Please cite this article in press as: Grimm et al., Mitochondria and brain aging: From cell-specific dysfunction to intercellular cooperation, Neuron
(2026), https://doi.org/10.1016/j.neuron.2026.04.048

Neuron ¢? CellPress

OPEN ACCESS

Mitochondria and brain aging:
From cell-specific dysfunction
to intercellular cooperation

Amandine Grimm,-2* Undine Lang,® and Anne Eckert**

1Cell Biology & Energy Metabolism, University Psychiatric Clinics (UPK), Basel, Switzerland

2Research Cluster Molecular and Cognitive Neurosciences, Department of Biomedicine, University of Basel, Basel, Switzerland
3University Psychiatric Clinics (UPK), University of Basel, Basel, Switzerland

“Neurobiology Lab for Brain Aging and Mental Health, University Psychiatric Clinics (UPK), Basel, Switzerland
*Correspondence: amandine.grimm@unibas.ch (A.G.), anne.eckert@unibas.ch (A.E.)
https://doi.org/10.1016/j.neuron.2026.04.048

SUMMARY

Mitochondria are essential for brain energy metabolism and are increasingly recognized as key contributors
to brain aging. Although neurons are exceptionally vulnerable to age-related mitochondrial decline, emerging
evidence reveals that glial and vascular cells also exhibit distinct mitochondrial impairments. This review syn-
thesizes recent advances in our understanding of mitochondrial dysfunction across specific brain regions
and diverse cell types, highlighting subcellular compartmentalization and metabolic rewiring. We further
explore intercellular mitochondrial transfer as a novel form of metabolic cooperation, as well as the therapeu-
tic potential of mitochondrial transplantation. Finally, we highlight recent clinical trials evaluating mitochon-
dria-targeted interventions aimed at preserving brain function in older adults. Together, these findings repo-
sition mitochondria as both integrators and amplifiers of brain aging processes across diverse cell
populations. By broadening the focus beyond neurons and emphasizing translational efforts, we offer a
comprehensive framework for understanding and therapeutically targeting mitochondrial dysfunction in
age-related cognitive decline and neurodegeneration.

INTRODUCTION

More than 40 years ago, Denham Harman (1981) defined aging
as the progressive accumulation of damage that increases sus-
ceptibility to disease, driven primarily by continuous free-radical
reactions.” His “free radical theory of aging,” later expanded to
include mitochondrial production of reactive oxygen species
(ROS), established mitochondrial dysfunction as a central mech-
anism of age-related decline. Complementing this biochemical
view, Leonard Hayflick (1998) framed aging through an evolu-
tionary lens, stating that there is no evolutionary pressure to
maintain physiological systems indefinitely because the force
of natural selection diminishes after reproductive age.” Conse-
quently, aging does not appear to be a programmed process
but rather an inevitable byproduct of molecular disorder that ac-
cumulates as energy-dependent repair mechanisms lose effi-
ciency. Together, these theories established the foundation of
modern biogerontology, positioning impaired energy meta-
bolism and oxidative stress as fundamental drivers of aging.
Remarkably, the human brain, despite accounting for only
about 2% of total body weight, consumes roughly 20%-25%
of the body’s energy at rest.>* This high metabolic demand re-
flects the substantial energy required for neuronal signaling,
ion gradient maintenance, and synaptic transmission, all of
which depend almost entirely on mitochondrial oxidative phos-
phorylation (OxPhos) to generate adenosine triphosphate

(ATP), the universal energy source.® Neurons are especially en-
ergy dependent due to their polarized structure, which necessi-
tates efficient ATP delivery to distal axons and synapses.

Brain energy metabolism relies on the coordinated function of
the diverse cell types that compose the brain (neurons, astro-
cytes, oligodendrocytes, microglia, and endothelial cells), whose
metabolic interactions sustain neural network a(:tivi’(y.4 Neurons
depend almost entirely on mitochondrial OxPhos for ATP gener-
ation, making them particularly vulnerable to mitochondrial
dysfunction. In contrast, astrocytes rely predominantly on
glycolysis and supply lactate to neurons via the astrocyte-
neuron lactate shuttle.® Oligodendrocytes provide metabolic
support to myelinated axons, whereas microglia and endothelial
cells dynamically shift their metabolism between glycolysis and
OxPhos in response to inflammatory or stress-related condi-
tions.>* This tightly orchestrated metabolic cooperation among
brain cells is essential for maintaining neuronal activity and
cognitive function. Within this network, mitochondria act as the
central metabolic hub, integrating energy production, calcium
buffering, and redox signaling to sustain brain homeostasis.

Due to its high energy demands and limited energy reserves,
the brain is acutely vulnerable to mitochondrial dysfunction. Ag-
ing drives a progressive hypometabolic state in the brain,
marked by reduced glucose uptake, lower enzyme activity,
and decreased ATP production.® This bioenergetic decline dis-
rupts cellular homeostasis and may drive age-related cognitive
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Figure 1. Hallmarks of mitochondrial aging

Schematic summary of the primary mitochondrial alterations detailed in the text. Aging is characterized by a specific decline in ETC complexes | and IV and
respiratory capacity, leading to bioenergetic failure. This is paralleled by the accumulation of oxidative damage, including clonal mtDNA deletions and protein
carbonylation. Quality control is compromised by a shift toward fragmentation, stalled mitophagy flux, and impaired biogenesis. Ultimately, mtDNA leakage may
trigger cGAS-STING-dependent sterile inflammation. The primary literature used to generate this figure is detailed and cited in the section “overview of age-
related mitochondrial alterations.” I, Il, lll, IV, mitochondrial complexes I-1V; cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; cyt C,
cytochrome c; ETC, electron transport chain; mtDNA, mitochondrial DNA; OPA1, optic atrophy 1; PGC1a, peroxisome proliferator-activated receptor-1a co-

activator 1a; ROS, reactive oxygen species. Created with BioRender.com.

impairment, acting as an early, defining feature of neurodegener-
ative diseases (e.g., Alzheimer’s, Parkinson’s, and Huntington’s),
in which mitochondrial failure is both a cause and consequence
of pathology.®’

This review presents a current synthesis of mitochondrial ag-
ing, outlining the key mechanisms and how they manifest differ-
ently across brain regions and cell types, including neurons, glia,
and the blood-brain barrier (BBB). We examine intercellular mito-
chondrial transfer (IMT) and mitochondrial transplantation (MT)
as emerging modes of metabolic communication and therapy
and conclude with an overview of clinical trials targeting mito-
chondrial health in older adults.

OVERVIEW OF AGE-RELATED MITOCHONDRIAL
ALTERATIONS

Mitochondria undergo profound structural, functional, and mo-
lecular remodeling with age, resulting in reduced bioenergetic
capacity and increased cellular stress. Figure 1 synthesizes find-
ings from diverse model systems and organs, including skeletal
muscle, liver, and brain tissue.

In normal aging, key molecular alterations include a decline in
electron transport chain (ETC) complexes | and IV and respira-
tory capacity.’® This enzymatic deficit is associated with
reduced mitochondrial membrane potential (MMP) and ATP
output, as well as increased ROS generation, coinciding with
the accumulation of oxidized proteins and clonal mitochondrial
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DNA (mtDNA) deletions.”'~'® Damage accumulation is exacer-
bated by impairments in quality-control mechanisms. Indeed,
aging shifts mitochondrial dynamics toward fragmentation, a
phenotype associated with the loss of fusion-fission regulators,
such as optic atrophy 1 (OPA1),'* and increased fission activ-
ity.'® Regarding clearance, although some studies report stalled
mitophagy flux contributing to organelle retention,’® recent
in vivo reporter analyses suggest that basal mitophagy rates
may be preserved or even increased in aged tissues, yet they
remain insufficient to counteract the overwhelming accumula-
tion of damage.'”"'® Simultaneously, defects in the AMP-acti-
vated protein kinase-peroxisome proliferator-activated receptor
gamma coactivator 1a (AMPK-PGC-1a) axis have been shown to
compromise biogenesis in aging tissues (e.g., skeletal muscle),
limiting the regenerative capacity of the network.'®° Ultimately,
the leakage of mitochondrial components from these damaged
organelles may trigger sterile inflammation via the cyclic guano-
sine monophosphate (GMP)-AMP synthase-stimulator of inter-
feron genes (cGAS-STING) pathway,'”?" linking mitochondrial
instability to inflammation and degeneration. Of note, although
these general mechanisms provide a necessary baseline, the
specific manifestation of these defects in the brain is highly com-
partmentalized and will be discussed in detail in the subsequent
section “age-related mitochondrial dysfunction in brain cells:
from neurons and beyond.”

Beyond energy failure, mitochondrial dysfunction is also
recognized as a key driver of biological aging. The recently
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Box 1. Healthy vs. pathological aging

Lopez-Otin et al. outline the following twelve hallmarks of aging: genomic instability, telomere attrition, epigenetic changes, loss of
proteostasis, impaired macroautophagy, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, altered intercellular communication, chronic inflammation, and dysbiosis.?” They state that healthy aging reflects a
dynamic balance among the molecular hallmarks of aging, thereby maintaining physiological resilience. In contrast,
pathological aging occurs when these adaptive mechanisms fail, leading to cumulative molecular damage, chronic
inflammation, and tissue dysfunction. Thus, the distinction between healthy and pathological aging appears not to lie in distinct
mechanisms but instead in the degree, timing, and systemic integration of hallmark perturbations.

Using machine learning models applied to magnetic resonance imaging (MRI) data, Cole et al. demonstrated that individuals
whose “brain-predicted age” was older than their chronological age had a higher risk of cognitive decline, frailty, and
increased mortality.”* As people age, their risk of cognitive decline and brain disease increases, but the trajectory of brain
aging can vary significantly between individuals. Factors such as genetics, early-life environment, or life events such as trauma
or infection can lead to faster, slower, or abruptly altered aging paths, as shown in the below image. This model also applies to
biological aging in general. The authors emphasize that no single biomarker captures the complexity of aging; instead,
integrative approaches combining neuroimaging, epigenetic clocks, and physiological measures are necessary to distinguish
between healthy and pathological trajectories of brain aging and to guide early interventions.
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Brain aging trajectories. The picture illustrates how people age differently in terms of brain health, with some reaching disease thresholds
faster due to genetic or external factors. Adapted from Cole et al.?* and created with BioRender.com.

REGIONAL VULNERABILITY IN THE AGING BRAIN: A
BIOENERGETIC PERSPECTIVE

revised framework of the twelve hallmarks of aging® high-
lights that mitochondria contribute to every hallmark,
directly or indirectly. As discussed by Volkmar Weissig

(2025), age-related mitochondrial alterations can influence all
the other hallmarks of aging, namely genomic instability,
telomere attrition, loss of proteostasis, nutrient-sensing
deregulation, cellular senescence, stem cell exhaustion, and
chronic inflammation.?® Indeed, all these processes are en-
ergy dependent and depend either directly or indirectly on
mitochondrial function and ATP production. In this sense,
mitochondria act as the “mother” of all hallmarks of aging,
underscoring the central role of mitochondrial health in
longevity and cellular homeostasis. It is essential to note
that, although aging inevitably alters mitochondrial function,
it does not necessarily lead to cell death (Box 1). Understand-
ing how age-related mitochondrial dysfunction occurs within
specific brain regions and cell types will be key to disentan-
gling healthy brain aging from pathological neurodegen-
eration.

The brain is a highly heterogeneous tissue, in both its cellular
composition and regional organization. Consequently, it is not
surprising to observe region-specific vulnerability to aging, in
which certain neuronal populations and circuits deteriorate
earlier and more severely than others.

Mosharov et al. recently demonstrated that human cortical
mitochondria are optimized for high respiratory output.?®
Although this supports complex connectivity, it forces these or-
ganelles near their thermodynamic limit, potentially rendering
them more susceptible to age-related impairments. Although
mitochondrial dysfunction is a hallmark of brain aging, relevant
human studies demonstrate that this decline is not uniform.
This section focuses on human in vivo and postmortem studies
demonstrating that the age-related decline in mitochondrial
function is not uniform across brain regions. Rather than a global
bioenergetic failure, physiological brain aging in humans
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manifests as a mosaic of selective vulnerabilities, summarized in
Table 1.

The substantia nigra pars compacta (SNpc) represents the
most acute example of intrinsic mitochondrial vulnerability.
Indeed, dopaminergic neurons in the SNpc are intrinsically vulner-
able to oxidative stress due to dopamine metabolism, which gen-
erates ROS through both auto-oxidation and enzymatic degrada-
tion by monoamine oxidase (MAO).%* These findings suggest an
intrinsic redox vulnerability of the nigral region, likely contributing
to its selective susceptibility to age-related mitochondrial
dysfunction and neurodegeneration. Thus, dopaminergic neu-
rons in the SNpc face a unique basal oxidative burden, creating
an oxidative stress gradient where the SNpc exhibits ~2-fold
higher damage than the cortex or basal ganglia.'? These oxidative
damages are associated with mtDNA deletions. Indeed, single-
neuron PCR analysis has shown that SNpc neurons in aged hu-
mans accumulate a massive load of clonal mtDNA deletions
(>43% heteroplasmy), which correlates directly with respiratory
chain deficiency (cytochrome c oxidase [COX]-negative status).'"
In line with this, age-related declines in mitochondrial complex |
activity, glutathione (GSH) depletion, and increased protein oxida-
tion were reported in the substantia nigra.?® In striking contrast,
the caudate nucleus and putamen remain remarkably resilient.
These regions accumulate significantly fewer mtDNA deletions
(<3%)'" and show no significant age-dependent decline in mito-
chondrial complex | activity or antioxidant defenses (superoxide
dismutase [SOD], GSH).?® More recently, proteomic analysis of
the aging human SNpc reveals that while cytosolic mitochondrial
proteins decrease, they paradoxically accumulate within neuro-
melanin granules (NMGs).?” This subcellular distribution suggests
that damaged mitochondria are not successfully recycled via mi-
tophagy but are instead sequestered into NMGs, potentially ob-
structing lysosomal degradation. Together, these findings under-
score that nigral vulnerability is characterized by a region-specific
failure of organelle quality control, absent in the target fields of the
same circuit.

In the cortex, vulnerability appears to correlate with phyloge-
netic development and metabolic flexibility. Neotenous regions,
specifically the frontal and parietal cortices, are defined as brain
areas that evolutionarily retain prolonged periods of develop-
mental processes, such as synaptic plasticity and myelination,
into adulthood.?® They are metabolically characterized by high
levels of aerobic glycolysis (AG), where glucose is diverted to-
ward the pentose phosphate pathway to generate NADPH
(essential for recharging antioxidant defenses). Human positron
emission tomography (PET) and magnetic resonance imaging
(MRI) reveal that the capacity for AG declines preferentially in
the prefrontal cortex and precuneus, while oxidative rates remain
relatively stable.?® Real-time metabolic imaging with hyperpolar-
ized '8C-pyruvate confirmed a significant age-dependent
impairment in the conversion of pyruvate to lactate in cortical
gray matter, while flux into the Krebs cycle remained stable.*”
Postmortem analysis has also revealed increased oxidative
damage, reduced antioxidant defenses, and reduced complex
| activity in the frontal cortex with age.®' In line with this, in vivo
magnetic resonance spectroscopy (MRS) confirms a significant
age-dependent decrease in GSH, specifically in the frontal and
parietal cortices, while primary sensory regions such as the oc-
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cipital cortex maintain a stable GSH level.*° Interestingly, the
cerebellum seems to maintain a stable glucose topography
and antioxidant enzyme activities,”®*" highlighting a posterior-
to-anterior vulnerability gradient.

Vulnerability in the hippocampus, a region crucial for
learning and memory, might rather be linked to an extrinsic
mechanism, namely the failure of the nutrient supply line,
because one of the earliest manifestations of spatial vulnera-
bility appears to occur at the neurovascular interface. Indeed,
aging is accompanied by progressive BBB breakdown, initially
localized to the hippocampus, particularly in the cornu ammo-
nis 1 (CA1) and dentate gyrus, and absent in the frontal cortex
or white matter of the same individuals.®® This leakage corre-
lates with pericyte injury (cells that regulate capillary diameter
and metabolic supply), as indicated by elevated cerebrospinal
fluid levels of soluble platelet-derived growth factor receptor f
(PDGFRp). The detachment of pericytes may disrupt the pre-
cise delivery of glucose and oxygen required by hippocampal
neurons. Postmortem analysis confirms that the aging hippo-
campus exhibits selective downregulation of Cu,Zn-SOD,
catalase, and GSH reductase compared with the resilient cer-
ebellum.®" Thus, hippocampal vulnerability seems to arise
from a double hit of compromised vascular supply and eroded
enzymatic defense, whereas white matter tracts maintain bar-
rier integrity and lactate flux into old age.”®*?

Collectively, these data reveal that human brain aging is not a
uniform decline but a mosaic of specific metabolic failures
(Figure 2). Crucially, this map of physiological fragility mirrors
the spatial progression of neurodegenerative diseases.®* This
overlap suggests that the age-dependent erosion of mitochon-
drial safety margins, whether via clearance failure, metabolic ri-
gidity, or vascular uncoupling, creates the permissive environ-
ment necessary for disease pathology to take hold, effectively
transforming a metabolically vulnerable region into a pathologi-
cally susceptible one.

AGE-RELATED MITOCHONDRIAL DYSFUNCTION IN
BRAIN CELLS: FROM NEURONS AND BEYOND

Although mitochondrial dysfunction is a universal hallmark of ag-
ing, recent studies reveal that it manifests as a distinct, cell-type-
specific mitochondrial alteration. The bioenergetic decline often
measured in brain homogenates is, in reality, a composite of
specific failures in neurons, astrocytes, oligodendrocytes, mi-
croglia, and endothelial cells of the BBB. Table 2 and Figure 3
summarize findings from human and animal data, highlighting
cell-specific age-related mitochondrial impairment in the brain.
The following sections discuss these findings.

Neurons: Compartment-specific mitochondrial
alteration in aging

Neurons are highly structured and complex cells, with the
various neuronal compartments (e.g., soma, dendrites, and
axons) having distinct mitochondrial needs and responding
differently to mitochondrial damage.’* Consequently, aging
does not affect the mitochondrial network uniformly but rather
appears to target specific subcellular compartments based on
their functional demands.
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Table 1. Regional vulnerability in the aging human brain: A bioenergetic perspective

Observed vulnerability vs.

Brain region Reference reference (internal control) Model system Age-related mitochondrial/bioenergetic defect
Substantia Floor and Wetzel'>  high in SN vs. human, postmortem; @ 2-fold higher protein carbonyl content
nigra (SN) prefrontal cortex ages: 33, 35, 46, 70, (oxidative damage) in SNpc vs. prefrontal
and basal ganglia and 77 years cortex and basal ganglia
® region-specific oxidative burden
Substantia Bender et al."’ high in SN vs. human, postmortem; ® high accumulation of clonal mtDNA
nigra (SN) hippocampus aged (mean 77 years) deletions (43.3% + 9.3%) in SNpc
and putamen VS. young ® neurons in the hippocampus and putamen
(19-51 years) accumulate significantly fewer
deletions (<3%).
o mtDNA mutations correlate with respiratory
chain deficiency
Substantia Venkateshappa high in SN vs. human, postmortem; ® increases in protein oxidation/nitration and
nigra (SN) et al.”® caudate nucleus lifespan study significant loss of mitochondrial complex |
(striatum) (4-80 years) activity
® decrease in total SOD and GSH
® no significant age-dependent decline in the
caudate nucleus
Substantia Eggers et al.”’ high in SN vs. human, postmortem; ® mitochondrial proteins decrease in the
nigra (SN) young SN young (27.8 + 1.3) cytosol of aging SNpc neurons but
vs. aged (76 + 12.2) accumulate in NMGs
o NMGs may sequester mitochondria,
potentially hindering their lysosomal
clearance
Cortex Goyal et al.?® high in prefrontal human, in vivo; adult ® reduction AG in neotenous regions (e.g.,
cortex vs. cerebellum lifespan (20-82 years) prefrontal cortex), possibly causing a loss of
and primary motor/ the NADPH supply
sensory cortex ® low baseline AG in primary motor and sen-
sory cortices with minimal age-related
metabolic change
Cortex Uthayakumar high in frontal cortex human, in vivo; ® decrease in the conversion of pyruvate to
et al.?® vs. deep gray matter adult lifespan lactate across all cortical lobes
and white matter (21-77 years) ® no significant decline in deep gray matter
(putamen, thalamus) and white matter
Cortex Hu et al.*° high frontal cortex human, in vivo; adult ® decrease in GSH levels in both the frontal
vs. occipital cortex lifespan (20-70 years) and parietal cortices, correlating with
cognitive decline
® stable GSH levels in the occipital cortex
during aging
Hippocampus Venkateshappa high frontal cortex human, postmortem; ® increases in protein oxidation and GFAP
and frontal etal’® and hippocampus lifespan study expression, associated with a selective
cortex vs. cerebellum (0.01-80 years) decline in antioxidant enzyme activities

Hippocampus
(CA1 and DG)

Montagne et al.>

high in CA1 and DG vs.
CA3; low/resilient in white
matter vs. hippocampus

human, in vivo; young
(23-47 years) vs. aged
(55-90 years)

(SOD, GPx) and mitochondrial complex |
activity in the hippocampus and frontal
cortex

® no significant increase in oxidative damage
and stable enzyme levels and complex |
activity in the cerebellum

® BBB breakdown in the CA1 and DG, corre-
lating with markers of pericyte injury
(elevated CSF sPDGFRB), suggesting a
disruption of the neurovascular unit

® no increase in BBB permeability in white
matter tracts, indicating preservation of
barrier integrity

AG, aerobic glycolysis; BBB, blood-brain barrier; CSF, cerebrospinal fluid; DG, dentate gyrus; GFAP, glial fibrillary acidic protein; GPx, glutathione
peroxidase; GSH, glutathione; mtDNA, mitochondrial DNA; NMGs, neuromelanin granules; SNpc, substantia nigra pars compacta; SOD, superoxide
dismutase; sSPDGFR, soluble platelet-derived growth factor receptor p.
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Figure 2. Overview of region-specific bioenergetic failure in the aging human brain

This figure synthesizes findings from selected primary studies on human subjects to provide an overview of regional vulnerability in mitochondrial and bio-
energetic function. Due to differences in methodology across studies, direct quantitative comparisons between all regions should be interpreted with caution. The
primary literature used to generate this figure is detailed and cited in Table 1. Regions colored red exhibit high susceptibility to age-related dysfunction compared

with resilient regions (blue).

BBB, blood-brain barrier; GSH, glutathione; mtDNA, mitochondrial DNA; NMGs, neuromelanin granules; PDGFRp, platelet-derived growth factor receptor f,

SOD, superoxide dismutase; 1, increase; |, decrease.
Created with BioRender.com.

Recent advanced human in vitro models provide critical plat-
forms for studying age-related mitochondrial dysfunction.
Namely, studies from Jerome Mertens’s group revealed that
induced pluripotent stem cell (iPSC)-derived neurons undergo
rejuvenation by losing the age-dependent transcriptomic signa-
tures of old donors.®> However, when donor fibroblasts are
directly converted into neurons (transdifferentiated or induced
neurons [iNs]), they retain transcriptomic and functional aging
signatures. Using this human neuronal model, Mertens’ group
showed that the primary driver of mitochondrial failure appears
to be upstream of the organelle itself at the soma. In iNs from
aged donors, the loss of the nuclear transport receptor Ras-
related nuclear protein (RAN)-binding protein 17 (RanBP17)
was paralleled by the deterioration of the nuclear pore com-
plex.*® This leakiness disrupted the import of nuclear-encoded
factors, which are also required for mitochondrial maintenance.
This defect is accompanied by transcriptional downregulation
of OxPhos genes.*® Crucially, the metabolic switch to OxPhos,
required for neuronal identity, unmasks these latent defects,
leading to a collapse of MMP and ATP production that was ab-
sent in the precursor fibroblasts. Building on these advances,
we recently directly compared human neuronal aging models.
First, we demonstrated that cortisol- and rotenone-induced
mitochondrial stress in iNs from young donors can mimic the
bioenergetic decline observed in aged neurons, providing a
scalable tool for probing mitochondrial mechanisms of neuronal
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aging.” In parallel, we showed that iNs from aged donors
retain key mitochondrial aging signatures observed in fibro-
blasts, including reduced ATP, lower MMP, and increased
ROS."™ Aged iNs also exhibited increased mitochondrial
network fragmentation, increased mitochondrial mass (possibly
reflecting defects in mitophagy), and a compensatory but insuf-
ficient shift toward glycolysis. Together, these studies under-
score the value of human in vitro systems for dissecting mito-
chondrial aging in human neurons. Importantly, these recent
findings suggest that mitochondrial dysfunction is, at least in
part, intrinsic to neuronal aging rather than caused by external
factors (e.g., nutrient deprivation and stress signals from sur-
rounding cells/tissues), as mitochondrial defects are observed
directly in neurons from aged donors.

Age-related alterations appear particularly prominent in syn-
aptic mitochondria, which are highly energy demanding and
exhibit earlier functional decline than somatic mitochondria.
Indeed, synaptic mitochondria were shown to exhibit intrinsic
hypersensitivity to calcium-induced opening of the permeability
transition pore (MPTP), driven by elevated cyclophilin D levels.*°
This renders synapses uniquely vulnerable to bioenergetic
collapse (ATP/MMP loss and ROS accumulation), oxidative
damage (4-hydroxynonenal [4-HNE] accumulation), and mito-
chondrial swelling compared with the soma.®*“° Furthermore,
aging induces cleavage of transfer RNA-glutamate (tRNA-Glu)
in glutamatergic neurons, generating fragments that specifically
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Table 2. Cell-specific mitochondrial dysfunction in the aging brain

Model system

Identified age-related defect

Functional consequence

Cell type/
compartment Reference
Neurons Mertens
et al.®®
Neurons Kim et al.*®
Neurons Varghese
etal.”®
Neurons Faitg et al.®”
(dendrites)
Neurons Li et al.®®
(synapses)
Neurons Olesen et al.*®
(synapses)
Neurons Torres et al.*°
(synapses)
Astrocytes  Popov et al.*’
Astrocytes  Diniz et al.*?

human, directly
reprogrammed iNs;
donors aged 0-89 years
human, directly
reprogrammed iNs;
donors aged 0-89 years

human, directly converted

iNs; young (24-36 years)
vs. aged (60-78 years)

mouse hippocampus;
young (4 months) vs.
aged (18 months)

mouse hippocampus/
cortex and primary
neurons; 3, 15, and
22 months

mouse, hippocampus;
3, 6, 12, and 18 months

mouse hippocampus;
young (3 months) vs.
aged (18 months)

human, neocortical
tissue obtained during
glioma resection; adult
lifespan (18-71 years)

rat and mouse primary
astrocytes; aged culture
models (cellular
senescence)

® downregulation of nuclear
transport receptor RanBP17
® nuclear pore leakiness

® downregulation of OxPhos genes

® metabolic switch from glycolysis
(fibroblast) to OxPhos (neuron) un-
masking latent mitochondrial de-
fects, leading to decreased MMP,
reduced ATP, and increased ROS

® reduced basal respiration and ATP
production

® compensatory upregulation of
glycolytic genes (PFKFB3)/flux

o fragmentation of the mitochondrial
network

® adaptive elongation and increased
complexity (volume/surface ratio) in
dentate gyrus dendrites

® mitochondrial atrophy in the soma,
suggesting compartment-specific
regulation

o cleavage of tRNA-Glu (Glu-5'tsRNA-
CTC) by angiogenin

o tRNA-Glu fragment entry into mito-

chondria and disruption of the trans-

lation of cristae-organizing proteins

loss of cristae integrity

premature loss of MMP

reduced ATP production

increase in ROS levels, driven by cy-
clophilin D accumulation
dysfunction in the synaptic pool
occurring earlier than in the so-
matic pool

® compartment-specific accumulation
of lipid peroxidation markers in syn-
aptic mitochondria compared with
non-synaptic (somatic) ones

@ increased susceptibility of synaptic
mitochondria to swelling

@ significantly higher oxidative damage
in the synaptic compartment

@ significant astrocytic morphological
atrophy (shrinkage of leaflets/
branches)

@ selective loss of mitochondrial cyto-
chrome c and b types (respiration)

® increased maximal respiration in se-
nescent astrocytes

® increased mitochondrial mass

® decreased MMP and increased ROS

® impaired mitophagy flux leading to
the retention of damaged organelles,
despite maintained biogenesis

loss of the nuclear-mitochondrial
coordination required for organelle
maintenance

high metabolic demand of the neuronal
identity revealing the underlying age-
related mitochondrial dysfunction that
was tolerated in the fibroblast state

structural fragmentation possibly serves
as a morphological marker of
bioenergetic crisis and metabolic
rewiring in aged neurons

active remodeling of dendritic
mitochondria to support synaptic
plasticity in old age

disruption of cristae architecture
impairs GLS activity and glutamate
production, directly linking
mitochondrial structure to
neurotransmitter deficits

specific failure of synaptic bioenergetics
correlates strongly with age-related
deficits in spatial and recognition
memory

compromised ability of synaptic
mitochondria to sustain
neurotransmission due to oxidative
damages and physical swelling of the
inner membrane

retraction of astrocytic processes and
loss of gap junction coupling, possibly
driven by the metabolic failure

mismatch between high biogenesis and
blocked clearance leads to the retention
of dysfunctional mitochondria, driving a
pro-inflammatory state

(Continued on next page)
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Table 2. Continued

Cell type/
compartment Reference Model system Identified age-related defect Functional consequence
Astrocytes Araujo et al.*® mouse primary o shift toward excessive fission and fragmented networks are less efficient
astrocytes; mitochondrial network fragmentation at ATP production, compromising
aged culture models ® reduced connectivity and calcium- homeostatic support
(cellular senescence) buffering efficiency
Astrocytes Kim et al.** human PSC-derived @ increased ROS levels, decreased mitochondrial defect paralleled by
astrocytes; senescence MMP, and hyperfused mitochondrial altered cellular morphology and
model network, indicating an imbalance to- reduced capacity to provide functional
ward fusion support to adjacent neurons
Astrocytes Acevedo et al.*> mouse brain scRNA- o dysregulation of hub genes associ- age-dependent rewiring of astrocytic
seq; young (1-3 months) ated with mitochondrial respiration bioenergetics, switching from AG to
vs. aged (18-30 months) and glucose metabolism OxPhos and ketone body utilization,
® increased genes associated with ke- possibly decreasing lactate supply to
tone body synthesis the neuron
Astrocytes Zarate et al.*® mouse brain slices; young @ specific downregulation of calreticu- destabilization of the synaptic
(3-4 months), middle-aged lin in perisynaptic astrocyte endfeet microenvironment leading to aberrant
(12-15 months), aged ® impaired local calcium buffering at astrocytic calcium signals, and
(20-30 months) the synaptic cleft potentially predisposing adjacent
® prolonged mitochondrial calcium neurons to excitotoxicity
signals
OPCs Bame and mouse cortex; young ® smaller mitochondria (reduced vol- inability to dynamically expand the
Hil*” (1 month) vs. aged ume) and reduced motility in mitochondrial network may maintain the
(18-21 months) aged OPCs OPCs in a progenitor state, preventing
e failure to execute the mitochondrial  remyelination
network reorganization and transient
expansion required for differentiation
in mature oligodendrocytes
OPCs Neumann rat OPCs; young o reduction in ATP levels and OCR, metabolic inability to exit the progenitor
etal.*® (2-3 months) vs. aged driving an energy-sensing dysregu-  state possibly results in persistent white
(20-24 months) lation reversible by AMPK activation matter lesions in aging
® unresponsiveness to differentiation
signals
Microglia Gulen et al.”’ mouse microglia; young ® mitochondrial permeabilization and  cGAS-STING pathway appears as an
(3-4 months) vs. aged cytosolic mtDNA release important driver of aging-related
(24-27 months) ® activation of cGAS-STING pathway inflammation (chronic interferon
signaling) and cognitive decline
Microglia Minhas et al.**  mouse microglia; young e collapse of OCR and ECAR in aged  energy-deficient state causally prevents
(3-4 months) vs. aged myeloid cells, indicating suppression energy-demanding functions such as
(20-23 months) of both respiration and glycolysis phagocytosis, therefore impairing
® increased mitochondrial mass but microglial function
decreased MMP
® increased PGE,-EP, signaling,
putting cells in an energy-
deficient state
Microglia Mela et al.*° mouse microglia; young ® metabolic shift toward glycolysis this PFKFB3-driven glycolytic state
(4 months) vs. aged driven by the upregulation of PFKFB3 supports cellular senescence and
(18 months) ® accumulation of lipid droplets inflammation
Microglia Hayashi mouse microglia; young ® downregulation of TFAM TFAM loss possibly leads to mtDNA
et al.”’ (2 months) vs. aged instability, ROS overproduction, and
(24 months) drives the secretion of pro-inflammatory
cytokines
BBB Sakamuri mouse isolated ® reduction in both respiration and collapse of energy pathways,
et al.”? microvessels; young glycolytic rates in aged microvessels, exacerbated by substrate limitation

(2—4 months) vs. aged
(20-22 months)
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leading to a global ATP deficit
glycolytic suppression driven by the
downregulation of key proteins,
including GLUT1 and PFKFB3

(GLUT1), compromises the energy-
demanding maintenance of the BBB

(Continued on next page)
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Table 2. Continued

Cell type/
compartment Reference Model system Identified age-related defect Functional consequence
BBB Tyrrell mouse isolated vessels; ® reduction in ATP production, lack of ATP and inflammation
etal.’® young (2-3 months) vs. decreased MMP, and complex I/Il compromises the energy-demanding
aged (18-19 months) activity maintenance of the BBB tight junctions,
® no change in mtDNA/nDNA ratio, and increases permeability
indicating functional decline rather
than mass loss
® impaired mitophagy flux
® mtDNA release and STING activation
leading to IL-6 secretion
BBB Otu-Boakye mouse brain ® upregulation of FAO genes (Cpt1a)  transcriptomic signature is associated
etal.”® endothelium; young and oxidative stress signatures in with the upregulation of inflammatory

(8 months) vs. aged
(24 months) °

lipid-laden endothelial cells
metabolic reprogramming to manage

markers (Vcam1, Icam1) and
downregulated BBB junction genes

lipid overload

AMPK, AMP-activated protein kinase; BBB, blood-brain barrier; cGAS, cyclic GMP-AMP synthase; CPT1A, carnitine palmitoyltransferase 1A; ECAR,
extracellular acidification rate; EP,, prostaglandin E, receptor 2; FAO, fatty acid oxidation; GLS, glutaminase; GLUT1, glucose transporter 1; HK2,
hexokinase 2; IL-6, interleukin 6; iNs, induced neurons; MMP, mitochondrial membrane potential; mtDNA, mitochondrial DNA; nDNA, nuclear DNA;
OCR, oxygen consumption rate; OPC, oligodendrocyte precursor; OxPhos, oxidative phosphorylation; PFKFB3, 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase-3; PGE,, prostaglandin E,; RanBP17, Ras-related nuclear protein (RAN)-binding protein 17; ROS, reactive oxygen spe-
cies; scRNA-seq, single-cell RNA sequencing; STING, stimulator of interferon genes; TFAM, mitochondrial transcription factor A; tRNA, transfer RNA.

disrupt mitochondrial translation and cristae architecture,
thereby directly impairing glutamate synthesis at the synapse
and leading to memory defects.*®

Interestingly, an ultrastructural 3D reconstruction of hippo-
campal neurons in the mouse brain showed that age-related
mitochondrial morphology is compartment specific.®” In the
dentate gyrus, dendritic mitochondria underwent an adaptive
elongation, with mitochondria becoming larger, longer, and
more complex (increased volume and surface area), contrasting
with somatic atrophy. This age-related elongation was specific
to the dentate gyrus and was not seen to the same extent in
CA1 dendrites.®”

Together, these findings suggest that neuronal aging is char-
acterized by a compartmentalized crisis in which somatic tran-
scriptional failure, driven by nuclear pore leakiness, co-occurs
with premature synaptic bioenergetic collapse, driven by local
translation defects and calcium hypersensitivity (Figure 3).

Astrocytes: Age-related mitochondrial dysfunction and
metabolic reprogramming

Astrocytes are central regulators of brain homeostasis, co-
ordinating neuronal metabolism, synaptic signaling, and BBB
function. With aging, astrocytes undergo structural, transcrip-
tional, and metabolic alterations that compromise their ability
to support neurons and maintain central nervous system (CNS)
resilience (reviewed in Garcia-Dominguez®® and Gildea and
Liddelow®).

Recent studies have provided critical mechanistic insight
into the complex nature of astrocytic aging. For instance, senes-
cent murine astrocyte cultures have been shown to exhibit
classic mitochondrial aging signatures, including increased
ROS levels, decreased MMP, and increased mitochondrial frag-
mentation.*>*® This dysfunction was accompanied by impaired
mitophagy flux, resulting in the accumulation of damaged mito-

chondria. Interestingly, these senescent astrocytes also ex-
hibited increased maximal respiration and mitochondrial
biogenesis, interpreted as a compensatory response to the
accumulating damage. However, aged astrocytes remained
hypersensitive to stress (rotenone).”” In the aged mouse
cortex, although fragmentation and impaired mitophagy were
conserved, mitochondrial biogenesis was reduced, a discrep-
ancy likely explained by the heterogeneity of astrocytic subpop-
ulations in vivo.*®

Mitochondrial dysfunction is also evident in human astro-
cytes. Indeed, older astrocytes display impaired ETC function,
characterized by decreased levels of reduced (electron-rich)
cytochromes b and c.*" These findings suggest faster electron
transfer between cytochrome ¢ and complex 1V, possibly lead-
ing to reduced ROS generation (although ROS levels were not
directly measured in this study). Unlike the hypertrophy seen in
reactive gliosis, these functional defects were paralleled by sig-
nificant morphological atrophy (reduced branching). Such mito-
chondrial alterations were not observed in neurons, empha-
sizing cell-type-specific mitochondrial responses during brain
aging. In human pluripotent stem cell (hPSC)-derived astro-
cytes, senescent astrocytes showed increased ROS levels
and decreased MMP, but they also displayed a hyperfused
mitochondrial network, suggesting an imbalance in mitochon-
drial dynamics toward mitochondrial fusion.** These features
were again paralleled by altered cellular morphology and
reduced neuronal support.

Integrative network and transcriptomic analyses of the aging
murine brain identified a robust metabolic switch signature in
aged astrocytes, characterized by the transcriptional downregu-
lation of glycolytic hub genes and a concomitant upregulation of
genes associated with OxPhos.*® This suggests that astrocytes
undergo an age-related metabolic reprogramming. By shifting
away from their normal glycolytic phenotype, which is essential
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Figure 3. Cell-type-specific mechanisms of mitochondrial aging in the brain
This schematic illustrates the main mitochondrial impairments in the aging brain, highlighting distinct mitochondrial failure modes in neurons (soma, dendrites,
and synapse), astrocytes, oligodendrocytes, microglia, and endothelial cells of the blood-brain barrier (BBB). These findings represent a synthesis of data from
diverse model systems, including human postmortem tissue, in vitro human/rodent models, and in vivo rodent models. Therefore, the integration of these
mechanisms across species should be interpreted with caution. The specific experimental models and primary literature supporting these findings are detailed in

Table 2.

AMPK, AMP-activated protein kinase; cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon genes; FAO, fatty acid oxidation; MMP, mitochondrial
membrane potential; mtDNA, mitochondrial DNA; OxPhos, oxidative phosphorylation; PGE,-EP,, prostaglandin E,-prostaglandin E, receptor 2; RanBP17, RAN
binding protein 17; TFAM, mitochondrial transcription factor A; tRNA, transfer RNA; 1, increase; |, decrease; —, consequence.
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for generating lactate to fuel neurons via the astrocyte-neuron
lactate shuttle, aged astrocytes prioritize their own oxidative
metabolism, thereby depriving adjacent neurons of critical ener-
getic support.

Beyond metabolic starvation, astrocytic aging also compro-
mises ionic buffering at the neurovascular unit and tripartite syn-
apse. In the murine striatum, aged astrocytic endfeet suffer a
specific downregulation of calreticulin, a key calcium-binding
protein.*® This depletion alters spontaneous calcium signals
and shifts reliance onto endoplasmic reticulum calcium stores,
ultimately destabilizing the perisynaptic microenvironment and
contributing to both BBB impairment and neuronal excitotoxicity.

Overall, astrocytes exhibit significant morphological atro-
phy, impaired mitophagy flux, and an imbalance in mitochon-
drial dynamics. This is accompanied by a transcriptomic
metabolic switch from glycolysis to OxPhos, which may
compromise the astrocyte-neuron lactate shuttle and actively
dismantles their neuroprotective and calcium-buffering ca-
pacities (Figure 3).

Oligodendrocytes: Mitochondria and age-related loss of
progenitor differentiation capacity

Oligodendrocytes are highly specialized glial cells responsible
for myelin production and axonal metabolic support, making
them among the most energy-demanding cell types in the
brain.>® With age, oligodendrocytes show white matter atrophy,
accumulation of abnormal myelin sheaths, and increased vulner-
ability to oxidative stress and mtDNA damage.® Because main-
taining the extensive myelin network is metabolically costly,
age-related mitochondrial impairments particularly affect the
oligodendrocyte lineage, which relies heavily on ATP production
for myelin synthesis.*®

Studies in adult oligodendrocyte progenitor cells (OPCs) iso-
lated from young and old rat brains showed that aged OPCs
exhibit decreased differentiation capacity, paralleled by lower
basal mitochondrial respiration and ATP production.“® Interest-
ingly, young OPCs treated with rotenone also showed impaired
differentiation, whereas aged OPCs treated with metformin, an
activator of the AMPK pathway, showed increased mitochon-
drial respiration, ATP content, and differentiation capacity.
Importantly, metformin treatment enhanced remyelination in
aged rats, suggesting that targeting mitochondrial metabolism
can reverse age-associated deficits in myelination.

In vivo imaging in mice and ultrastructural analysis in the hu-
man cortex were recently performed to investigate mitochondrial
dynamics across the oligodendrocyte lineage.”” Oligodendro-
cyte differentiation is characterized by a transient expansion of
mitochondrial networks, followed by a sharp reduction of mito-
chondrial content in the cells’ processes during myelin compac-
tion. Strikingly, aged OPCs presented smaller, less motile, and
less abundant mitochondria, consistent with diminished capac-
ity for differentiation and myelin formation. These findings high-
light how mitochondrial reorganization is not only essential for
developmental myelination but is also impaired in aging.

Together, these studies highlight that OPC aging involves a
differentiation blockade resulting from impaired mitochondrial
expansion and is paralleled by bioenergetic defects, thereby
preventing the generation of new myelinating cells.

¢? CellPress

OPEN ACCESS

Microglia: Age-related immunometabolic switch
Microglia, the resident immune cells of the CNS, play critical
roles in maintaining homeostasis, clearing debris, and modu-
lating synaptic function. However, with aging, microglia undergo
profound functional changes that compromise their ability to
support brain health. A recent report describes how aged micro-
glia exhibit dystrophic morphology, reduced surveillance, and a
heightened pro-inflammatory “primed” state.’® These cells
adopt senescence-like features, including upregulation of cell
cycle inhibitors and secretion of pro-inflammatory cytokines,
alongside impairments in proteostasis and clearance. Together,
these features render aged microglia less effective at maintain-
ing homeostasis and more likely to contribute to chronic neuro-
inflammation.

At the metabolic level, aging seems to shift microglial energy
homeostasis. Indeed, aged microglia have been shown to lose
OxPhos capacity and rely more heavily on glycolysis via upregula-
tion of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3
(PFKFB3), a metabolic reprogramming that promotes a pro-in-
flammatory phenotype.*®

Several experimental studies provide mechanistic evidence
for these metabolic alterations. For instance, overexpression of
mitochondrial transcription factor A (TFAM) in the mouse brain
was shown to reduce age-related oxidative mtDNA damage in
microglia, thereby preventing behavioral and cognitive impair-
ments.®" This finding directly linked age-related microglial mito-
chondrial dysfunction to cognitive decline. In line with this, hip-
pocampal microglia from old mice exhibit more disrupted
mitochondria and higher cytosolic mtDNA levels than those
from young mice.?’ This cytosolic mtDNA leakage in aged micro-
glia activates the cGAS-STING pathway, driving an inflammatory
response that contributes to age-related neuronal dysfunction
and cognitive impairments. Interestingly, STING inhibition
reduced microglial activation and preserved neuronal survival,
underscoring mitochondrial damage as a causal trigger of in-
flammaging. Another mechanism linking microglia and age-
related mitochondrial impairments was also recently identified.
Indeed, prostaglandin E, receptor 2 (EP,) signaling was shown
to drive bioenergetic alterations in aged microglia, leading to
glycogen accumulation, impaired glycolysis, and reduced Ox-
Phos.“® Inhibition of EP, restored glucose metabolism, improved
the ultrastructural integrity of hippocampal microglia, and
rescued cognition in aged mice.

Collectively, these findings emphasize mitochondria as both
sources and regulators of inflammation in the aging brain
(Figure 3). Microglial aging appears closely linked to mitochon-
drial decline, causing microglia to become chronic drivers of
neuroinflammation and neuronal vulnerability and establishing
a mitochondrial-immune checkpoint in brain aging.

BBB: Age-related metabolic shift in endothelial cells

The BBB is essential for maintaining CNS homeostasis, but
it is highly susceptible to age-related decline. As previously
mentioned, the BBB becomes more permeable with age, espe-
cially in the hippocampus.®? Aging is associated with reduced
expression of tight junction proteins (claudin-5 and occludin),
diminished pericyte coverage, alterations in astrocytic endfoot
morphology, and impaired endothelial transport (reviewed in
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Knox et al.®’). These changes compromise barrier integrity, lead-
ing to increased permeability, impaired nutrient transport, and
enhanced vulnerability to neurodegeneration.

Emerging evidence links these structural and functional BBB
alterations directly to mitochondrial dysfunction in brain endo-
thelial cells. Isolated cerebral vessels from aged mice exhibit
impaired mitochondrial respiration, loss of MMP, and stalled mi-
tophagy flux compared with those of young mice.'® Importantly,
this dysfunction was accompanied by the activation of the
STING-interleukin 6 (IL-6) signaling pathway and compromised
tight junctions, which collectively contributed to BBB leakiness.
Blocking IL-6 signaling restored mitochondrial function and
improved barrier integrity, underscoring the interplay between
inflammation and mitochondrial health in vascular aging. Inter-
estingly, aged brain microvessels exhibit a collapsed bioener-
getic profile with reduced rates of both glycolysis and respira-
tion, possibly due to downregulation of glucose transporter
1 (GLUT1) and PFKFB.*? To compensate for this energy crisis,
aged vessels increase their reliance on glutamine utilization.
Recent transcriptomic and proteomic evidence revealed that
brain endothelial cells in aged mice accumulate lipid droplets
and undergo metabolic reprogramming.®* Lipid-laden endothe-
lial cells displayed reduced glycolysis, downregulated mitochon-
drial complex |- and IV-related genes, and increased reliance on
fatty acid oxidation (FAO). Of note, because FAO generates more
ROS than glycolysis, it is usually not primarily used for energy
production in the brain.®> The metabolic shift from glycolysis to
FAO was associated with increased endothelial senescence
markers and inflammation, and with downregulation of BBB
integrity genes, such as claudin-5 and occludin.’® These findings
suggest that mitochondrial dysfunction and altered metabolism
are central drivers of BBB breakdown in the aging brain.

In summary, BBB aging is characterized not only by structural
deterioration but also by mitochondrial alterations in endothelial
cells, involving impaired mitophagy, metabolic reprogramming,
and chronic inflammation, paralleled by lipid droplet accumula-
tion, which compromises the integrity and transport capacity
of the BBB (Figure 3).

Taken together, these findings suggest distinct checkpoints of
mitochondrial failure across various brain cell types (Figure 3). In
post-mitotic, highly compartmentalized neurons, aging seems to
manifest as transcriptional erosion, driven by transcriptional
silencing due to nuclear pore leakiness in the soma and by local
translation failure resulting from tRNA cleavage at the synapse.
By contrast, in proliferating glia, aging appears to induce a mal-
adaptive metabolic switch, in which astrocytes abandon lactate
production and endothelial cells shift to FAO, dismantling the
metabolic support networks required for neuronal survival. To
fully understand this cellular mosaic, future studies must eval-
uate mitochondrial dysfunction across diverse brain cell types
in parallel to determine the exact temporal sequence of these
events and identify which cell type fails first.

EMERGING EVIDENCE OF AGING EFFECTS ON IMT AND
POTENTIAL OF MT

The brain’s extraordinary energy demands are sustained not only
by cell-autonomous mitochondrial function but also through
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continuous metabolic cooperation.®® Recent discoveries high-
light intercellular mitochondrial transfer (IMT) as a critical layer
of this cooperation, in which mitochondria are shuttled between
brain cells via tunneling nanotubes (TNTSs), extracellular vesicles
(EVs), or gap junctions (reviewed in Fairley et al.%%). In the healthy
brain, this bidirectional process allows glial cells, particularly as-
trocytes, to donate functional mitochondria to stressed neurons,
thereby restoring ATP production and buffering oxidative
stress.®® Conversely, neurons have been shown to transfer
damaged mitochondria to adjacent astrocytes, where they are
degraded via a process termed “transmitophagy.”®® Although
emerging evidence indicates changes in IMT across several brain
disorders,®* the literature on brain aging still remains scarce.

Nevertheless, a recent study showed that mitochondria
released by astrocytes from aged mice (22 months) exhibit
significantly lower MMP and oxygen consumption rates
than those from young mice.®” This implies that in the aged
brain, astrocytes may transfer dysfunctional, bioenergetically
compromised organelles rather than healthy ones, potentially
propagating metabolic failure to neurons. Interestingly, the dy-
namics of IMT also appear to change with age. A recent study re-
ported that astrocytic mitochondrial transfer to endothelial cells
at the BBB increased with aging.®® The authors used an induc-
ible mouse model expressing the green fluorescent protein
mito-dendra2 (mtD2) in astrocytic mitochondria and examined
mitochondrial transfer to endothelial cells in purified brain capil-
laries from 3- and 7-month-old animals. They observed a higher
percentage of mtD2-positive capillaries in older mice and
demonstrated that this transfer occurs via EVs. It is crucial to
note that the aged cohort was only 7 months old (early middle
age). Therefore, the increased transfer likely represents an early
compensatory attempt to rescue the failing bioenergetics of the
BBB. In contrast, a significant reduction in mitochondrial transfer
efficiency was observed in truly geriatric mice (20 months old),
more specifically, a decreased transfer from Dmp1-expressing
astrocytes to endothelial cells.®® Using confocal microscopy
and flow cytometry to track labeled organelles, they quantified
a significant reduction in the number of endothelial cells contain-
ing astrocyte-derived mitochondria in the aged brain. They
further found that this decline was driven by age-dependent
downregulation of astrocytic mitofusin 2 (Mfn2), which directly
contributes to BBB leakage.

Taken together, these studies suggest that astrocytic secre-
tion of mitochondria is an adaptive attempt to counterbalance
mitochondrial dysfunction across brain cell types at early stages
of aging but might be detrimental later, when astrocyte mito-
chondria are themselves energetically compromised (Figure 4).
This fascinating field certainly deserves more attention, and
further experiments are needed to uncover the underlying mech-
anisms of IMT in aging.

Importantly, the discovery of natural mitochondrial transfer be-
tween cells has inspired a novel therapeutic strategy: mitochon-
drial transplantation (MT). This approach aims to artificially
replicate the rescue effect by delivering viable, exogenous mito-
chondria into damaged cells. Preclinical studies across various
disease models consistently demonstrate that MT enhances
neuronal survival, restores respiratory chain function, and re-
duces oxidative stress (reviewed in Riou et al.”®). These findings
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Figure 4. Intercellular mitochondrial transfer and transplantation in the aging brain

This schematic illustrates intercellular mitochondrial transfer (IMT) and the therapeutic potential of mitochondrial transplantation (MT) in the context of brain aging,
based on published evidence. (1) In early aging stages, astrocytes may donate functional mitochondria to endothelial cells via extracellular vesicles, supporting
vascular energy metabolism and blood-brain barrier (BBB) function. However, in late aging, this transfer decreases due to the downregulation of astrocytic Mfn2,
contributing to BBB leakage. (2) Astrocytes can also transfer mitochondria to neurons. This is likely a process that is initially neuroprotective but may become
detrimental when astrocytic mitochondria are damaged with age. (3) Local delivery of exogenous mitochondria targets neural stem cells and restores neuro-
genesis via Wnt signaling. Systemic delivery of exogenous mitochondria has been shown to reach the brain, where they improve mitochondrial bioenergetics and
promote functional recovery of neurons. Transplanted mitochondria may also function as signaling organelles, triggering repair pathways via mitophagy. How
they cross the BBB remains to be determined. The primary literature used to generate this figure is detailed and cited in the section “emerging evidence of aging
effects on IMT and potential of MT.” 1, increase; |, decrease. Created with BioRender.com.

have established MT as a promising strategy to restore brain en-
ergy metabolism in pathological conditions.

Direct experimental evidence in the context of brain aging also
supports these beneficial effects. In aged mice, the systemic in-
jection of mitochondria isolated from young livers or secreted by
young astrocytes has been shown to reverse key aging pheno-
types. For instance, injecting young astrocyte-derived mito-
chondria reduced hippocampal levels of the aging factor C-C
motif chemokine 11 (CCL11) and improved cognitive function
in 22-month-old mice.®” In line with this, intravenous administra-
tion of mitochondria isolated from the liver of young mice
(1 month old) increased levels of succinate dehydrogenase sub-
unit B of complex Il (SDHB) selectively in the hippocampus of
12-month-old animals.”" Similarly, systemic injection of liver
mitochondria from young mice (2-month-old) reduced mtDNA
deletions in several organs, including the brains of 18-month-
old mice.”® In parallel, increased activity of pyruvate dehydroge-
nase (PDH), alpha-ketoglutarate dehydrogenase (a-KGDH), and
NADH dehydrogenase was observed, along with higher ATP
levels and lower ROS, in the brains of mitochondria-treated
aged animals compared with untreated ones. Importantly, these
bioenergetic improvements were accompanied by better cogni-
tive performance in the Morris water maze and enhanced motor
endurance.

Direct intra-hippocampal injection of mitochondria isolated
from young (2 months) rats into aged (20 months) rats was also

shown to normalize the age-related decrease in hippocampal
ATP levels and mitochondrial complexes I-IV activity.”® Strik-
ingly, the transplanted mitochondria were preferentially internal-
ized by Nestin-positive neural stem cells in the dentate gyrus
rather than by mature neurons. This targeted uptake improved
spatial learning and memory in the Morris water maze, an effect
mechanistically linked to the restoration of hippocampal neuro-
genesis (increased doublecortin-positive cells) and activation
of the Wnt signaling pathway.

Although these results are promising, critical questions remain
regarding the mechanism and delivery of MT: can systemically
delivered mitochondria cross the BBB, and if so, do they exhibit
regional or cell-type specificity? Current advances focus on en-
gineering transplants with peptide coatings or nanocarriers to
enhance CNS delivery’*"%; however, the precise fate of system-
ically injected mitochondria remains to be fully elucidated.
Although local injection studies demonstrate targeted uptake
by Nestin-positive neural stem cells,”® it is unclear whether intra-
venous delivery achieves similar specificity or whether therapeu-
tic effects are mediated indirectly through systemic metabolic
improvements. Furthermore, recent work challenges the
assumption that transplanted mitochondria function solely as
bioenergetic rescue. A consensus statement by Brestoff et al.
highlights that transplanted mitochondria may exert effects
beyond metabolic support, serving as signaling organelles.”®
Supporting this, a recent report showed that even dysfunctional
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or mtDNA-depleted mitochondria could enhance endothelial cell
engraftment in ischemic tissues.”” The therapeutic benefit was
not driven by ATP production but by the activation of mitoph-
agy-dependent signaling pathways in the recipient cells.
Although these findings are outside the brain’s immediate
context, they suggest that MT may operate through alternative
mechanisms, such as triggering quality-control pathways or
structural signaling, thereby broadening the potential therapeu-
tic landscape for age-related neurodegeneration.

Although significant challenges remain regarding long-term
safety and immune recognition, MT represents a promising fron-
tier that leverages the brain’s natural capacity for mitochondrial
exchange to reverse age-related metabolic decline (Figure 4).

TARGETING MITOCHONDRIA IN BRAIN AGING:
OVERVIEW OF CLINICAL PERSPECTIVES

Translating preclinical insights into human therapies is the ulti-
mate goal for mitigating age-related cognitive decline. Promising
anti-aging therapies have already reached the clinical stage and
target different aspects of age-related mitochondrial impair-
ments in humans.

For instance, the ongoing Mito-Frail Trial (expected comple-
tion in 2027) evaluates whether reducing mitochondrial oxida-
tive stress with MitoQ directly improves cerebrovascular and
cognitive function in older adults (NCT06027554). Elamipre-
tide, a mitochondria-targeted peptide, is currently being
investigated for its ability to improve cognitive outcomes
and circulating neuroplasticity markers (such as brain-derived
neurotrophic factor [BDNF]) in healthy aging (NCT07275424),
with an expected trial completion of April 2026. In another
approach, oral NMN (nicotinamide mononucleotide) was
shown to successfully elevate blood NAD™* levels, translating
into tangible functional benefits, including reduced fatigue
and improved sleep quality in older adults.”® A novel related
precursor, dihydronicotinamide mononucleotide (NMNH), is
also being tested to evaluate its systemic impact in healthy
adults (NCT06889740).

We previously discussed that mitochondrial quality control is
important for maintaining a homogeneous mitochondrial popula-
tion and preventing the accumulation of damaged organelles.
Urolithin A, a postbiotic known to potently induce mitophagy,
has been shown to improve muscle strength and exercise per-
formance in middle-aged adults.”® Its effects on cognitive func-
tion are currently being evaluated (NCT07060898). Similarly, pyr-
roloquinoline quinone (PQQ), which induces mitochondrial
biogenesis, has been tested in older subjects with mild cognitive
impairment.®° PQQ supplementation increased serum BDNF
levels, cerebral oxygenation saturation levels, and Alzheimer’s
Disease Assessment Scale-Cognitive (ADAS-Cog) scores for
orientation compared with placebo.

Alongside targeted pharmaceuticals, dietary and lifestyle in-
terventions that fundamentally rewire brain metabolism are gain-
ing clinical traction. For instance, the ketogenic diet and ketone
supplements have been shown to provide alternative mitochon-
drial substrates (e.g., f-hydroxybutyrate) that improve cognition
and stabilize the brain network.?"#? Similarly, the Mediterranean
diet, which is based on whole plant foods, olive oil, and lean pro-
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teins and avoids processed foods, appeared to protect against
cerebral glucose decline.®® Finally, aerobic exercise was shown
to elevate circulating lactate to compensate for glucose hypo-
metabolism and to increase BDNF levels.®* Currently, these
metabolic strategies primarily aim to prevent or mitigate pathol-
ogies such as Alzheimer’s disease. Moving forward, their effi-
cacy in actively preserving mitochondrial health during healthy
aging warrants rigorous clinical investigation.

Collectively, the functional outcomes from these pioneering
clinical trials underscore the critical importance of mitochondria
as therapeutic targets. They demonstrate that actively mitigating
organelle dysfunction can successfully translate into tangible
cognitive and physical resilience in older adults.

CONCLUSIONS

Brain aging is not solely a neuronal phenomenon but a complex,
multicellular process driven by cell-type-specific mitochondrial
dysfunction. From impaired energy metabolism in neurons and as-
trocytes to compromised BBB integrity and chronic inflammation
in endothelial and microglial cells, mitochondrial health emerges
as a unifying factor in age-related brain vulnerability. Notably,
certain brain regions, such as the hippocampus, frontal cortex,
and substantia nigra, exhibit heightened susceptibility to mito-
chondrial decline, reflecting region-specific metabolic demands
and redox sensitivities. Framed within the foundational theories
of Harman and Hayflick, healthy brain aging may be viewed as
the preservation of a dynamic metabolic equilibrium between
the brain’s diverse cellular players. In contrast, pathological aging
likely arises when this intercellular energy balance collapses, lead-
ing to inflammation, synaptic failure, and neurodegeneration.
Novel strategies such as IMT and MT offer promising therapeutic
avenues but remain in the early stages of development in the
context of brain aging. As we refine our understanding of mito-
chondrial roles in the aging brain, key questions arise. Do all brain
cell types age at the same pace, or do some act as early sentinels
of mitochondrial dysfunction? Specifically, which cell type first
shows mitochondrial impairments, and how might this lead to
vulnerability in specific brain regions? Addressing these questions
will be critical for designing targeted, cell-specific strategies to
preserve brain function across the lifespan.
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