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Abstract

Bed rest (BR) results in significant impairments in skeletal muscle metabolism.
Mitochondrial metabolism is reportedly highly sensitive to disuse, with dysregu-
lated fission-fusion events and impaired oxidative function previously reported.
The effects of clinically relevant short-term BR (”5 days) on mitochondrial pro-
tein expression are presently unclear, as are the effects of exercise prehabilita-
tion as a potential counteractive intervention. The present study examined the
effects of a 5-day period of BR and short-term resistance exercise prehabilitation
(ST-REP) on mitochondrial-protein content. Ten older men (71 + 4 years) under-
went 5 days of BR, completing four sessions of high-volume unilateral resistance
exercise prehabilitation over 7 days beforehand. Muscle biopsies were obtained
from the vastus lateralis in the non-exercised control and exercised legs, both pre-
and post-prehabilitation and pre- and post-BR, to determine changes in citrate
synthase enzyme activity and the expression of key proteins in the mitochondrial
electron transport chain and molecular regulators of fission-fusion dynamics,
biosynthesis, and mitophagy. We observed no significant effect of either BR or
ST-REP on citrate synthase protein content, enzyme activity, or ETC complex
I-V protein content. Moreover, we observed no significant changes in markers of
mitochondrial fission and fusion (p-DRP1°¢'®, p-DRP1%%¥7, p-DRPlS616/ S37 ratio,
p-MFF, Mitofillin, OPA1, or MEN2 (p > 0.05 for all). Finally, we observed no
differences in markers of biosynthesis (p-AMPK™'7%, p-ACC>”®, PGCla, TFAM)
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1 | INTRODUCTION
Mitochondrial content and function decline during aging
(Holloway et al., 2018) and may lead to impaired glucose
and lipid utilization, insulin resistance, and increased ad-
iposity (Genders et al., 2020). Mitochondrial metabolism
is highly sensitive to physical inactivity and unloading
(Powers et al., 2012) and may accelerate age-related mito-
chondrial dysfunction (Holloway et al., 2018). Pre-clinical
in vivo models have suggested that mitochondrial dys-
function, and accrual of damaged proteins may precede
disuse-induced skeletal muscle atrophy via the early and
rapid declines in respiratory capacity and protein content
(Rosa-Caldwell, Brown, et al., 2020; Rosa-Caldwell, Lim,
et al., 2020). Human models of disuse have also demon-
strated significant effects of unloading on mitochondrial
respiratory capacity (Dirks et al., 2020b), enzyme activity
(Dirks et al., 2016b, 2020a), protein synthesis (Edwards
et al., 2020; Mitchell et al., 2018) and protein expression
(Leermakers et al., 2019; Standley et al., 2017, 2020) (i.e.,
electron transport chain [ETC], biosynthesis, fission-
fusion dynamics, and mitophagy). Observable declines in
mitochondrial function, but not protein expression, are
apparent following as little as 3-days of disuse (Miotto
et al., 2019), with others observing declines in protein ex-
pression following 7-14 days across varying disuse models
(i.e., BR, immobilization, and step reduction) and pop-
ulation cohorts (Dirks et al., 2016a; Miotto et al., 2019;
Standley et al., 2017). However, little is known about the
impact of shorter, clinically relevant durations of BR (i.e.,
”5-days) on markers of mitochondrial function, but is
essential to understand given that the average length of
hospital stay in the UK is ~4.5 days. Understanding the
temporal change in muscle mitochondrial content and
function during disuse/bed-rest in older adults, is essen-
tial to inform strategies to preserve cellular metabolic
health of older patients upon discharge.

Mitochondrial morphology (i.e., the dynamic fission
and fusion of organelles) has emerged as an essential
regulator of skeletal muscle mass and longevity in vivo

or mitophagy-related signaling (ULK-1, BNIP3/NIX, LC3B I/II) (p > 0.05 for
all). In contrast to previous longer-term periods of musculoskeletal disuse (i.e.,
7-14 days), a clinically relevant, 5-day period of BR resulted in no significant per-
turbation in muscle mitochondrial protein signaling in healthy older adults, with
no effect of ST-REP in the week prior to BR. Accordingly, disuse-induced muscle
atrophy may precede alterations in mitochondrial content.

ageing, bed rest, disuse, mitochondria, skeletal muscle

(Varanita et al., 2015; Tezze et al., 2017; Favaro et al., 2019).
As aging is associated with an intrinsic increase in oxida-
tive stress, accrual of mitochondrial DNA damage, and
dysfunctional mitochondria (Short et al., 2005), the tar-
geted removal of damaged mitochondria (termed ‘mito-
phagy’) is crucial in maintaining cellular health (Drake &
Yan, 2017). Fission and fusion of mitochondria are tightly
orchestrated by specific outer mitochondrial membrane
(OMM) and inner mitochondrial membrane (IMM) pro-
teins. DRP1 induced mitochondrial fission and mitophagy
are essential in the removal, fragmentation, and subse-
quent degradation of dysfunctional components of organ-
elles via the lysosome (Romanello et al., 2010a). Contrary
to this, MFN2 & OPA1 mediated fusion may coordinate
the merging of multiple healthy organelles to form larger,
spherical, or elongated tubular-shaped mitochondria, de-
pending on subcellular-specific localization (Romanello
& Sandri, 2020; Song et al., 2009). The dynamic remod-
eling favoring mitochondrial fission has been implicated
in disuse-atrophy (Powers et al., 2012; Romanello et al.,
2010b). Indeed, human data indicates fission dynamics;
in particular, increases DRP1 and MFN2 are altered fol-
lowing longer periods (i.e., 10-14 days) of disuse in both
younger and older adults, causing a removal of dysfunc-
tional organelles and subsequent reduced mitochondrial
density and respiratory function (Miotto et al., 2019;
Standley et al., 2017). Therefore, given the increases in
mitochondrial fission, declines in mitochondrial content,
and ensuing muscle atrophy during disuse, implementing
strategies to mitigate the deterioration of mitochondrial
metabolism are essential for maintaining mitochondrial
health and function both during and following disuse
events.

Endurance exercise (EE) or high-intensity interval
training (HIIT) induces mitochondrial remodeling in
skeletal muscle (Granata et al., 2016) and can attenuate
the age-associated declines in mitochondrial function
(Joanisse et al., 2020; Pollock et al., 2018). In addition,
EE and HIIT induce rapid adaptations in mitochon-
drial density, respiratory capacity, and tissue substrate
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utilization (Granata et al., 2016). Emerging data suggests
acute and chronic resistance exercise (RE) training can
augment skeletal muscle mitochondrial protein turnover
(Groennebaek et al., 2018b; Wilkinson et al., 2008a), func-
tion (Groennebaek et al., 2018b; Porter et al., 2015) and
remodeling (Mesquita et al., 2020). Indeed, EE, HIIT, and
RE have all been utilized as part of traditional post-disuse
rehabilitation to restore muscle mass, strength, and func-
tion (Mavelli et al., 2019; Standley et al., 2017). However,
exercise strategies prior to BR (termed ‘prehabilitation’)
have the potential to improve pre-and peri-operative
physical condition and improve post-BR recovery of phys-
ical function (Mayo et al., 2011). Typicaly, prehabilitative
strategies require a minimum of ~30 days to induce de-
tectable changes in muscle morphology (Shaarani et al.,
2013) and metabolic function (Blackwell et al., 2020) prior
to elective surgery. In contrast, shorter-term interventions
may be necessary in scenarios where the waiting period
is substantially shorter, and longer-term interventions
are not possible. In this regard, we recently observed that
short-term (7-day) RET prehabilitation did not offset BR-
induced impairments in muscle anabolism or quadriceps
atrophy in older adults (Smeuninx et al., 2020). Despite
this, short-term resistance exercise rehabilitation (ST-
REP) may still effectively mitigate mitochondrial dysfunc-
tion that may occur in the early phase of BR, although this
has yet to be explored.

The primary aim of this study was, therefore, to de-
termine the effects of a clinicaly relevant, 5-day period of
BR on skeletal muscle mitochondrial content and enzyme
activity in older adults and to establish whether, and to
what extent, ST-REP would influence these parameters.
The second aim of this study was to determine if the an-
ticipated loss in mitochondrial content is mediated by an
increase in DRP1 phosphorylation and parallel reductions
in OPA1 and MFN2. Utilzing a unilateral, within-subject
design, we hypothesized that ST-REP will facilitate an in-
crease in mitochondrial density, electron transport chain
(ETC) protein expression, and augment mitochondrial fu-
sion in the exercised leg, thereby effectively counteracting
any observable decline in mitochondrial content associ-
ated with BR when compared to non-exercised control leg.

2 | METHODS

2.1 | Participants

The present study was a retrospective analysis of skel-
etal muscle biopsy samples obtained as part of a larger
clinical trial on the effects of short-term RET prehabili-
tation on muscle mass and myofibrillar protein synthe-
sis (Smeuninx et al., 2020). Briefly, 10 healthy older men
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(age; 71.5 + 4.0 years, height; 1.77 + 0.07 cm, weight;
79.6 + 9.0 kg) were recruited for the study through local
advertisements and research recruitment databases. All
participants were non-sarcopenic and non-obese as deter-
mined through the completion of a general health ques-
tionnaire, a score of >9 on the short physical performance
battery test, the appendicular lean mass of >7.0 kg/m? and
a BMI <30 kg/m?. Body composition, blood chemistry, ac-
tivity status, and dietary consumption for this participant
cohort have previously been reported (Smeuninx et al.,
2020). Ethical approval was obtained through the West
Midlands—Black Country Research Ethics Committee
(16/WM/0483) and was registered at Clinicaltrials.gov
(NCT04422665; RG_16-100). The study conformed to the
standards outlined by the Declaration of Helsinki (7th
Edition).

2.2 | Study design

As previously described (Smeuninx et al., 2020), partici-
pants visited the Clinical Research Facility (CRF) at the
Queen Elizabeth Hospital Birmingham for (i) a prelimi-
nary testing phase [day 1], (ii) prehabilitation phase [days
2-7], (iii) mid-phase testing [day 8], and (iv) BR phase [day
8-13]. Briefly, participants reported to the CRF at 0800h in
an overnight fasted state, where a skeletal muscle biopsy
was obtained from the vastus lateralis under 1% lidocaine
using the modified Bergstrom biopsy needle technique.
Participants then returned to the CRF to complete a bout
of unilateral knee extension and flexion (RET) on days
2, 4, 6, and 7. RE was undertaken on the dominant leg,
as determined by a previously established one repetition
maximum (1RM) test during the preliminary testing visit.
Each RE session commenced with two warm-up sets at
50% of 1RM, followed by six sets of twelve repetitions at
75% of 1RM of machine-based knee extension and knee
flexion. An intra-set recovery period of 120 seconds was
utilized to ensure sufficient recovery in between sets. The
exercise load was adjusted to maintain a rate of perceived
exertion of 8-9 on the modified-Borg CR-10 scale (Borg,
1998). On the morning of day 8 [post-prehabilitation,
pre-BR], participants reported to the CRF in an overnight
fasted state, where a muscle biopsy was obtained from
both the exercised (EX) and the non-exercised control
leg (CTRL). Following this, participants then undertook
five days of strict BR to mimic a typical inpatient hospi-
tal stay. Further details of the BR protocol, dietary intake,
and physical activity parameters have been described else-
where (Smeuninx et al., 2020). On the morning after the
final day of BR (i.e., day 14), final dual biopsies of the EX
and CTRL legs were obtained in the fasted state. Skeletal
muscle biopsy samples from the CTRL and EX legs from
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pre-BR and post-BR periods underwent biochemical
analysis (N = 4, per participant) as previously reported
(Smeuninx et al., 2020).

2.3 | Mitochondrial enzyme
activity assays

Citrate Synthase (CS) enzyme activity was determined fol-
lowing the protocols of Spinazzi et al. (Spinazzi et al., 2012)
and adapted to 96-well plate format as previously described
(Janssen & Boyle, 2019). In brief, 20-30 mg of skeletal mus-
cle was homogenized in 10 pL/pg of ice-cool sucrose lysis
buffer (50 mM Tris, 1 mM EDTA, 1 mM EGTA, 50 mM
NaF, 5mM Na4P207-10H20, 270 mM sucrose, 1 M Triton-X,
25 mM p-glycerophosphate, 1 uM Trichostatin A, 10 mM
Nicatinamide, 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
5-mm stainless steel beads (Qiagen). Samples were dis-
rupted following 3 X 2-min cycles at 20 Hz, followed by
centrifugation at 13,000 RPM for 10 mins. The protein con-
tent of the resulting supernatant was determined via DC
protein assay (Bio-Rad) and prepared at 2 pg/pL in ddH,O.
For determination of CS activity, 10 pL of sample (total of
20 pg of protein) was diluted in 186 pL of assay solution
(50 mM Kpi buffer (pH 7.4) with 100 uM DTNB, 115 pM
acetyl-CoA in ddH,0) to a total well volume of 196 pL, as
previously described (Janssen & Boyle, 2019). Baseline ab-
sorbance was read every 15 s for three minutes in a micro-
plate reader (FLUOstar Omega, BMG Labtech). Following
the baseline reading, 4 pL of 5 mM oxaloacetate (100 pM
final concentration) was added to start the reaction and
absorbance was read again every 15 s for 3 min. CS activ-
ity was calculated using the extinction coefficient (CS € =
13.6). Measurement CV% within-plate was 7.01 + 0.9% for
three technical repeats (Kuang et al., 2021).

2.4 | Western blotting

Immunoblotting was performed on the sarcoplas-
mic fraction of skeletal muscle biopsy samples as a re-
sult of myofibrillar protein extraction, as previously
reported (Smeuninx et al., 2020). Briefly, 20-30 mg of
snap-frozen skeletal muscle was homogenized in ice-
cold homogenization buffer [S0 mM Tris HCL (pH 7.4),
50 mM NaF, 10 mM f-glycerophosphate disodium salt,
1 mM Ethylenediaminetetraacetic acid [EDTA], 1 mM
Ethyleneglycoltetraacetic acid [EGTA], 1 mM activated
sodium orthovanadate [Na;VO,), and a complete pro-
tease inhibitor cocktail tablet (Roche, West Sussex, UK)

at 10 puL/pg per tissue and shaken on a vibrax shaker at
4°C for 10 mins. Homogenates were spun at 11,000 g for
10 min at 4°C, and the supernatant was collected and fro-
zen at —80°C for subsequent western blot analysis.
Protein content was determined by DC Protein Assay
(Bio-Rad, Hertfordshire, UK), with protein content mea-
sured at 6.02 + 0.78 pg/pL. Western blot aliquots were
subsequently prepared at 3 pg/pL in 4 X Laemmli sample
buffer and ddH,O. Following preparation, samples were
left at room temperature for ~24 h to denature as previ-
ously described (Edwards et al., 2020). Equal amounts of
protein (30 pg) were loaded into 4-15% Tris-Glycine pre-
cast gels (BioRad) 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) membrane
at 100 V for 1hr in a pre-made transfer buffer. Membranes
were subsequently blocked in 5% low-fat milk (diluted in
Tris-buffered saline and 0.1% Tween-20 (TBS-T)) for 1h
at room temperature. The membranes were then incu-
bated overnight at 4°C with appropriate antibodies; total
OXPHOS human antibody cocktail (Manufacturer; Abcam,
Catalogue Number; 110411, diluted 1:1000 in tris-buffered
saline with 0.1% Tween 20 (TBST), Citrate Synthase (CS;
CST, 14309, 1:1000), MFN2 (CST, 9482, 1:1,000), DRP1 (CST,
8570, 1:1,000), Phosphorylated DRP15"®1® (CST, 4494,
1:1,000), Phosphorylated DRP15""%%7 (CST, 6319, 1:1,000),
OPA-1 (BD Bioscience, 612607, 1:1,000), Mitochondrial
Fission Factor; MFF (CST, 845808, 1:1000), Phosphorylated
Mitochondrial Fission Factor; MFF*me46 (CST, 49281,
1:1000), Mitofilin (ProteinTech, 10179-AP, 1:1,000), Total
AMP-activated protein kinase; AMPK (CST, 25328, 1:1000),
Phosphorylated AMPK™°ninel”2 (CST, 2535L, 1:1000),
Total Acetyl-CoA carboxylase; ACC (Dundee MRC DSTT,
N/A [custom made], 1:1000), Phosphorylated ACC*""¢7
(CST, 3661L, 1:1000), Peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1a; Abcam, 3242,
1:1000), mitochondrial transcription factor A [TFAM]
(Sigma-Aldrich, SAB1401383, 1:1,000), Total UNC-51 like
kinase; ULK-1 (CST, 4773S, 1:1000), BNIP3L/Nix (CST,
12396, 1:1,000), LC3B 1/II (CST, 4108, 1:1,000). Following
overnight incubation, membranes were washed 3 X 5 min
in TBS-T, incubated in horseradish peroxidase (Mouse/
Rabbit-HRP)-conjugated secondary antibody (CST, 7076
& 7074, 1:10,000 in 2.5% BSA in TBS-T) at room tempera-
ture for 1 h, before the last 3 X 5 min washes in TBS-T.
Membranes were exposed to Chemiluminescent HRP
Substrate (Millipore Corp.) for 2 mins and bands visualized
by G:BOX Chemi XT4 imager with GeneSys capture soft-
ware (Syngene UK). Quantification was performed using
ImageJ/Fiji (NIH). Relative arbitrary units were normal-
ized to the total amount of protein loaded as visualized via
Ponceau S staining, and an internal gel control to account
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for gel-to-gel differences (Bass et al., 2017; Romero-Calvo
et al., 2010). Following normalization, where relevant, the
phosphorylation of proteins, as a proxy of their activation,
was expressed relative to the total amount of each protein
(phos/total) (Bass et al., 2017).

2.5 | Statistical analysis

Markers associated with (I) mitochondrial content & en-
zyme activity, (II) fission & fusion dynamics, (III) bioener-
getics, and (IV) mitophagy were analyzed using a two-way
repeated-measures ANOVA (group X time), with a group
(CTRL vs. EX) and time (pre-BR vs. post-BR). All analysis
was conducted using GraphPad Software Inc Prism ver-
sion 8. Significance was set at p 7 0.05. All data are pre-
sented as fold-change from their CTRL baseline leg along
with mean + SEM unless otherwise stated.

3 | RESULTS
3.1 | Citrate synthase enzyme activity
and ETC complex content

Citrate Synthase activity was not significantly altered by
RET-prehabilitation or five-days of BR (p = 0.94) (Figure
1a). Furthermore, there was no significant changes in citrate
synthase protein expression (Figure 1b) (Group, p = 0.88,
Time, p = 0.42, Interaction, p = 0.57). No changes in mi-
tochondrial ETC complex I-V protein expression were ob-
served (Figure 2); (a) Complex I (NDUFBS) (Group, p = 0.96,
Time, p = 0.42, Interaction [Group x Time|, p = 0.27),

(a) (b)
2.0 m PreBed Rest 2.0
O Post Bed Rest

0.5 0.5

Citrate Synthase Enzyme Activity
(Fold Change)
5
|
Citrate Synthase Protein
(Fold Change)
5
|

e . . 50f 14
%élide't; < = Physiological ReportsJL
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(b) Complex II (SDHB) (Group, p = 0.78, Time, p = 0.37,
Interaction, p = 0.19), (c) Complex III (UCQRC2) (Group,
p =0.99, Time, p = 0.34, Interaction, p = 0.13), (d) Complex
IV (COX2) (Group, p = 0.76, Time, p = 0.09, Interaction,
p = 0.23), (e) Complex V (ATP5A) (Group, p = 0.88, Time,
p = 0.23, Interaction, p = 0.28), or (f) total OXPHOS (Group,
p =0.97, Time, p = 0.23, Interaction, p = 0.27).

3.2 | Markers of mitochondrial dynamics
We observed no significant changes in markers associated
with mitochondrial fission and fusion dynamics (Figure
3); (a) p-DRPlSﬁm:total DRP1 (Group, p = 0.81, Time,
p = 0.37, Interaction, p = 0.80), (b) p-DRP1%**":total DRP1
(Group, p = 0.89, Time, p = 0.19, Interaction, p = 0.67), (c)
p-DRP1%%'%:p-DRP1%%*’ (Group, p = 0.27, Time, p = 0.52,
Interaction, p = 0.99), (d) p-MFFSl46:total MFF (Group,
p = 0.90, Time, p = 0.64, Interaction, p = 0.34), (e)
Mitofillin (Group, p = 0.78, Time, p = 0.45, Interaction,
p = 0.43), (f) OPA-1, (Group, p = 0.29, Time, p = 0.84,
Interaction, p = 0.62), (g) MFN2 (Group, p = 0.34, Time,
p = 0.26, Interaction, p = 0.58).

3.3 | Mitochondrial biogenesis
and mitophagy

The expression of proteins involved in mitochondrial

biogenesis or mitophagy (Figure 4) remained unchanged

following prehabilitation and BR; (a) p-AMPK™"%total

AMPKal (Group, p = 0.25, Time, p = 0.13, Interaction,

p = 0.28), (b) p-ACC*:total ACC (Group, p = 0.94,
Molecular

Weight
kD

250

Ponceau S

S

0.0 0.0-
Control Prehab

Pre-BR Post-BR Post-BR

Control Prehab .

Control Prehab Control Prehab
FIGURE 1 Bed restdoes not alter Citrate Synthase Enzyme Activity or Protein Expression. (a) No changes in skeletal muscle enzymatic
activity of citrate synthase (CS) or (b) protein abundance were observed pre- and post-bed rest with (EX) and without (CTRL) resistance
exercise prehabilitation. Data presented as fold-change from pre-BR CTRL with mean + SEM (n = 10 per group). Statistical significance was
set at p < 0.05.
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5
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Complex IV (COX2) / Ponceau
(Fold Change)

Prehab

Ponceau S

0.0- 0.0-
Prehab

Control Control

(f

~

2.0

—
o
-
N
o
|

1.5+

1.0+

0.5

Complex V (ATP5A) / Ponceau
(Fold Change)

Total OXPHOS (Complex I-V)
(Fold Change)

Prehab

b | Complex V: ATP5A

Complex lll: UQCRC2

. ——

22 Complex IV: COX Il
18 “ m Complex I: NDUFB8

0.0-

Control

Prehab

Control

Pre-BR Pre-BR Post-BR Post-BR
Prehab Control Prehab Control Prehab

FIGURE 2 No change in Mitochondrial Electron Transport Chain Protein content following short-term bed rest. No changes in the
expression of skeletal muscle oxidative phosphorylation electron transport Complex I (a), Complex II (b), Complex III (c), Complex IV

(d), Complex V (e) or total OXPHOS (f) were observed pre- and post-five days of bed rest with (EX) or without (CTRL) resistance exercise
prehabilitation. Data presented as fold-change from pre-BR CTRL with mean + SEM (n = 10 per group). Statistical significance was set at p < 0.05.

Time, p = 0.60, Interaction, p = 0.52), (c¢) PGCla (Group,
p = 0.47, Time, p = 0.92, Interaction, p = 0.24), (d) TFAM
(Group, p = 0.052, Time, p = 0.16, Interaction, p = 0.28),
(e) ULK1 (Group, p = 0.98, Time, p = 0.73, Interaction,
p = 0.62), (f) BNIP3L/Nix (Group, p = 0.26, Time,
p = 0.58, Interaction, p = 0.45), and (g) LC3B I/II (Group,
p = 0.844, Time, p = 0.61, Interaction, p = 0.76).

4 | DISCUSSION

Periods of musculoskeletal disuse as a consequence of
elective surgery have consistently reported a dysregula-
tion in several indices of skeletal muscle mitochondrial

metabolism (i.e., respiratory capacity, enzyme activity,
protein content, biosynthesis, and quality control) (Dirks
et al., 2016b, 2020b; Edwards et al., 2020; Hafen et al.,
2019; Larsen et al., 2018; Mavelli et al., 2019; McGlory
et al.,, 2017; Miotto et al., 2019; Standley et al., 2020).
However, in contrast to previous longer duration mod-
els of disuse (i.e., 7-14 days), the present 5-day BR model
resulted in no detectable alterations in mitochondrial
enzyme activity and protein expression related to regula-
tors of mitochondrial content, dynamics, biogenesis, and
mitophagy in older adults. Furthermore, a 7-day period
of high-volume ST-REP immediately prior to BR did not
modulate mitochondrial protein abundance or phospho-
rylation status in older adults. Overall, the BR-induced
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presented as fold-change from pre-BR CTRL with mean + SEM (n = 10 per group). Statistical significance was set at p < 0.05.

decline in MRI-assessed quadriceps cross-sectional area previously reported in this cohort (Smeuninx et al., 2020)
(CRL; —3.5% & EX; —3.0%) and integrated myofibrillar =~ occurred independently of changes in static markers of
protein synthesis (CTRL: —21.3% & EX, —26.1%) we have mitochondrial protein content, dynamics, or biosynthesis.
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4.1 | Mitochondrial content and function  are highly sensitive to protracted periods of disuse (Dirks
et al., 2020a, 2020b; Miotto et al., 2019; Standley et al.,
Previous studies suggest that proxy markers of mitochon- 2017, 2020). However, we were unable to identify any

drial density (i.e., CS activity) and ETC protein content  changes in CS activity or protein content (Figure 1) and
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individual ETC complex proteins following a 5-day pe-
riod of BR in older adults (Figure 2). Compared with
previous studies, differences in participant age (young
(Dirks et al., 2016a), middle-aged (Arentson-Lantz et al.,
2016), older adults (Standley et al., 2017)), duration of
BR (5-day (Dirks et al., 2020b), 7-day (Dirks et al., 2016b;
Edwards et al., 2020), 10-day (Deutz et al., 2013; Standley
et al., 2020), 14-day (Mavelli et al., 2019; McGlory et al.,
2017, 2019)), disuse model (BR (Dirks et al., 2020b), uni-
lateral limb immobilization [ULI] (Edwards et al., 2020),
step-reduction [SR] (McGlory et al., 2017)) may explain
the absence of any apparent changes in mitochondrial-
protein content and density in the present study. In older
adults specifically, the regulation of mitochondrial func-
tion, CS activity, and ETC complex I-V abundance fol-
lowing BR may vary due to the conflicting disparity in the
duration of BR models, including, 4 (Larsen et al., 2018),
7, (Arentson-Lantz et al., 2021), 10 (Standley et al., 2017,
2020), and 14-days (Mavelli et al., 2019). It has been re-
ported that as little as 4-days of strict BR in older men
resulted in an ~18% decline in CS activity (Larsen et al.,
2018). In contrast, we were unable to detect any changes
in CS activity following 5-days of BR in our cohort of
older men (Figure 1). In support of our findings, and
contrary to data in younger adults, 7-days of BR in older
adults does not appear to affect mitochondrial function,
ETC protein abundance (Arentson-Lantz et al., 2021),
and 10-days of BR does not alter mitochondrial capacity
(Standley et al., 2017), overall suggesting older adults may
be less susceptible to declines in mitochondrial metabo-
lism. Interestingly, Standley et al. reported an increase in
complex I expression and a trend for other ETC protein
complexes to increase post-BR in older adults (Standley
etal., 2017). An identical 10-day BR design in older adults
from the same group showed a marked reduction in ETC
protein content and respiratory capacity, which may be
due to the intrinsic functional capacity and health status
of older participants in this study (Standley et al., 2020).
Lastly, longer-term 14-day models of BR in older adults
have observed no significant changes in complexes I and
I, but large declines in complexes III, IV, and V (Mavelli
et al., 2019). Collectively, the available data suggests that
relatively short periods of bed rest (e.g., “7 days) do not
alter markers of mitochondrial-protein content in oth-
erwise healthy older adults. In contrast, alterations to
mitochondrial-protein content with shorter-term periods
of disuse may be more apparent in younger adults, or
with more severe models of unloading. This is particu-
larly pertinent as others have speculated the slower rate
of change in skeletal muscle mass in older adults during
disuse and exercise is largely due to slower synthesis rates
and subsequent delayed or inhibited adaptative response
compared to younger adults (Suetta et al., 2009).

. . . 9of 14
Pysooged -8 Physiological ReportsJL

ol
é gociety el

)

4.2 | Mitochondrial quality control

Fission and fusion of mitochondria are required to pre-
vent the accumulation of damaged/dysfunctional mito-
chondria and maintain a healthy mitochondrial protein
pool (Romanello & Sandri, 2020). Limited data in a ULI
model suggests that a 14-day period of disuse in younger
adults results in significant increases in protein expression
of DRP1 but no changes in MFN2 (Miotto et al., 2019).
On the contrary, 10-days of BR in older adults did not sig-
nificantly alter any key regulatory fission-fusion proteins
(Standley et al., 2017). The data presented here extend on
these previous investigations by demonstrating no altera-
tion in DRP1, MFN2 or OPA1 protein expression follow-
ing 10-days of BR in older adults (Standley et al., 2017).
However, our shorter-duration BR model and addition of
MFF and the activation/inhibitory sites of DRP1 allowed us
to further probe DRP1-mediated fission signaling (Figure
3). The phosphorylation of DRP1 at serine 616 has been
found to activate mitochondrial fission via the accumula-
tion and oligomerization of DRP1 around mitochondrial
constriction sites, facilitating scission and fragmenta-
tion (Taguchi et al., 2007). Importantly, phosphorylation
of MFF at serine 146 facilitates recruitment of DRP1 to
the OMM (Otera et al., 2010; Loson et al., 2013; Toyama
et al., 2016). On the contrary, the reversible phosphoryla-
tion at serine 637 orchestrates inhibition of DRP1 binding,
leading to mitochondrial fusion and elongation (Cribbs
& Strack, 2007); however, the precise regulation of these
phosphorylation sites remains largely unclear in human
skeletal muscle with aging and disuse. Interestingly, we
observed no changes in either p-DRP1%°'® and p-DRP1%%%,
p-MFF*'%, suggesting that 5-days of BR does not alter the
phosphorylation status of DRP1 mediated fission signal-
ing in older adults (Figure 3). However, it is important to
note that DRP1 may bind to other associated receptors on
the OMM (i.e., MIEF2/MiD49 and MIEF1/MiD51) to ini-
tiate fission (Palmer et al., 2011, 2013) and warrants fur-
ther exploration. Taken together, these data demonstrate
the absence of any change in protein regulators of mito-
chondrial dynamics following short-term BR.

4.3 | Mitochondrial biogenesis
and mitophagy

The biosynthesis of nuclear and mitochondrial-encoded
proteins is integral to the maintenance of the mitochon-
drial protein pool and overall cellular health (Hood et al.,
2011). Notably, the transcriptional co-activator PGCla,
has previously been shown to be downregulated following
a period of disuse alongside a reduction in mitochondrial
content and/or function (Mavelli et al., 2019; Wall et al.,
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2014). Furthermore, transgenically overexpressing PGCla
in vivo prevents disuse atrophy (Cannavino et al., 2014). In
line with the mitochondrial ETC content data, we observed
no changes in markers associated with mitochondrial bio-
genesis (PGCla, TFAM) or central energy-sensing regu-
latory proteins (p-AMPK™72, p-ACC®”) (Figure 4). This
is in disagreement with several studies displaying large
and significant decreases in mRNA or protein expression
of PGCla in young and older adults following BR or ULI
(Edwards et al., 2020; Mavelli et al., 2019; Standley et al.,
2020). The discrepancy may, in part, relate to the duration
of BR in the current study (i.e., 5-days) being too short to
induce the dysregulation in mitochondrial biosynthesis in
older adults.

The targeted and selective removal of damaged proteins
and organelles is orchestrated by a tightly regulated process
of autophagy/mitophagy (Sandri, 2013). Recently, ULK1 has
been shown to be a critical regulator of mitophagy in skeletal
muscle following its activation via p-AMPKT172 (Kim et al.,
2011; Laker et al., 2017; Seabright et al., 2020). However, at
a transcriptional level (i.e., mRNA), ULK1 is not altered fol-
lowing a 7-day period of BR in younger adults (Dirks et al.,
2018). Similarly, we report no significant changes in ULK-1
protein expression (Figure 4). This observation may be par-
tially explained by an increase in mTORS*** reported in
our previous work from the same cohort (Smeuninx et al.,
2020), which may act to attenuate ULK-mediated mitoph-
agy signaling (Kim et al., 2011). Indeed, ULK1 is inactive
under nutrient sufficiency (i.e., feeding) when mTOR is
active via mTOR-mediated phosphorylation of ULK157>’
to prevent its interaction with AMPK to initiate autophagy/
mitophagy (Kim et al., 2011). However, ULK1 becomes ac-
tive under nutrient and energetic stress (i.e., fasting and
exercise) to phosphorylate AMPK™%, and subsequently
phosphorylates ULK1 at serine 555 to mediate mitophagy
via LC3B-I/II (Kim et al., 2011; Laker et al., 2017, Moller
et al., 2015). Mitophagy may also be initiated by several
receptor-mediated signaling proteins (i.e., FUNDC1, BNIP3
& BNIPL/Nix), which regulate the binding of damaged
proteins and organelles to LC3BI/IT and engulfment by the
autophagosome for lysosomal degradation (Yamano et al.,
2016). In the present study, and in agreement with a previ-
ous BR study in older adults (Standley et al., 2017), we did
not observe any increases in mitophagy receptors, BNIP3L/
Nix or LC3BI/II signaling following BR (Figure 4). Overall,
a 5-day period of BR is not long enough to alter AMPK-
ULKI1-mediated mitophagy signaling in older adults.

4.4 | Resistance exercise prehabilitation

It is well established that RE training augments rapid
increases in skeletal muscle mass and strength (Morton

etal., 2018). However, less is known regarding RE-induced
adaptation of mitochondrial metabolism, particularly in
older adults (Parry et al., 2020). Nonetheless, acute, and
chronic RE have been reported to increase mitochondrial
protein synthesis (Groennebaek et al., 2018b; Robinson
et al., 2017; Wilkinson et al., 2008b), respiratory capacity
(Groennebaek et al., 2018b; Porter et al., 2015), enzyme
activity, and quality control mechanisms (Mesquita et al.,
2020; Roberts et al., 2018). In the present study, however,
four high-load, high-volume RE training sessions per-
formed over 7-days did not induce a change in CS enzyme
activity or protein abundance (Figure 1), ETC complex I-V
abundance (Figure 2), or mitochondrial proteins related
to fission-fusion (p-DRP1°*', p-DRP1°%*’, OPA1, MFN2
or Mitofillin) (Figure 3), biosynthesis (p-AMPK™"? p-
ACCY®, PGCla, TFAM) (Figure 4), or mitophagy (ULK1,
LCBI/II, BNIP3L/Nix) (Figure 4). Overall, suggesting the
duration, intensity, and/or volume of RET was not a suffi-
cient stimulus to augment mitochondrial remodeling and
morphology.

In addition to the effects of ST-REP as a means to aug-
ment muscle mitochondrial parameters, we were also
interested to understand whether this strategy could
offset disuse-induced loss of mitochondria. However,
given the absence of any detectable change in CS en-
zyme activity, ETC protein abundance, fission-fusion
dynamics, and biosynthesis following 5-days of BR, we
were unable to resolve this. Furthermore, declines in
function are largely dependent on the age of cohorts,
in which younger adults display significantly greater al-
terations in mitochondrial content and function (Dirks
et al., 2020b; Edwards et al., 2020; Miotto et al., 2019)
compared to older adults (Arentson-Lantz et al., 2021;
Standley et al., 2017, 2020) following a period of disuse
>5-days. Crucially, RET-induced changes in the mito-
chondrial protein pool and phosphorylation status may
be load and repetition-dependent and favor a higher-
volume, low-load RE beyond the current ST-REP inter-
vention (Burd et al., 2010b, 2012; Groennebaek et al.,
2018c; Mitchell et al., 2012a). Low-load RE (~30% 1-RM)
alone and in combination with increased time-under-
tension increases acute mitochondrial protein synthesis
rates for up to ~24 h post-RE (Burd et al., 2010a, 2012).
Furthermore, as RE can increase in both myofibrillar
and mitochondrial protein turnover following lower
loads (Burd et al., 2010a, 2012; Groennebaek et al., 2018a;
Kumar et al., 2012), and subsequent long-term changes
in lean mass are independent of exercise load (Mitchell
et al., 2012b; Schoenfeld et al., 2017), lower-loads may,
potentially, be more beneficial to simultaneously facili-
tate both accruals of muscle mass and strength, while si-
multaneously improving oxidative capacity and should
form the basis of future investigations.
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5 | CONCLUSION

In summary, neither 5-days of BR or ST-REP induces
changes in mitochondrial density and intracellular protein
expression related to mitochondrial health and function in
healthy older adults. These data further our insights into
the time-course of changes in the protein content of regu-
lators of mitochondrial dynamics and morphology during
a clinically relevant period of BR in older adults. Overall,
it appears that a short-duration BR is not long enough to
alter the mitochondrial content in healthy older adults,
although the same may not be true for older adults with
poorer physiological health. Furthermore, whilst ST-REP
did not induce any change in regulators of mitochondrial
dynamics, it remains possible that such interventions could
mitigate the decline in mitochondrial function in longer
duration (i.e., >5 days) or more severe (e.g., ULI) disuse
events or in older adults with poorer physiological health,
where mitochondrial metabolism may be compromised.

ACKNOWLEDGMENTS

The authors would like to thank the research participants
for their time and effort in completing the study. We ex-
tend our appreciation to the CRF nursing staff for their
support throughout the trial.

CONFLICT OF INTEREST
None of the authors have any conflicts of interest to
disclose.

ORCID

Philip J. Atherton © https://orcid.
org/0000-0002-7286-046X

Leigh Breen © https://orcid.org/0000-0001-6669-4816

REFERENCES

Arentson-Lantz, E. J., English, K. L., Paddon-Jones, D., & Fry, C. S.
(2016). Fourteen days of bed rest induces a decline in satellite
cell content and robust atrophy of skeletal muscle fibers in
middle-aged adults. Journal of Applied Physiology, 120, 965-
975. https://doi.org/10.1152/japplphysiol.00799.2015

Arentson-Lantz, E. J., Mikovic, J., Bhattarai, N., Fry, C. S., Lamon,
S., Porter, C., & Paddon-Jones, D. (2021). Leucine augments
specific skeletal muscle mitochondrial respiratory pathways
during recovery following 7 days of physical inactivity in older
adults. Journal of Applied Physiologyjapplphysiol, 00810, 2020.
https://doi.org/10.1152/japplphysiol.00810.2020

Bass, J. J., Wilkinson, D. J., Rankin, D., Phillips, B. E., Szewczyk, N.
J., Smith, K., & Atherton, P. J. (2017). An overview of technical
considerations for Western blotting applications to physiologi-
cal research. Scandinavian Journal of Medicine and Science in
Sports, 27, 4-25. https://doi.org/10.1111/sms.12702

Blackwell, J. E. M., Doleman, B., Boereboom, C. L., Morton, A.,
Williams, S., Atherton, P., Smith, K., Williams, J. P., Phillips,
B. E., & Lund, J. N. (2020). High-intensity interval training

£
Nihsoosea ) Physiological ReportsJﬂ

Society Sysojogical
produces a significant improvement in fitness in less than 31
days before surgery for urological cancer: a randomised control
trial. Prostate Cancer and Prostatic Diseases, 23, 696-704.

Borg, G. (1998). Borg’s perceived exertion and pain scales. Human
Kinetics.

Burd, N. A., Andrews, R. J., West, D. W. D, Little, J. P., Cochran, A.
J. R, Hector, A. J., Cashaback, J. G. A., Gibala, M. J., Potvin,
J. R., Baker, S. K., & Phillips, S. M. (2012). Muscle time under
tension during resistance exercise stimulates differential mus-
cle protein sub-fractional synthetic responses in men. Journal
of Physiology, 590, 351-362. https://doi.org/10.1113/jphys
i01.2011.221200

Burd, N. A., West, D. W. D, Staples, A. W., Atherton, P. J., Baker, J.
M., Moore, D. R., Holwerda, A. M., Parise, G., Rennie, M. I.,
Baker, S. K., & Phillips, S. M. (2010a). Low-load high volume re-
sistance exercise stimulates muscle protein synthesis more than
high-load low volume resistance exercise in young men. PLoS
One, 5,€12033. https://doi.org/10.1371/journal.pone.0012033

Burd, N. A., West, D. W. D., Staples, A. W., Atherton, P. J., Baker, J.
M., Moore, D. R., Holwerda, A. M., Parise, G., Rennie, M. J.,
Baker, S. K., & Phillips, S. M. (2010b). Low-Load High Volume
Resistance Exercise Stimulates Muscle Protein Synthesis More
Than High-Load Low Volume Resistance Exercise in Young
Men ed. Lucia A. PLoS ONE 5, e12033.

Cannavino, J., Brocca, L., Sandri, M., Bottinelli, R., & Pellegrino, M.
A. (2014). PGC1-a over-expression prevents metabolic alter-
ations and soleus muscle atrophy in hindlimb unloaded mice.
Journal of Physiology, 592, 4575-4589. https://doi.org/10.1113/
jphysiol.2014.275545

Cribbs, J. T., & Strack, S. (2007). Reversible phosphorylation of Drpl
by cyclic AMP-dependent protein kinase and calcineurin reg-
ulates mitochondrial fission and cell death. EMBO Reports, 8,
939-944. https://doi.org/10.1038/sj.embor.7401062

Deutz, N. E. P, Pereira, S. L., Hays, N. P., Oliver, J. S., Edens, N.
K., Evans, C. M., & Wolfe, R. R. (2013). Effect of f-hydroxy-f-
methylbutyrate (HMB) on lean body mass during 10 days of
bed rest in older adults. Clinical Nutrition, 32, 704-712. https://
doi.org/10.1016/j.clnu.2013.02.011

Dirks, M. L., Miotto, P. M., Goossens, G. H., Senden, J. M., Petrick,
H. L., Kranenburg, J., Loon, L. J. C., & Holloway, G. P. (2020a).
Short-term bed rest-induced insulin resistance cannot be ex-
plained by increased mitochondrial H , O , emission. The
Journal of Physiology, 598, 123-137.

Dirks, M. L., Miotto, P. M., Goossens, G. H., Senden, J. M., Petrick,
H. L., van Kranenburg, J., van Loon, L. J. C., & Holloway, G. P.
(2020b). Short-term bed rest-induced insulin resistance cannot
be explained by increased mitochondrial H202 emission. The
Journal of Physiology, 598, 123-137.

Dirks, M. L., Stephens, F. B., Jackman, S. R., Galera Gordo, J.,
Machin, D. J., Pulsford, R. M., van Loon, L. J. C., & Wall, B.
T. (2018). A single day of bed rest, irrespective of energy bal-
ance, does not affect skeletal muscle gene expression or insulin
sensitivity. Experimental Physiology, 103, 860-875. https://doi.
org/10.1113/EP086961

Dirks, M. L., Wall, B. T., van de Valk, B., Holloway, T. M., Holloway,
G. P., Chabowski, A., & Goossens, G. H. & van Loon L. J. C.
(2016b). One week of bed rest leads to substantial muscle
atrophy and induces whole-body insulin resistance in the
absence of skeletal muscle lipid accumulation. Diabetes,
db151661.


https://orcid.org/0000-0002-7286-046X
https://orcid.org/0000-0002-7286-046X
https://orcid.org/0000-0002-7286-046X
https://orcid.org/0000-0001-6669-4816
https://orcid.org/0000-0001-6669-4816
https://doi.org/10.1152/japplphysiol.00799.2015
https://doi.org/10.1152/japplphysiol.00810.2020
https://doi.org/10.1111/sms.12702
https://doi.org/10.1113/jphysiol.2011.221200
https://doi.org/10.1113/jphysiol.2011.221200
https://doi.org/10.1371/journal.pone.0012033
https://doi.org/10.1113/jphysiol.2014.275545
https://doi.org/10.1113/jphysiol.2014.275545
https://doi.org/10.1038/sj.embor.7401062
https://doi.org/10.1016/j.clnu.2013.02.011
https://doi.org/10.1016/j.clnu.2013.02.011
https://doi.org/10.1113/EP086961
https://doi.org/10.1113/EP086961

MARSHALL ET AL.

12 of 14 . . e
;I—Physwloglcal Reports g N\ fhacegea

el ociety

Dirks, M. L., Wall, B. T., van de Valk, B., Holloway, T. M., Holloway,
G. P, Chabowski, A., Goossens, G. H., & van Loon, L. J. (2016a).
One week of bed rest leads to substantial muscle atrophy and
induces whole-body insulin resistance in the absence of skele-
tal muscle lipid accumulation. Diabetes, 65, 2862-2875. https://
doi.org/10.2337/db15-1661

Drake, J. C., & Yan, Z. (2017). Mitophagy in maintaining skeletal
muscle mitochondrial proteostasis and metabolic health with
ageing. The Journal of Physiology, 595, 6391-6399. https://doi.
org/10.1113/JP274337

Edwards, S. J., Smeuninx, B., Mckendry, J., Nishimura, Y., Luo, D.,
Marshall, R. N., Perkins, M., Ramsay, J., Joanisse, S., Philp, A.,
& Breen, L. (2020). High-dose leucine supplementation does
not prevent muscle atrophy or strength loss over 7 days of im-
mobilization in healthy young males. The American Journal
of Clinical Nutrition, 112, 1368-1381. https://doi.org/10.1093/
ajcn/ngaa229

Favaro, G., Romanello, V., Varanita, T., Andrea Desbats, M.,
Morbidoni, V., Tezze, C., Albiero, M., Canato, M., Gherardi, G.,
de Stefani, D., Mammucari, C., Blaauw, B., Boncompagni, S.,
Protasi, F., Reggiani, C., Scorrano, L., Salviati, L., & Sandri, M.
(2019). DRP1-mediated mitochondrial shape controls calcium
homeostasis and muscle mass. Nature Communications, 10, 1-
17. https://doi.org/10.1038/s41467-019-10226-9

Genders, A. J., Holloway, G. P., & Bishop, D. J. (2020). Are alterations
in skeletal muscle mitochondria a cause or consequence of in-
sulin resistance? International Journal of Molecular Sciences,
21, 6948. https://doi.org/10.3390/ijms21186948

Granata, C., Oliveira, R. S. F., Little, J. P., Renner, K., & Bishop, D.
J. (2016). Mitochondrial adaptations to high-volume exercise
training are rapidly reversed after a reduction in training vol-
ume in human skeletal muscle. FASEB Journal, 30, 3413-3423.
https://doi.org/10.1096/fj.201500100R

Groennebaek, T., Jespersen, N. R., Jakobsgaard, J. E., Sieljacks, P.,
Wang, J., Rindom, E., Musci, R. V., Botker, H. E., Hamilton, K.
L., Miller, B. F., de Paoli, F. V., & Vissing, K. (2018a). Skeletal
muscle mitochondrial protein synthesis and respiration in-
crease with low-load blood flow restricted as well as high-load
resistance training. Frontiers in Physiology, 9, 1796. https://doi.
org/10.3389/fphys.2018.01796

Groennebaek, T., Jespersen, N. R., Jakobsgaard, J. E., Sieljacks, P.,
Wang, J., Rindom, E., Musci, R. V., Botker, H. E., Hamilton, K.
L., Miller, B. F., de Paoli, F. V., & Vissing, K. (2018c). Skeletal
muscle mitochondrial protein synthesis and respiration in-
crease with low-load blood flow restricted as well as high-load
resistance training. Frontiers in Physiology, 9, 1796. https://doi.
org/10.3389/fphys.2018.01796

Groennebaek, T., Jespersen, N. R., Jakobsgaard, J. E., Sieljacks, P.,
Wang, J., Rindom, E., Musci, R., Botker, H.E., Hamilton, K.L.,
Miller, B.F., de Paoli, F., & Vissing K. (2018b). Skeletal Muscle
Mitochondrial Protein Synthesis and Respiration Increase
With Low-Load Blood Flow Restricted as Well as High-Load
Resistance Training. Frontiers in Physiology. https://doi.
org/10.3389/fphys.2018.01796

Hafen, P. S., Abbott, K., Bowden, J., Lopiano, R., Hancock, C. R.,
& Hyldahl, R. D. (2019). Daily heat treatment maintains mi-
tochondrial function and attenuates atrophy in human skel-
etal muscle subjected to immobilization. Journal of Applied
Physiology, 127, 47-57. https://doi.org/10.1152/japplphysi
01.01098.2018

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

Hood, D. A., Uguccioni, G., Vainshtein, A., & D’souza, D. (2011).
Mechanisms of exercise-induced mitochondrial biogene-
sis in skeletal muscle: implications for health and disease.
Comprehensive Physiology, 1,1119-1134.

Janssen, R. C., & Boyle, K. E. (2019). Microplate assays for spectro-
photometric measurement of mitochondrial enzyme activity.
In Methods in Molecular Biology, pp. 355-368. Humana Press
Inc. Available at: https://pubmed.ncbi.nlm.nih.gov/31119674/
Accessed 7 April 2021

Joanisse, S., Ashcroft, S., Wilkinson, D. J., Pollock, R. D., O’Brien,
K. A., Phillips, B. E., Smith, K., Lazarus, N. R., Harridge, S. D.
R., Atherton, P. J., & Philp, A. (2020). High levels of physical
activity in later life are asso-ciated with enhanced markers of
mitochondrial metabolism. The Journals of Gerontology: Series
A, 75, 1481-1487. https://doi.org/10.1093/gerona/glaa005

Kim, J., Kundu, M., Viollet, B., & Guan, K. L. (2011). AMPK and
mTOR regulate autophagy through direct phosphorylation of
Ulk1. Nature Cell Biology, 13, 132-141. https://doi.org/10.1038/
ncb2152

Kuang, J., Saner, N. J., Botella, J., Lee, J.-C., Granata C., Wang Z., Yan
X.,LiJ., Genders A.J. & Bishop D.J. (2021). Title: Methodological
Considerations when Assessing Mitochondrial Respiration and
Biomarkers for Mitochondrial Content in Human Skeletal
Muscle, 2 3 4. bioRxiv2021.03.25.436899.

Kumar, V., Atherton, P. J., Selby, A., Rankin, D., Williams, J., Smith,
K., Hiscock, N., & Rennie, M. J. (2012). Muscle protein syn-
thetic responses to exercise: effects of age, volume, and inten-
sity. Journals of Gerontology Series A: Biomedical Sciences and
Medical Sciences, 67,1170-1177.

Laker, R. C., Drake, J. C., Wilson, R. J., Lira, V. A., Lewellen, B. M.,
Ryall, K. A., Fisher, C. C., Zhang, M., Saucerman, J. J., Goodyear,
L. J., Kundu, M., & Yan, Z. (2017). Ampk phosphorylation of
Ulk1 is required for targeting of mitochondria to lysosomes in
exercise-induced mitophagy. Nature Communications, 8, 1-13.
https://doi.org/10.1038/s41467-017-00520-9

Larsen, S., Lundby, A. M., Dandanell, S., Oberholzer, L., Keiser, S.,
Andersen, A. B., Haider, T., & Lundby, C. (2018). Four days of
bed rest increases intrinsic mitochondrial respiratory capac-
ity in young healthy males. Physiological Reports, 6, €13793.
https://doi.org/10.14814/phy2.13793

Leermakers, P. A., Kneppers, A. E. M., Schols, A. M. W. J., Kelders,
M. C. J. M., de Theije, C. C., Verdijk, L. B., van Loon, L. J. C,,
Langen, R. C. J., & Gosker, H. R. (2019). Skeletal muscle un-
loading results in increased mitophagy and decreased mito-
chondrial biogenesis regulation. Muscle and Nerve. https://doi.
0rg/10.1002/mus.26702

Loson, O. C., Song, Z., Chen, H., & Chan, D. C. (2013). Fisl, Mff,
MiD49, and MiD51 mediate Drp1 recruitment in mitochondrial
fission. Molecular Biology of the Cell, 24, 659-667. https://doi.
org/10.1091/mbc.e12-10-0721

Mavelli, I., Buso, A., Comelli, M., Picco, R., Isola, M., Benedetta,
B., Pisot, R., Rittweger, J., Salvadego, D., & Simunic, B. (2019).
Mitochondrial adaptation in elderly and young men skelatal
muscle following two weeks of bed rest and rehabilitation.
Frontiers in Physiology, 10, 474.


https://doi.org/10.2337/db15-1661
https://doi.org/10.2337/db15-1661
https://doi.org/10.1113/JP274337
https://doi.org/10.1113/JP274337
https://doi.org/10.1093/ajcn/nqaa229
https://doi.org/10.1093/ajcn/nqaa229
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.3390/ijms21186948
https://doi.org/10.1096/fj.201500100R
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.3389/fphys.2018.01796
https://doi.org/10.1152/japplphysiol.01098.2018
https://doi.org/10.1152/japplphysiol.01098.2018
https://doi.org/10.1016/j.celrep.2018.02.069
https://pubmed.ncbi.nlm.nih.gov/31119674/
https://doi.org/10.1093/gerona/glaa005
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/s41467-017-00520-9
https://doi.org/10.14814/phy2.13793
https://doi.org/10.1002/mus.26702
https://doi.org/10.1002/mus.26702
https://doi.org/10.1091/mbc.e12-10-0721
https://doi.org/10.1091/mbc.e12-10-0721

MARSHALL ET AL.

§2'The‘ o ) Physiological ReporthB—of14

Mayo, N. E., Feldman, L., Scott, S., Zavorsky, G., Kim, D. I,
Charlebois, P., Stein, B., & Carli, F. (2011). Impact of pre-
operative change in physical function on postoperative re-
covery: argument supporting prehabilitation for colorectal
surgery. Surgery, 150, 505-514. https://doi.org/10.1016/].
surg.2011.07.045

McGlory, C., Gorissen, S. H. M., Kamal, M., Bahniwal, R., Hector,
A. J., Baker, S. K., Chabowski, A., & Phillips, S. M. (2019).
Omega-3 fatty acid supplementation attenuates skeletal muscle
disuse atrophy during two weeks of unilateral leg immobiliza-
tion in healthy young women. The FASEB Journal. https://doi.
0rg/10.1096/1j.201801857RRR

McGlory, C., von Allmen, M. T., Stokes, T., Morton, R. W., Hector, A.
J., Lago, B. A, Raphenya, A. R., Smith, B. K., McArthur, A. G.,
& Steinberg, G. R. (2017). Failed recovery of glycemic control
and myofibrillar protein synthesis with 2 wk of physical inac-
tivity in overweight, prediabetic older adults.

Mesquita, P. H. C., Lamb, D. A., Parry, H. A., Moore, J. H., Smith, M.
A., Vann, C. G., Osburn, S. C., Fox, C. D., Ruple, B. A., Huggins,
K. W, Fruge, A. D., Young, K. C., Kavazis, A. N., & Roberts, M. D.
(2020). Acute and chronic effects of resistance training on skele-
tal muscle markers of mitochondrial remodeling in older adults.
Physiological Reports, https://doi.org/10.14814/phy2.14526

Miotto, P. M., McGlory, C., Bahniwal, R., Kamal, M., Phillips, S. M.,
& Holloway, G. P. (2019). Supplementation with dietary w-3
mitigates immobilization-induced reductions in skeletal mus-
cle mitochondrial respiration in young women. The FASEB
Journalfj-201900095R. https://doi.org/10.1096/1j.201900095R

Mitchell, C.J., Churchward-Venne, T. A., West, D. W. D., Burd, N. A,
Breen, L., Baker, S. K., & Phillips, S. M. (2012a). Resistance ex-
ercise load does not determine training-mediated hypertrophic
gains in young men. Journal of Applied Physiology, 113, 71-77.
https://doi.org/10.1152/japplphysiol.00307.2012

Mitchell, C. J., Churchward-Venne, T. A., West, D. W. D., Burd, N. A.,
Breen, L., Baker, S. K., & Phillips, S. M. (2012b). Resistance ex-
ercise load does not determine training-mediated hypertrophic
gains in young men. Journal of Applied Physiology, 113, 71-77.
https://doi.org/10.1152/japplphysiol.00307.2012

Mitchell, C.J., D’Souza, R. F., Mitchell, S. M., Figueiredo, V. C., Miller,
B. F., Hamilton, K. L., Peelor, F. F., Coronet, M., Pileggi, C. A.,
Durainayagam, B., Fanning, A. C., Poppitt, S. D., & Cameron-
Smith, D. (2018). Impact of dairy protein during limb immobi-
lization and recovery on muscle size and protein synthesis; a
randomized controlled trial. Journal of Applied Physiology, 124,
717-728. https://doi.org/10.1152/japplphysiol.00803.2017

Moller, A. B., Vendelbo, M. H., Christensen, B., Clasen, B. F., Bak,
A. M., Jorgensen, J. O. L., Mpller, N., & Jessen, N. (2015).
Physical exercise increases autophagic signaling through ULK1
in human skeletal muscle. Journal of Applied Physiology, 118,
971-979.

Morton, R. W., Murphy, K. T., McKellar, S. R., Schoenfeld, B. I.,
Henselmans, M., Helms, E., Aragon, A. A., Devries, M. C.,
Banfield, L., & Krieger, J. W. (2018). A systematic review,
meta-analysis and meta-regression of the effect of protein sup-
plementation on resistance training-induced gains in muscle
mass and strength in healthy adults. British Journal of Sports
Medicine, 52, 376-384.

Otera, H., Wang, C., Cleland, M. M., Setoguchi, K., Yokota, S., Youle,
R. J., & Mihara, K. (2010). Mff is an essential factor for mito-
chondrial recruitment of Drpl during mitochondrial fission in
mammalian cells. Journal of Cell Biology, 191, 1141-1158.

I
Society Jogical

Palmer, C.S., Elgass, K. D., Parton, R. G., Osellame, L. D., Stojanovski,
D., & Ryan, M. T. (2013). Adaptor proteins MiD49 and MiD51
can act independently of Mff and Fisl in Drpl recruitment
and are specific for mitochondrial fission. Journal of Biological
Chemistry, 288, 27584-27593.

Palmer, C. S., Osellame, L. D., Laine, D., Koutsopoulos, O. S., Frazier,
A. E., & Ryan, M. T. (2011). MiD49 and MiD51, new compo-
nents of the mitochondrial fission machinery. EMBO Reports,
12, 565-573.

Parry, H. A., Roberts, M. D., & Kavazis, A. N. (2020). Human skeletal
muscle mitochondrial adaptations following resistance exercise
training. International Journal of Sports Medicine, 41, 349-359.

Pollock, R. D., O’Brien, K. A., Daniels, L. J., Nielsen, K. B., Rowlerson,
A., Duggal, N. A, Lazarus, N. R,, Lord, J. M., Philp, A,, &
Harridge, S. D. R. (2018). Properties of the vastus lateralis muscle
in relation to age and physiological function in master cyclists
aged 55-79 years. Aging Cell, https://doi.org/10.1111/acel. 12735

Porter, C., Reidy, P. T., Bhattarai, N., Sidossis, L. S., & Rasmussen,
B. B. (2015). Resistance exercise training alters mitochondrial
function in human skeletal muscle. Medicine and Science in
Sports and Exercise, 47, 1922-1931.

Powers, S. K., Wiggs, M. P., Duarte, J. A., Murat Zergeroglu, A., &
Demirel, H. A. (2012). Mitochondrial signaling contributes
to disuse muscle atrophy. American Journal of Physiology
- Endocrinology and Metabolism, 303, 31-39. Available at:
https://www.ajpendo.org [Accessed 6 April 2021].

Roberts, M., Romero, M., Mobley, C., Mumford, P., Roberson, P.,
Haun, C., Vann, C., Osburn, S., Holmes, H., & Greer, R. (2018).
Skeletal muscle mitochondrial volume and myozenin-1 protein
differences exist between high versus low anabolic responders
to resistance training. PeerJ Preprints.

Robinson, M. M., Dasari, S., Konopka, A. R., Carter, R. E., Lanza,
I. R., Sreekumaran, K., & Correspondence, N. (2017). Clinical
and Translational report enhanced protein translation under-
lies improved metabolic and physical adaptations to different
exercise training modes in young and old humans accession
numbers GSE97084. Cell Metabolism, 25, 581-592.

Romanello, V., Guadagnin, E., Gomes, L., Roder, I., Sandri, C.,
Petersen, Y., Milan, G., Masiero, E., del Piccolo, P., Foretz, M.,
Scorrano, L., Rudolf, R., & Sandri, M. (2010a). Mitochondrial
fission and remodelling contributes to muscle atrophy. The
EMBO Journal, 29, 1774-1785.

Romanello, V., Guadagnin, E., Gomes, L., Roder, I., Sandri, C,,
Petersen, Y., Milan, G., Masiero, E., del Piccolo, P., Foretz, M.,
Scorrano, L., Rudolf, R., & Sandri, M. (2010b). Mitochondrial
fission and remodelling contributes to muscle atrophy. The
EMBO Journal, 29, 1774-1785. https://doi.org/10.1038/
emboj.2010.60

Romanello, V., & Sandri, M. (2020). The connection between the dy-
namic remodeling of the mitochondrial network and the reg-
ulation of muscle mass. Cellular and Molecular Life Sciences
1, 3. Available at: https://doi.org/https://doi.org/10.1007/s0001
8-020-03662-0 [Accessed 17 January 2021].

Romero-Calvo, 1., Ocon, B., Martinez-Moya, P., Sudrez, M. D.,
Zarzuelo, A., Martinez-Augustin, O., & de Medina, F. S. (2010).
Reversible Ponceau staining as a loading control alternative to
actin in Western blots. Analytical Biochemistry, 401, 318-320.

Rosa-Caldwell, M. E., Brown, J. L., Perry, R. A., Shimkus, K. L., Shirazi-
Fard, Y., Brown, L. A., Hogan, H. A., Fluckey, J. D., Washington,
T. A., Wiggs, M. P, & Greene, N. P. (2020). Regulation of mito-
chondrial quality following repeated bouts of hindlimb unload-
ing. Applied Physiology, Nutrition and Metabolism, 45, 264-274.


https://doi.org/10.1016/j.surg.2011.07.045
https://doi.org/10.1016/j.surg.2011.07.045
https://doi.org/10.1096/fj.201801857RRR
https://doi.org/10.1096/fj.201801857RRR
https://doi.org/10.14814/phy2.14526
https://doi.org/10.1096/fj.201900095R
https://doi.org/10.1152/japplphysiol.00307.2012
https://doi.org/10.1152/japplphysiol.00307.2012
https://doi.org/10.1152/japplphysiol.00803.2017
https://doi.org/10.1111/acel.12735
http://www.ajpendo.org
https://doi.org/10.1038/emboj.2010.60
https://doi.org/10.1038/emboj.2010.60
https://doi.org/10.1007/s00018-020-03662-0
https://doi.org/10.1007/s00018-020-03662-0

14 of 14 . . e
;I—Physwloglcal Reports g N\ fhacegea

MARSHALL ET AL.

el ociety

Rosa-Caldwell, M. E., Lim, S., Haynie, W. S., Jansen, L. T., Westervelt,
L. C., Amos, M. G., Washington, T. A., & Greene, N. P. (2020).
Altering aspects of mitochondrial quality to improve mus-
culoskeletal outcomes in disuse atrophy. Journal of Applied
Physiology, 129, 1290-1303.

Sandri, M. (2013). Protein breakdown in muscle wasting: role of
autophagy-lysosome and ubiquitin-proteasome. International
Journal of Biochemistry & Cell Biology, 45, 2121-2129.

Schoenfeld, B. J., Grgic, J., Ogborn, D., & Krieger, J. W. (2017).
Strength and hypertrophy adaptations between low-vs. high-
load resistance training: a systematic review and meta-analysis.
The Journal of Strength & Conditioning Research, 31, 3508-3523.

Seabright, A. P., Fine, N. H. F., Barlow, J. P, Lord, S. O., Musa, I,
Gray, A., Bryant, J. A., Banzhaf, M., Lavery, G. G., Hardie, D.
G., Hodson, D. J., Philp, A., & Lai, Y. C. (2020). AMPK activa-
tion induces mitophagy and promotes mitochondrial fission
while activating TBK1 in a PINK1-Parkin independent manner.
FASEB Journal, 34, 6284-6301.

Shaarani, S. R., O’Hare, C., Quinn, A., Moyna, N., Moran, R., &
O’Byrne, J. M. (2013). Effect of prehabilitation on the outcome
of anterior cruciate ligament reconstruction. American Journal
of Sports Medicine, 41,2117-2127.

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

Smeuninx, B., Elhassan, Y. S., Manolopoulos, K. N., Sapey, E.,
Rushton, A. B., Edwards, S. J., Morgan, P. T., Philp, A., Brook,
M. S., Gharahdaghi, N., Smith, K., Atherton, P. J., & Breen,
L. (2020). The effect of short-term exercise prehabilitation on
skeletal muscle protein synthesis and atrophy during bed rest
in older men. Journal of Cachexia, Sarcopenia and Musclejcsm,
12661.

Song, Z., Ghochani, M., McCaffery, J. M., Frey, T. G., & Chan, D. C.
(2009). Mitofusins and OPA1 mediate sequential steps in mito-
chondrial membrane fusion. Molecular Biology of the Cell, 20,
3525-3532.

Spinazzi, M., Casarin, A., Pertegato, V., Salviati, L., & Angelini, C.
(2012). Assessment of mitochondrial respiratory chain enzy-
matic activities on tissues and cultured cells. Nature Protocols,
7,1235-1246.

Standley, R. A., Distefano, G., Pereira, S. L., Tian, M., Kelly, O. I,
Coen, P. M., Deutz, N. E. P., Wolfe, R. R., & Goodpaster, B. H.
(2017). Effects of f-hydroxy-g-methylbutyrate (HMB) on skel-
etal muscle mitochondrial content and dynamics, and lipids
after 10 days of bed rest in older adults. Journal of Applied
Physiologyjap, 00192, 2017.

Standley, R. A., Distefano, G., Trevino, M. B., Chen, E., Narain, N. R.,
Greenwood, B., Kondakci, G., Tolstikov, V., Kiebish, M. A., & Yu
G. (2020). Skeletal muscle energetics and mitochondrial function
are impaired following 10 days of bed rest in older adults. .

Suetta, C., Hvid, L. G., Justesen, L., Christensen, U., Neergaard,
K., Simonsen, L., Ortenblad, N., Magnusson, S. P., Kjaer, M.,
& Aagaard, P. (2009). Effects of aging on human skeletal mus-
cle after immobilization and retraining. Journal of Applied
Physiology, 107, 1172-1180.

Taguchi, N., Ishihara, N., Jofuku, A., Oka, T., & Mihara, K. (2007).
Mitotic phosphorylation of dynamin-related GTPase Drpl
participates in mitochondrial fission. Journal of Biological
Chemistry, 282, 11521-11529.

Tezze, C. et al (2017). Age-associated loss of OPA1 in muscle impacts
muscle mass, metabolic homeostasis, systemic inflammation,
and epithelial senescence. Cell Metabolism, 25, 1374-1389.¢e6.

Toyama, E. Q., Herzig, S., Courchet, J., Lewis, T. L., Losén, O. C.,
Hellberg, K., Young, N. P., Chen, H., Polleux, F., Chan, D. C., &
Shaw, R. J. (2016). Metabolism: AMP-activated protein kinase
mediates mitochondrial fission in response to energy stress.
Science, 351, 275-281.

Varanita, T., Soriano, M. E., Romanello, V., Zaglia, T., Quintana-
Cabrera, R., Semenzato, M., Menabo, R., Costa, V., Civiletto,
G., Pesce, P.,, Viscomi, C., Zeviani, M., di Lisa, F., Mongillo, M.,
Sandri, M., & Scorrano, L. (2015). The Opal-dependent mito-
chondrial cristae remodeling pathway controls atrophic, apop-
totic, and ischemic tissue damage. Cell Metabolism, 21, 834-844.

Wall, B. T., Dirks, M. L., Snijders, T., Senden, J. M. G., Dolmans, J., &
van Loon, L. J. C. (2014). Substantial skeletal muscle loss occurs
during only 5 days of disuse. Acta Physiologica, 210, 600-611.

Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R., Yarasheski,
K. E., Tarnopolsky, M. A., & Rennie, M. J. (2008a). Differential
effects of resistance and endurance exercise in the fed state on
signalling molecule phosphorylation and protein synthesis in
human muscle. Journal of Physiology, 586, 3701-3717.

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

Yamano, K., Matsuda, N., & Tanaka, K. (2016). The ubiquitin signal
and autophagy: an orchestrated dance leading to mitochondrial
degradation. EMBO Reports, 17, 300-316.

How to cite this article: Marshall, R. N.,
Smeuninx, B., Seabright, A. P., Morgan, P. T.,
Atherton, P. J., Philp, A., & Breen, L. (2022). No
effect of five days of bed rest or short-term
resistance exercise prehabilitation on markers of
skeletal muscle mitochondrial content and
dynamics in older adults. Physiological Reports, 10,
e15345. https://doi.org/10.14814/phy2.15345



http://www.pnas.orgcgidoi10.1073pnas.0501559102
https://doi.org/10.1113/jphysiol.2008.153916
https://doi.org/10.1113/jphysiol.2008.153916
https://doi.org/10.14814/phy2.15345

	No effect of five days of bed rest or short-�term resistance exercise prehabilitation on markers of skeletal muscle mitochondrial content and dynamics in older adults
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Participants
	2.2|Study design
	2.3|Mitochondrial enzyme activity assays
	2.4|Western blotting
	2.5|Statistical analysis

	3|RESULTS
	3.1|Citrate synthase enzyme activity and ETC complex content
	3.2|Markers of mitochondrial dynamics
	3.3|Mitochondrial biogenesis and mitophagy

	4|DISCUSSION
	4.1|Mitochondrial content and function
	4.2|Mitochondrial quality control
	4.3|Mitochondrial biogenesis and mitophagy
	4.4|Resistance exercise prehabilitation

	5|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


