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Abstract

Background: Radiotherapy is commonly used to treat childhood cancers and can have adverse effects on muscle
function, but the underlying mechanisms have yet to be fully elucidated. We hypothesized that endurance exercise
following radiation treatment would improve skeletal muscle function.

Methods: We utilized the Small Animal Radiation Research Platform (SARRP) to irradiate juvenile male mice with a
clinically relevant fractionated dose of 3x (every other day over 5 days) 8.2 Gy X-ray irradiation locally from the knee
to footpad region of the right hindlimb. Mice were then singly housed for 1 month in cages equipped with either
locked or free-spinning voluntary running wheels. Ex vivo muscle contractile function, RT-gPCR analyses, resting cyto-
solic and sarcoplasmic reticulum (SR) store Ca”t levels, mitochondrial reactive oxygen species levels (MitoSOX), and
immunohistochemical and biochemical analyses of muscle samples were conducted to assess the muscle pathology
and the relative therapeutic impact of voluntary wheel running (VWR).

Results: Irradiation reduced fast-twitch extensor digitorum longus (EDL) muscle-specific force by 27% compared to
that of non-irradiated mice, while VWR post-irradiation improved muscle-specific force by 37%. Radiation treatment
similarly reduced slow-twitch soleus muscle-specific force by 14% compared to that of non-irradiated mice, while
VWR post-irradiation improved specific force by 18%. We assessed intracellular Ca?* regulation, oxidative stress, and
mitochondrial homeostasis as potential mechanisms of radiation-induced pathology and exercise-mediated rescue.
We found a significant reduction in resting cytosolic Ca?™ concentration following irradiation in sedentary mice.
Intriguingly, however, SR Ca?* store content was increased in myofibers from irradiated mice post-VWR compared to
mice that remained sedentary. We observed a 73% elevation in the overall protein oxidization in muscle post-irradi-
ation, while VWR reduced protein nitrosylation by 35% and mitochondrial reactive oxygen species (ROS) production
by 50%. Finally, we found that VWR significantly increased the expression of PGCla at both the transcript and protein
levels, consistent with an exercise-dependent increase in mitochondrial biogenesis.

Conclusions: Juvenile irradiation stunted muscle development, disrupted proper Ca’* handling, damaged mito-
chondria, and increased oxidative and nitrosative stress, paralleling significant deficits in muscle force production.
Exercise mitigated aberrant Ca?* handling, mitochondrial homeostasis, and increased oxidative and nitrosative stress
in a manner that correlated with improved skeletal muscle function after radiation.
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Background

Radiotherapy is the standard care for cancer patients,
being used on roughly 50% of all patients at some point
during treatment [1]. While radiation’s cytotoxic effects
are intended to target transformed cancer cells, off-tar-
get effects have been observed that can lead to impaired
muscle growth and function [2-5]. Radiation can be
particularly disruptive to juvenile cancer patients as it
primarily acts by damaging DNA and disrupting proper
temporal gene expression that is necessary for proper
development. Juvenile cancer survivors suffer from accel-
erated aging and experience muscle weakness and atro-
phy in the irradiated limb, decreasing quality of life [6-9].
Thus, understanding the mechanisms by which radiation
disrupts proper skeletal muscle development and func-
tion could aid in improved treatment outcomes of the
ever-growing cancer survivor population.

Ionizing radiation has a multitude of effects at the cel-
lular level, most notably inducing damage to DNA, pro-
teins, and lipids alike, which can lead to cell cycle arrest
and cell death if left unresolved [10]. Mitochondrial DNA
is even more vulnerable to damage induced by ionizing
radiation due to the relatively less efficient damage repair
mechanisms [11, 12]. Mitochondrial damage results in
increased reactive oxygen species (ROS) production,
mitophagy, and mitochondrial dysfunction, leading to
disrupted ATP production and diminished muscle func-
tion [13, 14]. While low levels of oxidative stress play an
important role in cell signaling [15, 16], excessive oxida-
tive stress disrupts proper protein-protein interactions,
alters gene expression, and impairs organelle and mem-
brane integrity [15, 17]. Furthermore, juvenile irradia-
tion significantly alters the expression of Ca®*-handling
proteins that leads to disruption of both Ca®>*-dependent
cellular signaling processes and excitation-contraction
coupling in the skeletal muscle [4].

Exercise, on the other hand, exhibits an array of benefi-
cial effects on overall health, along with direct adaptive
responses to the skeletal muscle itself. Exercise promotes
protein translation, leading to increased turnover of
damaged proteins and organelles [16, 18]. Similarly, pro-
longed exercise increases mitochondrial content in part
through an upregulation of Pgcla, the master regulator of
mitochondrial biogenesis [15, 19-21]. Due to increased
ATP demand with exercise, there is an increased pro-
duction of ROS and reactive nitrogen species (RNS) as
byproducts of mitochondrial respiration following sus-
tained muscle activity [16]. However, exercise concomi-
tantly upregulates the antioxidant response in the skeletal

muscle to scavenge excess ROS/RNS [22, 23]. In addi-
tion to an upregulated antioxidant response, exercise
promotes adaptations in the Ca*" handling machinery
to support efficient, repetitive muscle contractions [19].
One such adaptation includes alterations in spatial locali-
zation of proteins and organelles to allow for more effi-
cient Ca** handling and signaling including the increased
association of the mitochondria with calcium release
units, improving mitochondrial Ca®* uptake/function,
and enhancing store-operated Ca* entry [19, 20, 22].

Here, we examined the effects of endurance exercise on
skeletal muscle growth and function in mice subjected to
juvenile fractionated irradiation. We further demonstrate
that 1 month of endurance exercise mitigates muscle
functional deficits following juvenile hindlimb irradia-
tion. This was associated with corrections in calcium
handling and oxidative/nitrosative stress.

Methods

Animals

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
All procedures involving animals were approved by the
Institutional Animal Care and Use Committee (IACUC)
at the University of Rochester called the University Com-
mittee on Animal Resources (UCAR). C57BL/6] juve-
nile/adult (1-3-month-old, Jackson Labs) male mice
were used for all experiments and were singly housed at
8 weeks of age in accordance with the UCAR protocol.
Mice were maintained on a 12:12 light/dark cycle and
provided ad libitum access to pelleted feed and standard
drinking water (Hydropac)

SARRP radiation

All ionizing X-ray irradiation was delivered using the
Small Animal Radiation Research Platform (SARRP,
XStrahl) with a 10 x 25 mm variable collimator as pre-
viously described [3, 4]. Mice were anesthetized with
vaporized isoflurane. Fractionated irradiation was
administered to 4-week-old mice using 3 fractions of
8.2-Gy radiation delivered on Monday, Wednesday, and
Friday. Radiation was delivered locally to the lower right
hindlimb from the footpad to the tibial plateau.

Voluntary wheel running exercise

Low-profile wireless rodent wheels (ENV-047 wheels,
Med Associates, Fairfax, VT, USA) were used in singly
housed mouse cages to track chronic endurance exercise
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running activity over a 4-week period, with sedentary
control animals placed in cages having wheels that were
locked and unable to rotate. Wheels were connected to a
wireless central hub that recorded running activity every
30 s in the Wheel Manager software, with the Wheel
Analysis software (Med Associates) used to report data
as the total distance run each day (km/day). The percent-
age of daytime running activity was reported as the total
running activity that was conducted during the 12 h daily
that the lights were on. Once mice were removed from
the wheels, terminal experiments were performed imme-
diately thereafter.

Ex vivo muscle force generation assessment

Muscle force generation capacity was analyzed for EDL
and soleus muscles using the Aurora Scientific (ASI)
muscle contraction system [21, 24, 25]. Briefly, mice were
anesthetized with vaporized isoflurane, the tibialis ante-
rior (TA) muscle removed, and then the proximal and
distal tendons of the EDL or soleus muscles were sutured
and removed. The muscles were adjusted to their optimal
length (Lo), electrically stimulated at increasing frequen-
cies, subjected to three 150-Hz warm-up stimulations,
and then finally assessed for force generation capacity.
Muscle force data were recorded and analyzed with the
Dynamic Muscle Control (DMC) and Analysis (DMA)
software. Physiologic cross-sectional area (P-CSA) was
calculated as (muscle weight [mg])/(1.056 x (0.44 or
0.71) x length [mm]), where 1.056 = muscle density [g/
cm?®], 0.44 = EDL angular factor, and 0.71 = soleus angu-
lar factor [26].

RNA extraction and RT-qPCR

RNA isolation and RT-qPCR were performed as previ-
ously described [21]. Briefly, the gastrocnemius muscles
were removed, flash-frozen in TRIzol Reagent (Life Tech-
nologies), homogenized, and RNA isolated using RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s
protocols. Then, cDNA was synthesized using the qScript
c¢DNA SuperMix (QuantaBio). RT-qPCR was performed
on a Step One Plus Real-Time PCR machine (Applied
Biosystems) using SYBR Green FastMix (QuantaBio).
Transcript levels from each experiment were standard-
ized to their internal Gapdh gene expression and then
normalized to the control condition.

For qPCR, we used the following primers:

Dnmll forward primer 5-TTACGGTTCCCTAAA
CTTCACG-3’

Dnmll reverse primer 5-GTCACGGGCAACCTT
TTACGA-3'

Fisl1 forward primer 5-TGTCCAAGAGCACGC
AATTTG-3'
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Fisl reverse primer 5-CCTCGCACATACTTT
AGAGCCTT-3/

Mfnl forward primer 5-CCTACTGCTCCTTCT
AACCCA-3

Mfnl reverse primer 5-AGGGACGCCAATCCT
GTGA-3’

Pgcla forward primer 5-TATGGAGTGACATAG
AGTG-3

Pgcla reverse primer 5-CCACTTCAATCCACC
CAGAAAG-3/

Tissue sectioning and immunostaining

The muscles were removed, placed in 30% sucrose over-
night at 4 °C, embedded in OCT (Tissue Tek), flash-
frozen using dry ice-cooled isopentane, stored at — 80
°C, and sectioned at 10 um thickness. Prior to immu-
nostaining, tissue sections were fixed in 4% PFA (except
muscle fiber type sections), permeabilized with PBS-T
(0.2% Triton-x-100 in PBS) for 10 min, and blocked in
10% normal goat serum (NGS, Jackson ImmunoRe-
search) for 30 min at room temperature (RT), then pri-
mary antibodies were applied. If using mouse primary
antibodies, sections were blocked in 3% AffiniPure Fab
fragment goat anti-mouse (Jackson ImmunoResearch)
with 2% NGS at RT for 1 h. Primary antibody incuba-
tion in 2% NGS/PBS was performed for 2 h at RT or
overnight at 4 °C followed by secondary antibody incu-
bation for 1 h at RT. DAPI staining was performed
to identify the nuclei. All slides were mounted with
Fluoromount-G (SouthernBiotech). The sections were
imaged at x 4, x 10, and x 20 magnifications on the
Echo Revolve microscope and analyzed using Image]
(NIH). Sample analyses were performed by investiga-
tors blinded to the experimental group.

Single FDB myofiber isolation

All resting cytosolic, SR store Ca**, and MitoSOX experi-
ments were conducted using single, acutely dissociated
flexor digitorum brevis (FDB) myofibers, as previously
described [19]. FDB muscles were dissected from the
hind limb footpads and placed in Ringer’s solution (145
mM NacCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10
mM HEPES, pH 7.4) supplemented with 1 mg/mL col-
lagenase A (Roche Diagnostics, Indianapolis, IN, USA)
while rocking gently at 37 °C for 1 h. FDB myofibers were
then liberated on glass-bottom dishes by gentle tritura-
tion in Ringer’s solution using three sequentially increas-
ing gauge glass pipettes and then allowed to settle for
20 min. Only healthy fibers with clear striations and no
observable damage were used for experiments.
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Resting Ca®>* measurements

Resting free cytosolic Ca?* concentration was deter-
mined as previously described [19]. Briefly, isolated
FDB myofibers were loaded with 4 pM fura-2 AM
(Thermo Fisher, Carlsbad, CA, USA) in Ringer’s solu-
tion at RT for 30 min followed by a 30-min washout in
dye-free Ringer’s solution. Loaded fibers were placed
on the stage of an inverted epifluorescence micro-
scope (Nikon Instruments) and alternatively excited at
340 and 380 nm (20 ms exposure per wavelength, 2 x
2 binning) using a monochromator-based illumination
system with fluorescence emission at 510 nm captured
using a high-speed QE CCD camera (TILL Photonics,
Graefelfing, Germany). 340/380 ratios from cytosolic
areas of interest were calculated using TILL vision soft-
ware (TILL Photonics Graefelfing, Germany), analyzed
using Image] and converted to resting free Ca®t con-
centrations using a fura-2 calibration curve approach
described previously [27].

Total releasable SR Ca?* store content measurements

Total Ca*" store content was determined as previously
described [19]. Briefly, FDB myofibers were loaded with
5 uM fura-FF AM (AAT Bioquest, Sunnyvale, CA, USA),
a low-affinity ratiometric Ca** dye, at RT for 30 min, fol-
lowed by a 30-min washout in dye-free Ringer’s. Total
releasable SR Ca®" store content was calculated from
the peak change in the fura-FF ratio (ARatiog, 54, upon
application of ICE Ca®" release cocktail (10 pM iono-
mycin, 30 uM cyclopiazonic acid, and 100 pM EGTA)
in Ca’"-free Ringer’s solution. Peak change in the fura-
FF ratio was calculated using Clampfit 10.0 (Molecular
Devices, Sunnyvale, CA, USA).

Mitochondrial ROS production

Mitochondrial ROS production was assessed using a
procedure modified from Lee et al. [28]. Briefly, single
FDB myofibers were incubated with 5 uM MitoSOX Red
(Thermo Fisher) in Tyrode’s solution (121 mM NaCl,
5 mM KCl, 1.8 mM CaCl,, 500 pM MgCl,, 400 pM
NaH,PO,, 5.5 mM glucose, 24 mM NaHCO,, 100 uM
EDTA) for 10 min at RT, followed by incubation in dye-
free Tyrode’s solution for 10 min at RT. Loaded myofib-
ers were excited at 488 nm, and emission was captured
at 605 nm. Images were taken after the 10-min dye-free
incubation and 10 min after taking the initial image.
Images were taken using a Nikon Digital Eclipse C1
confocal microscope using a x40 objective, and image
analysis was done using the EZ-C1 software and Image].
Change in fluorescence after 10 min was normalized to
the original measurement and reported as Af/f;.
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Western blot analyses

TA and soleus muscles were flash-frozen in liquid nitro-
gen and stored at — 80 °C until ready for use. The muscles
were mechanically homogenized in RIPA lysis buffer (20
mM Tris-HCI] pH 7.5, 150 mM NaCl, 1 mM Na,EDTA,
1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 1
mM Na;VO,, 10 mM NaF) and supplemented with Halt
protease inhibitor, as recommended by the manufac-
turer. Samples were centrifuged at 13,000g for 30 min;
supernatants were retained and then protein concentra-
tion was determined using the Bio-Rad DC assay (500-
0116). Ten micrograms of total protein was separated
on 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to a nitrocel-
lulose membrane. The membranes were briefly stained
with a 0.1% Ponceau S solution (Sigma-Aldrich, P3504)
to ensure equal protein loading. The membranes were
probed with primary antibodies for 2 h at RT or over-
night at 4 °C while shaking, diluted in TBS-T (20 mM
Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.6, 3% bovine
serum albumin). Secondary antibodies were applied,
diluted in TBS-T supplemented with 5% non-fat dry milk
for 1 h at RT while shaking. Blots were imaged on a LI-
COR Odyssey gel imaging system, and band intensity was
quantified using Image Studio Lite (LI-COR Biosciences,
Lincoln, NE, USA) using GAPDH as a loading control
for each sample. Analysis for 3-NT and oxyblot data was
conducted by assessing the overall intensity of the entire
lane.

Oxyblot for oxidized proteins

Oxidized proteins were quantified by the Oxyblot Protein
Oxidation Kit (Millipore) using 10 pg of muscle lysate for
each sample following the manufacturer’s protocol.

Antibodies

The following antibodies were used: rat anti-laminin-a2
(1:1500, Sigma-Aldrich, L0663), DAPI (1:3000),
mouse anti-BA-D5 (MyHC-I, IgG2b, 1:40, Develop-
mental Studies Hybridoma Bank (DSHB)), mouse
anti-SC-71 (MyHC-IIA, IgG1, 1:40, DSHB), mouse anti-
BF-F3 (MyHC-IIB, IgM, 1:40, DSHB), rabbit anti-PGCla
(1:1000, Novus Biologicals), rabbit ant-MCU (1:1000, Cell
Signaling, D2Z3B), mouse anti-PMCA (1:2000, Thermo
Fisher, 5F10), mouse anti-NCX (1:500, Swant, R3F1),
mouse anti-MFN1 (1:500, Neuromab, 75-162), mouse
anti-GAPDH (1:50,000, Thermo Fisher, AM4300), mouse
anti-CASQ1 (1:5000, Affinity BioReagents, MA3-913),
rabbit anti-pan SERCA (1:10,000, Santa Cruz, sc-30110),
rabbit anti-VDAC (1:5000, Sigma Aldrich), rabbit anti-
DNP (1:150, Sigma Aldrich), mouse anti-3-N'T (1:1000,
Sigma Aldrich, N5538), Alexa Fluor 405-conjugated goat
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anti-mouse IgG2b (1:1500, Thermo Fisher, A-21141),
Alexa Fluor 488-conjugated goat anti-mouse IgM (1:1500,
Thermo Fisher, A-21042), Alexa Fluor 594-conjugated
goat anti-mouse IgG1 (1:1500, Thermo Fisher, A-21125),
AlexaFluor 488-conjugated goat anti-mouse IgG (1:1500,
Thermo Fisher, A-11001), AlexaFluor 488-conjugated
goat anti-rabbit IgG (1:1500, Thermo Fisher, A-11034),
AlexaFluor 647-conjugated goat anti-rat IgG (1:1500,
Thermo Fisher, A-21247), goat anti-rabbit IRDye800
(1:10000, LiCor), goat anti-mouse IRDye800 (1:10,000,
LiCor), and goat anti-mouse IRDye700 (1:10,000, LiCor).

Statistical analyses

Statistical calculations were performed using the Graph-
Pad Prism 9 software. Statistical significance was deter-
mined through Student’s ¢-tests with Welch’s corrections
(unpaired, two-tailed, 95% confidence interval) or
ANOVA (one-way or two-way, followed by Tukey mul-
tiple comparisons test), where p < 0.05 was considered
statistically significant (**p < 0.05, ***p < 0.01, ***/***p <
0.001, ****/## 5, < 0.0001). Error bars are represented as &
standard error of the mean (SEM).

Results

Voluntary wheel running attenuates juvenile
irradiation-induced skeletal muscle functional decline

To assess the consequences of voluntary running on mus-
cle function following juvenile irradiation, one hindlimb
from 4-week-old prepubertal mice received 3 doses of
local 8.2-Gy radiation every other day over 5 days (MWF)
(Fig. 1b). After treatment, mice were singly housed and
allowed to engage in 1 month of voluntary wheel run-
ning (VWR) beginning at 8 weeks of age (Fig. 1a). Sin-
gly housed mice with locked wheels served as sedentary
controls. Regardless of the radiation treatment, mouse
running activity during the 1-month period was simi-
lar between juvenile irradiated and non-irradiated mice
(Fig. 1c). Furthermore, no difference in the circadian pat-
terns of running activity was observed (Fig. 1d). Finally,
both juvenile irradiated and non-irradiated mice exhib-
ited similar levels of net body mass gain/loss under sed-
entary/VWR conditions, respectively (Fig. 1le). Thus,
local juvenile irradiation to a hindlimb does not hinder
the ability of mice to engage in VWR activity.

To examine the effects of VWR activity on juvenile
irradiated skeletal muscle function, fast-contracting
extensor digitorum longus (EDL) and slow-contracting
soleus muscles were excised and processed to assess
ex vivo force generation and contractile kinetics (Fig. 2a,
d, Supplemental Fig. 1). Upon maximal electrical stimula-
tion, juvenile irradiated (Rad RL) EDL and soleus mus-
cles from sedentary mice displayed deficits in absolute
(Fig. 2b) and specific force (Fig. 2¢) in comparison with
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control contralateral non-irradiated (Rad CL) muscles
and muscles from non-irradiated (0Gy CTL) sedentary
mice. Importantly, 1 month of VWR activity significantly
attenuated juvenile irradiation-induced EDL absolute
force deficits and restored specific force capacity to con-
trol levels. Although 1 month of VWR activity did not
significantly alter Rad RL soleus muscle absolute force
generation capacity (Fig. 2e), it did attenuate juvenile
irradiation-induced-specific force deficits (Fig. 2f). Con-
sistent with previous studies, juvenile irradiation led to
decreased EDL and soleus muscle mass and individual
myofiber cross-sectional area (CSA) (Supplemental
Fig. 2) [3-5]. However, VWR activity did not significantly
increase Rad RL raw muscle weights or myofiber CSA
(Supplemental Fig. 2a, b). Thus, VWR activity attenu-
ated juvenile irradiation-induced-specific force defi-
cits regardless of muscle type and independent of any
increase in muscle mass or myofiber size.

Next, the consequences of juvenile irradiation and
VWR activity on various muscle contractile parameters
were evaluated. Juvenile irradiation led to a reduction in
muscle impulse (area under the curve, AUC) and specific
impulse. Although VWR activity restored Rad RL EDL
impulse and specific impulse values to control levels, only
specific impulse was improved in Rad RL soleus mus-
cles (Supplemental Fig. 1c, d, i, j). The maximum rate of
force production (activation) of Rad RL EDL and soleus
muscle upon stimulation was significantly reduced as
compared to Rad CL and/or 0Gy CTL muscles and VWR
activity exhibited a significant group effect on increasing
the rate of muscle activation across all conditions (Sup-
plemental Fig. 1e, k). Juvenile irradiation led to a signifi-
cant reduction in the maximum rate of force relaxation
of both EDL and soleus muscles that was increased in
response to VWR activity (Supplemental Fig. 1f, 1).
Finally, we assessed muscle fiber type distribution in the
EDL and soleus muscles (Fig. 3a) to determine the effect
of radiation and exercise on fiber type plasticity. We did
not find any significant fiber type shift in the EDL muscle
(Fig. 3b); however, a modest, albeit significant, shift from
type I to type Ila muscle fibers was observed in Rad RL
soleus muscles following VWR (Fig. 3c).

Exercise increases Ca®* store content in irradiated muscle

In the skeletal muscle, regulation of Ca®' handling
is critical for excitation-contraction coupling, which
is used to drive myofilament cross-bridge cycling
and muscle contraction [29, 30]. Furthermore, dys-
regulated Ca’>" handling is associated with prolonged
injury responses, such as elevated oxidative stress,
that can negatively impact muscle function [31]. We
found that myofibers from juvenile irradiated mice
displayed a significant reduction in resting cytosolic
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Fig. 1 Juvenile mice display similar activity and body mass changes following 1-month VWR exercise despite irradiation. a Experimental design

of juvenile fractionated radiation 3x 8.2 Gy, (M, W, F) on 1-month-old WT C57BI6/j mice followed by 1 month of voluntary wheel running (VWR)
exercise at 2 months of age. Mice were sacrificed at 3 months of age. Non-irradiated mice and mice unable to engage with the running wheel
were used as radiation and exercise controls, respectively. b Small Animal Radiation Research Platform (SARRP) image displaying area of localized
X-ray irradiation. ¢ Running activity of irradiated and control non-irradiated mice. Each dot is representative of one mouse. d Percent day running of
irradiated and control non-irradiated mice. Each dot represents one mouse. e Change in body mass (g) following 1-month VWR exercise. Each dot
is representative of one mouse. Two-way ANOVA with multiple comparisons ****p < 0.0001. Isolated asterisks denote the ANOVA group effect of
exercise. Data is displayed as mean =+ s.em

Ca" concentration (Fig. 4a—c). Importantly, no signifi- ~ sedentary muscle (Supplemental Fig. 3d, e). However,
cant reduction in resting cytosolic Ca®" was observed 1 month of VWR increased total SR Ca*" store con-
between Rad CL and Rad RL myofibers following 1  tent (Fig. 4d) despite decreasing SERCA expression and
month of VWR. The expression of calsequestrin-1  causing no significant changes in CASQ1 expression.
(CASQ1), the primary SR Ca?* binding protein in skel- ~ Together, these results show that the functional decline
etal muscle, was significantly reduced in the irradi- observed in Rad RL muscle correlates with a disruption
ated muscle (Fig. 4d, e). We also observed a significant  in normal Ca** handling and that 1 month of VWR
reduction in the expression of the sarco-endoplasmic  activity potentially mitigates these effects by adapting
reticulum Ca?" ATPase (SERCA) pump in Rad RL Ca®" handling.
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force readouts. a, d Representative 500 ms 150 Hz stimulation muscle force (mN) trace. b, @ Maximal absolute force (mN) generated at 150 Hz
stimulation. ¢, f Maximal specific force (mN/mm?) generated at 150 Hz stimulation. n = 3-7 mice per condition. Two-way ANOVA with multiple
comparisons, *p < 0.05, **p < 0.01, **#*5 < 0,001, ****#p < 0.0001. Isolated asterisks denote ANOVA group effect of exercise, and isolated
pound signs denote ANOVA group effect of radiation. Data displayed as mean % s.em

Nitrosative and mitochondrial oxidative stress in irradiated
muscle is reduced with exercise

Several muscle disorders that result from Ca®* dysregu-
lation, including central core disease (CCD) and malig-
nant hyperthermia (MH), lead to increased oxidative
stress and mitochondrial dysfunction [32-34]. Similarly,
ionizing radiation increases the production of reactive

oxygen and nitrogen species (ROS/RNS) in the skeletal
muscle, both acutely via hydrolysis and chronically as a
result of production by damaged organelles, particularly
mitochondria [12, 35-38]. In addition, exercise upregu-
lates antioxidant pathways to enhance the scavenging
of ROS produced from repetitive muscle contraction,
thus preserving proper signaling, Ca’>" regulation, and
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comparisons. *p < 0.05, **p < 0.01. A significant interaction between variables was observed for soleus muscle fiber type data, p = 0.0006. Data

overall muscle function [22, 35, 39, 40]. To this end, we
determined the impact of VWR on enhanced ROS/RNS
production and overall oxidative/nitrosative stress in
irradiated skeletal muscle. Oxyblot analyses of whole
soleus muscle lysates revealed an elevation in the overall
protein oxidation following juvenile irradiation that was
not exacerbated with VWR activity (Fig. 5a, b). To assess
nitrosative stress, we evaluated levels of 3-nitrotyrosine
(3-NT), a product of tyrosine nitration mediated by RNS.
We observed significantly elevated 3-NT levels in Rad
RL sedentary muscle that were reduced following VWR
(Fig. 5¢, d). Finally, we used a mitochondrial ROS sensor,
MitoSOX Red, to directly assess the rate of mitochon-
drial ROS production in acutely dissociated flexor digito-
rum brevis (FDB) myofibers from control and irradiated

mice [41]. Consistent with an exercise-induced increase
in ROS detoxification, the maximum rate of ROS pro-
duction was significantly reduced in FDB myofibers from
Rad RL mice after 1 month of VWR (Fig. 5e, f). These
findings suggest that exercise may improve muscle func-
tion after juvenile irradiation through the combined
effect of reducing cellular RNS and mitochondrial ROS
levels.

Exercise adapts the mitochondrial gene expression profile
of irradiated muscle

The above findings raised the question as to the
mechanism(s) by which VWR mitigates increased
mitochondrial ROS production following irradiation.
As previously noted, radiation causes mitochondrial
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damage, while exercise induces signaling processes
that adapt mitochondrial dynamics and promote mito-
chondrial biogenesis [16, 39, 42—-45]. We first assessed
signaling associated with mitochondrial fission and
breakdown by assessing mRNA levels of dynamin 1
like (Dnml1l) and mitochondrial fission 1 (FislI). We
observed elevated expression of Dumlil transcripts in
Rad RL sedentary muscle (Fig. 6a), as well as elevated
expression of Fisl transcripts in Rad CL and RL muscle
from mice after VWR (Fig. 6b). To assess signaling asso-
ciated with mitochondrial fusion and biogenesis, we
quantified mitofusin 1 (MfnI) and PPARgamma coacti-
vator 1-alpha (Pgcla) transcript levels. Both transcripts
were significantly increased only in Rad CL muscle
from mice after VWR (Fig. 6¢, d). Finally, we assessed
the protein expression levels of MFN1, PGCla, and
voltage-dependent anion channel (VDAC), with VDAC
levels serving as a readout of total mitochondrial con-
tent (Fig. 6e—h). While Mfnl transcript levels were

elevated following 1 month of VWR, no differences at
the protein level were observed following irradiation
with or without 1 month of VWR (Fig. 6f). Although
no significant changes were observed in VDAC expres-
sion (Fig. 6h), PGCla expression was significantly
increased after 1 month of VWR (Fig. 6g). Interestingly,
the expression of the mitochondrial Ca’>" uniporter
(MCU), which is responsible for mitochondrial Ca*"
uptake in the muscle, was reduced after VWR (Sup-
plemental Fig. 3d, f). This observed reduction in MCU
expression after VWR could reflect a muscle adaptation
designed to limit oxidative stress levels since increased
mitochondrial Ca*" uptake is associated with increased
mitochondrial ROS production [46]. Taken together,
these data are consistent with VWR driving an altered
gene expression signature designed to adapt mitochon-
drial dynamics and biogenesis to reduce ROS produc-
tion and improve muscle function in juvenile irradiated
muscle.
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Discussion findings in the field, ionizing radiation causes muscle
Here, we evaluated the feasibility of exercise as a poten-  atrophy, progenitor cell cycle arrest and death, and per-
tial therapeutic intervention to restore reduced muscle sistent inflammatory signaling [3-5, 21, 36]. We found
function post-juvenile irradiation. Based on previous that 1 month of VWR exercise improved specific force
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generation capacity regardless of muscle type that was
associated with adapted Ca®* handling as well as reduced
oxidative/nitrosative stress.

Excitation-contraction coupling is the process by which
an electrical signal in the transverse tubule membrane
(i.e., action potential) is converted into Ca®* release used
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to drive myofilament cross-bridge cycling that under-
lies muscle force production [47]. Dysfunctions in Ca**
handling in the skeletal muscle underlie several mus-
cle disorders including MH, CCD, and tubular aggre-
gate myopathy (TAM) [29, 48, 49]. Our lab previously
reported RNA sequencing (RNAseq) data that showed
a significant reduction in the expression of several key
Ca?" handling genes (including CASQ1, CACNBI,
CACNG]I, and TNNT3) following juvenile irradiation
[4]. Consistent with this, we found a significant reduction
in CASQI protein expression in the muscle from seden-
tary Rad RL mice. As CASQ1 polymerization increases
Ca”* binding sites within the SR lumen, a reduction in
CASQ1 expression could partly explain the reduced peak
specific force production observed in Rad RL muscle
from sedentary mice. Similarly, reduced SERCA expres-
sion in Rad RL muscle from sedentary mice would be
expected to contribute to the observed reduction in the
maximum rate of contractile relaxation. Resting cytosolic
Ca”" levels in the muscle are under tight regulatory con-
trol in order to maintain proper proteostasis and mus-
cle tone, in addition to modulating a multitude of other
Ca’"-dependent cellular processes. We found that free
resting cytosolic Ca®* concentration was reduced in Rad
RL myofibers from sedentary mice. The mechanism for
this reduction in resting Ca*" concentration is unclear.
We quantified the expression of plasma membrane Ca*"
ATPase (PMCA) pump and Na*-Ca*" exchanger (NCX)
as potential mechanisms for this reduction of cyto-
solic Ca*". However, both PMCA and NCX expression
were increased after VWR, consistent with an adaptive
response to exercise designed to enhance Ca®' efflux.
Adding to the complexity surrounding intracellular Ca**
handling, despite an increase in total SR Ca*" store con-
tent, SERCA expression was reduced after VWR. Alter-
natively, the enhanced Ca’" store content observed
following VWR could reflect an increase in store-oper-
ated Ca’' entry following exercise-dependent remod-
eling of specialized junctions between SR and transverse
tubule membranes within the I band (referred to as “Ca*
entry units”) [19, 22, 50].

Ca®* also plays a critical role in regulating mitochon-
drial function. Mitochondrial Ca*" uptake can depolarize
the mitochondrial potential, stimulate enzymes of the tri-
carboxylic acid cycle, and promote ATP production [51],
while excessive accumulation of mitochondrial Ca*" can
increase ROS production and trigger the opening of the
mitochondrial permeability transition pore, ultimately
resulting in mitochondrial swelling and cell death [48,
52]. We found a significant reduction in MCU expres-
sion 1 month after VWR, which could reflect a protec-
tive mechanism designed to limit mitochondrial Ca**
overload, ROS production, and mitochondrial swelling/
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damage. This observation supports prior work showing
that VWR exercise promotes mitochondrial coupling to
the Ca®* release unit (triad) and lowers oxidative stress
in the muscle [22]. Ionizing radiation directly promotes
mitochondrial DNA damage, as well as structural damage
to the inner and outer mitochondrial membranes, thus
compromising organelle integrity [14]. These alterations
can lead to increased production of ROS from damaged
mitochondria, perpetuating the radiation-induced ROS
imbalance [53]. Elevated ROS/RNS levels also enhance
Ca®" leak from the SR by increasing the open probability
of the ryanodine receptor, the SR Ca®* release channel,
leading to a reduction in SR Ca*" content [48, 54, 55]. We
found that the mitochondria in myofibers from irradi-
ated sedentary juvenile mice produced significantly more
ROS than mitochondria in myofibers from irradiated
mice after 1 month of VWR exercise. An increase in oxi-
dative and nitrosative stress was also observed in whole
muscles as well, as muscle lysates from irradiated seden-
tary hindlimbs exhibited increased levels of oxidized and
3-NT proteins compared to that observed for muscles
from irradiated mice after 1 month of VWR.

As exercise stimulates mitochondrial biogenesis, we
probed the effect of VWR exercise on the potential
removal of damaged, high ROS-producing mitochondria
post-juvenile irradiation [18, 22]. By quantifying the lev-
els of transcripts and proteins associated with mitochon-
drial fission (Dnm1l, Fis1), fusion (Mfn1), and biogenesis
(Pgcla), we observed a gene expression signature consist-
ent with adapted mitochondrial dynamics and improved
homeostasis in the muscle from irradiated mice after
VWR. On the other hand, irradiated muscle from sed-
entary juvenile mice displayed a gene expression profile
indicative of a higher propensity toward an increased
mitochondrial breakdown in the absence of mitochon-
drial biogenesis. These observations are consistent with
our observation that mitochondria from mice after VWR
produced less ROS.

It is worth noting that VWR induced several adapta-
tions of skeletal muscle function independent of irradia-
tion. However, these generalized benefits of exercise do
not detract, but rather supplement, other benefits elic-
ited specifically in the context of irradiation. A limita-
tion of this study is that all analyses could not be made
in the same muscle group. Since muscles involved in
plantar flexion are generally more activated during VWR,
it is possible that some effects are not detectable when
evaluated in muscles that are only moderately recruited
during VWR exercise. Another limitation of this study
is that all studies used male mice. Female mice display
both increased running activity [56] and muscle antioxi-
dant activity [57]. Thus, adaptive responses of muscle to
1 month of VWR could be even greater in female mice.
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Previous studies reported that female survivors of child-
hood cancer are disproportionately affected by juvenile
irradiation and present more frequently with sarcope-
nia [58]. Thus, females may experience both a greater
response and benefit of exercise following juvenile irradi-
ation. Future studies are needed to quantify the benefits
of endurance exercise in juvenile female mice following
radiation.

Conclusions

Although 1 month of VWR did not prevent reduced
muscle mass and fully restore raw force production, spe-
cific force production was rescued in both soleus and
EDL muscles from irradiated mice. These results suggest
that supplementing post-irradiation endurance exercise
with an additional component of resistance training or
interventions that target other juvenile radiation-related
phenotypes such as muscle stem cell loss, persistent
inflammation, and fibrosis [3—5] could be beneficial in
stimulating muscle growth and hypertrophy, and thus,
delay or possibly prevent the onset of sarcopenia. This
study establishes that adaptations in Ca®' handling,
antioxidant response, and mitochondrial homeostasis
following endurance exercise correlate with improved
skeletal muscle functional outcomes post-juvenile irradi-
ation treatment. These findings support the development
of translational exercise treatment paradigms designed
to maximize muscle function and improve the quality
of life in the ever-growing population of juvenile cancer
survivors.
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Additional file 3: Figure S1. Exercise post-juvenile irradiation improves
disrupted muscle contractile kinetics. EDL (left) and soleus (right) ex vivo
physiology contractile kinetics. a, g) Absolute force frequency curve for
500 ms electrical stimulation. b, h) Specific force frequency curve for 500
ms electrical stimulation, normalized to physiologic cross-sectional area
(P-CSA). ¢, i) Impulse (mN*sec) measurements taken as area under the
curve for 500ms stimulation at 150Hz. d, j) Specific impulse (mN*sec/mm?)
normalized to P-CSa. e, k) Rate of activation (mN/sec) measurements of
excited muscle time-to-peak muscle contraction. f, I) Rate of relaxa-

tion (MN/sec) measurements of time to baseline following excitation
stimulus cessation. n = 3-6 mice per condition. Two-way ANOVA with
multiple comparisons, */# p<0.05, **/## p<0.01, ***/##t# p<0.001, ****/##it#
p<0.0001. Isolated asterisks denote ANOVA group effect of exercise. Iso-
lated pound signs denote ANOVA group effect of radiation. Data displayed
as mean +/- se.m.

Additional file 4: Figure S2. Endurance exercise does not increase
irradiated muscle mass. EDL (left) and soleus (right). Raw muscle mass
(mg) of a) EDL and b) soleus muscle from irradiated mouse contralateral
(Rad CL) and irradiated (Rad RL) limbs, both exercised (running) and non-
exercised (sedentary). n = 11 mice per condition. ¢, d) Lean muscle mass
(muscle mass/body mass), from irradiated mouse contralateral (Rad CL)
and irradiated (Rad RL) limbs, both exercised (running) and non-exercised
(sedentary). n = 11 mice per condition. e) Myofiber cross-sectional area
(CSA) from EDL and f) soleus muscle. Biological n=3 mice per condition,
technical n value displayed directly on graph as number of myofibers
measured per condition. Two-way ANOVA with multiple comparisons, *
Dp<0.05, **/## p<0.01, ***/### p<0.001, ***/#i#t## p<0.0001. Isolated aster-
isks denote ANOVA group effect of exercise. Isolated pound signs denote
ANOVA group effect of radiation. Significant interaction between variables
was observed in analysis of EDL CSA in e), p=0.033. Data displayed as
mean +/- s.em.

Additional file 5: Figure S3. Exercise adapts calcium handling in
irradiated muscle. a) TA whole muscle protein lysate immunoblot of non-
irradiated (Rad CL) and irradiated (Rad RL) sedentary (Sed) and exercised
(VWR) muscle. b) Quantification of protein levels of PMCA and c¢) NCX
from immunoblot in a). d) TA whole muscle protein lysate immunoblot of
non-irradiated (Rad CL) and irradiated (Rad RL) sedentary and exercised
muscle. e) Quantification of protein levels of SERCA and f) MCU from
immunoblot in d). All protein levels are normalized to GAPDH and non-
irradiated (Rad CL) sedentary controls. n = 3 mice per condition except
MCU, n = 6. Two-way ANOVA with multiple comparisons. * p<0.05, **
p<0.01,*** p<0.001. Isolated asterisks denote ANOVA group effect of exer-
cise. Significant interaction between variables was observed in analysis of
SERCA expression in d), p=0.017. Data displayed as mean +/- s.e.m.
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