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Abstract Oxidative stress contributes to acceleration of

muscle atrophy. However, it is still not completely under-

stood what triggers the production of reactive oxygen

species (ROS) during muscle atrophy. The objective of this

study was to investigate redox balance during muscle

atrophy. ROS generators and antioxidants were analyzed in

atrophied soleus muscles after 2 weeks of hindlimb sus-

pension (HLS) in mice. The HLS group showed an increase

in lipid peroxidation, upregulated NOX1 and NOXO1, and

downregulated mitochondrial complex I subunits NDUFS5

and NDUFV2. Additionally, HLS mice demonstrated a

decrease in Prdx5 and MnSOD, but an increase in GPX2

and GPX3 in both mRNA and protein levels. As expected,

MnSOD activity declined in the HLS group, while GPX

activity was enhanced. These results suggest that redox

imbalance occurs during muscle atrophy through NOX1

activation, mitochondrial complex I deficiency, and dis-

turbance of antioxidants. Antioxidants altered by HLS may

represent potential therapeutic targets for the protection

against muscle atrophy.

Keywords Oxidative stress � Muscle atrophy �
Antioxidant � Hindlimb suspension

Introduction

Skeletal muscle is one of the most abundant tissue types in

the vertebrate body, and it plays a crucial role in the

movements of humans and other animals. Following long-

term inactivity, skeletal muscle can easily lose weight, fiber

size, and contractile function—a process which is defined

as muscle atrophy. This is especially noticeable in astro-

nauts who have experienced long periods of space flight or

in patients who were confined to bed after a severe surgery

[1]. Hindlimb suspension (HLS) animal models which

mimic the muscle atrophy that occurs during muscle disuse

in human have been developed to further our understanding

of this process. Tail-HLS has been the main method to

induce muscle atrophy in rodent models, but more recently

pelvic-HLS has been suggested as an appropriate alterna-

tive to the tail-HLS method in rat [2]. However, pelvic-

HLS-induced muscle atrophy in the mouse remains

unclarified. It would be beneficial to develop a mouse HLS

system for studying the mechanism of muscle atrophy

using various kinds of transgenic mice.

It has been demonstrated that disuse-induced muscle

atrophy occurs as a combined result of a decrease in muscle

protein synthesis and an increase in protein degradation [3,

4]. Long-term inactivation of skeletal muscle has also been

shown to result in the increased production of reactive

oxygen species (ROS), as well as increased redox signaling

and oxidative damage [4–6]. Oxidative stress may be a

crucial contributor to inactivity-induced muscle atrophy, as

it activates key proteases (e.g., calpains and caspase-3) or

triggers the ubiquitin-related proteasome system in skeletal
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muscle [6, 7]. There are various sources of ROS leading to

oxidative stress. NADPH oxidase (NOX) and xanthine

oxidase (XO) are the main generators of ROS in inactive

muscles [8, 9], and a number of recent studies have high-

lighted the importance of mitochondrial ROS production in

prolonged disuse-induced muscle atrophy [5, 10, 11].

However, the specific targets that are responsible for ROS

production during HLS remain to be determined.

Antioxidants, including enzymes controlling cellular

redox status, such as glutathione (GSH), play a vital role in

the maintenance of cellular redox homeostasis. Antioxidants

can respond quickly to specific ROS. Therefore, oxidative

stress, when the redox status becomes imbalanced, can lead

to the upregulation or depletion of various antioxidant sys-

tems. Girten et al. showed that after hindlimb unloading,

antioxidant enzyme catalase and total superoxide dismutase

(SOD) activities decrease in the rat [12]. More specifically,

Lawler et al. reported a slight decrease inMnSOD activity, a

significant increase in Cu/ZnSOD activity, and a remarkable

reduction in catalase and glutathione peroxidase (GPX)

activity, two enzymes which remove hydroperoxides in

hindlimb-unloaded rat muscle [13]. However, the antioxi-

dant defense mechanisms present in atrophied muscle have

still not been entirely elucidated and are consequently not

completely understood in the mouse.

The aims of this study were to screen and identify

specific antioxidants whose expression is affected during

2 weeks of muscle atrophy as simulated in the mouse

pelvic-HLS model and to investigate the oxidative stress

and ROS-generating system involved. The results of this

study will provide helpful information on potential targets

for the treatment of disuse-induced muscle atrophy by

identifying the specific antioxidants and ROS generators

which respond to HLS-induced muscle atrophy.

Materials and methods

Animals

Animal experiments were conducted in accordance with

protocol approved by the Chonnam National University

Animal Care and Use Committee, South Korea. The mice

were housed in a specific pathogen-free facility following

the guidelines in the Guide for the Care and Use of Lab-

oratory Animals (National Academy of Sciences, Wash-

ington DC). Adult male C57BL/6J mice (10 weeks old)

were used for this study.

Pelvis-HLS system

The pelvis-HLS system used for this study is shown in

Electronic Supplementary Material (ESM) Fig. 1. This is

a modified system that has been used previously for rat

hindlimb unloading [2]. Mice were fitted into the HLS

system and unloaded for 14 days, at approximately a 30�
head-down tilt. The angle of suspension was adjusted to

ensure that the hind limbs were unable to touch the

ground when the animals completely stretched. Mice that

were freely placed in a cage without a restriction of

behavior were assigned to the control (CTL) group. Body

weight and food and water consumption were measured at

baseline and at 3-day intervals for 2 weeks. At 2 weeks of

HLS, blood was collected by a ventricular puncture under

anesthesia, and soleus muscle and femur tissue were

obtained from both the HLS and control mice for further

study.

Muscle weight measurements

Left and right leg soleus muscles were dissected from mice

and their weight measured and expressed in relative units

(mg/g of body weight).

Insulin and glucose analysis

Blood glucose level was measured using a blood glucose

meter (Omnitest Plus; B. Braun Melsungen AG, Melsun-

gen, Germany). The blood samples were centrifuged at

3000 g for 15 min to separate the plasma, following which

plasma insulin levels were measured using the Rat/Mouse

Insulin ELISA kit (EMD Millipore Co., Billerica, MA)

according to manufacturer’s instructions.

C-terminal cross-linking telopeptide of type I

collagen measurements

The plasma C-terminal cross-linking telopeptide of type I

collagen (CTX-1) concentration was determined using the

RatLapsTM EIA kit (Immunodiagnostic Systems Ltd.,

Boldon, UK) according to the manufacturer’s instructions.

Micro-computed tomography analysis

For the micro-computed tomography analysis, the femur

was first fixed in 10 % neutral formalin solution (Sigma-

Aldrich, St. Louis, MO), and then the distal femurs were

analyzed using a high-resolution Skyscan 1172 system

(Bruker, Kontich, Belgium) with a X-ray source at 50 kV,

at 201 mA with a 0.5-mm aluminum filter. Images were

captured every 0.7� with a pixel size of 11 mm, over an

angular range of 180�. Raw images and three-dimensional

images were reconstructed into serial cross-section images

using image reconstruction software (CTAn; Bruker,

Mimics 14.0; Leuven, Materialise, Belgium). Bone volume

fraction (BV/TV) was then determined.
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Cross-sectional area muscle fiber analysis

Soleus muscle was fixed in 10 % neutral formalin solution,

dehydrated with ethanol, and embedded in paraffin. Serial

transverse sections (5-lm thick) of muscle fibers were

prepared and stained with hematoxylin–eosin. The images

of the stained sections were captured on a digital micro-

scope camera (Leica DFC450C; Leica Inc., Mannheim,

Germany) using a 209 objective lens. Cross-sectional

areas (CSA) of soleus muscles were analyzed using ImageJ

analytical software (NIH, Bethesda, MD).

Western blot analysis

Soleus muscles were lysed in chilled RIPA buffer [50 mM

Tris–HCl (pH 7.5), 150 mM NaCl, 1 % NP-40, 0.5 %

sodium deoxycholate, 0.1 % sodium dodecyl sulfate

(SDS), 2 mM EDTA, and protease inhibitors], and super-

natants were collected by centrifugation (13,000 rpm,

4 �C, 30 min).

Protein samples (30 lg) were subjected to SDS-poly-

acrylamide gel electrophoresis (PAGE) and transferred

onto PVDF membranes (Bio-Rad Laboratories Inc., Her-

cules, CA). The membranes were immunoblotted with

following primary antibodies: peroxiredoxin 1 (Prdx1; lab-

made), Prdx2 (Abfrontier, Seoul, Korea), Prdx3 (Abcam,

Cambridge, UK), Prdx4 (lab-made), Prdx5 (lab-made),

Prdx6 (Abfrontier), SOD1 (Cu/ZnSOD; Abfrontier), SOD2

(MnSOD; Abfrontier), SOD3 (EcSOD; Abcam), GPX1

(Abfrontier), GPX2 (R&D systems, Minneapolis, MN),

GPX3 (R&D systems), catalase (Abfrontier), and glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH; Abfron-

tier). This was followed by incubation with horseradish

peroxidase (HRP)-conjugated secondary antibody and

detected using an ECL system (iNtRON, Seoul, Korea).

The density of detected bands was measured using CS

Analyzer software (version 4.0; ATTO Software Inc,

Tokyo, Japan) and normalized to GAPDH.

RNA extraction and quantitative real-time PCR

Soleus muscles were homogenized in TRIzol reagent (In-

vitrogen, Carlsbad, CA) and extracted following the man-

ufacturer’s instructions. RNA quantity and quality were

assessed on an Epoch Microplate Spectrophotometer

(Biotek�, Winooski, VT).

Total RNA was reverse-transcribed using the Prime-

ScriptTM RT Reagent kit (Takara, Shiga, Japan), and

quantitative real-time PCR was performed using an ABI

Prism 7300 Sequence Detection System (Applied Biosys-

tems, Foster City, CA) with SYBR premix Ex Taq

(Takara). Reactions were performed in triplicate, and all

data were normalized to GAPDH. Relative mRNA

expression was determined using the 2-DDCT method. The

primer sets for this study are listed in ESM Table 1.

Malondialdehyde measurement

The concentration of the lipid peroxidation product

malondialdehyde (MDA) was determined using the

Parameter TBARS Assay kit (R&D Systems) according to

the manufacturer’s instructions. The supernatant of the

soleus muscle homogenate was prepared with ice-cold Cell

Lysis Buffer 3 (R&D System), and the measured MDA

levels were normalized to the total protein amount of

supernatant.

Protein carbonylation assay

Protein carbonylation is a type of protein oxidation that can

be promoted by ROS [14]. The protein carbonyl group was

evaluated using the OxyBlot Protein Oxidation Detection

kit (EMD Millipore Co.). Briefly, the carbonyl groups in

the protein side chains were derivatized to 2,4-dinitro-

phenylhydrazone (DNP) and then were separated in 12 %

SDS-PAGE gels. After the gels were transferred to PVDF

membrane, the membranes were incubated with primary

antibody (rabbit anti-DNP antibody), followed by incuba-

tion with HRP-conjugated secondary antibody, and detec-

ted using an ECL system (iNtRON).

Determination of SOD activity

Total SOD and MnSOD activities were determined using

the Superoxide Dismutase Assay kit (Cayman Chemical

Co., Inc., Ann. Arbor, MI) according to the manufac-

turer’s instructions. Briefly, soleus muscles were homog-

enized in cold buffer [20 mM HEPES buffer (pH 7.2),

1 mM EGTA, 210 mM mannitol, 70 mM sucrose]. After

centrifugation at 15009g for 5 min at 4 �C, the super-

natants were collected and measured for total SOD

activity. MnSOD activity was determined in the presence

of potassium cyanide.

Determination of GPX activity

Glutathione peroxidase activity was measured using the

Glutathione Peroxidase Assay kit (Cayman Chemical

Company, Inc.) according to the manufacturer’s instruc-

tions. Briefly, soleus muscles were homogenized in cold

buffer [50 mM Tris–HCl (pH 7.5), 5 mM EDTA, 1 mM

DTT], followed by a centrifugation at 10,0009g for

15 min at 4 �C. GPX activity was then measured in the

supernatants.

J Physiol Sci (2017) 67:121–129 123

123



Measurement of GSH content

Total and oxidized GSH levels were measured using the

Glutathione Assay kit (Cayman Chemical Company, Inc.).

Briefly, soleus muscles were homogenized in cold buffer

[50 mM MES (pH 6–7), 1 mM EDTA], and centrifuged at

10,0009g for 15 min at 4 �C. The supernatants were

deproteinized by adding MPA Reagent, centrifuged at 3000

g for 2 min, and treated with TEAM Reagent before being

measured for total GSH content. Oxidized GSH (GSSG)

was measured in the presence of 2-vinylpyridine and

reduced GSH was then determined by subtracting GSSG

from total GSH.

Statistical analysis

All statistical analyses were conducted using SPSS ver.

20.0 software (SPSS Inc, Chicago, IL). The Shapiro–Wilk

test was utilized for normality analysis of the parameters.

The paired t test or Wilcoxon signed-ranks test was used

according to a normal distribution. The CSA of muscle

fibers was analyzed using the Mann–Whitney test. A

p value of\0.05 was considered to be statistically signif-

icant. Data are expressed as the mean ± standard error.

Results

Physiological characteristics in HLS mice

during 2 weeks of suspension

The HLS mice underwent a significant decline in body

weight during the suspension period, with the highest

decrease observed in the first week (from approx. 25 to

approx. 23 g) (Fig. 1a). In the second week, the body

weight of the HLS group was maintained, with no change in

the rate of body weight loss, indicating that the HLS mice

may have recovered to some extent from the stress induced

by the early phase of suspension. However, HLS eventually

resulted in a significant growth retardation during the

2-week study period, despite an increase in food con-

sumption (Fig. 1b). There was no difference between the

HLS and CTL groups in terms of the total amount of water

consumed during the 2 weeks, although at specific time-

points, namely, day 3 and day 6, water consumption was

higher in the HLS group than in the CTL group (Fig. 1c).

The muscle-to-body weight ratio of the soleus muscles

decreased significantly in the HLS mice after the suspension

period in comparison with the CTL mice (Fig. 1d). Our

analysis of the insulin and glucose levels in HLS mice to

determine the muscle disuse-associated insulinopenia that

has been observed in the HLS rat [2] revealed that the

plasma insulin level was lower in the HLS mice after 2

weeks of suspension than in the CTL mice, whereas the

glucose level did not differ between the two groups (Fig. 1e,

f). The CTX-1 level and BV were measured in HLS and

CTL mice to determine the association of disuse-related

muscle atrophy and bone loss. There were no significant

differences in CTX-1 level and BV between the two groups

(Fig. 1g, h). These results indicate that the HLS system

induced muscle atrophy and mild hypoinsulinemia in mice

but did not affect the glucose level and bone volume.

Muscle fiber atrophy was also determined in HLS mice

by staining and measurement of the CSA of the soleus

muscle fibers (Fig. 2). We found that the size of the soleus

muscle fibers decreased in the HLS mice

(1931.52 ± 80.69 lm2) after 2 weeks of treatment in

comparison to the CTL mice (2635.61 ± 77.54 lm2), with

a reduction of approximately 20 % (Fig. 2b).

ROS-generating system and oxidative stress in HLS-

induced muscle atrophy

Protein carbonylation and lipid peroxidation were evalu-

ated to determine whether the soleus muscles of HLS mice

suffered from oxidative damage. The levels of carbony-

lated proteins in the soleus muscles of HLS mice did not

differ significantly from those of the CTL mice (Fig. 3a).

In contrast, there was a significant increase in lipid per-

oxidation levels in the HLS mice (Fig. 3b), possibly

implying that HLS soleus muscles have been oxidatively

damaged.

NOX and mitochondrial complex I subunits are major

ROS generators within the membrane and mitochondria,

respectively, and, therefore, knowledge of their contribu-

tion to oxidative stress in HLS mice is essential. We found

that NOX1 and NADPH oxidase organizer 1 (NOXO1)

mRNA levels in the soleus muscles of HLS mice were

significantly upregulated compared with those of the CTL

mice, while there were no significant changes in the mRNA

expression of other NOX family members and subunits

(Fig. 3c). Regarding mitochondrial complex 1 subunits,

NDUFS5 and NDUFV2 were downregulated in HLS mice

relative to CTL mice (Fig. 3d), which may lead to the loss

of mitochondrial complex 1 function or disruption of the

assembly with other mitochondrial complex I subunits.

These data suggest that activated NOX1 and NOXO1

combined with mitochondrial dysfunction may play a

crucial role in the production of ROS, eventually inducing

oxidative stress, such as lipid peroxidation in HLS.

Alterations in the antioxidant system in HLS-

induced muscle atrophy

The mRNA and protein levels of SODs, Prdxs, GPXs,

and catalase were analyzed to assess the antioxidant
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defense system in HLS mice. The mRNA and proteins

levels of SOD2 and Prdx5, both localized in mito-

chondria, fell in the HLS group as compared to the

CTL group (Fig. 4a–c), while those of GPX2 and GPX3

were substantially enhanced (Fig. 4a, d). These results

suggest that HLS can cause ROS (i.e., superoxide)

accumulation in mitochondria accompanied by SOD2

and Prdx5 deficiency. The excess mitochondrial ROS

may result in muscle cell damage by affecting mito-

chondrial function.

The ROS scavenging capability of antioxidants was also

confirmed by measuring SOD and GPX activity and glu-

tathione (GSH) content. Total SOD activity was not

significantly different between the HLS and CTL mice,

whereas mitochondrial MnSOD activity was lower in the

HLS mice than in the CTL mice (Fig. 5a). Interestingly,

GPX activity was higher in the HLS mice despite a

decrease in total GSH of the HLS group (Fig. 5b, c).

However, there was no difference between the HLS and

CTL mice in terms of reduced GSH (rGSH), oxidized GSH

content (GSSG), and the ratio of GSH/GSSG (Fig. 5c).

Similar to the expression levels of antioxidant proteins

observed in the soleus muscle of HLS mice (Fig. 4), these

data support a possibility of ROS formation within mito-

chondria and the importance of mitochondrial antioxidants

in HLS-induced muscle atrophy.
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Discussion

The aim of our study was to use the pelvic-HLS mouse

model to determine muscle atrophy-associated disorders,

including induction of muscle atrophy, by elucidating the

mouse physiological properties (e.g., food and water con-

sumption, body and muscle weight, and bone loss) previ-

ously reported in the tail-HLS rat and mouse model [2, 15].

We observed a notable decrease in the body weight of the

HLS mice during the first week of suspension, but the body

weight of the HLS mice did not change even with an

increase in food intake during the second week of sus-

pension (Fig. 1b). One possible explanation is that the HLS

mice adapted to some degree to the environmental condi-

tions. We observed a decrease in insulin level in HLS mice.

Similarly, the concentration of insulin has been reported to

decrease in the circulation of healthy humans during space

flights or prolonged bed rest and physical inactivity [16–

18], as well as in skeletal muscles of tail-HLS rat models

[15]. It has been suggested that insulin resistance in the

disused skeletal muscles may accelerate protein degrada-

tion through activation of the ubiquitin–proteasome sig-

naling pathway [19, 20].

Major classes of ROS in inactive muscles could be

produced through the activation of NOX [8] and mito-

chondrial enzymes [5, 21]. Our results indicate that mRNA

levels of NOX1 and NOXO1 in HLS mice were signifi-

cantly higher than those in the CTL group (Fig. 3c).

Phosphorylation of NOXO1 enhances the full assembly

and activation of NOX1, leading to increased ROS pro-

duction [22, 23]. Although we did not detect of NOX1 and

NOXO1 protein levels in HLS mice, we consider that the

high levels of ROS generated by the activated NOX1 may

cause increased lipid peroxidation these mice (Fig. 3b).

The mitochondrial respiratory chain (MRC) consists of

four membrane-bound electron-transporting protein com-

plexes (I–IV) and the ATP synthase (complex V), gener-

ating ATP for cellular processes. A deficiency in complex
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Fig. 3 Oxidative stress in soleus muscles of HLS mice after 2 weeks

of treatment and CTL mice. a Evaluation of protein oxidation based

on the detection of carbonylated protein using the OxyBlot Protein

Oxidation Detection kit (upper part), with Coomassie Blue staining

(bottom part) used for the loading control (The numbers [1, 2, and 3]

indicate biological replicates, n = 3). H HLS mice, C CTL mice.

b Lipid peroxidation levels, determined using the TBARS assay

(n = 4). c mRNA expression of the NADPH oxidase (NOX) family

and subunits [n = 5 for NOX1 and NADPH oxidase organizer 1

(NOXO1); n = 3 for the other targets). d mRNA expression of

mitochondrial complex I subunits [n = 5 for NADH dehydrogenase
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NADH dehydrogenase (ubiquinone) flavoprotein 1 and 2 (NDUFV1,

2); n = 3 for the other targets). mRNA levels are expressed as relative

fold change compared with the CTL. Glyceraldehyde 3-phosphate
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126 J Physiol Sci (2017) 67:121–129

123



I, NADH ubiquinone oxidoreductase is the most common

form of MRC dysfunction and has been linked to various

diseases [24, 25]. In our study, the considerable decline in

NDUFS5 and NDUFV2 mRNA levels in HLS mice

(Fig. 3d) indicates that they could be deficient in MRC

complex I assembly. Complex I deficiency leads to various

physiological disorders, such as ATP depletion, imbal-

anced calcium homeostasis, accumulation of ROS [26],

and induction of apoptosis [27].

The antioxidant defense system plays a role against

cellular damage from exposure to free radicals. We

observed two different alterations in the expression of

specific antioxidants during HLS. HLS led to a significant

decrease in the mRNA and protein levels of Prdx5 and

SOD2, both of which are localized in mitochondria

(Fig. 4a–c). The accumulation of ROS in mitochondria due

to complex I deficiency may cause the depletion of

antioxidants, with scavenging of mitochondrial ROS in

pelvic-HLS mouse system. The decline in MnSOD enzyme

activity is supported by the observed decrease in MnSOD

mRNA and protein levels in HLS mice, while no difference

in total SOD activity was observed between HLS and CTL
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mice (Fig. 5a). In contrast to our results, Brocca et al.

observed an increase in SOD1 and a decrease in Prdx6 in

tail-HLS in mice [28]. The tail-HLS system appears to

result in the cytosolic accumulation of hydrogen peroxide

and promotes oxidative stress via SOD1 upregulation and

downregulation of Prdx6. It is thought that the differences

in HLS system may produce different kinds of ROS with

different mechanisms in the process of muscle atrophy.

Interestingly, GPX2 and GPX3 mRNA and protein

expression increased remarkably with enhanced GPX

activity (Fig. 4a, c). GPX2 is known as a gut epithelium-

specific peroxidase and GPX3 [an extracellular (plasma)

peroxidase] is expressed mainly in the kidney and released

into the blood [29]. Therefore, we evaluated the protein

expression of GPX2 and GPX3 in the intestine, kidney, and

plasma to identify whether the increase in GPX2 and GPX3

observed in atrophied soleus muscle was due to the pro-

duction ofGPX2 andGPX3 from other tissues/organs during

HLS. However, GPX2 and GPX3 expression in the kidney,

intestine, and plasma did not differ between CTL and HLS

mice (data not shown). Further study will be required to

determine if GPX2 and GPX3 provide protection against

oxidative stress in the soleusmuscle duringHLS andwhether

they are potential targets in muscle atrophy.

In conclusion, the results from this study support the

hypothesis that oxidative stress may cause HLS-induced

muscle atrophy, where NOX1 activation and mitochondrial

complex I deficiency can lead to increased ROS generation.

This process may also cause significant alterations in the

mitochondrial antioxidant defense system, such as in Prdx5

and SOD2 activity. Our results indicate that antioxidants

altered by HLS (Prdx5, SOD2, Gpx2, and Gpx3) are

potential therapeutic targets for the prevention and treat-

ment of disuse-induced muscle atrophy.
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