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Abstract   Hindlimb immobilization (IM) produces a decrease in functional oxidative capacity 
as well as morphological changes in muscles. However, the effect of IM on the mechanism of 
O2 supply to mitochondria in muscle tissue during muscle contraction is unknown, especially 
the contribution of myoglobin (Mb) to mitochondrial respiration. This study investigated 
whether IM causes a delayed response of intracellular Mb saturation (SmbO2) and decreased 
muscle oxygen uptake (mV・O2) due to elevated intracellular oxygen tension (PmbO2) in contract-
ing muscles using a rat hindlimb perfusion model. Three-week IM decreased the O2 release 
rate from Mb at the onset of muscle contraction (IM: 3.2 ± 0.9 vs. control (Con): 7.5 ± 2.9 10-2 
µmol g-1 min-1; p < 0.05) and state 3 of mitochondrial respiration in muscle tissue (IM: 0.021 
± 0.006 vs. Con: 0.030 ± 0.009 10-3 µM g-1 sec-1; p < 0.05). Despite the increase in mV・O2, the 
steady-state level of SmbO2 was higher during muscle contraction in the IM group, resulting in 
elevated PmbO2 (IM: 4.2 ± 1.0 vs. Con: 2.1 ± 1.0 mmHg; p < 0.05). In conclusion, IM decreased 
the O2 release rate from Mb; this alteration could be associated with mitochondrial dysfunc-
tion. These changes within muscle cells may be related to the delayed tissue response seen with 
near-infrared spectroscopy at the onset of muscle contraction.
Keywords : hindlimb perfusion, myoglobin, immobilization, mitochondrial respiration

Introduction

   Animal models of hindlimb immobilization (IM), tail 
suspension, and denervation are frequently used to study 
the adaptation of skeletal muscle to chronic disuse. These 
models produce alteration in muscle metabolism as well 
as in muscle morphology1-5). How hindlimb immobili-
zation affects the oxidative phosphorylation capacity 
remains unclear. To date, in vitro biochemical and histo-
chemical analyses have been used extensively to study 
the change in protein abundance, mitochondrial volume, 
and oxidative enzyme activity due to chronic disuse. 
However, only studying the change in integrated muscle 
oxidative capacity under physiological conditions in vivo 
will clarify the relationship between muscle disuse and 
oxidative capacity.
   For the evaluation of muscle oxidative capacity in vivo, 
some studies have used the transient response from rest to 

exercise of V・O2 (oxygen uptake) kinetics and muscle de-
oxygenation kinetics measured using near-infrared spec-
troscopy (NIRS)6-8). Indeed, Convertino et al.6) revealed 
slowed-down V・O2 kinetics in an upright position after bed 
rest deconditioning, suggesting a decrease in O2 transport/
utilization capacity during the transient phase. Similarly, 
at the peripheral tissue level, 20 days of the unilateral 
lower limb unloading model delayed the time constant of 
NIRS deoxygenation kinetics during muscle contraction7), 
and the 21-day forearm IM prolonged the time constant 
for phosphocreatine recovery after exercise8). These previ-
ous studies suggested that a delay in transient response at 
the onset of contraction was caused by a decrease in mus-
cle oxidative capacity7,8). Recently, we have succeeded in 
detecting myoglobin (Mb) deoxygenation kinetics using 
NIRS during muscle contraction9,10). This experimental 
model can be used to investigate intracellular O2 dynam-
ics during muscle contraction. Furthermore, the high time 
resolution of the NIRS methodology can better follow the 
transient response from rest to contraction than nuclear *Correspondence: masudak@staff.kanazawa-u.ac.jp
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magnetic resonance (NMR) techniques11). Our previous 
study showed that endurance training increased the O2 
release rate from Mb to the mitochondria at the onset of 
muscle contraction and contributed to faster V・O2 kinetics 
in endurance trained muscles12).
   Although the change in physical activity levels undoubt-
edly influences transient response of various physiologi-
cal parameters involved in oxidative capacity, it remains 
unclear whether the O2 release rate from Mb is decreased 
in the immobilized skeletal muscle with decreased muscle 
oxidative capacity. A previous study reported that a sig-
nificant decrease in the state 3 respiratory rate in the 
mitochondria isolated from the gastrocnemius muscle 
was observed after 4 weeks of hindlimb suspension5). 
Moreover, considering that the O2 release rate from Mb 
is closely related to the mitochondrial respiration rate9,13), 
the IM might cause a decrease in the O2 release rate from 
Mb at the transient phase from rest to muscle contrac-
tion. Therefore, the purpose of the present study was to 
examine the effect of IM on the O2 release rate from Mb 
and intracellular O2 tension based on O2 saturation of Mb 
(SmbO2) and intracellular O2 tension (PmbO2) kinetics dur-
ing muscle contraction employing a hemoglobin (Hb)-free 
rat hindlimb perfusion model.

Materials and Methods

Experimental animals and preparation of hindlimb per-
fusion
   Twenty-seven male Wistar rats were employed as sub-
jects. All were housed in a temperature-controlled room at 
23 ± 2°C with a 12-h light–dark cycle and maintained on 
a commercial diet with water ad libitum. The procedures 
conformed to the “Fundamental Guidelines for Proper 
Conduct of Animal Experiment and Related Activities in 
Academic Research Institutions” (published by the Min-
istry of Education, Culture, Sports, Science and Technol-
ogy, Japan) and was approved by the Ethics Committee 
for Animal Experimentation of Kanazawa University 
(Protocol AP-101636).
   Six-week-old Wistar rats were divided randomly into 
control (Con) and IM groups. The IM group had their 
left hindlimbs immobilized at full plantar flexion using a 
thermoplastic cast (PritonX, Alcare, Tokyo, Japan), while 
right limbs were allowed to move freely. The thermoplas-
tic cast was wrapped around each rat, from the torso to 
the toe of the left hindlimb, for 3 weeks. The fixation was 
checked daily.
   After 3 weeks (at age 9 weeks), hindlimb perfusion was 
performed in each group (Con group: 257–295 g body 
weight (BW), IM group: 206–229 g BW; n = 6 in each 
group). All surgical procedures were performed under an-
aesthesia with intraperitoneal injection (i.p.) injection of 
medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and bu-
torphanol (5 mg/kg). Preparation of isolated rat hindlimb 
and the perfusion apparatus are described in a previous 

report9,10). The abdominal wall was first incised from the 
pubic symphysis to the xiphoid process. The spermary, 
testis, and inferior mesenteric arteries and veins were li-
gated, and the spermaries, testes, and part of the descend-
ing colon were excised, together with contiguous adipose 
tissue. The caudal artery and internal iliac artery and vein 
were also ligated. Ligatures were placed around the neck 
of the bladder, the anterior prostate, and the prostate. The 
vessels that supply the subcutaneous region were also 
ligated. Following these ligations, the inferior epigastric, 
iliolumbar, and renal arteries and veins were ligated as 
well as the coeliac axis and portal vein. A further ligature 
was placed around the tail. After surgery, euthanasia was 
performed by a 1 M KCl solution injected directly into 
the heart. An Hb-free Krebs-Henseleit buffer (NaCl, 118 
mM; KCl, 5.9 mM; KH2PO4, 1.2 mM; MgSO4, 1.2 mM; 
CaCl2, 1.8 mM; NaHCO3, 20 mM; Glucose, 15 mM) was 
perfused into the abdominal aorta in flow-through mode, 
at a constant flow rate.
   In order to adjust the perfusion pressure to approxi-
mately 80.0 mmHg, the flow rate was set to 22.0 ± 0.0 
ml/min in the Con group and 19.2 ± 1.5 ml/min in the IM 
group. In this condition, the average perfusion pressures 
were 80.9 ± 7.2 mmHg in the Con group and 79.9 ± 4.7 
mmHg in the IM group. No symptom of edema in the 
hindlimb was confirmed at the given flow rate. After can-
nulating into the abdominal aorta, the contralateral (right 
hindlimb) common iliac artery was ligated. The Krebs-
Henseleit buffer containing heparin (1000 U/L) was per-
fused into the hindlimb for 10 min from the beginning of 
the perfusion to prevent blood clotting and to wash out 
blood from the hindlimb9,10).
   The perfusate and muscle temperature were maintained 
at 37°C. The rat hindlimb was perfused with buffer equili-
brated with 95% O2 + 5% CO2 for 30 min before and 
throughout the exercise protocol. The presence of CO2 
maintained the pH between 7.3 and 7.4. The effluent was 
collected from the inferior vena cava in order to measure 
mV・O2.

Twitch contraction protocol
   The nerve stimulation protocol followed our previous 
methods9,10). The sciatic nerve of the left hindlimb was 
then exposed and connected to two parallel stainless steel 
wire electrodes (Unique Medical, Tokyo, Japan) and the 
Achilles tendon was connected to a sensitive strain gauge 
with a string (MLT500/D, AD Instrument, Castle Hill, 
NSW, Australia). Stimulation via the sciatic nerve con-
sisted of a single square wave (delay, 10 µsec; duration, 1 
msec) controlled by an electrostimulator system (Model 
RU-72, Nihon Koden, Tokyo, Japan). The stimulation 
pulse was 1 Hz in frequency and 120 sec in duration (120 
twitch contractions). Target tension was controlled by 
changing the voltage of stimuli to obtain 100% twitch 
tension under buffer-perfused conditions (3–8 volts). 
Twitch tension was calculated as the average of a series 
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of contractions. Increasing the stimulation voltage in or-
der to increase the contraction force recruits nerve fibers 
closest to the stimulating electrodes, and in reverse order, 
with large neurons that supply fast glycolytic muscle fi-
bers being preferentially recruited.

Intracellular oxygenation
   An NIRS instrument (NIRO-300 + Detection Fiber 
Adapter Kit, Hamamatsu Photonics, Shizuoka, Japan) 
was employed to measure oxygenation of Mb9,10). The dis-
tance between the photodiode and LED was fixed at 10 
mm. NIRS probes were firmly attached to the skin of the 
gastrocnemius muscle and fixed by clamps on both sides 
of the muscle. During the initial period, for at least 30 sec 
before the onset of contraction, the average fluctuation in 
NIRS signals was adjusted to a zero reference value. After 
the exercise protocol, the anoxic buffer (equilibrated with 
95% N2 + 5% CO2 gas) was perfused for 30 min to obtain 
maximal Mb desaturation. The equilibrium period with 
the anoxic buffer was initiated after 5 min recovery and 
after NIRS signals had returned to baseline. The NIRS 
signal attained steady state after 30 min. The muscle then 
received electrical stimulation so that it contracted for 2 
min. No further increase in ∆[deoxy-Mb] signal was evi-
dent. The final ∆[deoxy-Mb] signal intensity served as the 
normalization constant for 100% Mb deoxygenation.

Data acquisition
   The sampling rate for the NIRS data was 1 Hz. The 
other parameters (tension, perfusion pressure, O2 content 
at inflow and outflow) were collected using a data acqui-
sition system (PowerLab 8SP, AD Instruments, Castle 
Hill, Australia) at a sampling rate of 1 kHz. All data were 
transferred to a personal computer with acquisition soft-
ware (Chart ver. 5.5.6, AD Instruments).

Data analysis
   The data analysis followed our previous methods9,12). A 
simple moving average smoothed the ∆[deoxy-Mb] NIRS 
signals using a rolling average of 5 points, which corre-
sponds to a 5 sec timeframe14). The ∆[deoxy-Mb] signals 
were calibrated against two different NIRS signal values: 
one at rest as 10% Mb deoxygenation and the other dur-
ing steady state with anoxic buffer perfusion as 100% Mb 
deoxygenation. While the SmbO2 at rest could not be deter-
mined by NIRS, the value was assumed to be 90% based 
on previous studies reporting that the SmbO2 at rest was 
greater than 90%11). The %∆[deoxy-Mb] plots were con-
verted to SmbO2 (%) plots using the following equation:

SmbO2 = 100 - %∆[deoxy-Mb]

   SmbO2 plots were fitted by the following single-expo-
nential equation to calculate kinetics parameters using 
an iterative least-squares technique by means of a com-
mercial graphing/analysis package (KaleidaGraph 3.6.1, 

Synergy Software, Reading, PA, USA):

SmbO2 = BL + AP × [1 – exp–(t-TD)/τ]

where BL is the baseline value, AP the amplitude between 
BL and the steady-state value during the exponential 
component, TD the time delay between onset of contrac-
tion and appearance of SmbO2 signals, and τ the time con-
stant of SmbO2 signal kinetics. Mean response time (MRT) 
calculated by TD + τ was used as an effective parameter 
of the response time for Mb deoxygenation at onset of 
muscle contraction. Dividing 63% of AP by MRT (0.63AP/
MRT) yields a value for Mb deoxygenation rate per unit 
time at the onset of exercise. The O2 release rate from Mb 
was calculated using the following equation:

O2 release rate from Mb = (0.63AP/MRT) × [Mb] × 60

where 0.63AP/MRT for SmbO2 was the Mb deoxygenation 
rate in %/sec. Inserting a value for [Mb] (Mb concentra-
tion) and multiplying by 60 seconds into the equation led 
to determination of the O2 release rate from Mb in micro-
moles per gram per minute.
   We reconstructed PmbO2 kinetics based on the resulting 
SmbO2 kinetics parameters. The model SmbO2 kinetics was 
converted to PmbO2 (mmHg) using the following equation:

where P50 is the partial oxygen pressure required to half-
saturate Mb. A P50 of 2.4 mmHg was used for this equa-
tion, assuming a muscle temperature of 37°C15). The 
calculated PmbO2 plots were evaluated to obtain an MRT 
of its kinetics using the same single exponential equation 
as for SmbO2. The 0.63AP/MRT for PmbO2 indicates a rate 
of decrease in PmbO2 at muscle contraction onset. PmbO2 
at steady state was calculated by using the SmbO2 value 
at steady state. Since O2 partial pressure corresponds to a 
specific amount of dissolved O2, intracellular [O2] (µM) 
was calculated from the PmbO2 value at rest and at each O2 
condition using the following equation:

Intracellular [O2] = PmbO2 × O2 solubility

where PmbO2 is in mmHg, and O2 solubility in buffer is 
0.00135 µmol ml–1 mmHg–1 at 37°C16).

Muscle oxygen consumption
   mV・O2 was calculated from the arteriovenous O2 content 
differential multiplied by flow rate, using the following:

mV・O2 (µmol g–1 min–1) = flow rate × (PO2in – PO2out) × 
O2 solubility / muscle weight

where flow rate is in milliliters per minute, and PO2in and 
PO2out are the arterial and venous oxygen tensions after 

PmbO2 = 
SmbO2 ∙ P50 

(1 - SmbO2) 
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adjusting for water vapor pressure. Inflow and outflow 
PO2 were measured continuously using two O2 electrodes 
(5300A, YSI, Yellow Springs, Ohio, USA) along tubing 
before and after hindlimb perfusion. The vapor pressure 
at 37°C was 47.03 mmHg. The solubility of oxygen in the 
buffer was 0.00135 µmol per ml per mmHg at 37°C16). 
The mV・O2 at rest and during muscle contraction was cal-
culated by using values of PO2in – PO2out averaged over 15 
sec at steady state before and during muscle contraction. 

Measurement of Mb concentration in buffer-perfused 
muscle tissue
   After buffer perfusion, hindlimb muscles were isolated 
and weighed, thoroughly minced using stainless steel 
scissors, and homogenized in an ice bath with phosphate 
buffer (0.04 M, pH 6.6) bubbled with carbon monoxide 
(CO). The homogenate was then separated by centrifuga-
tion at 12,000 g for 30 min at 4°C. The clear supernatant 
was decanted into a microtube and again equilibrated 
with CO to ensure binding to Mb. The optical density at 
538 nm (ß band) and 568 nm (α band) was employed for 
calculation of both Hb and Mb concentration in muscle 
tissue using a modified Reynafarje method17).

Measurement of citrate synthase activity and mitochon-
drial respiration
   Activity of citrate synthase (CS), a mitochondrial en-
zyme and marker of muscle oxidative potential, was 
measured in whole muscle homogenates using the spec-
trophotometric method described by Srere18). 
   Mitochondria respiration was measured using an oxy-
gen electrode via a modified method reported in a previ-
ous study19). For these measurements, an additional 15 
Wistar male rats (n = 7 in Con group, n = 8 in IM group) 
were used, in addition to the animals used for the perfu-
sion experiment. Briefly, the deep portion of the gastroc-
nemius muscle was minced using stainless steel scissors 
in the isolation medium and homogenized with a Potter–
Elvehjem tissue grinder in the isolation medium at pH 7.2 
at 4°C (225 mM mannitol, 100 mM KCl, 20 mM sucrose, 
20 mM Hepes-2Na, 1 mM EDTA (ethylenediaminetet-
raacetic acid), 0.2% BSA (bovine serum albumin), 0.25 
mg/mL proteinase, bacterial and 5 mM L-carnitine). The 
homogenized mixture was centrifuged at 700 g for 10 min 
at 4°C to remove nuclei and debris, and the supernatant 
was further centrifuged at 10,000 g for 10 min at 4°C to 
collect the isolated mitochondria. The mitochondrial pel-
let was washed once in the isolation medium and resus-
pended in a ratio of 0.4 µm per mg initial muscle weight 
with resuspension buffer at pH 7.2 at 4°C (215 mM man-
nitol, 75 mM Sucrose, 20 mM Hepes-2Na, 1 mM EDTA, 
0.2% BSA and 5 mM L-carnitine). Mitochondrial respira-
tion was monitored using a Clark-type oxygen electrode 
(Model-5300A, YSI Japan, Japan) at 37 °C in a thermo-
statically controlled chamber by adding 3 mL of reaction 
buffer (pH 7.2) at 37°C (225 mM mannitol, 75 mM su-

crose, 20 mM Hepes-2Na, 10 mM KCl, 10 mM K2HPO4, 
1 mM MgCl2 6H2O, 1 mM EDTA, 0.1% BSA and 5 mM 
L-carnitine) to it. After applying the substrate of pyruvate 
(5 mM) and L-malate (2 mM), 60 µL of isolated mito-
chondria under resuspension was added. After confirming 
that state 4 remained stable, ADP at the final concentra-
tion of 200 µM was added to the medium to initiate state 3.

Measurement of Mb expression in the mitochondrial 
fraction
   The amount of Mb expression in the mitochondrial 
fraction was measured by western blotting according to 
previous studies20-22). In brief, the deep portion of the gas-
trocnemius muscle was homogenized in lysis buffer with 
the use of a loose-fitting Dounce homogenizer; then, the 
mitochondrial fraction was obtained by centrifuge separa-
tion method, as described in previous studies21,22). Western 
blot analysis was performed on the mitochondrial fraction 
in the deep portion of the gastrocnemius muscle. Equal 
amounts of protein samples were loaded onto 15% SDS-
PAGE gels, and then transferred to a polyvinylidene fluo-
ride (PDVF) membrane. The membrane was incubated in 
a blocking buffer and then with an anti-Mb antibody (sc-
25607, Santa Cruz Biotechnology, CA, USA) and VDAC-
I (ab15895, Abcam, UK) at 4°C overnight. It was then 
reacted with the secondary antibody, and the signals were 
visualized by enhanced chemiluminescence. The signal 
intensity was quantified with ImageJ imaging software.

Statistical analyses
   All data were expressed as mean ± SD. An unpaired t-
test was used to compare all biochemical and physiologi-
cal parameters between groups. The level of significance 
was set at p < 0.05. 

Results

   The descriptive data for muscle weight are presented in 
Table 1. IM caused a significant, but uniform reduction in 
muscle mass [m. gastrocnemius 59%, m. plantaris 60%, 
m. soleus 63% and GPS (gastrocnemius-plantaris-soleus) 
60%]. 
   Table 2 summarizes the muscle tension, mV・ O2, and 
kinetics parameters for SmbO2 and PmbO2 at the maximal 
twitch tension level in both groups. The representative 
dynamics data of SmbO2 during muscle contraction in 
both groups are shown in Fig. 1. The maximal twitch ten-
sion in the IM group was significantly lower than in the 
Con group, whereas the mV・ O2peak per gram per minute 
in the IM group during maximum twitch contraction was 
significantly higher than in the Con group, irrespective 
of the unchanged mV・O2 at rest per gram per minute be-
tween both groups. When the efficiency of ATP synthesis 
was estimated by dividing the delta change in oxygen 
consumption during contraction by muscle tension, its 
value increased significantly in the IM compared to the 
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Table 1.   Descriptive data for muscle weight

Table 2. Muscle tension, muscle oxygen consumption, SmbO2 and PmbO2 kinetic 
parameters during muscle contraction

Values are presented as mean ± SD (n = 6 in each group). Abbreviations: Con, control group; 
IM, immobilization group; GPS, gastrocnemius-plantaris-soleus; GPS mass/body mass, the 
ratio of GPS mass to body mass. The superscript (*) indicates a significant difference (p < 0.05 
vs. Con).

Values are mean ± SD (n = 6 in each group). Abbreviations: Con, control group; IM, 
immobilization group; AP, amplitude between BL (baseline) and the steady-state val-
ue during the exponential component; MRT, time required to reach 63% of AP from 
the onset of muscle contraction. 0.63AP/MRT is calculated by dividing 0.63AP by MRT. 
The superscript (*) indicates a significant difference (p < 0.05 vs. Con).

Parameter Unit Con IM 

Body Mass  g 275.0 ± 19.0 217.0 ± 21.8* 

Muscle Mass 

m. Gastrocnemius mg 1805.8 ± 92.4 731.8 ± 44.9* 

m. Plantaris mg 366.0 ± 26.7 147.2 ± 14.7* 

m. Soleus mg 133.8 ± 16.9 49.2 ± 9.2* 

GPS mg 2305.6 ± 129.1 928.2 ± 0.02* 

GPS Mass 

/Body Mass 
% 0.66 ± 0.03 0.34 ± 0.02* 

Parameter Unit Con IM 

Maximal Tension g 91.0 ± 17.1 58.1 ± 6.5 * 

mVO2 at rest µmol g-1 min-1 0.52 ± 0.14 0.66 ± 0.15 

mVO2peak µmol g-1 min-1 0.74 ± 0.13 1.09 ± 0.19 * 

SmbO2 Kinetics    

Steady-State Value % 44.8 ± 11.9 62.5 ± 5.9 * 

AP % -45.1 ± 11.9 -27.5 ± 6.0 * 

MRT s 41.2 ± 9.9 53.0 ± 9.7 

0.63AP/MRT % s-1 -0.73 ± 0.29 -0.33 ± 0.10 * 

PmbO2 Kinetics    

 Steady-State Value mmHg 2.1 ± 1.0 4.2 ± 1.0 * 

AP mmHg -19.4 ± 1.0 -17.5 ± 1.0 * 

MRT s 27.0 ± 3.6 37.2 ± 6.6 * 

 0.63AP/MRT mmHg s-1 -0.45 ± 0.07 -0.30 ± 0.06 * 
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Con group (Con: 0.25 ± 0.11 vs. IM: 0.77 ± 0.25 10–2 
µmol g_tissue–1 min–1 g_tension–1; p < 0.05). With regard 
to the SmbO2 kinetic parameters, the steady-state value of 
SmbO2 kinetic parameters at the maximal twitch tension 
in the IM group was significantly higher than in the Con 
group, but AP and 0.63AP/MRT of the kinetic parameters 
for SmbO2 were lower. The MRT also tended to be longer 
at the maximal twitch tension. The all-kinetics param-
eters for PmbO2 showed significant differences in values 
between both groups. The steady state of PmbO2 and MRT 
showed higher values, and AP and 0.63AP/MRT showed 
lower values in the IM group.

   Fig. 2 shows the comparison of the intracellular [O2] 
(O2 concentration) and the O2 release rate from Mb at the 
maximal twitch tension between both groups. Intracellu-
lar [O2] was based on SmbO2 - PmbO2 equilibrium. Muscle 
contraction resulted in a sharp decrease in intracellular 
O2 from 29.2 µM at rest to 2.9 ± 1.7 and 5.6 ± 1.4 µM in 
the Con and IM groups, respectively, with significant dif-
ferences in values between groups. The release rate of O2 
from Mb in the IM group showed a significant decrease 
compared to that of the Con group (Con: 7.5 ± 2.9 vs. IM: 
3.2 ± 0.9 10–2 µmol g–1 min–1; p < 0.05).
   Fig. 3 shows isolated mitochondrial respiration rate 

Fig. 1 Representative SmbO2 kinetics during muscle contraction at 1 Hz in control and immobilization groups.
 The SmbO2 plots show representative data from a single experiment in each group. The SmbO2 kinetics in the representa-

tive immobilized rat declines with a mean response time (MRT) of 49.0 sec, while the SmbO2 kinetics in the representative 
control rat declines with an MRT of 40.0 sec. Because the NIRS device used in this experiment could not discriminate τ 
and TD of Mb deoxygenation kinetics due to the signal-to-noise ratio, the reconstructed exponential curve in both groups 
is fitted using an MRT (τ + TD) as the temporal parameter. The steady-state level of the representative immobilized rat dur-
ing muscle contraction shows a higher level than in the representative control rat (immobilized rat: 63.0% vs. control rat: 
43.4%). The black arrow shows the muscle contraction starting point, corresponding to 0 sec on the X-axis. Abbreviations: 
SmbO2, intracellular myoglobin saturation; NIRS, near-infrared spectroscopy; τ, time constant; TD, time delay.

Fig. 2 Comparison of intracellular [O2] and release rate of O2 from Mb during maximal twitch contraction in 
control and immobilization groups.

 While intracellular [O2] (µM) during muscle contraction in the IM group was significantly higher than in the 
Con group, the release rate of O2 from Mb at the onset of muscle contraction in the IM group was significant-
ly lower than in the Con group. Values are represented as mean ± SD (n = 6 in each group). Abbreviations: 
Con, control group; IM, immobilization group; Mb, myoglobin. The superscript (*) indicates a significant dif-
ference (p < 0.05 vs. Con).
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and Mb concentration did not show significant changes in 
response to IM. Additionally, the amount of Mb expres-
sion in the mitochondrial fraction remained unchanged by 
IM (Fig. 4). 

(state 4 and state 3), CS activity and Mb concentration 
between control and immobilized muscles. State 3 res-
piration was significantly decreased by IM, and state 4 
respiration tended to be decreased as well. CS activity 

Fig. 3 Comparison of isolated mitochondria respiration capacity, CS activity and Mb concentration in 
control and immobilized skeletal muscle.

 State 3 of mitochondrial respiration in IM group was significantly lower than in the Con group. State 4 in 
the IM group showed a tendency of being lower than in the Con group. CS activity and Mb concentration 
remained unchanged after the IM period. Values are represented as mean ± SD (n = 7 in Con group, n = 
8 in IM group). Abbreviations: Con, control group; IM, immobilization group; CS, citrate synthase; Mb, 
myoglobin. The superscript (*) indicates a significant difference (p < 0.05 vs. Con).

Fig. 4 Comparison of co-localization of Mb with mitochondria between immobilized 
and control skeletal muscle.

 The amount of co-localization of Mb with mitochondria was unchanged by immobi-
lization. Values are means ± SD (n = 6 in each group). Abbreviations: Con, control 
group; IM, immobilization group; Mb, myoglobin; VDAC-I, voltage-dependent an-
ion channel-I.
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desaturates immediately and rapidly in an exponential 
curve at the onset of muscle contraction and contributes 
to the oxygen supply to mitochondria9). Postnikova et 
al.13) reported that the rate of Mb-O2 deoxygenation for 
all mitochondrial states completely coincided with the 
rate of O2 uptake by respiring mitochondria. Addition-
ally, the O2 release rate from Mb at a physiological PO2 of 
10–20 mmHg was possible only upon direct interaction 
with mitochondria13,34). Indeed, Yamada et al.22) showed 
that Mb can interact directly with mitochondria and can 
co-localize with a mitochondrial complex. This phenom-
enon could have a potential significant role in mitochon-
drial respiration at the start of muscle contraction. If the 
amount of Mb expression in the mitochondrial fraction 
changes in the immobilized muscle, it could change the 
Mb kinetics at the onset of muscle contraction. However, 
such a change in the immobilized muscle was not present, 
as shown in Fig. 4. Therefore, since Mb concentration and 
the amount of Mb expression in the mitochondrial frac-
tion remained unchanged after the IM period, the decrease 
in O2 release rate from Mb is likely caused by a decreased 
mitochondrial respiratory capacity.
   Recently, using simultaneous NMR and NIRS mea-
surements, Bendahan et al.35) also confirmed that Mb-O2 
released its O2 within seconds at the start of a contraction 
to reach a new steady state level; the O2 level fell progres-
sively with increasing %MVC (maximal voluntary con-
traction), and the kinetics of Mb-O2 desaturation observed 
using NMR and NIRS were matched, suggesting that Mb 
contributed predominantly to the NIRS signal from the 
muscle, especially during muscle contraction. Therefore, 
a delayed response of NIRS kinetics after the IM period 
should be caused by a change in Mb dynamics during 
muscle contraction, leading to a slower V・O2 kinetics dur-
ing exercise at the whole-body level.
   Although IM led to an increase in PmbO2 during muscle 
contraction, ∆mV・O2 in the IM group was higher than in 
the Con group at the same relative twitch tension level. 
This result was inconsistent with our hypothesis that the 
higher PmbO2 during muscle contraction causes a decrease 
in O2 gradient between extracellular and intracellular 
PO2, resulting in a decrease in the mV・O2 after IM. A puta-
tive explanation for the change in mV・O2 may arise from 
a decreased coupling of ATP synthesis with O2 uptake 
ratio (P/O). One mechanism for a decreased P/O may 
be an increased uncoupling of ATP resynthesis from O2 
consumption in skeletal muscles. Because a previous 
study reported that the coupling of ATP synthesis with O2 
uptake (P/O) decreased in aged muscles36), the same phe-
nomenon may occur in immobilized muscles. An increase 
in uncoupling protein 3 (UCP3) mRNA supports the pos-
sibility of decreased P/O in immobilized muscles37). Such 
an adaptation may reduce the electrical potential at the 
intermembrane space to alleviate the harmful effect due to 
the increase in reactive oxygen species owing to muscle 
inactivation. Therefore, an immobilized muscle needs to 

Discussion

   Three-week IM caused depletion in muscle mass and 
maximal twitch muscle tension by 60% and 36%, re-
spectively. Although IM results in a wide range of adap-
tive responses in the skeletal muscle, muscle atrophy 
and decrease in muscle tension are the most pronounced 
characteristics of IM23-25). Conversely, the effect of IM 
on muscle oxygen metabolism and O2 supply to the mi-
tochondria during muscle contraction is not well docu-
mented and therefore, unclear. In the present study, CS 
activity, which reflects the mitochondrial content, was 
not affected after 3-week IM, whereas the mitochondrial 
function was attenuated. These phenomena are consistent 
with the reports on IM by Yajid et al.5), who showed that 4 
weeks of hindlimb suspension did not change CS activity 
in the gastrocnemius muscle, while the state 3 respiratory 
activity of isolated mitochondria quantitatively decreased 
when measured using pyruvate + malate as respiratory 
substrates. Taken together, the IM model used in the pres-
ent study showed typical adaptation, and these observa-
tions suggest a reduction in mitochondrial oxidative phos-
phorylation potential in response to IM.
   The present study has revealed a decrease in the O2 
release rate from Mb in the IM group, suggesting the 
possibility of a decrease in the mitochondrial respiration 
rate from resting to muscle contraction transition. Since 
mitochondrial respiration is accelerated without discern-
ible delay after the onset of muscle contraction26), O2 flux 
to mitochondria must be increased nearly simultaneously. 
However, there were no changes in PcapO2 until 20 sec 
after the onset of muscle contraction27); therefore, the O2 
supply from Mb at this point significantly contributed 
to the abrupt increase in mitochondrial oxygen demand. 
Chung et al.11) proposed the use of the Mb desaturation 
rate at the initiation of contraction as an index of cellular 
respiration, and myocyte experiments have also suggested 
that a direct Mb-mediated oxygen delivery might contrib-
ute to mitochondrial respiration28). The blockade of Mb 
oxygen-binding capacity suppressed approximately 70% 
of mitochondrial respiration, even under the conditions 
of sufficiently available O2

28). Conversely, overexpression 
of Mb improved muscle mitochondrial respiration via 
up-regulation of complex IV activity in cultured skeletal 
muscle cells (C2C12)29). These findings indicate that high 
or low Mb levels are one of the regulating factors for 
mitochondrial respiratory activity. However, as the Mb 
concentration remained unchanged after the IM period in 
this study, it should not have affected the mitochondrial 
respiratory capacity. Another regulating factor to consider 
is the positional relationship between Mb and mitochon-
dria in the skeletal muscle. Since the basal partial pressure 
of O2 (PO2) in the myocardial and skeletal muscle cells in 
vivo was above 10 mmHg, the Mb translational diffusion 
in the cells appeared too slow to depend significantly on 
transport in the basal normoxic state30-33). In contrast, Mb 
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consume more O2 to meet the energetic demand of the tis-
sue during muscle contraction. 
   Conversely, the higher PmbO2 cannot explain the in-
crease in mV・O2 during muscle contraction after the IM 
period. However, the oxygen level at the intracellular 
level alone does not determine the mV・O2. The value of 
the mV・O2 is dependent upon O2 flux, as expressed in the 
following equation:

mV・O2 = k × DO2 × (PcapO2 – PmbO2)

where DO2 is O2 diffusion conductivity and PcapO2 is cap-
illary PO2.
   As mentioned above, the increase in mV・O2 could be 
attributed to the increased uncoupling of ATP resynthe-
sis from O2 uptake. In such cases, the increase in mV・O2 
requires increased O2 flux, which would be achieved 
by increased DO2. However, the factors involved in in-
creased DO2 remain obscure. One possibility might be the 
reduced diffusion distance during muscle atrophy. In pre-
vious studies, muscle atrophy due to IM did not alter DO2 
under isolated hindlimb perfusion38,39). However, since the 
degree of muscle atrophy in the present study (65% re-
duction in GPS muscle mass) was greater than in previous 
studies (32% reduction in gastrocnemius muscle39)), the 
greater reduction in diffusion distance in our study might 
have caused the increased DO2 in immobilized muscles, 
resulting in increased mV・O2 during muscle contraction. 
In either event, the number of anastomotic capillaries 
tends to decrease in immobilized muscles; therefore, fur-
ther careful observation is required to understand changes 
in oxygen diffusivity in muscle cells.
   In conclusion, we studied the effect of IM on Mb dy-
namics during muscle contraction using a hindlimb perfu-
sion model. The IM model used in this study showed the 
typical adaptation and caused a decrease in the release 
rate of O2 from Mb at the onset of muscle contraction, 
which might have been associated with the altered mito-
chondrial respiration rate. These changes within muscle 
cells may be related to the delayed response of NIRS 
kinetics during muscle contraction. Further research is 
required to elucidate the mechanism of oxygen transport 
to mitochondria and the relationship between PmbO2 and 
mV・O2 at the contraction phase in immobilized muscles.
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