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Mitochondrial calcium uptake declines during aging
and is directly activated by oleuropein to boost
energy metabolism and skeletal muscle
performance
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Mitochondrial calcium uptake declines during muscle aging
and sarcopenia via MCUR1

The polyphenol oleuropein binds MICU1 to stimulate
mitochondrial calcium import

Oleuropein enhances muscle energy metabolism and
exercise performance via MCU

Oleuropein improves mitochondrial decline and muscle
fatigue during aging
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In brief

Gherardi et al. identify that aging and
disability impair mitochondrial calcium
uptake in skeletal muscle via MCUR1.
Food-derived polyphenols increase the
import of calcium in mitochondria by
binding MICU1. The natural MCU
activator oleuropein stimulates energy
metabolism, ameliorates muscle
performance, and reverses age-related
muscle decline by increasing
mitochondrial calcium.
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SUMMARY

Mitochondrial calcium (mtCa®*) uptake via the mitochondrial calcium uniporter (MCU) couples calcium ho-
meostasis and energy metabolism. mtCa?* uptake via MCU is rate-limiting for mitochondrial activation during
muscle contraction, but its pathophysiological role and therapeutic application remain largely uncharacter-
ized. By profiling human muscle biopsies, patient-derived myotubes, and preclinical models, we discovered
a conserved downregulation of mitochondrial calcium uniporter regulator 1 (MCUR1) during skeletal muscle
aging that associates with human sarcopenia and impairs mtCa®* uptake and mitochondrial respiration.
Through a screen of 5,000 bioactive molecules, we identify the natural polyphenol oleuropein as a specific
MCU activator that stimulates mitochondrial respiration via mitochondrial calcium uptake 1 (MICU1) binding.
Oleuropein activates mtCa®* uptake and energy metabolism to enhance endurance and reduce fatigue in
young and aged mice but not in muscle-specific MCU knockout (KO) mice. Our work demonstrates that
impaired mtCa?* uptake contributes to mitochondrial dysfunction during aging and establishes oleuropein
as a novel food-derived molecule that specifically targets MCU to stimulate mitochondrial bioenergetics
and muscle performance.

INTRODUCTION iological decline and chronic diseases during aging.’? The anti-

diabetic drug metformin is being clinically tested to target aging,
Cellular energy production relies in large part on oxidative given its geroprotective effects on lifespan and healthspan that
metabolism and ATP synthesis in mitochondria. Mitochondrial  act, at least in part, by triggering mitochondrial adaptations via
dysfunction is a major hallmark of aging that contributes to phys-  mitohormesis.® Other clinical therapeutic molecules such as
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nicotinamide adenine dinucleotide (NAD)* precursors,* auto-
phagy/mitophagy activators,®'° and mitochondrial complex
stabilizers'""'? can prevent age-related decline indirectly by tar-
geting other hallmarks of aging that maintain mitochondrial
integrity and rewire bioenergetics during aging. In contrast, there
are no approved therapeutics that directly stimulate the core
ATP-generating bioenergetic capacity of mitochondria.

Mitochondrial metabolism is particularly important in skeletal
muscle, where contraction during physical activity is an extremely
demanding process that consumes massive amounts of cellular
energy.'® Exercise maintains mitochondrial fitness in muscle dur-
ing aging,'* and mitochondrial dysfunction is a major contributor
to the age-related decline of skeletal muscle.'>'® Low mitochon-
drial activity of all respiratory complexes directly contributes to
low muscle mass, low muscle strength, and low walking
speed'>'?°_the clinical features of sarcopenia that impact
physical autonomy, quality of life, and mortality.”’ The medical
management of sarcopenia relies on lifestyle interventions with
exercise and nutrition.?® Although recent large clinical studies
have demonstrated the benefits of structured exercise pro-
grams,”>° nutritional management of sarcopenia largely relies
on restoring the nutritional deficits of older adults in protein and
micronutrients.?’52” Polyphenol-rich diets, including Mediterra-
nean diets rich in olive oil, have also been associated with lower
risk of chronic diseases of aging, in particular cardiovascular dis-
eases.”®? However, the nature and mechanisms of the individual
polyphenols mediating these health benefits remain elusive, and
the role of polyphenols in sarcopenia remains to be explored.

The regulation of mitochondrial calcium (mtCa®*) directly con-
trols oxidative metabolism and regulates skeletal muscle physi-
ology.*?*" The uptake of calcium in mitochondria is controlled by
the mitochondrial calcium uniporter (MCU), a multi-proteic com-
plex composed of the MCU channel that transports Ca®* across
the inner mitochondrial membrane, and of regulatory subunits
that regulate MCU activity to adapt to the metabolic require-
ments of the cell.>** During excitation-contraction coupling,
Ca?* is released from the sarcoplasmic reticulum (SR) to stimu-
late contraction, and mtCa®* couples the metabolic needs of
contraction to ATP production via mitochondrial oxidative meta-
bolism. Mechanistically, this is controlled by the activation of de-
hydrogenases of the tricarboxylic acid (TCA) cycle that are regu-
lated by mtCa?* levels. In particular, activation of the rate-limiting
pyruvate dehydrogenase (PDH) occurs upon dephosphorylation
by the Ca?*-dependent PDH phosphatase 1 (PDP).

Increased mtCa®* and MCU activity in skeletal muscle has
recently been linked to mitochondrial adaptations in response
to different types of exercise training in humans.*® Stimulating
mtCa®* uptake is sufficient to drive some of these adaptations,
as skeletal muscle overexpression of MCU in mice also pro-
motes mitochondrial metabolism and structural muscle adapta-
tions.®® Conversely, mtCa?* uptake is rate-limiting for normal
muscle metabolism and contractile function, with genetic dele-
tion of MCU in skeletal muscle impairing mitochondrial oxidative
capacity and reducing muscle force and exercise perfor-
mance.®"*® In addition, regulatory subunits of the MCU complex
fine-tune muscle physiology, as skeletal-muscle-specific dele-
tion of mitochondrial calcium uptake 1 (MICU1) compromises
mtCa2* uptake and energy metabolism, leading to myofiber
damage and muscle weakness and fatigue.®” Human genetics
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have also confirmed a central role of mtCa®* uptake via the
MCU complex in muscle physiology.*® Monogenic mutations
of MICU1 cause rare orphan diseases with myopathic pheno-
types®® that present with severe fatigue and lethargy.*° Although
these studies collectively highlight a robust link between mtCa®*
regulation and skeletal muscle health, the role of MCU in chronic
conditions such as muscle wasting disorders and aging is not
well understood, and translatable therapeutic tools and interven-
tions to boost mtCa®* by activating MCU are lacking.

Here, we discovered that the capacity for mtCa®* uptake
declines during aging in model organisms and in humans via
downregulation of mitochondrial calcium uniporter regulator 1
(MCURT1), and cellular and in vivo genetic rescue experiments
demonstrated that reduced MCUR1 directly contributes to
impaired mitochondrial energy metabolism. To overcome this,
we screened 5,000 natural bioactive molecules present in food
and discovered the oleuropein olive polyphenol as a potent
and selective activator of MCU, with therapeutic potential for
skeletal muscle. Oleuropein stimulates mtCa2* uptake via direct
binding of its deglycosylated metabolite to the MICU1 subunit of
MCU, inducing acute ergogenic effects and chronic adaptations
to increase oxidative metabolism and muscle performance
in vivo. Oleuropein also overcomes the age-related MCUR1-
dependent impairment of mtCa®* and rescues mitochondrial ac-
tivity and physical performance in aged mice. Our work estab-
lishes the regulation of MCU-dependent mtCa* uptake as a
novel mechanism of aging and demonstrates that oleuropein is
a first-in-class natural molecule to enhance muscle performance
and prevent muscle aging by directly activating MCU and mito-
chondrial bioenergetics with high specificity.

RESULTS

mtCa2* uptake declines during aging and sarcopenia in
human skeletal muscle via downregulation of MCUR1
Given the regulation of mitochondrial bioenergetics by mtCa2*
and the role of mitochondrial dysfunction in driving aging of skel-
etal muscle, we investigated whether mtCa®* participates in the
pathophysiology of muscle aging. MtCa®* uptake was compared
in primary human myotubes (Figure 1A) from adult and aged do-
nors, where the ryanodine receptor (RyR1) was stimulated with
caffeine to mimic contraction-induced Ca®* release from the
SR. The capacity of skeletal muscle mitochondria to take up
Ca?* was strongly impaired by aging, as mtCa®* uptake was
reduced by 45% in aged individuals (Figures 1B and 1C).

We then evaluated whether the severity of age-related muscle
decline impacts mtCa?* by comparing primary myotubes from
healthy older people and from sarcopenic patients that have
low muscle mass and function defined by the clinical diagnosis
criteria of sarcopenia (Figure S1A). MtCa?* uptake was
significantly lower in myotubes from sarcopenic donors than in
myotubes from healthy older people (Figures S1B and S1C),
demonstrating that pathological muscle aging exacerbates
dysfunctional mtCa?* uptake. To characterize the molecular
mechanisms underlying these defects, we analyzed the expres-
sion of genes controlling mtCa®* uptake and extrusion in human
muscle biopsies from older people with sarcopenia.’® Sarcope-
nia significantly reduced the expression of MCUR1 (Figure 1D),
a regulator of mtCa?* transport,*’™° whereas other genes
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regulating mtCa®* were not altered. Pathway and interactome
analyses confirmed that decreased MCURT1 expression in sarco-
penia controls a molecular node regulating mtCa®* homeostasis
via the MCU (Figure S1D). Downregulation of MCUR1 was linked
to both low muscle mass, assessed via appendicular lean mass
index (ALMi) by DXA (Figure 1E), and muscle strength assessed
by grip strength (Figure 1F). In continuous variable analysis, the
muscle expression of MCURT also positively associated with
ALMi, grip strength, and gait speed (Figures 1G, 1H, and S1E)
and negatively associated with the time required to perform a
“time-up-and-go” or chair rise test (Figures 11 and S1F), all indic-
ative that MCUR1 expression is high in elderly people with high
physical capacity. These results demonstrate that the regulation
of mtCa®* transport is altered in human skeletal muscle during
aging and physical decline and suggest a possible role of
MCURT in mediating the age-related impairment of mtCa®*
uptake.

To test whether the downregulation of MCUR1 observed dur-
ing sarcopenia can impair skeletal muscle mtCa?* uptake, we
depleted MCURT1 in primary human myotubes from young adults
using viral short hairpin RNA (shRNA) expression (Figure 1J).
MCURT knockdown (kd) reduced mtCa2* uptake after caffeine
stimulation by 33% (Figures 1K and 1L), demonstrating that
the downregulation of MCUR1 is sufficient to recapitulate the ef-
fects of aging on mtCa?* uptake (Figures 1B and 1C). We then
tested whether decreased MCUR1 contributes to impaired
mtCa®* uptake during aging by over-expressing MCURT in hu-
man myotubes from aged donors (Figure 1M). MCUR1 overex-
pression stimulated mtCa®* uptake in myotubes from all aged
donors tested, from 69 to 90 years of age (Figure 1N), demon-
strating that decreased skeletal muscle MCUR1 expression is
a cause of impaired mtCa®* uptake during aging.

Taken together, these results demonstrate that a downregula-
tion of MCURT1 causally contributes to a progressive impairment
of mtCa®* uptake during physiological and pathological skeletal
muscle aging.

Impaired mtCa2* uptake alters PDH activity and energy
metabolism in a preclinical model of natural aging

To investigate whether the regulation of mtCa®* homeostasis
occurring during human aging can be modeled preclinically,
we analyzed mtCa®* uptake and expression of genes regulating
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mtCa®* uptake in the skeletal muscle of mice aged 24 months
compared with young controls. As previously reported,“® cyto-
solic Ca?* transients generated upon caffeine stimulation were
decreased in aged myofibers, whereas resting cytosolic Ca®*
levels were unaltered (Figures S2A and S2B). MtCa®* uptake,
measured in isolated mouse myofibers upon caffeine-induced
Ca®* release, decreased during aging (Figures 2A and 2B),
whereas resting mtCaZ* levels were unaltered (Figure 2C).
Similar to what was observed during human muscle aging, the
regulation of MCU subunits directly contributed to this pheno-
type, as MCUR1 was downregulated by 54% during natural
mouse aging, whereas the expression of the channel (MCU,
MCUb, and EMRE) and of other regulatory subunits (MICUT,
MICU1.1, MICU2, and MICU3) were unaltered in aged mice
(Figures 2D and S2C). As schematized in Figure 2E, mitochon-
drial matrix Ca®* acutely activates PDH via dephosphorylation
mediated by allosteric activation of the Ca®*-dependent PDP.
We previously demonstrated that decreased mtCa®* uptake trig-
gered by a muscle-specific deletion of MCU (skMCU ") re-
duces PDH activity, impairs mitochondrial oxygen consumption
rate (OCR), and rewires substrate dependency from glucose to
fatty acid oxidation,®" all in a PDP-dependent fashion as PDP
overexpression is sufficient to restore these phenotypes.®’ We
hypothesized that the reduction in mtCa®* uptake observed
during skeletal muscle aging could trigger similar metabolic im-
pairments. PDH phosphorylation levels, which inversely corre-
late with PDH activity, increased by 54% in aged muscle
(Figures 2F and 2G), and basal, ATP-dependent, and maximal
OCR measured in isolated myofibers declined in the muscle of
aged mice (Figures 2H and 2I). Inhibition of fatty acid oxidation
with etomoxir had a greater impact on OCR in aged muscle,
demonstrating that aging shifts the substrate preference of mito-
chondria toward fatty acid (FA) oxidation (Figures 2J and 2K).
To test whether the impaired MCU activity contributes to mito-
chondrial dysfunction during aging, we first performed genetic
in vivo overexpression of MCUR1 in skeletal muscle of young
and aged mice. MCUR1 overexpression had no effect in young
healthy muscle but reversed the decline of mitochondrial respira-
tion in aged muscle (Figure 2L), specifically in conditions where
MCURT1 expression is reduced (Figure 2D). We then used a
parallel pharmacological strategy where the PDH complex
was activated by inhibition of pyruvate dehydrogenase kinase

Figure 1. Uptake of mitochondrial calcium declines during aging in human skeletal muscle

(A-C) Aequorin-based mtCa®* uptake in primary human myotubes from aged vs. young donors. (A) Primary human myoblasts differentiated in myotubes and
immunostained for fibers (troponin-t, green), mitochondria (MCU, red), and nuclei (DAPI, blue). Representative mtCa®* traces (B) and quantification of the mtCa®*
uptake peak (C) in myotubes from young and aged donors (n > 5 samples/donor).

(D) mRNA expression of genes regulating mtCa®* measured by RNA sequencing of human skeletal muscle biopsies of sarcopenic vs. age-matched healthy older
people (n = 19-20 muscle samples/group; CPM, counts per million).

(E and F) MCUR1 mRNA expression in skeletal muscle biopsies of older people with low appendicular lean mass index (ALMI, E) or low grip strength (F).
(G-1) Correlation of MCUR1 mRNA expression in skeletal muscle biopsies of older people with ALMI (G), grip strength (H), and performance in the “time-up-and-
go” test (I).

(J-L) MCUR1 knockdown (MCUR1-kd) decreases mtCa* uptake during 5 mM caffeine stimulation. (J) Validation of MCUR1 protein expression by capillary
western blot after MCUR1-kd using adenoviral-infection-mediated shRNA delivery in primary human myotubes. Scramble shRNA was used as control and
TOM20 was used as the internal standard of mitochondrial content. MOI, multiplicity of infection. (K) Representative mtCa* traces after MCUR1-kd in primary
human myotubes. (L) Quantification of the effect of MCUR1-kd on mtCa®* uptake peak, after 5 mM caffeine stimulation.

(M and N) Re-expression of MCUR1 in human myotubes of aged donors. (M) Validation of MCUR1 protein expression in human myotubes of aged donors after
adenoviral overexpression. (N) mtCa®* uptake in primary human myotubes from aged donors after MCUR1 overexpression. n = 13 cellular replicates/condition
from 2 independent experiments.

In all bar graphs, data are presented as mean + SEM with *p < 0.05 using a two-tailed unpaired t test.
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Figure 2. Impaired mitochondrial calcium uptake during aging impairs energy metabolism via PDH in skeletal muscle
(A-C) Mt-fura-2-based mtCa®* measurement of flexor digitorum brevis (FDB) myofibers from aged vs. young mice. Quantification (A) and representative traces
(B) of peak mtCa?* uptake upon 30-mM caffeine stimulation, and resting mtCa2* levels (C) (n > 20 fibers from 3 mice/group).

(legend continued on next page)
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(PDK) by dichloroacetate (DCA) (Figure 2E), as previously used to
link increased oxidative phosphorylation activity and muscle
strength in a mouse model of amyotrophic lateral sclerosis.”’
We used in vivo DCA treatment to test whether boosting PDH ac-
tivity could also stimulate metabolism and performance of young
healthy mice or rescue the consequences of impaired genetic or
age-related mtCa?* uptake. In young mice, DCA treatment stim-
ulated muscle PDH by reducing its phosphorylation (Figures 2M
and 2N), increased myofiber respiration (Figure 20), and boosted
endurance exercise performance (Figure 2P). DCA could over-
come impaired mitochondrial bioenergetics caused by geneti-
cally altered mtCa®* uptake as OCR increased and FA depen-
dency decreased in skMCU ™/~ myofibers treated with DCA
(Figures S2D and S2E). Finally, DCA treatment in aged animals
decreased PDH phosphorylation (Figures 2Q and 2R) and
increased basal and ATP-linked OCR (Figures 2S and 2T). These
results indicate that the MCU-PDH axis declines in aged muscle
via a mechanism that involves MCUR1 and that restoring PDH
activity overcomes the bioenergetic defects caused by impaired
mtCa®* uptake during aging.

A HT screen identifies the natural polyphenol oleuropein
as a potent activator of mitochondrial calcium uptake
Given the link of mtCa®* uptake with mitochondrial energy
metabolism and muscle performance and its impairment during
skeletal muscle aging, we performed a high-throughput (HT)
screen of natural molecules that activate mtCa®* to identify novel
nutritional solutions that could stimulate mitochondrial bioener-
getics and reverse age-related decline (Figures S3A and
S3B). We analyzed 5,571 natural molecules present in food on
mtCa?* uptake in Hela cells stimulated with histamine
(Figures 3A, 3B, and S3C), using kaempferol as a positive con-
trol.*® 78 primary hits, corresponding to a rate of 1.4% positive
hits (Figures 3A and 3B), were filtered by orthogonal screening
(Figure 3C) and the resulting 52 positive hits were counter-
screened for their ability to specifically increase mtCa®* without
triggering cytosolic Ca?* rise (Figure 3D). By filtering the 43
molecules that specifically and reproducibly activate mtCa*
for known safety and bioavailability in humans, we identified
that the olive polyphenol oleuropein has the best profile of bioac-
tive and safe mtCa®* activation (Figure 3E; Clewell et al.*°). We
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confirmed the effect of oleuropein in intact cells as a specific
mitochondrial (Figures 3F and 3G), and not cytosolic, Ca* acti-
vator (Figure 3H). In addition, oleuropein also increased mtCa®*
uptake in semi-permeabilized Hela cells stimulated with exoge-
nous Ca?* to override Ca®* release from the reticulum (Figure 3I),
demonstrating that oleuropein stimulates mtCa®* uptake via a
direct effect on MCU activity, but not indirect modulation, of
intracellular Ca®* storage, release, or influx from the SR. Two
recent studies have suggested that small molecules that regu-
late mtCa®* uptake may interact with the MICU1 protein via
in silico modeling.50’51 Given the optimal position of MICU1 for
interactions with molecules that diffuse from the cytoplasm to
the mitochondrial intermembrane space, along with its ability
to interact with ligands,*® we conducted surface plasmon reso-
nance (SPR) experiments to directly assess the binding of oleur-
opein to purified MICU1 in vitro. These measurements revealed
that oleuropein binds to MICU1 with low micromolar affinity
(Kp of 4 £ 1 uM) (Figures 3J and S3D).

Because oleuropein is a glycosylated molecule that is metab-
olized upon intestinal absorption (Figure 3K; Clewell et al.*%), we
also tested the ability of oleuropein and its secondary metabo-
lites to promote mitochondrial calcium uptake in dose response
(Figures 3L-3N). Oleuropein dose-dependently activated
mtCa®* uptake with a cellular EC50 of 10 uM (Figure 3L). Metab-
olites were also biologically active on stimulated mtCa®* uptake,
with oleuropein aglycone (oleuropein-a) being the most potent
metabolite, with an EC50 of 5 uM (Figure 3M), and the secondary
metabolite hydroxytyrosol having weaker potency and affinity
(Figure 3N). The cellular EC50 of oleuropein and its metabolites
on mtCa?* uptake were in the same range as its in vitro Kp for
MICU1 (Figure 3J). These results demonstrate that oleuropein
and its direct metabolites are potent and direct activators of
mtCa®" uptake, with a favorable safety and bioavailability for
human clinical use.

Oleuropein requires MICU1 to stimulate MCU-
dependent mitochondrial energy metabolism in primary
human myotubes

Given the role of mtCa®* in coupling contraction with energy pro-
duction in skeletal muscle, we investigated whether oleuropein
also enhances mtCa®* and energy metabolism in models of

(D) Relative mRNA expression levels of MCU complex genes in tibialis anterior (TA) muscles from aged vs. young mice (n = 5 mice/group).

(E) Representative scheme of PDH regulation. Cca®* binding in the mitochondrial matrix activates pyruvate dehydrogenase phosphatase 1 (PDP1), the
Ca?*-dependent isoform of the PDP enzyme that, in turn, dephosphorylates and activates PDH, leading to acetyl-coenzyme A (CoA) production. Dichloroacetate
(DCA) inhibits PDK.

(F and G) PDH phosphorylation levels quantified by western blot in aged TA muscles from aged vs. young mice (n = 4-5 mice/group).

(H and I) Oxygen consumption rate (OCR) in isolated FDB myofibers from aged vs. young mice. Data are normalized on mean calcein fluorescence (H) and
components of respiration accounting for basal, ATP-dependent (quantified after oligomycin treatment), maximal (quantified after carbonyl cyanide-p-tri-
fluoromethoxyphenylhydrazone [FCCP] treatment), and non-mitochondrial (quantified after rotenone + antimycin treatment) respiration are quantified in (I) (n = 10
samples/group).

(J and K) Fatty acid (FA)-dependent respiration measured in FDB myofibers from aged vs. young mice. Etomoxir was used to inhibit FA utilization (J). FA de-
pendency was calculated and expressed as the etomoxir-sensitive percentage of basal OCR (K). Data are normalized on mean calcein fluorescence (n = 5
samples/group).

(L) OCR in isolated FDB myofibers from aged vs. young mice with in vivo overexpression of MCUR1. Normalization and description of the respiration component
as described in (I). n = 4 samples/group.

(M-T) Effects of DCA-mediated PDH activation in skeletal muscle of young (M-P) and aged (Q-T) mice. (M, N, Q, and R) PDH phosphorylation levels quantified by
western blot in TA muscles of DCA-treated mice compared with saline controls using GRP75 as loading control; n = 3 mice/group. (O, S, and T) OCR measured in
FDB myofibers and normalized on mean calcein fluorescence in DCA-treated mice compared with saline controls (n = 6-10 samples/group). (P) Exercise per-
formance assessed by maximal treadmill running time in DCA-treated mice compared with saline controls (n = 5 mice/group).

In all bar graphs, data are presented as mean + SEM with *p < 0.05 using a two-tailed unpaired t test, except in (J), where a one-way ANOVA was applied.
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Figure 3. A high-throughput screen identifies the natural polyphenol oleuropein as a potent activator of mitochondrial calcium uptake

(A-D) Aequorin-based, high-throughput assay of mtCa®* uptake was developed to select MCU-specific natural bioactives from a library of 5,571 natural food

bioactive molecules. (A) Workflow and results of the screen. (B) Results of mtCa®* primary screen in Hela cells stimulated with 100 M histamine; primary hits
(legend continued on next page)
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human skeletal muscle and dissected how its primary circulating
metabolite, oleuropein-a, can stimulate mitochondrial calcium
uptake at the molecular level in muscle cells. Oleuropein-a
potently stimulated mtCa®* uptake in primary myotubes differen-
tiated from human skeletal muscle and stimulated with caffeine
to mimic contraction (Figure 4A), without affecting cytosolic
Ca?* elevation (Figures S4A and S4B). Similar to what was
observed in Hela cells, the primary circulating oleuropein-a
metabolite was more active than the parent glycosylated mole-
cule and the downstream metabolite hydroxytyrosol to raise
mtCa2* in human muscle cells (Figure 4B), prompting us to focus
further cellular exploration on deglycosylated oleuropein. To
confirm that oleuropein is a bona fide activator of mtCa?* uptake
across models, we demonstrated that it can activate mtCa®* up-
take using mouse muscle cells and independent sensors and
calcium-release stimulation. In C2C12 myotubes (Figure S4C),
oleuropein-a potently stimulated mtCa®* uptake using the genet-
ically encoded ratiometric fluorescence resonance energy trans-
fer (FRET)-based sensor 4mtD3cpv in single cells (Figures S4C
and S4D) or by stimulating calcium release with KCI
(Figures S4E and S4F). We also verified that oleuropein has no
effect on mitochondrial membrane potential, indicating that
the increase in mtCa®* was not due to alterations in the driving
force for mtCa®* entry (Figures S4G and S4H). Consistent
with the rate-limiting role of MCU for mtCa®* uptake,*?*® ad-
eno-associated virus (AAV)-mediated shRNA kd of MCU
(MCU-kd), which strongly reduced MCU protein levels, abol-
ished caffeine-induced mtCa?* uptake (Figure 4C). Importantly,
MCU-kd completely inhibited the ability of oleuropein to stimu-
late mtCa®* uptake (Figures 4D and 4E), demonstrating that
oleuropein requires the channel subunit of the MCU complex
to stimulate mtCa®* uptake.

Using oxygen consumption in primary human myotubes stim-
ulated by caffeine as a model of contraction-induced mitochon-
drial energy metabolism, we demonstrated that oleuropein-a
acutely increases mitochondrial respiration by +67% during
caffeine-induced Ca2* mobilization and boosts functional gener-
ation of ATP via an oligomycin-sensitive coupled respiration
(Figures 4F—4H). In line with the results on mtCa®* (Figure 4E),
kd of MCU completely prevented the effects of oleuropein-a
on coupled respiration (Figures 4G and 4H), demonstrating
that MCU and mtCa®* are required for oleuropein-dependent
mitochondrial metabolism. We next measured the effect of
oleuropein-a on cell death to verify that the augmented mtCa®*
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uptake induced by oleuropein remains physiological. Consistent
with published data from literature on the safety profile of oleur-
opein®®°? and the effects of MCU overexpression in skeletal
muscle,*® oleuropein and its metabolites did not affect cell death
in primary human myotubes (Figure S5A).

In order to demonstrate that oleuropein can activate mtCa®*
uptake in fully functional muscle fibers and investigate the meta-
bolic consequences of this activation on contractile properties,
we treated isolated myofibers from mouse flexor digitorum bre-
vis (FDB) muscle ex vivo. In this system, oleuropein and its me-
tabolites also enhanced caffeine-induced mtCa®* uptake
(Figures 41, 44, S5B, and S5C) and mitochondrial respiratory ca-
pacity (Figure 4K). To determine the effect of oleuropein on skel-
etal muscle performance, we measured muscle strength and fa-
tigue. Oleuropein did not show any detrimental effect on force
production (Figure S6). Mitochondrial metabolism and oxidative
capacity, which are boosted by oleuropein (Figures 4F, 4H, and
4K), are important to sustain muscle energy production during
repeated contractions and to prevent fatigue during physical ac-
tivity. Oleuropein-treated myofibers could maintain high intensity
force during repeated contractions better than the untreated
controls, demonstrating that oleuropein lowers fatiguability dur-
ing exercise (Figure 4L). Altogether, these results demonstrate
that oleuropein enhances mitochondrial energy metabolism
across different models of skeletal muscle and improves the
resistance to fatigue during contraction.

We then performed in silico docking simulations on the crystal
structure of MCU subunits in order to understand how oleuro-
pein activates the MCU complex at a molecular level. Through
molecular docking and dynamics, we identified that oleuropein
and oleuropein-a can bind a cleft of human MICU1 (Figures 4M
and 4N), which was also recently reported as a ligand binding
pocket.50 For the analysis of the docking, we measured the
strength of the interaction (Figure 4N). The stability of conforma-
tion and the quality of the interaction indicated that both the
compounds are well accommodated into the binding site.
Here, we report the best conformation obtained for oleuropein-
a (Figure 4M). Oleuropein and oleuropein-a were similarly ori-
ented in the MICU1 binding site, with the hydroxytyrosol portion
of the molecule binding Glu311 of MICU7 and the elenolic group
binding both the MICU1 N-lobe (216-220) and C-lobe (loop 441-
443) (Figure S7; Video S1).

The functional relevance of the in silico binding was confirmed
experimentally through a loss of function of MICU1 using MICU1

(green), non-active molecules (gray). Results are scale-normalized with negative control at 0 (blue) and positive control with 20 uM kaempferol at 100 (red). (C)
Orthogonal replication of positive hits from the primary screen using the same assay. Positive control, kaempferol 10 uM. (D) Counter-screen of cytosolic Ca2* to
exclude the hits that modulate both mtCa®* and cytosolic Ca®*; positive control is 100 mM extracellular Ca*. For (A)—(D), n = 1 replicate/molecule.

(E-H) Selection and validation of the positive hit oleuropein. (E) Chemical structure of the polyphenol oleuropein. (F and G) Effect of 10 uM oleuropein on mtCa2*
uptake in Hela cells stimulated with 100 uM histamine, with quantification of mtCa®* peak uptake from n = 8 independent experiments (G). (H) Effect of 10 uM
oleuropein on cytoplasmic Ca?* in HeLa cells stimulated with 100 uM histamine, with quantification of cytosolic Ca?* peak from n = 7 independent experiments
(H, inset).

(I) Effect of 10 uM oleuropein aglycone on MCU activity in semi-permeabilized Hel a cells evoked with 4 uM free Ca*, with quantification of the slope of mtCa®*
uptake from n = 3-6 cell culture replicates/group (inset).

(J) Steady-state analysis of the binding of oleuropein to recombinant MICU1 by surface plasmon resonance. Data points and error bars represent the average and
SEM of two independent replicates.

(K-N) Effect of oleuropein and its metabolites, oleuropein aglycone and hydroxytyrosol, on mtCa®* uptake induced by 5 mM caffeine in C2C12-derived myotubes.
Structural formula of the molecules (K) and dose-response effect of oleuropein (L), oleuropein aglycone (M), and hydroxytyrosol (N) from n = 6-8 cell culture
replicates per molecule.

In all bar graphs, data are presented as mean + SEM with *p < 0.05 using a two-tailed unpaired t test.
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knockout (KO) mouse embryonic fibroblast (MEF) cells,>® where
mtCa2* uptake was measured in Ca?*-stimulated semi-permea-
bilized cells. Similar to other models, oleuropein efficiently stim-
ulated mtCa®* uptake in wild-type (WT) cells, but this response
was blunted in MICU1 KO cells (Figures 4P and 4Q). These
cellular and in silico experiments, together with direct binding
data using SPR (Figure 3J), demonstrate that oleuropein acti-
vates mtCa2* uptake via an MCU-dependent mechanism that re-
lies on direct binding to MICU1 (Figure 40). Our molecular dock-
ing analyses indicated that one of the pivotal interactions
between oleuropein and MICU1 is the hydrogen bond formation
with the E311 sidechain that is deeply inserted in a sub-pocket of
MICU1 occupied by the ligand. To validate the binding mode of
oleuropein, we mutated E311 to an alanine residue that abol-
ishes hydrogen bonding without creating steric hindrance in
the molecular docking simulation (Figures 4M and 4N). Reintro-
ducing WT MICU1, but not its E311A mutant, restored oleuro-
pein-induced mtCa®* uptake in MICU1 KO cells (Figure 4R). To
complement these results demonstrating that MICU1 E311 bind-
ing is critical for oleuropein to stimulate mtCa®* uptake, we per-
formed a parallel mutagenesis approach to created steric hin-
drance in the predicted oleuropein binding site of MICU1.
When MICU1 L308 and Y334 residues were mutated to trypto-
phan to occlude the binding pocket with bulky residues, the
L308W/Y334W failed to restore responsiveness to oleuropein
MICU1-KO cells (Figure 4R). Importantly, none of these mutants
affected mtCa®* uptake in the absence of oleuropein (Figures 4Q
and 4R). Thus, these experimental results using 2 independent
mutagenesis strategies validate the in silico prediction of oleuro-
pein binding to MICU1 and the requirement of the oleuropein/
MICU1 interaction for mtCa®* uptake activation.

Acute and chronic dietary treatments with oleuropein
enhance muscle energy metabolism and performance
via MCU

To determine the impact of oleuropein on energy metabolism
and muscle performance in a complex physiological organism,
we treated young adult mice orally via dietary administration of
an olive leaf extract (OLE) standardized for high oleuropein con-
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tent. A single oral dose of OLE acutely increased mtCa®* uptake,
measured ex vivo in isolated myofibers (Figures 5A and 5B). In a
2- to 8-h time course after acute oral intake, OLE induced a sus-
tained 36%-58% dephosphorylation of PDH in skeletal muscle
that was already prominent after 2 h, consistent with the reported
rapid peak of oleuropein and its metabolites in blood®**°
(Figures 5C and S8A). As expected, dephosphorylation was
mirrored by increased PDH activity in skeletal muscle, which
was boosted by +44% after acute OLE intake (Figure 5D).
Consistent with PDH activation, which is rate-limiting for pyru-
vate oxidation and mitochondrial oxidative metabolism, in vivo
OLE treatment also stimulated oxygen consumption in myofib-
ers (Figure S8B). The effects of OLE in muscle were fully main-
tained after chronic treatment, as dietary administration of OLE
for 1 month in adult mice increased mtCa®* uptake (Figures 5E
and 5F), decreased PDH phosphorylation (Figures 5G and
S8C), increased PDH activity (Figure 5H), and stimulated oxygen
consumption and mitochondrial activity (Figure 5I). Chronic OLE
treatment did not affect mitochondrial DNA content (Figure S8D),
indicating that changes in mitochondrial density do not
contribute to higher PDH activity and mitochondrial respiration.

Muscle mass was not affected by OLE in young adult mice
(Figure S8E). In contrast, OLE enhanced muscle performance
by improving the resistance to fatigue in an electrically stimu-
lated muscle force assay (Figure 5J), confirming the results ob-
tained in isolated myofibers (Figure 4L). In addition, OLE
enhanced exercise performance in a treadmill endurance test
(Figure 5K). Because polyphenols can have pleiotropic effects
and oleuropein has been reported to act via distinct mecha-
nisms, including as an anti-oxidant,*® we tested whether the ef-
fects of OLE on mitochondrial bioenergetics and muscle perfor-
mance are mediated by MCU. To this end, dietary OLE was
administered chronically to mice with a skeletal-muscle-specific
deletion of MCU using Cre/lox recombination under control of
the myosin light chain 1c promoter (skMCU ™~ mice).®' Unlike
in WT (Figures 5l and 5K) and control (Figures 5L, 5M, and
S8F), OLE had no effect on mitochondrial oxygen consumption,
treadmill performance, and PDH phosphorylation in skMCU™~
mice (Figures 5N, 50, and S8G). These results demonstrate

Figure 4. Oleuropein activates mitochondrial energy metabolism in primary human myotubes and intact skeletal muscle via MICU1-depen-
dent mtCa?* uptake

(A-E) Aequorin-based mtCa* uptake in control (A, B, and E) and MCU knockdown (C-E) primary human myotubes treated with 10 uM oleuropein metabolites (A,
B, D, and E). (E) Caffeine (5 mM) stimulated-mtCa®* peak was quantified from n = 12 and n = 48 cell culture replicates/group for control and MCU-kd conditions,
respectively.

(F-H) OCR of control (F and H) and MCU knockdown (G and H) primary human myotubes treated with 10 M oleuropein-a. The Ca®*-dependent mitochondrial
respiratory capacity for ATP production was calculated as the OCR difference (AOCR) between caffeine- and oligomycin-dependent respiration in n = 6-12 cell
culture replicates/group (H). Caffeine, 5 mM.

(I and J) 4mtGCaMP6f-based mtCa®* uptake in isolated mouse FDB fibers treated with 10 uM oleuropein. 30 mM-caffeine-stimulated-mtCa®* peak was
quantified from n > 20 fibers/group.

(K) OCR of isolated FDB myofibers treated with 10 uM oleuropein. Data are normalized on mean calcein fluorescence (n = 10 samples/group).

(L) Ex vivo fatigue of mouse EDL muscle treated with 10 uM oleuropein during repeated electrical stimulation of tetanic force; n = 10 mice/group.

(M-Q) Oleuropein activates mtCa®* uptake by binding MICU1. (M) In silico docking of oleuropein-a (green) to the MICU1 crystal structure. (N) Quantification of
molecular docking (MDk) and molecular dynamics (MDy) of oleuropein and oleuropein-a to MICU1. (O) Model of oleuropein-dependent activation of mtCa2*
uptake via MICU1 binding. (P) Western blot validation of MICU1-KO in MEF cells with TOM20 as loading control. (Q) MCU activity in semi-permeabilized control
and MICU1-KO MEF cells treated with 10 uM oleuropein-a, with quantification of the slope of mtCa?* uptake evoked with 4 uM free Ca®* from n = 10 cellular
replicates.

(R) Effect of 10 uM oleuropein and 10 uM oleuropein-a on mtCa?* uptake in MICU7-KO MEFs cells in which wild-type (MICUT) or site-directed mutagenized
MICUT (MICU1 E322A and MICU1 L308W,Y334W) was re-introduced, as indicated. ATP stimulated-mtCa®* peak was quantified from n > 5 samples/group.
In all bar graphs, data are presented as mean + SEM. *p < 0.05 and ns, not significant, using a one-way ANOVA (A-H) or a two-tailed unpaired t test (J-L and Q).
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Figure 5. Acute and chronic dietary oleuropein activates skeletal muscle energy metabolism and enhances performance in vivo via MCU

(A-D) 4mtGCaMP6f-based mtCa®* uptake (A and B), PDH phosphorylation (C), and PDH activity (D) in skeletal muscle of young adult mice acutely receiving a
single oral dose of olive leaf extract with 40% oleuropein (OLE) at 50 mg/kg or control vehicle. Representative mtCa®* traces (A) and quantification of mtCa
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that the stimulation of mitochondrial calcium uptake by OLE in
healthy adults acutely and chronically activates PDH, stimulates
mitochondrial respiration, and enhances exercise performance
specifically via MCU.

Oleuropein reverses the age-related decline of muscle
bioenergetics and performance across species
Building on the observation that mtCa* uptake and mitochondrial
metabolism decline during aging and sarcopenia via a MCUR1-
driven mechanism (Figures 1A-1J; Migliavacca et al.'®), we tested
whether oleuropein binding via MICUT could still activate mtCa®*
uptake in aged muscle with decreased MCUR1. The effect of
oleuropein on mtCa?* uptake was dominant over impaired muscle
MCU activity caused by downregulation of MCURT1 (Figures 1J—
1L), as oleuropein-a could efficiently stimulate mtCa®* uptake in
human primary myotubes where MCUR1 was genetically knocked
down (Figures 1K, 6A, and 6B). Oleuropein-a also reversed age-
related decline of mtCa®* uptake in primary myotubes from aged
human donors (Figures 6C and 6D). Because the decline of
MCURT and mtCa?* occurring during human aging is conserved
in rodent models (Figures 2A-2G), we used complementary in vivo
models to test whether stimulating mtCa2* uptake with oleuropein
can reverse age-related muscle decline. In a rat model of sarcope-
nia with strong mitochondrial dysfunction,®”->® chronic dietary OLE
administration after the onset of sarcopenia robustly reduced PDH
phosphorylation by 60% (Figures 6E-6G), indicative of enhanced
activity and restored mitochondrial oxidative metabolism. Chronic
dietary OLE also enhanced mitochondrial respiration of aged my-
ofibers (Figure 6H) and restored exercise performance (Figure 61) in
a mouse aging model where mitochondrial activity and running
performance decline (Figure 2H; Yanai and Endo°®). Similar to
what was observed in young mice (Figure S8D), OLE had no adap-
tive effect on mitochondrial mass measured via mitochondrial DNA
content (Figure 6K). In addition, and distinct from young adults
(Figure S8E), OLE increased muscle mass in aged mice (Figure 6J).
Taken together, these results demonstrate that oleuropein
overcomes MCUR1 decline during aging to rescue MCU activity
and prevent bioenergetic and functional performance impair-
ments of aged skeletal muscle across species (Figures 6L
and S9).

DISCUSSION
Targeting mitochondria to boost bioenergetics and energy pro-

duction has been an area of intense investigation over the past
decade, given the major role of mitochondrial health in adapta-
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tions to lifestyle and environment and the prominent role of mito-
chondrial dysfunction in many chronic and genetic diseases. In
the present study, we have identified the natural polyphenol
oleuropein as a potent dietary molecule that directly stimulates
energy production in healthy and pathological mitochondria by
stimulating mitochondrial respiration and ATP production via
mtCa2* uptake. Mechanistically, oleuropein and its deglycosy-
lated metabolite bind to the MICU1 regulatory subunit of MCU
and stimulate the uptake of Ca®* in mitochondria, thereby tran-
siently increasing mtCa®* concentrations at physiological levels
and activating dephosphorylation of PDH via the Ca?*-depen-
dent phosphatase PDP. Kaempferol is another natural molecule
previously reported to activate mtCa®* uptake exclusively in
cellular models.*®>" Although it was also detected in our primary
mtCa®* uptake screen, it failed to pass specificity for MCU as it
also potentiated cytoplasmic calcium. Other mitochondrial ther-
apeutic strategies that stabilize mitochondrial activity by indi-
rectly targeting pathological impairments of molecular pathways
and metabolic processes have translated to the clinics.”
Elamipretide (SS-31) protects against mitochondrial dysfunc-
tion in genetic mitochondrial diseases by stabilizing the
respiratory chain.""'? Urolithin-A is a natural postbiotic that in-
creases muscle strength in older people by restoring youthful
mitophagy.®¢"? Finally, NAD* precursors mitigate pathological
progression in aging or genetic mitochondrial diseases by re-
plenishing the critical metabolic cofactor NAD*.°~"% |n contrast
to these adaptive effects, activation of mtCa®* uptake by oleur-
opein is direct and occurs minutes after cellular exposure, lead-
ing to rapid activation of PDH activity and mitochondrial respira-
tion. Importantly, oleuropein can also boost the metabolism of
healthy mitochondria via a direct mechanism that acutely stimu-
lates TCA cycle activity. Thus, oleuropein is a unique nutritional
solution for mitochondrial therapeutics and a direct nutritional
activator of mitochondrial bioenergetic fluxes.

Oleuropein and its metabolite hydroxytyrosol are enriched in
Mediterranean diets with high olive and olive oil consump-
tion.*®%* Their anti-oxidant and anti-inflammatory properties
have been shown to protect from cardiovascular and metabolic
diseases and musculoskeletal diseases”®°>°® and are believed
to contribute to the beneficial effects of health-protective Medi-
terranean diets through molecular mechanisms that remain
elusive. Oleuropein is the most abundant polyphenol in olive
leaves,*® which are traditionally consumed as an infusion or in
extracts for health benefits in Mediterranean countries and
have a history of safe human consumption. Based on this tradi-
tional knowledge and recent studies on the health benefits of

peaks (B) in 30 mM-caffeine-stimulated isolated FDB myofibers of mice acutely treated with OLE (n = 12 fibers from different mice/group). PDH activity was
measured in tibialis anterior muscle via PDH dephosphorylation by western blot 2-8 h after oral OLE (C; n = 2 mice/group) and PDH enzymatic activity 6 h after oral
OLE (D; n = 5 mice/group).

(E-K) 4mtGCaMP6f-based mtCa?* uptake (E and F), PDH phosphorylation (G), PDH activity (H), mitochondrial respiration (I), and muscle performance (J and K) in
young adult mice fed a control or OLE diet equivalent to 50 mg/kg/day for 1 month. Representative mtCa>* traces (E) and quantification of mtCa* peaks (F) in
30 mM-caffeine-stimulated isolated FDB myofibers of mice chronically receiving OLE diet (n = 7 fibers/group). PDH activity in tibialis anterior muscle measured via
PDH dephosphorylation normalized to GRP75 by western blot (G) and PDH enzymatic activity (H) of mice fed for 1 month with OLE diet (n = 4-6 mice/group). (1)
Mitochondrial respiratory capacity measured via OCR normalized to mean calcein fluorescence in isolated FDB myofibers of mice fed for 1 month with OLE diet
(n =10 samples/group). (J) In vivo fatigue of gastrocnemius muscle during repeated electrical stimulation of tetanic force in mice fed for 1 month with OLE diet;
n =10 mice/group. (K) Exercise performance assessed in mice fed for 2 weeks with OLE diet (n = 5 mice/group).

(L-O) Mitochondrial respiration after 4 weeks (L and N) and exercise performance after 2 weeks (M and O) of feeding with control or OLE diet equivalent to 50 mg/
kg/day in young control (MCU™"; L and M) or skeletal-muscle-specific MCU KO (skMCU~~; N and O) mice (n = 3-4 mice/group).

In all bar graphs, data are presented as mean + SEM with *p < 0.05 using a two-tailed unpaired t test.
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Figure 6. Oleuropein reverses age-related decline of mtCa?* uptake, energy metabolism, and muscle performance across species
(A-D) mtCa?* uptake in primary human myotubes with MCUR1 kd (A and B) or from aged donors (C and D) and treated with 10 uM oleuropein-a; n = 4 or more
cellular replicates/condition.

(legend continued on next page)
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oleuropein,”®°°>” OLEs with high oleuropein content have been
developed for human consumption, with documented toxicolog-
ical studies and clinical trials supporting the safety of oral use in
humans.*?*%:% Unlike kaempferol, oleuropein does not influ-
ence cytoplasmic Ca2*, thereby enabling a better specificity pro-
file that contributes to its good tolerability and safety profile. In
addition, our work establishes the in vivo efficacy of oleuropein
by demonstrating that the direct activation of mtCa?* uptake
and mitochondrial bioenergetics by oleuropein boosts oxidative
metabolism in young healthy skeletal muscle and thereby pro-
tects from muscle fatigue and stimulates endurance exercise
performance. Importantly, the action of oleuropein on mitochon-
drial activity and muscle performance is both very fast and very
specific, as KO or point mutations of the MICU7 subunit that
directly binds the molecule abrogate its action on mtCa®*, and
muscle-specific KO of MCU blunts its benefits on mitochondrial
respiration and exercise performance.

Aging has been suggested to interfere with mtCa®* uptake in
preclinical models,®® and associations of MCU expression with
exercise training have been reported in older people® without
establishing whether these associations contribute to aging phe-
notypes. With its translational models and mechanistic experi-
ments using genetic and pharmacological gain of function,
our work establishes impaired uptake of mtCa®* via MCU as a
hallmark of aging that causally contributes to mitochondrial
dysfunction and impaired energy production and to fatigue and
reduced physical performance during sarcopenia. We demon-
strate that the functional capacity to take up Ca2* in mitochon-
dria is altered during aging of skeletal muscle both in rodent
and human models and is exacerbated by pathological progres-
sion to sarcopenia. This dysfunctional mtCa2* transport impairs
PDH activity, mitochondrial respiration, and exercise perfor-
mance. Nuclear MICU3 levels have been reported to decline in
aged mice, with MICU3 overexpression partially restoring mus-
cle decline.”® In our study, a transcriptional downregulation of
the MCUR1 subunit of MCU directly associated with the age-
related decline of mtCa®* uptake both in rodents and humans,
whereas the expression of the structural components of the
MCU complex (MCU/MCUb and MICU1/2/3) remained normal.
MCURT1 expression was low in muscle biopsies of older people
with sarcopenia and mitochondrial dysfunction'® and was posi-
tively associated with muscle mass, muscle strength, and quality
of life. Although MCUR1 was initially described as a bona fide
MCU regulator,*>*> current evidence indicates that it may act
as a scaffolding protein for MCU** and possibly other inner
membrane protein complexes such as cytochrome ¢ oxidase.*
The mechanism of MCUR1-mediated alteration of mtCaZ* up-
take during aging is, however, direct, as MCUR1 kd in primary
human myotubes is sufficient to impair mtCa?* uptake and reca-
pitulate the effect of aging. Although aging is a multi-factorial
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process and multiple mechanisms likely contribute to impaired
mtCa?* uptake and mitochondrial dysfunction, our results
demonstrate that the downregulation of MCUR1 is a direct
causal mechanism, as genetic re-expression of MCUR1 in
aged muscle could restore defective mtCa2* uptake and mito-
chondrial respiration.

Consistent with preclinical studies where genetic modulation
of mtCa®* and MCU in skeletal muscle regulates oxidative meta-
bolism, mitochondrial energy production, and muscle perfor-
mance in young, healthy conditions,*'*® we demonstrate that
MCU/mtCa?*/PDH/mitochondrial  oxidative ~phosphorylation
(OxPhos) signaling in skeletal muscle also controls mitochondrial
activity and muscle physiology during aging. Pharmacological
activation of PDH via inhibition of PDK with DCA activates mito-
chondrial respiration and muscle performance and overrides
reduced MCU/PDH activity during aging. Importantly, oleuro-
pein can reverse mitochondrial and functional phenotypes of
sarcopenia, as the oleuropein-mediated stimulation of mtCa®*
uptake capacity via MICU1 is dominant over the age-related
decline of MCUR1 that drives impaired mtCa®* uptake in aged
muscle. Restoring PDH activity with oleuropein or with DCA in
aged muscle is sufficient to restore mitochondrial bioenergetic
potential and oxidative metabolism to improve muscle fatigue
and exercise performance. Chronic oleuropein treatment also in-
creases muscle mass in aged muscle, likely by preventing age-
related muscle wasting through secondary adaptation to better
performance and activity, as muscle hypertrophy was not de-
tected in young mice or after acute treatment. Given its history
of safe human use, oleuropein is therefore a promising candidate
for the therapeutic management of sarcopenia and other
age-related pathologies with mitochondrial dysfunction and
impaired mitochondrial energy production. lts MCU-mediated
mechanism of action can be complementary to the anabolic ef-
fects of protein and signaling via vitamin D, suggesting that it
can be beneficial with well-accepted nutritional solutions for
sarcopenia.”'%%?7

By combining complementary cellular, animal, and clinical
studies, our work establishes a causal relationship between
mtCa®* uptake via the MCU complex, mitochondrial energy pro-
duction, and muscle performance that responds to physiolog-
ical, pathological, and therapeutic stimulation. The modulation
of this metabolic pathway is dynamically regulated via acute
nutritional signals that directly modulate metabolic fluxes and
mitochondrial activity and become chronically impaired during
human aging and sarcopenia. Acute consumption of the natural
polyphenol oleuropein translates into optimized muscle energy
coupling and ergogenic effects on performance and endurance
in healthy conditions, while chronic dietary oleuropein reverses
mitochondrial dysfunction and impaired muscle mass and mus-
cle performance during sarcopenia. Given the history of safe

(E-G) PDH activation measured by dephosphorylation by western blot relative to GRP75 in gastrocnemius muscle of aged rats of 21-24 months fed with a control

or OLE diet equivalent to 25 mg/kg/day for 3 months (n = 5 rats/group).

(H-J) Mitochondrial respiration after 4 weeks (H), treadmill exercise performance after 2 weeks (l), and muscle weight after 4 weeks of feeding with control or OLE
diet equivalent to 50 mg/kg/day in 24-month-old mice. (H) Mitochondrial respiratory capacity measured via OCR normalized to mean calcein fluorescence in
isolated FDB myofibers (n = 10 samples/group). (I) Exercise performance assessed in mice fed for 2 weeks with control or OLE diet (n = 4 mice/group).

(K) Mitochondrial DNA content of aged mice treated with OLE, as described in (I). Data are presented as mean + SEM of 4 muscles per condition.

(L) Model of oleuropein-dependent activation of mitochondria via MCU and protection from muscle decline during aging.

In all bar graphs, data are presented as mean + SEM with *p < 0.05 using a two-tailed unpaired t test.
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human use of oleuropein and polyphenol-/olive-rich diets, our
discovery opens exciting opportunities for translation to clinical
trials and applications for the prevention and medical manage-
ment of sarcopenia and other age-related diseases.

Limitations of the study

Convergent evidence demonstrates that mitochondrial calcium
uptake declines during aging and sarcopenia in mice and humans.
Although MCURT1 expression was reduced in muscle biopsies of
sarcopenic male patients from Singapore in the retrospective
Multi-Ethnic Molecular determinants of Sarcopenia (MEMOSA)
cohort, '® one limitation of our work is that functional quantification
of mitochondrial calcium uptake was performed in ex vivo primary
human muscle cells but could not be performed directly in human
muscle biopsies as this requires a prospective study with ex vivo
analysis in living, dissociated myofibers. Replication of these find-
ings and expansion across genders in different human aging co-
horts, where sarcopenia may arise from different genetic and envi-
ronmental origins, will be important. To this end, the Study of
Muscle, Mobility and Aging (SOMMA) US cohort that analyzed
muscle biopsies and mitochondrial bioenergetics in relation to
muscle function, frailty, and quality of life in older men and women
from the US will be of particular interest.”’ Another limitation arises
from the fact that metabolic homeostasis and physio-pathological
decline during aging are multi-factorial and involve crosstalk be-
tween different organs. Although our genetic and nutritional ex-
periments demonstrated a causal role for muscle MCUR1 decline
during sarcopenia and a requirement for muscle MCU for oleuro-
pein-induced phenotypes, oleuropein may also affect other or-
gans, and the impact on systemic metabolism, such as VO2max
and substrate utilization, will deserve further investigation. More-
over, other mechanisms can contribute to impaired mtCa®* up-
take, mitochondrial dysfunction, and, more generally, to the regu-
lation of muscle mass and function during sarcopenia. Although
oleuropein is a promising nutritional solution for the management
of sarcopenia, oleuropein supplementation should be coupled to
a holistic approach combining physical activity and healthy nutri-
tion with adequate protein and vitamin D intake to overcome the
multi-factorial nature of age-related muscle decline.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact within the limits of sample
availability and ethical approvals.

Materials availability
This study did not generate new unique reagents. Uncropped western blots
and source data can be found in Data S1.

Data and code availability

RNA sequencing data from human muscle biopsies of the Singapore sarcope-
nia study are available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE111016.
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Fiji

Gen5 Microplate Reader and imager software
XF96 instrument
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Acquisition and Analysis Software
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and primary human myotubes
HelLa cells (ATCC, #CCL-2™) were maintained in growth medium consisting of DMEM, GlutaMAX supplement Medium (MEM)
(Gibco, Thermo Fisher) containing 10 % heat-inactivated FBS, 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, Thermo
Fisher).

Mouse Embryonic Fibroblasts (MEF) (MitoCare Center, department of pathology, USA) and C2C12 cells (ATCC, #CRL-1772) were
cultured in growth medium comprising DMEM, high glucose, GlutaMAX™ Supplement, pyruvate (Gibco, Thermo Fisher, #31966)
containing 10 % heat-inactivated FBS (Gibco, Thermo Fischer, #26050088), 100 U/ml penicillin and 100 mg/ml streptomycin (Thermo
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Fisher, #15070063). C2C12 cells were differentiated into myotubes using DMEM, high glucose, GlutaMAX™ supplement, pyruvate
(1 mM) (Gibco, Thermo Fisher, #31966) supplemented with 2 % heat-inactivated horse serum (Gibco, Thermo Fischer, #26050088),
100 U/ml penicillin and 100 mg/ml streptomycin (Thermo Fisher, #15070063).

Primary human Skeletal Muscle cells were purchased from Lonza (#CC-2580: 655307, 639629), Amsbio (#SKB-F: SKM070512A;
SK120211; SKM062712B), and Cook (#SK1111: P01477, P01064, P01590) and kept in Skeletal Muscle Cell Growth Medium
(Zen-Bio, SKM-M medium). Differentiation of human myoblasts was initiated by adding DMEM/F-12 (1:1) (1x) + GlutaMAX (Gibco,
Thermo Fisher, #31331028) containing 2 % heat-inactivated horse serum (Gibco, Thermo Fischer, #26050088), 100 U/ml penicillin
and 100 mg/ml streptomycin (Thermo Fisher, #15070063). All cell lines were maintained at 37 °C and 5 % CO,. Changes of incubation
conditions are indicated in the respective methods. All primary human myoblasts were from vastus lateralis muscle of adult donors,
and quality controlled for myogenic purity and ability to differentiate. The supplier received informed consent from the donors and the
ethical approval for the use of the cells for this study was obtained from the Vaud ethics commission for human research (CER-VD)
under protocol 281/14.

Animals

Young (3-4 months) and aged (24 months) male C57BI6J wildtype mice were purchased from Charles River or Janvier Labs. Aged
Wistar rats aged 19 months were purchased from Janvier labs. Skeletal muscle specific MCU knockout mice (skMCU™") were pre-
viously generated in the lab of Profs. Mammucari and Rizzuto as described in Gherardi et al.,*" by crossing homozygous MCU™" mice
with transgenic mice expressing the Cre recombinase under the control of the Mic1f promoter. All animal experiments were approved
by the internal ethics committee of Nestlé. All rat studies were approved by the Office Vétérinaire. Cantonal du Canton de
Vaud, Switzerland and all mouse studies were approved and performed in accordance with the Italian law D. L.vo n_26/2014. All
experiments were carried out in accordance with the European Guidelines for the Care and Use of Laboratory Animals and approved.
Animals were raised or acclimatized to the conditions of the animal facility, and housed in a ventilated room under a controlled
temperature (21 + 2°C), with a 12:12h light:dark cycle and free access to chow rodent diet and water ad libitum. Mouse flexor
digitorum brevis (FDB) myofibers were isolated for ex vivo Ca®* and OCR measurements. Mouse Tibialis anterior muscles were
used for RT-PCR, PDH activity assays, and western blotting.

METHOD DETAILS

Human skeletal muscle transcriptomics

RNA sequencing data from Singapore sarcopenia study were extensively described in Migliavacca et al.’® and are available at the
Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE111016. Here we analyzed the
expression of genes controlling mtCa®* uptake and extrusion in human muscle biopsies of the vastus lateralis from older people
with and without sarcopenia. Briefly, after removing genes with a mean expression lower than 20 reads, data were normalized by
the trimmed mean of M-values method as implemented in the edgeR function calcNormFactors’ and the voomWithQualityWeights
function was applied to model the mean-variance relationship and estimate the sample-specific quality weights.”® p Values were
corrected for multiple testing using the Benjamini-Hochberg method. Protein interaction network was generated with the MCUR1
protein coding gene using STRING version 11.5 (http://string-db.org/), all data sources, a high confidence score of 0.7 and the
maximum number of interactors shown in the first shell set to 50. The interaction network was used as input for functional enrichment
analysis using Cytoscape (version 3.9.1) to decipher functionally grouped gene ontology using ClueGO.

Mitochondrial Ca?* uptake in primary human skeletal muscle myotubes

Human Skeletal Muscle cells (Lonza, #CC2580) isolated from quadriceps were seeded in a previously prepared 96-well plate, coated
with human fibronectin (Corning, #356008) at 20 ng/ml for 1 h at RT and washed twice with PBS 1 X (Thermo Fisher, #10010023)
before Skeletal Muscle Cell Growth Medium was added together with 12 000 cells/well. After 24 h, knockdown of MCU or
MCUR1 was induced by adenoviral infection with MCU shRNA or MCUR1 shRNA (Sirion Biotech, Germany) at MOI 100. Control cells
were subjected to adenoviral infection with scrambled shRNA (Sirion Biotech, Germany) at MOI 100 and all are incubated for 48 h.
Cells were then differentiated into myotubes by replacing the medium with Dulbecco’s Modified Eagle Medium F-12 Nutrient Mixture
(DMEM/F-12 (1:1) (1x) + GlutaMAX) (Thermo Fisher, #31331028) containing 2 % horse serum (Thermo Fischer, #26050088), 100 U/ml
penicillin and 100 mg/ml streptomycin (Thermo Fisher, #15070063). After 3 days, cells were subjected to adenoviral infection with
mitochondria-targeted aequorin (Sirion Biotech, Germany) at MOI 200 and incubated for 24 h. For experiments with oleuropein-a,
myotubes were washed with aequorin buffer and incubated with native coelenterazine at 5 uM for 2 h at RT in the dark before
removing coelenterazine and adding a final concentration of 10 uM Oleuropein-a in 1 % DMSO with aequorin buffer and incubating
the cells for 20 min at RT in the dark. Control myotubes were treated with DMSO 1% in aequorin buffer. Myotubes were stimulated
with 5 mM caffeine.

Mitochondrial Ca?* uptake in human skeletal muscle myotubes from healthy and sarcopenic donors

Study Design

Participants were recruited from the UK Hertfordshire Sarcopenia Study (HSS), a sub-study of the Hertfordshire Cohort Study
(HCS). The HSS is a UK birth cohort designed to investigate lifecourse influences on later life health. From 2012-2015, 168
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community-dwelling men and women aged around 78 years were recruited to study muscle function, herein termed the Hertfordshire
Sarcopenia Study extension (HSSe)’*; 142 participants had quadriceps biopsy muscle tissue from which satellite cells were isolated.
Participants gave written informed consent, and the study was approved by the Hertfordshire Research Ethics Committee (07/
Q0204/68). Skeletal Muscle Stem Cell Isolation and Myoblast Culture. All samples were processed within 1 hour of muscle biopsy.
Biopsies were minced, then digested in 0.5 mg/ml collagenase (Sigma) in serum free DMEM (Gibco) at 37°C for 20 min with agitation.
Samples were then centrifuged and resuspended in PBS and subsequently filtered through a 100uM cell strainer (BD Falcon). Cells
were centrifuged again and resuspended in proliferation medium. Next, the cells were pre-plated onto 10 cm dishes and incubated at
37°C for 3 hours to permit any fibroblasts to attach. Cells and media were then transferred to 10 cm matrigel coated dishes (Corning)
and incubated for 48 hours. To enrich the myogenic population, cells were sorted using CD56 MicroBeads (Miltenyi Biotech) accord-
ing to the manufacturer’s instructions. Cells at passage 4 were differentiated for Mitochondrial Ca2* analysis. Mitochondria Ca2* up-
take was measured as described in the previous section. Luminescence was quantified at a plate reader Flexstation 3, Molecular
Devices.

High throughput screening of mitochondrial Ca2*

The high throughput screening includes a primary and an orthogonal screen of mtCa®* and a secondary screen of cytosolic Ca®*.
Mitochondrial and cytosolic Ca%* concentrations were measured in intact HeLa cells by using the luminescent signal of the mitochon-
drial- and cytosolic-targeted Ca®* sensors aequorin.”® 9 000 cells/well were seeded in 384-well plates (Corning, #3903) and 15 000
cells/well were seeded in 96 well plates (Corning, #64810), in standard growth medium. After 24 h, HelLa cells were infected with 200
MOI (multiplicity of infection) of the adenoviral vector (Sirion Biotech, Germany) carrying either mitochondria-targeted aequorin’® for
primary and orthogonal screening or the cytosolic-targeted aequorin’’ for counter screening. After 48 h, the medium was removed
and the cells were incubated with 5 UM native coelenterazine (Biotium, #10110-1) diluted in aequorin buffer (145 mM NaCl, 1 mM
MgCl,, 5 mM KCI, 10 mM HEPES, 10 mM glucose, 1 mM CaCl,, pH 7.4) for 2 h at RT in the dark. Then, coelenterazine was aspired
and pure compounds were added at 10 uM final concentration in DMSO 1 % for 2 h at RT in the dark. Luminescent signal was
measured, in basal condition and after stimulation with 100 uM Histamine (Merck, #7125), diluted in aequorin buffer. To calibrate
the Ca2* bioluminescence, Hela cells were semi-permeabilized with 25 uM digitonin (Merck, #11024-24-1) and 10 mM CaCl, (Merck,
#21115) in aequorin buffer. Biolumiscence was detected at the plate readers FLIPR TETRAmax (Molecular Device, USA) and Cytation
3 (Biotek, USA) for 384 well format and 96 well plates format, respectively. The screening library was assembled internally from
commercially available natural products that have been reported in food in the Dictionary of Food Compounds.”® This dictionary con-
tains entries describing natural components of food raw materials and food products and is available at https://dfc.chemnetbase.
com/faces/chemical/ChemicalSearch.xhtml.

Mitochondrial Ca%* uptake in C2C12 cells and Mouse Embryonic Fibroblasts (MEFs)

C2C12 cells (ATCC, #CRL-1772) were seeded in a 384-well plate with 4500 cells/well, in respective growth medium. After 24 h, cells
were differentiated into myotubes by replacing the medium with Dulbecco’s Modified Eagle Medium GlutaMAX Supplement
High Glucose + Pyruvate (Thermo Fisher, #31966) containing 2 % heat-inactivated horse serum (Thermo Fischer, #26050088),
100 U/ml penicillin and 100 mg/ml streptomycin (Thermo Fisher, #15070063). After 3 days of incubation, cells were subjected to
adenoviral infection with mitochondria-targeted aequorin (Sirion Biotech, Germany) at MOI 100 and incubated for 48 h. mtCa2* up-
take was determined according to the general protocol using 5 mM caffeine (Sigma Aldrich, #C0750) as stimulant to trigger Ca*
release from the sarcoplasmic reticulum.

For measurements of mitochondrial Ca* uptake in MICU1~~ MEFs 250 000 cells /well were seeded in a 6-well plate. After 24h, cells
were transfected with mitochondria-targeted aequorin plasmids using Lipofectamine 3000 (Thermo Fisher), according to the man-
ufacturer’s instruction. The cells were replated into 96-well plates (1:6 dilution) the day before the experiment. After reconstitution
with 5 uM coelenterazine, cells were placed in 70 pul of Krebs-Ringer modified buffer (KRB) (125 mM NaCl, 5 mM KCI, 1 mM
MgCl,, 20 MM HEPES, 1 mM MgSO,, 0.4 mM KH,PO,4, 1 mM CaCl,, 5.5 mM glucose, pH 7.4) supplemented with 1 mM CaCl, at
37°C, containing 10 M compounds or 0.1% DMSO and luminescence from each well was measured for 1 min. During the exper-
iment, 500 pM ATP was first injected to activate calcium transients, then a hypotonic, Ca2*-rich, digitonin-containing solution (10 mM
CaCl, in H,0) was added to discharge the remaining aequorin pool. The light signal was collected and calibrated into [Ca®*] values by
an algorithm based on the Ca®* response curve of aequorin at physiological conditions of pH, [Mg?*] and ionic strength, as described
in the section “data analysis”’®.

Mitochondrial Ca?* uptake in semi-permeabilized HeLa cells

To measure mtCa?* uptake in semi-permeabilized HeLa (ATCC, #CCL-2™) and MEF cells®® 35 000 cells/well and 15 000 cells/well
respectively were seeded in 96 well plates. After 24 h, cells were infected with the mitochondria-targeted aequorin probe as
described in the previous section. After 2 h of incubation with native coelenterazine (Biotium, USA, #10110-1) at 5 uM, cells were
washed and first treated with a thapsigargin (Sigma Aldrich, #T9033) solution (0.2 puM) containing intracellular medium (IM:
140 mM KCI, 1 mM KH,PO4, 1 mM MgCl, and 20 mM Na-HEPES) supplemented with 10 mM Glucose and 0.1 mM EGTA (Sigma
Aldrich, #E3889) at pH 7.2 for 15 min. 5 min before starting the measurement, a 60 uM digitonin (Sigma Aldrich, #D5628) solution
containing DMSO 1 % for control or 10 uM of the selected compound (in 1 % DMSO) for the treated samples, was added. Basal
luminescence was measured before stimulating the cells with intracellular medium supplemented with 8 mM Na-Succinate, 4 mM

e5  Cell Metabolism 37, 1-19.e1-e11, February 4, 2025


https://dfc.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml
https://dfc.chemnetbase.com/faces/chemical/ChemicalSearch.xhtml

Please cite this article in press as: Gherardi et al., Mitochondrial calcium uptake declines during aging and is directly activated by oleuropein to boost
energy metabolism and skeletal muscle performance, Cell Metabolism (2024), https://doi.org/10.1016/j.cmet.2024.10.021

Cell Metabolism ¢ CellPress

OPEN ACCESS

Na-Pyruvate, 4 mM Mg-ATP, 5 mM Mg-EDTA, and 4uM free Ca®*. Free [Ca®*] was calculated with the Maxchelator program. Finally,
a calibration solution containing 140 mM KCl and 10 mM CaCl, was used to calibrate the signal*®. Slope values of mtCa®* were
analyzed during the linear phase of the uptake.

MICU1 protein expression and purification, and determination of Oleuropein binding by Surface Plasmon

Resonance (SPR)

6xHis-tagged MICU1 was recombinantly expressed in Escherichia coli ShuffleT7 cells, transformed with the pETite-6His-MICU1
plasmid. An overnight pre-inoculum of transformed cells in LB medium supplemented with 30 ng/mL kanamycin and 30 pg/mL spec-
tinomycin was used to inoculate fresh LB medium supplemented with 50 ng/mL kanamycin. Cells were grown at 37 °C and protein
overexpression was induced adding 1mM IPTG to cultures in the late-exponential growth phase (ODggonm > 1.2). Protein expression
was carried out for 3h at 37 °C. Bacterial cell pellet was resuspended in Buffer A (20 mM HEPES, 500 mM NaCl, 1 mM CaCl,, 0.1mM
TCEP, 10% v/v glycerol, pH 7.5) supplemented with 0.05% v/v Triton-X100, 1X Protease Inhibitor Cocktail (Serva), 10U of DNAse
| and Lysozyme and lysed by a One Shot Cell Disruptor (Constant Systems, Ltd.) operated at 1.35 kBar. Cell debris were removed
by centrifugation and the lysate soluble fraction was loaded on a 1 mL HisTrap Excel column (Cytiva). After extensive washing of the
resin by buffer A, 6xHis-tagged MICU1 was eluted by a linear gradient of Buffer B (20 mM HEPES, 250 mM NaCl, 1 mM CaCl,, 0.1mM
TCEP, 10% v/v glycerol, 500 mM Imidazole, pH 7.5; 0-100% in 15 column volumes). The fractions of interest were further purified via
size-exclusion chromatography by a HiLoad Superdex200 26/600 preparation grade column (Cytiva) equilibrated in 20 mM HEPES,
250 mM NaCl, 1 mM CacCl,, 0.1 mM TCEP, 10% v/v glycerol, pH 7.0. Mostly pure fractions (as revealed by SDS-PAGE) were pooled
together and concentrated to 0.2-0.5 mg/mL by a Vivaspin Turbo 4 ultrafiltration device (MWCO 10 kDa; Sartorius). Recombinant
6xHis-tagged MICU1 was obtained at a high level of purity (>90 %) and at a sufficient yield for SPR experiments. As evidenced
by the retention volumes in size exclusion chromatography, MICU1 exists in solution mostly as a dimer. Since the presence of
Ca?* cations is known to favor MICU1 dimeric form and to destabilize higher order aggregates (i.e. hexamers, ®°), it has been
kept in the storage buffer and in the SPR running buffer.

The binding of oleuropein to MICU1 was measured via surface plasmon resonance, by a Biacore 8k (Cytiva) operated with a
running buffer including 20 mM HEPES, 250 mM NaCl, 0.2 mM CaCl,, 0.005% v/v Tween-20, 1% v/v DMSO, pH 7.0. Purified
MICU1 was diluted to 30 pg/mL in 10 mM sodium acetate, pH 4.2 and immobilized on a Series S CM5 sensor chip (Cytiva) via amine
coupling, reaching between 8000 and 12000 RUs. A flow cell with no immobilized protein was used as reference.

Serial dilutions of Oleuropein in running buffer were injected over the active and reference flow cells in single-cycle kinetic exper-
iments (30 uL/min flowrate, 120 s of contact time and 600 s of dissociation). Blank runs were performed by injecting only running
buffer. A 4-point solvent correction was performed to screen for possible interference by DMSO. The experiment was conducted
in duplicate on newly immobilized MICU1. Double referenced and solvent-corrected sensorgrams were analyzed by the Biacore
Insight Evaluation Software, fitting experimental data to a 1:1 binding model and obtaining the steady-state kd. Further data process-
ing was performed by GraphPad Prism 8. The experimental conditions have been validated by measuring the affinity of a known
binder of MICU1 (MCU-i11; measured kd = 3.7 = 0.8 uM), obtaining a value compatible with previously measured results.*°

Mitochondrial respiration in primary human myotubes

To measure the effect of oleuropein aglycone on oxygen consumption rate (OCR) in control and MCU-knockdown human myotubes,
8 000 cells/well were seeded in a respective Seahorse XF96 Cell Culture Microplate (Agilent, #101085-004) previously coated with
fibronectin (Corning, #356008) at 20 ug/ml for 1 h at RT and washed twice with PBS 1X (Thermo Fisher, # 10010023) before adding the
cells and incubating them overnight. The next day, cells were infected with 100 MOI of adenoviral MCU shRNA (Sirion Biotech, Ger-
many) to induce knockdown of MCU. Control cells were infected with 100 MOI of scrambled shRNA (Sirion Biotech, Germany). After
48 h, cells were differentiated into myotubes by exchanging the medium with DMEM/F-12 (1:1) (1x) + GlutaMAX (Thermo Fisher,
#31331028) containing 2 % horse serum (Thermo Fisher, #31331028), 100 U/ml penicillin and 100 mg/ml streptomycin (Thermo
Fisher, #15070063). After 72 h, cells were washed with KRBH and incubated with 10 uM oleuropein-a (Toronto Chemicals,
#0532945) in 1 % DMSO for 20 min at 37 °C without extra CO,. For the acquisition, basal respiration was recorded before injecting
caffeine (Sigma Aldrich, #C0750) at final concentration 5 mM to stimulate the myotubes followed by 2.5 pug/ml oligomycin (oligo,
Sigma Aldrich, #75351) and 2 uM rotenone (rot, Sigma Aldrich, #45656) plus 2 pg/ml antimycin A (AntiA, Sigma Aldrich, #A8674).
Basal respiration of control and MCU-kd myotubes was used for normalization and expressed in % to see the effect of oleuro-
pein-a on OCR.

Cell Death in primary human myotubes

To monitor apoptosis in Human Primary HSMM, 15 000 cells/well were seeded in a 96-well uClear black plate pre-coated with
20 pg/ml of fibronectin. After 24 h, cells were differentiated into myotubes by replacing the medium with DMEM/F-12 (1:1) (1x) +
GlutaMAX (Thermo Fisher, #31331028) containing 2% heat-inactivated horse serum (Thermo Fischer, #26050088), 100 U/ml peni-
cillin and 100 mg/ml streptomycin (Thermo Fisher, #15070063) and incubated for 3 days. Cells were stained with Incucyte Annexin
V Green Dye (Sartorius) according to manufacturer’s instructions. Then, they were treated with Oleuropein, Oleuropein aglycone at
10 uM, and Staurosporin at 100nM, and the plate was placed into the Incucyte Zoom incubator (Sartorius) to acquire green fluores-
cence (Ex: 490nm, Em: 515 nm) and contrast phase every 4 hours for 24h. The quantification of phase and fluorescent object in real-
time were analyzed with The IncuCyte Basic Analysis software.
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Single-cell imaging of mitochondrial Ca2+ signals

Mitochondrial Ca2+ was measured with the genetically encoded cameleon sensors. 150 000 cells/dish of C2C12 cells were plated on
fibronectin-treated 35-mm-diameter glass-bottom dishes (MatTek, MA). After 24 h, cells were differentiated into myotubes by replac-
ing the medium with Dulbecco’s Modified Eagle Medium GlutaMAX Supplement High Glucose + Pyruvate (Thermo Fisher, #31966)
containing 2 % heat-inactivated horse serum (Thermo Fischer, #26050088), 100 U/ml penicillin and 100 mg/ml streptomycin (Thermo
Fisher, #15070063). After 4 days of incubation, cells were infected with adenovirus encoding a mitochondria-cameleon sensors
4mt3CpV (Sirion Biotech, Germany) at MOI 100 and incubated for 48h. Myotubes were washed three times and experiments
were performed at 37°C in KRBH buffer containing (in mM): 140 NaCl, 3.6 KClI, 0.5 NaH2PO4, 0.5 MgS04, 1.5 CaCl2, 10 HEPES,
5NaHCOS, 10 Glucose (pH 7.4). Glass coverslips were inserted in a thermostatic chamber (Life Imaging Services). Cells were imaged
on a DMIB000 B inverted fluorescence microscope, using a HCX PL APO 40x1.30 NA oil immersion objective (Leica Microsystems)
and an Evolve 512 back-illuminated CCD with 16 x 16 um pixel camera (Photometrics, Tucson, Arizona). Cells were excited at 430 nm
through a BP436/20 filter. The two emission images were sequentially acquired with BP480/40 and BP535/30 emission filters. Fluo-
rescence ratios were calculated in MetaFluor 7.0 (Meta Imaging Series) and analyzed in Excel (Microsoft) and GraphPad Prism
7 (GraphPad). Images were taken every 2 s. Ratio data were normalized to a baseline setting of 1. The change in ratio (AR/R0)
was calculated as the difference between the baseline value and the effect of the added compound after 5 min of treatment and stim-
ulated with 5mM of caffeine.

Mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was assessed using JC-10 (Enzo Life Sciences, Farmingdale, NY, USA). C2C12 cells were
seeded at 18 000 cells/well in 96-well uClear plate and myotubes were differentiated as described in the section “mitochondrial respi-
ration in primary human myotubes”. Nuclei were stained with Hoestch (Invitrogen) in culture medium and then, incubated with 3 ng/ml
of JC10 in KRBH buffer for 15 min. Myotubes were treated with Oleuropein, Oleuropein aglycone and FCCP and stimulated with
5 mM Caffeine after JC-10 labeling. Live cells were directly imaged with a 10x objective using ImageXpress Confocal (Molecular
Device). Two sites per well were acquired, and images were segmented to recognize the cells. The total intensity of both
FITC and TRITC fluorescence were recorded for each cell and used to calculate the ratio of aggregated to monomer JC-10
(590 nm/525 nm). After segmentation, data were analyzed using KNIME software.

Ex vivo muscle force and fatigue

EDL (Extensor digitorum longus) muscles were dissected from tendon to tendon under a stereomicroscope and mounted between a
force transducer (KG Scientific Instruments, Heidelberg, Germany) in a small chamber in which oxygenated Krebs solution was
continuously circulated and temperature maintained at 25°C. The stimulation conditions were optimized, and the length of the muscle
was increased until force development during a 90Hz stimulation was maximal. The force-frequency relationship was recorded by
performing muscle activation at increasing frequencies every 15 seconds, starting with a single pulse (twitch), to trains of stimuli
at various rates producing unfused or fused tetani (20 Hz, 40Hz, 55Hz, 75Hz, 100Hz, 150Hz). Force was normalized for muscle
weight. Oleuropein was added to the medium at a final concentration of 10 uM after the measurement of the first force-frequency
relationship. After one hour, we performed a fatigue protocol which consisted of 5 tetanic contractions (100Hz) with a duration of
300ms repeated every second. Fatigue was determined as the force reduction relative to the initial force.

In vivo treatments with Oleuropein

Animals were treated orally with an Oleuropein-rich olive leaf extract (OLE) standardized with 40% of Oleuropein as previously
reported.”® Acute single dose administration was performed by an oral gavage of 50mg/kg OLE dissolved in water, or vehicle,
and skeletal muscle was collected after euthanasia 2 to 8h post gavage. Chronic OLE administration was performed via dietary expo-
sure by feeding animals orally with an OLE-diet delivering an OLE intake of 50mg/kg/day in mice and 25mg/kg/day in rats, both cor-
responding to a human dose of 250mg/day after allometric scaling. Diets were prepared by SAFE, France using an AIN93 purified
rodent chow diet supplemented with OLE at 0.44 g/kg for young mice, 0.69 g/kg for aged mice and 0.65 g/kg for aged rats to deliver
the intended daily doses based on body weight and food intake of each cohort. Exercise performance on a treadmill was performed
non invasively after 2 weeks and force and sample collection were performed after 4 weeks of OLE treatment. After euthanasia,
skeletal muscle was quickly dissected and processed freshly or snap frozen in liquid nitrogen and stored at -80°C.

In vivo DNA transfection of skeletal muscle

For muscle specific genetic over-expression in mice, a plasmid encoding the genetic calcium sensor targeted to mitochondria
4mtGCaMP6f Ca2* (for measurement of mtCaZ* uptake) or the MCUR1 cDNA (for MCURT rescue experiments) was electroporated
to FDB muscles. Mice were anesthetized and hyaluronidase solution (2mg/ml) (Sigma) was injected under the hindlimb footpads.
After 30 min, 20 ug of plasmid DNA in 20 ul of physiological solution was injected with the same procedure of the hyaluronidase.
Then, one gold-plated acupuncture needle was placed under the skin at heel, and a second one at the base of the toes, oriented
parallel to each other and perpendicular to the longitudinal axis of the foot and connected to the BTX porator (Harvard apparatus).
The muscles were electroporated by applying 20 pulses, 20 ms each, 1 s of interval to yield an electric field of 100 V. Single fibers
cultures were carried out 7 days later.
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In vivo muscle force, fatigue and exercise performance

In vivo determination of force and contraction kinetics of gastrocnemius was carried out as shown previously.®' Briefly, mice were
anesthetized by a mixture of Rompum and Zoletil and a small incision was made from the knee to the hip, exposing the sciatic nerve.
Before branching of the sciatic nerve, Teflon-coated 7 multistranded steel wires (AS 632; Cooner Wire Company, Chatsworth, CA,
USA) were implanted with sutures on either side of the sciatic nerve. To avoid recruitment of the ankle dorsal flexors, and therefore
significant reduction of torque, the common peroneal nerve was cut. Torque production of the stimulated plantar flexors was
measured using a muscle lever system (Model 305C; Aurora Scientific, Aurora, ON, Canada). The force-frequency curves were deter-
mined by stepwise increasing stimulation frequency, pausing 30s between stimuli to avoid effects due to fatigue. Fatigue was deter-
mined as the force reduction relative to the initial force. The fatigue protocol consisted of six 100 Hz trains of 0.5s once every second.
Force was calculated from the torque, assuming an average distance of 2.1 mm between the Achilles tendon insertion and ankle joint.
Force was normalized for muscle weight.

Exercise performance was assessed by maximal treadmill running time. For acute concentric exercise studies, mice were accli-
mated to and trained on a 10° uphill LE8700 treadmill (Harvard apparatus) for 2 days. On day 1 mice ran for 5 minat8 m min—1 and on
day 2 mice ran for 5 min at 8 m min—1 followed by another 5 min at 10 m min—1. On day 3, mice were subjected to a single bout of
running starting at the speed of 10 m min—1. 10 min later, the treadmill speed was increased at a rate of 1 m min—1 every 5 min until
mice were exhausted. Exhaustion was defined as the point at which mice spent more than 5 s on the electric shocker without at-
tempting to resume running. Total running time was recorded for each mouse.

Real time imaging of mitochondrial and cytosolic Ca2* in FDB fibers

Real-time imaging. Muscles were digested in collagenase A (4 mg/ml) (Roche, #COLLA-RO) dissolved in Tyrode’s salt solution
(pH 7.4) (Sigma Aldrich, # T2145) containing 10 % fetal bovine serum (Pan Biotech, #P40-37500). Single fibers were isolated, plated
on laminin-coated glass coverslips and cultured in DMEM with HEPES (Thermo Fisher, #42430), supplemented with 10 % fetal
bovine serum (Pan Biotech, #P40-37500), containing 100 U/ml penicilin and 100 mg/ml streptomycin (Thermo Fisher,
#15070063). Fibers were maintained in culture at 37 °C with 5 % CO,.

mtCa2* measurements. During the experiments, myofibers were maintained in Krebs-Ringer modified buffer (135 mM NaCl, 5 mM
KCI, 1 mM MgClI2, 20 mM HEPES, 1 mM MgSQ,, 0.4 mM KH,PO,4, 1 mM CaCl,, 5.5 mM glucose, pH 7.4) containing 0.02 % pluronic
acid for 20 min at 37°C and then washed with Krebs-Ringer modified buffer in presence of 75 uM N-benzyl-P-toluenesulfonamide
(Sigma Aldrich, #BL3H160B8B26) to avoid the fiber contraction. 30 mM caffeine (Sigma Aldrich, #C0750) was added when indicated
to elicit Ca®* release from intracellular stores. Experiments were performed on a Zeiss Axiovert 200 microscope equipped with a
40x/1.3 N.A. PlanFluor objective. Excitation was performed with a DeltaRAM V high-speed monochromator (Photon Technology In-
ternational) equipped with a 75 W xenon arc lamp. Images were captured with a high-sensitivity Evolve 512 Delta EMCCD (Photo-
metrics). The system is controlled by MetaMorph 7.5 (Molecular Devices) and was assembled by Crisel Instruments.

To measure mtCa®* uptake in young and aged animals, fibers were dissected and loaded with 2 pM mt-fura-2/AM.** Images were
collected by alternatively exciting the fluorophore at 340 and 380 nm and fluorescence emission recorded through a 515/30 nm band-
pass filter (Semrock). Exposure time was set to 100 ms. Acquisition was performed at binning 1 with 200 of EM gain. Image analysis
was performed with Fiji distribution of the ImageJ software.®” Images were background subtracted. Changes in fluorescence (340/
380 nm ratio) were expressed as R/R0, where R is the ratio at time t and RO is the ratio at the beginning of the experiment.

To measure mtCa®* uptake in oleuropein related experiments, FDB fibers were isolated 7 days after in vivo transfection with a
plasmid encoding 4mtGCaMP6f.%' Muscles were digested as described above. 4mtGCaMP6f was alternatively excited every sec-
ond at 475 and 410 nm respectively and images were acquired through an emission filter (535/30 nm) (Chroma). Exposure time was
set to 50 ms. Acquisition was performed at binning 1 with 200 of EM gain. Image analysis was performed with Fiji distribution of the
ImageJ software.®” Images were background corrected frame by frame by subtracting the mean pixel value of a cell-free region of
interest. Changes in Ca* levels (475/410 nm fluorescence ratio) were expressed as R/R0, where R is the ratio at time t and RO is the
ratio at the beginning of the experiment. mtCa* peak was expressed as (R-R0)/R0 and normalized for the control value.

For cytosolic Ca®* measurements, fibers were dissected and loaded with 2 uM fura-2/AM (Thermo Fisher, #F1221) diluted in
Krebs-Ringer modified buffer (described above) containing 0.02 % pluronic acid for 20 min at 37 °C and then washed with Krebs-
Ringer modified buffer in presence of 75 uM N-benzyl-P-toluenesulfonamide (Sigma Aldrich, #BL3H160B8B26) to avoid the fiber
contraction. 30 mM caffeine (Sigma Aldrich, #C0750) was added when indicated to elicit Ca®* release from intracellular stores. Ex-
periments were performed on a Zeiss Axiovert 200 microscope equipped with a 40x/1.3 N.A. PlanFluor objective. Excitation was
performed with a DeltaRAM V high-speed monochromator (Photon Technology International) equipped with a 75 W xenon arc
lamp. Images were captured with a high-sensitivity Evolve 512 Delta EMCCD (Photometrics). The system is controlled by
MetaMorph 7.5 (Molecular Devices) and was assembled by Crisel Instruments. Images were collected by alternatively exciting
the fluorophore at 340 and 380 nm and fluorescence emission recorded through a 515/30 nm band-pass filter (Semrock). Exposure
time was set to 100 ms. Acquisition was performed at binning 1 with 200 of EM gain. Image analysis was performed with Fiji distri-
bution of the ImagedJ software.®” Images were background subtracted. Changes in fluorescence (340/380 nm ratio) was expressed as
R/RO, where R is the ratio at time t and RO is the ratio at the beginning of the experiment.
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Mitochondrial respiration in mouse FDB fibers

For measurements of oxygen consumption rate (OCR) from in vivo studies, FDB fibers were mechanically isolatedin collagenase
A-containing (4 mg/ml) (Roche, #COLLA-RO) Tyrode’s salt solution (pH 7.4) (Sigma Aldrich, #T2145) containing 10 % fetal bovine
serum (Pan Biotech, # P40-37500). Single fibers were isolated, plated on laminin-coated XF24 microplate wells and cultured in
DMEM (Sigma Aldrich, # D5030), supplemented with 1 mM NaPyr, 5 mM glucose, 33 mM NaCl, 15 mg phenol red, 25 mM
HEPES, 1 mM of L-Glutamine. Fibers were maintained for 2h in culture at 37 °C in 5 % CO,.

To measure exogenous FA utilization, the fibers were cultured in DMEM (Sigma Aldrich, #D5030), supplemented with 0.1 mM
NaPyr, 5 mM glucose, 33 mM NaCl, 15 mg phenol red, 25 mM HEPES, 1 mM of L-Glutamine, 0.5 mM carnitine and 100 uM palmi-
tate:BSA. Fibers were maintained for 2 h in culture at 37 °C in 5 % CO..

The rate of oxygen consumption was assessed in real-time with the XFe24 Extracellular Flux Analyzer (Agilent), which allows to
measure OCR changes after up to four sequential additions of compounds. Fibers were plated as reported above. A titration with
the uncoupler FCCP (Sigma Aldrich, #C2920) was performed, in order to utilize the FCCP concentration (0.6 uM) that maximally in-
creases OCR.

The results were normalized for the fluorescence of calcein (Sigma-Aldrich, #C0875). Fibers were loaded with 2 uM calcein for
30 min. Fluorescence was measured using a Perkin Elmer EnVision plate reader in well scan mode using 480/20 nm filter for exci-
tation and 535/20 nm filter for emission.

Genomic DNA extraction from skeletal muscle and mtDNA quantification
20 mg of skeletal muscle were incubated with shaking at 50°C o.n. in a buffer containing 100mM NaCl, 10 mM TrisHCI pH 8, 25 mM
EDTA pH 8, 0.5% SDS, 0.1 mg7mL Proteinase K and the DNA was extracted with an equal volume of phenol/chloroform/isoamyl
alcohol. Samples were centrifuged 10 min at 1700 g, and 2 vol of ethanol and %2 vol of 7.5 M ammonium acetate were added to
the aqueous layer resulted by the centrifugation. The DNA was pelleted by centrifugation at 1700 g for 2 min. Finally, the pellet
was rinsed with 70% ethanol, and resuspended at 1 mg/ml in TE buffer. Real-time PCR was performed using the QuantStudio5
Real-Time PCR System thermocycler and SYBR green chemistry (Thermo Fisher, #A46109). The following primers were used to
amplify mtDNA and nuclear DNA, respectively:

mNd4-fw: TCGCCTACTCCTCAGTTAGCCA

MNd4-rv: GATGTGAGGCCATGTGCGATT

RnaseP-fw: GCCTACACTGGAGTCGTGCTAC

RnaseP-rv: CTGACCACACGAGCTGGTAGAA

PDH activity
PDH activity was measured in freshly isolated TA muscles with the Pyruvate Dehydrogenase Enzyme Activity Microplate Assay Kit
(Abcam, #ab109920) according to manufacturer’s instructions.

RNA extraction, reverse transcription, and gPCR
Total RNA was extracted from mouse tissues through mechanical tissue homogenization in TRIzol™ reagent (Thermo Fisher,
#15596026), following manufacturer instructions. The RNA was quantified with Nanodrop (Thermo Fisher) and 1 pg of total RNA
of each sample was retro-transcribed using the cDNA synthesis kit SuperScript Il (Thermo Fisher, #18080300). Oligo(dT)12-18 primer
(Thermo Fisher Scientific) were used as a primer for first stand cDNA synthesis with reverse transcriptase. The obtained cDNA was
analyzed by Real-Time PCR using the QuantStudio5 Real-Time PCR System thermocycler and the SYBR green chemistry (Thermo
Fisher, # A46109). The primers were designed and analyzed with Primer3.%*The efficiency of all primers was between 90 % and 110
%. The housekeeping genes GAPDH was used as internal controls for cDNA normalization. For quantification, expression levels were
calculated by using the 2724°* method.

Real-time PCR primer sequences were as follows:

MCU:

Fw 5’-AAAGGAGCCAAAAAGTCACG-3’

Rv 5’-AACGGCGTGAGTTACAAACA-3’

MCUb:

Fw 5’-GGCAGTGAAATTCCAGCTTCA-3’

Rv 5’-CGCTCTCGTCTCTTCTGGATC-3’

EMRE:

Fw 5’-GGACTCTGGGCTCTTGTCAC-3’

Rv 5’-AGAACTTCGCTGCTCTGCTT-3’

MICU1 splice variant specific (NM_144822):

Fw 5’-GCGCTTTGATGGAAAGAAAATTGC-3’

Rv 5’-TGTCTACCTCTCCGTCTCCA-3’

MICU1.1 splice variant specific (NM_001291443):

Fw 5’-CTTTGATGGAAAGGAGTTCTGGC-3’

Rv 5’-CCTCCATGTCTACCTCTCCGT-3’
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MICU2:

Fw 5’-TGGAGCACGACGGAGAGTAT-3’
Rv 5’-GCCAGCTTCTTGACCAGTGT-3’
MICU3:

Fw 5’- CGACCTTCAAATCCTGCCTG-3’
Rv 5’- TCTGCGTGCTCTGACCTTAC-3’
MCUR1:

Fw 5’AGTTTTCAGCCCTCAGAGC-3’

Rv 5’-GGACTTTGGTCACTTCATCCATCA-3’
GAPDH:

Fw 5’-CACCATCTTCCAGGAGCGAG-3’
Rv 5’-CCTTCTCCATGGTGGTGAAGAC-3’

Western blot and antibodies

To determine the expression level of MICU1 protein in control and MICU1-KO MEEF cells, cells were washed twice using PBS and
scraped from a 175 cm? flask to collect the lysate in 50 ml falcons on ice before centrifuging the cells at 1 500 rpm for 4 min at
4 °C. The supernatant was discarded and cells were resuspended in Mito buffer (300 mM sucrose, 10 mM Hepes, 0.5 mM EGTA,
Complete EDTA-free protease inhibitor mixture (Merck, #11836170001, Germany), pH 7.4) and incubated on ice for 30 min. Cells
were transferred to a 2 ml glass potter for homogenization and transferred to a 2 ml Eppendorf tube and centrifuged at 600 g for
10 min at 4 °C. Supernatant was collected in a 1.5 ml Eppendorf tube and centrifuged at 6 000 g for 10 min at 4°C to pellet the mito-
chondria, which were dissolved in 50 ul Mito buffer to measure protein concentration via BCA (Pierce Thermo Fisher, #23227). 20 pg
of protein was separated by SDS- polyacrylamide gel electrophoresis using 4-12 % acrylamide gels (Invitrogen, #NP0336BOX) and
transferred to PVDF membranes (Mini format 0.2 um PVDF, Bio-Rad) with a semi-dry blotting protein transfer (Trans Blot Turbo, Bio-
Rad). TBS-tween-washed membranes (0.5 M Tris, 1.5 M NaCl, 0.01 % Tween, pH 7.4) were blocked with 5 % BSA (Sigma Aldrich,
#A2153) for 1 h at RT. The washed membranes were incubated overnight with the primary antibodies MICU1 1:400 (Sigma Life Sci-
ence, #HPA037479) or TOM20 1:1000 (Cell Signaling, #42406) diluted in 1 % BSA at 4 °C. After 24 h, the washed membranes were
incubated for 1 h at RT with IRDye 800 CW goat anti rabbit IgG (LI-COR Biosciences, U.S.) 1:15000 diluted in 1 % BSA. Membranes
were scanned on the Odyssey scanner (LI-COR Biosciences, USA).

To determine MCU and MCUR1 protein levels in primary human myotubes, cells were lysed with RIPA buffer (ThermoFischer,
#89901) supplemented with Complete EDTA-free protease inhibitor mixture (Merck, #11836170001) and phosSTOP™ (Merck,
#4906845001). Protein concentrations were measured via BCA. For Western blotting detection, the Sally Sue automated capillary
blotting system (ProteinSimple, San Jose, CA, USA) was applied. Samples were prepared according to the manufacturer’s protocol
using the Anti-Rabbit Detection Module (ProteinSimple, #DM-001) and the 12-230 kDa Sally Sue Separation Module (ProteinSimple,
#SM-S001). The loading concentration was adjusted to 0.2 ng/pl using RIPA buffer. Primary antibodies used were MCU 1:30 (Cell
Signaling, #14997), MCUR1 1:30 (Booster, #A08547-1) and TOM20 1:100 (Cell Signaling, #42406) diluted in the manufactorer’s anti-
body diluent (ProteinSimple).

To monitor protein levels in mouse skeletal muscles, frozen muscles were pulverized by means of Qiagen Tissue Lyser and protein
extracts were prepared in an appropriate buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1 mM DTT, 10 % glycerol,
2 % SDS, 1 % Triton X-100, Complete EDTA-free protease inhibitor mixture (Roche), 1 mM PMSF, 1 mM NaVO83, 5 mM NaF and 3 mM
B-glycerophosphate. 40 ug of total proteins were loaded, according to BCA quantification. Proteins were separated by SDS-PAGE
electrophoresis, in commercial 4-12 % acrylamide gels (Thermo Fisher, # NP0336BOX) and transferred onto nitrocellulose mem-
branes (Thermo Fisher, #1704158) by semi-dry electrophoretic transfer. Blots were blocked 1 h at RT with 5 % non-fat dry milk
(Bio-Rad, #100-04504) in TBS-tween (0.5M Tris, 1.5M NaCl, 0.01 % Tween) solution and incubated at 4 °C with primary antibodies.
Secondary antibodies were incubated 1 hr at RT. The following primary antibodies were used: MCU 1:1000 (Merck), phosphoPDH
Ser293 1:5000 (Abcam, #ab92696), PDH 1:1000 (Cell Signaling, #2784), GRP75 1:1000 (Santa Cruz, #sc-133137), TOM20 1:1000
(Santa Cruz, #sc-17764). Full scans of uncropped representative blots are available in Data S1. Data S1 show unprocessed source
data underlying all blots and graphs, related to Figures 1, 2, 3, 4, 5, 6, and S1-S9.

Modeling

A 3D-model of human MICU1 (UNIPROT entry: Q9BPX6) was obtained from the experimentally solved structure of Ca%*-free MICU1
in its hexameric form (PDB ID: 4NSC).%° The strategy adopted to prepare the protein model and the identification of the binding site
was previously reported.”® The ligands were obtained from Pubchem (PubChem CID: 56842347; 5281544) and their partial charge
calculated after semi-empirical (PM6) energy minimization using MOE 2018 (Stewart, J.J.P., 2012, MOPAC2012, version 202; http://
OpenMOPAC2012.net, Stewart Computational Chemistry). Molecular docking studies were performed with plants1.2 coupled to
chemPLP scoring function® defining as binding site a sphere placed on the model center of the mass and using a radius of 14 A.
For each run 20 output conformations were generated and analyzed by visual inspection.
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The ligand-protein complexes were prepared for MD simulations with AmberTools14,%° assigning Gasteiger charges and General
Amber Force Field (GAFF) parameters to the ligands and Amber14 partial charges and parameters to the proteins. Each system was
solvated with explicit waters (TIP3P model) resulting in a tetragonal box with boundaries at least 11 A far from any atom of the
complex.

Each system was neutralized adding Na*/ClI~ ions to a final concentration of 0.1 M. Each system was subjected to 300 steps of
conjugate-gradient minimization followed by 100 ps NVE and 500 ps NPT equilibration applying harmonic positional constraints
(1 keal mol ™’ A*Z) on protein and ligands atoms. The pressure was maintained to 1 atm by Berendsen barostat and the temperature
to 310 K by a Langevin thermostat. Subsequently, three replicas of 10 ns classical MD simulations in the NVT ensemble were con-
ducted to compute MMGBSA energy and assess RMSD along the trajectory.

All MD simulations were carried out with the ACEMD engine,®® with a time-step of 2fs, by handling the nonbonded long-range
Coulomb interactions with the particle mesh Ewald summation method (PME) with a cutoff distance of 9 Aanda switching distance
of 7.5 A.

For the analysis of the docking, Chemplp Score/Norm column indicates the value obtained from a scoring function normalized on
the number of heavy atoms, measuring the strength of the interaction. Our protocol was extended by using Molecular Dynamics to
monitor the stability of the conformation obtained by the docking protocol (RMSD) and the quality of the interaction (MMGBSA score).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
Data analysis and statistical tests were performed using GraphPad Prism 7.02. All data were expressed as the mean + SEM.Individ-
ual number of replicates (n) and all original data can be found in the figure legends and source Data S1 file. Samples were statistically
analyzed using parametric Student’s t-test for two groups and ANOVA for multiple groups. Results were considered significant with
alpha p-values lower than 0.05; *p < 0.05.

For the analysis of aequorin-based Ca®* data, the raw data from the Cytation3 Imaging Reader (BioTek, Switzerland) and FLIPR
tetraMAX (Molecular Devices, USA) were calibrated using the following equation.®’

1 1
Ca2+ (M) — -max -max g
(o))
-max

L = light intensity at sampling time

Lmax = total light emitted at sampling time

Kgr = constant for calcium-bound state

K7r = constant for calcium-unbound state

A = rate constant for aequorin consumption at saturation [Ca
n = number of Ca®* -binding sites

For each calibrated calcium trace, either peak values or slope values using linear regression were analyzed.

2+]

el1 Cell Metabolism 37, 1-19.e1-e11, February 4, 2025



	CMET3945_proof.pdf
	Mitochondrial calcium uptake declines during aging and is directly activated by oleuropein to boost energy metabolism and s ...
	Introduction
	Results
	mtCa2+ uptake declines during aging and sarcopenia in human skeletal muscle via downregulation of MCUR1
	Impaired mtCa2+ uptake alters PDH activity and energy metabolism in a preclinical model of natural aging
	A HT screen identifies the natural polyphenol oleuropein as a potent activator of mitochondrial calcium uptake
	Oleuropein requires MICU1 to stimulate MCU-dependent mitochondrial energy metabolism in primary human myotubes
	Acute and chronic dietary treatments with oleuropein enhance muscle energy metabolism and performance via MCU
	Oleuropein reverses the age-related decline of muscle bioenergetics and performance across species

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Cell lines and primary human myotubes
	Animals

	Method details
	Human skeletal muscle transcriptomics
	Mitochondrial Ca2+ uptake in primary human skeletal muscle myotubes
	Mitochondrial Ca2+ uptake in human skeletal muscle myotubes from healthy and sarcopenic donors
	Study Design

	High throughput screening of mitochondrial Ca2+
	Mitochondrial Ca2+ uptake in C2C12 cells and Mouse Embryonic Fibroblasts (MEFs)
	Mitochondrial Ca2+ uptake in semi-permeabilized HeLa cells
	MICU1 protein expression and purification, and determination of Oleuropein binding by Surface Plasmon Resonance (SPR)
	Mitochondrial respiration in primary human myotubes
	Cell Death in primary human myotubes
	Single-cell imaging of mitochondrial Ca2+ signals
	Mitochondrial membrane potential
	Ex vivo muscle force and fatigue
	In vivo treatments with Oleuropein
	In vivo DNA transfection of skeletal muscle
	In vivo muscle force, fatigue and exercise performance
	Real time imaging of mitochondrial and cytosolic Ca2+ in FDB fibers
	Mitochondrial respiration in mouse FDB fibers
	Genomic DNA extraction from skeletal muscle and mtDNA quantification
	PDH activity
	RNA extraction, reverse transcription, and qPCR
	Western blot and antibodies
	Modeling

	Quantification and statistical analysis
	Data analysis





