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Mitochondrial adaptation with aging has been long debated.
Challenges in study design, methodological variability, comor-
bidities, and laboratory-to-laboratory inconsistencies make
interpretation of mitochondrial adaptation notoriously diffi-
cult, untangling such can feel like navigating a complex web,
or fittingly, a reticulum. A major source of this inconsistency
has stemmed from imprecise or misapplied terminology. As
emphasized in the timely perspective by Monzel et al. (1),
adopting precise language to delineate facets of mitochondrial
biology is essential for interpreting adaptations, whether to
exercise, disease, therapeutics, or aging.

In this journal, Leija et al. (2) add important depth to this
debate with their article “Resilience of the Mitochondrial
Reticulum in Aging.” The Brooks laboratory, long recognized
for advancing our understanding of lactate metabolism in
exercise, now challenges the dogma of inevitable mitochon-
drial decline with aging. Using a hind-limb mixed muscle
(MM) approach, the authors compared mitochondrial ener-
getics (oxidative phosphorylation), structural features (mor-
phology), and behavior (fusion-fission dynamics) between
young (4 mo) and older (24 mo) male and female NIA C57BL/
6JN mice. Although translating these findings to human
aging remains complex and sometimes controversial, the
murine model provides valuable insight. By carefully manag-
ing biological and behavioral variability, the use of such helps
to underscore the influence of the abovementioned factors
on mitochondrial properties, advancing our understanding
of how aging shapes the nature of this organelle.

Along with other integral factors, from reactive oxygen
species (ROS) emission, calcium regulation, and adaptation
of mitochondrial membrane potential, the controversy sur-
rounding skeletal muscle mitochondrial adaptation with
age has often centered on respiratory capacity, particularly
in humans. Some studies report clear declines in skeletal
muscle mitochondrial energetics with age (3), whereas
others argue that observed changes are largely shaped by
factors ranging from mitochondrial abundance and the use
of supraphysiological substrate concentrations, to the age-
related loss of muscle mass, aerobic capacity, and power
output (4, 5). In this context, findings from Leija et al. (2)
are noteworthy: following isolation of MM mitochondria,
authors observed no significant age-related difference in
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mitochondrial coupling efficiency (ADP:O) when assessed
under physiological substrate concentrations. However,
they did report a significant decrease in the respiratory
control ratio (RCR; state 3/state 4 oxygen consumption) in
older mice, a finding consistent with human observations
by Porter et al. (6), indicative of diminished mitochondrial
integrity in aged muscle. Interestingly, Leija et al. (2)
further illustrated that mitochondrial content remained
unchanged between young and old mice. However, older
mice did express declination in protein abundance of mito-
chondrial substrate transporter proteins (mMCT1, mPCl1,
CPT1b, CPT2, and HADH), multienzyme complex activity
(LDH and PDH), and protein expression of key regulators of
mitochondrial dynamics (DRP1, FIS1, and MFN1), suggestive
of structural remodeling of the mitochondrial reticulum,
without change in mitochondrial abundance. Supporting
this phenotypic adaptation with age, both two-dimensional
(2-D) and 3-D confocal microscopy revealed significant
reductions in branch length, diameter, area, and mitochon-
drial form factor in older skeletal muscle. Taken together,
these comprehensive findings suggest that age-related alter-
ations in skeletal muscle mitochondrial biology may be
driven more by structural and dynamic features, such as the
locality of ATP synthesis, than by direct impairments in the
process of ATP homeostasis itself.

Aging imposes considerable strain on the body, manifested
through primary, antagonistic, and integrative hallmarks.
Among these, mitochondria, owing to their sensitivity to dam-
age, have been implicated as a central driver, with so-called
“dysfunction” (or more precisely, adapted function) recognized
as a key antagonistic hallmark of aging (7). Yet, whether these
functional adaptations arise from impaired proton and electron
transfer or from structural disruptions within the mitochondrial
reticulum remains unresolved, a classic “chicken-and-egg” sce-
nario. By carefully controlling covariates that shape mitochon-
drial adaptation (sex, body composition, physical activity,
comorbidities, and socioeconomic status) through the use of
NIA C57BL/6JN mice, Leija et al. (2) suggest attention should be
directed to organelle form as opposed to functionality, prompt-
ing a reevaluation of the mitochondrial theory of aging and the
need for extrapolation in humans. Mitochondrial dynamics,
regulated by the interplay of fusion, fission, and mitophagy, are
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central to determining phenotype (8), and these processes are
themselves strongly influenced by cardiovascular health and
muscle mass. In line with this, authors propose that perform-
ance decrements in aged mice are driven primarily by altera-
tions in mitochondrial structure and dynamics, rather than by
energetic decline.

Although integral to advancing our understanding of mito-
chondrial physiology with aging, this work also underscores
the pressing need for further study, particularly in humans.
Like humans, mitochondria are highly complex with many
integrated and influential processes, which were not explored,
including mitochondrial autophagy (mitophagy), ROS emis-
sion, changes to membrane potential, and calcium regulation.
To fully appreciate the global mitochondrial shifts imposed by
aging, a comprehensive investigation of all these processes is
also necessary. Given the multifaceted nature of human biol-
ogy and substantial interindividual variability, addressing
these questions will demand carefully designed, longitudinal
randomized controlled trials. Though costly, such efforts are
essential to determine where therapeutic or/and behavioral
strategies directed at mitochondrial physiology should be tar-
geted to improve overall health outcomes with aging.

Ultimately, this work may help resolve the decade-long
debate surrounding mitochondrial adaptations with aging in
humans—are the changes driven by mitochondrial activity,
architecture, abundance, or an amalgamation of the three?
The findings of Leija et al. (2) provide critical insight here,
demonstrating that age-related changes in skeletal muscle
mitochondria of mice are shaped more by structural features
and dynamic behavior than by declines in energetic function.
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