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In brief

Cefis et al. show that mitochondrial
respiration and ROS production are not
affected during healthy muscle aging but
identify altered mitochondrial calcium
handling as a potential key driving
mechanism. They also highlight physical
activity as a powerful stimulus to enhance
physical performance and mitochondrial
energetics throughout the human adult
lifespan.
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SUMMARY

Aging-related muscle atrophy and weakness contribute to loss of mobility, falls, and disability. Mitochondrial
dysfunction is widely considered a key contributing mechanism to muscle aging. However, mounting evi-
dence positions physical activity as a confounding factor, making unclear whether muscle mitochondria
accumulate bona fide defects with aging. To disentangle aging from physical activity-related mitochondrial
adaptations, we functionally profiled skeletal muscle mitochondria in 51 inactive and 88 active men aged 20-
93. Physical activity status confers partial protection against age-related decline in physical performance.
Mitochondrial respiration remains unaltered in active participants, indicating that aging per se does not alter
mitochondrial respiratory capacity. Mitochondrial reactive oxygen species (ROS) production is unaffected by
aging and higher in active participants. In contrast, mitochondrial calcium retention capacity decreases with
aging regardless of physical activity and correlates with muscle mass, performance, and the stress-respon-
sive metabokine/mitokine growth differentiation factor 15 (GDF15). Targeting mitochondrial calcium handling
may hold promise for treating aging-related muscle impairments.

INTRODUCTION

One of the most significant changes associated with normal ag-
ing is a progressive loss of muscle mass and function.' These
age-related skeletal muscle alterations greatly contribute to
reduced functional capacities, mobility impairment, falls, and
physical frailty in older adults, dramatically impairing their quality
of life.*> Underscoring the magnitude of the impact of aging-
related muscle dysfunction, it is estimated that the prevalence
of sarcopenia (i.e., the aging-related loss of muscle mass,

aaaaaaa

strength, and function) increases from 14% in 65-70 years old
to over 50% in those above 80 years of age,® underscoring the
need for studies on individuals across the whole adult lifespan.
The number of people around the world aged over 60 years
was estimated at 1 billion in the year 2020. This figure is ex-
pected to be more than double by 2050 (https://www.who.int/
health-topics/ageing). Even with a conservative estimate of its
prevalence, sarcopenia currently affects over 50 million people
and will reach over 200 million in the next 30 years.® Furthermore,
the direct healthcare costs attributable to sarcopenia and its
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sequela are considerable, estimated at 18.5 billion dollars for
2000 alone in the United States,” a figure certainly much higher
today. Hence, unraveling the mechanisms underlying the ag-
ing-related loss of muscle mass and function to promote the
development of effective therapeutic interventions is a major
challenge in health research.

Among the mechanisms proposed to explain the aging-
related alteration in skeletal muscle biology, the accumulation
of mitochondrial dysfunction has gained a lot of traction in the
past few decades. Impaired mitochondrial function is often de-
picted as a hallmark of muscle aging, with a reduction in mito-
chondrial respiration and an increase in mitochondrial reactive
oxygen species (ROS) production commonly portrayed as key
contributing mechanisms.®~'® Impaired mitochondrial calcium
handling and altered function of the mitochondrial permeability
transition pore (MPTP), and potential downstream activation of
apoptotic and proteolytic pathways, have also been proposed
as potential contributors to skeletal muscle aging.®'”"'® How-
ever, age-related alterations in skeletal muscle mitochondrial
biology are not universal findings, and mounting evidence indi-
cates that habitual physical activity is a likely confounding fac-
tor when interpreting the impact of aging.'*'>"""'92% Most
studies conducted in humans also focus on comparisons be-
tween young vs. older adults, potentially missing changes
that could occur during middle age. Those who did include mid-
dle-aged adults mainly focused on mitochondrial bioenergetics
(i.e., respiration or ATP production) and did not investigate the
impact of habitual physical activity (i.e., by comparing inactive
vs. active individuals).?*°

To address these gaps in knowledge, we conducted a cross-
sectional study in 51 inactive and 88 active men with ages
ranging from 20 to 93 years, divided into age groups to tease
out when significant changes in parameters may occur. All par-
ticipants were deeply phenotyped using a comprehensive bat-
tery of physical tests. Body and skeletal muscle composition
were assessed using dual-energy X-ray absorptiometry (DXA)
and peripheral quantitative computed tomography (pQCT),
respectively. Vastus lateralis muscle biopsies were performed
to assess various aspects of mitochondrial function, including
mitochondrial respiration, ROS production (assessed using
H>O., emission as a surrogate), and calcium handling, in permea-
bilized myofibers. Group and correlation analyses were per-
formed to assess the impact of aging and physical activity status
on physical performance, mitochondrial bioenergetics, ROS
production, and calcium handling.

RESULTS

Baseline participant characteristics

One hundred and thirty-nine men aged from 20 to 93 years old,
all living independently in the community and in overall good
physical health, were enrolled in the present study. To assess
the impact of aging and habitual physical activity, analyses
were conducted either by grouping participants according to
their age and physical activity status or using age as a contin-
uous variable. For group analyses, participants were divided
into the following age groups: young middle age (20-39 year-
old[yo]), mature middle age (40-59 yo), young older adults (60—
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69 yo), and older adults (70+ yo). They were sub-divided into
inactive and active subgroups according to their physical activity
status (i.e., physically inactive vs. active).

Anthropometric characteristics and body composition data,
as well as time spent practicing physical activity, are summa-
rized in Table 1. No effect of aging on body mass was observed
(Table 1). An effect of physical activity status on body mass,
mainly driven by participants in the 40-59 and 70+ groups,
was observed and indicates that, overall, physically active par-
ticipants had lower body mass compared to their inactive coun-
terparts (Table 1). Body mass index (BMI) significantly
increased with aging, an effect attenuated by physical activity
status (Table 1). Total fat mass also increased with aging. A sig-
nificant effect of physical activity status was observed for fat
mass indicative of lower fat mass in physically active partici-
pants across all age groups (Table 1). Lean mass relative to
body mass was significantly reduced with aging. A significant
effect of physical activity status was observed for relative
lean mass, indicative of higher relative lean mass in physically
active participants across age groups (Table 1). In line with
data onrelative lean mass, absolute lean mass was significantly
reduced with aging, although only a trend for an effect of phys-
ical activity was observed (Table 1). Aging was associated with
a reduction in the number of daily steps (Table 1). By design,
daily steps, metabolic equivalent of tasks (MET), and self-re-
ported amount of physical activity were higher in the active par-
ticipants (Table 1). Details on the type of physical activity (time
spent performing aerobic and/or resistance training) performed
by all participants are provided in Table 1. No significant impact
of aging on overall physical activity, as well as time spent per-
forming aerobic and/or resistance training, was observed in
our cohort (Table 1). However, strong trends for a decrease in
total physical activity as well as the time spent performing resis-
tance training were noticed in our physically active participants
(Table 1).

To further characterize our cohort of participants, various
blood biochemical analyses were performed. As shown in Ta-
ble 1, significant effects of aging and physical activity status
were observed for circulating blood glucose concentration as-
sessed in a fasted state, indicative of an increase in fasted glyce-
mia with aging and a lower fasted glycemia in physically active
individuals (Table 1). No effect of aging on circulating insulin
levels was observed. However, physically active individuals dis-
played lower circulating insulin levels (Table 1). While no effect of
aging was found for the quantitative insulin sensitivity check in-
dex (QUICKI) and the homeostatic model assessment of insulin
resistance (HOMA-IR), two indexes of whole-body insulin sensi-
tivity, physically active individuals displayed greater QUICKI
values and lower HOMA-IR values, both indicative of greater
whole-body insulin sensitivity in active participants (Table 1).
Circulating fructosamine levels significantly increased with ag-
ing, without protection from physical activity status (Table 1). A
trend for an increase in total cholesterol with aging was
observed, without protection from physical activity status (Ta-
ble 1). No impact of aging or physical activity status on high-den-
sity lipoprotein (HDL) and low-density lipoprotein (LDL) choles-
terol was observed. Significant effects of aging and physical
activity status on circulating triglycerides levels were observed,
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Table 1. Participant characteristics O
20-39 40-59 60-69 70+ 20-39 40-59 60-69 70+ Age g
inactive inactive inactive inactive active active active active effect PA effect Interaction F—
Groups (n=15) (n=14) n=9) (n=13) (n=29) (n=25) (n=18) (n=16) (o value) (p value) (o value) m
General characteristics & body composition (D
Age (years) 30.3 + 4.1 52.1+4.9 64.1+1.5 791+78 29.7+5.5 49.6 + 6.9 63.7 £+ 2.7 75.9 + 4.6 <0.001 0.087 0.676 -c
Body mass (kg) 78.3+13.2 879+ 14.8 81.1+125 81.5+8.9 78.8 +12.0 75.7 +10.3 81.0+10.8 76.4 £ 12.7 0.613 0.049 0.105 _o‘
BMI (kg.m?) 242 + 3.6 28.3+3.5 274 + 3.8 286 +25 253 +3.7 253 +3.3 26.7 +3.5 25.6 +3.3 0.013 0.026 0.033 (ra
Fat mass (%) 271178 31.7+56 293=+7.2 32.3+5.2 17.8+7.9 214 +73 272+79 27.2+8.0 <0.001 <0.001 0.117 n
Lean mass (%) 69.9 +7.2 65.6 + 5.3 68.1 £ 6.7 65.0 +4.9 786 7.4 753+7.0 69.9 +7.6 69.7 7.6 <0.001 <0.001 0.111 Z
Lean mass (kg) 542 +6.9 57.3 +8.6 546 +4.9 52.7+4.4 61.4+7.3 56.6 + 5.4 56.0 + 4.7 52.6 +5.8 0.007 0.088 0.026 ‘D
Physical activity level g'.
Steps per day (n) 5,830 +2,107 6,129 +2,043 6,781 + 1,811 3,976 +2,276 10,995 + 4,000 11,743 +5,346 8,427 +4,394 5,250 + 2,701 <0.001 <0.001 0.081 9.
METs (kcal.kg~".h™") 1.39£0.14 1.26 £ 0.14 1.22 £0.20 1.07 £ 0.14 1.67 £ 0.36 1.62 £ 0.43 1.31 £ 0.30 1.13+£0.22 <0.001 0.001 0.211 -
Physical activity total 38.3+45.8 37.0 +42.9 275+ 55.4 41.8 +46.4 635.9 + 381.9 355.7 +288.5 371.1+247.2 377.2+269.8 0.051 <0.001 0.057 ‘D

(min.week ™)

Aerobic training 38.3+45.8 32.7 +43.4 27.5+55.4 19.6 + 38.9 413.7 +383.9 257.7 +260.9 301.1+249.8 220.8 + 156.8 0.275 <0.001 0.410

(min.week™")

Resistance training 0+0 4.3 +16.0 0+0 222 +353 2222 +2272 97.8+126.8 70.0 £ 78.2 156.4 + 159.8 0.094 <0.001 0.096

(min week ™)

Blood biochemistry

Glucose (mmol.L~") 5.1+0.6 52+04 5.8+0.9 5.6 £0.7 48+0.3 5.0+ 0.4 5.4+0.8 55+1.0 <0.001 0.037 0.928

Insulin (pmol.L~") 61.0 + 60.4 64.2 + 37.5 61.6 £ 25.6 52.1 +£39.4 32.2 + 201 39.0 + 33.6 48.1 +37.1 441 +22.8 0.817 0.004 0.614

QUICKI 0.35 + 0.04 0.35 + 0.03 0.34 + 0.03 0.35 + 0.03 0.39 + 0.05 0.38 + 0.03 0.38 + 0.08 0.36 + 0.03 0.309 <0.001 0.588

HOMA-IR 24+26 25+1.6 28+1.5 22+17 12+0.8 1.5+1.3 21+241 1.8+1.1 0.479 0.005 0.703

Fructosamine (umol.L~") 233.9 + 26.4 223.6+24.9 2357 +26.7 254.3+353 232.1+21.6 229.4 +22.8 235.4+343 238.5+359 0.052 0.565 0.506

Fructosamine per 3.2+04 32+04 32+04 3.7+£05 3.3+£03 3.3+£03 3.4+05 35+04 0.009 0.608 0.434

protein

(umol 1”".g™")

Total cholesterol 4.4+0.8 51+1.1 49+0.8 40+0.9 43+0.8 48+0.8 46+1.0 49+0.9 0.057 0.825 0.032

(mmol.L™")

HDL cholesterol 1.3+0.2 1.3+0.3 1.4+0.2 14+04 14+03 1.5+0.3 1.4+03 1.4+04 0.654 0.188 0.366

(mmol.L™")

LDL cholesterol 2.7+0.7 27+0.8 29+0.8 20x0.7 25+0.8 2.7+0.7 26+0.8 28+0.9 0.343 0.544 0.052

(mmol.L™")

Triglycerides (mmol.L™") 1.0+0.5 22+14 1.3+0.3 1.3+05 1.0+ 04 1.1+£05 1105 1.5+0.7 0.001 0.038 <0.001

C-reactive protein 13+14 1.8+1.1 26+3.2 1.2+0.7 0.6 + 0.4 15+26 1.4+09 24+35 0.164 0.480 0.110 %
(mg.L™") o0
Proteins (g.L ") 729+28 69.4 +29 726+24 69.9+29 71.0+£29 69.2 + 3.9 68.9+29 67.5+4.5 0.001 0.003 0.337 E g
GDF15 (pg.mL™") 361 + 116 571 + 136 631 + 305 1,857 £ 990 329 + 93 475 + 99 780 + 404 1,393+ 714 <0.001 0.152 0.063 )Z> _U
PA, physical activity; BMI, body mass index; METS, metabolic equivalent of tasks; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment for insulin 8 3
resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; GDF15, growth differentiation factor 15. Data are expressed as mean + SD. p < 0.05 was considered statistically signif- (I'jl'l) %
icant. (@]
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Figure 1. The impact of aging and physical
activity status on physical function

Quantification of the performance at the (A and B)
6 min walk test, (C and D) step test, (E and F) sit-to-
stand test (number of repetitions performed in 30
s), and (G and H) timed up and go test in inactive
and active participants. For group analyses, re-
sults of the two-way ANOVA are displayed above
each bar graph. Data in bar graphs are presented
as mean + SEM. Tukey post hoc tests were per-
formed to test differences between age groups.
Differences between inactive and active partici-
pants within each age group were assessed using
multiple bilateral t tests with false discovery rate
(FDR) correction. Groups that do not share the
same letter are significantly different. Linear re-
gressions were performed to assess associations
between age and variables of interest in the entire
cohort (all) and for inactive and active participants
separately. Pearson correlation coefficients (r) and
p values are displayed above each scatterplot. For
two-way ANOVA, post hoc testing, and regression
analyses, p < 0.05 was considered statistically
significant. For FDR analyses, q < 0.05 was
considered statistically significant. *, g < 0.05.
Icons in (A), (C), (E), and (G) were created with

=-0.302; p<0.001 ) :
r P BioRender.com. See also Figures S1, S5, S9,

and S10.
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inactive and active participants were
overall in good general health.

r=0.558; p<0.001 The impact of aging and physical
activity status on physical function
All participants underwent a comprehen-
o sive battery of tests to assess their phys-
ical function. As shown in Figures 1A-1H,
performance on the 6-min walk test
(Figures 1A and 1B), step test (Figures 1C
and 1D), sit-to-stand tests (Figures 1E,
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indicative of an increase in circulating triglyceride levels with ag-
ing, with a protection conferred by the physical activity status
(Table 1). However, the effect of physical activity seemed mainly
driven by the inactive and active participants in the 40-59 groups
(Table 1). No effect of aging or physical activity on the circulating
levels of C-reactive protein was observed (Table 1). Significant
effects of aging and physical activity on the total protein content
in serum were observed, indicative of a decrease in total protein
content in serum with aging and lower total protein content in
active vs. inactive participants (Table 1). Taken altogether, these
results indicate that aging is associated with alterations in
glucose handling, insulin sensitivity, and triglycerides levels,
changes that appear partly prevented by physical activity status.
However, it should be noted that the average values displayed in
Table 1 for most circulating markers fall well within normal
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Age (years)

1F, S1A, and S1B), and fast-paced timed
up and go (Figures 1G and 1H) was signif-
icantly decreased with aging. Significant
effects of physical activity status were
found for all tested functional capacities, indicating that physically
active participants displayed greater functional capacities
compared to their inactive counterparts (Figures 1A-1C, 1E, and
1G). Taken altogether, our data show that aging negatively impacts
physical function and highlight that physical activity increases
physical function in young to older men.

The impact of aging and physical activity status on
muscle strength and power

We next evaluated the impact of aging and physical activity sta-
tus on maximal isometric knee extension strength and maximal
lower limb power. As shown in Figures 2A-2D and S1C-S1J,
both absolute and relative (to thigh lean mass and body mass)
isometric knee extension strength and lower limb extension po-
wer were significantly reduced with aging. No significant effect of
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Figure 2. The impact of aging and physical activity status on muscle strength, power, and composition

(A and B) Quantification of the maximal isometric knee extension strength relative to body mass in inactive and active participants.

(C and D) Quantification of the maximal lower limb power relative to body mass in inactive and active participants.

(E) Representative pQCT images of the thigh of young and old inactive and active participants (scale bar: 1 cm).

(F-1) Quantification of the (F and G) muscle cross-sectional area and (H and I) intermuscular fat area in inactive and active participants.

For group analyses, results of the two-way ANOVA are displayed above each bar graph. Data in bar graphs are presented as mean + SEM. Tukey post hoc tests
were performed to test differences between age groups. Differences between inactive and inactive participants within each age group were assessed using
multiple bilateral t tests with false discovery rate (FDR) correction. Groups that do not share the same letter are significantly different. Linear regressions were
performed to assess associations between age and variables of interest in the entire cohort (all) and for inactive and active participants separately. Pearson
correlation coefficients () and p values are displayed above each scatterplot. For two-way ANOVA, post hoc testing, and regression analyses, p < 0.05 was
considered statistically significant. For FDR analyses, q < 0.05 was considered statistically significant. *, q < 0.05. See also Figures S1, S2, S5, S9, and S10.
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Figure 3. The impacts of aging and physical activity status on muscle fiber type, size, and proportion

(A) Representative triple MHCs (MHC type I: blue; MHC type lla: red; MHC type lIx: green) and laminin (green) immunolabeling performed on muscle cross-

sections (scale bar: 200 um).

(B) Quantifications of the overall myofiber cross-sectional area in inactive and active participants.

(C-H) Quantification of the proportion of type I (C and D), lla (E and F), and lla/lIx (G and H) myofibers in inactive and active participants.
For group analyses, results of the two-way ANOVA are displayed above each bar graph. Data in bar graphs are presented as mean + SEM. Tukey post hoc
tests were performed to test differences between age groups. Differences between inactive and active participants within each age group were assessed
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physical activity status on absolute isometric knee extension
strength and absolute lower limb extension power was observed
(Figures S1C, S1D, S1G, and S1H). Similarly, no significant effect
of physical activity status on isometric knee extension strength
and lower limb extension power normalized to thigh lean mass
was observed (Figures S1E, S1F, S1l, and S1J). However, there
were significant physical activity status effects on isometric knee
extension strength and relative lower limb extension power
normalized to body mass (Figures 2A-2D), indicating greater
muscle strength and power relative to body mass in physically
active compared to physically inactive individuals. Taken alto-
gether, these data extend the literature showing that muscle
strength and power decline with aging and highlight the benefi-
cial effect of physical activity status on muscle strength and po-
wer relative to body mass.

The impact of aging and physical activity status on
skeletal muscle composition
To gain insight into the impact of aging and physical activity on
skeletal muscle mass and composition, images of the thigh
were collected using pQCT. Images were acquired at the lower
third of the thigh (Figure 2E) and used to quantify muscle area
and subcutaneous and intermuscular fat. Segmental analyses
of DXA scan images were also performed to assess thigh lean
mass. As shown in Figures 2F-2I, muscle area significantly
decreased with aging while intermuscular fat area increased. In
line with these findings, thigh lean mass assessed using DXA
also decreased with aging (Figures S2A-S2D). There was no
age effect on subcutaneous fat area in our global population (Fig-
ure S2E), although a significant negative correlation was found
between age and subcutaneous fat area in inactive participants
(Figure S2F). Interestingly, there was no effect of physical activity
status on muscle area and thigh lean mass (Figures 2F and S2A).
However, there was an effect of physical activity status for inter-
muscular and subcutaneous fat areas (Figures 2H and S2E),
indicative of lower intermuscular and subcutaneous fat in phys-
ically active individuals. While young active and inactive partici-
pants displayed comparable intermuscular fat, older active
groups displayed lower intermuscular fat (Figure 2H), suggesting
that physical activity exerts a protective effect against the aging-
related increase in intermuscular fat. In contrast, the lower sub-
cutaneous fat content in physically active individuals was mainly
explained by lower subcutaneous fat in young active vs. inactive
individuals, while older active and inactive individuals displayed
comparable subcutaneous fat content (Figure S2E). There was
also an effect of physical activity status when thigh lean mass
data were expressed relative to body mass, indicating that phys-
ically active individuals displayed greater thigh lean mass relative
to their overall body mass (Figures S2C and S2D).

A triple myosin heavy chain (MHC) immunolabeling was next
performed to assess muscle fiber size and type on vastus later-
alis muscle cross-sections (Figures 3A and S3A). As shown in
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Figure 3B, neither age nor physical activity status affected the
overall muscle fiber cross-sectional area (CSA). Data on the
impact of aging and physical activity on the fiber type-specific
CSA are available in Figures S3B-S3G. No impact of aging
was observed for type |, lla, lla-lIx, and I-lla fiber CSA in group
analyses (Figures S3B, S3D, and S3F). No impact of physical ac-
tivity was observed for type |, lla-lIx, and I-lla fiber CSA
(Figures S3B, S3C, S3F, and S3G). Surprisingly, an overall effect
of physical activity was observed for type lla fibers, indicative of
smaller type lla fibers in active individuals (Figure S3D). Correla-
tion analyses also showed that type lla fiber CSA decreased with
aging only in active participants (Figure S3E). No significant
impact of aging was observed for the proportion of type |
(Figures 3C and 3D). However, a significant effect of physical ac-
tivity status was found for the proportion of type | fibers (Fig-
ure 3C), indicative of a higher proportion of type I fibers in active
individuals. Somewhat in line with data published by Lexell
et al.,?% a trend for an increase in the proportion of type | fibers
with age was observed in inactive participants (Figure 3D). How-
ever, no such trend was observed in active individuals. Taken
altogether, these data on type | fibers suggest that active young
individuals display a greater proportion of type | fiber that is not
affected by aging. In contrast, inactive young individuals display
a lower proportion of type | fibers, which appears to progres-
sively increase with aging. A significant effect of age was
observed for the proportion of type lla fibers, indicative of a pro-
gressive decline in the proportion of type lla fibers with aging
(Figures 3E and 3F). No effect of physical activity status on the
proportion of type lla fibers was observed. No pure type lIx fibers
were found in the present study, consistent with a recent report
indicating that pure type lIx fibers are extremely rare in human
skeletal muscles.?”?® All fibers positive for type llx MHC also
co-expressed type lla MHC. A trend for an aging effect and a sig-
nificant physical activity status effect were observed for the pro-
portion of type lla/lix fibers in our group analyses (Figure 3G).
When analyzed with age as a continuous variable, a significant
positive correlation between age and the proportion of type lla/
lix fibers was observed when all participants were pooled
together and when active participants were analyzed separately
(Figure 3H). However, no correlation between age and the pro-
portion of type lla/lix was found in inactive participants (Fig-
ure 3H). Taken altogether, these data suggest that, while young
active individuals display a lower proportion of type lla/lIx fibers
vs. inactive individuals, the proportion of these fibers only in-
creases in active participants. No effect of aging nor physical ac-
tivity status was observed for the proportion of the hybrid type
I/lla fibers (Figure S3H).

The impact of aging and physical activity status on
skeletal muscle mitochondrial bioenergetics

As shown in Figure 4A, we prepared permeabilized myofibers
from muscle biopsies to perform ex vivo high-resolution

using multiple bilateral t tests with false discovery rate (FDR) correction. Groups that do not share the same letter are significantly different. Linear re-
gressions were performed to assess associations between age and variables of interest in the entire cohort (all) and for inactive and active participants
separately. Pearson correlation coefficients (r) and p values are displayed above each scatterplot. For two-way ANOVA, post hoc testing, and regression
analyses, p < 0.05 was considered statistically significant. For FDR analyses, g < 0.05 was considered statistically significant. *, g < 0.05. See also

Figure S3.
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Figure 4. The impact of aging and physical activity status on skeletal muscle mitochondrial respiration and citrate synthase activity

(A) Schematic representation of the experimental design used to assess mitochondrial respiration in permeabilized myofibers.

(B and C) State Ill (ADP-stimulated) respiration rate driven by complex | and |l substrates (glutamate + malate + succinate) in inactive and active participants.

(D and E) State Il (ADP-stimulated) respiration rates driven by lipid substrates (palmitoyl-L-carnitine + malate) in inactive and active participants.

(F and G) Citrate synthase activity in inactive and active participants.

For group analyses, results of the two-way ANOVA are displayed above each bar graph. Data in bar graphs are presented as mean + SEM. Tukey post hoc tests

were performed to test differences between age groups. Differences between inactive and active participants within each age group were assessed using

multiple bilateral t tests with FDR correction. Groups that do not share the same letter are significantly different. Linear regressions were performed to assess
(legend continued on next page)
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fluorespirometry analysis to assess mitochondrial respiration.
State |l respiration rate was evaluated using complex | sub-
strates (glutamate [G] + malate [M]) of the mitochondrial electron
transport chain. State Il (ADP-restricted) respiration rate sup-
ported by complex | substrates was reduced with aging (Fig-
ure S4A). Physically active participants displayed higher state Il
respiration rates compared to their inactive counterparts. In
contrast, state Ill (maximal ADP-stimulated) respiration rates
supported by complex | (G + M) and complex | + Il substrates
(G + M + succinate) were not altered with aging and were signif-
icantly higher in active vs. inactive participants (Figures 4B, 4C,
and S4B). Interestingly, when data were analyzed with age as
a continuous variable, a trend for a decrease in maximal respira-
tion was observed for the overall population and for inactive, but
not for active, participants (Figure 4C). In inactive participants, a
population for which accelerometers provide reliable estimates
of physical activity (accelerometer such as the one used in this
study largely underestimates the physical activity of participants
engaged in physical activities such as swimming, biking, hockey,
or resistance training), a significant positive correlation between
the number of daily steps and mitochondrial respiration was
observed (Figure S4C). The acceptor control ratio (ACR), an in-
dex of the oxidative phosphorylation coupling efficiency (calcu-
lated by dividing state Il by state Il respiration rates), was signif-
icantly increased with aging (Figure S4D). No impact of physical
activity status on the ACR was observed (Figure S4D).

We also assessed mitochondrial fatty acid oxidation capacity
by recording state Il and Ill respiration supported by palmitoyl-L-
carnitine (P) and malate. As shown in Figures 4D, 4E, and S4E,
neither state Il nor state Ill respiration rates were altered with ag-
ing. However, physically active individuals displayed higher
respiration rates supported by palmitoyl-L-carnitine and malate
compared to their inactive counterparts (Figure 4D, 4E, and
S4E). Neither aging nor physical activity status impacted the
ACR with P + M substrates (Figure S4F).

To assess whether the greater respiration rates seen in active
individuals resulted from a higher mitochondrial content, we as-
sessed citrate synthase (CS) activity, a robust marker of mito-
chondrial content.?®*° As shown in Figures 4F and 4G, no effect
of aging on CS activity was observed. However, physically active
individuals displayed greater CS activity vs. their inactive coun-
terparts (Figure 4F). Similarly to data on maximal respiration, a
trend for a decrease in CS activity was observed in inactive par-
ticipants (Figure 4G). As with the data on respiration, CS activity
was positively associated with the number of daily steps in inac-
tive participants (Figure S4G). Importantly, when maximal respi-
ration rates were normalized to CS activity, no effect of aging or
physical activity status was observed (Figures S4H and S4l).
Collectively, our results indicate that aging per se in humans is
associated with minimal to no change in mitochondrial respira-
tion and content. They also indicate that physical activity status
is associated with greater mitochondrial respiratory capacity and
content throughout the human lifespan.
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Since multiple previous studies have reported associations
between mitochondrial respiration and parameters related to
muscle mass, function, and physical performance, '>?>*' we as-
sessed whether such associations would be found in our cohort.
As shown in Figure S5, when all participants were pooled
together, mitochondrial respiration was positively associated
with muscle CSA, muscle strength, and physical function.

The impact of aging and physical activity status on
skeletal muscle mitochondrial ROS production
Mitochondrial H,O, emission (a widely used surrogate of mito-
chondrial ROS emission) was assessed in permeabilized myo-
fibers using the Amplex UltraRed system (Figure 5A). As illus-
trated in Figures 5B-5E and S6A-S6D, neither state Il nor
state Ill H,O, emission rates supported by complex | or com-
plex | and Il substrates were affected by aging. The maximal
H>O, emission rate measured after the addition of oligomycin
(ATP synthase inhibitor) and antimycin A (complex llI inhibitor)
was not impacted by aging (Figures 5D and 5E). Importantly,
in all conditions tested, physically active participants displayed
higher rates of H,O, emission compared to inactive partici-
pants (Figures 5B-5E). No impact of aging or physical activity
status on state Il and state Ill H,O, emission rates supported
by lipid substrates (palmitoyl-L-carnitine and malate) was
observed (Figures 5F, 5G, S6E, and S6F). To assess whether
aging and/or physical activity status impact intrinsically mito-
chondrial H,O, emission rates, the free radical leak was quan-
tified by normalizing H,O, emission to oxygen consumption
rates. As can be seen in Figure S7, no impact of aging or phys-
ical activity status on mitochondrial free radical leak generation
was observed. H,O, emission rates were also normalized to a
marker of mitochondrial content, CS activity. As shown in Fig-
ure S8, no impact of aging or physical activity status on mito-
chondrial H,O, emission rates normalized to CS activity was
observed in group analyses. Correlation analyses revealed
that aging in inactive participants was associated with an in-
crease in H,O, emission rates normalized to CS activity in state
Il and state Il supported by complex | substrates (Figures S8B
and S8D). However, no such association was found for H,O,
emission rates normalized to CS activity in state Ill supported
by complex | and Il substrates or for maximal H,O, production
induced by antimycin A (Figures S8F and S8H). No negative as-
sociation was observed between mitochondrial H,O, emission
and indices of physical function, strength, and muscle mass
(Figures S9 and S10). Taken together, our results indicate
that aging per se in humans is not associated with an increase
in the rate of mitochondrial H,O, emission. They also indicate
that being physically active results in greater H,O, emission
rates, an effect likely explained by a higher mitochondrial con-
tent in active individuals. Lastly, they indicate that intrinsic alter-
ations in mitochondrial H,O, emission are unlikely to contribute
to the aging-related loss of muscle mass and function in
humans.

associations between age and variables of interest in the entire cohort (all) and for inactive and active participants separately. Pearson correlation coefficients
(r) and p values are displayed above each scatterplot. For two-way ANOVA, post hoc testing, and regression analyses, p < 0.05 was considered statistically
significant. For FDR analyses, q < 0.05 was considered statistically significant. *, g < 0.05. (A) was created with BioRender.com. See also Figures S4, S5, S7,

and S18.
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Figure 5. The impact of aging and physical activity status on skeletal muscle mitochondrial H,O, emission

(A) Schematic representation of the experimental design used to assess mitochondrial H,O, emission in permeabilized myofibers.

(B and C) State Ill H,O, emission rates driven by complex | and Il substrates (glutamate + malate + succinate) in inactive and active participants.

(D and E) Maximal H,O, emission rates induced by the addition of antimycin A (AA) and oligomycin (O) in the presence of complex | and Il substrates in inactive
and active participants.

(F and G) State Il H,O, emission rates driven by lipid substrates (palmitoyl-L-carnitine + malate) in inactive and active participants.

For group analyses, results of the two-way ANOVA are displayed above each bar graph. Data in bar graphs are presented as mean + SEM. Tukey post hoc tests
were performed to test differences between age groups. Differences between inactive and active participants within each age group were assessed using
multiple bilateral t tests with FDR correction. Groups that do not share the same letter are significantly different. Linear regressions were performed to assess

(legend continued on next page)
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The impact of aging and physical activity status on
skeletal muscle mitochondrial calcium handling

The impact of aging and physical activity status on mitochon-
drial calcium handling remains an understudied aspect of mito-
chondrial biology in humans. In the present study, mitochondrial
calcium handling was assessed in permeabilized phantom my-
ofibers'”*? by exposing mitochondria to a saturating calcium
challenge. Such an approach allows the measurement of the
mitochondrial calcium retention capacity (mMCRC), of the time
to mPTP opening, and of the mitochondrial calcium uptake
rate (Figure 6A). The time to pore opening and mCRC were
significantly reduced by aging (Figures 6B-6D, S11A, and
S11B). Post hoc analyses for the mCRC showed that this reduc-
tion was significant between the 20-39 and 70+ and between
the 60-69 and 70+ groups. Physical activity status had no
impact on mCRC or time to pore opening (Figures 6B and
6C). As suggested by our ANOVA and post hoc analyses, further
examinations of the relationship between aging and mCRC and
the time to mPTP opening revealed that, while both parameters
were quite stable from 20 to 60 years of age, both sharply
declined after 60 (Figures S11A and S11B). Interestingly,
mCRC was correlated with markers of physical performance
and muscle mass and function such as thigh lean mass, knee
extension strength, and the performances at the 6 min walk
test and step test (Figures 6E-6H). A trend for a positive corre-
lation between mMCRC and muscle CSA was also observed
when all participants were pooled together (Figure S11C). No
impact of aging on the mitochondrial calcium uptake rate was
found in our cohort (Figure S12). A trend for a higher calcium up-
take rate in our physically active participants, mainly driven by
participants aged 40 and over, was observed in our group ana-
lyses (Figure S12A). Altogether, our data indicate that mitochon-
drial calcium handling is altered with aging independently from
physical activity status and highlight positive associations be-
tween mCRC and muscle strength and physical performance.

Association between various aspects of mitochondrial
function and the stress-responsive metabokine/
mitokine GDF15

Growth differentiation factor 15 (GDF15) has been described as
a stress-responsive metabokine, which is particularly increased
in response to mitochondrial stress and dysfunction and is often
referred to as a mitokine.**~*> GDF15 has also recently emerged
as a potential key player in the human aging process (see Conte
et al.** for a detailed review). Here, we investigated whether spe-
cific aspects of mitochondrial biology in our cohort were associ-
ated with plasma GDF15 levels. As can be seen in Figures S13A
and S13B and Table 1, plasma GDF15 levels were exponentially
and strongly correlated with age (r = 0.83, p < 0.0001) in the
whole cohort and in active and inactive individuals separately.
This confirms previous reports that have positioned GDF15 as
a biomarker of human aging.®**® Since the relationship between
aging and plasma GDF15 levels was not linear (i.e., the aging-
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related increase in plasma GDF15 levels seemed to accelerate
after 60), and because GDF15 values were not normally distrib-
uted on our cohort, log-transformed GDF15 values were used in
regression analyses. Across the whole cohort, we found that in-
dividuals with higher plasma GDF15 levels had lower maximal
mitochondrial respiratory capacity, a correlation that was stron-
ger and only significant among inactive participants (Fig-
ure S13C). No association between state Ill (ADP-stimulated)
mitochondrial respiration driven by lipid substrates and plasma
GDF15 levels could be observed (Figure S13D). No association
between mitochondrial H,O, emission and plasma GDF15 levels
could be found (Figures S13E and S13F). However, individuals
with higher levels of GDF15 had mitochondria more susceptible
to undergo permeability transition (Figure 6l). Taken altogether,
these data relate skeletal muscle mitochondrial respiration and
calcium handling to the systemic aging marker plasma GDF15.

DISCUSSION

While impairments in mitochondrial function are often portrayed
as causally involved in the aging-related loss of muscle mass
and function, evidence has emerged in the past few decades
positioning physical activity as a major confounder.'?%? Until
now, much of the research effort has been focused on mito-
chondrial respiration and ROS production while other important
mitochondrial functions, such as calcium handling, have been
understudied in humans. To disentangle the relationship be-
tween aging, multiple aspects of mitochondrial function, and
physical activity in humans, we evaluated physical function,
muscle mass and performance, muscle phenotype, and various
aspects of mitochondrial function in 51 inactive and 88 active
men from 20 to 93 years of age. Our data revealed that physical
performance declines with age, with partial protection from
physical activity. While a trend for reduced maximal mitochon-
drial respiration was observed in inactive participants, no
impact of aging was observed in active participants, indicating
that aging per se does not alter mitochondrial respiration. Simi-
larly, fatty acid (palmitoyl-carnitine)-supported respiration was
not altered by aging. Our data also indicate that physically
active participants displayed higher fatty acid-supported respi-
ration as well as maximal respiration across the adult lifespan.
Mitochondrial ROS production was unaffected by aging, and
physically active participants even displayed higher ROS pro-
duction. Negative associations between mitochondrial ROS
production and muscle mass, function, or physical per-
formance were not seen, indicating that mitochondrial ROS
overproduction is unlikely to play a role in the muscle aging
process. In contrast, mCRC and time to mPTP opening
decreased with aging regardless of the physical activity status.
mCRC also correlates with muscle strength and performance.
Hence, based on our data, we posit that alterations in mito-
chondrial calcium handling may be a potential driver of muscle
aging and that targeting mitochondrial calcium handling and/or

associations between age and variables of interest in the entire cohort (all) and for inactive and active participants separately. Pearson correlation coefficients
(r) and p values are displayed above each scatterplot. For two-way ANOVA, post hoc testing, and regression analyses, p < 0.05 was considered statistically
significant. For FDR analyses, g < 0.05 was considered statistically significant. *, g < 0.05. AA, antimycin A; O, oligomycin. (A) was created with BioRender.com.

See also Figures S6-S10 and S13.

Cell Reports Medicine 6, 101968, February 18, 2025 11



http://BioRender.com

¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

A B :2. Age H p=0.032 e |nactive
5 . 2000 PA:p=0.790 )
ot " BF | memctonipmotoz | T o Ade
psy — *:Calcium uptake rate g 2 1500
5 = — °
Spectrofluorometric = S S &u:) ° ° s
analysis < S 8 g ° °
= - §§ mCRC ° g 1000-] ° .i ° ° :
i l 28 Y £s °
Sg I 25 500 -
\ 5 TmPTP O € £ H
| - > 25 !
= 4 = » = 13
B e ol Time (s) g = o ‘ § \ w\
ermeabilize: £
phantom myofibers = 20-39 40-59 60-69 70+
Age (years)
C Age : p=0.006 D E
PA : p=0.388
Interaction : p=0.118 ~ — I/-\|| \ r=-g.;:z; p=g.gi: Al r=0.199; p=0.032
p=0.007 . = ~@- Inactive  r=-0.300; p=0. —o— Inactive  r=0.294; p=0.050
e Inactive £ " _y . 40+ .294; p=0.
> & p=0.024 Act g 67 Adive  =0116,p=0331 -e- Active  r=0.121; p=0.312
5 e Active S
] > ° H 2307 e L
e S 4 3 % o538,
s o @ ®e o £ o
= £ Q K . :
c = S c 20 ry
L O @
B E § o o °
- c = 24 <
5 5 5 10
=) 2 = o
< ° .
IS
© 30 T T T T | 0 T T 1
20-39 40-59 60-69 70+ % [] 20 40 60 80 100 0 2 4 6
Age (years) © Age (years) Calcium retention capacity (nmol.mg™)
F G H
— Al r=0.187; p=0.044 — Al r=0.183; p=0.048 — Al r=0.266; p=0.004
-o- Inactive r=0.058; p=0.701 -e- Inactive r=0.212; p=0.163 -e- Inactive r=0.419; p=0.005
800 o Active  r=0.285; p=0.016 — 10005 Active  r=0.150; p=0.208 w0 Active  r=0.178; p=0.134
g2 € ooy
ic 8 - taegt e o
% 5 3 < 0 o
gL S 7
cw 3 Qo °
8 e 8 s s
g 3 Sy %0 .
%8 = R oo
&3 £
0 T T 1 © 0 T T 1 0 T T 1
1] 2 4 6 0 2 4 6 0 2 4 6
Calcium retention capacity (nmol.mg'1) Calcium retention capacity (nmol.mg™") Calcium retention capacity (nmol.mg"")
I J Apoptosis
— Al r=-0.171; p=0.033 Age mCRC ‘?q
o~ Inactive  r=-0.209; p=0.084 Endonuclease 6 & AF release &
6 -o— Active r=-0.136; p=0.127 PN A
- - mPTP
5 ‘ % MIDNA release
®© Transient CGAS-STING
% LATP activation
S ~
< Tc) 4+ Caspase-3 activation
k= E 1 Protein synthesis +—— ‘_:
L g = =
2 e
2 £,
g < N
=
o m@ Atrophy program
8 0 ‘ . ; : m - MuRF1 %
Atrogin-1
2.0 25 3.0 35 40 o
Pmleosur_nal ‘
Log10 [GDF15 (pmol.mlI™")] degradation e

Figure 6. The impact of aging and physical activity status on skeletal muscle mitochondrial calcium handling

(A) Schematic representation of the experimental design used to assess mitochondrial calcium retention capacity (nCRC), calcium uptake rate, and time to
mitochondrial permeability transition pore opening (T mPTP O) in permeabilized phantom myofibers.

(B-D) Quantification of the time to mitochondrial permeability transition pore opening (B) and mCRC (C and D) in inactive and active participants.

(E-) Relationship between mCRC and (E) thigh lean mass, (F) maximal isometric knee extension strength, (G) distance at the 6 min walk test, (H) performance at
the step test, and (l) plasma GDF 15 levels (log-transformed) in our entire cohort (all) and for inactive and active participants separately. Three linear regressions are
displayed in each graph to represent all, inactive, and active participants only.

(J) Schematic representation of the potential consequences of mPTP opening in muscle cells.

For group analyses, results of the two-way ANOVA are displayed above each bar graph. Tukey post hoc tests were performed to test differences between age
groups. Data in bar graphs are presented as mean = SEM. Differences between inactive and active participants within each age group were assessed using
multiple bilateral t tests with false discovery rate (FDR) correction. Groups that do not share the same letter are significantly different. Linear regressions were

(legend continued on next page)
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the mPTP may hold promise for treating age-related muscle
impairments.

The present study lends strong credibility to the rising view
that aging per se has limited impact on mitochondrial respira-
tion.'#17:21:2340 |Indeed, while we observed a trend for lower
mitochondrial respiration in physically inactive individuals, no
decline in mitochondrial respiration could be observed in physi-
cally active participants (Figure 4C). Furthermore, maximal mito-
chondrial respiration was positively associated with the daily
number of steps in inactive participants (Figure S4C) while the
daily number of steps decreased with aging (Table 1), indicating
that the trend for a lower maximal mitochondrial respiration with
aging in inactive individuals was consequential to reduced phys-
ical activity. Consistent with this view, it has been shown that
skeletal muscle mitochondria from older adults retain high plas-
ticity in response to variation in mechanical load. Indeed, exer-
cise training for relatively short terms (12 weeks) can substan-
tially increase mitochondrial content*’ and respiration in older
adults.'>*>*® Conversely, short-term disuse (10-14 days of
bed rest) results in a significant decrease in mitochondrial con-
tent** and respiration in older adults*>“® while 1 h of exercise
per day can negate the effect of bed rest on mitochondrial bioen-
ergetics in older adults.”® In contrast with previous reports
suggesting that aging alters mitochondrial mass-specific respi-
ration (respiration normalized to a marker of mitochondrial
content such as CS activity),>* our data show that normalizing
respiration data to CS activity not only abolished the trend for
lower maximal respiration with aging in inactive participants
but also abolished differences between active and inactive par-
ticipants (Figures S4E and S4l). These data indicate that maximal
mitochondrial mass-specific respiration is influenced by neither
aging nor physical activity status. The absence of impact of
physical activity status on maximal mitochondrial mass-specific
respiration is consistent with a recent report in humans showing
that differences in mitochondrial respiration seen between un-
trained, recreationally active and active-to-elite runners are abol-
ished when normalized to mitochondrial volume or cristae
density.*’

The absence of a change in mitochondrial fatty acid oxidation
with age is also worth highlighting (Figures 4D, 4E, and S4H),
especially when considering that fatty acids are important mito-
chondrial substrates at rest and during low-intensity contractile
activities, intensities most often used during activities of daily
living. In contrast with previous studies that have reported data
indicating mitochondrial uncoupling with muscle aging,'”*%°
the higher ACR values seen in the present and relatively large
cohort using complex | substrates (Figure S4D), and the absence
of differences in ACR values when using lipids as substrates (Fig-
ure S4F), indicate that muscle mitochondrial coupling efficiency
is preserved with aging in humans. This view is in line with studies
in rodents and humans that have reported no decrease in the
ATP/QO ratio (the most direct measure of mitochondrial coupling)
in aged hindlimb skeletal muscles.*®“*°° Taken altogether, the
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data presented herein reinforce the necessity of considering
physical activity when assessing muscle mitochondrial function,
arequirement that likely extends to many other, if not all, aspects
of muscle biology. Consideration related to physical activity (or
lack of thereof) might also, at least in part, explain why mitochon-
drial respiration and content are often found impaired in old
animal models of aging,**~>° albeit not always,* as ambulatory
activity was shown to decrease with aging in rodents.>***® Impor-
tantly, and as reported in other studies,'>*>*" we also found in
our cohort positive associations between mitochondrial respira-
tion, muscle mass, strength, and power as well as physical per-
formance (Figure S5). While our data indicate that a decrease in
mitochondrial respiration is unlikely to drive the loss of muscle
mass and function occurring during normal, healthy aging, they
nonetheless indicate that strategies boosting muscle mitochon-
drial function are likely to be beneficial to the health status of
older adults. The association between maximal mitochondrial
respiration and plasma GDF15 levels (a stress-responsive me-
tabokine/mitokine elevated in aging and aging-related dis-
eases®), particularly evident in inactive participants, further
strengthens this view.

An increase in mitochondrial ROS production is often por-
trayed as a mechanism driving the muscle aging process.'®
The data presented herein seriously challenge this view. Indeed,
notwithstanding the use of many substrates and inhibitors of the
mitochondrial oxidative phosphorylation, we did not see any ef-
fect of aging on mitochondrial HO, emission (Figures 5 and S6),
a widely used surrogate measure of mitochondrial ROS produc-
tion."”“° Even when H,O, emission rates were normalized to the
rate of oxygen consumption, a normalization that would reveal
intrinsic alteration in ROS generation, no impact of aging was
observed (Figure S7). Physically active individuals, while clearly
displaying greater physical performances from adulthood to
old age, even displayed greater H,O, emission compared to
their inactive counterparts (Figures 5 and S6). These data indi-
cate that an increase in ROS production by the mitochondrial
electron transfer system is highly unlikely to contribute to the ag-
ing-related loss of muscle mass and function in independently
living men. Further strengthening this view, no negative associa-
tion between mitochondrial H,O, emission and muscle mass,
function, and physical performance was observed in the present
study (Figures S8 and S9). Our study, therefore, extends and
supports previous studies that have also reported that mitochon-
drial ROS production is unchanged with muscle aging.'”4%-457
This view is also in line with previous reports that have found that
long-term supplementation with the mitochondria-targeted anti-
oxidants mitoquinone and SS-31 failed to rescue sarcopenia in
rodents,*®°° while mice deficient for Manganese SuperOxide
dismutase (MnSOD), an antioxidant enzyme located in the mito-
chondrial matrix, do not develop muscle atrophy with aging.®®

The present study also details the impact of aging and physical
activity on skeletal muscle composition. Indeed, the trend for an
increase in the proportion of type | fibers in inactive individuals

performed to assess associations between age and variables of interest in the entire cohort (all) and for inactive and active participants separately. Pearson
correlation coefficients (r) and p values are displayed above each scatterplot. For two-way ANOVA, post hoc testing, and regression analyses, p < 0.05 was
considered statistically significant. For FDR analyses, q < 0.05 was considered statistically significant. *, g < 0.05. (A) and (J) were created with BioRender.com.

See also Figures S11-513.
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(Figure 3D) is somewhat in line with data published by Lexell et al.
over 3 decades ago.?® Interestingly, such a trend was not
observed in active participants and indicates a preservation of
their fiber type II/I ratio. Consistent with previously published
data,?® the analyses of MHC type lla and type lIx positive myofib-
ers (Figures 3E-3H) revealed that type lla fibers seem particularly
sensitive to aging as the proportion of pure type lla fibers declined
in both active and inactive participants. Further solidifying this
view, a decrease in type lla fiber CSA with aging was observed
in active participants, albeit this observation contrasts with previ-
ously published data.?® Combined with the trend for an increase in
the proportion of type | fibers in our inactive group, this decrease
in the proportion of type lla fibers suggests a transition from type
lla to type | fibers in inactive individuals (Figure 3). In contrast, the
decrease in the proportion of type lla fibers in active participants
combined with an increase in the proportion of type lla/lIx fibers
indicates remodeling within the type Il fibers category with aging
in physically active individuals (Figure 3). Based on data showing
that exercise can improve the integrity of neuromuscular junctions
(NMJs) in aged mice,®" it is tempting to speculate that these diver-
gent phenotypic changes seen in physically active compared to
physically inactive participants might reflect a protective impact
of physical activity against alterations in NMJ integrity in humans.
While speculative at this stage, it should be noted that we em-
ployed an improved human muscle biopsy method to increase
the probability of collecting NMJ.%? Immunohistological analyses
on samples collected during the present study are underway
and should allow us to get a better understanding of the effect
of aging and physical activity on NMJ integrity in humans. The
aging-related increase in intermuscular fat content is another
important finding of the present study (Figures 2H and 2I), as
accumulating evidence positions intermuscular adipose tissue
as an important player in the aging-related deterioration of skeletal
muscles.®® Our data also indicate that physical activity provides
partial protection against this aging-related increase in intermus-
cular fat content (Figures 2H and 2I).

Another important aspect of our work was to determine the
impact of physical activity on mitochondrial calcium handling
across the adult lifespan. By exposing permeabilized myofibers
to a calcium challenge, we found that mCRC declines with aging
independently of physical activity status (Figures 6B and 6C).
This finding is in line with previous studies that have reported a
decline in mCRC with aging in recreationally active older adults'’
and even in master athletes.®* When mCRC is exceeded, open-
ing of the mPTP ensues. Our data support previous findings'”
indicating that the time to mPTP opening was reduced with aging
(Figure 6C). These reductions in mCRC and time to mPTP open-
ing demonstrate that muscle aging in humans is associated with
mPTP sensitization (Figures 6B-6D). Our data indicate that the
aging-related decline in mCRC and mPTP accelerates after 60
(Figures S11A and S11B). Further highlighting the biological sig-
nificance of these findings, we also report that mCRC is corre-
lated with biologically and clinically relevant measures of muscle
and physical function as well as with the stress-responsive me-
tabokine/mitokine GDF15 (Figures 6E-6I). The fact that physical
activity does not protect against the aging-related decline in
mCRC and mPTP opening indicate that impaired calcium
handling may be a mechanism driving muscle aging as even
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physically active individuals display aging-related muscle atro-
phy and weakness (Figure 6). The aging-related alterations in
calcium homeostasis that were reported in aged skeletal mus-
cles, which include an increase in resting cytosolic calcium con-
centration®® 8 and reduced sarcoplasmic reticulum calcium up-
take,® are likely to synergize with a reduced mCRC and facilitate
mPTP opening in vivo. Moreover, it was previously reported that
the proportion of endonuclease G-positive myonuclei, a
nuclease involved in apoptosis normally sequestered in the inter-
membrane space of mitochondria and released upon mPTP
opening, increases with aging in both rodent and human skeletal
muscles.'”"° Available data in rodents also provide strong sup-
port for an aging-related alteration of mCRC and mPTP func-
tion. 1802 Similarly, there is solid evidence that pro-apoptotic
pathways downstream of mPTP opening are activated in aged
rodent skeletal muscles.”’’%’" Since resistance training was
shown to partially attenuate the aging-related decrease in sarco-
plasmic reticulum calcium uptake,®® one could speculate that
physical activity might maintain a cytosolic environment that de-
creases the probability of mPTP opening despite reduced mCRC
in active individuals. Such preservation of the mitochondrial
milieu might explain the partial protection conferred by physical
activity on physical performance with aging. Several apoptosis-
independent events could also link the aging-related sensitiza-
tion of MPTP reported herein to altered muscle mass and func-
tion. Indeed, cytochrome c release upon mPTP opening leads
to an increase in proteasomal activity secondary to caspase-3
activation.”> mPTP opening can also cause a transient burst in
ROS production,”® which may stimulate the atrophy program
through the activation of the Forkhead box O (FoxO) transcrip-
tion factor family.”*”> mPTP opening can also result in mitochon-
drial DNA release and consequential activation of the cGAS
(cyclic GMP-AMP Synthase) - STING (STimulator of InterferoN
Genes) - NLRP3 (NOD-, LRR and pyrin domain-containing 3) in-
flammasome pathway, which was linked to upregulation of key
ubiquitin ligases in the muscle atrophy program”®”? (Figure 6J).
Collectively, the data presented in the present article indicate
that intrinsic changes in mitochondrial respiration and ROS pro-
duction are highly unlikely to drive the normal (non-pathological)
muscle aging process. Our findings also strengthen the literature
positioning physical activity as a powerful stimulus to improve
mitochondrial energetics throughout the human adult lifespan.
Furthermore, our results position altered mitochondrial calcium
handling and sensitized mPTP as putative key events contrib-
uting to muscle atrophy and weakness that occur in human aging
(Figure 6J). Considering the presented data, a paradigm shiftin a
field overwhelmingly focused on mitochondrial bioenergetics
may be needed. Finally, our results place mitochondrial calcium
handling and the mPTP as potential therapeutic targets to treat
the aging-related loss of muscle mass and function. Further
studies will be required to test this exciting research avenue.

76,77

Limitations of the study

Our study has some limitations. First, only male participants were
enrolled. Due to the large sample size that the present study
required and limited budget availability, we decided to focus our
study on the sex with the most linear trajectory of neuromuscular
aging.®° However, whether or not these findings are translatable
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to female participants remains to be established. Second, the pre-
sent study enrolled only relatively healthy community-dwelling
older adults as participants. Most older adults enrolled herein dis-
played relatively high physical performance, including those in the
inactive group. In many ways, most of them matched the definition
of successful aging.®' The magnitude and severity of mitochon-
drial changes with aging reported in the present study might there-
fore differ during states of pathological aging. Third, the cross-
sectional design of our study is also limiting, preventing us from
establishing a causal link between aging-related changes in
mCRC and mPTP function with muscle weakness and reduced
physical performance. Fourth, 138 of our 139 participants are of
high socioeconomic status, which may not fully represent the di-
versity of the broader population.
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Alexa Fluor 488 IgM goat anti-mouse
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Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# A-11008; RRID:AB_143165

Cat# A-21125; RRID:AB_2535767
Cat# A-21042; RRID:AB_2535711
Cat# A-21140; RRID:AB_2535777
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Biological samples

Human skeletal muscles (Vastus Lateralis) This paper N/A

Chemicals, peptides, and recombinant proteins
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Amplex Ultra Red

Antimycin A

Bovine Serum Albumin (BSA), fatty acid free
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HEPES free acid

Hydrogen peroxide
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L-Glutamic acid

L-Malic acid

Magnesium chloride solution
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2-Methylbutane
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Peroxidase from horseradish (HRP)
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Milipore Sigma/Fluka analytical
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Fisher Scientific
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Milipore Sigma
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Cat# D9779, CAS: 3483-12-3
Cat# 4005, CAS: 60-00-4
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Cat# HB0264, CAS: 7365-45-9
Cat# 516813, CAS: 7722-84-1
Cat# 10005, CAS: 288-32-4
Cat# 153516, CAS: 96-82-2
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Saponin Milipore Sigma Cati# 47036, CAS: 8047-15-2
Sodium cacodylate trihydrate Milipore Sigma Cat# C4945, CAS: 6131-99-3
Sodium succinate dibasic hexahydrate Milipore Sigma Cat# S2378, CAS: 6106-21-4
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Triethanolamine hydrochloride Milipore Sigma Cat# T1502, CAS: 637-39-8
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Critical commercial assays

Cholesterol
C-reactive protein
Fructosamin

GDF15

HDL

Insulin

Serum glucose
Serum protein levels
Triglycerides
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R&D Systems
Beckman Coulter
Abbott

Beckman Coulter
Beckman Coulter
Beckman Coulter
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Cat# DGD150, SGD150

Cat# BAOSR6X95

Cat# ARCHITECT Insulin 8K41
Cat# BAOSR6X21

Cat# BAOSR6X32

Cat# BAOSR6X118

Software and algorithms

BioRender
CellSens 2.2

Clampfit 11.2

DatlLab 7.3.0.3

Encore 2008 12.3

BioRender
Olympus

Molecular Devices

Oroboros Instruments

GE Healthcare Prodigy

https://biorender.com/; RRID:SCR_018361

https://www.olympus-lifescience.com/en/
software/cellsens/

https://www.moleculardevices.com/
products/axon-patch-clamp-system/
acquisition-and-analysis-software/pclamp-
software-suite
https://www.oroboros.at/index.php/
product/datlab/

https://www.gehealthcare.com/products/
bone-and-metabolic-health/encore-
software-platform?srsltid=AfmBOorxAQVS-
eX79A9wW9POPEYaqpYguiPbRN6O_
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GraphPad Prism 10.1.3 GraphPad https://www.graphpad.com/;
RRID: SCR_002798

I-control 1.9 Tecan https://www.tecan.com/knowledge-portal/
how-to-install-your-infinite-200-pro-and-
i-control-software

Igor Pro 8 WaveMetrics RRID: SCR_000325

Imaged (for image analysis) NIH https://imagej.nih.gov/ij/; RRID:SCR_003070

MitoFun (Gouspillou 2023) https://doi.org/10.5281/zenodo.7510439

Sensewear 8.1 BodyMedia N/A

Stratec XCT Console Stratec https://stratec-pqct.com/en/

Other

Alcohol prep pads sterile Curad Cat# CURCA45581R1

Baxedin Pre-op chlorhexidin 0.5% and
alcool 70%

Omega Laboratories

Cat# LO000003
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Dressing tray Med-RX Cat# 85-4011
Gauze Pads Sterile, 4”7 x 4" Covidien Cat# 441412
Latex surgical gloves sterile Ansell Cat# 5785003
2% Lidocaine Hydrochloride (20 mg/mL) Teligent Canada Cat# ALV0127AG01
Microscope Slides Superfrost Plus Fisher Scientific Cat# 12-550-15
Monitoring Line 48in Medex Cat# MX564
Needle (black) Precision Glides, 38mm, 22G BD Cat# 305156
Needle (blue) Precision Glides, 16mm, 25G BD Cat# 305122
Needle (pink) Precision Glides, 25mm, 18G BD Cat# 305195

Plastic Adhesive Bandage Strip, 3/4” x 3",
Sterile, Latex-Free.

Sealing Cap for Muscle Biopsy Needle
Safety-Lok™ Blood Collection Set with 12 in.
tubing and luer adapter 23 G x 0.75 in.

Alliance Healthcare
Products

Millenium Surgical
BD Vacutainer

Cat# 211-018-600

Cat# 72-230006
Cat# 367283

Single use scalpel sterile Paragon Cat# 0086

Sterile field towel Medicom SafeBasics Cat# 8201
Steri-Strip Reinforced Adhesive Skin Closure, 3M Cat# R1541
Syringe 10mL Luer-Lock BD Cat# BD302995
Syringe 140mL Monoject Luer-Lock Tip Covidien Cat# 8881114030

UCH Style Skeletal Muscle Biopsy Needle
6 mm x 120 mm 5 standard wire gauge x 4.75”

Vacutainer venous blood collection tube (gold)

Vacutainer venous blood collection tube with EDTA

(lavender)

Millenium Surgical

BD
BD

Cat# 72-238069

Cat# 367986
Cat# 367861

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants were recruited by advertisements in newspapers, bulletin boards, social media and through word of mouth. To be
included, participants had to self-identify as a male and a man aged between 20 and 100 years old, with a BMI between 18 and
35 kg/m?. The following exclusion criteria were used: uncontrolled metabolic disease, neurodegenerative disease, smoking more
than 2 cigarettes per day, drinking more than 2 glasses of alcohol per day, taking anticoagulant medication, having a pacemaker
or a metal implant. Three separate on-site visits, organized within one month, were required to complete all measurements and pro-
cedures. All participants provided informed written consent after having received information on the nature, goal, procedures, and
risks associated with the study. Participants were informed to maintain their physical activity and diets habits during their participa-
tion. To investigate the impact of aging and physical activity status on our variables of interest, participants were divided in the
following age groups: young middle age (20-39 yo), mature middle age (40-59yo), young older adults (60-69 yo) and older adults
(70+ yo) and sub-divided in inactive and active according to their physical activity status. Socioeconomic data were not collected.
Our cohort was composed of 91.4% White not Hispanic, 4.3% Arab, 2.2% Asian, 1.4% White Hispanic and 0.7% multiracial. All
procedures were approved by the Ethics Committee of the Universite’ du Quebec & Montreal (UQAM) (Ethic certificate number:
2020-2703). The study was conducted in the Departement des Sciences de I'activite’ physique at UQAM between February 2020
and June 2023.

METHOD DETAILS

Physical activity assessment
To estimate the status of physical activity for each participant, we combined two approaches.

(1) Objective measures using a tri-axial accelerometer (SenseWearMini Armband).®” Participants were asked to wear
the armband on the non-dominant arm for at least 3 days and ideally for 7 days. Data were taken from days where the
armband was worn at least 80% of the time over 24h (> 19h and 12 min). Data were analyzed using the software Armband
Sensewear 8.1.

e3 Cell Reports Medicine 6, 101968, February 18, 2025



Cell Reports Medicine ¢? CelPress

OPEN ACCESS

(2) Self-reported physical activity obtained through a structured interview with a trained kinesiologist. Questions asked during the
interview were derived from the physical Activity Scale for the Elderly (PASE).?® However, participants were asked to report
their usual physical activity representative of the past 5 years and not just their physical activity over 7 days.

To be deemed active, participants had to fulfill at least one of the following criteria.

(1) Engage in a minimum of 150 min per week of structured moderate to intense physical activity, ii) Achieve a daily step count of
at least 10,000 steps, or iii) Maintain a MET equal to or greater than 1.6.

Aerobic training included endurance-focused activities such as running, cycling, swimming, and team sports (e.g., hockey, soc-
cer). Resistance training included strength-focused activities such as weightlifting, powerlifting, and calisthenics.

Anthropometric data and body composition

Height (in cm) was measured using a wall-mounted height gauge (SECA 67029, Hanover, MD, USA) and mass (in kg), with an elec-
tronic scale (ADAM - GFK 660a, USA). The BMI was calculated using the following formula: Mass (kg)/Height (m).> DXA (GE Prodigy
Lunar) was used to assess fat and lean masses. Participants were fasted for a minimum of 2 h before the DXA scan.

Assessment of muscle composition using p-QCT

Muscle composition was assessed using a peripheral quantitative computed tomography scan (p-QCT; Stratec XCT3000 STRATEC
Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, NY, USA). Images were taken in the lower third of
the right thigh (from the right lateral epicondyle to the greater trochanter of the right femur). Acquisition parameters were the following:
voxel size: 0.5 mm; speed:10 mm/s p-QCT images were analyzed using Imaged software (NIH, Bethesda, Maryland, USA, https://
imagej.nih.gov/ij/) with the plugin p-QCT.

Assessment of physical performance
Four validated tests were performed to assess physical performance as previously described Marcangeli et al.*".

(1) 6 min walking test.®*®° The test was performed on a 25-meter track and participants were asked to walk as much as possible
during 6 min. No encouragement was received along the test. The total distance was recorded in meters.

(2) alternative step test.®®®” Participants were placed facing toward a 20 cm height step and instructed to touch the top with the
right and left foot, alternatively, as fast as possible during a 20 s period. The number of steps was recorded.

(3) “Sitto stand” test. Participants were asked to repeat standing up from a sitting position and sitting down as fast as possible for
30s with arms across their chests.® The time to perform 10 repetitions (10rep sit to stand) and the number of repetitions per-
formed during 30s were recorded.

(4) “Timed Up & Go” test.®” This test, which consists in standing from a chair, walking a 3 m distance and sitting down again,*°
was performed at a fast-paced walking speed. The time to perform this task was recorded.

Assessment of muscle strength and power
The maximal isometric knee extension strength and the maximal lower limb muscle power were evaluated as previously described.*’
Maximal isometric knee extension strength was assessed on the right leg using a strain gauge system attached to a chair (Primus RS
Chair, BTE) upon which participants were seated with the knee and hip joint angles set at 135°and 90°, respectively. The knee angle
was set to 135°, compared to the typical 90° to diminish the maximal joint torque that could be generated, particularly in light of gener-
ally more fragile bones in older adults. The tested leg was fixed to the lever arm at the level of the lateral malleoli on an analog strain
gauge to measure strength. The highest of three maximum voluntary contractions was recorded.

Lower limb muscle power was measured on the right leg using the Nottingham Leg Extensor Power rig in a sitting position. Par-
ticipants were asked to push the pedal down as hard and fast as possible, accelerating a flywheel attached to an analog to digital
converter. Power was recorded for each push until a plateau/decrease was observed.

Skeletal muscle biopsies

Muscles biopsies were collected using the Biopsy Electrostimulation for Enhanced NeuroMuscular Junction Sampling (BeeNMJs)
method as extensively described.®® This approach, which allows for enrichment of NMJ in muscle biopsy samples, was selected
as our overall research project was aimed at investigating the contributions of mitochondrial dysfunction and altered NMJ integrity
in the human muscle aging process. Analyses of NMJ integrity are currently underway and will be part of a separate manuscript.
The first step of the BeeNMJs method consists in identifying the region of the vastus lateralis with the highest NMJ density through
electrostimulation.®” Once identified, muscle biopsies were performed along the main axis of the vastus lateralis at least 2 cm away
from the site with the highest NMJ density. Muscle biopsies were performed using a suction modified Bergstrém needle under
local anesthesia (lidocaine injection). The tissue collected during the biopsy procedures was either used fresh to assess mitochon-
drial function, prepared for histological analyses, prepared to assess NMJ integrity or snap frozen in liquid nitrogen and stored
at —80°C until use.
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Preparation of permeabilized muscle fibers for in situ assessment of mitochondrial function

Mitochondrial function was assessed in fresh muscle biopsy samples. Once dissected, muscle biopsy samples were weighted with a
precision scale and then rapidly immersed in ice-cold stabilizing buffer A (2.77 mM CakK; ethylene glycol-bis-(2-aminoethylether)-
N,N,N,N-tetraacetic acid (EGTA), 7.23 mM K, EGTA, 6.56 mM MgCl,, 0.5 mM dithiothreitol (DTT), 50 mM 2-(N-morpholino) ethane-
sulfonic acid potassium salt (K-MES), 20 mM imidazole, 20 mM taurine, 5.3 mM Na, ATP, and 15 mM phosphocreatine, pH 7.3). Mus-
cle biopsy samples were separated into small fiber bundles using fine forceps under a surgical dissecting microscope (Leica S4 E,
Germany). Muscle fiber bundles were incubated into a glass scintillation vial for 30 min at low rocking speed containing buffer A sup-
plemented with 0.05 mg/mL saponin (Sigma-Aldrich) to selectively permeabilize the sarcolemma. Fiber bundles was divided in two
parts, once was washed 3 times 10 min at low rocking speed in the MiR05 buffer (110 mM sucrose, 20 mM HEPES, 10 mM KH,POy,
20 mM taurine, 60 mM K-lactobionate, 3 mM MgCl,, 0.5 mM EGTA, 1 g/L of fatty acid free BSA, pH 7.4) to assess mitochondrial
respiration and H,O, emission. The other part of fiber bundles was washed 3 times 10 min at low rocking speed in the C buffer
(80mM K-MES, 50mM HEPES, 20mM taurine, 0.5mM DTT, 10mM MgCl,, 10mM ATP, pH 7.3) to realize mPTP analyses. All incuba-
tions were performed in vials placed on ice.

Assessment of mitochondrial respiration

Permeabilized myofibers from muscle biopsy samples were used to assess mitochondrial respiration in an Oroboros O2K high-res-
olution fluororespirometer (Oroboros Instruments, Austria) at 37°C in 2 mL of MiR05 buffer. Briefly, 3 to 6 mg (wet mass) of permea-
bilized fiber bundles were weighed and added to the respiration chambers. The following 2 protocols were used.

(1) Protocol 1 consisted in the sequential addition of the following substrates and inhibitors: 10 mM glutamate +5 mM malate (G +
M), 2 mM ADP, 10 mM succinate, 1uM oligomycin and 2uM antimycin A.

(2) Protocol 2 consisted in the sequential addition of the following substrates and inhibitors: 200 UM mM palmitoyl-L-
carnitine +5 mM malate, 2 mM ADP.

After mitochondrial respiration measurements, bundles were removed and placed in liquid nitrogen and stored at —80°C for the
assessment of citrate synthase (CS) activity. Respiration rates were normalized as picomoles of dioxygen per second per mg of
wet muscle mass. All respiration experiments were analyzed with MitoFun,®" a homemade code to analyze mitochondrial function
data in the Igor Pro 8 software (Wavemetrics, OR, USA).

Assessment of mitochondrial H,O, emission

The H>O, emission from myofiber bundles was assessed by monitoring the rate of H,O, release using the amplex ultra red-horse-
radish peroxidase system. This was performed along with respiration assessment in the Oroboros O2K high-resolution fluororespir-
ometer (Oroboros Instruments, Austria) at 37°C in 2 mL of MiR05 buffer supplemented with Amplex Ultra Red (10pM), SOD (5 U/m),
and HRP (1 U/ml). A calibration curve was generated daily using successive additions of known [H,O,] in absence of tissue. After
mitochondrial H,O, emission measurements were completed, bundles were retrieved, snap frozen in liquid nitrogen and stored at
—80°C until CS activity measures. H>O, emission was normalized as picomoles per second per milligram of wet muscle mass. All
H,0, emission experiments were analyzed with MitoFun,’’ a homemade code to analyze mitochondrial function data in the Igor
Pro 8 software (Wavemetrics, OR, USA).

Assessment of mPTP sensitivity to calcium

Sensitivity to mPTP opening was assessed by determining mitochondrial CRC in the presence of a calcium challenge.®” The high
affinity for Ca®* of myosin-actin-associated proteins prevents measurements of mitochondrial Ca®* uptake in standard permeabi-
lized myofibers. To overcome this limitation, phantom fibers (fibers without myosin) were prepared.®> As mentioned earlier, fiber
bundles were first permeabilized with saponin and washed 3 times in buffer C. The bundles were then incubated for 30 min with inter-
mittent manual agitation at 4°C in buffer D (800 mM KClI, 50 mM HEPES, 20 mM taurine, 0.5 mM DTT, 10 mM MgCl,, and 10 mM ATP,
pH 7.3 at 4°C), a solution of high ionic force to extract myosin but which preserves mitochondrial function (phantom fibers). Bundles
were finally washed 3 times in low-EGTA CRC buffer (250 mM sucrose, 10 mM Tris, 5 uM EGTA, and 10 mM 3-(N-morpholino) pro-
pane sulfonic acid (MOPS), pH 7.3 at 4°C) and kept on ice until use for Ca®*-induced mPTP opening assays. The CRC was then deter-
mined in permeabilized phantom fibers as previously described.” Briefly, a muscle bundle of 3-6 mg wet mass was added to 600 pL
of CRC buffer containing ~30 uM of Ca®* supplemented with 5 mM glutamate, 2.5 mM malate, 10 mM inorganic phosphate (P), 1 uM
calcium-green 5 N, and 0.5 pM oligomycin. Mitochondrial Ca®* uptake was immediately followed by monitoring the decrease in ex-
tramitochondrial Ca2*concentration using the fluorescent probe calcium-green 5 N (C3737, ThermoFisher). Fluorescence was de-
tected using a spectrophotometer (Hitachi F2500, FL Solutions software) with excitation and emission detectors set at 505 and
535 nm, respectively. All measurements were performed at 37°C. Progressive uptake of Ca®* by mitochondria was monitored until
mitochondrial Ca®* release caused by opening of the mPTP was observed as the inversion of signal. CRC was calculated as total
amount of Ca®* taken by mitochondria before Ca®* release. Fluorescent units were converted into Ca* concentration using a stan-
dard curve obtained daily using successive addition of known Ca* concentration in the absence of sample. CRC values were ex-
pressed per milligram of wet fiber mass. The time to pore opening was also calculated as a time that mitochondria take to open the
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permeability transition pore and release the Ca®*, and data were expressed in seconds. All mPTP experiments were analyzed with
MitoFun,®" a homemade code to analyze mitochondrial function data in the Igor Pro 8 software (Wavemetrics, OR, USA).

Assessment of citrate synthase activity

Enzymatic activity level of the mitochondrial citrate synthase was determined spectrophotometrically on permeabilized myofibers
frozen immediately after fluororespirometry and calcium retention capacity assays. Briefly, permeabilized myofibers were homoge-
nized in 20 volumes of an extraction buffer containing 1 mM EDTA, Triethanolamine 50mM. The homogenates were centrifuged at
10,0009 for 2 min at 4°C and incubated on ice for 1h. The supernatants were collected in a clean Eppendorf and CS activity was
measured spectrophotometrically by detecting the increase in absorbance at 412 nm in a 96-well plate, at 30°C, using 200uL of a
reaction buffer (200 mM Tris, pH 7.4) containing 2uM acetyl-CoA, 200uM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), 350 uM oxalo-
acetic acid, and 0.1% Triton X-100. The kinetic assay was performed with the M1000 TECAN multiplate reader for 2 min with
repeated measures every 5 s. To calculate the CS activity, the DTNB molar extinction coefficient used was 13.6 L mol~".cm™".
CS activity absorbance units were normalized to mg of frozen fibers.

Histology analyses

Skeletal muscle sample sectioning

Muscle biopsies samples were mounted in tragacanth (Sigma, G1128), frozen in cooled liquid isopentane, and stored at —80°C. Ten-
micron thick serial cross-sections were cut in a cryostat at —20°C and mounted on lysine coated slides (Superfrost).
Assessment of muscle fiber type and size

Muscle cross-sections were immunolabelled for different MHC isoforms as previously described.?*? Briefly, muscle cross sections
were allowed to reach room temperature, rehydrated with Phosphate Buffer solution (PBS, Sigma, 4417) and blocked with PBS con-
taining 10% of goat serum (GS) for 45 min at room temperature. Muscle sections were then incubated for 1 h, at room temperature
with the following primary antibodies mix: a mouse IgG2b monoclonal anti-MHC type | (BA-F8, 1:25, DSHB, lowa, IA, USA), a mouse
IgG1 monoclonal anti-MHC type lla (Sc-71, 1:200, DSHB, lowa, IA, USA), a mouse IgM monoclonal anti-MHC type lIx (6-H1, 1:25,
DSHB, lowa, IA, USA) and a rabbit IgG polyclonal anti-laminin (Sigma, L9393, 1:750) diluted in PBS containing 10% of GS. Muscle
cross-sections were then washed 3 times with PBS before being incubated for 1 h with the following secondary antibodies mix
diluted in PBS containing 10% of GS: Alexa Fluor 350 IgG2b goat anti-mouse (A21140), Alexa Fluor 594 IgG1 goat anti-mouse
(A21125), Alexa Fluor 488 IgM goat anti-mouse (A21042) and Alexa Fluor 488 IgG goat anti-rabbit (A11008). Sections were washed
3 times in PBS and cover slipped using Prolong Gold (Invitrogen, P36930) as mounting medium. Slides were imaged using an
Olympus IX83 Ultra Sonic fluorescence microscope (Olympus, Japan). Analyses of fiber type and size were performed by an exper-
imenter blinded to the participants age and physical activity status. At least 200 fibers were manually traced per participant
(average +SD: 314 + 86) using the ImageJ software (NIH, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/).

General blood biochemistry

Fifteen mL of venous blood sample were collected after an overnight fast in BD Vacutainer SST Tube with Hemogard Closure (Gold,
Dufort et Lavigne Ltée, Qc, Canada, BEC367986). Tubes were inverted 6 times and were then left at room temperature for a minimum
of 30 min and maximum of 60 min for clotting. Gold tubes were then stored at 4°C, for a maximum of 4 h, before centrifugation. Gold
tubes were centrifuged at 2000g for 15 min at room temperature. After centrifugation, the supernatant (serum) was collected and
aliquoted into 1.5 mL Eppendorf tubes and immediately stored at —80°C until use.

Serum glucose concentrations were assessed using a coupled enzymatic assay in a Beckman Coulter AU analyzer according to
the manufacturer’s instructions (Beckman Coulter, BAOSR6X21). Serum insulin concentrations were assessed using the
ARCHITECT Insulin assay according to the manufacturer’s instructions (Abbott, ARCHITECT Insulin 8K41). Fructosamine levels
were assessed using a colorimetric assay according to the manufacturer’s instruction (Randox, FR 3133).Total cholesterol and
HDL-cholesterol were assessed using a Beckman Coulter AU analyzer according to the manufacturer’s instructions (Beckman
Coulter, BAOSR6X16 and BAOSR6x95, respectively). LDL cholesterol was calculated based on HDL-cholesterol and triglycerides
values as follows: LDL cholesterol = total cholesterol - HDL - (triglycerides/5). The HOMA-IR was calculated as [fasting glucose
(mmol/L) x fasting insulin (pmol/L)}/135.°® The Quantitative Insulin Sensitivity Check Index (QUICKI) 1/[log fasting insulin
(RU/ML) + log glucose (mg/dL)].°* C-reactive protein (CRP) levels were assessed using the Beckman Coulter CRP latex assay in a
Beckman Coulter AU analyzer according to the manufacturer’s instructions (Beckman Coulter, BAOSR6X99). Abnormally high
CRP values for two participants (one in the 60-69 inactive group and one in the 70+ active group) were removed from the analyses.
Triglycerides levels were assessed using a colorimetric assay in a Beckman Coulter AU analyzer according to the manufacturer’s
instructions (Beckman Coulter, BAOSR6X118). Serum protein levels were assessed using a colorimetric assay in a Beckman Coulter
AU analyzer according to the manufacturer’s instructions (Beckman Coulter, BAOSR6X32).

Quantification of circulating GDF15 level

Fifteen mL of venous blood sample were collected after an overnight fast in BD Vacutainer EDTA (ethylenediaminetetraacetic acid)
Tube with BD Hemogard Closure (Lavender, Dufort et Lavigne Ltée, Qc, Canada, BEC367961). Lavender tubes were inverted 10
times and then stored at 4°C, for a maximum of 4 h, before centrifugation. Lavender tubes were centrifuged at 2000g for 15 min

Cell Reports Medicine 6, 101968, February 18, 2025 e6



https://imagej.nih.gov/ij/

¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

at room temperature. After centrifugation, the supernatant (plasma) was collected and aliquoted into 1.5 mL Eppendorf tubes and
stored at —80°C until use. Plasma GDF15 levels were quantified using a high-sensitivity ELISA kit (R&D Systems, DGD150,
SGD150) as described previously.?

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 10.1.3. Estimation of sample sizes to detect significant differences,
with an alpha error set at 0.05 and power set at 0.80, for the most relevant parameters of muscle and mitochondrial function were
performed as described in°® and based on our previously published data.'”-?® These estimations retrieved minimal sample sizes
required to achieve adequate power of n = 8 to 10 per group. Group comparisons were performed using two-way analysis of variance
(ANOVA; p < 0.05 were considered significant) with age and physical activity status as factors. When an age effect was observed,
Tukey’s multiple comparisons tests were performed to assess differences between age groups (p < 0.05 were considered signifi-
cant). To assess whether differences were present between active and inactive participants in each age group, bilateral Student’s
t-tests followed by a correction using the false discovery rate (FDR) (using the two-stage step-up method of Benjamini, Krieger,
and Yekutieli) was applied (p < 0.05 and g < 0.05 were considered significant). For analyses where age was considered as a contin-
uous variable, and for all correlation analyses, simple linear regressions were performed, and Pearson r coefficients were calculated.
To test whether correlations were significant, two-tailed tests were used for all correlations except for correlations involving plasma
GDF15 levels which were tested with one-tailed tests. Bar graphs are presented as mean + standard error of the mean (SEM). The
exact number of participants within each group or analysis in all figures is indicated either in bar graphs or in the figure legends.
Individual data are displayed in each graph.
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