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Acute kidney injury (AKI) and chronic kidney disease (CKD) are Introduction
major contributors to global morbidity and mortality, with limited Acute kidney injury

treatment options beyond supportive care. Mitochondrial dysfunction

. o L . . Chronic kidney disease
isashared feature of both conditions, driving impaired energy

Mitochondrial dynamics

production, oxidative stress and cell death. Owing toits reliance on and cellular homeostasis
f)deatlvc.e phosphor)./latl.op, the kldne'y isespecially vulnerat.)le to Role of mitochondria in Kidney
ischaemia-reperfusioninjury, aleading cause of AKl and arisk factor function and dysfunction
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contributes to the transition from AKI to CKD, and strategies aimed at : : :
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restoring mitochondrial health, therefore, have therapeutic potential. | inthe kidney
Here, we focus on mitochondrial transplantation, a therapeutic
approach that deliversviable, respiratory-competent mitochondria to
injured tissue to support recovery. Mitochondria for transplantation
canbeisolated fromavariety of sources (autologous or allogeneic)
without triggering animmune, autoimmune or inflammatory response,
or areactionto damage-associated molecular patterns. Isolated
mitochondria canbe delivered by intra-arterial injection, and, once
inthe target organ, they are rapidly integrated into the cells through
endocytosis. Mitochondrial transplantation supports the restoration of
mitochondrial function and associated signalling pathways, promoting
enhanced organ function and cellular viability. Several preclinical
studies have demonstrated improved kidney function, reduced
inflammation and preserved mitochondrial structure following
mitochondrial therapy in models of ischaemia.
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Key points

o The kidney is highly reliant on oxidative metabolism, and optimal
mitochondrial function is essential to kidney homeostasis, especially
to meet the energetic cost of continuous solute reabsorption

and transport. Mitochondrial dysfunction correlates closely with
histological severity and prognosis in kidney disease.

o During ischaemia, restricted oxygen delivery leads to a biochemical
cascade culminating in mitochondrial matrix swelling, dissociation of
the respirasome and the matrix-embedded tricarboxylic acid cycle and,
ultimately, mitochondrial dysfunction. Mitochondrial injury contributes
to both acute kidney injury (AKI) and chronic kidney disease (CKD)
through bioenergetic collapse, oxidative stress and cell death.

o Although blood flow and oxygen delivery can be restored after
an ischaemic episode, mitochondrial injury often persists during
reperfusion, thereby limiting the recovery of kidney function and
viability.

o Preclinical studies support the efficacy of mitochondrial trans-
plantation — the delivery of healthy mitochondria to the kidney to
replace or augment kidney mitochondria damaged by ischaemia — as
an intervention to promote organ preservation in kidney injury models,
suggesting its therapeutic potential in addressing kidney dysfunction
in AKl and CKD.

e Mitochondrial transplantation restores ATP production and reduces
levels of reactive oxygen species and lipid-reactive species, as well
as apoptosis, thereby preserving kidney viability. This approach

also preserves mitochondrial morphology in injured tissues and
upregulates the transcription of genes and the activity of pathways
associated with mitochondrial biogenesis and energy metabolism.

o Clinical translation of mitochondrial transplantation in nephrology
is emerging, with applications in kidney transplantation and
ischaemia-reperfusion injury under investigation.

Introduction

Acute kidney injury (AKI) and chronic kidney disease (CKD) are major
global health challenges. AKl s typically defined by a rapid decline in
kidney excretory function over a 7-day period. Global epidemiological
studies report an incidence of ~13.3 million AKI cases annually, with a
disproportionately high burden observed in low- and middle-income
countries™. In hospital settings, AKI incidence can reach up to 22%
and 34%in adult and paediatric populations, respectively, particularly
among people with critical illness, sepsis or those undergoing major
surgical procedures®*. Short-term outcomes of AKlinclude high mor-
tality (24%in adults, 14%in children), frequent complications and pro-
longed hospitalization®*. Long-term consequences can be severe and
include progression to CKD, kidney failure, increased cardiovascular
morbidity and an elevated risk of mortality’.

In contrast to AKI, CKD progresses slowly but irreversibly. CKD
has attained epidemic proportions globally, primarily driven by the
increased prevalence of type 2 diabetes, hypertension, obesity and
an ageing population. The global CKD prevalence in 2017 was esti-
mated to be 9.1% (697.5 million cases), with considerable mortality,

making it the 12th highest cause of death worldwide®. Furthermore,
impaired kidney function directly contributed to 7.6% of all cardio-
vascular disease fatalities, totalling 1.4 million. Of note, in contrast
to other major non-communicable diseases, CKD age-standardized
mortality did not decline between 1990 and 2017, suggesting a persis-
tent therapeutic gap. CKD also imposes a substantial burdeninterms
of disability-adjusted life years (DALYs), with diabetic kidney disease
being a major contributor to CKD-related DALYs®.

In addition to their extremely high morbidity and mortality, AKI
and CKD also impose a substantial socioeconomic burden on global
health care systems. The prolonged hospitalization and higher likeli-
hood of admission to intensive care units (ICUs) typically associated
with AKIresultin considerable health care expenditure’. The economic
impact can be even more profound for CKD, driven by the high costs
of kidney replacement therapy for patients with kidney failure, man-
agement of associated comorbidities such as cardiovascular disease,
and lost productivity owing to long-term disability’. This immense
economic strain, coupled with the limited efficacy of current thera-
pies, underscores the urgent need for innovative interventions that
cantreat the pathological processes driving kidney injury and disease
progression.

The latest evidence suggests that AKI and CKD are not distinct
disordersbutrepresentacontinuum ofinjury and maladaptive repair.
This continuum is now framed within the overarching syndrome of
acute kidney disease (AKD), which encompasses AKI (injury lasting
up to 7 days) and extends to persistent kidney dysfunction lasting up
to 90 days, bridging the gap to the definition of CKD (that is, kidney
dysfunction persisting for over 3 months)>.

Despite advances in supportive care, options to reverse AKI or
promote recovery are limited. Historically, this limitation persisted
partly because AKI was regarded as a fully reversible condition, with
glomerular filtration rate (GFR) believed to eventually return to pre-
morbid levels without substantial adverse long-term kidney conse-
quences. However, this traditional concept of recovery was based
on early studies limited by a short duration of follow-up or the lack
of areference cohort without AKI®. Epidemiological studies have
since demonstrated that AKI is a major risk factor for CKD devel-
opment and can also accelerate the progression of existing CKD’.
Forinstance, compared with matched individuals, those experiencing
AKl can have a13-fold higher risk of developing kidney failure, which
rises to a41-fold increase in those with pre-existing CKD’. The severity
of AKI correlates directly with the risk of CKD progression, with this
increased risk persisting for several years post-insult’. The paradigm
shift from AKI as a fully reversible event to a direct contributor to
chronic damage demands long-term longitudinal kidney monitor-
ing in AKI survivors. However, despite clinical guidelines advocating
for follow-up of people with a history of AKI to assess for de novo or
worsening CKD, observational dataindicate that only asmall propor-
tion receive appropriate kidney care, emphasizing crucial missed
opportunities for early intervention’.

The underlying mechanisms driving this AKI-to-CKD transition
remain incompletely understood but are known to involve persis-
tent cellular injury, mitochondrial damage, inflammation and fibrosis.
Typically, following an ischaemic injury, inadequate regeneration
of the tubular epithelium promotes tubulointerstitial fibrosis’. This
pathological repairintubular cells is often characterized by sustained
G2/M cell-cycle arrest, which induces a profibrotic secretory pheno-
type and perpetuates chronic inflammation through the release of
cytokines and growth factors'®". Mitochondrial dysfunction has a
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key role in the development and progression of kidney injury: mito-
chondriaare essential for kidney function owing toits high metabolic
demands, particularly intubular epithelial cells that rely on oxidative
phosphorylation to sustain active solute transport'?. Consequently,
therapeutic approaches that restore or preserve mitochondrial struc-
ture and function have been proposed as ameans of supportingkidney
recovery.

Inthis Review, we examine the role of mitochondrial dysfunction
inAKland CKD, the rationale for therapeutic targeting of mitochondria
and current evidence supporting mitochondrial transplantation as a
strategy to improve kidney outcomes. Such strategies are critically
needed, as current therapeutic and preventive approaches to AKI
remain unsatisfactory, and therapies for CKD primarily delay rather
than halt or reverse disease progression'>"*. We also examine impor-
tant technical considerations in mitochondrial transplantation for
kidney applications, including mitochondrial isolation, dosing and
delivery routes.

Acute kidney injury

AKlis a prevalent and multifactorial condition with diagnostic crite-
ria (established by the Kidney Disease: Improving Global Outcomes
(KDIGO) guidelines)™ based on alterations in serum creatinine and
urine output. Although these criteria have standardized diagnoses,
both parameters have inherent limitations. Serum creatinine can be
influenced by non-kidney factors such as muscle mass, liver function
and fluid status, whereas urine output can be affected by diuretics®. Con-
sequently, relying on changesin these markers, which are often delayed
and non-specific, for an AKI diagnosis can result in late detection of
kidney injury after considerable parenchymal damage has already
occurred®”, This diagnostic lag can create a narrow therapeutic win-
dow that precludes effective intervention. Overall, these diagnostic
challenges complicate AKI management and contribute to the risk of
progression to CKD.

AKl is not a singular disorder but rather a heterogeneous col-
lection of pathophysiological states resulting in an acute decline
in kidney function. AKI can have several aetiologies, including kid-
ney ischaemia, exposure to nephrotoxic agents, dehydration and
sepsis®. Of note, the high-risk clinical settings often associated with
AKI, including major surgery, are particularly challenging environ-
ments where physiological stressors canmask the early signs of kidney
distress. Post-surgical AKlis frequently associated with hypovolaemia,
vasodilation and systemicinflammatory cascades®. Drug-induced AKI
accounts for 19-26% of cases in hospitalized patients and can lead
to direct tubular injury, microvascular alterations and interstitial
inflammation''®, AKI can also result from specific conditions such as
rhabdomyolysis, inflammatory diseases such as glomerulonephritis,
obstructive uropathy, infections such as malaria and dengue, and
complications associated with pregnancy, including pre-eclampsia®™.
Sepsis-associated AKI is the most prevalent aetiology globally, and
involves systemic and kidney inflammatory responses, impaired
microcirculation and mitochondrial dysfunction'®®. These varied
pathophysiological mechanisms reflect the inherent complexity
of AKI pathogenesis. Importantly, organ crosstalk in AKI involving
leukocyte activation and infiltration, generation of soluble factors
such as inflammatory cytokines and chemokines, and endothelial
injury can also lead to the dysfunction of distant organs, including
the heart, lungs, liver and brain”. The clinical heterogeneity of AKl is
notonly reflected by distinct signatures of parenchymal damage but
also at the molecular level, with transcriptomic analyses revealing

minimal overlap in the genetic expression profiles associated with
different types of acute tubular injury, underscoring the challenge
in developing targeted therapies®.

Chronic kidney disease

Pathologically, CKD is characterized by progressive and irreversible
nephron loss, microvascular dysfunction, oxidative stress, chronic
inflammatory processes and, ultimately, fibrosis, which can result in
a substantial loss of functional kidney parenchyma®** >, Compared
with glomerular injury, tubulointerstitial fibrosis correlates strongly
with proteinuria and disease severity, underscoring its central role in
disease progression®. Fibrosis is generally driven by the activation of
myofibroblasts, whichare the primary producers of extracellular matrix
proteins. Although multiple cell types might contribute, resident mes-
enchymal cells are now considered to be the primary precursors of
activated myofibroblasts, which are the main collagen-producing cells
in the fibrotic kidney™?. Therapeutic options currently available for
CKD, suchasrenin-angiotensin-aldosterone system (RAAS) blockade
and newer agents, such as sodium-glucose co-transporter 2 (SGLT2)
inhibitors, primarily mitigate disease progression but have limited
direct anti-fibrotic efficacy®.

The transition from AKI to CKD is an active process driven by
maladaptive repair, which involves persistentinflammation, vascular
rarefaction, tubular atrophy and progressive fibrosis long after the ini-
tialinsult has resolved®*. This transitionis not only associated with the
severity, frequency and duration of AKI*®*?’ but also with the character-
istics of the patient, including genetic background, age and comorbidi-
ties (forexample, type 2 diabetes, hypertension or pre-existing kidney
conditions)"*°~*¢ Followinginjury, the kidney orchestrates aresponse
aimed at full anatomical repair and restoration of homeostasis. If the
degree of the insult is mild-to-moderate and not recurrent, this objec-
tive canbe accomplished, leading to adaptive repair®”. However, when
theinitial attempts torestore cell and tissue function are overwhelmed
by the severity or frequency of the injuries, then the potentially adap-
tive repair process can become maladaptive, paving the way for the
transition to CKD and, eventually, kidney failure’.

Mitochondrial dynamics and cellular homeostasis
Clinicalinvestigations have demonstrated the ever-increasing impor-
tance of the mitochondrionbeyondits classical role as the ‘powerhouse
ofthe cell. Mitochondrianot only produce high-energy phosphates but
also act as a ‘master regulator’ of cellular homeostasis, cell prolifera-
tion and differentiation, and adaptation to stress such as ischaemia®.
The secondary signals enabling communication between mitochon-
dria, the nucleus and other intracellular and extracellular compart-
ments include ATP, reactive oxygen species (ROS), cytochrome c and
calcium, which enable mitochondria to rapidly adapt to stress stim-
uliin an organ-specific manner. In general, mitochondria generate
energy through oxidative phosphorylation, but they canalso modulate
diverse biosynthetic pathwaysinvolved in the synthesis of nucleotides,
fatty acids and cholesterol, amino acids and haem*°. A 2024 study”
showed that when cellular dependence on oxidative phosphoryla-
tion increases, pyrroline-5-carboxylate synthase — the rate-limiting
enzymeinthereductive synthesis of proline and ornithine —becomes
sequestered in a subset of mitochondria that lack cristae and ATP
synthase, and these morphologically distinct mitochondria are not
cleared by mitophagy. The separation of mitochondriainto two func-
tional subpopulations persisted as long as the demand for oxidative
phosphorylation-dependent ATP production was maintained.
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Importantly, mitochondrial mass and number vary across differ-
entcellsand organs, and although the exact mechanistic consequences
ofthese variations remain unknown, it might be reasonable to assume
that high mitochondrial mass enables cells to respond to signalling
pathways more rapidly and maintain cellular function across a large
range of physiological conditions. Mechanistic studies demonstrate
that mitochondrial dynamics, including fusion and fission, not only
directly regulate mitochondrial mass and number butare alsoinvolved
inthe regulation of cellular homeostasis*?. Mitochondria are maternally
inherited and are not de novo generated but replicate autonomously
within the cytoplasm through mitochondrial fission of existing mito-
chondria. Mitochondrial fission, which occurs through the coupled
interaction of fission proteins****, acts to both increase mitochon-
drial mass and remove damaged mitochondria (through activation of
mitophagy). The precise mechanisms of mitochondrial fission remain to
beelucidated, but studies suggest that dynamin-related protein1(DRP1)
isphosphorylated and recruited from the cytosol to the mitochondrial
outer membrane, where it couples with fusion proteins located on the
mitochondrialinner and outer membranes. Once recruited, this com-
plex encircles the mitochondria through self-assembly and, in turn,
recruitsdynamin2 (DMN2), whichis then activated through guanosine
triphosphate (GTP) hydrolysis. This activation destabilizes the inner
and outer membranes of mitochondria at the sites of encirclement
and divides the existing mitochondria into daughter mitochondria®.

Mitochondrial mass can also be enhanced through tightly regu-
lated activation of transcription factors that lead to mitochondrial
biogenesis through fusion, whereby cellsincrease their individual mito-
chondrialmass. Phosphorylation of peroxisome proliferator-activated
receptor-y coactivator -1a (PGC-1a), the ‘master regulator of mito-
chondrial biosynthesis™®, up-regulates transcription of nuclear res-
piratory factor 1 (NRF1), NRF2 and TFAM to initiate the transcription
of nuclear-encoded mitochondrial proteins. These proteins are then
imported into mitochondria, thereby increasing mitochondrial vol-
ume. Mitochondrial biogenesis through fusion*” can rescue mito-
chondrial function but PGC-1a can also upregulate genes encoding
the rate-limiting enzymes that modulate fatty acid oxidation, which
might have akey role in CKD-associated kidney fibrosis*. Activation of
mitochondrial biogenesis by upstream activators such as SRT1720 has
great therapeutic potential, but, at present, the activation of neither
mitochondrial fissionnor PGC-1a hasbeen reported beyond preclinical
application*®*,

In addition to reshaping mitochondrial networks, fission and
fusion preserve mitochondrial DNA integrity, sustain respiratory
capacity and influence the regulation of cell death. Fusion enables
the mixing of contents between healthy and partially impaired mito-
chondria, whereas fission segregates damaged components from
the functional network. Together, these mechanisms contribute to
mitochondrial quality control. When this balance is disturbed, exces-
sive fragmentation occurs and PARKIN accumulates on dysfunctional
mitochondria, marking them for selective removal by mitophagy,
atightly regulated catabolic mechanism that enables the selective
clearance of damaged or hypofunctional mitochondria®®. The removal
of damaged mitochondriaacts asacellular defence to modulate toxic
mediators such as ROS that can adversely affect cell survival®.

Role of mitochondria in kidney function

and dysfunction

The kidney is one of the most metabolically active organs, with an
elevated resting metabolic rate, substantial mitochondrial content

and high oxygen consumption®>~*, Early investigation of kidney archi-
tecture and cellular composition® estimated that mitochondriarepre-
sent18 and 44% of the volume density in the inner and outer nephron,
respectively, with thelargest proportion of mitochondria beinglocated
alongthe proximal convoluted tubule and the thick ascending loop of
Henle, where high energy (thatis, ATP) is required for solute reabsorp-
tion. By contrast, glomerular cells have relatively lower energy demands
and, consequently, lower mitochondrial density. The absolute number
of mitochondria per cell in the kidney is second only to that observed
in the heart and is indicative of the reliance of the kidney on mito-
chondrial function and ATP production for maintaining its function
and metabolic homeostasis™.

Mitochondria generate ATP primarily through oxidative phos-
phorylation, a process that harnesses energy from metabolic sub-
strates such as glucose, fatty acids and amino acids. The generated
ATP drives the Na*-K* ATPase pump, which is critical for establishing
and maintaining the ion gradients required for active transport>*’.
Under physiological conditions, mitochondria provide ~90% of the
high-energy requirements of the kidney, primarily through oxidative
phosphorylation via the electron transport chain, where molecular
oxygenisusedasanelectronacceptortoproduce ATP. The high energy
requirements of the kidney are essential to the active transport needed
to maintain water and solute reabsorption®**°, The central role of
mitochondriainkidney homeostasis and kidney dysfunctionisincreas-
ingly recognized®"*>. To meet its mitochondrial oxygen requirements,
the kidney receives ~20% of cardiac output at rest just to maintain
homeostasis, and any increase in energy requirement must be achieved
throughincreased kidney blood flow and oxygen delivery to the mito-
chondria. Reductions in kidney blood flow due to injury or ischaemia
cantherefore significantly decrease mitochondrial high-energy synthe-
sisand compromise solute reabsorption and secretion; depending on
their severity and duration, these reductions can also severely impact
mitochondrial function and viability®"®.

Although all kidney cells depend on ATP, their preferred fuel
source and metabolic pathway vary according to cell type, location
and metabolic requirements (Fig.1). Proximal tubules comprise ~90%
of the kidney cortex and are responsible for reabsorbing ~80% of the
glomerular filtrate through active transport of glucose, ions and
nutrients'****, These cells primarily use fatty acids via -oxidation for
maximum ATP production (106 ATP per palmitate molecule) and have
limited glycolytic capacity under physiological conditions*®. This high
energy requirement is essential to fulfil critical homeostatic functions,
including waste elimination and solute reabsorption, which are vital
for the regulation of fluid, electrolytes and acid-base homeostasis.
By contrast, glomerular cells (including podocytes, endothelial and
mesangial cells) filter small molecules, such as glucose, urea, water
and salts from the blood, while retaining large proteins such as hae-
moglobin. As this is a passive process that does not directly require
ATP, these cells have lower oxidative capacity and use both aerobicand
anaerobic (particularly in podocytes) respiration to meet their basal
metabolic requirements®*®,

Importantly, the unique vascular architecture of the kidney cre-
ates a decreasing oxygen gradient from the outer cortex to the inner
medulla, resulting inarelatively hypoxic environmentinregionssuch
asthe outer medulla, especially the S3 segment of the proximal tubule
and the medullary thick ascending limb. Cells in the thick ascend-
ing loop of Henle, vasculature and the glomerulus use glycolysis and
oxidative phosphorylation for glucose oxidation to produce 36 mol-
ecules of ATP per glucose molecule, whereas the relatively hypoxic
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Fig.1|Integration of the tricarboxylic acid cycle and electron transport
chainin mitochondrial energy metabolism. The left panelillustrates the
metabolic zonation along the nephron, where glomerular segments rely
primarily on glycolysis and proximal tubular segments have high oxidative
phosphorylation (OXPHOS), B-oxidation and gluconeogenic capacity. The
largest proportion of mitochondria are located along the proximal convoluted
tubule and the thick ascending loop of Henle, where high energy is required
for solute reabsorption, with lesser mitochondrial density observed in
glomerular cells, which have relatively lower energy demands. The right panel
depicts the mitochondrial pathways that sustain proximal tubular energetics.
Pyruvate is primarily generated from glycolysis and enters the mitochondrial
matrix via the pyruvate carrier to fuel the tricarboxylic acid (TCA) cycle as it
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isconverted to acetyl-CoA. In addition, fatty acids undergo B-oxidation to
generate additional acetyl-CoA and reduced cofactors (NADH, FADH,). These
reducing equivalents feed into the electron transport chain, where electrons
are transferred through complexes I-1V, driving proton translocation across
the inner mitochondrial membrane. The resulting electrochemical gradient
powers ATP synthesis at complex V (ATP synthase). Excess reactive oxygen
species (ROS) generated during impaired respiration induce oxidative
damage, release of mitochondrial danger-associated molecular patterns
(DAMPs) and disruption of mitochondrial homeostasis. Together, these
pathways highlight the dependence of proximal tubular function onintact
mitochondrial metabolism. mtDNA, mitochondrial DNA.
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kidney medulla is more reliant on anaerobic glucose metabolism
(2ATP per glucose). These constraints on cellular metabolism depend-
ingon cellularlocation and oxygen availability underlie the differential
susceptibility of nephron segments to injury, such as the increased
vulnerability of S3 segments to ischaemicinsults owing to their limited
anaerobic capacity'>**%*,

Decreased oxygen delivery to the kidney leads toincreased accu-
mulation of calciumin the cytoplasm. Ischaemia-induced metabolic
acidosis (associated with lactic acid production during anaerobic
metabolism) activates the sodium-hydrogen exchanger (NHE), with
sodium influx into the cytoplasm and H* export to the extracellular
space. Highintracellular sodium reverses sodium-calcium exchanger
(NCX) activity, whereby sodiumis exported in exchange for calcium,
thus increasing intracellular calcium levels. Activation of L-type cal-
cium channels, as well as cellular and cytosolic calcium-dependent
phospholipases and proteases, contributes to further calcium influx
and cellular damage®. The increased cellular calcium is taken up by
the mitochondrion andresultsin transformative dysmorphic altera-
tions, evidenced by increased mitochondrial volume and cristae
deformation, as well as fragmentation of the inner and outer mem-
branes, and the matrix®. The destabilization of the inner mitochon-
drial membrane causes the inner membrane pore to open, driving
further calcium accumulation and leading to mitochondrial matrix
swelling, dissociation of the respirasome and the matrix-embedded
tricarboxylic acid cycle (TCA) and, ultimately, mitochondrial dys-
function. This dysfunctionis evidenced by loss of electron transport
complexactivity and reduction of high-energy phosphate synthesis.
These effectslead torelease of cytochrome cinto the cytosol, whichin
turnactivatesintrinsic apoptosis, leading to programmed cell death
and loss of viability. Kidney tubular cells are especially vulnerable to
ischaemia-induced changes, showingincreased mitochondrial perme-
ability transition pore opening, cristae loss, cytochrome c release and
downstream activation of Bcl-2 and caspase-3 pathways®®. Moreover,
loss of mitochondrial DNA (mtDNA) integrity through up-regulation
of mitochondrial fission, increases mitochondrial fragmentation
and decreases mitochondrial transcription and translation, with
consequent dysregulation or loss of mitochondrial quality control
mechanisms®>®, All these events are initiated during ischaemia and,
despite the restoration of blood flow and oxygen delivery to the kid-
ney, persist into reperfusion, significantly compromising kidney
function and viability.

Kidney transplantation offers an opportunity to understand the
intimate correlations between AKI, CKD and mitochondrial physiol-
ogy.Indonation after circulatory death (DCD), 50% of organs develop
aform of post-transplantation AKI that is specific to kidney allografts:
delayed graft function (DGF), generally defined by the need for dialy-
sis during the first week post-transplant. DGF results from a series
of insults to the donor organ during the ischaemic phase (starting
fromthe cross clamp at the time of organ procurement and persisting
through the time of storage until implantation) and at reperfusion —
collectively referred to asischaemia-reperfusion injury (IR1)”°. As we
previously demonstrated”, loss of vascular supply during ischaemia
disrupts cellular homeostasis, which, ifanaerobic metabolismis insuf-
ficient, canlead toirreversibleinjury. Interestingly, most kidneys with
DGF eventually recover, suggesting a successful adaptive response
to injury. DCD kidney allograft models are therefore a valuable plat-
form for investigating kidney physiology, the mechanisms underly-
ing successful or unsuccessful responses to injury’? and the role of
mitochondria™.

Transition from acute kidney injury to chronic kidney disease
Akey component ofthe transition from AKIto CKD is persistent mito-
chondrial dysfunctionresulting in cellular oxidative stress, which can
contribute to tubulointerstitial fibrosis’. During AKI, tubular cell mito-
chondria become dysfunctional, characterized by a decline in ATP
synthesis, excessive ROS production and structural damage such as
fragmentation. Loss of mitochondrial quality-control mechanisms
(fission, fusion and mitophagy) can lead to a state of chronic mito-
chondrial stress and impaired energy metabolism***’, and contributes
to tubular cell apoptosis, fibrosis and inflammation®>®.

Mitochondrial dysfunction therefore emerges as a self-sustaining
driver of kidney disease. In a rodent model, a reduction in mito-
chondrial respiratory proteins and electron transport complexes,
which is indicative of mitochondrial injury, could be detected 1 h
post-induction of AKI and had not recovered by 144 h (6 days)™. This
prolonged mitochondrial dysfunction was associated with reduced
kidney mitochondrial mass and changes inmitochondrial morphology.
Inaddition, atransition from oxidative phosphorylation to glycolysis
occurred, withanincreasein glycolytic enzyme expression and inhibi-
tory phosphorylation of pyruvate dehydrogenase”. This metabolic
switchis associated with ultrastructural changesin the kidneys, such as
proximal tubular atrophy and persistent apoptosis, and the transition
from AKIto CKD”.

Mitochondrial transplantation

Atpresent, no directed treatment for kidney dysfunction resulting from
AKlor CKDisavailable”. Emerging therapeutic approaches are shifting
towards pathophysiology-guided interventions aimed at modulat-
ing cellular bioenergetics, for instance, by activating hypoxia signal-
ling pathways or targeting mitochondrial quality control mechanisms
to preserve organelle function*'>”’. Increasing mitochondrial mass
through enhanced mitochondrial biogenesis might also provide a
targeted approach to therestoration of high-energy synthesis and the
rescue of kidney function following AKl and in CKD"”°,

Pharmacological and genetic modulation mechanismsto enhance
mitochondrial biogenesis for AKI and CKD remain to be established
as clinical treatment modalities. We have posited that an alternative
to increasing mitochondria mass in situ would be organelle trans-
plantation of intact respiratory competent mitochondria from an
alternative source®, We have termed this methodology ‘mitochondrial
transplantation’.

Mitochondrial transplantation is premised on the experimental
and clinical evidence indicating that mitochondrial dysfunction has
amajor role in the pathology and pathogenesis of many diseases and
disease states, including AKland CKD. We hypothesized that the trans-
plantation of mitochondria to the kidney would augment or replace
the function of mitochondria damaged during ischaemia and would
enhance post-ischaemic functional recovery and cellular viability.

Mitochondrial transplantation involves the isolation and purifi-
cation of mitochondria from a non-affected source, followed by their
delivery to the affected area to replace or augment dysfunctional
mitochondria®. Mitochondrial transplantation is distinct from mito-
chondrial transfer in that transplantation occurs through the mechani-
cal delivery of naked mitochondriaand is not modulated by tunnelling
nanotubes, dendritic structures, adhesion molecules or extracellular
vesicles, and can be performed serially®.. The concept of mitochon-
drial transplantation was first proposed for use in myocardial IRI but
isnow used inmany organs, including the kidney, and for many varied
pathologies” %% (Fig, 2).
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Fig.2|Schematic overview of mitochondriasources, preparation workflows
and routes of delivery in mitochondrial transplantation. a, Tissue sources

for mitochondrial isolation. Mitochondria can be obtained from autologous
tissues (for example, skeletal muscle collected via thoracotomy, laparoscopy,
sternotomy, carotid or femoral arterial access) or through allogeneic donor
tissue. b, Isolation workflows. Top panel: rapid isolation protocol (<30 min) using
homogenization, subtilisin treatment, sequential filtration and centrifugation

to obtain intact mitochondrial pellets®. Bottom panel: conventional differential
centrifugation workflow (-90-120 min), starting with mechanical homogenization

followed by stepwise centrifugation (with an optional Percoll gradient) and final
washing steps to yield purified mitochondrial preparations. ¢, Downstream
applications and delivery strategies. Isolated mitochondria undergo quality
assessment — including transmission electron microscopy, membrane potential
analysis and ATP measurements — before use. Delivery routes include intra-
arterial, direct injection, aerosol administration and intravenous infusion to target
organs such as the heart, kidney, liver, brain, lungs and skeletal muscle, enabling
both localand systemic therapeutic applications.

Mitochondrialisolation methodology

The isolation of mitochondria for mitochondrial transplantation
can be performed using many different procedures®. Differential
centrifugation is the most commonly used methodology and requires
atissue mass of 2-5 g. The tissue can be homogenized by various

methods that require skill and experience for reproducibility, fol-
lowed by low-speed centrifugation to separate crude mitochondria
in solution. The mitochondria are then pelleted by sequential cen-
trifugation and purified through gradient separation. However, the
time required for isolation of mitochondria using these methods is
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90-120 min, which exceeds the acceptable time frame for use in most
surgical procedures.

Mitochondrialisolation by differential filtration was subsequently
developed to meetclinical and surgical requirements. This methodol-
ogy uses only a small amount of tissue (<0.1g) obtained using a #6
biopsy punch. The tissue is suspended in buffer and is homogenized
using a programmed mechanical tissue dissociator (Miltenyi Biotech,
Auburn, CA, USA), which enables consistent homogenization thatis not
relianton operator experience. Following homogenization, mitochon-
dria are isolated from other cellular components and contaminants
by filtration through sieves of decreasing size (from 40 pm to 5 um).
The final filtrate is centrifuged to pellet the mitochondria and any
contaminating lighter particles are removed in the supernatant. The
purified mitochondria pelletis resuspended in buffer and is then ready
for clinical use®*°. This isolation procedure only requires 20-30 min
and is thus acceptable for clinical application®* (Fig. 2).

Tissue source for mitochondrial isolation

High energy demands in the heart and kidney mean that mitochon-
dria are engaged in continuous high-energy synthesis, whereas
other tissues, such as skeletal muscle, are characterized by a graded
energy response. These differences are reflected in organ-specific
mitochondrial proteomic profiles. Proteomic analysis of rat heart,
liver, kidney and brain demonstrated that heart mitochondria have
enhanced fatty-acid oxidation and ATP generation, liver mitochondria
have enhanced urea-cycle specificity, kidney mitochondria are special-
ized in amino-acid reabsorption and brain mitochondria are special-
ized in neurotransmitter metabolism and ROS inactivation®. Despite
these differences, the preservation of cellular function or viability
observed after mitochondrial transplantation did not differ between
groups of animals receiving mitochondria from either autologous
atrial tissue or pectoralis major muscle. We also demonstrated no dif-
ferenceinthe preservation of cellular function or viability when using
total, interfibrillar or sub-sarcolemmamitochondria, suggesting that
organ-specific mitochondrial sub-populations are not required for the
efficacy of mitochondrial transplantation®%”,

We have primarily used autologous skeletal-muscle tissue as the
source of mitochondria for mitochondrial transplantation®*°>%-%,
The use of autologous tissue was based on our premise that, for clin-
ical use, mitochondria should be sourced from the site of surgical
intervention; no patient should be subjected toasecondaryinterven-
tion to obtain tissue for mitochondrial isolation. In our experience,
tissue can be obtained from the pectoralis major muscle following
a mini-thoracotomy or sternotomy, rectus abdominus following a
sternotomy, vastus medialis following a femoral line cut-down, or
sternocleidomastoid muscle following a carotid cut-down. Nonethe-
less, sourcing autologous mitochondria for transplantation from the
acceptor tissue, such as isolating mitochondria from heart tissue for
use in cardiac mitochondrial transplantation or kidney tissue for use
in kidney mitochondrial transplantation, is not required for efficacy
and, inhuman clinical settings, harvesting tissue fromthe heart, lung,
kidney, eye or brain would be neither possible nor ethically justified.

The use of autologous mitochondria might not be appropriate
because of intrinsic mitochondrial dysfunction, which could be patho-
logical or genetic. For example, patients with known mitochondrial
myopathies due to mtDNA mutations would require heterogenous
mitochondria for mitochondrial transplantation. In diabetic rats, we
compared the efficacy of mitochondriaisolated fromdiabeticrat tissue
tothat of mitochondriaisolated from a non-diabetic source and found

that, although early post-ischaemic functional benefits were similarin
bothgroups, long-term function was lower in animals receiving diabetic
mitochondria”. These studies suggest that mitochondriaisolated from
anon-healthy tissue might provide suboptimal therapeutic benefit and
allogeneic mitochondria might therefore be required for some indi-
viduals. Of note, in some patients, the presence of anti-mitochondrial
antibodies (common, for example, in primary biliary cholangitis or sys-
temic lupus erythematosus) would preclude the use of mitochondrial
transplantation'®. Anti-mitochondrial antibodies can recognize both
secreted and surface proteins of mitochondrial origin'".

Encouragingly, for most pathologies, both autologous and alloge-
neic tissue sources have equal efficacy’®'®. In vivo studies in rabbits,
pigs and mice showed the absence of direct, indirect, acute or chronic
alloreactivity, allorecognition, autoimmune response or reactions to
damage-associated molecular patterns (DAMPs) following single or
serialinjections of either syngeneic or allogeneic mitochondria®®***%,
Cultured cellsand allogeneic or even xenogeneic tissue can all be used
assource material for mitochondrialisolation, broadening the choices
presented to investigators and clinicians'” ', Tested cell lines include
HeLa™, L6 (skeletal)™ and PC12 (refs.103,116). Megakaryocytes from
bone marrow and mesenchymal stem cells have also been proposed
as a source of mitochondria but require cellular expansion prior to
mitochondria isolation'®", Blood platelets, as well as blood prod-
ucts such as platelet concentrates stored by blood banks, have also
been put forward as abundant and accessible alternative sources of
mitochondria™®,

Two research groups independently demonstrated that xeno-
geneic mitochondria transplantation improved function of the lung
duringex vivo perfusion'®"’, Mitochondria isolated from mouse liver
transplanted into ex-vivo perfused pig lungs and pig mitochondria
transplanted into ex vivo perfused human lungs, provided equivalent
protection from lung IRl to autologous mitochondria'®""’, The use of
mitochondria isolated from a xenogeneic source for use in humans
is advantageous because the tissue is readily available. Early experi-
ments in animals demonstrated short-term efficacy in enhancing
function and rescuing cell viability, but long-term effects have not
beeninvestigated'®'. Of note, species differences in the sequence of
mtDNA genesinvolved in oxidative phosphorylation could destabilize
therespirasome, although any effects might be limited as most of the
proteinsrequired for the formation of the respirasome are encoded by
nuclear genes (Box 1). Current data are insufficientand more research
is needed to determine whether xenogeneic tissue sources might be
viable for mitochondrial transplantation in humans. Readily available
autologous tissue or human allogeneic cultured tissue are currently the
preferred source of tissue for human mitochondrial transplantation.

Whether the age of the donor organism influences the effi-
cacy of mitochondrial transplantation remains to be established.
Younger mitochondria with lower levels of mtDNA damage might
be expected to provide more robust clinical benefits, but aged mito-
chondria were efficacious in muscle studies. Aged mice treated with
autologous aged mitochondria achieved a higher maximal treadmill
speed (-45%) relative to the placebo group, and this advantage was
maintained for 6 weeks®. Basal cytochrome c oxidase activity and
ATP levels in the quadricep femoris muscles of mice receiving mito-
chondrial transplantation were ~65% and ~51% greater, respectively,
than those measured in the placebo group®. Although comparative
studies are lacking, placental mitochondria have been suggested to be
aviable source of mitochondria for reducing infarction after cerebral
ischaemia-reperfusion'®.
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Box 1| Mitochondrial genes and proteins

Mitochondria, which are found in every cell of the human body
except for mature red blood cells, are thought to have arisen from
the endosymbiosis of an a-proteobacterial ancestor with aerobic
respiration that was engulfed by an anaerobic archaea cell to form
the current mammalian eukaryotic cell'**. Mitochondria have two cell
membranes — an inner cell membrane and an outer cell membrane —
an intermembrane space and a matrix space. The inner membrane
space is invaginated to form cristae that contain the high-energy
synthesis molecules of the electron transport chain, whereas the
matrix contains the TCA cycle components and mitochondrial DNA
(mtDNA).

The human mitochondrion contains its own circular DNA,
comprising 16,569 bp and lacking histones, that encodes 37 genes
on two strands; the heavy strand contains more guanine and thymine
and thus sediments more rapidly on denaturation than the light
strand, which is richer in adenine and cytosine. The mtDNA genome
generates polycistronic transcripts, including 2 rRNAs, 22 tRNAs and
13 mRNAs that translate into the 13 hydrophobic proteins essential
for oxidative phosphorylation. The mtDNA heavy strand comprises
28 mtDNA genes encoding 12 of the 13 proteins required for oxidative
phosphorylation along with the 2 rRNAs and 14 of the 22 tRNAs.

The light strand includes 9 mtDNA genes that code the 8 remaining
tRNAs and the mitochondrial electron transport chain sub-protein

of complex I, NADH dehydrogenase (ND6)'““. mtDNA transcription
occurs independently of nuclear transcription and is regulated by a
single-subunit, mitochondrial RNA polymerase that interacts directly
with promoter elements, and requires mitochondrial transcription
factor A (TFAM) and mitochondrial transcription factor B2 (TFB2M) to
initiate transcription'®. mtDNA can exist within each mitochondrion

Giventhat mitochondrial respiratory function varies across differ-
enttissues'”, the type of tissue used to source the mitochondria could
influence transplantation outcomes. A 2025 study tested different
tissue sources for mitochondrial transplantation in septic mice'**:
soleus muscle (slow twitch, oxidative, type I fibre), biceps brachii or
gastrocnemius (fast twitch, glycolytic, typell), and pectoralis major or
rectus abdominis (mixed fibre content) muscle. Despite similarities in
complexIland complexIV activity,and in ATP productionin the mito-
chondriaisolated fromall muscle sources, only those from the soleus
muscle, biceps brachii or gastrocnemius alleviated LPS-induced cell
deathandrestored mitochondrial membrane potential. These findings
suggest that, for LPS-induced sepsis, the choice of muscle-fibre type
mightinfluence therapeutic efficacy.

Once the tissue source of mitochondria has been chosen, the
most important requirement is that the isolated mitochondria must
be intact and have respiratory competence. Transplantation of dead
mitochondria, of mitochondrial DNA, RNA, complexes or proteins, or
of ATP has no clinical effect®*?%. One study demonstrated clearly that
graded disruption of the mitochondrial outer membrane with digitonin
abolished mitochondrial uptake into cells'>. We recommend that
isolated mitochondria be usedimmediately to ensure clinical efficacy.
Alternatively, our studies suggest that isolated mitochondria remain
viable and intact in isolation buffer for 120 min after isolation, when
keptat 4°C. Preservation beyond 120 min reduced the mitochondrial
oxygen-consumption rate’®'** (Fig. 2).

as a single copy or multiple copies in the hundreds and thousands,
enabling modulation of mitochondrial gene expression based on the
fraction of mtDNA molecules recruited for transcription.

The electron transport chain consists of five multi-subunit
complexes containing 76 proteins embedded in the inner
mitochondrial membrane. The 13 mtDNA-encoded mitochondrial
proteins are incorporated into the mitochondrial electron transport
chain. Seven of these proteins (ND1, ND2, ND3, ND4, ND5 and ND6)
are combined with 37 nuclear-encoded proteins to form complex I.
One mtDNA-encoded protein (cytochrome b) combines with
10 nuclear-encoded proteins to form complex Ill, whereas 3 mtDNA-
encoded proteins (cytochrome oxidases |, [l and Ill) combine with 11
nuclear-encoded proteins to form complex IV. Two mtDNA-encoded
proteins (ATPase 6 and 8) combine with 17 nuclear-encoded
sub-proteins to form complex V. Complex Il, coenzyme Q10 and
cytochrome c are all encoded in nuclear DNA.

Complexes |, lll and IV comprise the respirasome of the electron
transport chain located on the mitochondrial inner membrane.
Whether complex Il associates directly with the respirasome
remains to be determined. One study'*® suggested that complex Il
binds weakly to complexes |, lll and IV to form a mega complex, but
another reported that complex Il is not part of the respirasome
although it might have a regulatory role in respirasome formation.

The respirasome interacts with the matrix-embedded TCA
cycle to generate an electrochemical proton gradient across the
mitochondrial inner membrane, enabling ATP generation through
complex V (ATP synthetase)'“®. ATP is then transported from the
matrix to the intermembrane by the adenine nucleotide translocase
(ANT) located in the mitochondrial inner membrane'**° (Fig. 1).

Of note, despite earlier claims that exogenous mitochondria could
not withstand extracellular calcium levels'>, multiple studies demon-
strated thatisolated mitochondria preserve respiratory competence,
maintain oxygen consumption and successfully integrate into recipi-
ent cellsinmediaand serum containing normo- and extra-physiological
calcium concentrations (1.8-2.6 mM) for at least 60 min!**2>126712,

Delivery of mitochondria

Isolated mitochondria canbe delivered through avariety of methods,
including direct injection into the affected organ, intra-arterial deliv-
ery, aerosol delivery and systemic delivery®>°*?$108129-531 Dpelijvery of
mitochondriato the kidney by direct injectionis not feasible and could
induceinjury. As an alternative, we and others have used renal-artery
injection for mitochondria delivery in the swine kidney”"%*'*,
This approach was also used for mitochondria delivery in a rat model
of AKI*®, whereas another group used jugular veininjectioninamurine
model of AKI¥. Following renal-artery delivery, the mitochondriaremain
in the kidney. Uptake and biodistribution studies using whole-body
PET and CT of ®F-rhodamine-6G-labelled mitochondria showed that
the injected mitochondria had a widespread biospecific distribu-
tion throughout the tubular epithelium of the cortex and medulla.
The transplanted mitochondria were not detectableinany other organ
orregionofthe body™. Similar findings were observed with jugular-vein
delivery (intravenous administration)®”: considerable amounts of
exogenous mitochondria were retained in injured kidneys (Fig. 2).
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Of note, although intravenous administration benefits from ease of
application, delivery is non-targeted and assessment of end-organ
dosage is complicated by off-target distribution*%2%1,

Dosage
The dosage of mitochondria differs from study to study, mainly based
ondifferencesinabsolute estimation. Some studies use mitochondrial
protein content for dosage estimation’"*” and we found that using a
device that can evaluate particle size and number (for example, the
Multisizer 4e Coulter Counter) enables an automated estimation that is
notobserver dependent. Inadult swine experiments, the animals were
subjected to 60-min bi-renalischaemia achieved through the simultane-
ous introduction of 6-F balloon catheters into the left and right renal
arteries (confirmation ofischaemia was obtained by fluorography and
fattening of the pulse waveform on the tips of the balloon catheters
was also used to confirm occlusion). The animals were treated with a
singleinjection of 1 x 10° mitochondria or three serial injections (total
delivery of 3 x 10° mitochondria). Of note, despite the 3-fold increase
inmitochondriadelivered to the ischaemic kidney, theindices of pre-
served kidney function (specifically, eGFR based on plasma creatinine
and body weight, serum creatinine, sodium, potassium, calcium, phos-
phate, glucose and total protein levels) and there was no significant
differencein the decrease in markers of systemicinflammation between
single (1 x 10%) and serial (3 x 10°) mitochondria delivery.

The mitochondria for our kidney studies were isolated from
the sternocleidomastoid muscle®. In the swine heart, we observed a
graded response dependent on mitochondrial concentration, which
ranged from10°to 10™. The optimal dose was 10° mitochondria; lower
mitochondria doses had reduced efficacy and increasing the dosage
to 10" did not improve efficacy®®. In the rat model of AKI®*®, an esti-
mated 3 x 10* mitochondria isolated from pectoralis major muscle
(400 plofasolution containing 7.5 x 10° mitochondria/ml, quantified

a b

Transplanted
mitochondria

Extracellular space

Fig.3|Intra-arterial delivery of exogenous mitochondria and cellular uptake
mechanisms. a, Intra-arterial mitochondrial delivery to the kidney. Transplanted
mitochondria are infused directly into the renal artery, enabling distribution
throughout the tubular epithelium of the kidney cortex and medulla. b, Cellular
internalization and integration of transplanted mitochondria. Exogenous
mitochondria enter recipient cells through actin-dependent endocytosis.

<) Actin-dependent
- endocytosis

by haemocytometer) were injected into the rat renal artery. Finally,
in the mouse model of AKI*” 100 pg of mitochondria (estimated by
protein quantification) isolated from soleus muscle were injected
into the jugular vein.

Mitochondrial uptake

Exogenous mitochondria internalization is rapidly evident following
delivery. Different studies demonstrated that exogenous mitochondria
areinternalized into cellsin atime-dependent manner, with evidence
ofinternalization after 2.5-min coincubation, increasing after 4-h and
24-h coincubation™'**, The uptake of transplanted exogenous mito-
chondriaseemstooccur through actin-dependent endocytosis (Fig. 3)
as the internalization of exogenous mitochondria could be specifi-
cally suppressed through cytochalasin D-induced inhibition of actin
polymerization™*. Cytochalasin D not only reduced mitochondrial
uptake butalso decreased ATP content compared with untreated con-
trols. The same report demonstrated that the uptake of transplanted
mitochondriawas unaffected by pharmacological blockade of macro-
pinocytosis, caveolae- or clathrin-mediated endocytosis, or tunnelling
nanotube formation.

Another study'* used three-dimensional super-resolution micros-
copy and transmission electron microscopy in human induced pluri-
potent stem cell (iPSC)-derived cardiomyocytes and primary human
cardiac fibroblasts to demonstrate that extracellular mitochondria
are endocytosed within minutes of exposure. In these experiments,
human cardiac fibroblast mitochondriaand humaniPSC-derived car-
diomyocyte mitochondria were stably infected with baculoviruses
carrying fluorescent protein genes to construct a fusion protein. Spe-
cifically, the protein was linked to the leader sequence of a-pyruvate
dehydrogenase', which is a subunit of the pyruvate dehydrogenase
complex located in the mitochondrial matrix. The exogenous mito-
chondria were encapsulated by early and late endosome vesicles,
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The exogenous mitochondria are encapsulated by early and late endosome
vesicles. A portion of the encapsulated mitochondriais associated with
lysosomes. The encapsulated mitochondria then escape from the endosomes
and lysosomes and subsequently fuse with the host mitochondrial network,
integrating into the endogenous reticulum and contributing to cellular
bioenergetics and recovery. ER, endoplasmic reticulum.
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with a portion of the encapsulated mitochondria being associated
with lysosomes. The encapsulated mitochondria then escaped from
endosomes and lysosomes and subsequently fused with the host mito-
chondrial network, integrating into the endogenous reticulum. Only a
small fraction of the internalized mitochondria appeared to undergo
degradation within lysosomal compartments, indicating selective
degradation of a subset of these organelles™ (Fig. 3).

Most transplanted mitochondria escaped endosomal process-
ing and fused with the endogenous mitochondria in the host cell
network. The transplanted mitochondria expressed mitochondrial
fusion-related proteins mitofusin-1 (MFN1), mitofusin-2 (MFN2) and
optic atrophy protein 1 (OPA1)"*>. MFN1 and MFN2 were observed at
sites of contact between exogenous and endogenous mitochondria,
as well as at other intracellular locations. Only small amounts of the
fission protein dynamin-related protein 1 (DRP1) were detected and
no DRP1 phosphorylation was observedin transplanted mitochondria,
suggesting that fission was not initiated.

Internalized mitochondriaincrease ATP content and ATP synthe-
sis, and preserve transcriptomic and proteomic pathways, enabling
preservation of cellular function and viability'*. These findings suggest
that mitochondrial transplantation can rescue impaired mitochondrial
dynamics by re-establishing quality control pathways and restoring fea-
tures of healthy mitochondrial homeostasis, similar to those observed
in healthy control cells

At present, the role of mitophagy in the protection provided
by mitochondrial transplantation remains speculative, and further
research is warranted. A 2025 study™* demonstrated that mitochon-
drial transplantation enhances recipient cell function by promot-
ing PARKIN-mediated mitophagy to clear damaged mitochondria
in endothelial cells. However, another 2025 report™* showed that
mitochondrial transplantation improved mitochondrial function
and reduced mitophagy in a murine model of cerebellar neurode-
generation. An earlier study™ had also reported that transplanted
mitochondria were not decorated with the mitophagy-associated
protein PARKIN and that co-localization with autophagosome markers
was undetectable.

The durability of transplanted mitochondria has been examined
across multiple studies with varying timepoints, determined by experi-
mental limitations and animal housing requirements. Early work dem-
onstrated that exogenous mitochondria could persistinrecipient cells
for extended periods, ranging from 6 to 10 weeks after microinjection
into mitochondrial DNA-depleted cells'”. Our studies demonstrated
that the functional benefits of mitochondrial transplantation, includ-
ingenhanced ATP production and increased oxygen consumption, are
evident for at least 4 weeks after transplantation*. These in vitro stud-
iesare supported by insitu, blood-perfused studies showing that trans-
planted mitochondria are evident within and between cardiac cells
at 2 h, 3 days and 28 days after transplantation and are functional,
as determined by increased total tissue ATP content™?’. Other stud-
ies observed GFP-labelled mitochondria in Purkinje cells for up to
4 weeks' and demonstrated that the signal from transplanted
mitochondria remains detectable in recipient neurons for up to
12 weeks post-transplantation'®>, By contrast, one study reported that

internalized mitochondria disappeared within 1week in vitro2

Mitochondrial transplantation in the kidney

Current experimental studies demonstrated that mitochondrial trans-
plantation enhances kidney function and kidney-cell viability following
AKI7848687132 1n 3 swine model of kidney IRI (60 min of kidney ischaemia

and 24 h of reperfusion using a bilateral renal-artery occlusion)®,
ischaemia induced widespread kidney necrosis and haemorrhage,
with extensive coagulative necrosis of primarily proximal tubules and
substantialinjuryin the kidney cortex. Kidney mitochondriawere dys-
morphicand swollen, with evidentloss or distortion of cristae and other
alterations apparent in the mitochondrial matrix. By contrast, in the
same IRImodel, swine kidneys treated with mitochondrial transplanta-
tion had anormal gross appearance and maintained mitochondriawith
normal morphology and oriented along the basolateral infoldings of
anintact proximal tubular cell.

In an in vitro model, mitochondrial transplantation and subse-
quentuptake led toasignificant decrease in IRI-induced mitochondrial
membrane potential alterations and reduced ROS levels compared
with vehicle-treated IRI cells”. Concurrent with these changes, the
activity of TCA-cycle-related enzymes (citrate synthase, succinate
dehydrogenase and malate dehydrogenase) and of enzymesinvolved
in oxidative phosphorylation increased significantly, as well as the
intracellular ATP concentration in mitochondria-treated cells. In the
same study, mitochondrial transplantation significantly decreased
apoptosis, lipid peroxidation and reactive lipid generationin aswine
model of kidney warm (37 °C for 30 min) ischaemia followed by 24 h
of reperfusion using amachine-perfused organ model to mimic con-
ditions of DCD. Kidneys treated with mitochondrial transplantation
had less pronounced tubular damage and better viability overall.
In a rat model of kidney ischaemia in vivo®® (45 min of unilateral
ischaemia-reperfusion with simultaneous contralateral nephrectomy
followed by up to1week of reperfusion in situ), mitochondrial trans-
plantation reduced kidney-cell death and enhanced kidney function
during reperfusion.

Mechanisms of mitochondrial

transplantation-induced protection

Mitochondrial transplantation confers protection through many
mechanisms. Inall studies of kidney ischaemia and reperfusion, mito-
chondrialtransplantation preserved mitochondrial morphology and
function”8+8¢87132_preserving mitochondrial morphology facilitates
mitochondrial responses to stress by enabling the mitochondria to
adapt more readily, independent of the quality control mechanisms
that would need to be activated to increase mitochondrial mass.
These findings agree with studies in other organs such as the heart,
lung and skeletal muscle®>**1°¢3¢ Mitochondrial energy production
pathways are also conserved, demonstrated by preserved TCA cycle
enzymeactivity and electron transport chain (ETC) activity associated
with preserved ATP production in ischaemia-reperfusion kidneys
protected by mitochondrial transplantation. These findings contrast
with the significant decreasein TCA and ETC enzymatic activities, and
decreased ATP levels observed in unprotected kidneys subjected to
ischaemia-reperfusion.

Mitochondrial transplantation also reduces ROS and ROS
products”, whichisimportantforcellularsurvivalasincreasesinROSacti-
vate apoptoticand ferroptosis pathways' *°. The ETC at complexes |, II
andIllisamajorsource of ROS, which at high levels activate lipid peroxi-
dase, leading to celland organelle (mitochondrial) rupture, activating
apoptosis through the release of cellular products (cytochrome c,
cell-free mtDNA). The activation of ferroptosis, an iron-dependent
formof cell death driven by lipid peroxidation, isinvolved in theinitia-
tion and prolongation of AKI'*', A hallmark of ferroptosis is changes in
mitochondrial morphology and mitochondrial rupture. Evidence to
date hasrepeatedly demonstrated that mitochondrial transplantation
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preserves mitochondrial structure and functioninmodels of kidney IRI
and decreases kidney apoptosis’-**%¢5”132 Although direct experimen-
tal evidence is limited, the observed reduction in ROS lipid-reactive
speciesand lipid peroxidation following mitochondrial transplantation
suggests that this therapy might also attenuate ferroptotic signalling.
The combined effects of mitochondrial transplantationin significantly
preserving mitochondrial function and decreasing apoptosis and
ferroptosis would enhance cellular viability.

Mitochondrial transplantation also up-regulates transcriptomic
and proteomic pathways for regulation of multicellular organismal pro-
cesses, such asapoptosis, mitochondrial function (including cellular res-
pirationand energy production) and cell signalling, as well as responses
to organic substances and oxygen-containing compounds’°**, In a
model ofkidney ischaemia-reperfusion, mitochondrial transplantation
modulated the transcription of genes involved in pathways associated
with mitochondrial biogenesis and energy metabolism, which was con-
sistent with histological findings showing preserved mitochondriaand
kidney morphology”. Overall, these data demonstrate that mitochon-
drial transplantation promotes cell and cellular organelle protection,
and upregulates protective mechanisms to preserve organ function.
The upregulation of these pathways is evident early and seems to last
for atleast1week inthe kidney (Fig. 4).

Conclusions

Mitochondrial transplantation provides a novel methodology for kid-
ney protection from IRIand other pathologies. Notably, mitochondrial
transplantation using autologous tissue has already been shown to be

clinically relevant and efficacious in paediatric patients with cardiac IRI’%.
Atpresent, although sufficient evidence exists for proof of concept and
therapeutic efficacy, further protocol optimization and standardization
arerequired and astandard tissue source for theisolation of mitochon-
driaisneeded. The tissue source should enable ease of access, as well as
facilitating the establishment of quality-assurance and quality-control
parameters. The tissue source should also enable the performance of
mitochondrial transplantation, either at the site of the initial surgery or
ataremotesite, to allow immediate intervention or intervention atasec-
ondarylocation (forexample, inkidney transplantation). Theisolation
of mitochondriamust also be standardized. Many isolation procedures
havebeen proposed, with different isolation solutions and time require-
ments, as well as varying approaches to post-isolation mitochondrial
preservation. Dosage amounts for use in the kidney, as well as dosage
estimate protocols (for example, protein estimation versus particle
counting) must be equally standardized. The variability inapproaches
to delivery of mitochondria should also be addressed. We found that
intra-renal delivery leads to specific uptake in the kidney without bio-
distribution to other organs. Systemic delivery has been proposed as
an alternative approach that offers great advantages (ease of delivery
and immediate intervention with established techniques), but specific
biodistribution to the kidney has not been shown, which complicates
optimization of the therapeutic mitochondrial dosage.

Using allogeneic mitochondria isolated from cell culture would
enablegood manufacturing practice (GMP) standardization of the mito-
chondriasource and confirmation of mtDNA integrity and haplotype.
Xenogeneic mitochondria would also be a rapid and standardizable
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source of mitochondria, but the long-term validity of this approach
remains to be determined and might be limited by heteroplasmy.
Nonetheless, the development of systemic delivery methodologies
and the establishment of an ‘off-the-shelf’ mitochondria product
would ease usage and stimulate further development of mitochondrial
transplantation therapies.

Finally, the mechanisms underlying the therapeutic benefits of
mitochondrial transplantation are not limited to the restoration of
energy synthesis. In our earliest studies, we showed that functional
changes affecting cellular function and viability were involved, with
rapid changes in the proteome. These findings, replicated by others
and expanded upon, suggest amitochondria-nucleus interaction that
enables the preservation of cellular function and viability, with the
mitochondriaas the predicted source of transcriptomic and proteomic
modulation' Further analysis of these and other potential therapeutic
mechanisms is needed.

Published online: 14 April 2026
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