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Introduction

Disuse muscle atrophy is caused by prolonged skeletal mus-

cle inactivity and is associated with rapid decreases in muscle

mass, muscle fiber size, and strength. The common conditions

leading to disuse atrophy include limb immobilization, pro-

longed bed rest, denervation, chronic pulmonary insufficiency,

and a microgravity environment1.

Muscle atrophy is primarily caused by decreased protein

synthesis and increased protein degradation2. Recent studies

demonstrated that the ubiquitin–proteasome, autophagy–lyso-

some, and calpain systems as well as oxidative stress and cas-

pase and PI3/Akt/mTOR signaling are largely involved in the

mechanism of muscle atrophy3. Specifically, the aforemen-

tioned proteases are overexpressed and activated, whereas

PI3/Akt/mTOR signaling is simultaneously inhibited in the

sarcoplasm.

Some methods for preventing disuse atrophy have been in-

vestigated, such as electrical stimulation, immobilization of

the muscle in a relatively lengthened position, and the admin-

istration of vitamin E, which is an antioxidant, and inhibitors

of calpain or lysosomal proteases4-7. However, their alleviative

effects on muscle atrophy were insufficient, and the durations

of their protective efficient were extremely short.

On the contrary, apoptosis in skeletal muscle results from

inactivity or pathological conditions, such as denervation8,

muscular dystrophy9, hindlimb unloading10, and aging-associ-

ated sarcopenia11. Mitochondrial cytochrome c is involved in

the initiation of apoptosis. Upon its release into the cytosol,

cytochrome c induces the formation of the apoptosome com-

plex by apoptotic protease-activating factor 1 (Apaf1), dATP,

and procaspase-9. Apoptosome-bound procaspase-9 is acti-

vated, triggering the activation of caspase-3 and leading to the

progression of cell death11,12.

Mild therapeutic hypothermia is an induced hypothermia

that can maintain body temperature from 34°C to 36°C for 4
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days. This technique exerts significant neuroprotection and at-

tenuates secondary cerebral insults after traumatic brain in-

jury13. The important mechanism of the neuroprotective effects

of moderate hypothermia is the reduction of cerebral energy

metabolism and oxygen demand, but the changes induced by

mild hypothermia are extremely small14. Nevertheless, hy-

pothermia similarly inhibits cytosolic cytochrome c release15

and suppresses the induction of apoptosis in neurons16. Mild

hypothermia decreases the expression of the cysteinyl aspar-

tate-specific proteinase caspase-3 in a caspase-dependent path-

way17. However, the mechanism by which mild hypothermia

suppresses apoptosis and the protective effect of decreases in

body temperature on other organs remain unclear.

Mammalian hibernators, such as ground squirrels and black

bears, exhibit slightly decreased body temperatures during winter

to reduce metabolic energy demands18,19. The hibernators display

physical inactivity during torpor bouts. Although low mechanical

loading during physical inactivity is believed to induce disuse at-

rophy in skeletal muscle, hibernators experience relatively low lev-

els of muscle atrophy compared with the findings in experimental

models of disuse atrophy, such as limb immobilization and

hindlimb unloading20,21. Genes involved in apoptosis tend to be

downregulated in the bones of black bears during hibernation22. It

is reported that caspase-3-specific activity in the intestinal mucosa

is repressed in ground squirrels during hibernation23.

However, the effect of hibernation or low temperatures on

the expression of apoptosis-related genes in skeletal muscle is

poorly understood. Stimulation of hibernation for preventive

effects of muscle atrophy and that of mild therapeutic hy-

pothermia for neuroprotective effects is common. Low-tem-

perature environment may be a common stimulation. In

hibernating animals and rat stroke models, the important effect

by low-temperature environment is not that the body core tem-

perature decreases but that the body could be exposed to low-

temperature stimulation24,25.

In Wistar rats, which do not hibernate, we clarified that the

occurrence of apoptosis is increased in a low-temperature en-

vironment compared with the findings in a normal environ-

ment, indicating that long-term low-temperature maintenance

cannot suppress muscle atrophy in the absence of hindlimb

loading. In other words, we observed that low-temperature en-

vironment in hindlimb-unloading rats accelerates the occur-

rence of apoptosis over long durations26.

However, the relationship between the expression of apop-

tosis-related and energy metabolism-related genes in hindlimb-

unloading animals in a low-temperature environment is

unclear. To clarify the reasons for the observed expression-en-

hancing action of muscle apoptosis, we investigated the

changes in the expression levels of mitochondrial enzymes in

hindlimb-unloading rats exposed to low temperatures.

Materials and methods

Study groups and tissue preparation

This investigation was conducted in accordance with the

ethical guidelines for the experimental treatment of animals of

the School of Medicine, Hiroshima University.

Nine-week-old male Wistar rats weighing 275±9 g were

housed in individual cages and randomly assigned to four

groups (5 rats/group). Rats underwent hindlimb unloading at

10°C (HU+LT) or 25°C (HU) for 3 weeks, whereas the other

two (control) groups were not subjected to hindlimb unloading

and were maintained at 10°C (CON+LT) or 25°C (CON).

Hindlimb unloading was achieved by elevating the hindlimbs

and preventing them from touching a supporting surface. The

forelimbs maintained contact with a grid floor, which allowed

the animals a full range of motion. Food and water were pro-

vided ad libitum.

At the end of the experimental period, rats were anesthetized

with an intraperitoneal injection of 50 mg/kg pentobarbital

sodium (Abbott Laboratories, North Chicago, IL, USA),

weighed, and sacrificed by laparotomy followed by transection

of the abdominal aorta. The soleus muscles were immediately

excised and cut transversely into two segments. Each segment

was individually mounted on cork using optimum cutting tem-

perature compound (Sakura Finetek USA, Torrance, CA,

USA), and then the blocks were rapidly snap frozen in isopen-

tane cooled in liquid nitrogen and stored at -80°C.

Fluorescence immunohistochemistry

To determine the number of active caspase-3-positive myofibers

per transverse section and observe the immunolabeling of apoptotic

factors, 8-μm thick serial transverse cryosections were cut from tis-

sue blocks using a cryostat microtome at -25°C and mounted on

silane-coated glass slides (Matsunami, Osaka, Japan). After air-dry-

ing for 60 min at room temperature, the serial cryosections were

fixed in cold acetone at 4°C and then air-dried for 60 min. 

The serial transverse cryosections were immersed three times,

for 5 min each, in 0.01 M phosphate-buffered saline (PBS, pH

7.4), and then non-specific immunoglobulin (Ig) binding sites

in the tissue were blocked by incubation for at least 60 min in

1% normal bovine serum albumin (BSA, Sigma-Aldrich, St.

Louis, MO, USA) in PBS. Serial sections were incubated

overnight at 4°C in the presence of one of the primary antibodies

directed against caspase-3 and cytochrome c diluted in 1% BSA

in PBS. The sections were then incubated for 3 h with Alexa

546-conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR,

USA), each diluted 1:200, and mounted in a mixture of PBS and

glycerol (1:3) containing 0.1% p-phenylenediamine to prevent

fading of the immunofluorescence.

All dilutions and thorough washes between steps were per-

formed using PBS at room temperature unless otherwise spec-

ified. Incubations with primary and secondary antisera were

performed in a darkened, humidified chamber. 

The sections were examined using a confocal laser-scanning

microscope equipped with argon and helium/neon lasers

(LSM-510; Carl Zeiss, Jena, Germany).

Protein isolation procedures

Whole muscle lysates were isolated by homogenizing

freshly excised muscle in 10 vol of lysis buffer containing 50
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mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ethylenedi-

aminetetraacetic acid (Nacalai Tesque, Kyoto, Japan), 1 mM

ethylene glycol-bis[β-aminoethyl ether]-N,N,N’,N’-tetraacetic

acid (Sigma), 10 mg/ml aprotinin (Sigma), 10 mg/ml leupeptin

(Sigma), 1 mg/ml pepstatin (Sigma), and 1 mM phenylmethyl-

sulfonyl fluoride (Sigma) on ice. Homogenates were cen-

trifuged at 10,000 × g for 10 min at 4°C to remove nuclear

fragments and tissue debris without precipitating the plasma

membrane, and the supernatants were used for western blotting

analyses. The protein concentrations were determined by the

Bradford method27 using Ig as the standard (Bio-Rad, Her-

cules, CA, USA). All proteins were denatured by boiling at

90°C for 3 min in 1:1 (vol/vol) sample buffer containing 2%

sodium dodecyl sulfate (SDS) (Sigma), 50 mM Tris–HCl (pH

6.8), 10% 2-mercaptoethanol, 10% glycerol, and 0.1% bro-

mophenol blue (Nacalai Tesque). Denatured proteins were

electrophoresed in 10% SDS-polyacrylamide gels and trans-

ferred to nitrocellulose membranes (Bio-Rad). The membranes

were blocked overnight with blocking buffer [25 mM Tris-

buffered saline (TBS)] containing 5% skimmed milk) at 4°C

and incubated at room temperature for 3 h in a primary anti-

body diluted in blocking buffer. The primary antibodies were

directed against cytochrome c, ubiquitin, and actin.

The membranes were washed three times with 0.1% Tween-

TBS, probed with a secondary biotinylated anti-mouse or anti-

rabbit IgG, as described previously, diluted 1:2000 in blocking

buffer for 2 h, and then washed three times. The membranes

were then incubated for 1 h with ABC reagent (Vector Labo-

ratories, Burlingame, CA, USA), prepared according to man-

ufacturer’s instructions, and labeling was detected with 0.01%

DAB and 0.05% H2O2 in 50 mM Tris-HCl buffer (pH 7.6) for

15 min, as described previously. The reaction was stopped by

washing the sections in running water. Quantification of the

signal was performed by densitometric analysis using NIH

Image Ver. 1.62 software (National Institutes of Health,

Bethesda, MD, USA).

Quantitative analysis

The cross-sectional areas of tissue sections of each sample

were examined using light microscopy, and the numbers of

caspase-3-positive myofibers were counted on digitized im-

ages of the fluorescence microscopy. Photographs of cross-

sections of whole muscles were taken using a light

microscope, digitized with a CCD camera (Eclipse E600;

Nikon, Tokyo, Japan) linked to a computer equipped with a

frame grabber, and subsequently processed to calculate the

cross-sectional areas of an average of 100 fibers of each type

per muscle using Image Ver. 1.62 software. Fiber types were

classified by immunolabeling for the slow and fast myosin

heavy chains.

All values are expressed as the mean ± SE. The results ob-

tained from all experiments were analyzed by one-way analy-

sis of variance followed by Tukey’s honestly significant

difference post hoc multiple-comparison test with the signifi-

cance level set at P<0.05.

Results

It was visually observed that the HU+LT group became less

active earlier than the other groups after entering the low-tem-

perature environment. The CON+LT group was also observed

to become less active than the CON group, excluding the feed-

ing behavior. Observations after the experiment revealed no

Figure 1. Difference in body weight before and after the 3-week period of low-temperature environment. A: % body weight (the body weight

changes are expressed as an increase or decrease from the body weight before the experiment), B: % soleus muscle mass (muscle mass/CON),

C: ratio of muscle mass (muscle mass/body weight). Values are presented as means±SD. CON rats were hindlimb-loaded in a normal temperature

environment at 25°C. CON+LT rats were hindlimb-loaded in a low-temperature environment at 10°C. HU+LT rats were hindlimb-unloaded in

a low-temperature environment at 10°C. HU rats were hindlimb-unloaded in a normal temperature environment at 25°C. #P<0.01 vs. CON,

*P<0.05 vs. CON, †P<0.05 vs. CON+LT, ‡P<0.05 vs. HU+LT, §P<0.05 vs. HU.
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morphological abnormalities in the lower limbs of the

CON+LT, HU+LT, and HU animals.

Body weight

The body weights before and after experiment were meas-

ured and compared among the groups. The percentage changes

of body weight were 30.5±8.8%, 17.7±3.6%, −18.2±6.5%, and

−1.5±3.4% in the CON, CON+LT, HU+LT, and HU groups,

respectively. Significant differences in body weight were ob-

served among the groups (Figure 1A).

Muscle wet weight

The wet weight of the soleus muscle after the experiment

was measured and compared among the groups. The muscle

wet weight was lower in the CON+LT (11.5±13.6%), HU+LT

(45.8±3.9%), and HU groups (51.4±8.2%) than in the CON

group. In addition, the muscle wet weights of the HU+LT and

HU groups were significantly decreased compared with those

of the CON and CON+LT groups. However, the slight differ-

ence between the CON and CON+LT groups was not statisti-

cally significant (Figure 1B).

Muscle-to-body mass ratio

The muscle-to-body mass ratio was lower in the CON+LT

(2.2±12.9%), HU+LT (12.9±13.9%), and HU groups

(38.2±10.9%) than in the CON group. Furthermore, the mus-

cle-to-body mass ratio of the HU group was significantly de-

creased compared with those of the CON, CON+LT, and

HU+LT groups. No differences were observed between the

CON and HU+LT groups (Figure 1C).

Cross-sectional area of muscle fibers

The cross-sectional area of type I muscle fibers was de-

creased by 12.1±5.0%, 46.5±9.9%, and 67.9±4.8% in the

CON+LT, HU+LT, and HU groups, respectively, compared

with that in the CON group. The cross-sectional area of type I

muscle fibers in HU+LT rats was significantly decreased com-

pared with that in CON and CON+LT rats, and the cross-sec-

tional area of these fibers in HU rats was significantly lower

than that in the other groups. The slight difference in cross-

sectional area between CON and CON+LT rats was not statis-

tically significant (Figure 2). 

The cross-sectional area of type II muscle fibers was de-

creased by 11.9±3.6%, 46.0±15.8%, and 64.1±6.7%, in

CON+LT, HU+LT, and HU rats, respectively, compared with

Figure 2. Comparison of the mean cross-sectional areas of type I and II fibers in soleus muscle. Values are presented as means ± SD. *P<0.01

vs. CON, †P<0.01 vs. CON+LT, ‡P<0.01 vs. HU+LT.

Figure 3. Broad band of immunoreactivity that was composed of

ubiquitinated muscle proteins (A). Whole muscle lysates were visu-

alized by immunoblot analysis, and data from each experimental

group were quantified (B). Values are presented as means ± SD.

*P<0.05 vs. CON.
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that in CON rats. In addition, the cross-sectional area of these

fibers was significantly lower in the HU+LT and HU groups

than in the CON and CON+LT groups. The difference in this

variable between CON and CON+LT rats was not statistically

significant (Figure 2).

Western blot analysis of cytochrome c and ubiquitinated proteins

Ubiquitin-tagged proteins are degraded via the ubiquitin–

proteasome pathway. To compare the progress of ubiquitina-

tion, whole muscle lysates were analyzed by western blotting

with anti-ubiquitin.

Broad bands in a ladder-like electrophoretic pattern expand-

ing downward from the top of the lane were strongly present

in HU+LT lysates, but the bands were hardly detectable in

CON lysates. Compared with CON lysates, the total levels of

ladder bands were increased by 2.3 fold in HU+LT lysates,

whereas the levels were not significantly different between

CON+LT and HU lysates (Figure 3).

Cytochrome c serves as an initiator in the mitochondrial

apoptosis pathway and participates in the regulation of energy

metabolism in skeletal muscle. The relative levels of cy-

tochrome c in the soleus muscles in the four groups were an-

alyzed by western blotting. Compared with the findings in the

CON group, cytochrome c levels were increased by 2.3±0.9

fold in the CON+LT group, versus 1.0±0.3 and 1.3±0.6 fold

in the HU+LT and HU groups, respectively (Figure 4).

Quantitative analysis of active caspase-3 in whole muscle

Cytochrome c immunolabeling was evident in the subsar-

colemmal regions of intact myofibers and visible as small,

weakly labeled dots in sarcoplasmic masses in HU+LT rats,

Figure 4. Cytochrome c protein content in soleus muscle. Western

blot illustrating the increase in cytochrome c protein expression in

CON+LT rats. Values are presented as means ± SD. *P<0.05 vs.

CON, ‡P<0.05 vs. HU+LT, §P<0.05 vs. HU.

Figure 5. Morphological aspects and immunopositivity of cytochrome

c in active caspase-3-positive myofibers (A) and mean number of ac-

tive caspase-3-positive myofibers in a muscle cross-section (B). Trans-

verse serial sections of the soleus muscle labeled with anti-cytochrome

c (a-d) or anti-active caspase-3 (e-l) antibody are shown. Active cas-

pase-3-positive myofibers were observed in HU+LT rats (h and l) but

not in CON (e and i), CON+LT (f and j), and HU rats (g and k). Cy-

tochrome c immunolabeling was evident in the subsarcolemmal re-

gions of intact myofibers. This immunolabeling was markedly absent

in active caspase-3-positive myofibers (d). Arrows denote the same

myofibers as the caspase-3-activated myofibers in the serial sections.

Scale bars: 50 μm. Values are presented as means ± SD. *P<0.01 vs.

CON, †P<0.01 vs. CON+LT, §P<0.01 vs. HU.
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whereas this immunolabeling was markedly absent in active

caspase-3-positive myofibers (Figure 5A).

The mean numbers of active caspase-3-positive myofibers

per section were 3.0±2.0 and 0.6±1.3 in HU+LT and HU rats,

respectively, whereas active caspase-3 immunolabeling was not

detected in CON and CON+LT rats by confocal microscopy.

The numbers of active caspase-3-positive myofibers were sig-

nificantly increased in HU+LT rats compared with that in CON

and CON+LT rats, and the small number of positive myofibers

in HU rats displayed no significant difference (Figure 5B).

Discussion

Hibernators such as ground squirrels and black bears display

maintenance of muscle mass against disuse atrophy despite

prolonged periods of inactivity28,29. A previous study revealed

that the protein turnover rate in black bears increases during

hibernation compared with that before hibernation or dor-

mancy30. Another study illustrated that protein synthesis and

breakdown are suppressed in black bears in winter compared

to summer31. In any case, the important mechanism by which

atrophy is prevented would be that the rate of protein break-

down typically does not exceed that of protein synthesis.

In contrast, the results of this study demonstrated that

hindlimb-unloading rats develop muscle atrophy in both nor-

mal and low-temperature environments judging from the my-

ofiber size and total amount of ubiquitin ladder protein. In

association with the changes in myofiber size, previous studies

of hindlimb-unloading rats revealed that muscle atrophy was

primarily the result of decreased intracellular protein synthesis

and increased intracellular protein degradation32.

The ubiquitin proteasome system is one of the major path-

ways involved in regulating muscle protein degradation, play-

ing a central role in controlling muscle mass and fiber size33,34.

In this system, proteins that are degraded are first marked with

a polyubiquitin degradation signal. Ubiquitination is per-

formed by ubiquitin-activating enzyme (E1), and E1 and ubiq-

uitin-conjugating proteins (E2) prepare ubiquitin for

conjugation. Ubiquitin-protein ligase (E3) recognizes a spe-

cific protein substrate. Polyubiquitinated protein substrates are

then specifically recognized and finally degraded by the 26S

proteasome35. Our results indicated that intracellular protein

turnover rates cannot be maintained normally even in a low-

temperature environment because low temperatures do not in-

hibit activation of the ubiquitin-proteasome system. On the

contrary, low-temperature stimulation accelerates protein ubiq-

uitination in unloading rats. Thus, it is evident that low-tem-

perature stimulation does not prevent the reduction of the

myofiber cross-sectional area without muscle tension in non-

hibernating animals.

In this study, the number of apoptotic myofibers was ele-

vated in hindlimb-unloading rats exposed to the low-temper-

ature environment compared with the findings in the

normal-temperature environment. The caspase-3-activated

myofibers were characterized by extremely low immunofluo-

rescence or the absence of cytochrome c relative to the non-

apoptotic myofibers. In general, the mitochondrial-dependent

apoptosis pathway induces caspase-3 activation. The pathway

is initiated by the release of cytochrome c from the mitochon-

dria into the cytoplasm, where it then forms an apoptosome

and promotes the activation of caspase-9 and caspase-3. Cas-

pase-3 plays a key role in apoptosis in various tissues and is

an effector caspase involved in the execution of apoptosis. In

a previous study using rotenone, which induces apoptosis by

activating a mitochondria-dependent caspase pathway,

rotenone-treated rat pituitary cells displayed colocalization of

cytochrome c and Apaf-1 during the activation of apoptosis.

Immunostaining revealed that cytochrome c and Apaf-1

formed an apoptosome in the treated cells. These expression

and localization data were confirmed visually by confocal mi-

croscopy36. The key points are that part of the apoptosome

component was positive for cytochrome c immunostaining and

that cytochrome c immunostaining was positive in the early

stage of the mitochondrial-dependent apoptosis pathway. Mor-

phologically, the caspase-3-activated myofibers observed in

our study differed from those observed in rotenone-treated pi-

tuitary cells in the early stage of apoptosis36. 

It has been reported that HeLa cells induce apoptosis upon

exposure to UVB irradiation. On immunostaining, these apop-

totic cells exhibit overexpression and diffusion of cytochrome

c, caspase activity, and chromatin condensation37. The im-

munohistochemical features of apoptotic myofibers observed

in our study differed fundamentally from those of UVB-treated

apoptosis in the lack of cytochrome c expression.

The forkhead box O3 (FoxO3) transcription factor has been

reported to mediate protein degradation in skeletal muscle by

activating the ubiquitin-proteasome pathway and the au-

tophagy-lysosome pathway38. The activity of ubiquitin–pro-

teasomes, mainly two muscle-specific ubiquitin ligases

(atrogin-1/MAFbx and MuRF1), causes marked muscle atro-

phy39. On the other hand, Atg7 knockout mice, which are de-

ficient in a gene essential for autophagy, show accumulation

of dysfunctional mitochondria and formation of aberrant con-

centric membranous structures. As a result, the inhibition of

autophagy is estimated to contribute to caspase activation and

apoptosis by affecting the permeability transition pore open-

ing40. Conversely, Akt (protein kinase B)/mTOR (the mam-

malian target of rapamycin) signaling can result in enhanced

protein synthesis and skeletal muscle hypertrophy by phospho-

rylating FoxO proteins41. Hence, the muscle atrophy and apop-

tosis that was observed in this study may have been mutually

associated with the crosstalk and imbalances of the ubiquitin-

proteasomal pathway, autophagy-lysosome pathway, and

Akt/mTOR pathway.

The reason for these findings may be that the progressive

stage of caspase-3-activated myofibers reflects the terminal

stage opposed to the early stage of apoptosis. Another possibility

is that mitochondria cytochrome c leaked from the sarcolemma

to the extracellular environment in this stage. Moreover, it is

also speculated that cytochrome c in caspase-3-activated my-

ofibers was exhausted or that its generation was limited.

Although caspase-3 knockout mice exhibit significantly at-
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tenuated muscle mass and decreased immobilization-induced

apoptotic myonuclei, the upregulation of the muscle-specific

E3 ligases (i.e., atrogin-1 and MuRF1) during immobilization

does not require caspase-3 activation42. In our observation,

ubiquitination progressed in HU+LT rats, but few caspase-3-

activated myofibers were present in the whole muscle cross-

section. Our results also suggested that ubiquitination in

muscle atrophy does not require caspase-3 activation.

The gastrocnemius muscle of frogs, when exposed to cold

temperature, display increased citrate synthase and cy-

tochrome oxidase activities43, similar to the findings in the red

muscle of fish44. The skeletal muscle mitochondria of young

pigs raised in a low-temperature environment exhibit increased

mitochondrial protein levels and cytochrome c concentra-

tions45. In previous studies, a low-temperature environment

tended to increase mitochondrial enzyme activities in skeletal

muscle46. In this study, CON+LT rats displayed increased cy-

tochrome c production in response to exposure to low temper-

atures, whereas HU+LT rats did not exhibit increased

cytochrome c production. Muscle atrophy resulting from den-

ervation occurs in conjunction with reductions in mitochondr-

ial content and function47. There is also a decline in

mitochondrial content during muscle atrophy, as observed in

this study. This decrease may be suggestive of a reduced ca-

pacity for mitochondria-dependent apoptosis.

Cold exposure is supposed to decrease muscle proteolysis

and attenuate muscle atrophy in skeletal muscle protein me-

tabolism. However, our results showed that muscle atrophy

was not inhibited, which implies that there were no such ef-

fects of long-term low temperatures. Short-term cold exposure

has been reported to increase proteolysis of muscle48. In con-

trast, myoblasts acutely exposed to cold temperatures have de-

creased apoptosis, collapsed membrane potentials, and

increased cell viability49. Previously, we showed that a low-

temperature environment for 1 week prevented slow-to-fast

skeletal muscle fiber conversion50. These findings may indicate

that the initial effect of low temperature maintains energy me-

tabolism in muscle fibers and not protein metabolism.

It has been suggested that hindlimb unloading-induced

apoptosis at low temperatures is caused by a lack of ATP pro-

duction because of reduced cytochrome c levels in myofibers.

Our results indicate that long-term hindlimb unloading did not

suppress muscle atrophy in a low-temperature environment.

Therefore, we concluded that long-term unloading conditions

should not be permitted in low temperatures.
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