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Acute resistance exercise training
does not augment mitochondrial
remodelling in master athletes or
untrained older adults

Ryan Neil Marshall*?, James McKendry'*, Benoit Smeuninx*2,
Alex Peter Seabright™?, Paul T. Morgan®?, Carolyn Greig*%* and
Leigh Breen®24*

School of Sport, Exercise, and Rehabilitation Sciences, University of Birmingham, Birmingham,

United Kingdom, 2MRC-Versus Arthritis Centre for Musculoskeletal Ageing Research, Birmingham,

United Kingdom, Exercise Metabolism Research Group, Department of Kinesiology, McMaster University,
Hamilton, ON, Canada, *“NIHR Biomedical Research Centre, Birmingham, United Kingdom

Background: Ageing is associated with alterations to skeletal muscle oxidative
metabolism that may be influenced by physical activity status, although the
mechanisms underlying these changes have not been unraveled. Similarly, the
effect of resistance exercise training (RET) on skeletal muscle mitochondrial
regulation is unclear.

Methods: Seven endurance-trained masters athletes ([MA], 74 + 3 years) and seven
untrained older adults ([OC]. 69 + 6 years) completed a single session of knee
extension RET (6 x 12 repetitions, 75% 1-RM, 120-s intra-set recovery). Vastus
lateralis muscle biopsies were collected pre-RET, 1 h post-RET, and 48h post-
RET. Skeletal muscle biopsies were analyzed for citrate synthase (CS) enzyme
activity, mitochondrial content, and markers of mitochondrial quality control via
immunoblotting.

Results: Pre-RET CS activity and protein content were ~45% (p < .001) and ~74%
greater in MA compared with OC (p = .006). There was a significant reduction (~18%)
in CS activity 48 h post-RET (p < .05) in OC, but not MA. Pre-RET abundance of
individual and combined mitochondrial electron transport chain (ETC) complexes
[-V were significantly greater in MA compared with OC, as were markers of
mitochondrial fission and fusion dynamics (p-DRP-1%¢"%6 p-MFF*¢46 OPA-1 &
FIS-1, p < .05 for all). Moreover, MA displayed greater expression of p-AMPK™™72,
PGCla, TFAM, and SIRT-3 (p < .05 for all). Notably, RET did not alter the expression of
any marker of mitochondrial content, biogenesis, or quality control in both OC
and MA.

Conclusion: The present data suggest that long-term aerobic exercise training
supports superior skeletal muscle mitochondrial density and protein content into
later life, which may be regulated by greater mitochondrial quality control
mechanisms and supported via superior fission-fusion dynamics. However, a
single session of RET is unable to induce mitochondrial remodelling in the acute
(1h post-RET) and delayed (48 h post-RET) recovery period in OC and MA.
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1 Introduction

The number of older adults (>65 years of age) is growing, and
predictions indicate that the worldwide population of this sub-group
of adults will reach >2 billion by 2050 (McKinney, 2011). This
demographic shift presents a substantial burden for healthcare
providers and national healthcare expenditure (Pinedo-Villanueva
et al,, 2019). Ageing is associated with a gradual decline in skeletal
muscle mass and function, termed “sarcopenia” (Cruz-Jentoft et al.,
2019). The loss of skeletal muscle mass proceeds at a rate of 1%-2%
per year, whereas muscle strength is lost more rapidly (1%-5% per
year) (Keller and Engelhardt, 2013). In parallel with the declines in
skeletal muscle mass and function, there is also an age-related
deterioration in mitochondrial function at a rate of ~8% per
decade (Short et al, 2005a). Furthermore, poor mitochondrial
energetics has been associated with greater functional impairment
in day-to-day tasks, resulting in more severe declines in mobility
across the lifespan (Gonzalez-Freire et al, 2018). However,
participating in regular physical activity and exercise throughout
adult life may preserve or at least attenuate the rate of decline in
muscle mass, function, and cardiorespiratory fitness (Mckendry et al.,
2018), with implications for extending healthspan and minimizing
years spent in poor health (Seals et al., 2016).

Older adults who have maintained structured endurance exercise
training over an extended period of their life (termed “Master
Athletes” [MA], lifelong exercisers and/or high-functioning older
adults) display consistently greater indices of whole-body and
tissue-specific health and exhibit similar metabolic and phenotypic
profiles to healthy younger adults (YA) (Pollock et al., 2015; Pollock
et al,, 2018; Mckendry et al., 2018). As higher mitochondrial content
and oxidative capacity have been implicated in a lower disease
prevalence (Short et al, 2005b), undertaking endurance exercise
training across the lifespan may offset age-related mitochondrial
dysfunction (Ringholm et al, 2022). Indeed, compared with
healthy age-matched adults, MA display superior mitochondrial
function, content, biogenesis, and quality control (Zampieri et al.,
2015; Pollock et al., 2018; Gudiksen et al., 2022; Ringholm et al., 2022;
Ubaida-Mohien et al., 2022). Therefore, the maintenance of physical
activity and structured exercise training across the lifespan may
contribute to the attenuation of mitochondrial function and muscle
health decline with ageing.

The single most potent strategy to maintain skeletal muscle mass,
strength, and function in older age is resistance exercise training (RET)
(Peterson et al., 2010; Morton et al., 2018). However, to date, research
investigating RET-induced molecular signalling and adaptative
remodelling in YA and older adults (OA) has primarily centred
around the muscle anabolic role of mTORCI1 (mechanistic target
of rapamycin complex 1), the acute elevations in muscle protein
synthesis, and the long-term accrual of lean muscle mass (Joanisse
2020a). on RET-induced
mitochondrial adaptations in older adults (Jubrias et al, 2001;
Melov et al., 2007; Robinson et al., 2017b), recent advances have
begun to evaluate the mechanistic and molecular underpinnings of

et al, Since seminal observations

how RET augments mitochondrial remodelling utilizing acute and
chronic exercise training models (Mesquita et al., 2020; Mesquita et al.,
2021). Mitochondria undergo dynamic remodelling via biosynthesis,
fission, fusion, and degradation of dysfunctional organelles (Drake
et al, 2016). Given that RET may be beneficial to facilitate the
simultaneous accrual of myofibrillar and mitochondrial proteins,
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with concurrent improvements in mitochondrial function (Porter
et al, 2015a; Groennebaek et al, 2018a; Parry et al, 2020;
Mesquita et al, 2021), understanding how acute RET modulates
the mitochondrial regulatory signalling pathways is imperative for
tailored exercise prescription to improve the musculoskeletal and
general health of older adults. However, our understating of how
RET augments mitochondrial remodelling in lifelong exercisers
remains unanswered.

Therefore, the first aim of the present study was to
comprehensively assess molecular signalling regulating skeletal
muscle mitochondrial and substrate metabolism (i.e., content,
fission-fusion, and biogenesis) in endurance-trained MA compared
with untrained healthy age-matched older adults (OC). Secondly, we
aimed to determine the effect of a single bout of RET on muscle
mitochondrial-mediated signalling in the early (1 h) and late-phase
(48 h) of recovery in MA and OC. We hypothesized that endurance-
trained MA would display a greater abundance and activity of
mitochondrial protein expression. Secondly, we hypothesized RET
would increase post-RET mitochondrial remodelling via protein
phosphorylation in both cohorts of participants, with a blunted
response in MA.

2 Materials and Methods
2.1 Ethical approval

The present study was a retrospective analysis of skeletal muscle
biopsy samples obtained as part of a larger trial on the effects of RET on
integrated myofibrillar protein synthesis between endurance-trained
master athletes and untrained older individuals (McKendry et al.,
2019). Briefly, prior to participation in the study, written informed
consent was obtained from all subjects. All procedures were approved by
the National Health Service East Midlands Research Ethics Committee
(18/EM/0004) and the University of Birmingham Governance and
Research Ethics Committee (RG_17-187).

2.2 Participants

Seven untrained older males (OC; 74) + 3 years, BMI; 24.8 +
3.3kg/m™) and seven endurance-trained master athletes (MA; 69 +
6 years, BMI; 22.0 + 1.6 kg/m ™) were recruited as previously described
(McKendry et al, 2019). Briefly, OC were deemed eligible for
participation  if they were habitually physically active
(i.e., >7,000 steps/day™') and had not previously participated in or
followed any structured exercise training. MA were eligible if they had
maintained continuous endurance exercise training at least twice per
week for >20years preceding the study. The endurance training
history of MA has been reported previously (exercise experience;
48 + 15 years, sessions per week; 4.3 + 1.6, training volume; 8.4 + 6.6 h)

(McKendry et al., 2019).

2.3 Study design

In a parallel study design, as previously described (McKendry
et al., 2019), OC and MA were recruited to determine the acute (1 h)
and delayed (48 h) post-exercise molecular signalling regulating
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skeletal muscle mitochondrial quality control. Participants reported to
The School of Sport, Exercise and Rehabilitation Sciences (University
of Birmingham) in an overnight fasted state. A single skeletal muscle
biopsy was collected upon arrival, followed by the completion of a
single bout of knee extension RET (6 x 12 repetitions, 75% 1-RM, 120-
s intra-set recovery). Muscle biopsy samples were obtained from the
quadriceps vastus lateralis under local anaesthesia (1% lidocaine)
using the Bergstrom needle technique. Muscle biopsy tissue was
quickly rinsed in ice-cold saline and blotted to remove any visible
fat and connective tissue before being frozen in liquid nitrogen.
Following cessation of RET, participants rested for 1h before
another muscle biopsy was sampled from the same leg. Finally,
48 h post-exercise, participants returned to the laboratory following
an overnight fast for further muscle biopsy sampling ~3 cm proximal
to the previous sampling site. RET was selected as the exercise mode as
both OC and MA would be largely unaccustomed to the nature of the
contractile stimulus.

2.4 Immunoblotting

Immunoblotting was performed on the sarcoplasmic fraction of
skeletal muscle biopsy samples that remained following myofibrillar
protein extraction, as previously reported (McKendry et al., 2019).
Briefly, 30-35 mg of snap-frozen vastus lateralis skeletal muscle was
mechanically homogenized using a TissueLyser II- and 5-mm stainless
steel beads (Qiagen, Hannover, Germany). Samples were disrupted
following 3 x 2-min cycles at 20 Hz in ice-cold homogenization buffer
(25 mM Tris buffer [Tris-HCI, Trizma Base, 25 mL of Milli-Q H,O,
pH 7.2], 100 uL TritonX-100, one PhosSTOP Tablet (Roche,
Switzerland), one complete protease inhibitor tab) (Roche, West
Sussex, United Kingdom) at 10 uL/ug per tissue and shaken on a
vibrax shaker at 4°C for 10 min. Homogenates were spun at 4,500 g for
10 min at 4°C, and the sarcoplasmic supernatant was collected and
frozen at —80°C for subsequent western blot analysis. Protein content
was determined by DC Protein Assay (Bio-Rad, Hertfordshire,
United Kingdom). Western blot aliquots were prepared at 3ug/1 uL
in 4 x Laemmli sample buffer and ddH,O. Following preparation,
samples were left at room temperature for 24 h to denature. Equal
amounts of protein (30 ug) were loaded into 4%-15% Tris-Glycine
precast gels (BioRad, Hertfordshire, United Kingdom) and separated
by SDS-PAGE for 1 h at 140 V in pre-made tris-glycine running buffer
(24 mM Tris, 192 mM Glycine, pH 8.3). Proteins were transferred to a
polyvinylidene difluoride (PVDF; Whatman, Dassel, Germany)
membrane at 100V for 1h in a pre-made transfer buffer.
Membranes were blocked in 5% low-fat milk (diluted in Tris-
buffered saline and .1% Tween-20 (TBS-T)) for 1h at room
temperature. The membranes were incubated overnight (4°C) with
appropriate
incubation,

antibodies (see “Antibodies”). Following overnight
membranes were washed 3 x 5min in TBS-T,
incubated in horseradish peroxidase (Mouse/Rabbit-HRP)-
conjugated secondary antibody (Cell Signaling, 7076/7074, 1:
10,000 in 2.5% BSA in TBS-T) at room temperature for 1 h, before
the last 3 x 5min washes in TBS-T. Membranes were exposed to
Chemiluminescent HRP Substrate (Millipore Corp, Billerica, MA,
United States) for 2-min and bands were visualized by a Chemi
XT4
Cambridge, UK). Quantification was performed using Image]/Fiji
(NIH, Bethesda, MD, United States). Relative arbitrary units were

imager with GeneSys capture software (Syngene UK,
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normalized to the total amount of protein loaded as visualized via
Ponceau § staining (Romero-Calvo et al,, 2010). Specifically, bands
were normalized to the ~45 kDa actin band of the Ponceau S stain as a
loading control (Gilda and Gomes, 2013). No difference was detected
between the ~45kDa actin band of the Ponceau S stain across all
samples. Following these corrections, where appropriate, the
phosphorylation of proteins as a proxy of their activation is
expressed relative to each protein’s total abundance (Bass et al., 2017).

2.5 Antibodies

All primary antibodies were prepared in TBST. Antibodies were as
follows; total OXPHOS human antibody cocktail (Manufacturer;
Abcam, Catalogue Number; 110411, diluted 1:1000 in tris-buffered
saline with .1% Tween 20 (TBST), Citrate Synthase (CS; Cell Signaling
Technology [CST], 14309, 1:1000), Mitofusin-2 (MFN2; CST, 9482, 1:
1000), Dynamin-Related Protein-1 (DRP-1; CST, 8570, 1:1000),
Phosphorylated DRP-15¢r61¢ (p-DRP-Iserms, CST, 4494, 1:1,000),
Optic Atrophy-1 (OPA-1; BD Bioscience, 612607, 1:1000),
Mitochondrial ~Fission Factor (MFF; CST, 84580, 1:1000),
Phosphorylated Mitochondrial Fission Factor (p-MFF*'*¢; CST,
49281, 1:1000), Mitochondrial Fission Protein-1 (FIS-1; Atlas
Antibodies, HPA017430, 1:1000), Mitofilin (ProteinTech, 10179-
AP, 1:1000), Total AMP-activated protein kinase, (AMPK; CST,
2532, 1:1000), Phosphorylated AMPK"™7? (p-AMPK™"72, CST,
2535, 1:1000), Total Acetyl-CoA carboxylase (ACC; Dundee MRC
DSTT, N/A [custom made], 1:1000), Phosphorylated ACC**”*
(p-ACC*”°, Dundee MRC DSTT, N/A [custom made], 1:1000),
Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC-1la; Abcam, 3242, 1:1000), mitochondrial transcription
factor A (TFAM; Sigma-Aldrich, SAB1401383, 1:1000), Sirtuin-3
(SIRT3; CST, D22A3, 1:1000), Poly-ADP Ribose Polymerase 1
(PARP1; CST, 9542, 1:1000), Nicotinamide Riboside kinase 1/2
(NMRK1 and NMRK2; BioGenes, Berlin, Germany, N/A [custom
made], 1:1000). Appropriate (Mouse/Rabbit) HRP conjugated
secondary antibody (CST, 7076 & 7074, 1:10,000 in 2.5% BSA in
TBS-T) following overnight incubations.

2.6 Enzyme activity

Citrate Synthase (CS) enzyme activity was determined following
the protocols of Spinazzi et al. (Spinazzi et al., 2012) and adapted to 96-
well plate format as previously described (Janssen and Boyle, 2019). In
brief, 20-30 mg of skeletal muscle was homogenized in 10 pL/ug of
ice-cool sucrose lysis buffer (50 mM Tris, 1 mM EDTA, 1 mM EGTA,
50 mM NaF, 5 mM Na4P207-10H20, 270 mM sucrose, 1 M Triton-
X, 25mM p-glycerophosphate, 1uM Trichostatin A, 10 mM
Nicotinamide, 1 mM 1,4-Dithiothreitol, 1% Phosphatase Inhibitor
Cocktail 2; Sigma, 1% Sigma Phosphatase Inhibitor Cocktail 2;
Sigma, 4.8% complete Mini Protease Inhibitor Cocktail; Roche)
using a TissueLyser II, and 5mm stainless steel beads (Qiagen,
Hannover, Germany). Samples were disrupted following 3 x 2-min
cycles at 20 Hz, followed by centrifugation at 13,000 RPM for 10 min.
The protein content of the resulting supernatant was determined via
DC protein assay (Bio-Rad, Hercules, California, United States) and
prepared at 2 ug/uL in ddH,O. For determination of CS activity, 10 L
of sample (total of 20 pg of protein) was diluted in 186 uL of assay
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Master athletes display greater citrate synthase enzyme activity and mitochondrial content compared with old controls. Citrate synthase enzyme activity

(A) citrate synthase protein expression (B) and protein expression of electron transport chain complexes I-V; NDUFB8 (C), SDHB (D), UQCRC (E), COX Il (F),
ATP5A (G), Total OXPHOS (H) at rest (Black), 1 h post-resistance exercise (Grey), and 48 h post-resistance exercise (White) in older untrained controls (N = 7)
and master athletes (N = 7). All proteins are expressed relative to the total protein stain (Ponceau S). Significance was set at p <.05. The symbol “+" with
solid black bars indicates significantly different from older untrained control (p < .05). The p-value with dotted lines indicates significantly different from pre-
exercise rest (p < .05). Values are presented as fold-change relative to pre-exercise old control.

solution (50 mM Tris buffer (pH 7.4) with 100 uM DTNB, 115 uM
acetyl-CoA in ddH,0) to a total well volume of 196 pL, as previously
described (Janssen and Boyle, 2019). Baseline absorbance was read
every 15s for 3 minutes in a microplate reader (FLUOstar Omega,
BMG Labtech, Aylesbury, United Kingdom). Following the baseline
reading, 4 uL of 5 mM oxaloacetate (100 uM final concentration) was
added to start the reaction and absorbance was read again every 15 s
for 3 minutes. CS activity was calculated using the extinction

Frontiers in Physiology

coefficient (CS ¢ = 13.6). Measurement CV% within-plate was
6.6 = 1.7% for three technical repeats (Kuang et al., 2021).

2.7 Statistical analysis

Enzyme activity and immunoblotting data were compared
using a Two-Way ANOVA with a between-group factor (Group
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[OC vs. MA]) and within-group factor (Time [Oh vs. 1h vs.
48 h post-RET). Bonferroni post hoc analysis was applied to
correct for multiple comparisons. Significance was set at p <
.05. Data are presented as mean + SEM unless otherwise stated,

and displayed as fold-change relative to the pre-exercise OC. All

analysis was conducted using GraphPad Software Inc. Prism

version 8.
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3 Results

3.1 Enzyme activity and mitochondrial
OXPHOS content

CS enzyme activity was ~65% greater CS enzyme activity in MA

(221.5 + 56.8 nmol/min/mg) compared with OC (152.08 + 32.6 nmol/

05
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FIGURE 3

Master athletes display greater abundance of proteins involved in mitochondrial biosynthesis compared with old controls. Intracellular mitochondrial
signalling of phosphorylated AMPKa™ee"e72 (A) total AMPKa (B) phosphorylated:total AMPKa (C), phosphorylated ACCS¢""¢”® (D), total ACC (E),
phosphorylated:total ACC (F), PGCla (G), TFAM (H), SIRT-3 (I), PARP-1 (3), NMRK1 (K), and NMRK2 (L) at rest (black), 1 h post-resistance exercise (grey), and
48 h post-resistance exercise (white) in older untrained controls (n = 7) and master athletes (n = 7). all proteins are expressed relative to the total protein
stain (ponceau s) and, where relevant, expressed at phosphorylated:total as a proxy for the respective activation status of the target protein. Significance was
setat p <.05. The symbol “+" with solid black bars indicates significantly different from older untrained control (p < .05). The p-value with dotted lines indicates
significantly different from pre-exercise rest (p < .05). Values are presented as fold-change relative to pre-exercise old control.

was ~74% greater in MA compared with OC (p = .006), with no effect
of RET (p = .362) (Figure 1B). The protein abundance of electron
transport chain (ETC) proteins (I-IV) was significantly greater in MA
compared with OC (Complex I [NDUFB8], ~265%, p = .021, Complex

min/mg) (p < .001). Post hoc analysis also revealed a significant
decline (~18%) in CS enzyme activity 48 h post-exercise in OC
compared with pre-RET (pre-RET: 152 nmol/min/mg vs. 48 h post-
RET: 124 nmol/min/mg) (p =.025) (Figure 1A). CS protein expression

06 frontiersin.org

Frontiers in Physiology


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1097988

Marshall et al.

I [SDHBY], ~24%, p = .040, Complex IIT [UQCRC2], ~104%, p = .010,
Complex IV [COXII], ~162%, p = .005, and Total ETC, ~80%, p =
.007), with no differences in Complex V protein abundance (ATP5A,
p = .064) between groups (Figures 1C-H). No effect of time effect was
observed in the 1h or 48h post-RET period for ETC proteins between
groups (Complex I, p = .171, Complex I, p = .070, Complex IV, p =
.082, Complex V, p = 413, Total ETC, p = .81) (Figures 1C-H).
However, there was a significant time effect of RET in Complex III
expression (p = .033), with post hoc analysis revealing a small (+8%)
but significant (p = .046) increase in the 48h post-RET in MA only.

3.2 Mitochondrial fission and fusion dynamics

MA displayed significantly greater abundance of; p-MFF*'*
(~17%, p = .042, Figure 2D), OPA-1 (~55%, p = .019, Figure 2G),
FIS-1 (~41%, p = .031, Figure 2H) and Mitofilin (~270%, p = .003,
Figure 2I). However, we observed no significant differences between
groups in the abundance of p-DRP-1%"°'¢ (p = 437, Figure 2A), total
DRP-1 (p = .274, Figure 2B), phospho/total DRP-1 (p = .744,
Figure 2C), total MFF (p = 435, Figure 2E), phospho/total MFF
(p = .950, Figure 2F), MFN-2 (p = .350, Figure 2J). We observed an
interaction effect on the expression of phospho/total DRP-1 (p = .037,
Figure 2C), with no effect of RET on any other markers of fission/
fusion dynamics. Further posthoc analysis of phospho/total DRP-1
revealed a ~54% increase in the 1h post-RET period in MA only (p =
.035, Figure 2C).

3.3 Mitochondrial energy metabolism

We observed significant group differences between MA and OC,
with MA displaying a greater abundance of; p-AMPKa™"7? (~37%,
p = .043, Figure 3A), phospho/total AMPKa (~28%, p = .013,
Figure 3C), PGCla (~42%, p = .028, Figure 3G), TFAM (~43%,
p = .03, Figure 3H), and SIRT-3 (~43%, p = .02, Figure 3I). We
observed no differences in abundance of, total AMPKa (p = .531,
Figure 3A), p-ACC*” (p = .395, Figure 3D), total ACC (p = .585,
Figure 3E), phospho/total ACC (p =.966, Figure 3F), PARP1 (p = .936,
Figure 3]), NMRK1 (p = .456, Figure 3K) and NMRK2 (p = 572,
Figure 3L) between groups. Post-hoc analysis revealed a small but
significant 1h post-RET increase in phospho/total ACC in OC (~22%,
p = .034, Figure 3F), as well as a reduction in expression in TFAM in
MA at 48h post-RET (~5%, p = .027, Figure 3H).

4 Discussion

The contribution of skeletal muscle mitochondrial metabolism to
the progression of sarcopenia is a highly debated topic with several
authors reporting substantial declines in mitochondrial function with
ageing (Pollock et al, 2018; Joanisse et al, 2020b). By contrast,
endurance-trained MA cyclists display a greater abundance of
mitochondrial-related proteins and show higher mRNA gene
expression of MEN-2, ETC complexes, and PGCla compared with
untrained OC and YA (Pollock et al., 2018; Joanisse et al., 2020b). The
current data support and extend on recent findings by Joanisse et al.
(Joanisse et al., 2020b) by comprehensively assessing mitochondrial
signalling at a protein-specific level in endurance-trained Master
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Athletes (MA) and untrained age-matched OC. This is particularly
important because there are reported divergences between mRNA
abundance (transcription) and the subsequent downstream changes in
protein expression (translation) (Miller et al., 2016; Robinson et al.,
2017¢). In addition,
mitochondrial protein expression during recovery from RET, a
known potent stimulus for myofibrillar remodelling and muscle

we determined the responsiveness of

hypertrophy with unclear effects on mitochondrial signalling. We
observed significantly greater CS activity (~45%) and mitochondrial
protein expression (OXPHOS, OPA-1, Mitofilin, PGCla and SIRT-3)
in MA compared with OC. Interestingly, we detected a significant
decrease in CS activity (~18%) in OC but not MA following RET.
Furthermore, we demonstrated an upregulation of p-DRP-1%'° in
MA at 1h post-RET. However, we detected no other differences
between OC and MA in the abundance of selected fission-fusion
markers (MFN-2, DRP-1, MFF), energetic markers (AMPK, ACC,
PGCla, PARP1, NMRK1/2) at rest or following RET. Overall, these
data show that MA maintain a greater abundance of mitochondrial-
related protein expression compared with OC and that RET did not
alter acute mitochondrial remodelling in the acute (1 h post-RET) and
delayed (48 h post-RET) recovery period in OC and endurance-
trained MA.

4.1 Mitochondrial content and volume

Intrinsic mitochondrial volume (assessed herein by CS activity) is
a key determinant of skeletal muscle mitochondrial health and a
validated marker of mitochondrial content (Larsen et al., 2012).
Metabolic profiling of >140 adults (aged 19-89) has demonstrated
a 5%-8% decline per year in CS protein content and activity (Short
et al., 2005b). Here we report ~45% and ~74% higher resting CS
activity and CS protein abundance in MA compared with OC. These
data are similar to Gries et al., who report that CS activity in
endurance-trained MA was ~47% greater than OC and ~4%
greater than healthy, active YA (Gries et al., 2018). Increased CS
activity has been reported following acute and chronic endurance/
interval-based exercise (Vigelso et al., 2014). However, the activity of
CS is less well understood in models of RET, and to a lesser extent, in
cohorts of older adults (Parry et al., 2020). Modest increases in CS
activity (in YA and OC) have been reported with chronic RET (Tang
et al,, 2006; Ngo et al., 2012; Frank et al., 2016; Moro et al., 2019;
Fritzen et al., 2020; Lamb et al., 2020), with others reporting no change
(Parise et al., 2005a; 2005b; Groennebaek et al., 2018b; Gharahdaghi
et al,, 2019) or even a decline in CS activity (Haun et al., 2019).
However, the lack of heterogeneity between RET studies (e.g., RET
protocols and experimental approaches) may explain, at least in part,
these equivocal observations. Specifically, due to an appreciable
increase in myofibrillar and sarcoplasmic protein fractions
following RET, mitochondrial density and/or content may appear
unchanged, or reduced following a RET intervention (Macdougall
et al., 1979), as this is not observed in models of endurance exercise
when negligible hypertrophy is detected (Parry et al., 2020). To date,
CS activity has not been established in the acute or delayed post-RET
period in human skeletal muscle. Here, we observed a significant ~18%
decrease in CS activity in OC 48 h post-RET but no change in CS
activity in MA. Interestingly, Ogborn et al. observed a ~32% decline in
CS mRNA following acute RET in untrained OC unaccustomed to
RET (Ogborn et al., 2015). This decline may reflect a preferential
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upregulation in muscle protein anabolism to support tissue
remodelling/recovery after a novel contractile stimulus, which may
not be the case in long-term endurance-trained MA. Consistent with
this, we previously observed a ~9% increase in myofibrillar protein
synthesis over the 48h post-RET in both OC and MA (McKendry
et al., 2019). Therefore, further evidence is needed to determine the
temporal changes in CS enzyme activity and other mitochondrial
complexes with ageing and exercise training status.

The
phosphorylation within the ETC represent key markers of

expression of proteins involved in oxidative
mitochondrial content and have previously been shown to be
significantly decreased in OC compared with MA (Holloway
et al., 2018a; Pollock et al., 2018; Joanisse et al., 2020b; Mesquita
et al., 2020). Endurance exercise positively influences ETC protein
expression; however, the acute and chronic impacts of RET on ETC
protein adaptation remains inconclusive. Chronic RET interventions
have been reported to increase ETC protein expression in older
adults (Porter et al., 2015b; Holloway et al., 2018b; Mesquita et al.,
2020). However, studies of the acute regulatory changes to these ETC
proteins with RET are lacking. It is possible that acute changes in
ETC expression may not be sensitive to RET (Ogborn et al., 2015;
Mesquita et al., 2020) and/or the timing of muscle biopsy sampling
has not been appropriate to detect any potential changes in ETC
protein expression (Parry et al., 2020). In agreement with this notion,
we did not observe any acute changes in ETC protein expression
(McGinley and Bishop, 2016; Kuang et al., 2020). Despite detecting
no effect of RET, we observed a significantly greater abundance of all
the individual ETC complexes (I-V) in MA compared with OC.
Moreover, combined ETC protein complexes were ~83% greater in
MA compared with OC, suggesting greater overall mitochondrial
health. However, further detailed assessments of permeabilized
fibres

necessary to determine if the observed elevated CS activity ETC

skeletal muscle via high-resolution respirometry are
protein content in MA translate into greater respiratory function and

bioenergetic health.

4.2 Mitochondrial fission and fusion

Mitochondrial quality control relies on several tightly
orchestrated signalling proteins involved in the fission and
fusion of damaged organelles to maintain cellular health,
function, and muscle mass (Romanello et al., 2010; Romanello
et al., 2019; Tezze et al., 2017a; Favaro et al., 2019a; Favaro et al.,
2019b; Bell et al., 2019). Fission events are coordinated by AMPK-
mediated phosphorylation of MFF**"'*¢ to act as a DRP-1 adaptor
and allow the binding of DRP-1 to the outer mitochondrial
membrane (Otera et al., 2010; Toyama et al., 2016). On the
contrary, mitochondrial fusion is synchronized by MFN-2 and
OPA-1 on the inner mitochondrial membrane (Tezze et al., 2017b;
Romanello et al,, 2019). Human data on fission-fusion dynamics
suggests MA maintain greater expression of OPA1-, MFN-1, MEN-
2,and DRP-1 compared with OC and is similar to that of YA (Tezze
etal., 2017a; Moore et al., 2019). In the present study, whilst we did
not observe greater expression of MFN-2 and DRP-1, we did detect
a significantly greater abundance of OPA-1 (~36%), FIS-1 (~36%)
and Mitofilin (~133%) in MA. Interestingly, OPA-1 has recently
been implicated in inner mitochondrial membrane cristae
formation and remodelling and, therefore, represents a crucial
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of fusion and overall mitochondrial
functioning (Frezza et al., 2006; Varanita et al., 2015). Greater

expression of OPA-1 is also associated with muscle mass protection

marker dynamics

in vivo when transgenically overexpressed following denervation-
induced atrophy (Varanita et al., 2015; Romanello et al., 2019).
Further, when probing post-translational modifications of fission-
fusion dynamics, we observed ~15% greater expression of
p-MFF*™¢ in MA compared with OC, with only the MA group
demonstrating an ~57% increase in post-RET activation of p-DRP-
15!, On the contrary, p-DRP-1%°'® decreased by ~32% in OC
following RET. In vivo models have determined the critical role of
DRP-1 following exercise and that muscle-specific knockdown/
knockout results in blunted exercise adaptation, muscle atrophy,
mitochondrial dysfunction and premature animal death (Favaro
et al., 2019a; Dulac et al., 2020). Taken together, these data suggest
that MA maintain greater skeletal muscle mitochondrial quality
control mechanisms to more efficiently fragment damaged and
defective organelles for degradation to maintain mitochondrial
proteostasis, function and muscle mass.

4.3 Mitochondrial biosynthesis

RET can augment mitochondrial turnover and protein content
(Holloway et al, 2018a; Mesquita et al., 2020). and, therefore,
mitochondrial biosynthesis markers are also expected to increase
with RET 2017). Mitochondrial
biogenesis is controlled by the transcription of nuclear and
mitochondrial encoded genes, with PGCla and TFAM being
central regulators (Handschin and reviews, 2016). However, the

(Groennebaek and Vissing,

role of PGCla for training-induced mitochondrial biogenesis in
vivo has recently been questioned (Rowe et al., 2012; Islam et al,
2020), with other markers being identified as critical regulators (e.g.,
Nrf2, ERRy, PPARP, LRP130) (Islam et al., 2020). Whilst endurance
and high-intensity interval training (i.e., HIIT) exercise upregulates
the PGCla-TFAM pathway (Pilegaard et al., 2003), less is understood
in models of RET. Herein, MA displayed a greater expression of
p-AMPK"™'72 PCGla, and TFAM compared with OC. However, in
our study, RET was not sufficient to augment any increase in
biosynthetic signalling. This is not entirely surprising as others
have observed inconsistencies in the response of regulators of
mitochondrial biogenesis following RET, with no changes in
mRNA or protein, despite reported increases in mitochondrial
protein turnover (Wilkinson et al, 2008; Burd et al, 2012;
Robinson et al., 2017a). Interestingly, our cohort of MA displayed
a ~42% greater abundance of PGCla protein expression compared
with OC. In contrast with previous studies, the abundance of PGCla
protein expression in MA has been reported to be as much as ~190%
greater than OC and YA (Joanisse et al., 2020b), despite similar weekly
exercise training history, training volume and phenotype to the
current MA cohort. Others have observed a similarly greater
abundance of PGCla in “high” compared with “low” functioning
older adults (Tezze et al., 2017a). Since PGCla is a key signalling node
in initiating mitochondrial biogenesis, the increased protein content
may reflect the greater mitochondrial mass and content observed in
the MA. Thus, mitochondrial biogenesis may be exercise and/or
activity-dependent and not affected by ageing per se.

PGCla also directly regulates sirtuin and NAD + -dependant
signalling, such as SIRT-3, PARP1, and NMRK1/2. Here we observed
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that MA displayed greater expression (~38%) of SIRT-3, similar to
previously reported data (de Guia et al., 2019). However, we observed
no differences in PARP1 or NMRK1/2 protein expression between
groups. Interestingly, chronic RET has recently been reported to
reverse age-related declines in NAD + salvage signalling,
particularly NAMPT expression (de Guia et al., 2019; Lamb et al,,
2020). Therefore, further investigation into tissue-specific and
circulating NAD + metabolites, as previously undertaken in healthy
older adults (Elhassan et al., 2019), warrants investigation in MA to
determine if these populations maintain the NAD + metabolome and
potential resistance to the age-associated decline in NAD +
metabolites.

Although the present study provides important insights into the
regulation of mitochondrial activity and bioenergetics, we
acknowledge there are limitations. Our interpretation is limited by
the timing of skeletal muscle biopsy sampling. In contrast, the time
course in mRNA, protein expression, and phosphorylation status of
mitochondrial signalling cascades has been extensively examined in
the context of endurance and HIIT-based exercise (McGinley and
Bishop, 2016; Kuang et al., 2020). Therefore, the present data adds to
the paucity of data on RET-induced mitochondrial signalling
regulation mitochondrial

signalling

and suggests MA display greater
health compared with  age-matched
Unfortunately, due to limited sample size (N = 7 per group), future

controls.

studies should seek to explore MA’s in larger cohorts. Furthermore,
the use of stable isotopic tracers (mitochondrial protein synthesis),
ATP
production and H,0O, emission) and detailed biochemical analysis

high-resolution respirometry (mitochondrial respiration,
of molecular signalling events post-RET are needed to improve our
understanding of mitochondrial remodelling following single or

repeated bouts of RET.

5 Conclusion

In summary, we observed greater CS activity and expression of
proteins involved in mitochondrial ETC and quality control
signalling long-term athletes
compared with age-matched untrained individuals. However,

in endurance-trained master
mitochondrial protein expression and/or phosphorylation status
remained largely unchanged in the early (1 h) and late (48 h) phase
of recovery following an acute bout of RET. Collectively, these data
suggest that participating in regular aerobic exercise training across
adulthood may support mitochondrial health by bolstering
mitochondrial enzyme activity and expression of proteins
involved in ETC and fission-fusion dynamics. In contrast, RET
has little effect on acute mitochondrial-related signalling or
enzyme activity.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Physiology

09

10.3389/fphys.2022.1097988

Ethics statement

The studies involving human participants were reviewed and
approved by National Health Service East Midlands Research
Ethics Committee (18/EM/0004) and the University of Birmingham
Governance and Research Ethics Committee (RG_17-187). The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

All authors gave their final approval of the version of the
manuscript to be published. RM, JM, CG, and LB designed
the study. RM, JM, and LB organized and carried out the
experiments with the assistance of AS. RM, JM, BS, PM, CG,
and LB performed the data analyses. RM and LB performed the
statistical analysis of the data. RM, JM, BS, PM, CG, and LB wrote
the manuscript. RM, JM, and LB were the guarantors of this work
and took responsibility for the integrity and accuracy of the data
analysis.

Funding

RM is funded by the MRC-Versus Arthritis, Centre for
Musculoskeletal Ageing Research, Doctoral Training Partnership
between the University of Birmingham and the University of
Nottingham.

Acknowledgments

The authors would like to thank the research participants for their
time and effort in completing the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer MN declared a shared affiliation with the author JM
to the handling editor at the time of review.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1097988

Marshall et al.

References

Bass, J. J., Wilkinson, D. J., Rankin, D., Phillips, B. E., Szewczyk, N. J., Smith, K., et al.
(2017). An overview of technical considerations for Western blotting applications to
physiological research. Scand. J. Med. Sci. Sports 27, 4-25. doi:10.1111/sms.12702

Bell, M. B., Bush, Z., McGinnis, G. R., and Rowe, G. C. (2019). Adult skeletal muscle
deletion of Mitofusin 1 and 2 impedes exercise performance and training capacity. J. Appl.
Physiol. 126, 341-353. doi:10.1152/japplphysiol.00719.2018

Burd, N. A, Andrews, R. J., West, D. W. D., Little, J. P., Cochran, A. J. R,, Hector, A. J.,
et al. (2012). Muscle time under tension during resistance exercise stimulates differential
muscle protein sub-fractional synthetic responses in men. J. Physiol. 590, 351-362. doi:10.
1113/jphysiol.2011.221200

Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyére, O., Cederholm, T., et al.
(2019). Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing
48, 16-31. doi:10.1093/ageing/afy169

de Guia, R. M., Agerholm, M., Nielsen, T. S., Consitt, L. A., Segaard, D., Helge, J. W.,
et al. (2019). Aerobic and resistance exercise training reverses age-dependent decline in
NAD+ salvage capacity in human skeletal muscle. Physiol. Rep. 7, e14139. doi:10.14814/
phy2.14139

Drake, J. C., Wilson, R. J., and Yan, Z. (2016). Molecular mechanisms for mitochondrial
adaptation to exercise training in skeletal muscle. FASEB J. 30, 13-22. doi:10.1096/fj.15-
276337

Dulac, M., Leduc-Gaudet, J., Reynaud, O., Ayoub, M., Guérin, A., Finkelchtein, M., et al.
(2020). Drp1 knockdown induces severe muscle atrophy and remodelling, mitochondrial
dysfunction, autophagy impairment and denervation. J. Physiol. 598, 3691-3710. doi:10.
1113/JP279802

Elhassan, Y. S., Kluckova, K., Fletcher, R. S., Schmidt, M. S., Garten, A., Doig, C. L., et al.
(2019). Nicotinamide Riboside augments the aged human skeletal muscle NAD+
metabolome and induces transcriptomic and anti-inflammatory signatures. Cell Rep.
28, 1717-1728. 6. doi:10.1016/j.celrep.2019.07.043

Favaro, G., Romanello, V., Varanita, T., Andrea Desbats, M., Morbidoni, V.,
Tezze, C., et al. (2019a). DRP1-mediated mitochondrial shape controls calcium
homeostasis and muscle mass. Nat. Commun. 10, 2576-2617. doi:10.1038/s41467-
019-10226-9

Favaro, G., Romanello, V., Varanita, T., Andrea Desbats, M., Morbidoni, V.,
Tezze, C., et al. (2019b). DRP1-mediated mitochondrial shape controls calcium
homeostasis and muscle mass. Nat. Commun. 10, 2576-2617. d0i:10.1038/s41467-
019-10226-9

Frank, P., Andersson, E., Pontén, M., Ekblom, B., Ekblom, M., and Sahlin, K. (2016).
Strength training improves muscle aerobic capacity and glucose tolerance in elderly.
Scand. J. Med. Sci. Sports 26, 764-773. doi:10.1111/sms.12537

Frezza, C., Cipolat, S., Martins de Brito, O., Micaroni, M., Beznoussenko, G. v., Rudka,
T., et al. (2006). OPA1 controls apoptotic cristae remodeling independently from
mitochondrial fusion. Cell 126, 177-189. doi:10.1016/j.cell.2006.06.025

Fritzen, A. M., Thegersen, F. D., Qadri, K. A. N, Krag, T., Sveen, M.-L., Vissing, J., et al.
(2020). Preserved capacity for adaptations in strength and muscle regulatory factors in
elderly in response to resistance exercise training and deconditioning. J. Clin. Med. 9, 2188.
doi:10.3390/jcm9072188

Gharahdaghi, N., Rudrappa, S., Brook, M. S., Idris, I., Crossland, H., Hamrock, C., et al.
(2019). Testosterone therapy induces molecular programming augmenting physiological
adaptations to resistance exercise in older men. J. Cachexia Sarcopenia Muscle 10,
1276-1294. d0i:10.1002/jcsm.12472

Gilda, J. E., and Gomes, A. V. (2013). Stain-Free total protein staining is a superior
loading control to B-actin for Western blots. Anal. Biochem. 440, 186-188. doi:10.1016/j.
ab.2013.05.027

Gonzalez-Freire, M., Scalzo, P., D’Agostino, J., Moore, Z. A., Diaz-Ruiz, A., Fabbri, E.,
et al. (2018). Skeletal muscle ex vivo mitochondrial respiration parallels decline in vivo
oxidative capacity, cardiorespiratory fitness, and muscle strength: The Baltimore
Longitudinal Study of Aging. Aging Cell 17, e12725. doi:10.1111/ACEL.12725

Gries, K. J., Raue, U., Perkins, R. K., Lavin, K. M, Overstreet, B. S., D’Acquisto, L. J., et al.
(2018). Cardiovascular and skeletal muscle health with lifelong exercise. J. Appl. Physiol.
125, 1636-1645. doi:10.1152/japplphysiol.00174.2018

Groennebaek, T., Jespersen, N. R,, Jakobsgaard, J. E., Sieljacks, P., Wang, J., Rindom, E.,
et al. (2018a). Skeletal muscle mitochondrial protein synthesis and respiration increase
with low-load blood flow restricted as well as high-load resistance training. Front. Physiol.
9, 1796. doi:10.3389/fphys.2018.01796

Groennebaek, T., Jespersen, N. R,, Jakobsgaard, J., Sieljacks, P., Wang, J., Rindom, E.,
et al. (2018b). Skeletal muscle mitochondrial protein synthesis and respiration increase
with low-load blood flow restricted as well as high-load resistance training. Front. Physiol.
9, 1796. doi:10.3389/fphys.2018.01796

Groennebaek, T., and Vissing, K. (2017). Impact of resistance training on skeletal muscle
mitochondrial biogenesis, content, and function. Front. Physiol. 8, 713. doi:10.3389/fphys.
2017.00713

Gudiksen, A., Qoqaj, A., Ringholm, S., Wojtaszewski, J., Plomgaard, P., and Pilegaard, H.
(2022). Ameliorating effects of lifelong physical activity on healthy aging and
mitochondrial function in human white adipose tissue. . Gerontol. A Biol. Sci. Med.
Sci. 77, 1101-1111. doi:10.1093/ GERONA/GLAB356

Frontiers in Physiology

10

10.3389/fphys.2022.1097988

Handschin, C., and reviews, B. S.-E. (2006). Undefined Peroxisome proliferator-
activated receptor y coactivator 1 coactivators, energy homeostasis, and metabolism.
academic.oup.com. Available at: https://academic.oup.com/edrv/article-abstract/27/7/
728/2355219 (Accessed March 31, 2021).

Haun, C. T., Vann, C. G., Osburn, S. C., Mumford, P. W., Roberson, P. A., Romero, M.
A, etal. (2019). Muscle fiber hypertrophy in response to 6 weeks of high-volume resistance
training in trained young men is largely attributed to sarcoplasmic hypertrophy. PLoS One
14, €0215267. doi:10.1371/journal.pone.0215267

Holloway, G. P., Holwerda, A. M., Miotto, P. M., Dirks, M. L., Verdijk, L. B, Van, L. ]. C.,
et al. (2018a). Age-associated impairments in mitochondrial ADP sensitivity contribute to
redox stress in senescent human skeletal muscle. CellReports 22, 2837-2848. doi:10.1016/j.
celrep.2018.02.069

Holloway, G. P., Holwerda, A. M., Miotto, P. M., Dirks, M. L., Verdijk, L. B., and van
Loon, L. J. C. (2018b). Age-associated impairments in mitochondrial ADP sensitivity
contribute to redox stress in senescent human skeletal muscle. Cell Rep. 22, 2837-2848.
doi:10.1016/j.celrep.2018.02.069

Islam, H., Hood, D. A., and Gurd, B. J. (2020). Looking beyond PGC-1a: Emerging
regulators of exercise-induced skeletal muscle mitochondrial biogenesis and their
activation by dietary compounds. Appl. Physiology, Nutr. Metabolism 45, 11-23.
doi:10.1139/apnm-2019-0069

Janssen, R. C., and Boyle, K. E. (2019). “Microplate assays for spectrophotometric
measurement of mitochondrial enzyme activity,” in Methods in molecular biology. (New
York, NY: Humana Press), 355-368. doi:10.1007/978-1-4939-9236-2_22

Joanisse, S., Sophie, A., Wilkinson, D. J., Pol-Lock, R., O’Brien, K. A., Phillips, B. E., et al.
(2020b). High levels of physical activity in later life are asso-ciated with enhanced markers
of mitochondrial metabolism. Journals Gerontology Ser. A 75, 1481-1487. doi:10.1093/
gerona/glaa005

Joanisse, S., Lim, C., McKendry, J., Mcleod, J. C., Stokes, T., and Phillips, S. M. (2020a).
Recent advances in understanding resistance exercise training-induced skeletal muscle
hypertrophy in humans. F1000Res 9, F1000. doi:10.12688/f1000research.21588.1

Jubrias, S. A., Esselman, P. C,, Price, L. B., Cress, M. E., and Conley, K. E. (2001). Large
energetic adaptations of elderly muscle to resistance and endurance training. J. Appl
Physiol. 90, 1663-1670. doi:10.1152/JAPPL.2001.90.5.1663

Keller, K., and Engelhardt, M. (2013). Strength and muscle mass loss with aging process.
Age and strength loss. Muscles Ligaments Tendons J. 3, 346-350. doi:10.32098/mltj.04.
2013.17

Kuang, J., McGinley, C., Lee, M. ]. C,, Saner, N. J., Garnham, A., and Bishop, D. J. (2020).
Interpretation of exercise-induced changes in human skeletal muscle mRNA expression
depends on the timing of the post-exercise biopsies. Peer] 10:e12856. doi:10.7717/peer;j.
12856

Kuang, J., Saner, N. ], Botella, J., J-C Lee, M., Granata, C., Wang, Z., et al. (2021). Title:
Methodological considerations when assessing mitochondrial respiration and biomarkers
for mitochondrial content in human skeletal muscle 2 3 4. bioRxiv 0325, 436899. doi:10.
1101/2021.03.25.436899

Lamb, D. A,, Moore, J. H., Mesquita, P. H. C,, Smith, M. A,, Vann, C. G., Osburn, S. C,,
et al. (2020). Resistance training increases muscle NAD+ and NADH concentrations as
well as NAMPT protein levels and global sirtuin activity in middle-aged, overweight,
untrained individuals. Aging 12, 9447-9460. doi:10.18632/aging.103218

Larsen, S., Nielsen, J., Hansen, C. N., Nielsen, L. B., Wibrand, F., Stride, N., et al. (2012).
Biomarkers of mitochondrial content in skeletal muscle of healthy young human subjects.
J. Physiology 590, 3349-3360. doi:10.1113/jphysiol.2012.230185

Macdougall, J. D., Sale, D. G., Moroz, J. R,, Elder, G., Sutton, J. R,, and Howald, H.
(1979). Mitochondrial volume density in human skeletal muscle following heavy
resistance training. Med. Sci. Sports 11, 164-166. Available at: https://europepmc.org/
article/med/158694/rel (Accessed April 12, 2021).

McGinley, C., and Bishop, D. J. (2016). Distinct protein and mRNA kinetics of skeletal
muscle proton transporters following exercise can influence interpretation of adaptations
to training. Exp. Physiol. 101, 1565-1580. doi:10.1113/EP085921

Mckendry, J., Breen, L., Shad, B. J., and Greig, C. A. (2018). Muscle morphology and
performance in master athletes: A systematic review and meta-analyses. Ageing Res. Rev.
45, 62-82. doi:10.1016/j.arr.2018.04.007

McKendry, J., Shad, B., Smeuninx, B., Oikawa, S., Wallis, G. A., Greig, C., et al. (2019).
Comparable rates of integrated myofibrillar protein synthesis between endurance-trained
master athletes and untrained older individuals. Front. Physiol. 10, 1084. doi:10.3389/
fphys.2019.01084

McKinney, M. (2011). Ageing and life Course201158 ageing and life course, 25. Geneva:
World Health Organization, 18. Last visited September 2010. Gratis URL Avaialble at:
www.who.int/ageing/en/. Reference Reviews. doi:10.1108/09504121111113992

Melov, S., Tamopolsky, M. A., Bechman, K., Felkey, K., and Hubbard, A. (2007).
Resistance exercise reverses aging in human skeletal muscle. PLoS One 2, 465. doi:10.1371/
JOURNAL.PONE.0000465

Mesquita, P. H. C., Lamb, D. A,, Parry, H. A., Moore, ]. H., Smith, M. A., Vann, C. G,,
et al. (2020). Acute and chronic effects of resistance training on skeletal muscle markers of
mitochondrial remodeling in older adults. Physiol. Rep. 8, e14526. doi:10.14814/phy2.
14526

frontiersin.org


https://doi.org/10.1111/sms.12702
https://doi.org/10.1152/japplphysiol.00719.2018
https://doi.org/10.1113/jphysiol.2011.221200
https://doi.org/10.1113/jphysiol.2011.221200
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.14814/phy2.14139
https://doi.org/10.14814/phy2.14139
https://doi.org/10.1096/fj.15-276337
https://doi.org/10.1096/fj.15-276337
https://doi.org/10.1113/JP279802
https://doi.org/10.1113/JP279802
https://doi.org/10.1016/j.celrep.2019.07.043
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1111/sms.12537
https://doi.org/10.1016/j.cell.2006.06.025
https://doi.org/10.3390/jcm9072188
https://doi.org/10.1002/jcsm.12472
https://doi.org/10.1016/j.ab.2013.05.027
https://doi.org/10.1016/j.ab.2013.05.027
https://doi.org/10.1111/ACEL.12725
https://doi.org/10.1152/japplphysiol.00174.2018
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2017.00713
https://doi.org/10.3389/fphys.2017.00713
https://doi.org/10.1093/GERONA/GLAB356
https://academic.oup.com/edrv/article-abstract/27/7/728/2355219
https://academic.oup.com/edrv/article-abstract/27/7/728/2355219
https://doi.org/10.1371/journal.pone.0215267
https://doi.org/10.1016/j.celrep.2018.02.069
https://doi.org/10.1016/j.celrep.2018.02.069
https://doi.org/10.1016/j.celrep.2018.02.069
https://doi.org/10.1139/apnm-2019-0069
https://doi.org/10.1007/978-1-4939-9236-2_22
https://doi.org/10.1093/gerona/glaa005
https://doi.org/10.1093/gerona/glaa005
https://doi.org/10.12688/f1000research.21588.1
https://doi.org/10.1152/JAPPL.2001.90.5.1663
https://doi.org/10.32098/mltj.04.2013.17
https://doi.org/10.32098/mltj.04.2013.17
https://doi.org/10.7717/peerj.12856
https://doi.org/10.7717/peerj.12856
https://doi.org/10.1101/2021.03.25.436899
https://doi.org/10.1101/2021.03.25.436899
https://doi.org/10.18632/aging.103218
https://doi.org/10.1113/jphysiol.2012.230185
https://europepmc.org/article/med/158694/rel
https://europepmc.org/article/med/158694/rel
https://doi.org/10.1113/EP085921
https://doi.org/10.1016/j.arr.2018.04.007
https://doi.org/10.3389/fphys.2019.01084
https://doi.org/10.3389/fphys.2019.01084
http://www.who.int/ageing/en/
https://doi.org/10.1108/09504121111113992
https://doi.org/10.1371/JOURNAL.PONE.0000465
https://doi.org/10.1371/JOURNAL.PONE.0000465
https://doi.org/10.14814/phy2.14526
https://doi.org/10.14814/phy2.14526
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1097988

Marshall et al.

Mesquita, P. H. C,, Vann, C. G., Phillips, S. M., McKendry, J., Young, K. C., Kavazis, A.
N., et al. (2021). Skeletal muscle ribosome and mitochondrial biogenesis in response to
different exercise training modalities. Front. Physiol. 1454, 725866. doi:10.3389/fphys.
2021.725866

Miller, B. F.,, Konopka, A. R, and Hamilton, K. L. (2016). The rigorous study of exercise
adaptations: Why mRNA might not be enough. J. Appl. Physiol. 121, 594-596. d0i:10.1152/
JAPPLPHYSIOL.00137.2016/ASSET/IMAGES/LARGE/ZDG9991618150001.JPEG

Moore, T. M., Zhou, Z., Cohn, W., Norheim, F., Lin, A. J., Kalajian, N, et al. (2019). The
impact of exercise on mitochondrial dynamics and the role of Drpl in exercise
performance and training adaptations in skeletal muscle. Mol. Metab. 21, 51-67.
doi:10.1016/j.molmet.2018.11.012

Moro, T., Brightwell, C. R, Phalen, D. E., McKenna, C. F., Lane, S. J., Porter, C,, et al.
(2019). Low skeletal muscle capillarization limits muscle adaptation to resistance exercise
training in older adults. Exp. Gerontol. 127, 110723. doi:10.1016/j.exger.2019.110723

Morton, R. W., Murphy, K. T., McKellar, S. R,, Schoenfeld, B. J., Henselmans, M., Helms,
E., et al. (2018). A systematic review, meta-analysis and meta-regression of the effect of
protein supplementation on resistance training-induced gains in muscle mass and strength
in healthy adults. Br. J. Sports Med. 52, 376-384. doi:10.1136/bjsports-2017-097608

Ngo, K. T. A,, Denis, C., Saafi, M. A., Feasson, L., and Verney, J. (2012). Endurance but
not resistance training increases intra-myocellular lipid content and p-hydroxyacyl
coenzyme A dehydrogenase activity in active elderly men. Acta Physiol. 205, 133-144.
doi:10.1111/j.1748-1716.2011.02379.x

Ogborn, D. I, McKay, B. R,, Crane, J. D., Safdar, A., Akhtar, M, Parise, G., et al. (2015).
Effects of age and unaccustomed resistance exercise on mitochondrial transcript and
protein abundance in skeletal muscle of men. Am. J. Physiology-Regulatory, Integr.
Comp. Physiology 308, R734-R741. doi:10.1152/ajpregu.00005.2014

Otera, H., Wang, C,, Cleland, M. M., Setoguchi, K., Yokota, S., Youle, R. ., et al. (2010).
MIf is an essential factor for mitochondrial recruitment of Drpl during mitochondrial
fission in mammalian cells. J. Cell Biol. 191, 1141-1158. doi:10.1083/jcb.201007152

Parise, G., Brose, A. N., and Tarnopolsky, M. A. (2005a). Resistance exercise training
decreases oxidative damage to DNA and increases cytochrome oxidase activity in older
adults. Exp. Gerontol. 40, 173-180. doi:10.1016/j.exger.2004.09.002

Parise, G., Phillips, S. M., Kaczor, J. J., and Tarnopolsky, M. A. (2005b). Antioxidant
enzyme activity is up-regulated after unilateral resistance exercise training in older adults.
Free Radic. Biol. Med. 39, 289-295. doi:10.1016/j.freeradbiomed.2005.03.024

Parry, H. A, Roberts, M. D., and Kavazis, A. N. (2020). Human skeletal muscle
mitochondrial adaptations following resistance exercise training. Int. J. Sports Med. 41,
349-359. doi:10.1055/a-1121-7851

Peterson, M. D., Rhea, M. R,, Sen, A., and Gordon, P. M. (2010). Resistance exercise for
muscular strength in older adults: A meta-analysis. Ageing Res. Rev. 9, 226-237. doi:10.
1016/j.arr.2010.03.004

Pilegaard, H., Saltin, B., and Neufer, D. P. (2003). Exercise induces transient
transcriptional activation of the PGC-lalpha gene in human skeletal muscle.
J. Physiology 546, 851-858. doi:10.1113/jphysiol.2002.034850

Pinedo-Villanueva, R., Westbury, L. D., Syddall, H. E., Sanchez-Santos, M. T., Dennison,
E. M., Robinson, S. M., et al. (2019). Health care costs associated with muscle weakness: A
UK population-based estimate. Calcif. Tissue Int. 104, 137-144. doi:10.1007/500223-018-
0478-1

Pollock, R. D, Carter, S., Velloso, C. P., Duggal, N. A,, Lord, J. M., Lazarus, N. R, et al.
(2015). An investigation into the relationship between age and physiological function in
highly active older adults. J. Physiol. 593, 657-680. doi:10.1113/jphysiol.2014.282863

Pollock, R. D., O’Brien, K. A., Daniels, L. J., Nielsen, K. B., Rowlerson, A., Duggal,
N. A, et al. (2018). Properties of the vastus lateralis muscle in relation to age and
physiological function in master cyclists aged 55-79 years. Aging Cell 17, e12735.
doi:10.1111/acel.12735

Porter, C., Reidy, P. T., Bhattarai, N., Sidossis, L. S., and Rasmussen, B. B. (2015a).
Resistance exercise training alters mitochondrial function in human skeletal muscle. Med.
Sci. Sports Exerc 47, 1922-1931. doi:10.1249/MSS.0000000000000605

Porter, C., Reidy, P. T., Bhattarai, N., Sidossis, L. S., and Rasmussen, B. B. (2015b).
Resistance exercise training alters mitochondrial function in human skeletal muscle. Med.
Sci. Sports Exerc 47, 1922-1931. doi:10.1249/MSS.0000000000000605

Ringholm, S., Gudiksen, A., Frey Halling, J., Qoqaj, A., Meizner Rasmussen, P., Prats, C.,
etal. (2022). Impact of aging and lifelong exercise training on mitochondrial function and
network connectivity in human skeletal muscle. Journals Gerontology Ser. A, glac164-11.
doi:10.1093/GERONA/GLAC164

Robinson, M. M., Dasari, S., Konopka, A. R,, Carter, R. E., Lanza, I. R., Sreekumaran, K.,
et al. (2017a). Enhanced protein translation underlies improved metabolic and physical

Frontiers in Physiology

1

10.3389/fphys.2022.1097988

adaptations to different exercise training modes in young and old humans. Cell Metab. 25,
581-592. doi:10.1016/j.cmet.2017.02.009

Robinson, M. M., Dasari, S., Konopka, A. R., Johnson, M. L., Manjunatha, S., Esponda,
R. R, et al. (2017b). Enhanced protein translation underlies improved metabolic and
physical adaptations to different exercise training modes in young and old humans. Cell
Metab. 25, 581-592. doi:10.1016/].CMET.2017.02.009

Robinson, M. M., Dasari, S., Konopka, A. R,, Johnson, M. L., Manjunatha, S., Esponda,
R. R, et al. (2017¢c). Enhanced protein translation underlies improved metabolic and
physical adaptations to different exercise training modes in young and old humans. Cell
Metab. 25, 581-592. doi:10.1016/].CMET.2017.02.009

Romanello, V., Guadagnin, E., Gomes, L., Roder, I, Sandri, C., Petersen, Y., et al. (2010).
Mitochondrial fission and remodelling contributes to muscle atrophy. EMBO J. 29,
1774-1785. doi:10.1038/emboj.2010.60

Romanello, V., Scalabrin, M., Albiero, M., Blaauw, B., Scorrano, L., and Sandri, M.
(2019). Inhibition of the fission machinery mitigates OPA1 impairment in adult skeletal
muscles. Cells 8, 597. doi:10.3390/cells8060597

Romero-Calvo, I, Ocon, B., Martinez-Moya, P., Sudrez, M. D., Zarzuelo, A., Martinez-
Augustin, O, et al. (2010). Reversible Ponceau staining as a loading control alternative to
actin in Western blots. Anal. Biochem. 401, 318-320. doi:10.1016/j.ab.2010.02.036

Rowe, G. C,, El-Khoury, R, Patten, I. S., Rustin, P., and Arany, Z. (2012). PGC-1a is
dispensable for exercise-induced mitochondrial biogenesis in skeletal muscle. PLoS One 7,
e41817. doi:10.1371/journal.pone.0041817

Seals, D. R,, Justice, J. N, and LaRocca, T. J. (2016). Physiological geroscience: Targeting
function to increase healthspan and achieve optimal longevity. J. Physiol. 594, 2001-2024.
doi:10.1113/jphysiol.2014.282665

Short, K. R,, Bigelow, M. L., Kahl, J., Singh, R., Coenen-Schimke, J., Raghavakaimal, S.,
et al. (2005a). Decline in skeletal muscle mitochondrial function with aging in humans.
Proc. Natl. Acad. Sci. U. S. A. 102, 5618-5623. doi:10.1073/pnas.0501559102

Short, K. R,, Bigelow, M. L., Kahl, J., Singh, R., Coenen-Schimke, J., Raghavakaimal, S.,
et al. (2005b). Decline in skeletal muscle mitochondrial function with aging in humans.
Available at: www.pnas.orgcgidoil0.1073pnas.0501559102 (Accessed January 17, 2021).

Spinazzi, M., Casarin, A., Pertegato, V., Salviati, L., and Angelini, C. (2012). Assessment
of mitochondrial respiratory chain enzymatic activities on tissues and cultured cells. Nat.
Protoc. 7, 1235-1246. doi:10.1038/npr0t.2012.058

Tang, J. E, Hartman, J. W,, and Phillips, S. M. (2006). Increased muscle oxidative
potential following resistance training induced fibre hypertrophy in young men. Appl.
Physiology, Nutr. Metabolism 31, 495-501. doi:10.1139/H06-026

Tezze, C., Romanello, V., Desbats, M. A., Fadini, G. P., Albiero, M., Favaro, G., et al.
(2017a). Age-associated loss of OPA1 in muscle impacts muscle mass, metabolic
homeostasis, systemic inflammation, and epithelial senescence. Cell Metab. 25,
1374-1389. e6. doi:10.1016/j.cmet.2017.04.021

Tezze, C., Romanello, V., Desbats, M. A., Salviati, L., Scorrano, L., Correspondence, M.
S., et al. (2017b). Age-associated loss of OPA1 in muscle impacts muscle mass, metabolic
homeostasis, systemic inflammation, and epithelial senescence. Cell Metab. 25, 1374-1389.
6. doi:10.1016/j.cmet.2017.04.021

Toyama, E. Q., Herzig, S., Courchet, J., Lewis, T. L., Loson, O. C., Hellberg, K., et al.
(2016). Metabolism: AMP-activated protein kinase mediates mitochondrial fission in
response to energy stress. Science 351, 275-281. doi:10.1126/science.aab4138

Ubaida-Mobhien, C., Spendiff, S., Lyashkov, A., Moaddel, R., Macmillan, N. J., Filion, M.
E., et al. (2022). Unbiased proteomics, histochemistry, and mitochondrial DNA copy
number reveal better mitochondrial health in muscle of high functioning octogenarians.
Elife 11, €74335. doi:10.7554/ELIFE.74335

Varanita, T., Soriano, M. E., Romanello, V., Zaglia, T., Quintana-Cabrera, R,
Semenzato, M., et al. (2015). The Opal-dependent mitochondrial cristae remodeling
pathway controls atrophic, apoptotic, and ischemic tissue damage. Cell Metab. 21,
834-844. doi:10.1016/j.cmet.2015.05.007

Vigelso, A., Andersen, N. B., and Dela, F. (2014). The relationship between skeletal
muscle mitochondrial citrate synthase activity and whole body oxygen uptake adaptations
in response to exercise training. Int. J. Physiol. Pathophysiol. Pharmacol. 6, 84-101.
Available at: www.ijppp.org (Accessed April 7, 2021).

Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R,, Yarasheski, K. E., Tarnopolsky,
M. A, et al. (2008). Differential effects of resistance and endurance exercise in the fed state
on signalling molecule phosphorylation and protein synthesis in human muscle.
J. Physiology 586, 3701-3717. doi:10.1113/jphysiol.2008.153916

Zampieri, S., Pietrangelo, L., Loefler, S., Fruhmann, H., Vogelauer, M., Burggraf, S., et al.
(2015). Lifelong physical exercise delays age-associated skeletal muscle decline. Journals
Gerontology Ser. A 70, 163-173. doi:10.1093/GERONA/GLU006

frontiersin.org


https://doi.org/10.3389/fphys.2021.725866
https://doi.org/10.3389/fphys.2021.725866
https://doi.org/10.1152/JAPPLPHYSIOL.00137.2016/ASSET/IMAGES/LARGE/ZDG9991618150001.JPEG
https://doi.org/10.1152/JAPPLPHYSIOL.00137.2016/ASSET/IMAGES/LARGE/ZDG9991618150001.JPEG
https://doi.org/10.1016/j.molmet.2018.11.012
https://doi.org/10.1016/j.exger.2019.110723
https://doi.org/10.1136/bjsports-2017-097608
https://doi.org/10.1111/j.1748-1716.2011.02379.x
https://doi.org/10.1152/ajpregu.00005.2014
https://doi.org/10.1083/jcb.201007152
https://doi.org/10.1016/j.exger.2004.09.002
https://doi.org/10.1016/j.freeradbiomed.2005.03.024
https://doi.org/10.1055/a-1121-7851
https://doi.org/10.1016/j.arr.2010.03.004
https://doi.org/10.1016/j.arr.2010.03.004
https://doi.org/10.1113/jphysiol.2002.034850
https://doi.org/10.1007/s00223-018-0478-1
https://doi.org/10.1007/s00223-018-0478-1
https://doi.org/10.1113/jphysiol.2014.282863
https://doi.org/10.1111/acel.12735
https://doi.org/10.1249/MSS.0000000000000605
https://doi.org/10.1249/MSS.0000000000000605
https://doi.org/10.1093/GERONA/GLAC164
https://doi.org/10.1016/j.cmet.2017.02.009
https://doi.org/10.1016/J.CMET.2017.02.009
https://doi.org/10.1016/J.CMET.2017.02.009
https://doi.org/10.1038/emboj.2010.60
https://doi.org/10.3390/cells8060597
https://doi.org/10.1016/j.ab.2010.02.036
https://doi.org/10.1371/journal.pone.0041817
https://doi.org/10.1113/jphysiol.2014.282665
https://doi.org/10.1073/pnas.0501559102
www.pnas.orgcgidoi10.1073pnas.0501559102
https://doi.org/10.1038/nprot.2012.058
https://doi.org/10.1139/H06-026
https://doi.org/10.1016/j.cmet.2017.04.021
https://doi.org/10.1016/j.cmet.2017.04.021
https://doi.org/10.1126/science.aab4138
https://doi.org/10.7554/ELIFE.74335
https://doi.org/10.1016/j.cmet.2015.05.007
www.ijppp.org
https://doi.org/10.1113/jphysiol.2008.153916
https://doi.org/10.1093/GERONA/GLU006
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1097988

	Acute resistance exercise training does not augment mitochondrial remodelling in master athletes or untrained older adults
	1 Introduction
	2 Materials and Methods
	2.1 Ethical approval
	2.2 Participants
	2.3 Study design
	2.4 Immunoblotting
	2.5 Antibodies
	2.6 Enzyme activity
	2.7 Statistical analysis

	3 Results
	3.1 Enzyme activity and mitochondrial OXPHOS content
	3.2 Mitochondrial fission and fusion dynamics
	3.3 Mitochondrial energy metabolism

	4 Discussion
	4.1 Mitochondrial content and volume
	4.2 Mitochondrial fission and fusion
	4.3 Mitochondrial biosynthesis

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


