflammation.'” Wang et al.'”
found that MT significantly downregulated the expression of
neuroinflammatory factors IL-1f3, TNF-a, and cyclooxygenase.
The transplantation not only quieted the inflammatory
response but also promoted the expression of brain-derived
neurotrophic factor, crucial for neurogenesis and neuronal
survival. Further, it was seen to increase ATP production,
enhance OS defenses, and mitigate depression-like behaviours
prompted by lipopolysaccharides, a stimulant of the immune
response. Supporting the potential of MT for treating mood
disorders, Javani et al.'"® demonstrated that this approach
increased several key markers in the prefrontal cortex of aged
rats: MMP, ATP levels, and indoleamine 2,3-dioxygenase
levels. They also observed increased dendritic length and
spine density, correlating with improvements in anxiety- and
depression-like behaviours.

These examples highlight the role of mitochondrial function in
mood regulation and the potential of MT in treating disorders
like depression. By enhancing mitochondrial function and
MMP, as well as inhibiting inflammatory response, MT
offers an innovative approach to mood disorder therapies,
dovetailing with the expanding understanding of the link
between mitochondrial dysfunction and mood disorders.'*

Central nervous system injury

Brain injury: Mitochondria play an important role in the central
nervous system, especially in generating ATP necessary for
neuronal electrical activity."! It was found that mitochondria
can be taken up by various cells in the brain within 24 and 48
hours of MT, including endothelial cells, brain macrophages,
pericytes, and oligodendrocytes. Notably, macrophages
and pericytes exhibit a higher uptake rate.'** In addition to
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transplantation, in vitro investigations have demonstrated the
uptake of exogenous mitochondria by different brain cell types,
such as neurons, astrocytes, and microglia.'*® This finding
suggests a promising avenue for therapeutic exploration
in brain injury management. Notably, MT has exhibited
remarkable efficacy in mitigating both traumatic brain injury
and IRI, resulting in enhanced outcomes. The potential
mechanisms underlying these favorable effects encompass the
transfer of functional mitochondrial components, modulation
of cellular metabolism, and mitigation of ROS and apoptosis.'*
A previous study found that MT using human umbilical cord-
derived MSC-derived mitochondria improved mitochondrial
function, reduced neuronal apoptosis, and attenuated
astrocytosis, as well as microglia activation, which enhanced
motor function in traumatic brain injury rats.'** Astrocyte
mitochondria can enter the injured cortical neurons and
normalise neuronal dendrites and ATP levels after ischaemic
stroke.®® Lee et al."*® found that MT enhanced the viability and
number of neurons in ischaemic stroke, and reduced the size
of the cerebral infarct. Elsewhere, Tseng et al.'*® demonstrated
that MT improved neuronal damage and functional recovery
after ischaemic stroke. Pourmohammadi-Bejarpasi et al.'’
also found that MSC-derived MT suppressed neuronal cell
apoptosis, inhibited microglia activation, and reduced the
infarcted area of the brain, which attenuated acute cerebral
ischaemia damage and improved motor function. Moreover,
Zhao et al."”® reported that MT not only reduced neuronal
apoptosis but also upregulated brain-derived neurotrophic
factor expression in astrocytes following traumatic brain
injury. Moreover, this intervention enhanced spatial memory
and mitigated anxiety symptoms, indicating a multifaceted
therapeutic impact on brain injury recovery processes.

Spinal cord injury: Mitochondrial dysfunction is one of the
first step in the development of neuronal damage following
spinal cord defect injury."*® In response to such dysfunction, MT
has been explored as a novel therapeutic intervention capable of
suppressing inflammatory response, OS, and neuronal apoptosis,
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as well as increase the number of neurons and ATP production
to maintain cellular energy production in the injured spinal
cord, thereby promoting tissue repair and improving transport
function (Figure 4). For example, in a spinal cord ischaemic
injury model, Fang et al.* found that MT could significantly
prevent the expression of pro-inflammatory cytokines such as
IL-6 and TNF-o in the injured spinal cord. The research also
indicated that MT suppressed OS within the spinal endoplasmic
reticulum, and inhibited apoptosis and chromatographic
catabolism of neurons in the spinal cord, thereby attenuating
neurological injury and improving motor function. Research by
Huang et al. takes this concept further by utilizing mitochondria
derived from M2-type macrophages/microglia to modulate
the injury response. In their model, MT not only inhibited
polarisation of macrophage towards the pro-inflammatory
M1 phenotype but also promoted localized neovascularisation,
thereby fostering spinal cord repair and enhancing motor
function recovery in mice."” Finally, it was concluded that
mitochondrial dysfunction in MI-type macrophages also
generates large amounts of OS injury caused by oxygen free
radicals, whereas M2-type macrophages exhibit mitochondrial
function.” Studies have demonstrated that MT combined with
other therapeutic strategies can enhance the effectiveness of
mitochondria in the treatment of spinal cord injury. Zhu et al."!
combined photobiomodulation (also known as low-level laser
therapy) with MT and found that it increased ATP production,
reduced OS, and neuronal apoptosis after spinal cord injury,
thereby promoting tissue repair and motor function recovery.
Moreover, this combination therapy promoted mitochondrial
transfer to neurons, with Connex36 playing a mediating
role. However, MT seems to lack long-term neuroprotective
effects.' For instance, due to the complex and sensitive structure
of the spinal cord, how to deliver mitochondria efficiently and
accurately to the site of injury is a key challenge. Moreover, the
survival of transplanted mitochondria in host spinal cord tissues,
and the ability to integrate effectively into the injured cells are
unresolved issues at this stage.
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Figure 4. Role of exogenous mitochondrial transplantation in the treatment of spinal cord injury. Created with
BioRender.com. ATP: adenosine triphosphate; ROS: reactive oxygen species.
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Optic nerve injury: MT is emerging as a promising treatment
modality, offering potential therapeutic benefits for optic
nerve damage, as well as retinal and macular degeneration.
Given that cells in the retina are rich in mitochondria,
mitochondrial dysfunction plays a significant role in the
pathogenesis of retinal degenerative diseases. Nascimento et
al.* found that MT could improved oxidative metabolism and
electrophysiological activity in the retina, thereby enhancing
neuronal cell survival in the early stages of optic nerve injury
and increase the number of optic nerve axons. Remarkably,
transplanted mitochondria remained detectable 28 days post-
transplantation. This discovery indicates the potential for
long-lasting benefits of MT in treating optic nerve injury.
Furthermore, Wu et al.'"®? found that intravitreal MT could
attenuate the progression of retinal degeneration. This
process involved the upregulation of growth factor secretion
by glial cells and the restoration of functionality in damaged
mitochondria within rat models. Additionally, Noh et al.'**
provided evidence that MT could exert beneficial effects
against age-related macular degeneration by enhancing the
function and activity of mitochondria in the retinal pigment
epithelium and attenuating cellular signs of ageing. To sum up,
these studies indicate that MT holds promise as a treatment
strategy for a range of retinal conditions characterised by
mitochondrial dysfunction. By improving mitochondrial
health in retinal cells, MT not only supports the preservation
of these cells but also contributes to the reversal of degenerative
processes. This innovative approach could therefore represent
a major advancement in the treatment of optic nerve injuries,
retinal degeneration, and macular degeneration, offering hope
to patients with these challenging conditions.

Peripheral nerve injury: Several studies have documented that
MT could promote peripheral nerve repair, chiefly through
the attenuation of OS and the reduction in apoptosis of nerve
cells. For example, Kuo et al.* found the protective role of MT
against axonal degeneration. Here, incubating mitochondria
with nerve explants in vitro was shown to attenuate cytoskeletal
loss and OS, thereby contributing to ameliorate the axonal
degeneration in injured nerves. In wvivo MT promotes
neuromuscular reinnervation by enhancing the repair of nerve
conduction function after sciatic nerve crush injury, increasing
the expression of neurotrophic factors in injured nerves and
denervated muscles.”® Further demonstrating the therapeutic
potential of MT, Bai et al.’! explored a novel approach for
repairing nerve damage by using mitochondria derived from
human umbilical cord-derived MSCs. They transplanted these
mitochondria into decellularised nerve segments in rat models
with sciatic nerve defects. The results were promising: the
transplanted segments showed considerable regeneration of
axons and vascularisation, leading to notable motor function
improvements in the treated animals. Interestingly, the study
also revealed that Schwann cells, key players in nerve repair,
readily internalised the transplanted mitochondria, which
in turn stimulated their proliferation. This suggests that the
therapeutic effect might be mediated, at least in part, by this
interaction between mitochondria and Schwann cells. Zhai
et al.*? reported that transplantation of mitochondria derived
from adipose-derived MSCs effectively treated bilateral
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cavernous nerve injury in rats. This type of MT significantly
reduced OS and apoptosis in cavernous smooth muscle cells,
increased their number and modulated energy metabolism.
This study additionally highlighted MT’s role in strengthening
the anti-oxidative defenses of CCSMC in vitro.”* Incidentally,
Yao et al.** explored the outcomes of transplanting exogenous
mitochondria into adipose-derived MSCs. The results showed
enhanced energy levels within the adipose-derived MSCs
and promoted their proliferation, migration, and survival, as
well as their secretion of biologically active factors. Crucially,
this escalation in performance did not come at the cost of
their stemness — a significant consideration for maintaining
the cells’ regenerative capabilities.”* This range of restorative
effects positions MT as an evolving and promising dimension
in the treatment of peripheral neural tissue damage.

Other diseases

Sepsis

Sepsis is a life-threatening organ dysfunction that is caused by
dysregulated host response to infection, with an extremely high
morbidity and mortality rate.”®®> Amidst this urgent medical
challenge, MT has arisen as a promising therapeutic strategy
aimed atrescuing damaged mitochondria and enhancing patient
outcomes in sepsis. Early intervention with MT has been
shown to offer substantial benefits. Hwang et al. demonstrated
that MT, administered 24 hours after after the onset of sepsis,
enhanced respiratory function and increased ATP content in
muscle and spleen tissues.*’ This vital enhancement in cellular
energy was accompanied by elevated bacterial clearance
from the spleen and blood, reduced apoptosis of spleen cells,
and an attenuated hyperinflammatory response during the
acute phase of sepsis hyperinflammation by downregulating
TNF-a expression in spleen tissue.*’ MT's advantages extend
well into the advanced stages of sepsis, proffering multiple
benefits such as heightened OXPHOS in immune cells. This
bolstering of OXPHOS is crucial in promoting the polarisation
of macrophages from M1 type to M2 type, a transition that
enhances overall immunosuppression and ultimately leads to
better patient survival rates. In a comparison study conducted
by Kim et al.’** mitochondria extracted from muscle cells,
hepatocytes, and MSCs were assessed for their ability to fortify
mitochondrial function and regulate inflammatory responses.
Although all three sources improved mitochondrial function
and dampened the inflammatory response in the acute phase
by reducing TNF-o expression, while also enhancing immune
function in the late phase, mitochondria derived from muscle
cells demonstrated the most pronounced effect on survival,
suggesting their potential as a preferred mitochondrial donor
type. In addition, MT has shown potential to treat sepsis-
induced myocardial dysfunction. Mokhtari et al.*?] reported
that MT improved the function and kinetics of damaged
mitochondria, downregulated the expression of mitochondrial
fission-related genes, and inhibited the production of
inflammatory cytokines TNF-a and IL-18, thereby improving
myocardial dysfunction in a rat model of sepsis induced by
cecum ligation and puncture. Importantly, the study noted that
multiple MT offered better therapeutic efficacy compared to
single transplantation.*? By tackling both the inflammatory and
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immune dysfunctions characteristic of this complex disease,
MT not only improves organ function but also raises crucial
promise for improving survival rates among sepsis patients.

Ultraviolet radiation damage and wound healing

Ultraviolet (UV) radiation can alter mitochondrial function
and morphology. It has been demonstrated that it alters
mitochondrial biogenesis, mitochondrial energy metabolism,
mitochondrial fusion and fission, and mitochondrial
autophagy, promoting ageing, immunosuppression, and tissue
stress,'” underscoring the need for effective interventions to
mitigate these detrimental effects. In this context, MT has
emerged as a promising therapeutic strategy for counteracting
the damage inflicted by UV radiation. By reducing apoptosis
and enhancing metabolic activity within the damaged cells,
MT offers a ray of hope. A study by Hu et al."*® is crucial in
illustrating this potential, revealing that MT could partially
reverse the UV irradiation-induced S-phase cell cycle block
and the decrease of MMP, and reduce apoptosis. This indicates
MTs capability to restore cellular function and viability
following UV exposure. Evidence from another study further
indicated that transplantated mitochondria into peripheral
blood mononuclear cells affected by UV irradiation could
improved their metabolic activity while reducing apoptosis.'*’
Beyond its capacity to repair UV-induced mitochondrial
damage, MT also plays a crucial role in the promotion of wound
healing by inhibiting inflammation and reducing the levels of
ROS which delay wound healing."® A study conducted by Kim
et al." found that found that platelet-derived mitochondria,
when transplantated into human dermal fibroblasts, were
successfully internalised by the cells, leading to enhanced
fibroblast proliferation and reduced ROS and hydrogen
peroxide production, in turn promoted wound healing.

Prospects for Clinical Applications
In recent years, MT has attracted significant attention from
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researchers, especially in the treatment of cardiac IRI. For
example, Guariento et al.'®® used autologous MT to treat
pediatric patients with severe postischaemic reperfusion cardiac
shock who required cardiotomy and extracorporeal membrane
oxygenation. They found that MT reduced ventricular strain
after extracorporeal membrane oxygenation isolation as well
as shortened postoperative revascularisation time.'® Emani
et al.’*! introduced a promising strategy to address myocardial
IRI by directly transplanting autologous mitochondria into the
heart muscle via epicardial injection. This innovative approach
offers several benefits: Firstly, it alleviates adverse immune
reactions or inflammation associated with foreign-derived
mitochondria. Secondly, it presents minimal short-term
complications, enhancing safety for patients. Importantly, the
study noted considerable enhancements in ventricular function
post-procedure, providing optimism for a potential treatment
avenue for this debilitating condition. Figure 5 shows the
process of transplanting autologous mitochondria to treat
pediatric patients with severe postischaemic reperfusion cardiac
shock who required extracorporeal membrane oxygenation.'®!
However, numerous improvements are needed to accelerate
the transfer of MT therapy into clinical application. Firstly,
the techniques for mitochondrial extraction, preservation, and
transplantation are yet to reach full maturity, and precision
in these processes is paramount to ensure that the function
of mitochondria remains unaffected during transplantation.
Moreover, the survival and stable function of transplanted
mitochondria within the host body, and whether they will
cause immune reactions or undesirable interactions with host
cellular systems need to be rigorously considered. For instance,
injected mitochondria are considered to be less able to tolerate
high Ca®* concentrations, among other things.'** Additionally,
strict quality control measures are necessary to assess the
viability and function of mitochondria before transplantation
to ensure their capacity to restore cellular energy metabolism
effectively.

Figure 5. Mitochondrial transplantation for paediatric patients who required central extracorporeal membrane
oxygenation support for ischaemia/reperfusion associated myocardial dysfunction after cardiac surgical procedure. (A)
Biopsy of non-ischaemic skeletal muscle for mitochondrial extraction. (B) Injection of autologous mitochondria into the
myocardium using an insulin syringe. Reprinted from Emani et al.'' Copyright 2017 by The American Association for

Thoracic Surgery.
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Conclusion

This review on studies performed in the last 5 years shows
that mitochondrial dysfunction contributes to occurrence
of several diseases, and MT has been widely applied to treat
various diseases with promising results. However, our review
did not provide an in-depth summary of the mechanisms of
MT for the treatment of different diseases, and it is possible
that some relevant literature was not searched, making the
review incomplete. Despite the many challenges above,
MT exhibits substantial clinical potential, which has shown
unprecedented therapeutic potential in a number of areas,
ranging from treating cardiac and metabolic diseases,
neurodegenerative disorders, to organ transplantation (Figure
6). Therefore, MT has the potential to be a new hope for these
intractable diseases, and this innovative technique is expected
to enhance cellular energy metabolism, repair damaged tissues,

+ Stroke

Biomaterials Translational

and modulate the host immune response, thereby exerting
therapeutic effects. In addition, mitochondria lack many
surface antigens, such as human leukocyte antigen class 1 class
1 antigens, and therefore exhibit lower immunogenicity than
MSCs, which may be an advantage of mitochondria over MSC
in favour of clinical translation of allogeneic transplantation.>
The majority of current studies have primarily focused
on assessing the effectiveness of MT in disease treatment,
while investigations into the associated mechanisms have
been limited. Considering the enormous promise that MT
demonstrates in both theoretical and experimental research,
future studies will inevitably concentrate on overcoming these
hurdles and deepening our understanding of MT"s therapeutic
mechanisms, thereby advancing MT technology as a viable and
effective treatment modality that can offer significant benefits
to patients with a variety of diseases.
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