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Abstract

Muscle disuse impairs muscle quality and is associated with increased mortality. Little is known
regarding additive effects of multiple bouts of disuse, which is a common occurrence in patients
experiencing multiple surgeries. Mitochondrial quality is vital to muscle health and quality;
however, to date mitochondrial quality control has not been investigated following multiple bouts
of disuse. Therefore, the purpose of this study was to investigate mitochondrial quality controllers
during multiple bouts of disuse by hindlimb unloading. Male rats (77 ~ 8/group) were assigned to
the following groups: hindlimb unloading for 28 days, hindlimb unloading with 56 days of
reloading, 2 bouts of hindlimb unloading separated by a recovery phase of 56 days of reloading, 2
bouts of hindlimb unloading and recovery after each disuse, or control animals with no unloading.
At designated time points, tissues were collected for messenger RNA and protein analysis of
mitochondrial quality. Measures of mitochondrial biogenesis, such as proliferator-activated
receptor gamma coactivator 1 alpha, decreased 30%—-40% with unloading with no differences
noted between unloading conditions. Measures of mitochondrial translation were 40%-50% lower
in unloading conditions, with no differences noted between bouts of unloading. Measures of
mitophagy were 40%-50% lower with reloading, with no differences noted between reloading
conditions. In conclusion, disuse causes alterations in measures of mitochondrial quality; however,
multiple bouts of disuse does not appear to have additive effects.

Résumé:
L’inactivité des muscles nuit a leurs qualités et est associée a une mortalité accrue. On sait peu de
choses sur les effets additifs de plusieurs épisodes d’inactivité, un phénoméne fréquent chez les
patients subissant plusieurs chirurgies. La qualité mitochondriale est essentielle & la santé et a la
qualité des muscles; cependant, a ce jour, aucun contrdle de la qualité mitochondriale n’est
documenté apres plusieurs épisodes d’inactivité. Ainsi, le but de cette étude est d’examiner les
contrdleurs de qualité mitochondriale au cours de plusieurs épisodes d’inactivité, soit par le
déchargement des membres postérieurs. Des rats males (77~ 8/groupe) sont affectés aux groupes
suivants : déchargement des membres postérieurs pendant 28 jours, déchargement des membres
postérieurs et 56 jours de rechargement, 2 périodes de déchargement des membres postérieurs
séparées par une phase de récupération de 56 jours de rechargement, 2 périodes de déchargement
et de récupération des membres postérieurs aprés chaque inactivité, animaux témoins sans
déchargement. A des moments donnés, des tissus sont prélevés pour I’analyse de I’ ARN messager
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et des protéines de la qualité mitochondriale. Les mesures de la biogenése mitochondriale, telles
que PGC-1a, diminuent de 30 a 40 % avec le déchargement, et ce, sans différence observée entre
les conditions de déchargement. Les mesures de la traduction mitochondriale sont réduites de 40 a
50 % dans les conditions de déchargement, sans différence observée entre les épisodes de
déchargement. Les mesures de la mitophagie sont inférieures de 40 a 50 % avec le rechargement et
aucune différence n’est observée entre les conditions de rechargement. En conclusion, I’inactivité
suscite des altérations dans les mesures de la qualité mitochondriale; cependant, les multiples
épisodes d’inactivité ne semblent pas avoir d’effets additifs. [Traduit par la Rédaction]

Keywords
muscle; disuse; bed rest; mitochondrial biogenesis; mitochondrial dynamics; mitophagy

Mots-clés
muscle; inactivité; repos au lit; biogenése mitochondriale; dynamique mitochondriale; mitophagie

Introduction

Skeletal muscle is one of the most metabolically active tissues in the human body (Kanehisa
et al. 1994,1995) and alterations in skeletal muscle quality and function have significant
implications for whole body health (Bell et al. 2016; Bye et al. 2017; Chacon-Cabrera et al.
2016; Kenny et al. 2017; Leitner et al. 2017; Peng et al. 2012; Phillips et al. 2017).
Treatment of chronic diseases often requires multiple extended hospital visits, which leads to
health consequences independent of the disease itself, such as skeletal muscle wasting (Bell
et al. 2016; Bye et al. 2017; Kenny et al. 2017; Leitner et al. 2017; Peng et al. 2012). For
example, traumatic wounds such as burn injuries may involve multiple hospital stays over an
extended period of time (Sahin et al. 2011). Furthermore, astronauts often experience
multiple extended sessions of unloading because of space flight. While the effects of
mechanical unloading on skeletal muscle have been well-studied, to our knowledge, few
studies have investigated if multiple occurrences of disuse exhibit additive detriments on
muscle quality and function, which may have significant implications for patients with
chronic diseases or traumatic injuries. Shimkus et al. (2018) recently reported that repeated
bouts of hindlimb unloading does not change muscle mass and skeletal muscle protein
synthesis; however, collagen content increased with subsequent bouts of disuse when
compared with a single bout of disuse. However, to our knowledge, this model has not been
utilized to evaluate other potential mediators of muscle quality and size, such as
mitochondrial quality. Mitochondria are critical for muscle mass maintenance (Koves et al.
2008; Sandri et al. 2006), as such understanding alterations in mitochondrial quality control
mechanisms during sequential bouts of disuse may be critical for effective patient
management in those undergoing multiple surgical bouts.

Previous work has found mitochondrial dysregulation with disuse-induced muscle loss
(Cannavino et al. 2015; Liu et al. 2014). As the primary energy and peroxide producers of
the cell, mitochondrial aberrations can cause significant pathologies in skeletal muscle
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(Hyatt et al. 2019; Powers 2014; Powers et al. 2012). Mitochondria have multiple quality
control processes to maintain a functioning network, including: mitochondrial biogenesis
(the creation of new mitochondrial components), translation of mitochondrial encoded
proteins (Lee et al. 2016b), mitochondrial dynamics (the fusion and fission of the
mitochondrial network), and mitophagy (the removal of damaged mitochondria) (Yan et al.
2012). In many cases, dysregulated mitochondrial quality control can induce skeletal muscle
atrophy (Oishi et al. 2008; Romanello and Sandri 2015; Sandri et al. 2006).

Skeletal muscle disuse causes disruptions to all of these mitochondrial quality control
processes (Calvani et al. 2013). Proliferator-activated receptor gamma coactivator 1 alpha
(PGC-1a), the master regulator of mitochondrial biogenesis (Puigserver et al. 1998), has
been reported to be downregulated during hindlimb immobilization (Oishi et al. 2008),
which impairs the synthesis of new mitochondrial components and directly leads to muscle
loss (Sandri et al. 2006). Mitochondrial dynamics are also disrupted during inactivity
(Cannavino et al. 2015). Fission, mediated by mitochondrial regulatory signals
(mitochondrial fission 1 protein (FIS1), dynamin-related protein 1 (DRP1), and
mitochondrial fission factor (MFF)), is the removal of mitochondrial components from the
mitochondrial network (typically for subsequent autophagic removal); whereas fusion of
mitochondrial networks (mediated by mitofusion 1 (MFN1), mitofusion 2 (MFN2), and
mitochondrial dynamin-like GTPase (OPA1)) allows for efficient sharing of mitochondrial
components (Chan 2012; Twig et al. 2008). However, discoordination of the balance
between fission/fusion events can lead to impaired muscle function. Specifically, prior work
has found increased fission proteins (FIS1, DRP1, and MFF) (Romanello et al. 2010;
Westermann 2010) and decreased fusion proteins (MFN1/2 and OPA1) (Westermann 2010)
during disuse atrophy, which may directly contribute to muscle loss (Cannavino et al. 2015;
Chen et al. 2010; Standley et al. 2017). Moreover, key proteins involved in autophagy and
mitophagy (BCL2 interacting protein 3 (BNIP3), PTEN-induced putative kinase 1 (PINK1),
and Parkin) are often dysregulated during skeletal muscle atrophy (Brown et al. 2017a; Kang
et al. 2016), often leading to muscle dysfunction and reduced force output (Zhu et al. 2015).
Finally, translation of mitochondrially encoded proteins (commonly referred to as
mitochondrial translation) may have significant impact on mitochondrial adenosine
triphosphate generation. The content of many of these regulators (mitochondrial
translational initiation factor 2 (mtIF2), mitochondrial translational initiation factor 3
(mtIF3), Tu translation elongation factor mitochondrial (TuFM), and translational activator
of cytochrome c oxidase | (Tacol)) are known to be disrupted during muscle and
mitochondrial pathologies (Boczonadi and Horvath 2014; Lee et al. 2016b). However, to our
knowledge the relative influence of multiple bouts of disuse atrophy on mitochondrial
translation has yet to be investigated.

It is clear that mitochondrial quality regulators are imperative for overall muscle health and
function. More so, these processes may largely influence the maintenance of skeletal muscle
mass; however, if these processes are differentially altered during multiple bouts of
unloading remains unknown and could largely influence patient outcomes. As such,
understanding alterations in mitochondrial quality during multiple bouts of disuse may be
critical for the development of effective therapeutics for muscle pathologies. Therefore, the
purpose of this study was to examine the effects of multiple bouts of disuse and reuse on

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosa-Caldwell et al. Page 5

regulators of mitochondrial quality control using gastrocnemius muscle from our previous
works (Shimkus et al. 2018; Shirazi-Fard et al. 2014).

Materials and methods

Animals and interventions

Experimental design has previously been described (Shimkus et al. 2018; Shirazi-Fard et al.
2013, 2014). Briefly, male Sprague—Dawley rats aged 5.5 months were assigned to the
following groups: (/) cage control (CON), (//) 28 days of hindlimb unloading (HU), (/7)) 28
days HU followed by 56 days of recovery (HU+REC), (/v) 2 HU cycles of 28 days with 56
days of recovery in between unloading (HU+REC+HU), and (V) 2 alternating cycles of 28
days HU and 56 days recovery (HU+REC+HU+REC). All groups contained ~8 animals/
group. A pictorial description of the experimental time course can be found in Fig. 1.
Animal interventions were implemented to allow for animals to be harvested at
approximately the same age (10 or 12 months as detailed in Fig. 1). While these animals
were not all the same age at harvest, prior works using rats measuring similar outcomes have
found no age-related differences in related measures in rats aged 10-12 month (Kimball et
al. 2004). Animals were pair-fed during the first week of each HU period. At designated
timepoints, animals were administered ketamine/xylazine via intraperitoneal injection,
euthanized via exsanguination followed by cervical dislocation. At designated timepoints,
hindlimb muscles were removed and snap frozen in liquid nitrogen for later biochemical
analyses. All procedures and animal work described herein were approved by and conducted
in accordance with the Institutional Animal Care and Use Committee of Texas A&M
University (AUP no. 2008-93), and all animal experiments were performed at Texas A&M
University.

RNA isolation, complimentary DNA (cDNA) synthesis, and quantitative real-time
polymerase chain reaction (PCR)

RNA isolation from gastrocnemius muscle, cDNA synthesis, and quantitative real-time PCR
were performed as previously reported (Brown et al. 2017b; Greene et al. 2015; Lee et al.
2016b). Gastrocnemius muscles were chosen because of their mixed fiber-type phenotype, in
this strain of male rats (Armstrong and Phelps 1984). More so, because disuse-atrophy
appears to differently affect fiber types (Gao et al. 2018; Thomason et al. 1987), the
gastrocnemius muscle provides a mixture of both atrophy-resistant and atrophyprone fibers.
Additionally, because a majority of human skeletal muscle is composed of mixed fibers
(Dahmane et al. 2005; Suter et al. 1993), as such, the gastrocnemius muscle allows for
greater external validity for this model in relation to the human pathologies. SYBR Green
primers were designed using Primer-BLAST through PubMed (Table 1). Custom primers
were designed to produce amplicons between (Kimball et al. 2004) 70 and 150 bp with
melting temperatures at 60 °C, forced to span exon—exon junctions and produced pairs with
potential binding on unintended targets were eliminated from consideration. Amplicon
products were separated on agarose gel and visualized using ethidium bromide under
ultraviolet light to confirm the existence of a single band at the intended size; images were
acquired using a customized gel documentation system with a Nikon Coolpix L820 digital
camera.
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Isolation of protein and immunoblotting

Immunoblotting was performed as we have previously described (Brown et al. 2018, 2015;
Lee et al. 2016a; Perry et al. 2016; Rosa-Caldwell et al. 2017). The following antibodies
were used to probe Western blot membranes: cytochrome ¢ oxidase subunit IV (COXIV)
(Cell Signaling Technology, Danvers, Mass., USA; 4844), voltage-dependent anion channel
(VDAC) (Cell Signaling; 4661), PGC-1a. (Santa Cruz Biotechnologies, Santa Cruz, Calif.,
USA,; s¢-13067), Parkin (Cell Signaling; 4211), phosphorylated (p)-Parkinser8> (Abcam,
Cambridge, Mass., USA; ab154995), Pinkl (Santa Cruz; s¢-517353), MFN1 (Santa Cruz;
5¢-50330), MFN2 (Santa Cruz; s¢-50331), Fisl (Santa Cruz; sc-48865), Opal (Santa Cruz;
5¢-367890), microtubule-associated proteins 1A/1B light chain 3A and 3B (LC3A/B) (also
referred to as LC3II/1; Cell Signaling, 4108), BCL2/adenovirus E1B 19 kDa protein-
interacting protein 3 (BNIP3) (Cell Signaling; 3769), p62/sequestosome-1 (SQSTM1)
(MilliporeSigma, St. Louis, Mo., USA; p0067).

Statistical analysis

Results

To delineate differences between CON, HU, HU+REC, HU+REC+HU, and HU+REC+HU
+REC, a 1-way ANOVA with preplanned contrasts was utilized (PROC GLM). These
preplanned contrasts were chosen to investigate the specific research question regarding
differences between multiple bouts of unloading and recovered conditions while maximizing
power over a traditional 1-way ANOVA. More so, these contrast statements are orthogonal
as previously described (Myers et al. 2010) and thereby providing the type | error control of
a 1-way ANOVA while partitioning the comparisons. Specific comparisons included CON
versus hindlimb unloading (HU combined; combining both the single (HU) and repeat (HU
+REC+HU) bouts of hindlimb unloading) to compare how unloading overall compares to
control (in the results section delineated as HU combined); 1 HU versus HU+REC+HU, to
compare how multiple bouts of unloading compare to a singular unloading; CON versus
recovery (recovery combined: combining both single (HU+REC) and repeat (HU+REC+HU
+REC) bouts of recovery to investigate how recovery after unloading overall compares to
CON (in the results section delineated as recovery combined); HU+REC versus HU+REC
+HU+REC to investigate differences between bouts of recovery; and finally HU (combining
both HU groups) versus recovery (combining both reloading groups) to investigate how
unloading compares with recovery. Differences were considered statistically significant at p
< 0.05. All messenger RNA (mRNA) and protein data are presented relative to CON
animals. For clarification, all MRNA targets are italicized and lowercase, while protein
targets are not italicized and uppercase. All data were analyzed using the Statistical Analysis
System (SAS; version 9.3, Cary, N.C., USA) and expressed as means + SEM.

Both a single bout of 28-day hindlimb unloading and multiple bouts of hindlimb unloading
(HU+REC+HU) impair mitochondrial biogenesis, and PGC-1a protein content does recover
with reloading

Phenotypic characteristics of these animals have been previously reported (Shimkus et al.
2018; Shirazi-Fard et al. 2014). In short, tissue weight of the gastrocnemius muscle was
significantly and equally reduced by ~25% following either a single bout of hindlimb
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unloading or a repeat disuse period (HU+REC+HU) (HU combined) without differences
between bouts (Shimkus et al. 2018; Shirazi-Fard et al. 2014). There were no differences
noted among any groups on protein content of COXIV (Figs. 2A and 2H; p value range
0.4982-0.935). There were also no differences noted among groups on protein content of
VDAC (Figs. 2B and 2H; pvalue range 0.153-0.970). Pgc-Ia mRNA content was
approximately 50% lower in HU combined compared with CON (Fig. 2C; p=0.002),
though no differences were noted between unloaded groups (Fig. 2C; p= 0.559). There was
a nonsignificant mean decrease in Pgc-Ia mRNA (p = 0.085) with recovery combined (HU
+REC and HU+REC+HU+REC) compared with CON animals (Fig. 2C). There was no
difference between recovery conditions (HU+REC and HU+REC+HU+REC) (Fig. 2C; p=
0.544), although HU combined had ~30% lower Pgc-Ia mRNA content compared with
recovery combined (Fig. 2C; p= 0.050). PGC-1a protein content was ~50% lower in HU
combined compared with CON (Figs. 2D and 2H; p= 0.0418), and there were no differences
between HU and HU+REC+HU (Fig. 2D; p= 0.151). More so recovery combined had
~40% lower PGC-1a content compared with CON (p = 0.030), though no differences were
noted between these groups and HU groups, respectively (Fig. 2D; p= 0.950). Nrf2mRNA
content was reduced ~70% with HU combined (Fig. 2E; p = 0.0002), with no differences
between these conditions (Fig. 2E; p=0.913). Additionally, recovery combined were ~50%
lower overall compared with CON (Fig. 2E; p= 0.0009); however, this appeared to be
largely driven by differences between recovery conditions, with HU+REC having 70% less
NrfZ mRNA compared with HU+REC+HU+REC (Fig. 2E; p= 0.0231). Mitochondrial
transcription factor A mRNA content was not different between any groups (Fig. 2F; p
values ranging from 0.0922-0.696). Furthermore, Poara mRNA content was ~50% lower in
HU combined compared with CON (Fig. 2G; p = 0.0015), with no differences between
recovery combined groups compared with CON (Fig. 2G; p= 0.602).

Hindlimb unloading dysregulates mitochondrial genome-specific translation machinery

There were no significant differences in mRNA content noted on mitochondrial translation
initiation factor mt/f2between conditions (Fig. 3A; p values range from 0.116-0.969). There
was 50% lower mt/F3 mRNA content in HU animals compared with control (Fig. 3B; p=
0.0156). HU animals also had ~40% lower mt/F3 mRNA content compared with recovery
animals; however, this did not reach statistical significance (p = 0.054; Fig. 3B) without any
further differences between groups noted (p value range 0.418-0.667). HU combined rats
had ~50% lower 7ufm mRNA content compared with CON (Fig. 3C; p=0.0085) with no
differences noted between HU conditions (Fig. 2C; p=0.7196). CON did not differ from
recovery combined (Fig. 3C; p=0.6032) and there were no differences between HU+REC
and HU+REC+HU+REC (Fig. 3C; p=0.6585). HU combined had ~40% lower mMRNA
content of 7ufm compared with recovery conditions (Fig. 3C; p=0.0067). Similarly, 7acol
MRNA content was ~50% lower in HU combined groups compared with CON (Fig. 3D; p=
0.0099) with no differences between HU and HU+REC+HU (Fig. 3D; p= 0.477), between
CON and recovery combined (Fig. 3D; p= 0.228), between either HU+REC and HU+REC
+HU+REC (Fig. 3D; p=0.281) or recovery combined and HU combined conditions (Fig.
3D; p=0.0692).
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Mitochondrial fission is dysregulated following multiple bouts of disuse, though
mitochondrial fusion does not appear affected by single or multiple bouts of disuse

There were no significant changes in the mRNA or protein content between groups of the
regulators of mitochondrial fusion regulator Opal (Fig. 4A). For Mfn1, CON was not
different from HU combined conditions (Fig. 4B; p = 0.989); however, this appears to be
largely driven by differences in Mfn1 content between HU conditions, with HU+REC+HU
having ~8.5-fold greater Mfn1 content compared with HU (Fig. 4B; p=0.026). No further
differences for Mfn1 were noted (Fig. 4B; p values ranging from 0.113-0.459). However,
there was a nonsignificant mean increase in M2 mRNA content in HU combined
compared with recovery combined (p = 0.052; Fig. 4C). There were no other differences
noted between groups (o values ranging from 0.087-0.776; Fig. 3C). For DrpZ mRNA
content, CON compared with HU combined conditions approached statistical significance (p
= 0.069; Fig. 4D), with an overall mean decrease of ~30% in HU combined conditions.
There were no differences between HU versus HU+REC+HU conditions (p = 0.735; Fig.
4D), or CON versus recovery combined (p = 0.724; Fig. 4D) for DrpZ mRNA content.
However, HU+REC+HU+REC had approximately 200% greater DrpZ mRNA content
compared with HU+REC (p = 0.007; Fig. 4D). Additionally, HU combined and recovery
combined conditions were different, with recovery combined having ~2-fold more Drp1
content compared with HU combined (p = 0.013; Fig. 4D), which appeared to be driven by
HU+REC+HU+REC. FisZ mRNA content was ~60% lower in HU groups compared with
CON (Fig. 4E; p=0.012), with no differences between HU and HU+REC+HU (Fig. 4E; p=
0.343). No other differences for Fis7 mMRNA were noted (Fig. 4E; p value range 0.863—
0.720). mRNA content of Mffwas not altered between experimental groups (p values
ranging from 0.0941-0.974; Figs. 4E and 4F).

Disuse caused an increase in machinery for autophagosome initiation and clearance

There was no difference between groups with regard to mRNA content of Beclin (p values
ranging from 0.392-0.842; Fig. 5A). Regarding autophagy related 7 mRNA content, while
HU combined conditions did not differ from CON (Fig. 5B; p = 0.264), HU was ~4-fold
greater compared with HU+REC+HU (Fig. 5B; p = 0.0038), suggesting a divergent response
between multiple bouts of unloading. Total LC3 protein content did not change across
conditions (p values ranging from 0.077-0.458, Figs. 5C and 5H). LC3I1/1 ratio was
approximately 2-fold greater in HU combined conditions compared with CON (Figs. 5D and
5H; p=0.008) as well as approximately 2-fold greater compared with recovery combined
conditions (Figs. 5D and 5H; p=0.004), with no other differences noted between HU
conditions (Figs. 5D and 5H; p=0.561), recovery conditions (Figs. 5D and 5H; p=0.871,)
or recovery conditions compared with CON (Figs. 5D and 5H; p=0.819). More so, LC3lI
itself demonstrated a similar pattern, though HU combined conditions compared with CON
did not reach statistical significance (Figs. 5E and 5H; p = 0.052). However, recovery
combined compared with HU combined conditions did reach statistical significance (Figs.
5E and 5H; p = 0.003), with no further differences noted (p values ranging 0.318-0.513;
Figs. 5E and 5H). mRNA content of p62was not different across any comparisons (o values
ranging from 0.154-0.999, Fig. 5F). p62 protein content was ~50% lower in HU combined
and recovery combined conditions compared with CON (Figs. 5G and 5H; p=0.007 and p=
0.004, respectively). Regarding mitophagy, HU combined and recovery combined conditions
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had ~40% lower mRNA content of Bnjp3 compared with CON (Fig. 6A; p=0.047 and p=
0.046, respectively), with no other differences noted (Fig. 6A; p values ranging from 0.486-
0.900). BNIP3 protein content was also ~50% lower in recovery combined conditions
compared with CON (Figs. 6B and 6G; p = 0.028); however, no further differences were
noted (p values ranging from 0.094-0.863; Figs. 6B and 6G). There were no differences in
PINK1 protein content between any comparisons (p values ranging from 0.221-0.844; Figs.
6C and 6G). Also, no differences were noted for Parkin protein content between
comparisons (p values ranging from 0.176-0.806; Figs. 6D and 6G). However, for
phosphorylated-ParkinSe6® a mean decrease of ~40% was noted between recovery
combined compared with CON; however, this did not reach statistical significance (p=
0.051; Figs. 6E and 6G). More so, a similar pattern was noted in p-ParkinSe85/Parkin ratios,
and this difference between recovery combined and CON conditions reached statistical
significance (Figs. 6F and 6G; p= 0.027). No other differences between p-Parkin or p-
Parkin/Parkin ratios were noted (p values ranging from 0.113-0.860; Figs. 6E-6G).

Discussion

Prior literature has reported that single bouts of disuse negatively affect mitochondrial
quality control mechanisms (Cannavino et al. 2015; Chacon-Cabrera et al. 2016; Sandri et
al. 2006); however, to our knowledge we are the first to investigate the effects of multiple
bouts of unloading on these parameters. These data are clinically relevant for pathologies
requiring multiple extended hospital visits or countless sedentary populations. The current
study provides important initial data on the cellular signaling mechanisms occurring within
skeletal muscle mitochondria exposed to multiple bouts of disuse. Our data demonstrate that
disuse induced few differences between single and repeated bouts of unloading on many
measures of mitochondrial quality; however, some markers of mitochondrial biogenesis
appear to never fully recover following unloading and many markers of mitophagy appear
altered during recovery following hindlimb unloading.

Mitochondrial content (measured by both COXIV and VDAC protein) did not change
throughout multiple bouts of hindlimb unloading. Intriguingly, while mitochondrial content
may not be affected from repeated bouts of disuse, PGC-1a. (the master regulator of
mitochondrial biogenesis (Puigserver et al. 1998) protein and mRNA along with other
markers of mitochondrial biogenesis are disrupted after 28 days of unloading and do not
appear to recover from 56 days of reloading. Overall, this discoordination between
biogenesis and total mitochondrial content may suggest a reduction in mitochondrial
turnover. Reduced mitochondrial turnover may then influence overall mitochondrial
respiration; however, it is important to note we did not specifically measure mitochondrial
respiration and future research would be needed to substantiate these claims. Additionally,
disuse downregulated the mRNA content of mitochondrial genome specific translation
activators and elongation factors 7acol and 7ufm, respectively. These enzymes are crucial
for synthesizing protein subunits encoded in the mitochondrial genome that are vital for
electron transport (Perez-Martinez et al. 2008). The influence of 7acol and 7ufm may be
interesting future research avenues for disuse atrophy, as disruptions in electron transport
appear to influence peroxide production in mitochondria (Alleman et al. 2014; Battersby and
Richter 2013; Souto Padron de Figueiredo et al. 2015). Increased reactive oxygen species
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(ROS) production is currently one of the leading hypothesizes for the development of
atrophy (Powers 2014; Powers et al. 2012); therefore, further investigations into upstream
regulators of ROS production such as mitochondrial translation may be fruitful research
avenues. Taken together, our data suggest multiple bouts of unloading decrease measures of
mitochondrial biogenesis, without affecting content, and these alterations appear to persist
even after other indices of skeletal muscle recovery (such as muscle mass (Shimkus et al.
2018)) have stabilized with reloading.

Overall, mitochondrial fusion s did not appear to be differentially altered by single or
multiple bouts of hind limb unloading. However, mitochondrial fission, measured by Drp1
and F7sI mRNA content, which showed a nonsignificant mean decrease with multiple bouts
of unloading. DRP1 and FIS1 proteins are critical for the fission of mitochondria, so a
reduction in the expression of these markers may lead to mitochondrial structural and
functional dysregulation (Kornfeld et al. 2018). Dysregulated Drp1 content influences
protein turnover by disrupting protein synthesis (Touvier et al. 2015), which is altered during
unloading in these rats (Shimkus et al. 2018). More so, mitochondrial fission is also
imperative for effective mitophagy, allowing for fission of dysfunctional mitochondrial
components for mitophagy (Chan 2012). The pathological stimuli of HU may be sufficient
to induce decreases in mitochondrial fission, which then may precipitate a decrease in
overall mitophagy that we found in recovery conditions. However, we cannot delineate the
specific role of altered fission expression on hindlimb unloading-mediated muscle loss at
this time, as such, future investigations are warranted on the mechanistic influence of
mitochondria fission on multiple bouts of disuse.

Our mRNA and protein data suggest autophagosomal formation and clearance are increased
as a response to hindlimb unloading. We observed marked increases in LC3I1/I ratio in HU
and HU+REC+HU animals as well as an increase in LC3II protein content without any
changes in total LC3 content, suggesting that disuse atrophy results in enhanced
autophagosomal formation. Interestingly, this process does not appear to have any additive
effects with multiple bouts of disuse, provided that sufficient recovery is given in between
disuse bouts. More so, autophagosomal clearance, as measured by p62 protein (Klionsky et
al. 2016), was increased in all experimental groups without any differences in p62 mRNA
content. Our combined mRNA and protein data for p62 suggest the muscle cell is not
altering the manufacture of p62 protein, but in fact degrading p62 at a higher rate through
the autophagic process. Interestingly, this alteration affected all experimental groups and
may suggest rates of autophagic clearance are still elevated during disuse recovery. It is
entirely possible that the induction of autophagy machinery provides a protective effect such
as the removal of damaged or misfolded proteins (Mammadova et al. 2019), which are
elevated with hindlimb immobilization (Baehr et al. 2016). However, excessive autophagy
induction can also play a large role in disuse-associated muscle wasting (Zhao et al. 2018),
and excessive autophagy resolution may have unknown impacts on musculoskeletal health
across the lifespan. More research is needed to fully understand the implications of
autophagy resolution on long term muscular health.

We did not note any differences between multiple bouts of unloading on measures of
mitophagy; however, we do note decreases in multiple markers of mitophagy, specifically
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BNIP3 (both mRNA and protein) and p-Parkinse"85/Parkin ratio during recovery from
hindlimb unloading. This finding contradicts prior research indicating increases in
mitophagy machinery with hindlimb unloading (Kang and Ji 2016). These differences may
be partially explained by differences of experimental design, where the prior study utilized
much shorter time points (14 days of immobilization followed by 5 days of remobilization).
As such it is plausible that mitophagy is increased shortly following reloading, potentially as
a protective mechanism to remove swollen and/or dysfunctional mitochondria that are
commonly noted in disuse atrophy (Grumati et al. 2010; Masiero et al. 2009). However, after
sufficient reloading, mitophagy may then undergo a compensatory decrease to align with the
reduced mitochondrial biogenesis that occurred during the disuse atrophy. This hypothesis
would agree with prior work from our laboratory (Greene et al. 2015) establishing that
PGC-1a regulates many aspects of mitochondrial quality control mechanisms, including
mitophagy, and may suggest a temporal component for mitochondrial alterations during
disuse atrophy and reloading. Importantly, this decrease in mitophagy may influence
contractile function, despite mass being restored (Gouspillou et al. 2018; Zhang et al. 2013)
and potentially be related to the increased collagen deposition noted in these animals
(Shimkus et al. 2018).

In summary, the current study utilizes the hindlimb unloading model as a preclinical model
to examine the effects of multiple bouts of extended disuse that may occur with imposed
bedrest or hospital visits. This is the first study to investigate mitochondrial quality control
regulators during disuse and after recovery from disuse, both with single and multiple bouts.
We observed altered signaling of the mitochondrial regulatory processes (biogenesis,
dynamics, and mitophagy), which provides important insight into the potential mechanisms
behind mitochondrial degeneration that are observed in hindlimb unloading. Intriguingly,
these data suggest that mitochondrial content is not altered during these stimuli; whereas,
markers of mitochondrial biogenesis and mitochondrial breakdown are decreased with
unloading and recovery, respectively, suggesting a possible temporal response of
mitochondrial turnover during disuse and reloading and warranting further study.
Regardless, alterations in mitochondrial turnover processes may influence the development
of muscle pathologies and subsequent muscle quality (Kang and Li Ji 2012). Additionally, as
prior research has clearly demonstrated differential responses of different fiber types to
disuse atrophy (Gao et al. 2018; Thomason et al. 1987), more studies on repeated bouts of
disuse using muscles with different fiber type compositions are likely warranted to
determine if these responses are conserved across different muscle fibers. In conclusion, this
is the first study to provide valuable data on mitochondrial alterations after multiple bouts of
disuse and is an important first step in examining muscle pathologies present with repeated
bouts of disuse.
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Novelty
. Disuse atrophy causes multiple alterations to mitochondrial quality control.
. With sufficient recovery most detriments to mitochondrial quality control are
fixed.
. In general, multiple bouts of disuse do not produce additive effects.
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Les nouveautés

. L’atrophie d’inactivité entraine de multiples altérations du contréle de la
qualité des mitochondries.

. Une récupération suffisante permet une correction de la plupart des
inconvénients du contrdle de la qualité des mitochondries.

. En général, de multiples épisodes d’inactivité ne produisent pas d’effets
additifs.
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Fig. 1.

Pictorial description of the experimental design. HU and HU+REC animals-initiated
interventions at 9 months of age. HU+REC+HU- and HU+REC+HU+REC-initiated
interventions at 6 months of age. HU and HU+REC+HU animals were harvested at 10
months of age. HU+REC, HU+REC+HU+REC, and CON animals were harvested at 12
months of age. NA, not applicable. See Materials and methods section for explanations of
groups.
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Immunoblot and rt-qPCR analysis for regulators of mitochondrial biogenesis and markers
for mitochondrial content during bouts of hindlimb unloading or recovery. (A-G) rt-qPCR
or immunoblot quantification. (H) Representative immunoblots. 7 of ~8 per group was
utilized. Lettering denotes statistical significance at an a. set at p < 0.05. See text for

definitions of terms.
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rt-qPCR analysis for translation initiation and elongation factors for proteins encoded in the

mitochondrial genome. (A-D) rt-qPCR quantification. n of ~8 per group was utilized.
Lettering denotes statistical significance at an alpha set at p < 0.05. See text for definitions
of terms.

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rosa-Caldwell et al.

Page 22

15 25 b a,b 2.5
a,
w 2.0 ‘Itz 2.0 T
® 10 & <
- 15 = 15
- T T - a,b ‘g T
é os § 1.0 E 1.0
0.5 a 0.5
T
0.0 0.0 0.0
I I R S
S O &R & S gL & O &P L
S & ¥ & ¥ &R
& & & &L A \),é"
Fission * ¢ )
20 c 1.5 a 2.0
w 1.5 » 15
® ab.c a @ 10 . ab ;"?
;é_- 1.0 T b E % a & 1.0 T
i 05 =
Qs a b 0.5 =
T
00 * 2D LN L oo
S O E XD & TR &L S RN E
3 &L P & A
E X N L Pl
Nals ® & Sl
& & K ¥ &
& 2y &
® ¥ L
Fig. 4.

rt-qPCR analysis for regulators of the fission and fusion of mitochondrial membranes. (A-
C) Regulators for fusion of mitochondrial membranes. (D-F) Regulators for fission of
mitochondrial membranes. 7 of ~8 per group was utilized. Lettering denotes statistical
significance at an a set at p< 0.05. See text for definitions of terms.
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Immunoblot and rt-qPCR analysis for regulators of autophagy. (A-G) rt-qPCR or

immunoblot quantification. (H) Representative immunoblots. 77 of ~8 per group was utilized.

Lettering denotes statistical significance at an a set at p< 0.05. See text for definitions of

terms.
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Immunoblot and rt-qPCR analysis for regulators of mitophagy. (A-F) rt-gPCR or
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immunoblot quantification. (G) Representative immunoblots. 77 of ~8 per group was utilized.
Lettering denotes statistical significance at an a set at p< 0.05. See text for definitions of

terms.
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