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Key points

� Currently, it is not known whether impaired mitochondrial function contributes to human
ageing or whether potential impairments in mitochondrial function with age are secondary to
physical inactivity.

� The present study investigated mitochondrial respiratory function and reactive oxygen species
emission at a predefined membrane potential in young and older men subjected to 2 weeks of
one-leg immobilization followed by 6 weeks of aerobic cycle training.

� Immobilization increased reactive oxygen species emission and decreased ATP generating
respiration. Subsequent aerobic training reversed these effects.

� By contrast, age had no effect on the measured variables.
� The results of the present study support the notion that increased mitochondrial reactive

oxygen species production mediates the detrimental effects seen after physical inactivity and
that ageing per se does not cause mitochondrial dysfunction.

Abstract Mitochondrial dysfunction, defined as increased oxidative stress and lower capacity for
energy production, may be seen with ageing and may cause frailty, or it could be that it is secondary
to physical inactivity. We studied the effect of 2 weeks of one-leg immobilization followed by
6 weeks of supervised cycle training on mitochondrial function in 17 young (mean ± SEM:
23 ± 1 years) and 15 older (68 ± 1 years) healthy men. Submaximal H2O2 emission and respiration
were measured simultaneously at a predefined membrane potential in isolated mitochondria from
skeletal muscle using two protocols: pyruvate + malate (PM) and succinate + rotenone (SR). This
allowed measurement of leak and ATP generating respiration from which the coupling efficiency
can be calculated. The protein content of the anti-oxidants manganese superoxide dismuthase
(MnSOD), CuZn superoxide dismuthase, catalase and gluthathione peroxidase 1 was measured by
western blotting. Immobilization decreased ATP generating respiration using PM and increased
H2O2 emission using both PM and SR similarly in young and older men. Both were restored
to baseline after the training period. Furthermore, MnSOD and catalase content increased with
endurance training. The young men had a higher leak respiration at inclusion using PM and
a higher membrane potential in State 3 using both substrate combinations. Collectively, the
findings of the present study support the notion that increased mitochondrial reactive oxygen
species mediates the detrimental effects seen after physical inactivity. Age, on the other hand,
was not associated with impairments in anti-oxidant protein levels, mitochondrial respiration or
H2O2 emission using either protocol.
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Introduction

The mitochondrial theory of ageing is based on the notion
that an increase in mitochondrial oxidative stress over
time will lead to cellular damage and premature ageing
(Harman, 1972). However, only a few human studies
have investigated whether reactive oxygen species (ROS)
production is increased with age and, currently, there
is a lack of consensus. Accordingly, an increase (Capel
et al. 2005), no change (Tonkonogi et al. 2003) and a
decrease (Hutter et al. 2007; Ghosh et al. 2011) in ROS
production have all been shown with age. Also, based
on data obtained from animals, there is no consensus
(Bejma & Ji, 1999; Drew et al. 2003; Capel et al.
2004). On the other hand, there is evidence to support
ageing being associated with increased oxidative damage
because studies have shown higher skeletal muscle lipid
peroxidation, mitochondrial DNA mutations and protein
carbonylation in aged individuals (Fano et al. 2001; Gianni
et al. 2004; Marzani et al. 2005; Short et al. 2005), although
this is not always found (Hey-Mogensen et al. 2015).

It is well known that physical inactivity induces muscle
atrophy and reduces muscle strength. Increased oxidative
stress may contribute to the observed impairments in
muscle function after a period of physical inactivity, as
suggested by several animal studies (Kondo et al. 1991;
Lawler et al. 2003; Kavazis et al. 2009; McClung et al. 2009;
Whidden et al. 2009). Mitochondrial ROS plays a major
role in several pathologies, as demonstrated in studies
where the application of matrix targeted anti-oxidants
prevented muscle atrophy (Min et al. 2011; Powers et al.
2011), increased life span (Anisimov et al. 2011) and
decreased fat diet induced insulin resistance (Anderson
et al. 2009). Nonetheless, data from humans are scarce,
with most (Levine et al. 2008; Abadi et al. 2009; Dalla
et al. 2009; Hussain et al. 2010; Moriggi et al. 2010; Brocca
et al. 2012) but not all (Glover et al. 2010) studies showing
increased markers of oxidative stress when applying
various models of inactivity. However, until now, no
studies in humans have measured ROS production after
a period of physical inactivity. This is relevant because
an increase in ROS production in skeletal muscle could
be responsible, at least in part, for muscle atrophy and
sarcopenia.

Although the vast majority of studies report increased
oxidative stress after physical inactivity, there is no
agreement about the effect of endurance training on ROS

production in human skeletal muscle. Studies have shown
an increase (Ghosh et al. 2011), a decrease (Venditti et al.
1999) and no change (Hey-Mogensen et al. 2010) in H2O2

emission after a training period.
The coupling efficiency is defined as the fraction of

the total respiration that is attributed to leak respiration
and ATP generating respiration (Brand & Nicholls, 2011).
This value represents how energy is handled by the system
and sets the balance between the evolutionary demands of
energy conservation on one hand and energy dissipation
resulting in thermogenesis and mitigation of ROS induced
damage on the other (Brand, 2000). Also, an increased leak
respiration has large implications for the basal metabolic
rate and is a potential target for drugs designed to waste
energy, which would be beneficial in treating obesity. It
is possible that changes in the coupling efficiency under-
lie the potential impairments in energetic function with
age (Iossa et al. 2004; Gouspillou et al. 2010) and/or sub-
sequent to profound alterations in the physical activity
level, although this remains unknown.

To investigate the effect of ageing, physical inactivity
and training on mitochondrial function, we measured
submaximal ROS emission and respiration at a pre-
defined membrane potential on human skeletal muscle
isolated mitochondria. A probable cause of the conflicting
results reported in the literature about the effects of age
on mitochondrial function is that the physical activity
level is not taken into account. Therefore, we obtained
muscle biopsies from young and older healthy men with
a similar physical activity level before and after 2 weeks
of one-leg immobilization followed by 6 weeks of aerobic
cycle training.

We hypothesized that older men compared to young
men would have a higher H2O2 emission and a lower
coupling efficiency in accordance with the mitochondrial
theory of ageing. Furthermore, we hypothesized that
physical inactivity would increase H2O2 emission and
decrease coupling efficiency and that subsequent aerobic
training would reverse the detrimental effects of physical
inactivity.

Methods

Ethical approval

Subjects were informed orally and in writing about the
purpose of the present study, the experimental procedures
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and all of the potential risks prior to them providing their
written consent to participate. The study was approved by
the Ethic Committee of Copenhagen (h-4-2010-85) and
was performed according to the Declaration of Helsinki.
The subjects received remuneration for participation
and were reimbursed for transportation expenses during
the immobilization period and to/from meetings at the
department.

Subject characteristics

Seventeen young (mean ± SEM: 23.4 ± 0.5 years) and
15 older (68.1 ± 1.1 years) healthy untrained men
were recruited to the present study. Both young and
older men were screened prior to inclusion to exclude
smokers, individuals with diabetes (measured by glycated
haemoglobin), musculoskeletal disease, cardiovascular
disease (resting ECG in older men) or any known
predisposition to deep venous thrombosis. None of the
young men took medication, although some of the older
men were in medical treatment for hypertension (n = 2;
thiazide diuretic + angiotensin II inhibitor; angiotensin
II receptor antagonist), prostate enlargement (n = 2;
α-blocker), mild asthma (n = 1; anticholinergica pro re
nata), mild depression (n = 1; selective serotonin reuptake
inhibitor) and attention deficit hyperactive disorder
(n = 1; modafinil). To investigate the effect of ageing per
se, the subjects were chosen to have a body mass index
(BMI), fat percentage and whole body maximal oxygen
uptake (V̇O2max) in a similar percentile for their age group
based on the Danish Health Examination Survey (Eriksen
et al. 2011). Because the physical activity level represents
a confounding factor when investigating the effect of age
on mitochondrial function, efforts were made to include
subjects with the same daily physical activity level. To
objectively assess daily physical activity level, a combined
tri-axial accelerometer and heart rate sensor (Actitrainer;
Actigraph, Pensacola, FL, USA) was used for three
consecutive days, before and during immobilization,
and during the training period, at the same time as
continuing their normal daily activities, as described
previously (Gram et al. 2014). Body composition
was determined by dual energy X-ray absorptiometry
scanning (Lunar iDXA; GE Medical Systems, Madison,
WI, USA). V̇O2max was evaluated with a graded test to
exhaustion performed on a bicycle ergometer using
an online system (Oxycon Pro, Jaeger, Würzburg,
Germany), as described previously (Reihmane et al.
2013).

The present report comprises part of a large study
investigating the effect of one-leg immobilization on
muscle function and metabolism. Thus, data from the
same subjects have been reported previously but in

different contexts (Reihmane et al. 2013; Gram et al. 2014;
Nørregaard et al. 2014; Vigelsoe et al. 2015).

Experimental design

The immobilization and retraining protocol, as well
as the standardization procedures, have been described
previously (Reihmane et al. 2013). In brief, the inter-
vention consisted of 2 weeks of randomized unilateral
immobilization using a DonJoy knee brace (DJO Nordic,
Malmö, Sweden) fixed at a 60 deg angle. The sub-
jects were given a pair of crutches and were repeatedly
instructed not to engage in any weight-bearing activ-
ity with the immobilized leg; however, they ambulated
freely in the entire period. On average, 3 days after the
Donjoy was removed, the training period started. The
subjects performed 6 weeks of supervised bicycle training
consisting of alternating sessions of continuous exercise
(12 sessions) and interval exercise (eight sessions) for a
total of 20 sessions (�48–58 min of effective exercise
per session). In the continuous sessions, the subjects
exercised at 84 ± 1% and 85 ± 1% (mean ± SEM) of
maximal heart rate (measured during the last 10 min
of the session), whereas, during the interval training
sessions (5–10 × 3–4 min intervals, 2 min break), the
relative intensity at the last minute of the intervals was
89 ± 1% and 90 ± 1% (mean ± SEM) of their maximal
heart rate in young and older subjects, respectively. The
training intensity was modified after 2 and 4 weeks
of training according to a V̇O2max test (data not shown).
Two young and one older subject failed to complete
the training period. In total, the subjects reported
to the laboratory �30 times during the intervention
(Fig. 1).

Muscle biopsy analysis

The subjects reported to the laboratory in the overnight
fasted state (12 h) to have a muscle biopsy taken from
m. vastus lateralis. During the intervention, we obtained
biopsies in the leg-to-be-immobilized at inclusion (T1IM)
and after 2 weeks of immobilization both in the control leg
(T2CON) and in the immobilized leg (T2IM) immediately
after the Donjoy was removed. The final biopsy was
obtained after the training period at least 48 h after the
last training session in the previously immobilized leg
(T3IM) (Fig. 1). One part of the biopsy was placed in ice
cold isolation buffer containing (mmol l−1): 100 sucrose,
100 KCl, 50 Tris-HCl, 1 KH2PO4, 0.1 EGTA and 0.2%
BSA (pH 7.40) for mitochondrial isolation. A second part
was frozen in liquid nitrogen and stored at –80°C for later
analysis of protein content by western blotting. Prior to
analysis, the frozen muscle tissue was freeze-dried and
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dissected free of all visible blood, adipose and connective
tissue under a stereomicroscope.

Western blots

Protein content was measured by western blotting in
muscle biopsies from T1IM, T2IM, T3IM and T2CON
as described previously (Gram et al. 2014). The antibodies
used were: Catalase (AF3398; R&D Systems, Minneapolis,
MN, USA; dilution 1:3000); MnSOD (06-984; Millipore,
Billerica, MA, USA; dilution 1:1000); CuZnSOD (#2770;
Cell Signaling Technology, Beverly, MA, USA; dilution
1:2000) and gluthathione peroxidase 1 (GPX1) (3286; Cell
Signalling; dilution 1:500).

Mitochondrial isolation

The major part of the muscle biopsy was used
for mitochondrial isolation as described previously
(Tonkonogi & Sahlin, 1997). Part of the mitochondrial
suspension was used for the functional assays and the
remaining part was frozen in liquid nitrogen and stored
at −80°C for later assay of citrate synthase (CS) activity
(Hey-Mogensen et al. 2015) and total protein content
(BCA protein assay; Sigma, St Louis, MO, USA), which
were used to normalize the data.

Protocol for determination of intrinsic mitochondrial
function

The methodology applied in the present study has
been described elsewhere (Hey-Mogensen et al. 2015).
In brief, mitochondrial respiration, H2O2 emission and
membrane potential were measured simultaneously in
separate cuvettes/chambers. Mitochondrial respiration

was measured at 37°C during constant stirring (Oxygraph
O2k; Oroboros Instruments, Innsbruck, Austria). H2O2

emission, using Amplex Red, and the inner mitochondrial
membrane potential, using tetramethylrhodamine methyl
ester, were measured fluorometrically (Xenius XC; SAFAS,
Monaco). We applied two protocols. In the first protocol
pyruvate + malate (PM) was added initially and, in
the other protocol, succinate + rotenone (SR) was
added initially. After establishing stable rates (oxygen
consumption and H2O2 emission) and levels (membrane
potential), in the presence of substrates (defined here as
State 2), submaximal mitochondrial activity was activated
by continuous ADP infusion using a microdialysis pump
(CMA Microdialysis, Kista, Sweden). Three steps of ADP
infusion were assessed before a bolus of ADP was added
to induce maximal mitochondrial activity (State 3). This
part of the protocol was termed the phosphorylating part.
Of note, H2O2 emission was not measured during the
ADP infusion steps. Subsequently, oligomycin was added
to induce State 4o followed by three titrations of either
rotenone (in the PM protocol) or malonate (in the SR
protocol). Finally, a bolus of rotenone or malonate was
added to completely block electron entry through complex
I or II, respectively. The oligomycin and inhibitor titration
part of the protocol was termed the non-phosphorylating
part. We correlated the measures of CS activity and
total protein measured in the frozen mitochondria rich
suspension. A linear curve fit was applied and the resulting
equation was used to convert the measured CS activity
to mg protein. We then normalized all values to the CS
adjusted total protein content.

Data analysis

The major outcome in the present study was an evaluation
of respiration and H2O2 emission at a predefined

Accelerometer Accelerometer Accelerometer
Blood sample

Medical history

DXA scanDXA scan

DXA scan
ECG, BMI

VO2maxVO2max

Time

Biopsy in the leg-to-be
immobilized (T1IM)

Biopsy in previously
immobilized leg (T3IM)

Biopsy in both legs
(T2IM, T2CON)

DXA

Screening Screening
A B

Immobilization using
Don Joy

Supervised bicycle training
(20 sessions)

Weeks
Testday

0 0
T1

22 4 6
T2 T3

3

>3days ~3days >48 hours

Experimental Outline

Figure 1. The experimental outline
The screening was conducted over two separate days (screening A and B). If subjects were eligible to be enrolled
in the present study after the first screening A, they were invited to screening B. A random leg was immobilized
for 2 weeks, whereas the other leg was used to ambulate freely with the use of crutches. Biopsies were obtained
from the immobilized leg before (T1IM) and after immobilization (T2IM) and in the previously immobilized leg after
the training period (T3IM). Also, a biopsy was obtained from the non-immobilized control leg after immobilization
(T2CON).
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membrane potential using the same principle described
by Hey-Mogensen et al. (2015). The rationale was that the
comparison of respiration and H2O2 emission between
groups and across the intervention was more physiological
when normalized to the same membrane potential. This
was either at a predefined relative membrane potential,
defined as the individual midpoint between State 2 and
State 3, or it was at a predefined absolute membrane
potential, defined as 172.5 mV when using PM and
179 mV when using SR as substrate combinations.
Respiration and H2O2 emission were both related to the
membrane potential for all steps of the protocol and the
resulting curves all fitted well to a second-order poly-
nomial fit. The individual curve fit equations were used to
calculate the phosphorylating- and non-phosphorylating
respiration and the non-phosphorylating H2O2 emission
at a membrane potential corresponding to either the same
relative or the same absolute membrane potential. Two
respiratory components were calculated at a predefined
relative and at a predefined absolute membrane potential:
leak respiration, which is the non-phosphorylating
respiration, and ATP generating respiration, which is the
respiration being used to phosphorylate ATP. These two
parts comprise the total respiration and the coupling
efficiency is the ATP generating respiration as a percentage
of the total respiration.

Chemicals

All chemicals and reagents were purchased from Sigma,
except Amplex Red, which was obtained from Life
Technologies (Grand Island, NY, USA).

Statistical analysis

When investigating systematic effects of group (young,
older men), intervention (T2CON, T1IM, T2IM, T3IM)
and possible interactions (group × intervention), a
mixed model ANOVA was performed with least squares
post hoc tests followed by a Tukey–Kramer adjustment.
An effect of age is a main effect across all time points
and not only at the time of inclusion. Subjects were
modelled as random effects nested within group. To
include the control leg (T2CON) in the analysis, a
compound symmetry correlation structure was used.
When interactions were non-significant, the statistical
model was reduced accordingly. P < 0.05 was considered
statistically significant. Statistical analyses were conducted
in SAS Enterprise Guide, version 4.3 (SAS Institutes,
Cary, NC, USA). All data are reported as the mean ±
SEM.

Missing values

Values were excluded in the present study using the
criteria outlined below. All missing values were treated
as missing completely at random using the Satterthwaite
approximation. In general, values were excluded if they
were outside the range of two SDs. However, as a result
of the well-known variation occurring in western blot
analysis, values were excluded only if they were outside the
range of three SDs. In addition to the general criteria, some
method specific exclusion criteria were established. For
respiratory measurements, the respiratory control index
(RCI = State 3 divided with State 4o) was used as a
quality control measure. RCI values <5 when using SR
and <7 when using PM were categorized as being of poor
quality and were excluded from further analysis. In the
membrane potential measurements, data were excluded
if signs of uncoupling (an increase in the slope of the
curve under steady-state conditions) or lack of expected
responses to activators or inhibitors were observed. Some
H2O2 emission values became negative in State 3 PM,
although they were all accepted.

Results

Baseline subject characteristics

The subjects in the present study were recruited with a
BMI, fat percentage and V̇O2max representative of men
for their age. Thus, BMI, fat percentage and V̇O2max were
lower and the maximal heart rate was higher in the young
group. However, lean body mass (LBM) (P = 0.097) and
weight were not different between the young and older
men (Table 1).

Changes in subject characteristics
with the intervention

During the 2 week immobilization period, body weight,
BMI, LBM and fat percentage were maintained in both
groups. During the training period, the fat percentage
decreased in both groups (T2 vs. 3wk TR and T3, as well
as T1 vs. T3 and 3wk TR vs. T3, main effect) and the
LBM increased as a main effect (T2 vs. T3; Table 1, main
effect interaction: P = 0.113). V̇O2max decreased only in
the young group after immobilization, although training
increased the V̇O2max compared to the inactive value in
both groups. Compared to baseline, the V̇O2max was only
higher in the young group after the training period. The
daily physical activity level was similar at baseline and
decreased similarly during the immobilization period in
young and older men (main effect). During the training
period, both groups returned to their baseline level of
daily physical activity (main effect; Table 1). Additional
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Table 1. Subject characteristics

Young men Older men

T1 T2 3wk TR T3 T1 T2 3wk TR T3
n 17 17 16 15 15 15 14 14

Age (years) 23.4 ± 0.5 – – – # 68.1 ± 1.1 – – –
Weight (kg) 79.8 ± 2.1 79.5 ± 2.0 79.4 ± 2.0 79.3 ± 2.3 82.8 ± 2.1 82.8 ± 2.0 82.3 ± 2.2 81.9 ± 2.3
BMI (kg m–2) 23.8 ± 0.6 23.7 ± 0.6 23.9 ± 0.6 24.0 ± 0.7 # 27.0 ± 0.4 27.0 ± 0.4 26.9 ± 0.4 26.7 ± 0.4
Fat percentage (%) 20.7 ± 1.4 20.8 ± 1.4 20.0 ± 1.5†§ 19.4 ± 1.5†‡ # 28.1 ± 1.0 28.5 ± 0.9 28.3 ± 1.0†§ 27.7 ± 1.0†‡
LBM (kg) 59.9 ± 1.4 59.5 ± 1.3 60.1 ± 1.4 60.5 ± 1.5† 56.6 ± 1.8 56.2 ± 1.6 56.0 ± 1.7 56.2 ± 1.9†
Daily activity
(counts min−1) 512 ± 70† 286 ± 40 – 647 ± 69† 550 ± 50† 342 ± 43 – 604 ± 70†
V̇O2max

(ml O2 min−1 kg−1) 47.5 ± 1.4 44.4 ± 1.1‡ – 52.5 ± 1.4‡† # 33.3 ± 1.6 31.8 ± 1.5 – 35.8 ± 1.7†
Maximum heart

rate (bpm)
192 ± 2 – – – # 160 ± 3 – – –

Anthropometric characteristics for the intervention in young and older men. T1, inclusion; T2, after 2 weeks of one-leg immobilization;
3wk TR, after 3 weeks of aerobic cycle training; T3, after 6 weeks of aerobic cycle training. Data are the mean ± SEM. #Young vs. older
men (P < 0.05, main effect); ‡ vs. T1 (P < 0.05, main effect); † vs. T2 (P < 0.05, main effect); §3wk TR vs. T3 (P < 0.05, main effect). The
data have been reported previously (Reihmane et al. 2013; Gram et al. 2014; Nørregaard et al. 2014; Vigelsoe et al. 2014).

data for the young and older men are available elsewhere
(Nørregaard et al. 2014; Vigelsoe et al. 2015).

Western blots

The young group tended to have a higher protein content
of MnSOD (P = 0.0982, main effect) but, for GPX1,
CuZnSOD and catalase, there was no difference between
young and older men (Fig. 2). None of the anti-oxidant
proteins were affected by the immobilization protocol.
By contrast, 6 weeks of aerobic training increased the
MnSOD content because the value after training (T3IM)
was higher than the control leg (T2CON) (main effect;
data not shown). Furthermore, catalase increased with
training, such that T3IM was higher than T1IM (main
effect; Fig. 2A). In GPX1, the control leg (T2CON) was
higher than T1IM (main effect; data not shown).

Mitochondrial characteristics

When using PM, notable differences or lack of differences
between State 2, 3 and 4o were: State 4o respiration was
similar to State 2. State 3 respiration was higher than State
2 and State 4o. Also, State 4o H2O2 emission was higher
than State 2; there was no difference in H2O2 emission
between State 2 and State 3. Finally, State 2 membrane
potential was significantly higher than State 4o.

When using SR, notable differences or lack of differences
between State 2, 3 and 4o were: State 4o respiration was
similar to State 2. State 3 respiration was higher than State 2
and State 4o. Also, State 4o H2O2 emission was higher than
State 2 and State 3 H2O2 emission was higher than State

2. Finally, State 2 membrane potential was significantly
higher than State 4o.

RCI values were high, indicating that the mitochondrial
isolation was of good quality (Young: PM T1IM:
19.0 ± 1.2; T2IM: 25.0 ± 2.9; T3IM: 19.0 ± 3.0; T2CON:
22.1 ± 2.9. SR T1IM: 8.3 ± 0.4; T2IM: 8.4 ± 0.6; T3IM:
8.4 ± 0.4; T2CON: 8.0 ± 0.3. Older men: PM T1IM:
23.1 ± 1.4; T2IM: 20.0 ± 1.8; T3IM: 24.7 ± 2.3; T2CON:
21.1 ± 1.7. SR T1IM: 8.6 ± 0.2; T2IM: 8.1 ± 0.4; T3IM:
8.8 ± 0.2; T2CON: 8.5 ± 0.5).

Membrane potential

State 2, 3 and 4o. The membrane potential was at a higher
level in State 3 PM and State 3 SR in young men compared
to older men (main effect; Fig. 3). There was no effect of
immobilization, although the membrane potential tended
to increase with training from the immobilized value
(T3IM vs. T2IM) in State 4o PM (main effect: P = 0.0950;
Fig. 3A).

50% of the phosphorylating range. The average
membrane potential at 50% of the phosphorylating range
(the midpoint between State 2 and State 3) was higher
in young men using both SR and PM (main effect;
Fig. 4), although no effect of immobilization or training
was observed.

Respiration

State 2, 3 and 4o. Immobilization decreased respiration
in State 2 PM in young men only (interaction effect;

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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Fig. 5A), with no effect using SR. There was no effect
of age or training in State 2.

Compared to the young group, older men tended to have
a higher State 3 SR respiration (main effect: P = 0.0592;
Fig. 5B) but no effect using PM. Furthermore, State 3
PM respiration decreased with immobilization and sub-
sequent training reversed this to baseline (main effect;
Fig. 5A). Also, respiration in T2CON was lower than T1IM
and T3IM in State 3 PM (data not shown).

Immobilization decreased respiration in State 4o PM
from the value at inclusion in young men only and training
reversed this (interaction effect; Fig. 5A). In State 4o, the
decrease in respiration with immobilization in the young
group resulted in a trend for a lower respiration in the
immobilized state compared to older men (older men

T2IM vs. young T2IM, P = 0.0528). There was no effect
using SR in State 4o.

Predefined relative membrane potential.

ATP generating respiration, leak respiration and coupling
efficiency. There was no difference between age groups
for ATP generating respiration using either the PM or
SR protocol. Immobilization decreased ATP generating
respiration using PM compared to inclusion and sub-
sequent training reversed this value to baseline (main
effect), with no effect using SR (Fig. 6). ATP generating
respiration in the non-immobilized control leg (T2CON)
was lower than T1IM and T3IM using PM (data not
shown).
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Figure 2. Protein levels of mitochondrial anti-oxidants in human skeletal muscle
The protein levels of (A) catalase, (B) GPX1, (C) MnSOD and (D) CuZn superoxide dismuthase (CuZnSOD) were
determined by western blotting in muscle biopsies from young and older men. T1IM is at inclusion, T2IM is after
immobilization and T3IM is after 6 weeks of aerobic training in the immobilized leg. Results for the non-immobilized
control leg (T2CON) are not shown. Calibrator is a sample loaded on all six gels used for normalization of all samples
to adjust for differences across membranes. The results are presented as the mean ± SEM. ∗ vs. T3IM (P < 0.05;
main effect).
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Leak respiration using PM was higher in young men
compared to older men at T1IM (interaction effect;
Fig. 6A). There was no effect of immobilization or training
and no effect using SR on leak respiration (Fig. 6).

There was no effect of age, immobilization or
training on coupling efficiency at a predefined

relative membrane potential using either SR or PM
(Fig. 6).

Predefined absolute membrane potential.

ATP generating respiration, leak respiration and coupling
efficiency. ATP generating respiration tended to be
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A, pyruvate + malate (PM). B,
succinate + rotenone (SR). T1IM is at
inclusion, T2IM is after immobilization and
T3IM is after 6 weeks of aerobic training in
the immobilized leg. Results for the
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higher in young men compared to older men using PM
(main effect: P = 0.0648; Fig. 7A) but there was no effect of
age using SR. There was no effect of immobilization using
either PM or SR, although subsequent training increased
ATP generating respiration using PM but not using SR
(main effect; Fig. 7). In the control leg, the training period
caused ATP generating respiration to increase, such that
T3IM was higher than T2CON using PM (main effect;
data not shown).

Immobilization increased leak respiration (T2IM vs.
T1IM; main effect) and subsequent training tended to
decrease leak respiration using SR (T2IM vs. T3IM; main
effect: P = 0.0607) but there was no effect using PM
(Fig. 7).

There was no effect of age on the coupling efficiency.
Immobilization on the other hand decreased the coupling
efficiency using PM and tended to decrease it using SR
(main effect: P = 0.0755). Subsequent training tended to
increase the coupling efficiency using PM (main effect:
P = 0.0677) and tended to increase it using SR (main
effect: P = 0.0945; Fig. 7).

H2O2 emission

State 2, 3 and 4o. H2O2 emission was higher in State
2 PM in young men compared to older men (main
effect; Fig. 8A). H2O2 emission tended to increase with
immobilization in State 2 PM (main effect: P = 0.0703)
but there was no effect of training (Fig. 8A).

There was a trend for a higher H2O2 emission in State
3 PM in the young group compared to older men (main
effect: P=0.0774; Fig. 8A) but no age effect using SR. H2O2

emission increased with immobilization using PM and SR
in State 3, although this was only reversed to baseline after
the training period using PM (main effect; Fig. 8A and B).
Also, H2O2 emission in T2CON tended to be higher than
the inclusion value (T1IM vs. T2CON, P = 0.0503), tended
to be higher than the trained value (T3IM vs. T2CON,
P = 0.0857) and tended to be lower than the immobilized
value (T2IM vs. T2CON, P = 0.0977) in State 3 PM (data
not shown).

There was no effect of age on State 4o H2O2 emission.
Immobilization increased H2O2 emission using PM and
SR in State 4o, although subsequent training was only
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Figure 5. Respiration at State 2, State 3 and State 4o using protocols
A, pyruvate + malate (PM). B, succinate + rotenone (SR). T1IM is at inclusion, T2IM is after immobilization and T3IM
is after 6 weeks of aerobic training in the immobilized leg. Results for the non-immobilized control leg (T2CON) are
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capable of decreasing H2O2 emission when using PM,
such that T3IM decreased compared to T2IM (main effect;
Fig. 8). Of note, the subsequent training did not fully
recover the higher H2O2 emission resulting from the
immobilization period in state 4o using PM. Therefore,
T3IM tended to be different from T1IM (main effect:
P = 0.0692; Fig. 8A). H2O2 emission in T2CON State
4o was higher than T1IM in PM (data not shown).

Predefined relative membrane potential. There was a
trend towards a higher H2O2 emission in the young group
using SR (main effect; P = 0.0586) with no difference using
PM (Fig. 9). Furthermore, immobilization increased H2O2

emission and subsequent training reversed this to baseline
using both SR and PM (main effect; Fig. 9). Also, H2O2

emission in T2CON was higher than at inclusion (T1IM
vs. T2CON) using PM (data not shown).
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Predefined absolute membrane potential. Immobili-
zation increased H2O2 emission and subsequent training
reversed this to baseline using both SR and PM (main
effect; Fig. 10), although there was no effect of age.

Discussion

The main finding of the present study is that 2 weeks
of one-leg immobilization increase H2O2 emission and
decrease ATP generating respiration. These effects are
reversed by 6 weeks of aerobic training. By contrast to our

hypothesis, we did not find an altered H2O2 emission or
coupling efficiency with age. Finally, we observed a lower
membrane potential in State 3 in older men compared to
young men, which resulted in a larger membrane potential
range in the older men. This shows that mitochondria
from older men sustain the same respiration at a lower
steady-state membrane potential compared to young men.
The physiological purpose for this could be to protect
against membrane potential-dependent ROS production.
This may also explain the lack of any difference in H2O2

emission with age in the present study.
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Comparison at a predefined relative vs. absolute
membrane potential

A major objective of the present study was to measure
submaximal rates of mitochondrial respiration and H2O2

emission at a predefined membrane potential. This allows
for a comparison between subjects at the same driving
force that regulates proton re-entry into the mitochondrial
matrix and calculation of the coupling efficiency. In the
present (ex vivo) study, the results from both a pre-
defined relative and a predefined absolute membrane
potential are presented. The reason for this is that we
observed a significantly lower membrane potential in older
men vs. young men in State 3 (Fig. 3), which caused a
group difference in the membrane potential where the
groups were compared at a predefined relative potential
(Fig. 4). First, this suggests that the membrane potential
may be regulated with age, which is in contrast to the
findings obtained in another human study using the exact
same methodology (Hey-Mogensen et al. 2015) and a rat
study (Gouspillou et al. 2010). Second, it follows that
the comparison between groups at a predefined relative

potential is performed at a different absolute potential,
which may or may not be physiological. Nonetheless,
the same relative membrane potential is arguably more
physiologically relevant because it allows for heterogeneity
between subjects. Ultimately, our primary conclusions are
drawn from the results at a predefined relative membrane
potential, although it should be kept in mind that
knowledge of the in vivo regulation of the mitochondrial
membrane potential is limited.

Respiratory function

ATP generating respiration. We observed no effect of
age on ATP generating respiration using either substrate
combination. On the other hand, immobilization induced
a major decrease in ATP generating respiration using PM,
which reversed after the training period (Fig. 6A). This
suggests that previously reported differences in respiratory
function with age are probably related to differences in
the training status and not age per se. This conclusion
is supported by other studies (Kent-Braun & Ng, 2000;
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Lanza et al. 2008; Hey-Mogensen et al. 2015). Also, the
fact that we only observed changes in respiratory function
when using PM and not SR is in agreement with the
findings reported by Hey-Mogensen et al. (2015). The
observed difference in the results between SR and PM
may suggest that major alterations in the activity level pre-
ferably regulate complex I and upstream enzymes and that
such adaptations in the electron transport chain are not
attained when complex I is bypassed using succinate as
substrate. The part of the total respiration that we have
defined as ATP generating respiration is determined by
substrate oxidation and ATP turnover. We did not use
an uncoupler in the present study and so we are unable
to distinguish between substrate oxidation capacity and

phosphorylation. However, there are several arguments
suggesting that the primary change in the bioenergetic
system as a result of immobilization and training was the
result of an alteration in substrate oxidation capacity. First,
if ATP turnover was compromised, we would also have
seen an effect in SR because the respiratory flux is much
higher in SR compared to PM. Second, we only observed
a change in PM where the upstream enzymes involved in
pyruvate and malate oxidation are involved. This implies
that the major adaptations in muscle energetic capacity
after profound alterations in physical activity lie in the
Krebs cycle enzymes and the substrate dehydrogenases
that funnel electrons into the electron transport chain and
build the proton motive force.
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A common finding when investigating the effect of end-
urance training in human permeabilized fibres is a robust
increase in respiratory capacity per wet weight, which then
disappears when normalized to a mitochondrial marker
such as citrate synthase (Zoll et al. 2002; Gram et al.
2014; Larsen et al. 2015). Such indications suggesting
that intrinsic mitochondrial function is not altered with
training are in agreement with the results obtained in the
present study using SR but not PM.

Leak respiration. At the predefined relative membrane
potential, we found a significantly lower leak in older men
compared to young men using PM (Fig. 6A). However, we
did not find an effect when using SR as substrates (Fig.
6B) and, in general, the effect was limited to the baseline
value and was not seen as a main effect. Similar studies
in humans (Hey-Mogensen et al. 2015) and rats (Iossa
et al. 2004) have also found a lower leak respiration with
age, although this is not always found (Gouspillou et al.
2010). Several possible functions of the proton leak have
been suggested, including regulation of thermogenesis,
the ability to respond to changes in energy demand,
regulation of carbon flux and the reduction in free radical
production (Rolfe & Brand, 1997). The ability to decrease
the free radical production is considered to be the most
important and may alleviate the potential damaging effects
of ROS (Brand, 2000). Although not seen at the predefined
relative membrane potential, we observed an increased
leak respiration after immobilization and a tendency for a
decrease with training at an absolute membrane potential
in SR (Fig. 7B). This suggests that regulation of leak
respiration may act as a protective mechanism against the
observed increase in H2O2 emission after immobilization.

Coupling efficiency. The coupling efficiency is a ratio
between leak and ATP generating respiration. Although
we observed robust changes in ATP generating respiration
with immobilization and training, the leak respiration
generally did not change, which resulted in no change
in the coupling efficiency, as evaluated either at a pre-
defined relative or absolute membrane potential across
age or the intervention (Fig. 6). This finding is in contrast
to reports of increased coupling efficiency with age using
a methodology similar to that employed in the present
study (Iossa et al. 2004), as well as other studies, using 31P
MRS, finding a decrease (Amara et al. 2007; Conley et al.
2013) or a tendency to a decrease (Johannsen et al. 2012) in
coupling efficiency with age. This discrepancy is probably
related to differences in the applied methodologies.

H2O2 emission and anti-oxidants

Taking into account almost all of the possible ways
of expressing the data, the mitochondrial H2O2

emission increased markedly with immobilization. Most
importantly, it increased at a predefined relative
membrane potential in both the SR and PM protocols
(Figs 8, 9 and 10). This is in accordance with several
lines of evidence reported from animal studies (Lawler
et al. 2003; Kavazis et al. 2009; Min et al. 2011; Powers
et al. 2011), although the present study is the first to
show this in humans. Subsequent training reversed H2O2

emission to baseline in both the SR and PM protocols
at a predefined absolute and relative membrane potential,
strongly implicating mitochondrial ROS production in the
adaptive mechanisms following inactivity and training in
humans. The finding of decreased H2O2 emission after
a training period is in agreement with some (Venditti
et al. 1999) but not all (Hey-Mogensen et al. 2010; Ghosh
et al. 2011) of the previous findings. It should be noted
that the observed effects of the training period in the
present study not only were caused by aerobic training
per se, but also were influenced by the restoration of a
normal physical activity pattern after the period of one-leg
immobilization.

Anti-oxidant protein abundance did not change with
immobilization, although catalase (Fig. 2C) and MnSOD
(T2CON vs. T3IM, P < 0.05; T1IM vs. T3IM, P = 0.1089)
increased with training, which is in agreement with
other studies (Ghosh et al. 2011; de Oliveira et al. 2012;
Hey-Mogensen et al. 2015). Because H2O2 is measured in
the assay medium, an increase in MnSOD protein content
with training would probably increase the resorufine
signal at a constant production of ROS in mitochondria,
whereas an increase in catalase protein would decrease
it. In the present study, we observed a training induced
increase in both proteins in the face of a decrease in
H2O2 emission, whereas immobilization increased H2O2

emission with no change in the proteins. The latter
finding probably reflects a true increase in ROS production
induced by immobilization, and the decreased H2O2

emission observed with training may be the result of both
a decrease in ROS production and a change in the content
of the anti-oxidant proteins. This suggests that increased
oxidative stress probably mediates the detrimental effects
seen after physical inactivity and that the adaptation to
aerobic training is to reverse the increased oxidative stress
by decreasing ROS production and/or increasing ROS
removal.

Importantly, this marked change in H2O2 emission with
immobilization and training did not differ in young and
older men, suggesting that the mitochondrial adaptation
to major changes in the activity level is not altered with
age (Figs 8, 9 and 10). Thus, these data do not lend
support to the mitochondrial theory of ageing in the sense
that H2O2 emission and anti-oxidant capacity were not
markedly altered in older men compared to young men.
An interesting speculation is whether the observed lower
steady-state membrane potential in older men in the
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present study could be a protective mechanism designed to
decrease membrane potential-dependent ROS production
(Fig. 4). Indeed, we observed a trend towards a higher
H2O2 emission in young men at a predefined relative
membrane potential in SR (Fig. 9B), which disappeared
when evaluated at the same absolute membrane potential
(Fig. 10B). The lack of a difference in H2O2 emission
with age is in contrast to a recent cross-sectional study
using the same method as that employed in the present
study where age was associated with a markedly higher
H2O2 emission in State 3, although there was no effect of
age at a predefined membrane potential (Hey-Mogensen
et al. 2015). In accordance with the logic outlined above,
this discrepancy could be explained by a difference in
the membrane potential in the two studies, where the
older men in the present study had a membrane potential
in State 3 �12 mV lower than the older men in the
study by Hey-Mogensen et al. (2015). The underlying
mechanism for the difference in membrane potential in
the two groups of older men in the two studies, however,
remains unresolved. In accordance with the present study,
other studies investigating whether aged individuals have
altered ROS production have reported no change with age
(Tonkonogi et al. 2003), a lower ROS production (Hutter
et al. 2007; Ghosh et al. 2011) or an increase with age (Capel
et al. 2005). The diverse results obtained to date indicate
the need to develop methods for studying the effect of age
on ROS production that overcome both methodological
issues and the large heterogeneity in humans.

The non-immobilized control leg

In the present study, we included an additional
measurement because we analysed the non-immobilized
control leg after immobilization (T2CON). The inclusion
of this leg in our analysis allowed us to make two distinct
comparisons with the immobilized leg T2IM (T2CON vs.
T2IM and T1IM vs. T2IM) (Fig. 1). We speculated that,
if we identified a similar difference between both T1IM
vs. T2IM and T2CON vs. T2IM, our conclusions would
be strengthened. However, in several of the measured
variables using isolated mitochondria, we observed the
T2CON leg to have been relatively inactive during the
immobilization period because it persistently resembled
the immobilized leg. Thus, future studies applying a
one-leg immobilization model using the contralateral
leg as a control must take care to ensure that the
subjects participate in sufficient activities during the
immobilization period to avoid a detraining effect.

Conclusions

Four major conclusions can be drawn from the pre-
sent study employing the measurement of submaximal

H2O2 emission and respiration at a predefined membrane
potential to investigate mitochondrial function in
humans. First, mitochondrial H2O2 emission increases
with immobilization. Second, ATP generating respiration
decreases with immobilization. Third, these effects are
reversed by 6 weeks of aerobic training. Fourth, the
findings do not lend support to the mitochondrial theory
of ageing. We did observe a lower steady-state membrane
potential in the older men in State 3 but no appreciable
age-related differences were seen in the respiratory
measures, H2O2 emission or anti-oxidant capacity. Future
studies investigating the advantages and disadvantages
of measurements of submaximal mitochondrial H2O2

production and respiratory rates during a predefined
relative and absolute membrane potential are warranted.
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