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Abstract

Background Muscle mass and function decline in middle age, ultimately resulting in sarcopenia in the elderly and
poor health outcomes, reducing quality of life. There is a lack of cost- and time-effective murine models that recapitu-
late the physiological changes associated with muscle mass decline to study possible interventions to delay sarcopenia.
We aimed to evaluate the effectiveness of combining orchiectomy (ORC) surgery to simulate age-related androgen de-
cline and hindlimb immobilization (IM) in inducing age-related skeletal muscle changes.
Methods Four-month-old male C57BL/6J mice (n = 10) were subjected to ORC, followed by IM (right hindlimb
casting) for 14 days. Upon completion of the casting period, ex vivo muscle contractile function, histology, and
various mitochondrial markers were assessed, and results were compared with age-matched controls (CON; n = 8)
and middle-aged (MA; 12 ± 1 months, n = 9) animals.
Results IM combined with ORC induced a 30%–40% decrease in muscle mass across multiple hindlimb muscles
(P < 0.0001), with the magnitude of muscle loss comparable with the MA group when corrected for body weight
(P < 0.0001). In the IM limb of ORC mice, soleus muscle force significantly decreased when compared with the con-
tralateral limb (P < 0.05) and aged-matched CON group (P < 0.05). The decrements in muscle force and mass present
in the IM limb of ORC mice were accompanied by a 70% reduction in the expression of the muscle structural protein
dystrophin and various mitochondrial markers, including cytochrome C (�55%), peroxisome proliferator-activated re-
ceptor gamma co-activator 1-beta (PGC1-β) (�49%), and cytochrome oxidase IV (COX-IV) (�73%) when compared
with CON animals (P < 0.001). Lastly, our model also demonstrated specific fibre-type shifts in fast- and slow-twitch
muscles, which mimicked changes in the MA group.
Conclusions Applying treatments during IM could target acute muscle atrophy in MA adults, while applying them
following cast removal in a low-testosterone environment could represent a window for rehabilitation therapeutics.
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Introduction

Skeletal muscle has many functions essential for maintaining
optimal health and well-being, highlighting that the preserva-
tion of its mass is critical for survival. This demands a balance
between protein synthesis and degradation processes. Alter-
ations in this balance can result in muscle growth or atrophy
to the detriment of the organism. Typically, muscle atrophy
occurs in response to conditions such as hypogravity,1 muscle
disuse,2 and hyperinflammatory states associated with
chronic disease, for example, diabetes.3 In these conditions,
addressing the underlying cause, such as re-loading muscle
and tempering inflammation, reverses atrophy. However,
muscle atrophy associated with increasing age, termed sarco-
penia, cannot be reversed and leads to progressive loss of
mass, function, and quality of life, as well as poor health
outcomes.

Although a consensus on the clinical definition of sarcope-
nia is lacking, muscle changes appear to onset as early as
middle age (~40 years). While the precise cause is unclear,
these muscle changes coincide with the gradual decline of cir-
culating androgens (e.g., testosterone), albeit muscle loss oc-
curs at a considerably faster rate than androgen decline.4 The
putative role of testosterone in setting muscle size during ad-
olescence and its anabolic properties are well established.5,6

Mitochondrial dysfunction and changes to cytoskeletal com-
position are also hallmarks of aging muscle, although their
cause is unclear.6 Due to advancements in diagnostic tools
(mostly imaging modalities),7 sarcopenia is now more readily
identified in the clinical setting, provoking a proportionate
demand for effective interventions that slow its progression.
Because sarcopenia cannot be reversed or prevented, early
intervention during middle age provides the greatest scope
for clinical efficacy. The hunt for suitable therapeutic targets
within both muscle and other body systems and evaluating
effective pharmaceutical, exercise, and nutritional interven-
tions against them is currently an area of intense research
focus.

Proof-of-concept and pre-clinical research frequently uti-
lize murine models as a cost-effective tool to assess possible
therapeutic interventions. Several mouse models of sarco-
penia exist, including genetic mutants of accelerated aging.
However, the gold standard model is the naturally aged
mouse, in which muscles become sarcopenic within a sys-
temic aging environment.8,9 A significant drawback to using
this model is the cost and time associated with housing
mice for their 2- to 3-year lifespan to observe the impact
of the experimental intervention on sarcopenia progression.
An inducible mouse model that recapitulates sarcopenic
changes to muscle in a cost-effective and timely manner is
needed.

Herein, we have created a murine model of middle-
age-onset sarcopenia in 4-month-old (~25 human years10)
mice using two strategies. First, we induced androgen

depletion via castration/orchiectomy (ORC) surgery to mimic
endocrine-related muscle aging. Second, we induced atrophy
via hindlimb immobilization (IM) using removable casting.
We assessed our model against 12-month-old middle-aged
(MA) mice that display early signs of the hallmarks of
aging using function and histologic testing, including assess-
ment of hallmarks of aging indicators, and showed good
synergy.

Methods

Animals

This study was approved by the Victoria University Animal
Ethics Committee (Project Codes 18/011 and 18/009) and
performed in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes
(National Health and Medical Research Council, Australia,
8th edition) and the ARRIVE guidelines.11 C57BL/6J male mice
(n = 16) at 4 months of age (equivalent to ~25 human years10)
were obtained from the Animal Resources Centre (WA,
Australia) and randomly assigned into age-matched control
(CON; n = 8) or bilateral ORC (n = 8) groups. The right
hindlimb of mice in the ORC group was subjected to IM with
the contralateral left hindlimb uncasted (CNL). C57BL/6J male
mice (n = 9) with an average age of 12 ± 1 month (MA; equiv-
alent to 43–58 human years12) were used for comparative
purposes.

Orchiectomy surgery

Under isoflurane anaesthesia (induction 4%, maintenance
2%), the scrotum was shaved, and both testes were extri-
cated through a single midline incision along the scrotum.
The vas deferens and testicular blood vessels were cauterized
and returned to the scrotal sac with the epidydimal fat. The
scrotal incision was clamped, sutured (non-resorbable 4.0
thread), and sealed with wound glue (3M Vetbond™, Lyppard
Australia Ltd.). The area was swabbed with povidone-iodine
topical antiseptic and injected with 0.5% lignocaine and
0.2% bupivacaine for analgesia. Animals were recovered in
a heated recovery box until fully conscious and then returned
to their normal housing cages.

Immobilization protocol

Unilateral hindlimb IM was performed on all ORC mice 1 week
after surgery, as described previously.13,14 Briefly, animals
were lightly anaesthetized, and the right hindlimb was
immobilized by placing the limb through a cast (a 1.5-mL
microtube and a paper clip). The foot was then secured in
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total plantar extension and complete knee extension, placing
the gastrocnemius, soleus, and plantaris muscles in a
shortened position. The contralateral leg remained loose to
allow for ambulation and was utilized as a control for the
immobilized leg of each animal. To validate this as an internal
control, our data demonstrated no significant differences in
raw muscle mass (other than the plantaris) and no differ-
ences when corrected for body weight between the CON
and CNL muscles from ORC mice (Table 2). At the end of
the 14-day IM period, mice were anaesthetized with the cast-
ing material removed to allow for the collection of the
hindlimb muscles. A subgroup of animals (n = 10) were
immobilized for 2 weeks and used as a sham control to
compare the effects of ORC on the muscle response to IM.

Ex vivo muscle contractile experiments

An ex vivo evaluation of muscle contractile properties was per-
formed as described by us previously.15 Briefly, excised
extensor digitorum longus (EDL) and soleus muscles were
placed into individual organ baths (Danish Myogenic Technol-
ogy, Denmark) filled with Krebs–Henseleit Ringer’s solution
(118 mM of NaCl, 4.75 mM of KCl, 1.18 mM of MgSO47H2O,
1 mM of Na2HPO4, 2.5 mM of CaCl2H2O, 24 mM of NaHCO3,
and 11 mM of glucose). Each organ bath was bubbled with
carbogen (5% CO2/95% O2) and maintained at 30°C and a
pH of 7.4. The proximal end of the muscle was attached
(via knotted surgical silk loops) to a previously calibrated
force transducer, and the distal end was fixed to a
micromanipulator with stimulating electrodes flanking the
muscle belly. After optimal length was determined, absolute
twitch and tetanic force production were established,
followed by a force frequency relationship as described by
us previously. Lastly, to investigate the fatigability of the
muscles, both the EDL and soleus were stimulated
intermittently. The EDL was stimulated once every 4 s for
350 ms at 100 Hz and the soleus once every 2 s at 80 Hz for
500 ms for a total of 3 min. Specific force production
(force elicited per cross-sectional area) was also calculated
according to Brooks and Faulkner.16 Data were collected
and analysed using LabChart Pro Version 8.0 software,
customized for this experiment (AD Instruments, NZ).

Sample collection

As the ORC mice were to be directly compared with the MA
animals to evaluate the effectiveness of the protocol, sam-
ples were taken immediately upon cast removal. The ORC
mice were deeply anaesthetized via isoflurane; the cast was
removed, and muscles of interest were surgically excised.
Following excision of the EDL and soleus for contractile ex-
periments, hindlimb muscles, including the tibialis anterior

(TA), gastrocnemius, plantaris, and quadriceps, and other
tissues were harvested, immediately weighed, and snapped
frozen in liquid nitrogen for later analysis.

Quantification of circulating testosterone levels

To evaluate the effectiveness of bilateral castration to induce
a decline in circulating testosterone, blood was collected
from CON and ORC mice upon surgery day for cast removal.
The MA mice did not have blood collected as these animals
were part of a different study and there was insufficient
blood remaining for analysis. Briefly, ~1 mL of blood was
extracted from the femoral artery, placed on ice for 30 min
to allow for clotting, and centrifuged at ×10 g for 5 min at
4°C. Following this, the supernatant was collected and stored
at �80°C for later analysis. Samples were thawed, and testos-
terone levels were analysed using an enzyme-linked immuno-
sorbent assay (ELISA) kit according to the manufacturer’s
instructions (Crystal Chem, IL, USA).

Histological staining and analysis

Following the completion of the contractile protocol, the EDL
and soleus muscles were coated in an optimal cutting
temperature (OCT) compound and snap frozen in liquid
nitrogen-chilled isopentane (Sigma Aldrich, Australia). The
embedded muscles were cryosectioned (12 μm), and a suite
of stains were performed to quantify muscle atrophy [haema-
toxylin and eosin (H&E)], neutral lipid content [oil-red-o
(ORO)], muscle phenotype (myosin ATPase), and mitochon-
drial capacity [succinate dehydrogenase (SDH)] as described
previously15 and analysed in blinded fashion.

Western blotting

As there is a lack of comparison in the literature between
the changes seen in muscle integrity with aging and disuse,
we characterized two membrane proteins of the dystrophin
glycoprotein complex (DGC), dystrophin (1:300; Abcam
#AB15277) and β-dystroglycan (1:500; Developmental
Studies Hybridoma Bank #MANDAG2(7D11)), which play key
roles in sarcolemma stability and integrity.17 Additionally,
we investigated mitochondrial markers [peroxisome
proliferator-activated receptor gamma co-activator 1-beta
(PGC1-β; 1:1000; Abcam #AB176328), cytochrome oxidase
IV (COX-IV; 1:1000; Cell Signaling #4850), and cytochrome C
(Cyt-C; 1:1000; Cell Signaling #11940)] to complement our
histology data. The gastrocnemius was utilized as the muscle
that best reflects human muscles due to its composition of
both glycolytic and oxidative fibres. Further details regarding
the western blotting protocol can be found in our recent
publication.15
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Statistics

Initially, a two-way analysis of variance (ANOVA) was per-
formed with ORC and IM set as factors to compare the effects
of combining both interventions using GraphPad Prism
(Version 9.0). Thereafter, a one-way ANOVA was performed
comparing the CON, MA, and IM muscles of ORC mice with
a Tukey’s multiple comparisons test where appropriate. A
Student’s t-test was conducted to determine between-limb
effects within the ORC group. Alpha was set at 0.05.

Results

Orchiectomy decreased soleus force production in
immobilized muscle

To establish the degree to which 3 weeks of ORC impacts
muscle loss when combined with 2 weeks of IM, mice that
were immobilized with and without ORC surgery (sham)
were compared. As depicted in Figure 1A, mice were sub-
jected to either sham or ORC surgery and allowed 7 days
to recover before the application of an IM cast for 14 days.
Following the IM period, casts were removed, and muscles
from both IM and CNL limbs were analysed for muscle mass
and contractile function. Overall, it was found that ORC did
not impact endpoint body weight when compared with
sham surgery (Figure 1B). IM decreased relative muscle
mass of the EDL (P < 0.0001), soleus (P < 0.0001), TA
(P < 0.001), plantaris (P < 0.001), and quadriceps
(P < 0.05) when compared with CNL muscles in both sham
and ORC mice (Figure 1C–1G). Interestingly, ORC further de-
creased soleus (P < 0.01) and plantaris (P < 0.0001) relative
mass in both CNL and IM limbs when compared with sham
animals. A post hoc interaction in the quadriceps showed
that muscle mass increased in the CNL limb of ORC mice
compared with sham (P < 0.05) but did not impact the IM
limb in both groups.

Maximal contractile force production (absolute force) was
assessed in the EDL and soleus muscles and corrected for
cross-sectional area (specific force). In the EDL, ORC did not
affect absolute or specific force output when compared with
sham (Figure 1H and 1I, respectively). However, IM decreased
absolute force production in both sham and ORC animals
(P < 0.01). In the soleus, absolute (P < 0.05; Figure 1J) and
specific force (P < 0.001; Figure 1K) decreased in both the
CNL and IM limbs of ORC mice when compared with sham
animals, demonstrating an amplified, detrimental effect of
bilateral ORC on slow-twitch force production. IM decreased
soleus absolute (P < 0.0001) and specific force (P < 0.0001)
profoundly in both the sham and ORC groups.

When evaluating the effect of the combined intervention
on muscle fatigability, our data showed differing responses

in the EDL and soleus muscles. In the EDL, both CNL and IM
limbs of ORC mice were less fatigable when compared with
both limbs of the sham animals (P < 0.0001; Figure 2A).
However, the absolute force produced during the 3 min of
repeated contractions decreased in the CNL limb of ORC mice
but not on the IM side when compared with the sham ani-
mals (P < 0.0001; Figure 2B). Conversely, the soleus muscles
of ORC mice were less fatigable compared with sham in both
CNL (P < 0.001) and IM limbs (P < 0.0001; Figure 2C). How-
ever, the rate of force decline in both CNL and IM muscles of
sham mice was comparable, demonstrating no effect of IM
on soleus fatiguability in these animals. Not surprisingly, the
IM soleus of both sham and ORC mice produced less force
during the fatigue protocol when compared with all groups
(P < 0.0001; Figure 2D). Lastly, force production tended to
decrease in both CNL and IM limbs of ORC mice (P = 0.08,
P = 0.09, respectively). Overall, it appears that bilateral ORC
exacerbates the decrease in absolute and specific force pro-
duction of IM muscle, with marked changes observed in the
soleus when compared with un-orchiectomized mice.

Immobilized muscle mass of orchiectomized mice is
comparable with that of middle-aged mice when
corrected for body weight

With considerable differences in relative muscle mass of the
soleus and plantaris between sham and ORC mice as well as
exaggerated functional deficits in the soleus with ORC
surgery, the data presented herein for the ORC group will
be compared with MA (12-month-old) mice, where similar
levels of testosterone are expected, and age-matched
controls (4 months). As anticipated, bilateral ORC significantly
decreased testosterone levels by more than 50% when com-
pared with the CON group (P < 0.05, Table 1). Although tes-
tosterone measures could not be made on the MA animals,
the changes observed in the ORC animals are similar to the
age-related changes previously reported in male mice at
12 months of age.18 The MA mice were significantly heavier
than both the CON (P < 0.05) and ORC animals (P < 0.001;
Table 2), with the same pattern observed in epididymal fat
content (P < 0.0001). Muscle fibre atrophy was also present
in both the EDL and soleus, with a marked reduction in
fibre cross-sectional area found in the IM limb of ORC mice
when compared with CONs and the CNL side (P < 0.01;
Figure S3). Given the large disparity in body weights between
the groups, all hindlimb muscles harvested were weighed and
normalized to body weight (mg/g; Table 2). Of the raw
muscle masses measured, all were lower in the IM limb of
ORC mice when compared with CON and MA. All normalized
muscle masses were lower in MA mice compared with the
CON animals (P< 0.05), and all IM muscles of ORC mice were
significantly lower compared with the CNL side (P < 0.05).
Importantly, the IM muscle masses were comparable with
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Figure 1 Evaluation of relative muscle mass and contractile function of immobilized muscle with and without orchiectomy (ORC). All mice were sub-
ject to either sham or ORC surgery 1 week prior to immobilization (IM) of the right limb. Following 2 weeks of IM, mice were killed, and both contra-
lateral (CNL) and IM limbs were assessed for muscle mass and ex vivo contractile function. (A) Schematic of the experimental group for sham and ORC
comparison. (B) Endpoint body weight. Muscle mass of the extensor digitorum longus (EDL; C), soleus (SOL; D), plantaris (PLT; E), tibialis anterior
(TA; F), and quadriceps (QUAD; G) corrected for body weight (relative mass; mg/g). EDL absolute tetanic force production (H) and corrected for
cross-sectional area (specific force; I). SOL absolute (J) and specific (K) force production. Symbols indicate ^P < 0.05, ^^P < 0.01, ^^^P < 0.001,
^^^^P < 0.0001 = immobilization main effect; †P < 0.05, ††P < 0.01, ††††P < 0.0001 = orchiectomy main effect. Post hoc interaction:
γγP < 0.01 = orchiectomy effect; δP < 0.05, δδδδP < 0.0001 = immobilization effect. n = 8–10 per group.
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those of the MA mice. We saw no evidence of compensatory
hypertrophy in the CNL hindlimb of ORC animals, as absolute
and normalized muscle masses were comparable with

CON, except for the absolute mass of the plantaris, where
there was a slight decrease in the CNL side (P < 0.05;
Table S1).

Changes to contractile properties and fibre type of
the soleus are similar between the middle-aged
and immobilized muscles of orchiectomized mice

The soleus muscle of ORC animals, which was shortened
during the IM phase (Figure 3A), was extracted upon cast
removal, tested for ex vivo contractile properties, and

Figure 2 Ex vivo assessment of muscle fatigue extensor digitorum longus (EDL) and soleus muscles of sham and orchiectomized (ORC) mice subjected
to immobilization. All mice were subject to either sham or orchiectomy (ORC) surgery 1 week prior to immobilization (IM) of the right limb. Following
2 weeks of IM, mice were killed, and both contralateral (CNL) and IM limbs were assessed for muscle fatigue. Muscles received constant stimulation
once every 4 s (100 Hz, 350 ms duration) for the EDL and once every 2 s for the soleus (80 Hz, 500 ms duration) for 3 min. Muscle fatiguability of the
EDL expressed as the percentage of initial contraction (A) and absolute force (B). Soleus muscle fatigability expressed as the percentage of initial con-
traction (C) and absolute force (D). n = 8–10 per group. Symbols indicate ^^P < 0.01, ^^^^P < 0.0001 = immobilization main effect;

††
P < 0.01,

††††P < 0.0001 = orchiectomy main effect.

Table 1 Endpoint serum testosterone levels

Testosterone
level (ng/mL)

P-value
(Student’s
t-test)

CON 4.1 ± 0.6 0.028
ORC 1.4 ± 0.6
12-month-old male C57BL/6J
mice (according to Davidyan et al.18)

1.0

Abbreviations: CON, control; ORC, orchiectomy.
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compared with all other groups. There were no significant
differences in absolute twitch, tetanic, or specific force pro-
duction of soleus muscles between the CON and MA animals
(Figure 3B–3D). Absolute twitch force production in the so-
leus was lower in the IM muscle of ORC mice compared with
all other groups (P < 0.05; Figure 3B), with the same differ-
ences seen with absolute tetanic force (P < 0.05; Figure 3C)
except when compared with MA. Specific force production
was also lower in the IM soleus muscle compared with CNL
in ORC mice (P < 0.05; Figure 3D). As an indication of calcium
handling abilities, a force–frequency relationship was deter-
mined by stimulating the muscle at increasing frequencies,
with absolute force recorded and displayed as a percentage
of peak tetanic force (Figure 3E). A leftward shift was found
in the IM muscle compared with CON (P = 0.055) and MA
(P < 0.001). The IM muscle of ORC mice was significantly
less fatigable compared with CON (P < 0.0001) and MA
(P < 0.0001) animals, as well as the CNL limb (P < 0.001;
Figure 3F). Conversely, the MA animals were more fatigable
than the CON group (P < 0.0001). Muscle fatigue is caused
by both the metabolic capacity of the muscle and the absolute
force produced. To determine whether reducedmuscle fatiga-
bility of the ORC muscles was due to less force produced
across the fatigue protocol, we assessed raw absolute force
production across the fatigue period, as less force output
may explain why the muscles were relatively resistant to
fatigue (Figure 3G). Despite only a 20% drop in initial force in
the soleus of IM muscle during the fatigue protocol, the very
low absolute forces to begin with meant that across the
3-min period, the force elicited was significantly lower com-
pared with CON (P < 0.0001), MA (P < 0.0001), and CNL
(P < 0.001) muscles. To evaluate oxidative capacity, SDH
staining was performed, and intensity was expressed as a

percentage of the total area analysed (Figure 3H and 3L). Only
the IM soleus of ORC mice was found to be different, with a
lower oxidative capacity when compared with the MA group
(P< 0.05). The neutral lipid content of the soleus was also de-
termined via ORO staining, with no differences found across all
groups (Figure 3I and 3L). To elucidate if muscle fibre-type
changes were responsible for the impaired contractile func-
tion observed in the IM muscles of ORC mice, we performed
myosin ATPase staining in both the soleus (Figure 3J–3L) and
EDL (Figure 4J–4L). In the soleus, all fibre types analysed
decreased in size in the IM limb of ORC mice compared
with CON and MA animals (P < 0.05; Figure 3J). Regarding
fibre-type composition (Figure 3K), the percentage of type I
fibres decreased in the IM soleus when compared with CON
(P < 0.01) and the CNL side (P < 0.01). Similar decreases in
the amount of type I fibres were also found in the MA group
when compared with CON (P < 0.01). Contrary to the
decrease found in the amount of type I fibres, the
quantity of type IIA fibres increased in both MA (P < 0.05)
and IM muscles of ORC animals (P < 0.0001) when compared
with CON. In the ORC animals, the IM soleus muscle also
contained a greater percentage of type IIA fibres compared
with the CNL side (P < 0.0001). Lastly, it was only the IM
soleus that contained fewer type IIX fibres compared with
the CON and CNL limbs of ORC mice (P < 0.05).

Fibre-type profiles, but not contractile properties,
are altered in the immobilized extensor digitorum
longus muscle of orchiectomized mice

Ex vivo contractile analysis was conducted in the fast-twitch
EDL muscle (Figure 4A) in all groups. There was no differ-

Table 2 Body mass and morphometric analysis of various hindlimb muscles

Units CON (n = 8) MA (n = 9) ORC (n = 8)

Body weight g 27.66 ± 0.60 39.78 ± 2.19**** 23.60 ± 0.44####

Epi fat mg/g 0.013 ± 0.001 0.038 ± 0.002**** 0.005 ± 0.001*####

CNL IM
EDL mg/g 0.44 ± 0.01 0.33 ± 0.03*** 0.43 ± 0.01 0.32 ± 0.02****^^
SOL 0.32 ± 0.01 0.29 ± 0.02** 0.36 ± 0.01 0.20 ± 0.01****##^^^^
PLT 0.69 ± 0.03 0.56 ± 0.06* 0.71 ± 0.03 0.49 ± 0.05*^^
GAST 4.79 ± 0.09 3.7 ± 0.26*** 4.90 ± 0.7 3.64 ± 0.16****^^^^
TA 1.80 ± 0.05 1.29 ± 0.08**** 1.88 ± 0.05 1.48 ± 0.07****^^
QUAD 7.9 ± 0.17 4.57 ± 0.39** 8.1 ± 0.24 5.57 ± 0.26**^^

Note: The right hindlimb of the ORC animals was immobilized (IM) and the contralateral left limb uncasted (CNL).
Abbreviations: CON, control; EDL, extensor digitorum longus; Epi, epidydimal; GAST, gastrocnemius; MA, middle-aged; ORC, orchiec-
tomy; PLT, plantaris; QUAD, quadriceps; SOL, soleus; TA, tibialis anterior.
*P < 0.05.
**P < 0.01.
***P < 0.001.
****P < 0.0001—different from CON.
##P < 0.01.
####P < 0.0001—different from MA.
^^P < 0.01.
^^^^P < 0.0001—different from CNL limb.
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ence in EDL absolute twitch and tetanic force production of
the MA mice when compared with the CON and ORC
groups, with only the IM muscle eliciting significantly lower
tetanic forces when compared with the CON animals
(P < 0.05; Figure 4C). However, there was a strong trend
for the MA EDL muscles to produce less specific force com-
pared with CON animals (P = 0.07; Figure 4D). Even though
the IM EDL of ORC mice was smaller, the specific force was
not significantly different from that of the CON animals or
the CNL side The force output of EDL muscles from the CNL
limb of ORC mice was comparable with that of CON animals,
demonstrating no compensatory effects on strength from IM
(Figure 4B–4D). A rightward shift in the force–frequency

relationship of the MA EDL was observed, suggesting de-
creased sensitivity of the muscles to calcium or a faster phe-
notype (Figure 4E). The IM EDL muscles of ORC mice were less
fatigable than those from the CON and MA animals across
the 3 min of induced fatigue (P < 0.0001; Figure 4F).
Like the soleus, the fatigability of the MA EDL increased when
compared with CON (P < 0.05). As we did for the soleus, we
assessed absolute force production across the fatigue proto-
col and found that the force output of the IM EDL muscles
of the ORC mice was lower than CON (P < 0.01) across the
whole fatigue protocol (Figure 4G). However, EDL muscles
from MA animals elicited significantly lower raw absolute
forces compared with CON (P < 0.0001) and IM muscles

Figure 3 Functional and histological characterization of the soleus (SOL) muscle of control (CON), middle-aged (MA), and immobilized orchiectomized
(ORC) mice. The right hindlimb of the ORC animals was immobilized (IM) and the contralateral left limb uncasted (CNL). (A) Anatomical positioning of
the SOL demonstrating the shortening of the muscle during the immobilization phase of the ORC mice. Ex vivo contractile analysis outcomes including
peak twitch (B), absolute (C), and specific force (D) with the force–frequency relationship demonstrated in panel (E). Muscle fatigability was assessed
across a 3-min protocol, with data presented as the percentage initial force (F) and absolute force (G). Oxidative capacity quantified via succinate de-
hydrogenase (SDH) (H) and neutral lipid content via oil-red-o (ORO) staining (I). Fibre-type isoforms were quantified via ATPase with the average fibre
area (J) and percentage of total fibres (K) analysed. Representative images of the ORO, ATPase, and SDH stains displayed in panel (L). Symbols indicate
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001—different from CON; #P < 0.05—different from MA; ^P < 0.05, ^^P < 0.01, ^^^^P < 0.0001—
IM different from CNL. Scale bar = 100 μm. n = 4–6 per group.
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(P < 0.01). SDH intensity increased in MA animals compared
with both CON (P < 0.01) and IM muscles of ORC mice
(P < 0.05; Figure 4H and 4L). Similar to the soleus, ORO stain-
ing did not change between groups (Figure 4I and 4L). Inter-
estingly, there was a stark increase in the number of type I fi-
bres in the IM muscle of ORC mice compared with CON, MA,
and CNL muscles (P < 0.01; Figure 4J and 4L). An increase in
the proportion of type IIB fibres was also observed in the IM
EDL muscle of ORC mice compared with the CON
(P < 0.001) and the CNL side (P < 0.05). Unsurprisingly, the
proportion of type IIA/X fibres in the EDL was drastically re-

duced in the IM muscle of ORC mice compared with the
CON (P < 0.001), MA (P < 0.05), and CNL side (P < 0.0001).
Consistent with our H&E data (Figure S3), the cross-sectional
area of all fibre types in the EDL was significantly smaller in
the IM muscles of ORC mice compared with the CON and
MA muscles (P < 0.05; Figure 4K). Compared with the CON
muscles, changes in fibre-type proportions occurred in the
MA EDL muscles, although these differences were not as
stark. There was a higher percentage of type I and IIB fibres
in the IM EDL of ORC mice when compared with CON and
CNL sides (P< 0.05), while the proportions of type IIA/X fibres

Figure 4 Functional and histological characterization of the extensor digitorum longus (EDL) muscle of control (CON), middle-aged (MA), and
immobilized orchiectomized (ORC) mice. The right hindlimb of the ORC animals was immobilized (IM) and the contralateral left limb uncasted
(CNL). (A) Anatomical positioning of the EDL demonstrating the lengthening of the muscle during the immobilization phase of the ORC mice. Ex vivo
contractile analysis outcomes including peak twitch (B), absolute (C), and specific force (D) with the force–frequency relationship demonstrated in
panel (E). Muscle fatigability was assessed across a 3-min protocol, with data presented as the percentage initial force (F) and absolute force (G). Ox-
idative capacity quantified via succinate dehydrogenase (SDH) (H) and neutral lipid content via oil-red-o (ORO) staining (I). Fibre-type isoforms were
quantified via ATPase with average fibre area (J) and percentage of total fibres (K) analysed. Representative images of the ORO, ATPase, and SDH stains
displayed in panel (L). Symbols indicate *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001—different from CON; ^P < 0.05, ^^P < 0.01,
^^^P < 0.001, ^^^^P < 0.0001—IM different from CNL. Scale bar = 100 μm. n = 4–6 per group.
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were significantly reduced (P < 0.05). Type IIX fibres are hy-
brids that manifest both type I and type IIB characteristics,
making them more adaptable to environmental cues; thus,
their loss in the MA group and the IM muscle of ORC mice
suggests reduced adaptability. However, unlike the IM mus-
cles, the alteration in fibre-type proportions in the MA mus-
cles was counteracted by concomitant oppositional changes
in fibre area. As such, while the type IIB fibre
cross-sectional area decreased in size (P < 0.0001), the type
IIA/X fibre area increased compared with the CON EDL mus-
cles (P < 0.05).

Dystrophin expression decreases in immobilized
muscle

The DGC in skeletal muscle plays an essential role in
supporting force transmission by enabling stable interactions
between the sarcolemma and the cytoskeleton. Interestingly,
we found that the expression of dystrophin decreased signif-
icantly in response to IM when compared with CON animals
(P < 0.001) and trended to decrease in the MA group
(P = 0.07; Figure 5A). The IM muscle of ORC mice also had
lower dystrophin expression compared with the MA animals

Figure 5 Characterization of dystrophin, β-dystroglycan, and various mitochondrial-related proteins from the gastrocnemius muscle of control (CON),
middle-aged (MA), and orchiectomized-immobilized (ORC) mice. The right hindlimb of the ORC animals was immobilized (IM) and the contralateral left
limb uncasted (CNL). Western blot analysis of dystrophin glycoprotein complex proteins dystrophin (A) and β-dystroglycan (β-DG; B). Succinate dehy-
drogenase (SDH) staining of the tibialis anterior muscle (C) with representative images in sub-panel (Ci). Mitochondrial-associated proteins, peroxi-
some proliferator-activated receptor gamma co-activator 1-beta (PGC1-β; D), cytochrome oxidase IV (COX-IV; E), and cytochrome C (Cyt-C; F) were
also quantified via western blot. AMP-activated protein kinase (AMPK) protein expression was determined in its phosphorylated (pAMPK; G) and total
(H) forms. The ratio of phosphorylated to total AMPK was calculated and presented in panel (I). Symbols indicate *P < 0.05, **P < 0.01, ***P < 0.001
—different from CON; #P < 0.05, ##P < 0.01—different from MA; ^P < 0.05, ^^P < 0.01—IM + ORC different from CNL + ORC. Scale bar = 100 μm.
n = 4–6 per group. Western blot representative images cropped to remove lane containing sample unrelated to this study. To view full-length images of
western blot gel, gel layout, and protein loading, refer to Figure S4.
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(P < 0.05). There were no changes in β-dystroglycan expres-
sion between any of the groups (Figure 5B).

Decreased expression of mitochondrial proteins
that control oxidative metabolism is consistent
between middle-aged muscle and muscle subjected
to the combination of immobilization and
orchiectomy

To further characterize the model, mitochondrial markers
were examined in MA and ORC animals, with specific
mitochondrial proteins associated with oxidative metabolism
investigated in the gastrocnemius. Oxidative metabolism is
negatively impacted by aging and is a key feature of
sarcopenic muscle.19 With intriguing evidence demonstrating
a link between membrane proteins and the mitochondria,20

various mitochondrial-related proteins were subsequently in-
vestigated in the gastrocnemius via western blot. In addition,
SDH staining was also performed on the TA muscle
and expressed as a percentage of the total area analysed
(Figure 5C). It was found that both SDH intensity decreased
in both MA (P < 0.05) and IM muscles of ORC mice
(P < 0.01) when compared with CON, with the level detected
in the IM limb also lower than the CNL side (P < 0.01). The
expression of PGC1-β, a key marker of mitobiogenic transcrip-
tional activity, was compared between groups (Figure 5D).
PGC1-β protein expression significantly decreased in the IM
muscles of ORC mice compared with CON and the CNL limb
(P < 0.05), with no significant change observed in the MA
group. Two other mitochondrial proteins associated with ox-
idative metabolism, COX-IV and Cyt-C, were also quantified
(Figure 5E and 5F, respectively). The expression of COX-IV de-
creased in both the MA (P < 0.05) and IM muscles of ORC
mice (P < 0.01) when compared with CON animals, with a
trend for a decrease between CNL and IM limbs (P = 0.07).
Similarly, Cyt-C expression decreased in the MA (P < 0.05)
and IM muscles of ORC mice (P < 0.001) when compared
with CON. In addition, Cyt-C levels tended to decrease in
the IM limb of ORC animals when compared with the MA
group (P = 0.08) but were significantly lower than levels
found on the CNL side (P < 0.01).

The phosphorylation of AMP-activated protein kinase
(AMPK) (T172), a protein responsible for sensing nutrient/
energy deficits, decreased significantly in the IM muscle
of ORC animals compared with CON (P < 0.01; Figure 5G).
There was also a strong trend for phosphorylated AMPK to
decrease in the MA group and the IM muscle (P = 0.07;
Figure 5G). Total AMPK was significantly higher in IM muscle
compared with MA (P < 0.05; Figure 5H), but the phosphor-
ylated to total AMPK ratio was significantly lower than the
MA group (P < 0.01; Figure 5I). However, there were no
significant differences observed between the CON and MA
groups.

Discussion

The aim of the study was to evaluate the changes seen in
skeletal muscle in a rapidly inducible murine model of
middle-age-onset sarcopenia. Here, we present a novel
mouse model that recapitulates various changes to skeletal
muscle consistent with middle age and displays several
hallmarks of aging. In particular, this period represents a
symptomatically detectable window for optimal therapeutic
targeting to delay sarcopenia progression.

For many years, rodent models of sarcopenia were gen-
erated using techniques that either induced global or local-
ized muscle atrophy in the hindlimb by genetic, denervation
techniques, or pharmacological modification. In this study,
to mimic the combined physiological changes seen with ag-
ing and inactivity, our model was created using both ORC
surgery (to reduce testosterone as seen with aging in
men) and hindlimb casting (to drive a rapid decline in mus-
cle mass). We successfully induced a 60% reduction in cir-
culating testosterone, consistent with reductions in aging
humans and other castration studies.18,21,22 To test the ro-
bustness of our model, functional, histological, and cyto-
skeletal characteristics of skeletal muscle were compared
with those of MA mice. The complexities surrounding the
pathogenesis of sarcopenia and associated muscle changes
are only now being characterized by key alterations, includ-
ing global reduction of muscle mass,3 loss of muscle
strength,23 increased fatigue,24 and intramuscular adipose
tissue.25 Recently, as stated in an expert opinion piece by
Lynch,6 the molecular underpinnings of these changes
may be related to, but not limited to, the DGC,
mitochondria, and hormone levels. Alterations of these fac-
tors featured in MA as potentially early indications of aging,
and importantly in our ORC groups, demonstrating that the
model reproduces changes seen in middle age as sarcope-
nia onsets. For example, MA mice had a lower muscle mass
corrected for body weight and signs of poor muscle quality
(as demonstrated by decreased specific force, particularly in
the EDL), compared with 4-month-old CON mice. It was
also evident that the MA EDL was weaker during the fa-
tigue protocol, perhaps demonstrating early signs of mito-
chondrial dysfunction characteristic of all aged cells, includ-
ing muscle fibres. Indeed, multiple studies in humans and
rodents have shown that with age, mitochondrial integrity
and function are compromised, which impacts physical
performance.26 Key changes include reduced energy
production,19 increased oxidative stress,27 and impaired in-
tracellular calcium regulation.28 Mitochondrial integrity
and functional decline are observed in mice from as early
as 10–14 months preceding the onset of detectable
sarcopenia29 and may be central to the progressive loss
of contractile performance and muscle mass. Our data sug-
gest that a reduction of dystrophin protein is also involved.
Loss of dystrophin protein is intimately linked to mitochon-
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drial dysfunction in dystrophin-deficient mouse models,
cancer cachexia, and human Duchenne muscular dystrophy
(DMD) patients,30 as well as drug-induced myopathy in
mice.31 To our knowledge, we are the first to demonstrate
significantly reduced dystrophin protein expression in re-
sponse to hindlimb IM with androgen depletion. Further-
more, we demonstrated a trend for dystrophin loss in MA
animals, which supports previous findings.32 Taken together,
there is an associated link between the loss of dystrophin,
increased fatigue, and decreased mitochondrial markers in
the ORC model (and potentially during MA, signifying initial
changes towards sarcopenia); however, further work is
required to fully elucidate said relationship.

Observational studies have demonstrated an annual
decline in muscle mass of 1% from the age of 40, equating
to a loss of approximately 30%–40% by age 70.33 The age
of the MA mice used in this study was equivalent to
43–58 human years12; thus, we expected and observed only
moderate declines in muscle mass. These changes are more
representative of middle age, a time between healthy adult
function and clinically diagnosable sarcopenia, during which
a plethora of muscle changes occur, albeit at different rates,
meaning that the MA period is appropriate to investigate
preventative strategies for sarcopenia. Given that early func-
tional changes in MA individuals may be too subtle to be
readily detected in the clinic, the application of preventative
strategies that preserve muscle mass and strength, such as
regular resistance-based exercise, nutrition, or pharmacolog-
ical intervention, is needed to avoid the onset of severe
deterioration.34 Longer casting periods could be used to
increase severity, providing different starting points to test
treatments against muscle wasting in a low-testosterone en-
vironment, as happens with older males. As such, we aimed
to evaluate the extent to which our model compared to, or
even exceeded, MA changes. Fourteen days of hindlimb IM
in our model induced a 20%–30% loss in muscle mass, which
was comparable with MA mice, taking into consideration dif-
ferences in body weight (Table 2). The decrease in muscle
mass seen in the ORC model is similar to that observed
with aging—a 20% loss of muscle mass typically seen across
a 15- to 20-year period.7,33 With respect to muscle
force production, there was a marked decrease in the
slow-twitch soleus muscle of our model, which was far
greater than in MA mice. Oxidative muscles, such as the
soleus, are more impacted by unloading than fast-twitch
muscles.35 This is a key difference observed between the
immobilized muscle combined with ORC and the MA ani-
mals and to aging in general, in which there is preferential
atrophy of fast-twitch fibres and a slowing of the muscles.36

In addition to this, muscles fixed in the shortened position
during IM (i.e., the soleus in our study) atrophy to a greater
extent than muscles that are lengthened.37,38 Thus, it is pos-
sible to modify the hindlimb position to manipulate the loss

in specific muscles in our model, which can be advantageous
in designing studies where muscle phenotypic responses are
a key focus.

Mitochondria have recently been implicated in many phys-
iological processes associated with the maintenance of mus-
cle mass and contractile performance.39 In addition to this,
the cross-talk between mitochondria and pathways involved
in redox responses and inflammation is only beginning to
be defined in muscle.27,40–42 Many studies have demon-
strated declines in mitochondrial density and function with
aging in an array of tissues, including skeletal muscle.27,41–43

We used SDH staining, which is used to quantify the abun-
dance and activity of SDH enzymes comprising mitochondrial
complex II. Although we observed increased fatigue of the
EDL and soleus of MA compared with CON muscles (Figure 3),
SDH activity increased. It was presumed that fatigue suscep-
tibility could be explained by lower oxidative capacity, but
the changes may in fact be more complex than that. As
mitochondrial DNA (mtDNA) mutations accumulate through
the lifespan, electron transport chain function (particularly
of complexes I and IV) is severely compromised, and complex
II compensates through increasing activity, albeit
insufficiently.43–45 Although these age-related changes were
observed in MA mice, it is important to note that we did
not observe the same changes in our ORC model consistent
with the biological age of the mice (i.e., 4 months). The
immobilized EDL of ORC mice was comparatively fatigue re-
sistant relative to the CNL side and what was found in the
CON group (which has been shown in previous studies46),
but soleus was severely impacted with force output so low
that muscle fatigue could not be properly induced with the
use of our ex vivo contraction protocol. Reductions of key
mitochondria-associated proteins occurred in both MA and
IM muscles of ORC mice compared with CON, including
PGC-1β, a homologue to PGC-1α with overlapping functions,
and mitochondrial complex IV-associated proteins Cyt-C and
COX-IV. These changes, which are consistent with loss of mi-
tochondrial function, appear to be unrelated to biological age
and are perhaps more dependent on the loss of testosterone
production and/or IM/reduced function, again suggesting
that these are early changes in progression towards sarcope-
nia and require attention after bed rest. Further investigation
into the long-term functional consequences of this model is
needed.

The MA animals showed characteristics consistent with
early sarcopenia; thus, investigating this MA period could
be more therapeutically modifiable than diagnosable sarco-
penia. It is important to recognize that while we focused on
the muscle-related issues with best rest and aging, there
are a plethora of factors beyond muscle that have not been
assessed. For example, the interaction between muscle and
neural input, cognitive decline, the cardiovascular system,
or bone morphology have not been characterized here. Our
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approach produces complicated fibre-type-specific changes in
fast-twitch (EDL) and slow-twitch (soleus) muscles, which
could be translatable to many muscle-associated diseases.
Furthermore, it is important to highlight that our combina-
tion model of IM and ORC may best represent the muscle
changes associated with prolonged inactivity or acute bed
rest seen in middle- and older-age individuals rather than ag-
ing or atrophy alone. As such, the model would be very useful
for investigating ways to minimize the deleterious muscle ef-
fects of acute hospitalization or other acute atrophic condi-
tions, such as casting or bed rest. Further, severity can easily
be manipulated by altering the casting and castration time,
the latter of which is relatively short compared with other
works.47

One major limitation of this study worth noting is the
exclusive use of male mice, and thus, we are unable to
delineate and compare the results of the combined interven-
tion with those of females. A recent study by de Jong et al. pro-
vided insights into the muscle response to the aging process in
human biopsies, and it was found that indeed, males and fe-
males possess similar changes to varying molecular pathways
in muscle, specifically in the mitochondria.48 However, the
magnitude of these changes is amplified in females, especially
in the AMPK/Akt growth pathway, and the reasonings for this
are not clearly defined. It is possible that depletion of andro-
gens during menopause and/or the sex differences in muscle
phenotype (i.e., females contain more type I fibres than males
at a young age) may be driving the discrepancies observed in
humans. Based on this, it is reasonable to suggest that if we
were to mimic our current study in female mice, the overall
phenotypic changes may not differ from age-matched CONs,
but the molecular underpinnings will vary. The IM aspect in-
cluded in our model, in addition to androgen depletion, intro-
duces another level of complexity and requires further investi-
gation, especially in female ovariectomized mice.

Therefore, the model can be used to investigate preven-
tative measures to counteract the vast number of decre-
ments displayed in this study. In addition, this model can
also be used to explore pre-clinical interventions aimed at
the rehabilitation phase (cast removal), which can be spe-
cifically related to recovery from acute hospitalization in
humans.

In summary, while not a model of sarcopenia per se, we
present baseline data from a modifiable pre-clinical mouse
model that mimics the muscle-related changes seen in the
peri-sarcopenia period. As such, the application of potential
therapeutics, particularly during the rehabilitation phase in
a low-testosterone environment, could be most valuable to
temper the clinical trajectory of rapid aging. Therefore, we
deem that our model could be a cost- and time-efficient tool
for the pre-clinical testing of experimental therapeutics for
the treatment of conditions where muscle loss and dysfunc-
tion are common features.
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and soleus (SOL) muscles.
Figure S4. Full-length Western blot images associated with
Figure 5.
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