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Abstract
We tested the hypothesis that there are sex differences in hindlimb unloading-induced activation of the forkhead box sub-
family O3a (FoxO3a) signaling pathway in rat soleus muscle. Age-matched male and female Wistar rats were subjected to 
hindlimb unloading, and the soleus muscle was removed before or 1 or 7 days after unloading. Female rats showed greater 
percent changes in relative soleus muscle weight than males. FoxO3a phosphorylation was lower in females than in males 
and was associated with higher levels of protein ubiquitination 7 days after unloading. Heat shock protein 72 (Hsp72) levels 
were lower in female rats and increased in males during unloading. Female rats showed slightly higher myostatin levels, 
which showed a non-significant decline in male rats following unloading. Thus, males and females show different responses 
to the FoxO3a/ubiquitin–proteasome pathway following hindlimb unloading in rat soleus muscle, which may be associated 
with differences in Hsp72 expression and myostatin signaling.
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Introduction

Males and females exhibit marked physiological differences, 
including body composition [1], hormone concentration [2], 
muscle fiber type [3], and substrate utilization [4]. These 
differences can affect muscle response and adaptation to 
extracellular stimuli. For example, young and older men 
generally exhibit a greater hypertrophic response to resist-
ance training [5, 6]. In contrast to this positive adaptation by 
men, women exhibit increased response to disuse [7, 8]—for 
instance, 17 weeks of horizontal bed rest induced a greater 
reduction in whole muscle volume in female as compared 

to male subjects [8]. Another study showed that recovery of 
muscle strength from unloading is slower for women than 
for men [9]. Thus, unloading-induced skeletal muscle loss 
may be sex-specific; however, there is limited supporting 
evidence for this possibility and the underlying mechanisms 
remain unclear.

Forkhead box subfamily (Fox)O transcription factors are 
involved in metabolism, apoptosis, and cell cycle progres-
sion in skeletal muscle [10]. FoxO signaling regulates two 
major catabolic systems—i.e., the ubiquitin–proteasome 
and autophagy–lysosome pathways, both of which mediate 
muscle protein degradation during skeletal muscle atro-
phy [11, 12]. Interestingly, women express higher levels of 
FoxO3 mRNA than men [13], suggesting that differential 
FoxO3 signaling in response to unloading is responsible 
for the higher degree of skeletal muscle loss during disuse 
in females. Moreover, its upstream molecules such as Akt, 
Hsp72, and myostatin also exhibit sex-specific abundance 
or response to several extracellular stimuli in human and rat 
skeletal muscle [14–16]; however, there have been no studies 
investigating changes in intracellular signaling associated 
with muscle loss.

To address this issue, in this study we examined sex differ-
ences in the activation of the FoxO3a/ubiquitin–proteasome 
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pathway following hindlimb unloading in rat soleus muscle. 
Our results provide new insight into sex-specific changes in 
FoxO3 signaling under conditions of muscle atrophy.

Materials and methods

Experimental animals and hindlimb unloading

This study was approved by the Juntendo University Ani-
mal Care Committee (H28-15) and followed the principles 
for the care and use of laboratory animals set forth by the 
Physiological Society of Japan. Age-matched male and 
female Wistar rats (10 weeks old; n = 18/group) used in this 
study were housed in a climate-controlled room (23 ± 1 °C; 
55 ± 5% relative humidity, and 12:12-h light/dark cycle) and 
had free access to standard rat chow and water. After accli-
mation, both male (255.1 ± 2.0 g) and female (164.2 ± 1.4 g) 
rats were subjected to hindlimb unloading for 1 or 7 days 
as previously described [17]. Briefly, a tail-cast suspension 
was applied to each rat, leaving the distal one-third of the 
tail free to allow proper thermoregulation. The tail cast was 
attached to a hook on the ceiling of the cage, and the height 
of the hook was adjusted so that the cast was inclined at an 
angle of ~ 35° in a head-down orientation. The rat was free 
to move around the cage on its front feet. Rats were checked 
daily for tail lesions or discoloration. After the experimental 
period, the rats were anesthetized with isoflurane (~ 3–5%) 
and pentobarbital sodium (60 mg/kg); the soleus muscle was 
carefully removed before (0 day; n = 6/group) or 1 day (n = 6/
group) or 7 days (n = 6/group) after hindlimb unloading and 
weighed. Muscle weight per body weight was expressed as 
relative muscle weight. The muscles were flash frozen in 
liquid nitrogen and stored at − 80 °C until analysis.

Muscle preparation

Frozen soleus muscle tissue was powdered and a 30-mg 
sample was analyzed. Subcellular fractions were prepared 
from powdered muscles using a commercially available 
extraction kit (Thermo Fisher Scientific, Waltham, MA, 
USA). Briefly, ~ 30 mg of skeletal muscle was homog-
enized in CER-I buffer containing complete EDTA-free 
and PhosSTOP protease inhibitor cocktails (Roche, Penz-
berg, Germany) using a bead cell disrupter (Microsmash 
MS-100; Tomy Seiko Co., Tokyo, Japan). The lysate was 
centrifuged at 500 × g for 5 min at 4 °C and the pellet was 
washed three times in homogenization buffer to remove 
contaminating cytosolic proteins. The pellet was then 
resuspended in nuclear extraction reagent buffer supple-
mented with protease inhibitor according to the manufac-
turer’s instructions. To obtain the myofibril fraction, the 
insoluble pellet corresponding to the particulate fraction 

was washed three times in five volumes of ice-cold homog-
enization buffer and centrifuged at 12,000 × g for 5 min 
at 4 °C, then resuspended in ten volumes of lysis buffer 
[20 mM HEPES (pH 7.4); 250 mM NaCl, 1% (w/v) lithium 
dodecyl sulfate] and centrifuged at 17,000 × g for 5 min 
at 4 °C. To obtain the pure cytosolic fraction, the sample 
was centrifuged at 12,000 × g for 15 min at 4 °C and 
the supernatant was collected. Protein concentration was 
determined using a bicinchoninic acid protein assay kit 
(Thermo Fisher Scientific).

Immunodetection

Equal amounts of protein (20 μg) were loaded onto a pre-
cast 4–15% Tris–Glycine extended polyacrylamide gel 
(Bio-Rad, Copenhagen, Denmark) and electrophoreti-
cally separated at 150 V for 60 min. Separated proteins 
were transferred to a polyvinylidene difluoride membrane 
(Bio-Rad) that was incubated in blocking reagent (Can 
Get Signal; Toyobo, Tokyo, Japan). After three washes, 
the membrane was incubated with primary antibodies 
against the following proteins: β-actin (1:2000), phos-
phorylated Ser253-FoxO3a (1:1000), LC3A/B (1:2000), 
phosphorylated Ser465/467-Smad2/Ser423/425-Smad3 
(1:2000), Smad2/Smad3 (1:2000), phosphorylated Ser473-
Akt (1:2000), and Akt (1:2000) (all from Cell Signaling 
Technology, Beverly, MA, USA); FoxO3a (1:1000; Mil-
lipore, Temecula, CA, USA); mono- and polyubiquitinated 
conjugates (Enzo Therapeutics, Farmingdale, NY, USA); 
GDF-8/myostatin (1:2000; Abbiotec, San Diego, CA, 
USA); and follistatin (1:2000; Aviva Systems Biology, San 
Diego, CA, USA). This was followed by incubation with 
anti-rabbit horseradish peroxidase-conjugated secondary 
antibodies (1:5000; Cell Signaling Technology) in dilution 
buffer (Can Get Signal; Toyobo) for 1 h at room tempera-
ture (25–26 °C). After several washes, protein bands were 
visualized using enhanced chemiluminescence Prime rea-
gent (GE Healthcare, Piscataway, NJ, USA), and the signal 
was recorded using a ChemiDoc Touch Imaging System 
(Bio-Rad). Signal intensity was analyzed using Image Lab 
v.5.2.1 software (Bio-Rad). Phosphorylation ratios were 
normalized to that of the male 0 day group (n = 6), which 
was set as 1.0. Immunodetection of β-actin or Ponceau red 
staining was used as a loading control.

To determine Hsp72 expression level, membranes were 
incubated with anti-Hsp72 alkaline phosphatase conjugate 
(1:2000; Stressgen, Victoria, BC, Canada) in Tris-buffered 
saline with Tween 20 along with 5% non-fat dry milk for 1 h 
at room temperature. Membranes were reacted with alkaline 
phosphatase substrate (Immun-Star; Bio-Rad) at room tem-
perature. Analyses were performed using Image Lab v.5.2.1 
software.
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Real‑time polymerase chain reaction

Total RNA was isolated as previously described [18]. 
RNA was purified using an RNeasy Mini kit (Qiagen, 
Valencia, CA, USA), and the concentration and purity 
(A260/280 and A260/230, respectively) were determined 
using QIAxpert (Qiagen). Reverse transcription was per-
formed with 2 μg of total RNA using SuperScript VILO 
MasterMix (Invitrogen, Carlsbad, CA, USA). mRNA 
levels of HSPA1A (Hsp72Rn04224718_u1), TGF-β 
(Rn01504766_m1), Smad2 (Rn00569900_m1), and Smad3 
(Rn00565331_m1) were quantified using a TaqMan gene 
expression assay (Applied Biosystems, Foster City, CA, 
USA) and were normalized to 18S mRNA levels. The 
2−ΔΔCt method was used for data analysis [cycle threshold 
(Ct) = Ct (gene of interest) − Ct (reference gene)], where 
Ct indicates the fractional cycle number at which the 
amount of amplified target reaches a fixed threshold. Rela-
tive changes (ΔΔCt) in the expression level of the target 
gene were calculated by subtracting the ΔCt of the male 
control rat (0 day of unloading).

Measurement of soleus myofiber cross‑sectional 
area

Serial cross-sections (10 μm thick) of frozen soleus mus-
cle samples were obtained using a cryostat (CM3050S, 
Leica, Wetzlar, Germany) at − 20 °C, and standard hema-
toxylin and eosin staining was performed to measure 
total myofiber cross-sectional area (CSA), as previously 
described [19]. Sections were captured using a micro-
scope (20×; BZ-8000; Keyence, Osaka, Japan). The CSA 
was determined using ImageJ software (NIH, Bethesda, 
MD, USA) by tracing the outlines of individual fibers. 
The mean fiber CSA was then calculated by dividing the 
total area by the total number of fibers and was expressed 
in μm2.

Statistical analysis

Values are expressed as mean ± standard error of the 
mean. Statistical significance was evaluated by two-way 
(sex × unloading) analysis of variance. Simple effects tests 
were performed when the interaction was significant. When 
significant main effects were found (without significant 
interaction), pairwise comparisons were performed where 
necessary using Sidak’s method. The unpaired Student’s 
t-test was used to compare variables between males and 
females. p < 0.05 was considered statistically significant. 
All analyses were performed using Prism v.6.0 software 
(GraphPad Inc., La Jolla, CA, USA).

Results

Body weight, soleus muscle weight, fiber CSA

We measured the body weight, change and percent change 
in relative soleus muscle weight, and soleus muscle fiber 
CSA during hindlimb unloading (Fig. 1) and found that 
male and female rats showed similar decreases in body 
weight (Fig. 1a), soleus muscle weight (data not shown) and 
soleus muscle fiber CSA than males (Fig. 1c, d) in response 
to unloading. However, there were sex differences in the 
decrease in relative soleus muscle weight (Fig. 1b). Impor-
tantly, although the percent change in soleus muscle weight 
at 7 days did not differ significantly from the mean value 
on day 0 (males − 25.7% ± 2.8%; females − 28.0% ± 0.6%), 
females showed a greater change in relative soleus mus-
cle weight and fiber CSA than males (− 14.5% ± 2.9% and 
− 30.0% ± 0.9% vs. − 24.4% ± 0.7% and − 39.6% ± 2.6%) 
(p < 0.01; Fig. 1e).

FoxO3a (Ser253) phosphorylation and ubiquitinated 
protein levels

Figure  2 shows the ratio of phosphorylated FoxO3a 
(Ser253), total FoxO3a expression level, and ubiquit-
inated protein level in the soleus muscle during hindlimb 
unloading. Total FoxO3a levels were unchanged during the 
experimental period in both males and females (Fig. 2a, 
c); however, FoxO3a phosphorylation was higher in males 
than in females 7 days after unloading (Fig. 2b). The main 
effects of differences in sex (p = 0.0006) and unloading time 
(p < 0.0001) were observed in ubiquitinated protein levels, 
which were higher in females than in males 7 days after 
unloading (Fig. 2d).

Microtubule‑associated protein 1A/1B light chain 3 
(LC3) protein levels

The ratio of LC3II to LC3I protein—a marker for autophagy 
activation—during hindlimb unloading was evaluated 
(Fig. 3a, b). A significant change in this ratio was observed 
after unloading (p = 0.0129); however, it did not differ 
between the two sexes.

Changes in Akt phosphorylation in response 
to muscle unloading

We examined the ratio of phosphorylated Akt (Ser473) 
to total Akt in soleus muscles during hindlimb unloading 
(Fig. 4a). There were significant differences between the 
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sexes (p = 0.0182), and males showed higher Akt phos-
phorylation relative to females at 0 days after unloading 
(p < 0.0001; Fig. 4b). However, we found that the changes 
to hindlimb unloading were similar in both males and 
females (Fig. 4c).

Changes in heat shock protein (Hsp)72 mRNA 
and protein levels

Hsp72 mRNA and protein levels during hindlimb unloading 
were measured (Fig. 5a, c). Hsp72 protein levels changed 
significantly during unloading (p = 0.0002; Fig. 5b) and 

Fig. 1   Body weight (a), relative soleus muscle weight (b), soleus 
muscle fiber CSA (c), hematoxylin and eosin staining of rat soleus 
muscle sections (magnification 20×, Scale bar = 50 μm) (d) and per-
cent change in soleus muscle weight and fiber CSA (e) after 7 days 
of hindlimb unloading. SOL soleus, m. muscle,  CSA cross-sectional 

area. Samples were collected before (0d), and 1 day (1d) and 7 days 
(7d) after hindlimb unloading. Values are mean ± standard error (SE); 
n = 6 per time point (CSA for 0d; n = 4). The results of two-way anal-
ysis of variance are displayed. **p < 0.01 vs. males
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were higher in males than in females 7 days after unloading. 
Although the Hsp72 mRNA level also varied significantly 
(p < 0.0001), it did not differ between the sexes (Fig. 5c).

Changes in myostatin signal transducers and mRNA 
levels

We analyzed myostatin and follistatin protein levels; 
the mothers against decapentaplegic homolog (Smad)2 
(Ser465/467) to Smad3 (Ser423/425) phosphorylation 
ratio; and transforming growth factor (TGF)-β, Smad2, 
and Smad3 mRNA levels in soleus muscle during hindlimb 

unloading (Fig. 6a, g). Myostatin protein levels differed 
significantly (p = 0.0282; Fig. 6a) and the level 7 days 
after unloading was higher than those on days 0 and 1 in 
females. Significant differences between sexes (p = 0.0046) 
and unloading times (p = 0.0002) were also observed in the 
Smad2 (Ser465/467) and Smad3 (Ser423/425) phospho-
rylation ratio, which was higher in males than in females 
1 day after unloading (Fig. 6c). In contrast, no differences 
were observed in follistatin levels over the entire unload-
ing period (Fig. 6b). Although TGF-β, Smad2, and Smad3 
mRNA levels were altered after unloading (p < 0.0001), 
they did not differ between sexes (Fig. 6e–g).

Fig. 2   Representative blots (a), phosphorylation ratio of FoxO3a 
(Ser253), and total FoxO3a and ubiquitinated protein expression dur-
ing 7 days of hindlimb unloading. Samples were collected before 
(0d), and 1 day (1d) and 7 days (7d) after hindlimb unloading. Equal 

protein loading was confirmed by Ponceau S staining. MW molecu-
lar weights (kDa). Values are mean ± SE; n = 6 per time point. The 
results of two-way analysis of variance are displayed. *p < 0.05 vs. 
males at each time point
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Discussion

The results of this study showed that 7 days of hindlimb 
unloading caused larger reductions in relative soleus muscle 
weight and fiber CSA in female as compared to male rats. 
Additionally, this is the first demonstration of sex differences 
in activation of the FoxO3a/ubiquitin–proteasome pathway 
following hindlimb unloading, which is a key regulator 
of muscle catabolism. Although the detailed mechanism 
remains to be elucidated, our findings imply that it involves 
downregulation of Hsp72 and increased myostatin signaling 
in the soleus muscle of female rats.

The main finding of our study was that hindlimb unload-
ing reduced relative soleus muscle weight and fiber CSA in 
female rats, which was associated with upregulation of prote-
olytic markers such as dephosphorylated FoxO3a and myofi-
brillar protein ubiquitination. In the ubiquitin–proteasome 
pathway, proteins are targeted for degradation by the 26S 
proteasome, a large, multi-catalytic protease complex that 
degrades ubiquitinated proteins to small peptides by attach-
ing ubiquitin molecules to target proteins to mark them for 
degradation [20]. Muscle protein degradation during disuse 

is mainly related to the ubiquitin–proteasome pathway [21, 
22], and ubiquitination of myofibrillar proteins is a critical 
step in their degradation. Indeed, a previous study showed 
that soleus myofibrillar protein ubiquitination increased fol-
lowing short-duration hindlimb unloading (~ 8 days) and was 
correlated with decreases in muscle weight [23]. Moreover, 
FoxO3a plays a critical role in muscle atrophy, as it regulates 
the rate-limiting step of the ubiquitination process, which 
affects subsequent proteasome-dependent degradation. De-
phosphorylation of FoxO3a induces its translocation into 
the nucleus, resulting in the upregulation of expression 
of muscle-specific ubiquitin ligase and autophagy-related 
genes, which are required for skeletal muscle metabolism. 
A previous study reported that the expression of dominant-
negative FoxO3a inhibits immobilization-induced muscle 
atrophy, suggesting that the phosphorylation of FoxO3a is a 
key regulating factor during disuse-induced muscle wasting 
[24]. Thus, the inhibition of FoxO3a de-phosphorylation and 
subsequent protein ubiquitination steps are effective in atten-
uating disuse muscle atrophy [24, 25]. In the present study, 
we observed that the levels of ubiquitinated protein in the 
soleus muscle increased with unloading time in female rats. 

Fig. 3   Representative blots (a) and the ratio of LC3 II to I expres-
sion (b) during 7 days of hindlimb unloading. Samples were collected 
before (0d), and 1  day (1d) and 7  days (7d) after hindlimb unload-
ing. Values are mean ± SE; n = 6 per time point. β-Actin was used as 
a loading control. The results of two-way analysis of variance are dis-
played

Fig. 4   Representative blots (a) and the phosphorylation ratio of Akt/
PKB (Ser473) in (b) during 7 days of hindlimb unloading. Sam-
ples were collected before (0d), and 1 day (1d) and 7 days (7d) after 
hindlimb unloading. Values are mean ± SE; n = 6 per time point. The 
results of two-way analysis of variance are displayed. *p < 0.05 vs. 
males at each time point
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This suggests that these rats experienced increased break-
down of muscle components as compared to males during 
the early stage of unloading, resulting in a greater decrease 
in soleus muscle mass. However, we did not detect a sex dif-
ference in the level of LC3, a well-known autophagy marker 
regulated by FoxO3a; thus, induction of autophagy did not 

contribute to the difference in loss of muscle mass between 
female and male rats, despite the involvement of autophagy 
in controlling skeletal muscle protein turnover [26].

FoxO3a phosphorylation by Akt [27, 28] leads to its 
exclusion from the nucleus and inhibition of its transcrip-
tional activity [28]. In the present study, although phos-
phorylated Akt level was higher in male rats than in female 
rats, the two sexes showed similar responses to unload-
ing, which indicated a decline in protein synthesis during 
unloading. Thus, other upstream regulators are respon-
sible for the sex differences in FoxO3a phosphorylation 
status and downstream protein ubiquitination. A previous 
study reported that Hsp72 overexpression directly inhib-
its FoxO3a activation (de-phosphorylation) at Ser253 in 
atrophied rat soleus muscle [25]. Hsp72 blocks FoxO3a 
nuclear localization during muscle atrophy, thereby con-
tributing to the maintenance of phosphorylated FoxO3a 
levels [24, 25]. Although the precise contribution of Hsp72 
to FoxO3a phosphorylation during unloading remains 
unclear, our results suggest that HSP responses differ in 
males and females during unloading. HSPs are stress-
induced molecular chaperones that regulate correct pro-
tein folding and intracellular protein transport [29]. Many 
studies have shown that Hsp72 expression is upregulated 
in skeletal muscle following exercise [30, 31], muscle 
injury [32], and during muscle regrowth and regeneration 
[32, 33]; however, reports of Hsp72 levels during disuse 
are inconsistent, possibly due to the different animal mod-
els used and experimental periods analyzed. One study 
reported that 8 days of hindlimb unloading significantly 
decreased Hsp72 content in the soleus muscle of female 
Sprague–Dawley rats [34]. In contrast, others observed 
no changes in Hsp72 protein levels within 5–8 days of 
hindlimb unloading and immobilization in male Wistar 
and Sprague–Dawley rats [17, 35–38]. Indeed, numerous 
studies have shown that Hsp72 was downregulated in male 
rats [39–44] after long-term unloading (from 10 days to 
9 weeks) whereas over the short term (5–8 days), female 
but not male animals tended to show reduced HSP lev-
els [17, 34–38]. These data suggest a defense mechanism 
against intracellular stress in male rats over a relatively 
short period of unloading. The fact that HSPA1A (Hsp72) 
mRNA levels were upregulated during unloading in both 
sexes implies that they exhibit similar susceptibilities to 
stress but may differentially regulate Hsp72 protein at the 
translational and/or post-translational levels; however, 
this remains unconfirmed. Given that Hsp72 overexpres-
sion in skeletal muscle prevents hindlimb unloading- and 
immobilization-induced atrophy in rodents and improves 
structural and functional recovery from muscle atrophy 
[24, 45], elevated Hsp72 protein levels in male rats could 
positively regulate skeletal muscle mass through downreg-
ulation of FoxO3a-mediated protein degradation pathways.

Fig. 5   Representative blots (a), and Hsp72 protein (b) and HSPA1A 
mRNA (c) expression during 7 days of hindlimb unloading. Sam-
ples were collected before (0d), and 1 day (1d) and 7 days (7d) after 
hindlimb unloading. Values are mean ± SE; n = 6 per time point. 
β-Actin was used as a loading control and mRNA expression was 
normalized to that of 18S mRNA. The results of two-way analysis of 
variance are displayed
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Interestingly, we observed sex differences in myosta-
tin signaling following hindlimb unloading: female rats 
showed slight increases in myostatin level, in contrast to 
the non-significant decline in male rats (although the lev-
els of the myostatin antagonist follistatin were similar). 
Our data also showed that downstream Smad2 and Smad3 
activation was greater in female rats. Myostatin is also 
known as growth differentiation factor (GDF)-8 and is a 
member of the TGF-β superfamily that negatively regu-
lates muscle mass [46, 47]. Myostatin binding to activin 
type IIB receptor (ActRIIB) leads to Smad2/3 phospho-
rylation and activation and formation of a complex with 
Smad4 [48], which translocates to the nucleus to inhibit 
the transcription of genes involved in cell proliferation and 
differentiation and protein metabolism in skeletal muscle 
[49]. Moreover, activation of Smad2/3 impairs Akt activ-
ity, leading to inhibition of mechanistic target of rapamy-
cin signaling-dependent protein synthesis and stimulation 
of FoxO3a-dependent protein degradation [46, 50]. The 
observed sex differences in response to unloading may be 
due to higher levels of ActRIIB mRNA in females [13]; 
however, the underlying mechanism remains to be deter-
mined. Recent evidence suggests that female subjects show 
greater increases in TGF-β signaling in response to acute 
resistance exercise [15]; thus, the increased response of 
myostatin signaling to various cellular stressors may nega-
tively affect muscle mass maintenance during hindlimb 
unloading as well as following resistance training.

In conclusion, our data indicate that there are sex differ-
ences in the activation of the FoxO3a/ubiquitin–proteasome 
pathway following hindlimb unloading, which could be 
associated with distinct responses in Hsp72 protein regula-
tion and myostatin signaling activation. However, our study 
was unable to reveal which factors are the primary triggers 
of the enhancement of FoxO3a signaling in female rats, as 
we did not consider the female estrous cycle, sex hormones 
(estrogen and testosterone), or other sex differences in hor-
mone concentrations (such as glucocorticoid hormone) that 
may affect muscle protein turnover. Furthermore, FoxO3a 
signaling is regulated by a variety of external stimuli, such 
as insulin, insulin-like growth factor, nutrients, cytokines, 
and oxidative stress. Therefore, future studies are required 
to clarify the precise mechanisms of the sex-specific differ-
ences in FoxO3a signaling during hindlimb unloading.
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