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ABSTRACT 

Undercarboxylated osteocalcin (ucOC) has been implicated in skeletal muscle insulin 

sensitivity and function. However, whether muscle mass and strength loss in atrophic 

conditions is related to a reduction in ucOC is not clear. We hypothesized that both 

immobilization and testosterone depletion would lead to reductions in ucOC, associated 

with not only the degree of muscle atrophy but also changes to atrophy signaling 

pathway(s) in male rats. We subjected 8-week-old male Fischer (F344) rats to 7 days of 

hindlimb immobilization 10 days after castration surgery. Hindlimb immobilization, but 

not castration, resulted in a significant reduction in ucOC (30%) and lower ucOC was 

correlated with the degree of muscle loss and muscle weakness. ucOC levels, the 

expression of ucOC-sensitive receptor G protein-coupled receptor, class C, group 6, 
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member A (GPRC6A), as well as the activity of extracellular signal-regulated kinase 

(ERK) and 5′ adenosine monophosphate–activated protein kinase (AMPK) were 

associated with the expression and activity of a number of proteins in the mammalian 

target of rapamycin complex 1 (mTORC1) and Forkhead Box O (FOXO) signaling 

pathways in a muscle type–specific manner. These data suggest that ucOC may have 

other effects on skeletal muscle in addition to its insulin sensitizing effect. © 2016 

American Society for Bone and Mineral Research 
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Introduction 

Bone is an endocrine organ involved in energy metabolism and possibly male fertility.(1) 

These functions are achieved by the undercarboxylated form of osteocalcin (ucOC).(2,3) 

Osteocalcin may play a role in cell growth and muscle fiber strength in skeletal 

muscles.(4–6) Indeed, there is some evidence suggesting that osteocalcin-deficient mice are 

characterized by lower muscle mass and weaker muscle strength.(7) In humans, lower 

ucOC/OC is associated with lower hip flexor, hip abductor, and quadriceps muscle 
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strength.(8) Furthermore, ucOC treatment promoted increased extensor digitorum longus 

(EDL) muscle cross-sectional area and grip strength in mice and myotube formation in 

C2C12 myoblast cultures in vitro.(6) 

 Muscle atrophy is a consequence of homeostatic imbalance between protein 

synthesis and protein degradation.(9) It is possible therefore, that the loss of muscle mass 

and strength during atrophic conditions might be, at least in part, attributed to lower 

circulating ucOC. However, it is not clear whether atrophic conditions, as seen following 

limb immobilization, has an impact on serum ucOC levels. 

 Testosterone is an anabolic hormone produced by the Leydig cells of the testes 

and plays a major role in the regulation of muscle mass in males.(10,11) Loss of 

testosterone, as a consequence of aging or castration surgery, leads to muscle atrophy and 

muscle weakness.(12,13) Testosterone modulates muscle anabolism not only via signaling 

networks that are directly orchestrated by itself, but also indirectly via other hormones 

such as follicle-stimulating hormone, luteinizing hormone, and growth hormone(14,15) due 

to widely expressed androgen receptors in endocrine organs, including bone.(16–18) 

Indeed, there are suggestions for the existence of a reciprocal interaction between bone 

and gonads.(19,20) ucOC promotes testosterone secretion in testes.(21) In turn, testosterone 

is implicated in bone growth, maturation, and maintenance.(20) However, whether 

testosterone loss has an impact on circulating ucOC level is unknown. As such, it is not 

clear whether reductions in testosterone level indirectly influence skeletal muscle mass 

via decreases in ucOC level. 

 The beneficial effects of ucOC on skeletal muscle are likely mediated via its 

putative receptor G protein-coupled receptor, class C, group 6, member A (GPRC6A).(22) 

Within the ucOC-GPRC6A cascade, extracellular signal-regulated kinase (ERK) and 5' 

adenosine monophosphate–activated protein kinase (AMPK) are proposed downstream 
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kinases(7,23) that are also known to be involved in the proliferation, growth, and lifespan 

of muscle cells.(24–26) 

 Under atrophic conditions, there are several signaling pathways actively 

responsible for muscle loss. The mammalian target of rapamycin complex 1 (mTORC1) 

cascade plays a vital role in cell proliferation and growth.(27) Its dysfunction has been 

suggested as one of the main mechanisms underlying muscle atrophy.(28,29) The 

phosphorylation of mTOR as well as the phosphorylation of 70-kDa ribosomal protein S6 

kinase (P70S6K), one of the major mTORC1 downstream targets, are indicative of 

mTORC1 activation.(30,31) Another important target of mTORC1 is unc-51-like autophagy 

activating kinase 1 (ULK1). Phosphorylation of ULK1 at ser757 by mTORC1 blocks its 

pro-autophagy functions.(32) Forkhead Box O (FOXO) family proteins are also critical in 

the process of muscle atrophy.(33) Phosphorylation of FOXO family members inhibit their 

translocation into the nucleus, thereby inhibiting the transcription of Muscle-specific 

RING Finger protein1 (MuRF1) and Muscle Atrophy F-box (MAFbx/Fbx32), the two 

important skeletal muscle-specific ubiquitin E3 ligases that tag proteins for proteolysis 

via the proteasome.(33) Furthermore, protein kinase B (AKT) is functions as a critical 

convergent point, regulating both mTORC1 and FOXO signaling pathways via 

phosphorylation.(28) The upstream signaling partner of AKT, insulin receptor substrate 1 

(IRS-1), directly activated by the insulin receptor, plays a role in these pathways, and can 

be downregulated via negative feedback in atrophic muscles.(34) Nevertheless, it is not 

clear how these signaling proteins interact with the ucOC-GPRC6A cascade under 

conditions of muscle atrophy. 

 The aims of this study were to test the hypotheses that (1) hindlimb 

immobilization and castration surgery lead to reductions in ucOC levels and (2) the 

reductions in ucOC correlate with muscle loss and related muscle signaling proteins. We 

also hypothesized that the expression/activity of downstream proteins in ucOC signaling 
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cascade will be correlated with the muscle atrophy signaling network. Given that 

different types of muscles respond differently during immobilization-induced 

atrophy,(35,36) these correlations between signaling proteins would also be in a muscle 

type-specific manner. 

Materials and Methods 

Animals 

Male Fischer (F344) rats (n = 31, body weight = 224.1 ± 3.1 g) were purchased ~8 weeks 

of age (Animal Resource Centre, Canning Vale, WA, Australia) and housed in pairs in a 

light- and climate-controlled room (12:12 hours of light and dark, 20°C to 22°C) with ad 

libitum access to water and standard animal chow (AIN93G; Specialty Feeds, Glenn 

Forrest, WA, Australia). All experiments and procedures were approved by the Animal 

Ethics Committee at Victoria University and in accordance with the Australian code of 

practice for the care and use of animals in scientific research. 

Castration surgery and hindlimb immobilization 

After 1 week of acclimatization, animals were randomly allocated into castration or sham 

groups. Testosterone levels were manipulated by performing a bilateral orchiectomy or 

sham surgery via a scrotal incision under sterile conditions. Pain relief was administered 

via intraperitoneal injection 30 min prior to surgery (0.5 mg/kg, Meloxicam; Therapon, 

Burwood, VIC, Australia). Animals were allowed to recover for 1 week, at which time 

they underwent unilateral immobilization of the right hindlimb (or free movement as non-

immobilized controls) for 10 days to induce muscle atrophy (7 rats for Sham+Non-

immobilization, 8 rats for Sham+Immobilization, 7 rats for Castration+Non-

immobilization, 9 rats for Castration+Immobilization). Hindlimb immobilization was 

conducted under 2% to 4% isoflurane anesthesia, tape stirrups were attached to the top 

and bottom of the foot, and the leg was then wrapped in cast padding and compression 

tape. The leg was immobilized by a thermoplastic splint (3’ Vet-lite casting material; 
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Therapon, Burwood, VIC, Australia) attached to the outside of the leg. The splint was 

secured in place using strapping tape with the foot in a neutral position. The splint was 

inspected and repaired daily, as required. Animals were also inspected daily by laboratory 

and veterinary staff, and their general level of activity, responsiveness, and appearance 

was assessed. After the immobilization/non-immobilization period, animals were killed 

in blood collection via heart puncture after ex vivo muscle contraction (see below). 

Ex vivo muscle contraction and sample collection 

After the 10-day immobilization/non-immobilization period, animals were deeply 

anaesthetized with sodium pentobarbital (60 mg/kg; Therapon, Burwood, VIC, Australia) 

via intraperitoneal injection. The EDL and soleus muscles from both legs were excised 

tendon to tendon and ex vivo contraction was conducted as described.(37) After the 

completion of ex vivo contraction experiments, the EDL and soleus were removed from 

the bath, blotted dried, cut free of tendon, and weighed. The muscles were then snap-

frozen in liquid nitrogen. Blood samples were then collected via heart puncture and left 

on ice for 30 min, at which time they were spun in a centrifuge at 16,000g at 4°C for 10 

min for serum samples. Serum was stored at –80°C until analysis. 

Measurement of the level of serum hormones 

Total osteocalcin was measured using ELISA kit purchased from Immunotopics (San 

Clemente, CA, USA) according to the manufacturer’s instructions. ucOC level was 

detected following hydroxyapatite binding as described(38) using the same ELISA kit. 

Serum testosterone and insulin were measured using ELISA kits (in duplicate) purchased 

from Crystal Chem (Downers Grove, IL, USA) based on kit instructions. 

Western blotting 

Muscle samples (~15 mg) were lysed in ice-cold radioimmunoprecipitation assay [RIPA] 

buffer (Cell Signaling, Danvers, MA, USA) with Inhibitor Cocktail (Cell Signaling) and 

25 mM dithiothreitol (Sigma Aldrich, St. Louis, MO, USA) using TissueLyser II 
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(QIAGEN, Hilden, Germany) followed by gentle rocking at 4°C for 1 hour. Protein 

homogenates were collected in the supernatant following centrifugation at 16,000g at 4°C 

for 15 min. Protein concentrations were determined by Bio-Rad Protein Assay (Bio-Rad, 

Hercules, CA, USA). Equal amounts of protein were subjected to electrophoresis on 

Criterion Stain-Free precast gels (10%; Bio-Rad) and then transferred electrophoretically 

using Trans-Blot Turbo Transfer System (Bia-Rad) onto a polyvinylidene fluoride 

(PVDF) membrane (Bio-Rad). Then a stain-free blot image was taken using ChemiDoc 

Imaging System (Bio-Rad) for total protein measurement in each sample lane. 

Immunoblotting was performed at optimum conditions for each antibody. Bands were 

identified using ChemiDoc Imaging System, using SuperSignal West Femto Maximum 

Sensitivity Substrate (Thermo, Waltham, MA, USA). Band densities of both stain-free 

blot and immunoblotting were measured by densitometry using Image Lab Software 

(Bio-Rad). Values of immunoblotting bands were normalized using total protein values 

before statistical analysis. p-mTOR (Ser2448), mTOR, IRS-1, p-ULK1 (Ser757), ULK1, 

p-FOXO3a (Ser253), FOXO3a, p-FOXO1 (Ser256), FOXO1, p-P70S6K (Thr389), 

P70S6K, p-AMPK (Thr172), AMPK, p-AKT (Ser473), AKT, p-ERK (Thr202/Tyr204), 

and ERK antibodies were purchased from Cell Signaling; GPRC6A antibody was 

provided by AVIVA (San Diego, CA, USA); and Fbx32 and MuRF1 antibodies were 

purchased from Bioss (Woburn, MA, USA). 

Statistical analysis 

All values are expressed as the mean fold-change (normalized to non-immobilization 

group) ± SE. To analyze the effects of castration and immobilization within non-

immobilized animals and immobilized animals on serum hormone levels, two-way 

ANOVA was applied. To analyze the effects of castration and immobilization within 

non-immobilized animals and immobilized legs on the muscle mass/body weight ratio, 

muscle force, and expression/activity of signaling proteins, two-way ANOVA was 
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applied. To analyze the effects of immobilization within immobilized legs and the 

contralateral legs on the muscle mass/body weight ratio, muscle force, and 

expression/activity of signaling proteins, two-way ANOVA with repeated measure was 

applied. Spearman’s correlation was performed between the variables within all groups 

unless other ranges are described. All figures and analyses were performed using 

GraphPad 6 (GraphPad Software, La Jolla, CA, USA). 

Results 

Impact of immobilization and castration on circulating hormones 

Both immobilization and castration had no significant effect on the level of total OC (Fig. 

1A). ucOC was reduced by ∼30% (p < 0.05) after immobilization but not changed after 

castration (Fig. 1B). Testosterone was lower by more than 90% (p < 0.001) following 

castration (Fig. 1C) and –40% (p < 0.001) following limb immobilization. Circulating 

serum insulin was ∼50% higher (p < 0.05) in the immobilization group compared to non-

immobilized animals. In contrast, compared with sham surgery, insulin level was 

significantly lower (∼50%) after castration. Circulating testosterone did not correlate with 

either OC or ucOC (Fig. 1E, F). 

<Insert Figure 1> 

Impact of immobilization and castration on EDL and soleus mass and strength 

In the EDL, hindlimb immobilization but not castration led to a small, but significant 

reduction in muscle mass (Fig. 2A). Immobilization resulted in lower muscle force 

compared with the non-immobilized contralateral leg (p < 0.05, Fig. 2C). Immobilization 

resulted in a profound reduction in soleus muscle mass and force in comparison with 

either non-immobilized animals (~30%; p < 0.001, p < 0.05) or the contralateral leg 

(~50%; p < 0.001) (Fig. 2B, D). Castration had no significant effect on either mass or 

strength in either muscle. 

<Insert Figure 2> 
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Higher ucOC level was associated with a higher EDL and soleus mass (Fig. 2E and Fig. 

2F, respectively) and also higher strength (Fig. 2G and Fig. 2H, respectively). Higher 

insulin level was associated with lower muscle mass in soleus among all animals (r = –

0.46, p = 0.01). 

Impact of immobilization and castration on postulated ucOC signaling proteins 

There was no alteration of GPRC6A protein expression in the EDL (Fig. 3A). In contrast, 

GPRC6A expression in the soleus was significantly lower following immobilization (Fig. 

3B). 

<Insert Figure 3> 

 p-AMPKα levels were lower (∼50%, p < 0.001), in both EDL and soleus 

following immobilization compared immobilization to non-immobilized rats (Fig. 3C, 

D). p-AMPKα as well as phospho/total ratio of AMPKα in EDL was lower in castrated 

animals compared to sham counterparts (p < 0.05) whereas its total expression was higher 

(Fig. 3C). 

 ERK1/2 phosphorylation and phospho/total ratio of ERK1/2 were lower than non-

immobilized animals following immobilization in EDL (Fig. 3E). In soleus, higher 

phospho/total ratio of ERK1/2 was observed in immobilized leg (p < 0.05) (Fig. 3F). 

 There was no significant correlation between ucOC level and the expression of 

GPRC6A in either muscle type (p > 0.05). In soleus but not EDL, GPRC6A was 

correlated with muscle mass (r = 0.51, p < 0.001). ucOC level was correlated with p-

ERK1/2 (r = 0.49, p < 0.01) and p-AMPKα (r = 0.42, p < 0.05) in EDL.  In soleus, ucOC 

tended to be correlated with p-AMPKα (r = 0.34, p = 0.072).  Higher soleus GPRC6A 

expression was associated with higher soleus p-AMPKα (r = 0.32, p < 0.05). Higher 

insulin levels were correlated with lower soleus p-AMPKα (r = –0.48, p < 0.01). 

Impact of immobilization and castration on IRS-1 and AKT 
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IRS-1 levels following immobilization were significantly lower compared to either non-

immobilized animals or the contralateral leg in both EDL and soleus (Fig. 4A and Fig. 

4B, respectively). In EDL, castration led to lower p-AKT/AKT ratio compared to sham 

control mainly due to an increased total AKT expression. In soleus, p-AKT/AKT was 

significantly lower following immobilization compared to the contralateral leg mainly 

due to a higher total protein levels. Soleus AKT expression was higher following 

castration in comparison to sham animals. 

<Insert Figure 4> 

 ucOC level were correlated with IRS-1 levels in EDL (r = 0.48, p < 0.01). EDL 

IRS-1 was also correlated with p-ERK (r = 0.30, p = 0.04) and p-AMPKα (r = 0.54, p < 

0.001). Similarly, IRS-1 expression in soleus muscle correlated with GPRC6A (r = 0.41, 

p < 0.01), and p-AMPKα (r = 0.54, p < 0.001). No correlations between IRS-1 and p-

AKT were observed in both types of muscle. EDL p-AKT was correlated with p-ERK in 

EDL muscle (r = 0.34, p < 0.05). 

Impact of immobilization and castration on mTORC1 signaling proteins 

In the EDL, p-mTOR/mTOR ratio was lower following immobilization compared with 

both non-immobilized animals (p < 0.001) and the contralateral legs (p < 0.05) (Fig. 5A). 

Castration led to enhanced total mTOR, but attenuated p-mTOR and p-mTOR/mTOR 

ratio in EDL. mTOR expression in immobilized soleus was significantly lower than in 

non-immobilized rats (Fig. 5B). In soleus muscle, p-mTOR and expression was lower in 

castrated animals compared to sham controls (Fig. 5B). 

<Insert Figure 5> 

 The mTORC1 substrates P70S6K, both phosphorylation and expression, were 

lower (p < 0.05) in immobilized EDL compared to the contralateral muscle (Fig. 5C). In 

immobilized soleus, p-P70S6K and phospho/total ratio of P70S6K were higher than the 

contralateral leg whereas total P70S6K level was markedly lower than either control (Fig. 
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5D). p-ULK1 was significantly lower following immobilization compared to non-

immobilization rats in both the EDL (∼70%, Fig. 5E) and the soleus (~50%, p < 0.001, 

Fig. 5F) immobilization. 

 In EDL, ucOC level was correlated with p-ULK1 (r = 0.54, p < 0.01). p-ERK had 

correlations with p-mTOR (r = 0.28, p = 0.05), and p-ULK1 (r = 0.38, p < 0.01). Lower 

EDL p-AMPKα was associated with lower EDL p-mTOR (r = 0.31, p < 0.05), and EDL 

p-ULK1 (r = 0.53, p < 0.001). EDL p-mTOR was associated with EDL p-ULK1 (r = 

0.50, p < 0.001). EDL p-AKT was correlated with EDL p-mTOR (r = 0.33, p < 0.05), and 

p-ULK1 (r = 0.44, p < 0.01). In soleus, higher soleus p-AMPKα had an association with 

higher soleus p-ULK1 (r = 0.46, p = 0.001). 

Impact of immobilization and castration on FOXO signaling proteins 

p-FOXO3a levels were significantly lower following immobilization than the 

contralateral legs in EDL (Fig. 6A). In castrated animals, total FOXO3a in EDL was 

higher than sham controls (Fig. 6A). Castrated rats also had higher levels of total 

FOXO3a in soleus (Fig. 6B). 

<Insert Figure 6> 

 Both phosphorylation and expression of FOXO1 were unchanged in EDL after 

immobilization or castration (Fig. 6C). There was a marked reduction in the 

phosphorylation level of FOXO1 following immobilization compared to non-

immobilized animals in soleus (Fig. 6D). Castration led to an increase in total FOXO1 

but a reduction in p-FOXO1/FOXO1 in soleus muscle (Fig. 6D). 

 Limited alterations were observed in the expression of E3 ligase Fbx32 in EDL 

after both immobilization and castration whereas the immobilized leg showed significant 

increase of Fbx32 in soleus comparing with non-immobilization rats (Fig. 6E, F). 

Following immobilization, Murf1 was significantly lower in EDL but higher in soleus 
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compared to non-immobilization animals (Fig. 6G, H). There was a higher (~40%, p < 

0.01) Murf1 in soleus in the castration group. 

 In soleus, a higher GPRC6A expression was correlated with lower Fbx32 (r = –

0.29, p < 0.05). Higher soleus p-AMPKα was associated with higher soleus p-FOXO1 (r 

= 0.38, p < 0.01). A higher soleus p-AMPKα/AMPKα ratio was correlated with a lower 

Fbx32 (r = –0.31, p < 0.05) and was tended to be correlated with a lower MuRF1 (r = –

0.26, p = 0.07). Furthermore, soleus p-FOXO1 (r = 0.33, p < 0.05) and soleus p-FOXO3a 

(r = 0.32, p < 0.05) was associated with p-ULK1. Lower p-FOXO1/FOXO1 ratio was 

tended to be associated with higher Fbx32 (r = –0.27, p = 0.062) and was associated with 

higher MuRF1 (r = –0.48, p < 0.001). 

Discussion 

We report that lower circulating ucOC following hindlimb immobilization, but not 

testosterone depletion (via castration), was associated with lower muscle mass and force 

in both fast-twitch (EDL) and slow twitch (soleus) muscles (Fig. 2E–H). This association 

was not evident following castration. Finally, a higher serum ucOC and a higher 

GPRC6A expression were related to higher ERK1/2 and AMPKα phosphorylation in a 

muscle-specific manner. The reduced activity of these putative ucOC signaling pathways 

was also related to decreased activity of mTORC1 activity in EDL and activation of 

FOXO pathway in soleus following immobilization. 

 It appears that skeletal muscle is one of the target organs of ucOC.(6–8,23,37) 

Previous studies mainly focused on the insulin-sensitizing effects of ucOC in skeletal 

muscles,(37,39,40) but recently, it has been suggested that ucOC may play a role in muscle 

mass maintenance and physiological functions,(6,7,37) Here we report that lower 

circulating levels of ucOC correlates with lower muscle mass and strength in both EDL 

and soleus muscle following immobilization, suggesting a link between ucOC and muscle 

mass and function. 
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ucOC promotes glucose metabolism by increasing the secretion of insulin and improving 

insulin sensitivity.(5,40) Interestingly, insulin signaling in osteoblasts stimulates ucOC 

production in bone,(41) indicating a positive feedback between ucOC and insulin that is 

likely to affect whole-body glucose metabolism. Because ucOC was reported to 

contribute to male reproductive capacity by enhancing testosterone production in testis(2) 

and testosterone has long been known to be involved in bone remodeling and function,(19) 

we hypothesized that reducing testosterone would lead to a reduction in ucOC. In contrast 

to our hypothesis, serum ucOC levels were not different in castrated rats compared to 

sham controls. In addition, ucOC did not correlate with testosterone levels. We also 

observed that testosterone depletion following castration surgery had limited effects on 

muscle mass and muscle strength. A potential limitation of the current study is the 

relative short duration of the intervention of testosterone depletion via castration. Indeed, 

in other rat studies, a moderate decrease in soleus mass/body weight ratio was found in 

animals following 5 weeks of castration surgery.(42,43) In a mice study, 10 weeks of 

castration time was needed to have moderate decrease in soleus mass/body weight ratio 

but not in fast twitch muscles.(44) It is thus possible that a longer duration post-castration 

is required to observe significant effects on circulating ucOC levels, muscle mass, and 

muscle strength. Lower phosphorylation of AMPK, AKT, and mTOR in EDL as well as 

lower phosphorylation of mTOR and FOXO1 but higher expression of MuRF1 in soleus 

was observed, in response to testosterone deprivation, which was similar to what was 

previously reported.(45) As such, it is likely that, in the short time frame of castration 

intervention in our study, molecular changes that favor muscle protein loss were already 

underway. However, these changes had not yet led to any apparent reductions in muscle 

mass and force. Indeed, in mice with long-term testosterone depletion (7 weeks post-

castration surgery) both molecular and functional changes, suggesting muscle atrophy, 

were reported.(45) It is also plausible that the testosterone effect on skeletal muscle is 



Aut
ho

r M
an

us
cr

ipt

Aut
ho

r M
an

us
cr

ipt

muscle-specific because higher testosterone levels correlated with higher soleus muscle 

weight within sham controls. This indicates testosterone might play a role in maintaining 

muscle mass more predominantly in slow twitch muscles. 

 Following hindlimb immobilization, muscle mass/body weight ratio of soleus, but 

not EDL, from the non-immobilized legs was significantly higher (11%, p < 0.05) 

compared with non-immobilized rats. This finding is similar to a previous studies that 

reported that soleus mass/body weight ratio in the non-immobilized leg gradually 

increased during a 7-day hindlimb immobilization in rats while the ratio of non-

immobilized gastrocnemius (consist mostly of glycolytic fibers) remained unchanged.(46) 

Furthermore, it was also reported that compared with non-immobilized rats, the rate of 

protein synthesis in non-immobilized soleus was moderately higher after 3-day 

immobilization. As such, it appears that oxidative muscles, but not glycolytic muscles, in 

the non-immobilized leg may exhibit some “mild overload” that resulted in increased 

mass. 

 To date, the downstream targets of ucOC-GPRC6A cascade in skeletal muscle 

cells have not yet been identified. However, it is possible that they involve ERK and 

AMPK, because ucOC treatment in C2C12 myotubes led to ERK1/2 phosphorylation, 

which can be inhibited by the administration of the inhibitor of the upstream kinase of 

ERK.(23) Moreover, in primary myotubes, ucOC activated AMPK/mTOR/P70SK6 kinase 

axis via GPRC6A, implicating AMPK as a key protein responsible for the anabolic 

effects of ucOC in skeletal muscle.(7) Our results demonstrate that lower ucOC level was 

associated with lower ERK1/2 phosphorylation in EDL. In contrast, soleus ERK1/2 

phospho/total ratio was elevated post-immobilization compared with both non-

immobilized rats and non-immobilized legs, despite more profound muscle wasting. It is 

possible that this increase in ERK activity in the soleus is a compensatory response to the 
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greater muscle loss as was reported previously.(47) Hence, our results may indicate that 

ERK involvement in the ucOC cascade in skeletal muscle is muscle-specific. 

 Although lower ucOC was associated with lower p-AMPKα in both EDL and 

soleus muscle, only in soleus did lower p-AMPKα correlate with lower GPRC6A 

expression compared to both non-immobilized rats and the contralateral leg. This lower 

p-AMPKα in atrophic oxidative muscle is consistent with a number of other studies. For 

instance, 10-day limb immobilization in rats led to a significant reduction in p-AMPK 

expression in red gastrocnemius muscle compared to the contralateral leg.(48) 

Furthermore, 2-week tail suspension led to a significant reduction in p-AMPK mainly in 

soleus and to a lesser degree in EDL in rats.(49) In humans, patients with critical 

myopathy showed decreased AMPK activity in skeletal muscles compared with healthy 

controls.(50) Accordingly, the attenuation of the ucOC signaling cascade may be related to 

soleus muscle wasting attributed to lower AMPK activity. However, unchanged or even a 

higher AMPK activity during muscle atrophy has also been reported.(46,51) These 

incompatible results fit the contradictory role of AMPK in cell fate in skeletal muscles. 

On one hand, high activity of AMPK induces membrane GLUT4 expression as well as 

mitochondrial biogenesis, benefiting muscle glucose metabolism and cell growth.(52,53) 

On the other hand, AMPK activation leads to cell autophagy via enhancing the activity of 

cell autophagy pathways.(54,55) Notably, the majority of findings showing reduced AMPK 

activity in atrophic muscle were obtained either in animals subject to inactive conditions 

for at least 10 days or in inactive patients, whereas short time activation or inhibition of 

AMPK was mainly employed in studies investigating its role in protein degradation. 

Therefore, impaired cellular glucose metabolism and energy production in muscle cells 

due to low AMPK activity can only be observed after a relatively long duration. Indeed, 

people with short-term leg immobilization and patients with myopathy are characterized 

by lower insulin sensitivity.(50,56) Intriguingly, patients with T2DM have lower circulating 
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ucOC,(57,58) which is of interest because low serum ucOC is also linked with impaired 

insulin sensitivity in animals.(59) Moreover, we observed that hyperinsulinemia induced 

by limb immobilization (Fig. 1) was associated with loss of muscle mass and lower p-

AMPKα in the soleus. Given that patients with T2DM are at a high risk for muscle 

atrophy,(29,60) glucose dysmetabolism due to low AMPK activity in slow twitch muscle 

during disuse atrophy may be a plausible scenario. However, this hypothesis should be 

tested in future studies. 

 We observed decreased expressions of IRS-1 in both muscles following 

immobilization, and these reductions of IRS-1 expression were associated not only with 

muscle mass loss but also with alterations of several signaling proteins. However, we did 

not find any significant correlations between IRS-1 level and the phosphorylation of its 

downstream kinase AKT. These results might indicate that the reductions of IRS-1 level 

were likely the consequence of protein degradation, but were not able to exert significant 

impact on insulin signaling pathway. Although phosphorylated AKT did not exhibit 

apparent decrease in EDL, its level was correlated with p-ERK, p-mTOR, and p-ULK1. 

These correlations were not observed in soleus. Recently, it has been reported that in 

C2C12 myotubes, the enhancement of AKT phosphorylation induced by osteocalcin 

treatment was abolished by U0126, an inhibitor of ERK kinase (MEK).(23) As such, in 

immobilized EDL, AKT phosphorylation could be affected by decreased activity of 

ucOC/ERK cascade, thus leading to reduced mTORC1 activity. 

 Higher ULK1 activity was correlated with lower p-mTOR in EDL only. In soleus, 

p-ULK1 was associated with p-FOXO1 and p-FOXO3a, which is consistent with the 

results that FOXO proteins can lead to muscle autophagy by interacting with ULK1.(54) 

Ubiquitin E3 ligases Fbx32 and MuRF1 were higher only in soleus compared with non-

immobilized rats following immobilization, and they were also correlated with muscle 

loss, GPRC6A level, and/or p-FOXO1/FOXO1 ratio. This suggests that protein 
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degradation caused by FOXO/Fbx32 (MuRF1) is, at least partly, responsible for soleus 

muscle loss. 

 Previous studies have shown that muscle atrophy caused by immobilization or 

suspension occurs in a muscle-specific manner, with muscle mass loss predominantly 

found in oxidative slow twitch muscles and to a lesser extent in glycolytic fast twitch 

muscles.(36,49,61) However, even though signaling pathways involved in muscle atrophy 

have been widely reviewed,(28,29,33,55) the molecular mechanism for the selectivity of 

muscle type atrophy still remains unresolved. Our data not only confirmed that hindlimb-

immobilization does lead to more severe muscle atrophy and weakness in soleus 

compared with EDL, but also highlighted a potential molecular mechanisms. The 

potential mechanisms are illustrated in Fig. 7. We propose that lower circulating ucOC 

and an attenuated ucOC signaling, caused by immobilization, reduces muscle mass in a 

muscle type–specific manner. In EDL, it leads to attenuated activity of AMPK and ERK, 

resulting in increased ULK1 activity and reductions in AKT activity and mTOR activity 

leading to muscle atrophy. In soleus, reduced ucOC and decreased GPRC6A expression 

results in larger reductions in AMPK activity, leading to more profound muscle atrophy 

via enhanced activity of ULK1 and increased expression of Fbx32 and MuRF1 through 

amplified activity of FOXO proteins, and potentially glucose dysmetabolism. These 

hypotheses need to be fully explored in future studies. 

<Insert Figure 7> 

 In conclusion, hindlimb immobilization, but not testosterone depletion via 

castration, leads to a significant reduction in ucOC, and lower ucOC was correlated with 

lower muscle mass and force in both fast-twitch (EDL) and slow-twitch (soleus) muscles. 

In addition, the putative ucOC/GPRC6A/ERK (AMPK) signaling cascade was affected 

by immobilization, and the expression and activity of proteins in ucOC signaling pathway 

were also associated with the expression and activity of a number of proteins in the 
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mTORC1 and FOXO signaling pathways in a muscle type–specific manner. However, 

whether ucOC and its putative signaling pathway play a role in muscle anabolism in 

addition to its insulin sensitizing effects will need to be explored in detail in future 

studies involving methods of ucOC deprivation and restoration. Additional investigations 

are also required to explore the role of ucOC in both muscle gene expression, as well as 

whether the alteration of gene expression is responsible for the reduced mass and strength 

following castration and immobilization. 
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Fig. 1. Impact of immobilization and castration on circulating OC, ucOC, testosterone 

and insulin levels. Serum levels of total OC (A), ucOC (B), testosterone (C), and insulin 

(D) were detected in NR/ImmR with sham/castration surgery. *p ≤ 0.05, **p ≤ 0.01, and 

*** p ≤ 0.001 in two-way ANOVA analysis. Symbols of p value of Castration main effect 

are illustrated on top of columns; symbols of p value of Immobilization main effects 

(“NR vs ImmR”) are illustrated on the right side of each panel. OC = osteocalcin; ucOC 

= undercarboxylated osteocalcin; NR = non-immobilized rats; ImmR = immobilized rats. 
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Fig. 2. Impact of immobilization and castration on EDL and soleus mass and strength. 

EDL MW/BW (A), soleus MW/BW (B), EDL muscle force (C), and soleus muscle force 

(D) were examined for muscles isolated from NR/ImmL and the CoL of immobilized rats 

with sham/castration surgery. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 in two-way 

ANOVA analysis. The correlation between ucOC and EDL MW/BW (E), EDL force (F), 

soleus MW/BW (G), or soleus force (H) was detected among all six groups. Symbols of p 

value of Castration main effect are illustrated on top of columns; symbols of p value of 

Immobilization main effects (“NR vs ImmL” and “ImmL vs CoL”) are illustrated on the 

right side of each panel. MW/BW = muscle weight/body weight; NR = non-immobilized 

rats; ImmR = immobilized rats; CoL = contralateral leg. 

Fig. 3. Impact of immobilization and castration on postulated ucOC signaling proteins. 

GPRC6A expression (A, B), p-AMPKα,AMPKα, and p-AMPKα/AMPKα levels (C, D), 

as well as p-ERK1/2, ERK1/2, and p-ERK1/2/ERK1/2 levels (E, F) of EDL and soleus 

isolated from NR/ImmL and the CoL of immobilized rats with sham/castration surgery 

were examined. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 in two-way ANOVA analysis. 

Symbols of p value of Castration main effect are illustrated on top of columns; symbols 

of p value of Immobilization main effects (“NR vs ImmL” and “ImmL vs CoL”) are 

illustrated on the right side of each panel. NR = non-immobilized rats; ImmR = 

immobilized rats; CoL = contralateral leg. 

Fig. 4. Impact of immobilization and castration on IRS-1 and AKT. IRS-1 expression (A, 

B), p-AKT, AKT, and p-AKT/AKT levels (C, D) of EDL and soleus isolated from 

NR/ImmL and the CoL of immobilized rats with sham/castration surgery were examined. 

*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 in two-way ANOVA analysis. Symbols of p 

value of Castration main effect are illustrated on top of columns; symbols of p value of 

Immobilization main effects (“NR vs ImmL” and “ImmL vs CoL”) are illustrated on the 
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right side of each panel. NR = non-immobilized rats; ImmR = immobilized rats; CoL = 

contralateral leg. 

Fig. 5. Impact of immobilization and castration on mTORC1 signaling proteins. p-

mTOR, mTOR and p-mTOR/mTOR levels (A, B), p-P70S6K, P70S6K, and p-

P70S6K/P70S6K levels (C, D), and p-ULK1, ULK1 and p-ULK1/ULK1 levels (E, F) of 

EDL and soleus isolated from NR/ImmL and the CoL of immobilized rats with 

sham/castration surgery were examined. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 in two-

way ANOVA analysis. Symbols of p value of Castration main effect are illustrated on top 

of columns; symbols of p value of Immobilization main effects (“NR vs ImmL” and 

“ImmL vs CoL”) are illustrated on the right side of each panel. NR = non-immobilized 

rats; ImmR = immobilized rats; CoL = contralateral leg. 

Fig. 6. Impact of immobilization and castration on the expression and activity of FOXO 

signaling proteins. p-FOXO3a, FOXO3a, and p-FOXO3a/FOXO3a levels (A, B), p-

FOXO1, FOXO1, and p-FOXO1/FOXO1 levels (C, D), Fbx32 expressions (E, F), and 

MuRF1 expressions (G, H) of EDL and soleus isolated from NR/ImmL and the CoL of 

immobilized rats with sham/castration surgery were examined. *p ≤ 0.05, **p ≤ 0.01, and 

*** p ≤ 0.001 in two-way ANOVA analysis. Symbols of p value of Castration main effect 

are illustrated on top of columns; symbols of p value of Immobilization main effects 

(“NR vs ImmL” and “ImmL vs CoL”) are illustrated on the right side of each panel. NR 

= non-immobilized rats; ImmR = immobilized rats; CoL = contralateral leg. 

Fig. 7. Reduced level of circulating ucOC and GPRC6A expression caused by hindlimb 

immobilization might lead to enhanced muscle atrophy in a muscle type–specific manner. 
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Figure 6 . 
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Figure 7 revised . 
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