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Sarcopenia is caused by excessive muscle protein degradation owing to various factors, including 
disuse. Although testosterone supplementation is an effective treatment, the underlying molecular 
mechanisms, particularly the role of the androgen receptor (AR), remain unclear. In this study, we 
examined the preventive actions of testosterone/AR against muscle atrophy in a murine model 
of immobilization-induced muscle atrophy. The bilateral hindlimbs of 8-week-old male C57BL/6J 
mice were immobilized using a wire. Testosterone deficiency and supplementation (50 µg/mL) were 
conducted by castration and intraperitoneal injection (twice a week for a month), respectively. The 
results showed a remarkable decline in muscle mass and strength after wire-induced immobilization 
for 14 days. The expression of muscle atrophic factors (Atrogin1 and MuRF1) and inflammatory factors 
(F4/80 and interleukin-6 (IL-6)) significantly increased (p < 0.001). Notably, muscular AR expression 
significantly decreased, whereas myostatin and CCAAT/enhancer-binding protein delta (C/EBPδ), 
a transcriptional activator of myostatin, were significantly elevated (p < 0.05). After castration, AR 
expression further decreased, and muscular changes with wire-induced immobilization deteriorated. 
These exacerbations were completely ameliorated by testosterone supplementation and AR 
upregulation. Our study provides important therapeutic insights into testosterone/AR in muscular 
atrophy caused by immobilization and shows that muscular AR in a testosterone-dependent manner 
regulates C/EBPδ/myostatin and inflammation.
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Skeletal muscle mass, muscle strength, bone density, and motor coordination capacity decrease with age, leading 
to a decline in physical function1. These changes result in a decrease in the patients’ quality of life and increase 
the risk of falls, nursing home admissions, and complications, ultimately leading to a worse life expectancy.

Age-related loss of skeletal muscle mass and strength, specifically referred to as sarcopenia, is defined as a 
progressive systemic skeletal muscle disorder with accelerated loss of muscle mass and function2. Immobilization-
induced muscle atrophy, one of the major causes of secondary sarcopenia, is caused by the mechanical unloading 
of skeletal muscles due to excessive rest and inactivity. Inhibition of muscle synthesis by insulin-like growth 
factor 1 (IGF-1) resistance, increased inflammatory cytokines, and activation of the myostatin signaling pathway 
trigger the expression of the atrogenes MuRF1 and Atrogin1, which are responsible for muscle atrophy via the 
ubiquitin-proteasome system3. In fact, elderly patients with sarcopenia have significantly higher levels of blood 
high-sensitive C-reactive protein (hsCRP)4 and inflammatory cytokines such as interleukin-6 (IL-6) and tumor 
necrosis factor-α (TNFα) compared to healthy elderly patients5. These inflammatory cytokines contribute to 
the development of sarcopenia by modulating key regulatory factors, such as MyoD and myostatin, thereby 
disrupting the balance between muscle protein synthesis and degradation6,7. Chronic inflammation induced by 
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aging is termed “Inflammaging,” which has recently received attention as an underlying pathology for various 
geriatric diseases such as sarcopenia8–10.

Testosterone is a major male sex hormone that has various effects on target organs, such as the prostate, 
muscles, bones, adipose cell tissue, and brain. Low testosterone levels can cause obesity and reduce physical 
function, muscle strength, and mass11,12. Conversely, testosterone administration promotes muscle anabolism, 
even in elderly individuals, and inhibits muscle atrophy in elderly individuals with low testosterone levels13. 
Testosterone has been shown to affect both the synthetic and degradative systems in muscles14 and regulation 
of the ubiquitin-proteasome system for muscle proteolysis15. Various pathways are already known such as IGF-
1, PI3K/Akt, and Akt/mTORC1/Foxo3a signaling16–19. Furthermore, testosterone suppresses the expression of 
inflammatory cytokines, including IL-6, via the androgen receptor (AR)20,21.

 

Scientific Reports |        (2025) 15:10568 2| https://doi.org/10.1038/s41598-025-95115-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The AR is a ligand-dependent nuclear transcription factor that binds to androgen response elements (AREs) 
and regulates the transcription of target genes through several co-regulators. Since the AR is expressed in a variety 
of cell types in mammalian skeletal muscles (e.g., motoneurons, fibroblasts, satellite cells, and myofibers)22–24, all 
of these cells are potential sites for testosterone25.

AR deficiency in the skeletal muscles reduces muscle strength25,26. We recently found that exercise-mimicking 
electric pulse stimulation (EPS) of C2C12 myotubes increases testosterone levels and AR expression27. Therefore, 
testosterone and AR regulate important pathways in atrophy progression, and inflammation and degradation 
markers could be potential candidates for responsive target molecules; however, the detailed mechanism remains 
unclear.

In this study, we aimed to determine the roles of testosterone and the AR in the progression of muscle atrophy, 
including their downstream mechanisms, using a murine model of immobilization-induced muscle atrophy.

Results
Mouse hindlimb immobilization induces muscle degradation and inflammation
A hindlimb immobilization model was established using 10-week-old male C57BL/6J mice, as described above 
(Fig. 1a). Muscle weight, muscle cross-sectional area (CSA), and muscle strength were measured at immobilized 
periods of 0, 1, 3, 7, and 14 days. The gastrocnemius weight and CSA tended to decrease over time from the start 
of immobilization, and both showed a significant decrease within 1 week (Fig. 1b–d). The weight of the soleus 
muscle showed a similar trend (Supplementary Fig. S1). The muscle strength also significantly decreased within 
1 week (Fig. 1e). These findings confirm that hindlimb immobilization with wires represents a suitable atrophy 
model to exhibit a decrease in muscle mass and whole-limb strength in mice.

Next, using the gastrocnemius muscle tissue from this murine model, we measured changes in the expression 
of degradation- and inflammation-related genes at the mRNA level.

Both Atrogin1 and MuRF1, which are related to degradation, were upregulated early after the start of 
immobilization, reaching maximum expression on day 3, and then peaking (Fig.  1f). A similar trend was 
observed for ubiquitin expression (Fig. 1g). These results support the phenotypic changes of decreased muscle 
weight and CSA associated with hindlimb immobilization.

Similarly, among the inflammation-related genes, F4/80 (a major marker of mature macrophages in mice) 
and IL-6 (a pro-inflammatory cytokine) increased within 1 week after the start of fixation and then peaked 
(Fig. 1h). The blood levels of IL-6 also increased (Fig. 1i).

Thus, changes in the gene expression of degradation and inflammatory factors occurred very early after 
disuse. In addition, the degradation and inflammatory factors were found to change simultaneously, suggesting 
the involvement of inflammation in the degradation process during disuse.

Decrease in AR protein expression in hindlimb immobilization
Since a decrease in testosterone causes muscle atrophy11,12 and testosterone acts through the AR, we hypothesized 
that the expression or activity of AR may decrease during the process of muscle atrophy.

Therefore, we next analyzed the changes in AR expression in the immobilization-induced muscle atrophy 
model by WB. The results showed that AR expression significantly decreased 3 days after immobilization with the 
progression of immobilization-induced muscle atrophy (Fig. 2a, b), although no manipulation was performed to 
cause direct increase or decrease in testosterone (exogenous testosterone supplementation or castration).

Our previous study showed that CCAAT/enhancer-binding protein delta (C/EBPδ), which is a member 
of the C/EBP family of transcriptional regulators28 and known as a transcription factor involved in muscle 
degradation by the ubiquitin-proteasome system, was suppressed with increased AR expression27. C/EBPδ is 
also a transcriptional regulator of IL-6 and myostatin, suggesting that a positive feedback loop between IL-6 
and C/EBPδ could be a possible mechanism. The expression of FOXO1 and FOXO3a, transcription factors that 
induce muscle atrophy by proteolysis and cooperate with C/EBPδ, increased in parallel, indicating an effect 
associated with the elevated expression of C/EBPδ (Supplementary Fig. S2). Moreover, in the immobilization-
induced muscle atrophy model, gene expression of myostatin, which is downstream of C/EBPδ and signaling 
pathways, was increased at approximately the same time as the decreased expression of AR (Fig. 2c).

These results suggest that during the process of immobilization-induced muscle atrophy, AR expression 
decreased and the C/EBPδ-myostatin-IL-6 pathway was upregulated to counterbalance it, leading to progressive 
muscle degradation.

Fig. 1.  Mouse hindlimb immobilization induces muscle degradation and inflammatory response. (a) Mouse 
hindlimb immobilization model. (b) The gastrocnemius weight significantly decreased within 1 week after 
immobilization (n = 6/group). (c) The gastrocnemius cross-sectional area (CSA) significantly decreased within 
1 week after immobilization (n = 4/group). (d) HE stained images of gastrocnemius transverse section (scale 
bars: 100 μm). (e) Grip strength test and wire hang test were performed to measure the muscle strength of the 
four limbs of mice, and both showed a significant decrease within 1 week after immobilization (n = 6/group). 
(f) The expression of degradation-related genes in the gastrocnemius muscle was maximal within 3 days after 
immobilization and then peaked out (n = 6/group). (g) Quantification of WB results confirm that ubiquitin 
expression in the gastrocnemius muscle (n = 3/group). The original blots are presented in Supplementary Fig. 
S3. (h) The expression of inflammation-related genes in the gastrocnemius muscle was maximal within 1 week 
after immobilization and then peaked out (n = 6/group). (i) The IL-6 levels in blood were maximal within 3 
days after immobilization and then peaked out (n = 4/group). All values are presented as the mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001, vs. Wire 0d, one-way ANOVA with post hoc Tukey test.
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Castration accelerates immobilization-induced muscle atrophy and AR downregulation
To examine the effects of the AR, we conducted an experiment combining castration- and immobilization-
induced muscle atrophy to exclude the effects of endogenous testosterone. This combined model 
(castration + immobilization) was created by removing the testes of 8-week-old male C57BL/6J mice, followed by 
hindlimb immobilization 4 weeks later. The gastrocnemius weight and muscle strength of mice were measured at 
fixation periods of 0, 1, 3, 7, and 14 days (Fig. 3a). The gastrocnemius weight tended to decrease with time after 
the start of immobilization in each group. Compared to the sham group at each fixation period, the castration 
alone group showed a significant decrease in gastrocnemius weight only in the 3- and 7-day post-immobilization 
group, but not in the other groups. In contrast, the castration + immobilization group showed the most 
pronounced decrease from 1 day after immobilization, and the decrease remained consistent until 14 days after 
fixation (Fig. 3b). A further decrease was observed for muscle strength. In the grip strength test, the castration 
alone group showed a significant decrease in the before fixation, but only the fixed 7-day group showed a 
significant decrease, whereas the castration + immobilization group showed the most pronounced decrease from 
1 day after immobilization, and the consistent decline was seen by 14 days after fixation. In the wire hang test, 
only the castration + immobilization group showed a consistent decline after 3 days of immobilization (Fig. 3c). 
To summarize, the combined model (castration + immobilization) shows an additive decline, and the degree 
increases as the time of immobilization periods.

For subsequent molecular analysis, based on previous results in which a significant decrease in AR associated 
with immobilization was observed within 3 days and a steady decrease thereafter, the time points were focused 

Fig. 2.  Mouse hindlimb immobilization induces a significant decrease in AR protein expression. (a) WB 
results confirm that AR expression in the gastrocnemius muscle is reduced with disuse muscle atrophy. The 
original blots are presented in Supplementary Fig. S4. Coomassie brilliant blue (CBB) staining is seen using the 
same protein samples. (b) Quantification of WB results (n = 5–6/group). (c) Increased expression of C/EBPδ, 
a transcriptional regulator of AR, and myostatin, located downstream of the signaling pathway, was observed 
(n = 6/group). All values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. wire 0d, one-
way ANOVA with post hoc Tukey test.
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on 0, 1, and 3 days. Atrogin1 expression was upregulated in the immobilization and castration + immobilization 
groups at 1- and 3- days post-immobilization compared to the respective sham groups, and the extent of the 
upregulation was highest in the castration + immobilization group. As for MuRF1, an increase was observed 
in the immobilization and castration + immobilization groups on days 1 and 3, respectively, and at day 1, the 
largest increase was observed in the castration + immobilization group (Fig.  3d). These results support an 
immobilization-induced muscle atrophy phenotype.

Fig. 3.  Castration accelerates disuse muscle atrophy. (a) Experimental design of castration and immobilization. 
(b,c) Both the gastrocnemius weight and muscle strength showed the earliest and largest decline in the 
castrated mice with hindlimb immobilization-group (n = 4–8/group). (d) Expression of degradation-related 
genes in the gastrocnemius muscle increased in conjunction with disuse (n = 4–7/group). All values are 
presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Mann–Whitney U test or one-way ANOVA 
with post hoc Tukey test.
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AR expression was significantly decreased at 1 and 3 days of castration + immobilization group, compared 
to immobilization alone group (Fig.  4a, b). At the same time, the expression of myostatin and C/EBPδ, 
a transcriptional regulator of AR was significantly increased. C/EBPδ expression was upregulated in the 
immobilization and castration + immobilization groups at 1- and 3- days post-immobilization compared to the 
respective sham groups, and at day 1, the largest increase was observed in the castration + immobilization group. 
As for myostatin, an increase was observed in the immobilization and castration + immobilization groups on 
day 3 (Fig. 4c). These results suggest a detrimental effect of castration on the pathological condition as muscle 
atrophy caused by immobilization and support the hypothesis that the pathway between AR and C/EBPδ is 
involved in immobilization-induced muscle atrophy.

In the inflammatory system, the expression levels of IL-6 and macrophages were elevated in 
the castration + immobilization group. IL-6 expression was upregulated in the immobilization and 
castration + immobilization groups at 1- and 3- days post-immobilization compared to the respective sham 
groups (Fig. 4d). For F4/80, a significant increase was observed in the castration + immobilization group on day 
3 (Fig. 4e). Similarly, IHC showed a significant increase in CD68 expression in the castration + immobilization 
group on day 3 (Fig. 4f, g). These results suggest the involvement of inflammation in the muscle degradation 
process in immobilization-induced muscle atrophy, which may be aggravated by a detrimental effect of 
castration, as mentioned above.

Testosterone supplementation improves muscle atrophy and inflammation deteriorated by 
immobilization and castration
To evaluate the effects of testosterone on immobilization-induced muscle atrophy, testosterone was 
administered to castrated mice with immobilization-induced muscle atrophy (Fig. 5a). The control group in 
this experiment was the vehicle group under castration + immobilization conditions. The results showed that on 
days 0, 1, and 3 after hindlimb immobilization, the muscle weight and strength were restored by testosterone 
administration (Fig. 5b, c). Among the degradation-related genes, Atrogin1 showed increased expression on 
days 1 and 3 after immobilization compared to the sham group on day 0, but this change was counteracted 
by testosterone replacement on day 3. In contrast, MuRF1 was not significantly decreased by testosterone 
supplementation (Fig.  5d). Furthermore, testosterone supplementation significantly increased the expression 
of AR from days 0 to 3, which was significantly higher than that in the castration + immobilization + vehicle 
group (Fig. 5e, f). C/EBPδ was also significantly lower in the castration + immobilization + vehicle group than in 
the castration + immobilization + vehicle group on day 0 due to testosterone pre-supplementation. A significant 
decrease in C/EBPδ expression was also observed up to days 1 and 3. In contrast, no significant decrease was 
observed in myostatin expression on day 0, but on days 1 and 3, a significant decrease in expression was shown 
by testosterone supplementation compared to the castration + immobilization + vehicle group (Fig. 5g, h). These 
results suggest that the AR-mediated enhancement of the C/EBPδ pathway is still involved in the process of 
immobilization-induced muscle atrophy.

Discussion
In this study, using a mouse model of immobilization-induced muscle atrophy, we showed that reduced AR 
correlated to muscle atrophy as a result of an increase in C/EBPδ expression (a transcription factor of myostatin), 
followed by an increase in IL-6. These AR-mediated regulatory pathways were further impaired by castration 
and reversed by testosterone supplementation.

In the skeletal muscles, AR has been investigated in various ways using myocyte-specific AR knockout 
(mARKO) mice. One study demonstrated that myocytic AR controls muscle strength, but not muscle mass25. 
Another study demonstrated that myocytic AR contributes to the maintenance of muscle mass, but not muscle 
strength26. Thus, the role of the muscular AR remains controversial. In the present study, we examined the 
regulatory effects of testosterone and AR on muscle atrophy. We found that both muscle strength and mass 
were regulated in parallel with the AR under conditions of testosterone deficiency or supplementation. Thus, 
our murine model can clarify the effects of testosterone/AR on muscle atrophy. However, the grip strength and 
wirehang tests used to assess muscle strength in this study measured whole-limb strength, rather than specifically 
targeting hindlimb strength. Future studies are needed to develop more accurate methods for assessing the 
effects of hindlimb immobilization.

In this mechanistic study, we found that downregulation of the AR is associated with upregulation of C/
EBPδ–myostatin. Recently, myostatin (a member of the TGFβ superfamily) has been proposed as an important 
molecule responsible for regulating the muscle proteolytic pathway. Overexpression of myostatin in adult mice 
causes severe muscle and fat loss, as observed in human cachexia syndrome, whereas mice and cows that are 
genetically deficient in myostatin exhibit dramatic increase in skeletal muscle mass, suggesting that myostatin 
inhibits muscle growth29. Several substances that block the myostatin pathway have been developed, some 
of which have progressed to clinical trials; however, none are available yet30. It may be difficult for a single 
molecule to inhibit the entire myostatin pathway, and this study suggests that the AR may be an upstream factor 
of myostatin. It has been reported that testosterone reduces myostatin levels19 and myostatin gene expression 
is directly upregulated via the AR at the transcriptional level31. Consistent with our findings, previous studies 
have shown that exogenous testosterone decreases muscle myostatin expression in a dose-dependent manner32 
and that castration increases its expression33. In addition to myostatin, recent studies on cellular metabolism 
in AR-deficient skeletal muscles have suggested alterations in ARE genes related to cellular metabolism such as 
glucose metabolism, fatty acid metabolism, and polyamine synthesis34. These findings should be considered in 
future studies.

A further interesting finding in this study was that the expression of C/EBPδ increased as the AR expression 
decreased. Regarding the molecular regulation of myostatin, C/EBPδ is an important transcription factor of 
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Fig. 4.  Castration reduces AR protein expression. (a) WB results confirm that AR expression in the 
gastrocnemius muscle is reduced at both 1 and 3 days after immobilization. Original blots are presented 
in Supplementary Fig. S5. Coomassie brilliant blue (CBB) staining is seen using the same protein samples. 
(b) Quantification of WB results (n = 4–7/group). (c) Increased expression of C/EBPδ and myostatin was 
observed in conjunction with decreased expression of AR (n = 4–7/group). (d) Increased expression of IL-6 was 
observed in conjunction with decreased expression of AR (n = 4–7/group). (e) Increased expression of F4/80 
was observed in conjunction with decreased expression of AR (n = 4–7/group). (f) Immunohistochemical 
analysis of CD68+ macrophage. (g) Quantification of CD68+ macrophage cells (n = 2–4/group). All values are 
presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Sham Wire, Mann–Whitney U test or one-
way ANOVA with post hoc Tukey test.
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myostatin, as well as the known Akt and mTOR signaling pathways16, which binds to C/EBP binding element 
(CBE) in the promoter region35. C/EBPδ is upregulated in skeletal muscle in response to glucocorticoids36 and 
its DNA-binding activity is also increased by glucocorticoids37. C/EBPδ KO mice show resistance to cancer 
cachexia and muscle atrophy associated with chronic kidney disease28.

Given that both ARE and CBE exists in the promoter region of myostatin, it is conceivable that AR and C/
EBPδ may act cooperatively in the transcriptional regulation of myostatin. Supporting this notion, our recent 
report demonstrated that an increase in AR expression and decrease in C/EBPδ expression were observed 
in EPS-stimulated C2C12 cells. Furthermore, flutamide (an AR inhibitor) reversed the decreased in C/EBPδ 
expression27, suggesting an AR-mediated regulation mechanism of C/EBPδ expression. At the same time, 
myostatin is known to be regulated not only by C/EBPδ but also by other signaling pathways. In a previous 
report using mouse C2C12 myoblasts, FOXO1, and SMAD transcription factors were reported to bind to the 
myostatin promoter, and their overexpression caused a significant increase in myostatin promoter activity38. 
In addition, some feedback may be received from downstream myostatin-regulated pathways such as Akt and 
mTOR16. The multifactorial regulation of myostatin may account for the differing behavior of C/EBPδ, and its 
impact over time will be explored in future studies.

Inflammatory cytokines, including IL-6, cause skeletal muscle atrophy and sarcopenia39. IL-6 and TNFα 
contribute to the progression of muscle atrophy by disrupting the balance between muscle protein synthesis 
and degradation systems6,7 and can promote inflammatory cell infiltration via the NF-κB system, leading to 
deterioration of muscle quality40. Interestingly, several previous reports have shown that the C/EBPδ and 
myostatin also cause an increase in IL-6 via pathways such as p38 MAPK and MEK17,41. In particular, since 
C/EBPδ enhances the production of inflammatory cytokine such as IL-6, modulates macrophage function, 
and increases inflammatory responses42. It also amplifies IL-6 signaling by directly targeting the IL-6 receptor 
gene43, these factors may be involved in inflammation-mediated muscle atrophy. Testosterone exerts anti-
inflammatory effects via the AR20,21. Evidence from animal studies of castrated mice and clinical reports in 
older men have shown that low testosterone levels increase inflammatory cytokines and, conversely, testosterone 
supplementation decreases inflammatory cytokines44. Our recent study investigating the effects of the AR on 
muscle inflammation showed that AR upregulation and IL-6 downregulation were observed in EPS-stimulated 
C2C12 cells, and that flutamide reversed IL-6 downregulation. As C/EBP-binding motifs exists in the promoter 
region of IL-645, a positive feedback loop between IL-6 and C/EBPδ may work, and thus the AR may induce 
inflammation via C/EBPδ27. Furthermore, given that IL-6 has diverse secretory patterns and actions46–48, further 
investigation of AR-dependent IL-6 regulation is needed.

In this study, peak changes in all parameters, including AR expression, occurred early (3 days to 1 week) after 
disuse of the gastrocnemius muscle in the immobilization-induced muscle atrophy model. The early existence of 
a dynamic period of muscle strength and metabolic changes has been consistently observed in several previous 
studies46,49–51, which might indicate the importance of early intervention. Thus, we expect that the effects and 

Figure 4.  (continued)
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Fig. 5.  Muscle atrophy and inflammation deteriorated by immobilization and castration improve following 
testosterone administration. (a) Experimental design of castration, testosterone administration, and 
immobilization. (b,c) Testosterone administration to mice with hindlimb immobilization after castration 
rescued the decrease in gastrocnemius weight and grip strength test (n = 4–6/group). (d) Testosterone 
administration suppressed the disuse-associated increase in degradation-related genes (n = 4–10/group). 
(e) Testosterone administration increased AR expression in the gastrocnemius muscle at any time point of 
0, 1, and 3 days after immobilization. The original blots are presented in Supplementary Fig. S6. Coomassie 
brilliant blue (CBB) staining is seen using the same protein samples. (f) Quantification of WB results (n = 4–6/
group). (g,h) Decreased expression of C/EBPδ, myostatin, F4/80, and IL-6 was observed in conjunction with 
increased expression of AR (n = 4–10/group). All values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001 vs. testosterone (–), Mann–Whitney U test or one-way ANOVA with post hoc Tukey test.
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limitations of early intervention and degree of reversibility will be examined in the future, which will be useful 
for the prevention and treatment of disuse-related muscle atrophy.

Based on our observations, testosterone supplementation and selective AR modulators (SARMs) are potential 
therapeutic agents for sarcopenia. Furthermore, with the same mechanistic insights into testosterone/AR 
regulation, low-intensity exercise preventing muscle atrophy has been suggested to be effective in sarcopenia27. 
Thus, discussing why testosterone supplementation increased the AR and the relationship between testosterone 
secretion (in testicular-derived and/or in other tissue, including skeletal muscle-derived) and AR expression in 

Figure 5.  (continued)
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skeletal muscle, may provide future issues to consider in the treatment of sarcopenia with testosterone or SARM. 
Moreover, to prevent or treat sarcopenia, proactive clinical trials are needed to determine the effects of exercise 
(e.g., intensity, duration, and frequency) and develop pharmacological agents for testosterone or SARM.

In conclusion, using a mouse model of immobilization-induced muscle atrophy, we found that AR expression 
decreased with gastrocnemius muscle atrophy (fast twitch). It can be suggested that muscle atrophy is promoted 
through increased expression of the AR-related genes, C/EBPδ and myostatin, and inflammatory cytokines such 
as IL-6. This was evidenced by a further reduction in AR expression after castration, which was ameliorated by 
testosterone supplementation.

Methods
Animals
C57BL/6J male mice (Sankyo Labo Service Corporation, Inc., Tokyo, Japan) were housed with free access to 
water and standard rodent chow under a 12-h light/dark cycle at constant room temperature (21 ± 3 °C) and 
humidity (40% ± 10%).

The mice were anesthetized with three different anesthetics (medetomidine hydrochloride, midazolam, and 
butorphanol) according to the protocol recommended by the Animal Experiment Committee of the University 
of Tokyo52. At the time of euthanasia after the experiment, blood was drawn from their hearts under anesthesia 
and the aortas were cut to confirm death.

All animal care procedures and experiments were approved by the Animal Experiment Committee of 
the University of Tokyo (approval number: Medical-P20-009) and the authors complied with the ARRIVE 
guidelines. All experiments were performed in accordance with relevant guidelines and regulations.

Mouse hindlimb fixation model
Mouse hindlimbs were wrapped with surgical tape (3 M Japan, Tokyo, Japan) and aluminum wires (DAIDOHANT. 
Co., Ltd., Osaka, Japan) was used to fix both sides, in accordance with the protocol outlined in a previous study53. 
All mice used in the experiment were wired at the same time and at the same week of age, defined as 0d just 
before winding. After immobilization, the mice were allowed to move, drink, and eat freely in the cage using 
their forelimbs.

Castration and testosterone administration
The testes of 8-week-old mice were removed and testosterone (Testosterone Propionate; TOKYO CHEMICAL 
INDUSTRY CO., LTD., Tokyo, Japan) was administered to some mice as described in our previous study52. 
Testosterone was dissolved in safflower oil (Wako, Osaka, Japan) and injected subcutaneously at 50 mg/kg twice 
weekly. In the sham group, the abdomen was opened under anesthesia, but closed without further surgical 
manipulation.

Measurements of muscle strength
1. Grip strength test
The mouse grip strength was measured using a grip strength tester (MK-380CM/R; Muromachi Kikai Co., Ltd., 
Tokyo, Japan). Briefly, mice were instructed to grasp a 12 × 8 cm wire mesh connected to the grip strength tester 
with all four limbs, and their tails were pulled backward while holding the mesh in this position. Each mouse was 
measured in two sets of five repetitions and the average values, except for the maximum and minimum values, 
were calculated for each set.

2. Wire Hang test
A wire mesh was placed on top of a 20 cm high translucent acrylic case. After the mouse was placed on top, 
the wire mesh was inverted, the mouse was suspended upside down, and the time to fall was measured. Three 
measurements were recorded for each mouse, and the maximum value was used. Measurements were terminated 
at 180 s.

Measurement of IL-6 concentration
Blood was collected from the thoracic aorta, mixed with heparin in an Eppendorf tube, and centrifuged at 4 °C, 
4500  rpm for 10  min to collect plasma. The plasma IL-6 concentrations were measured using a Quantikine 
ELISA Mouse IL-6 Immunoassay in accordance with the manufacturer’s protocol (M6000B, R&D Systems Inc.).

Measurement of the muscle cross-sectional area (CSA)
Skeletal muscle fibers can be broadly classified into slow (type I) and fast (type II) twitch fibers54. As sarcopenia 
is characterized by selective atrophy of fast muscle fibers55, the gastrocnemius muscle (a primarily fast muscle) 
was used for this analysis.

Gastrocnemius muscles were dissected and quickly frozen. Serial 10-µm thick sections were made around 
the muscle belly (the area of maximum CSA) and hematoxylin-eosin (HE) stained (Applied Medical Research 
Laboratory, Osaka, Japan). The CSAs of the muscle fibers were determined by tracing the circumference of at least 
100 randomly selected muscle fibers per specimen. The prepared specimens were observed using a fluorescence 
microscope (APX100, Evident, Tokyo, Japan; BZ-X810, Keyence, Osaka, Japan), and the microscopic images 
were analyzed using ImageJ 1.52a software (National Institutes of Health, MD, USA, ​h​t​t​p​s​:​/​/​i​m​a​g​e​j​.​n​i​h​.​g​o​v​/​i​j​
/​​​​​)​​​5​6​​​.​​
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Immunohistochemical analysis of muscle tissue
Immunohistochemical analysis was performed on frozen sections. The specimens were prefixed in 4% PFA and 
mixed with 3% H2O2/MetOH (Agilent), avidin/biotin solution (Agilent), and 2% bovine serum albumin (Sigma-
Aldrich), followed by overnight incubation with the primary antibody CD68 (dilution 1:100, Bio-Rad). After 
washing, the glass slides were incubated with Alexa-488 streptavidin (Jackson ImmunoResearch) and Biotin-SP 
Donkey Anti-Rat IgG (Jackson ImmunoResearch), and the nuclei were incubated with DAPI (1:5000, Sigma-
Aldrich) for contrast staining.

When quantifying IHC results for CD68, sections contain at least 50–100 skeletal muscle fibers were selected 
and only staining located near DAPI (within 5 μm) were measured as previously reported57.

RNA extraction from skeletal muscle and quantitative PCR (qPCR)
RNA was extracted from gastrocnemius muscle tissues. Tissues were homogenized using a cell destroyer (# 
PS1000; Bio Medical Science, Tokyo, Japan) in RNAlater Stabilization Solution (Invitrogen), and total RNA was 
extracted using an RNeasy Mini Kit (#74106; Qiagen). cDNA was synthesized by reverse transcription using an 
Omniscript RT Kit (#205110; Qiagen) and oligo (dT) primers (Invitrogen). qPCR was performed using the SYBR 
Green method with Fast SYBR Green PCR Master Mix (Applied Biosystems) as the reagent and a StepOnePlus 
Real-Time PCR System (Applied Biosystems). GAPDH was used for standardization. The primer sequences 
used were as follows: GAPDH; 5′-​A​A​C​T​T​T​G​G​C​A​T​T​G​T​G​G​A​A​G​G-3′ (forward) and 5′-​A​C​A​C​A​T​T​G​G​G​G​G​T​A​
G​G​A​A​C​A-3′ (reverse), C/EBPδ; 5′-​C​T​C​C​A​G​G​G​T​C​T​A​A​A​T​A​C​A​T​A​G​C-3′ (forward) and 5′-​C​T​C​A​C​A​G​C​A​G​T​
C​C​A​C​A​A​G-3′ (reverse), Myostatin; 5′-​C​T​C​C​A​G​A​A​T​A​G​A​A​G​C​C​A​T​A-3′ (forward) and 5′-​G​C​A​G​A​A​G​T​T​G​T​C​
T​T​A​T​A​G​C-3′ (reverse), F4/80; 5′-​T​T​G​G​C​C​A​A​G​A​T​T​C​T​C​T​T​C​C​T-3′ (forward) and 5′-​T​C​A​C​T​G​C​C​T​C​C​A​C​T​
A​G​C​A​T​C-3′ (reverse), IL-6; 5′-​C​A​A​T​G​C​T​C​T​C​C​T​A​A​C​A​G​A​T​A​A​G-3′ (forward) and 5′-​A​G​G​C​A​T​A​A​C​G​C​A​C​T​
A​G​G​T-3′ (reverse), Atrogin1; 5′-​G​A​G​G​C​A​G​A​T​T​C​G​C​A​A​G​C​G​T​T​T​G​A​T-3′ (forward) and 5′-​T​C​C​A​G​G​A​G​A​G​
A​A​T​G​T​G​G​C​A​G​T​G​T​T-3′ (reverse), MuRF1; 5′-​A​G​T​G​T​C​C​A​T​G​T​C​T​G​G​A​G​G​T​C​G​T​T​T-3′ (forward) and 5′-​A​
C​T​G​G​A​G​C​A​C​T​C​C​T​G​C​T​T​G​T​A​G​A​T-3′ (reverse).

Western blotting (WB)
Gastrocnemius muscle was homogenized in T-PER (Thermo Fisher Scientific) with a protease inhibitor cocktail 
(Roche) and a phosphatase inhibitor cocktail (Roche) that effectively lysed membrane and intercellular protein58. 
The protein concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific). Briefly, 
10 µg of protein sample per well was transferred to 7.5% polyacrylamide gels (Wako) and then transferred to 
a PVDF membrane by Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Membranes 
were incubated overnight with the following primary antibodies: anti-AR (dilution 1:1000, Santa Cruz) and 
anti-ubiquitin (1:1000, Cell Signaling Technology)59. The membranes were washed and incubated with the 
corresponding horseradish peroxidase-conjugated secondary antibodies (GE Healthcare). Bands were detected 
using ECL Prime (GE Healthcare) and quantified using ImageJ software.

We also measured the whole protein simultaneously. Briefly, 10 µg of protein sample per well was transferred 
to 10% polyacrylamide gels (Wako) and stained with Coomassie Brilliant Blue (TaKaRa). Analysis was performed 
using ImageJ software.

Statistical analyses
All data are presented as the mean ± standard error of the mean (SEM). Statistical comparisons between the two 
groups were performed using the Mann–Whitney U test. Multiple group comparisons were performed using 
analysis of variance with a post-hoc Tukey test. All data were analyzed using Prism 6.0 (GraphPad Software, 
https://www.graphpad.com/). P-values < 0.05 were considered significant.

Data availability
The datasets generated and/or analyzed during the current study are available from corresponding author on 
reasonable request.
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