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Key point

• ATP transfer from mitochondria to the cytoplasm occurs mainly through phosphate transfer
to creatine by mitochondrial creatine kinase (miCK) but also by transport and/or diffusion of
ADP and ATP through specific mitochondrial transport protein complexes.

• Determining the effect of exercise on phosphate shuttling may require contractile signals in
situ and varying creatine concentrations to alter miCK activity.

• Mitochondrial respiratory sensitivity to ADP was assessed in permeabilized muscle fibre
bundles (PmFBs) before and after 2 h cycling exercise in human skeletal muscle.

• In relaxed PmFBs, ADP sensitivity decreased post-exercise when miCK phosphate shuttling
was low (no creatine) with no change in net ADP sensitivity in the presence of creatine, whereas
in contracting fibres post-exercise ADP sensitivity was higher with creatine.

• This shows miCK activity is increased post-exercise, especially during contraction in PmFBs,
and suggests exercise regulates phosphate shuttling, which would improve maintenance of
energy homeostasis during contraction.

Abstract Energy transfer between mitochondrial and cytosolic compartments is predominantly
achieved by creatine-dependent phosphate shuttling (PCr/Cr) involving mitochondrial creatine
kinase (miCK). However, ADP/ATP diffusion through adenine nucleotide translocase (ANT)
and voltage-dependent anion carriers (VDACs) is also involved in this process. To determine if
exercise alters the regulation of this system, ADP-stimulated mitochondrial respiratory kinetics
were assessed in permeabilized muscle fibre bundles (PmFBs) taken from biopsies before and
after 2 h of cycling exercise (60% V̇O2peak) in nine lean males. Concentrations of creatine
(Cr) and phosphocreatine (PCr) as well as the contractile state of PmFBs were manipulated
in situ. In the absence of contractile signals (relaxed PmFBs) and miCK activity (no Cr),
post-exercise respiratory sensitivity to ADP was reduced in situ (up to 126% higher apparent K m

to ADP) suggesting inhibition of ADP/ATP diffusion between matrix and cytosolic compartments
(possibly ANT and VDACs). However this effect was masked in the presence of saturating Cr (no
effect of exercise on ADP sensitivity). Given that the role of ANT is thought to be independent
of Cr, these findings suggest ADP/ATP, but not PCr/Cr, cycling through the outer mitochondrial
membrane (VDACs) may be attenuated in resting muscle after exercise. In contrast, in contracted
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PmFBs, post-exercise respiratory sensitivity to ADP increased with miCK activation (saturating
Cr; 33% lower apparent K m to ADP), suggesting prior exercise increases miCK sensitivity in situ.
These observations demonstrate that exercise increases miCK-dependent respiratory sensitivity to
ADP, promoting mitochondrial–cytosolic energy exchange via PCr/Cr cycling, possibly through
VDACs. This effect may mask an underlying inhibition of Cr-independent ADP/ATP diffusion.
This enhanced regulation of miCK-dependent phosphate shuttling may improve energy homeo-
stasis through more efficient coupling of oxidative phosphorylation to perturbations in cellular
energy charge during subsequent bouts of contraction.
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Introduction
Muscle contraction imposes an enormous challenge
on cellular energy homeostasis with an increase in
aerobic ATP turnover by up to 100-fold (Hochachka
& McClelland, 1997). While it is understood that the
considerable rise in free ADP (ADPf ) relative to ATP
during contraction drives oxidative phosphorylation,
very little is known about the mechanism by
which ADPf and ATP are transported across the
mitochondria through specific protein complexes. A
previous report in permeabilized muscle fibre bundles
(PmFBs) demonstrated increased muscle mitochondrial
respiration in response to a single submaximal ADP
concentration in the presence of creatine following
acute exercise (Tonkonogi et al. 1998). Interestingly,
this effect was not observed in the absence of creatine
suggesting altered regulation of mitochondrial creatine
kinase (miCK) had occurred (Tonkonogi et al. 1998;
Walsh et al. 2001a). In stark contrast, chronic exercise
has the opposite effect whereby respiratory sensitivity
to ADP in PmFBs is decreased in situ (Mettauer et al.
2001; Walsh et al. 2001b; Zoll et al. 2002, 2003a,b;
Guerrero et al. 2005). A lower sensitivity following
chronic exercise is particularly perplexing as this would
seem counter-productive to efficiently increasing oxidative
phosphorylation in response to a perturbation in energy
charge. Collectively the disparate findings across these
studies highlight our limited understanding with respect
to exercise effects on mitochondrial ADP-stimulated
respiratory kinetics.

While the reason for the paradoxical apparent difference
between acute and chronic exercise is unclear, the
lone observation of a miCK-dependent enhancement in
respiratory sensitivity to ADP following acute exercise
(Tonkonogi et al. 1998) warrants further analyses
into how exercise or contraction signals impact ADP
sensitivity. The importance of this re-evaluation is

underscored by the recent development of methods
permitting control of PmFB contractile state in situ during
assessments of mitochondrial respiratory kinetics. PmFBs
appear to undergo Ca2+-independent ADP-induced
contraction during in situ assessments of ADP-stimulated
respiration (Perry et al. 2011). This effect has pre-
viously been unrecognized in permeabilized skeletal
muscle despite indications in permeabilized cardio-
myocytes (Ventura-Clapier & Vassort, 1985; Anmann et al.
2005, 2006; Kuznetsov et al. 2012). PmFB contraction
increases respiratory sensitivity to ADP in the pre-
sence of Cr suggesting miCK activity is coupled to the
contractile state of skeletal muscle. Importantly, PmFB
spontaneous contraction is considerably attenuated by
the myosin-ATPase inhibitor blebbistatin (BLEB), thereby
providing the ability to manipulate the contractile state
during assessments of mitochondrial respiration (Perry
et al. 2011). Thus, as an extension of previous findings
(Tonkonogi et al. 1998; Walsh et al. 2001a), mitochondrial
respiratory control by ADP in response to acute exercise
and during recovery can, for the first time, be performed
by manipulating the contractile state of the muscle itself
in situ. This approach may reveal whether the effect of
exercise on respiratory sensitivity to ADP depends on the
presence, or absence, of contraction-generated signals in
addition to experimental manipulation of miCK activity.

The purpose of this study was to determine if exercise
acutely increases miCK-dependent and -independent
mitochondrial respiratory sensitivity to ADP in human
skeletal muscle when assessed post-exercise in PmFBs.
We hypothesized that the effect of exercise may
depend on whether PmFBs contract or remain relaxed
during in situ assessments of mitochondrial respiratory
function. Therefore, the kinetic properties of ADP
stimulated mitochondrial respiration were determined
in PmFBs from muscle biopsies taken before and after
cycling exercise in the presence (relaxation) or absence
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(contraction) of a myosin ATPase inhibitor (BLEB).
The contribution of miCK to regulating mitochondrial
respiratory sensitivity to ADP via the phosphate shuttle
model for energy transfer (Veksler et al. 1995; Kuznetsov
et al. 1996; Tonkonogi et al. 1998; Walsh et al. 2001c; Guzun
et al. 2012) was manipulated by varying assay medium
creatine (Cr) and phosphocreatine (PCr) concentrations.
Our results demonstrate that exercise alters post-exercise
mitochondrial respiratory control in a highly specific,
and divergent, manner depending on the contractile state
of PmFBs, revealing a complex and dynamic interplay
between contraction stimuli and phosphate shuttling.

Methods

All experimental procedures with humans and rodents
were approved by the Research Ethics Boards at the
University of Guelph in Guelph, ON and McMaster
University in Hamilton, ON AND the Institutional Review
Board at East Carolina University, NC. The human
experiments conformed to the Declaration of Helsinki.

Human subjects, exercise testing and muscle biopsies

Nine healthy, recreationally active men (Group I) were
recruited to participate in this investigation. Their
mean ± SEM age, height, weight, BMI and V̇O2peak

were 21.4 ± 0.6 years, 1.78 ± 0.03 m, 74.1 ± 3.7 kg, 23.4 ±
0.9 kg m−2 and 53.5 ± 3.5 ml kg−1 min−1, respectively.
Two additional men (Group II: sedentary, 25.4 ± 0.1 years,
1.80 ± 0.01 m, 84.5 ± 3.0 kg, 26.2 ± 0.7 kg m−2) were
recruited for separate validation experiments as described
below. All participants were non-smokers, free of disease
and not taking prescription medications or supplements.
Subjects were given both oral and written information
about the experimental procedures before giving their
informed consent.

Subjects initially completed a standardized graded
V̇O2peak test on a cycle ergometer. After at least 72 h, sub-
jects returned to the laboratory and completed a practice
2 h cycling session at 60% V̇O2peak. Subjects then reported
to the clinical laboratory at least 1 week later for the
actual experiment. Group II subjects arrived after an
overnight fast. With the subject lying supine on a bed,
a single skeletal muscle sample was obtained from the
lateral aspect of vastus lateralis by percutaneous needle
biopsy technique under local subcutaneous anaesthesia
(2% lidocaine without norepinephrine). Group I sub-
jects then moved to the cycle ergometer and cycled at the
pre-determined intensity matching 60% V̇O2peak for 2 h.
Immediately following exercise, the subject moved back
to the bed and a second biopsy was taken in the opposite
leg as the pre-exercise biopsy. Subjects remained at rest in
the sitting position for 3 h after which a third and final

biopsy was taken on the initial leg sampled with the sub-
ject lying supine on a bed. Group II subjects received only
one biopsy and did not complete the exercise protocol.
A portion of each biopsy sample was immediately placed
into ice-cold BIOPS (described below) and used to prepare
permeabilized fibre bundles (PmFBs) within an hour.

Rodents and microscopic imaging of PmFB
conformation

Male Sprague–Dawley rats (Charles River Laboratories)
were housed in a temperature- (22◦C) and light-controlled
room and given free access to food and water.
Rats were 8–12 weeks old and weighed 350–375 g at
the time of the experiments. Red gastrocnemius was
obtained from anaesthetized animals (100 mg kg−1 I.P.
ketamine–xylazine or 6 mg kg−1 sodium pentobarbital).
After surgery animals were killed by cervical dislocation
while anaesthetized. Videos of red gastrocnemius PmFB
conformation were taken (Infinity 2 attached to Zeiss
Stemi 2000, Oberkochen, Germany) following exposure
to MiR05 at 37◦C with or without protease inhibitors to
determine if proteolysis is a cause of PmFB contraction
(see Results). MiR05 temperature was maintained by a
temperature-controlled base (pre-heated metal block).

Preparation of permeabilized muscle fibres

The technique is partially adapted from previous methods
(Kuznetsov et al. 1996; Tonkonogi et al. 2003) and has
been described previously (Anderson et al. 2007; Perry
et al. 2011; Smith et al. 2011). Briefly, small portions
(∼25 mg) of muscle were dissected from each biopsy
and placed in ice-cold BIOPS, containing (in mM): 50
MES, 7.23 K2EGTA, 2.77 CaK2EGTA, 20 imidazole, 0.5
dithiothreitol (DTT), 20 taurine, 5.77 ATP, 15 PCr,
and 6.56 MgCl2·6 H2O (pH 7.1). The muscle was
trimmed of connective tissue and fat and divided into
several small muscle bundles (∼2–7 mm, 1.0–2.5 mg
wet weight). Each bundle was gently separated along
their longitudinal axis with a pair of anti-magnetic
needle-tipped forceps under magnification (Zeiss Stemi
2000). Bundles from human vastus lateralis were then
treated with 30 μg ml−1 saponin in BIOPS and incubated
on a rotor for 30 min at 4◦C. Saponin at 30 μg ml−1

has previously been shown to optimize respiration in
human skeletal muscle (Kane et al. 2011). Bundles from
rat red gastrocnemius were permeabilized with 40μg ml−1

saponin, which optimizes state III respiratory kinetics
in rodent muscle (authors’ unpublished observations).
Saponin is a mild, cholesterol-specific detergent that
selectively permeabilizes the sarcolemmal membranes
while keeping mitochondrial membranes, which contain
little cholesterol, intact (Veksler et al. 1987; Kuznetsov

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



5478 C. G. R. Perry and others J Physiol 590.21

et al. 2008). Following permeabilization, the PmFBs were
placed in MiR05 containing (in mM): 0.5 EGTA, 10
KH2PO4, 3 MgCl2.6 H2O, 60 potassium lactobionate, 20
Hepes, 110 sucrose and 1 mg ml−1 fatty acid free BSA (pH
7.1). PmFBs were washed at 4◦C (<30 min) in MiR05 until
the respiratory measurements were initiated.

Mitochondrial respiration in permeabilized fibres

High-resolution O2 consumption measurements were
conducted in 2 ml of respiration medium (MiR05)
using the Oroboros Oxygraph-2k (Oroboros Instruments,
Corp., Innsbruck, Austria) with stirring at 750 rpm.
Respiration medium contained various concentrations of
creatine hydrate (0, 12 and 20 mM) or phosphocreatine
(0 or 24 mM) to modify kinetics of creatine kinase,
which facilitates mitochondrial ADP transport (Saks et al.
1991, 1994, 1995; Walsh et al. 2001c; Anmann et al.
2005). For ADP-stimulated respiratory kinetics, 5 mM

pyruvate and 5 mM malate were added as complex I sub-
strates (via generation of NADH to saturate electron
entry into complex I) followed by ADP titrations in
step-wise increments. Pyruvate or glutamate was titrated
under maximal State 3 conditions (5 mM ADP and 5 mM

malate, 20 mM creatine) in separate experiments. All
experiments were completed before the oxygraph chamber
[O2] reached 150 μM. PmFBs spontaneously contract
in assay medium, a phenomenon which can be pre-
vented by the myosin II-specific inhibitor (BLEB) (Perry
et al. 2011). BLEB at 25 μM, dissolved in DMSO (5 mM

stock), was used to prevent spontaneous contraction in
some PmFB experiments for comparison with contra-
cted (–BLEB) respiratory kinetics before and after exercise.
Polarographic oxygen measurements were acquired in 2 s
intervals, with the rate of respiration derived from 40
data points, and expressed as pmol s−1 (mg dry weight)−1.
Dry bundle weights were consistently between ∼0.2 and
0.6 mg to avoid normalization errors with excessively low
or high weights (unpublished observations). Cytochrome
c was added to test for mitochondrial membrane integrity,
with all experiments demonstrating <10% increase in
respiration. At the conclusion of each experiment, PmFBs
were dried via lyophilization.

The apparent K m for ADP was determined through
the Michaelis–Menten enzyme kinetics – fitting model
(Y = V max × X/(K m + X)), where X is [free ADP] (ADPf )
and Y is J O2 at [ADPf ] – using Prism (GraphPad Software,
Inc., La Jolla, CA, USA), as published previously (Perry
et al. 2011). Similar analyses were performed for pyruvate
and glutamate using their respective titration kinetics.

Statistics

Data are presented as means ± SEM. One-way ANOVA
with repeated measures Student–Newman–Keuls method

and Student’s paired t test were used where appropriate to
determine significance. The α level of significance was set
at P < 0.05.

Results

Verification of ADP-induced contraction in skeletal
muscle PmFBs

Several validation experiments were performed to
further characterize the PmFB spontaneous contraction
phenomenon reported previously (Perry et al. 2011).
It has recently been proposed that PmFB contraction
is mediated via proteolysis following sarcolemmal
permeabilization (Kuznetsov et al. 2012). Following
recommendations for including protease inhibitors in
PmFBs (Kuznetsov et al. 2012), we first verified previous
reports (Perry et al. 2011) of ADP-induced contraction
in PmFB (Supplementary video 1). ATP transiently
reverses ADP-induced contraction consistent with this
phenomenon being contraction per se in skeletal muscle
PmFBs as opposed to the permeabilization-induced
proteolytic cell shortening reported to occur in cardio-
myocytes (Kuznetsov et al. 2012). As demonstrated in
Supplementary videos 2–3, the addition of protease
inhibitors to permeabilization medium (Supplementary
video 2) or both permeabilization and assay media
(Supplementary video 3) does not prevent ADP-triggered
PmFB contraction at 37◦C. Furthermore, inclusion
of protease inhibitors during permeabilization, wash
and assay medium did not prevent contraction-related
reductions in apparent K m for ADP in human skeletal
muscle PmFBs when assessed with MiR05, Buffer Z (Perry
et al. 2011) or Mitomed (Kuznetsov et al. 2012) (data not
shown). These data provide evidence that ADP triggers
contraction per se in skeletal muscle PmFBs independent
of the proteolysis reported for cardiomyocytes (Kuznetsov
et al. 2012). This contraction is especially apparent given
that the effect is prevented by myosin inhibition (present
study and Perry et al. 2011). Altogether these data suggest
skeletal muscle PmFB contraction in situ represents a tool
to examine the effects of contraction on the regulation of
Cr-dependent and -independent respiratory sensitivity to
ADP and control of energy homeostasis.

Verification of stable [ADP] during respiratory kinetic
assessments

We also determined if [ADP] remained stable during
ADP titrations in PmFBs, particularly in the absence
of creatine whereby miCK inactivation would impair
ATP–ADP recycling. Clamping [ADP] at steady state with
a hexokinase–glucose ADP regenerating system (da-Silva
et al. 2004; Anderson et al. 2009) did not change the
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apparent K m to ADP (863 μM vs. 819 μM with clamp,
P = 0.20). This suggests endogenous ATPases may not alter
the effective [ADP] or assessments of apparent K m for ADP
in the absence of creatine.

Relaxed PmFBs: effects of exercise on
miCK-independent and -dependent ADP sensitivity

Having confirmed PmFB contraction occurs in response
to ADP, we then determined the effect of exercise
on mitochondrial respiratory sensitivity to ADP in
relaxed PmFBs. ADP-stimulated respiration exhibited
typical Michaelis–Menten kinetics before and after
exercise (Figs 1–2). In relaxed PmFBs (+BLEB) and
miCK inactivation (no Cr), exercise decreased respiratory
sensitivity to ADP (126% higher apparent K m; Fig. 1A
and D) in both post-exercise biopsies. This effect was
attenuated with typical resting muscle Cr and PCr
concentrations that provide mild miCK activation (20%
higher apparent K m; Fig. 1B and E). In contrast, in the
relaxed state no effect of exercise was observed in the pre-

sence of 20 mM Cr (Fig. 1C and F). These observations
were sustained 3 h into recovery from exercise. These
results translated into a ∼100% higher creatine kinase
efficiency (apparent K m without Cr/apparent K m with Cr)
in the presence of BLEB (Pre, 1.7 ± 0.4; Post, 3.3 ± 0.6; 3 h
Post, 3.5 ± 0.9)

Contracted PmFB: effects of exercise on
miCK-dependent ADP sensitivity

It was then determined whether the effect of exercise on
respiratory apparent K m to ADP was altered by the pre-
sence of contraction in situ (–BLEB). We have verified
PmFB contraction increases respiratory sensitivity to
ADP (Fig. 2A and B) in the presence of 20 mM creatine
(compared to Fig. 1C and F , +BLEB), as has been reported
previously (Perry et al. 2011). Contrary to the relaxed
state (Fig. 1C and F), we observed a greater respiratory
sensitivity to ADP in contracting PmFBs post-exercise in
the presence of 20 mM Cr (33% lower apparent K m relative
to Pre; Fig. 2). The greater sensitivity to ADP post-exercise

RELAXED MUSCLE (+BLEB)

Figure 1. The effect of exercise on mitochondrial respiratory sensitivity to ADP in relaxed (+BLEB)
human skeletal muscle
The Km to ADP following exercise varied in the absence of creatine (A and D), the presence of 12 mM creatine
and 24 mM phosphocreatine (B and E) or 20 mM creatine (C and F). Results represent means ± SEM; n = 8–9;
∗P < 0.05 compared to Pre.
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in contracted PmFB was transient, as apparent K m

returned to Pre levels by 3 h recovery (Fig. 2).

Effect of exercise on sensitivity to complex I-linked
substrates and state IV respiration

We also determined whether the respiratory sensitivities
to pyruvate and glutamate are subject to regulation in
response to exercise. Exercise increased the respiratory
sensitivity to both pyruvate and glutamate (28% and 26%
lower apparent K m respectively; Fig. 3A and B), which
generates NADH entry into complex I, in the presence
of 20 mM Cr in relaxed PmFBs. This is in contrast to the
lack of effect of exercise on apparent K m to ADP in the
presence of 20 mM Cr (Fig. 1C and F) indicating changes
in pyruvate or glutamate sensitivities may not explain the
observed alterations in ADP sensitivity.

Figure 2. The effect of exercise on mitochondrial respiratory
sensitivity to ADP in spontaneously contracted (–BLEB) human
skeletal muscle
The Km to ADP was determined in the presence of 20 mM creatine
(A and B). Results represent means ± SEM; n = 8; ∗P < 0.05
compared to Pre; †P < 0.05 compared to relaxed muscle Km with
20 mM creatine (Fig. 1C).

No change in V max occurred in any protocols following
exercise (data not shown). Respiratory control ratio
(RCR) did not change with exercise regardless of Cr
and PCr concentrations (Pre, 11.1 ± 0.9; Post, 9.8 ± 1.0;
3 h Post, 9.1 ± 0.9 for all ADP titrations) although there
was a significant increase (∼55%, P < 0.05) in state
IV respiration supported by pyruvate and malate after
exercise, suggesting a greater degree of mitochondrial
uncoupling (data not shown).

Discussion

This study investigated the role of miCK in mediating
exercise-induced changes in skeletal muscle respiratory
sensitivity to ADP. The findings demonstrate that
post-exercise ADP sensitivity increased only when contra-
ctile signals were present (contracting PmFBs) and
when miCK activity was maximized (20 mM Cr). This
suggests that during exercise, when creatine is elevated,
mitochondrial respiratory sensitivity to ADP is also
increased. Hence, this study provides compelling support
that the sensitivity of phosphate shuttling is highly
regulated during exercise in relation to both contractile
state and creatine balance. In addition, exercise increased
respiratory sensitivity to pyruvate and glutamate titrations
suggesting glutamate catabolism (possibly glutamate
dehydrogenase (GDH) or glutamic oxalaloacetic trans-
aminase (GOT)) and pyruvate dehydrogenase, or
alternatively complex I sensitivity to NADH, may be
regulated by exercise.

PmFB contraction reveals miCK-sensitive increases in
respiratory sensitivity to ADP post-exercise

The phosphate shuttling mechanism for energy trans-
fer between matrix and cytosolic compartments includes
three major protein complexes (Fig. 4): voltage-dependent
anion channel (VDAC) on the outer mitochondrial
membrane, miCK in the inter membrane space (IMS)
and adenine nucleotide translocase (ANT) on the inner
mitochondrial membrane (Saks et al. 2004; Aliev et al.
2011; Guzun et al. 2012). A leading model describing
energy transfer from the matrix to cytosolic compartments
proposes ATP produced within the matrix is transported
to the IMS via ANT where phosphate transfer to Cr
occurs through miCK. The PCr product is then trans-
ported through VDAC to the cytosol for ADP/ATP cycling
via CK associated with cytosolic ATPases. While this model
proposes that ATP/ADP freely diffuse across concentration
gradients through VDAC and ANT (see Fig. 4), it is
estimated that as much as 80% of the energy transfer from
the matrix to cytoplasm occurs through miCK-dependent
phosphate shuttling in cardiac muscle (Aliev et al. 2011;
Guzun et al. 2012). Evidence for a similar model of energy
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RELAXED MUSCLE (+BLEB)

Figure 3. Mitochondrial respiratory sensitivity to pyruvate and glutamate is altered by exercise in
relaxed (+BLEB) human skeletal muscle
The Km to pyruvate (A) and glutamate (B) was derived in the presence of 20 mM creatine with BLEB. Results
represent means ± SEM; n = 5; ∗P < 0.05 compare to Pre.

transfer has also been reported in oxidative skeletal muscle
(Seppet et al. 2001).

Therefore to comprehensively examine the potential
for miCK-dependent (primarily PCr/Cr cycling via

miCK-VDAC) vs. miCK-independent (primarily direct
ATP/ADP cycling via ANT-VDAC) energy exchange to
be regulated by exercise, we examined ADP respiratory
sensitivity in the presence and absence of Cr and PCr.

Figure 4. A schematic representation of phosphate shuttling mechanisms of energy transfer between
mitochondrial and cytosolic compartments
The leading model for energy transfer (see Guzun et al. 2012) proposes a mitochondrial creatine kinase
(miCK)-dependent (+creatine) and -independent (–creatine) energy transfer system. In the absence of creatine,
adenine nucleotide transfer is believed to occur by diffusion through a voltage-dependent anion channel (VDAC)
on the outer mitochondrial membrane and an adenine nucleotide translocase (ANT) on the inner mitochondrial
membrane with no contribution from miCK. In the presence of creatine, energy transfer between compartments
is achieved via miCK whereby phosphate from ATP is moved to creatine (Cr) in the inner membrane space with
the phosphocreatine (PCr) product being exported via VDAC for recylcling at ATPases throughout the cytosol. It is
estimated that ∼80% of the energy transfer from matrix to cytosol occurs through miCK-dependent phosphate
shuttling with ∼20% through diffusion of adenine nucleotides (Aliev et al. 2011). This model is consistent with
increased respiration in the presence of Cr (discussed in text). Figure adapted from Alieve et al. 2011, Guzun et al.
2012 and Wallimann et al. 2011.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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In these experiments, saturating Cr (20 mM) maximizes
miCK contribution to phosphate shuttling. Conversely,
the absence of Cr or presence of PCr minimizes miCK
contribution to energy transfer between matrix and cyto-
sol potentially placing a greater reliance on ADP/ATP
diffusion through VDAC and ANT (Guzun et al. 2012).
Hence, manipulating [Cr] and [PCr] in situ provides
insight into the potential for miCK vs. miCK-independent
(possibly ANT–VDAC) energy transfer to be altered with
exercise.

Using this approach Cr was added to contracting PmFBs
to further reflect miCK activation during exercise. With
maximal miCK activation a higher respiratory sensitivity
to ADP was observed but only during PmFB contraction.
This demonstrates miCK sensitivity to creatine is increased
post-exercise in the presence of contractile signals in
situ. Exercise may therefore prime miCK to be more
responsive to subsequent bouts of contraction, thereby
improving the regulation of energy homeostasis during
later challenges. These observations therefore implicate
miCK as a critical mediator of exercise-induced increases
in respiratory sensitivity during subsequent contraction
that is partially dependent on the presence of other
unknown contractile signals. This notion is supported
by recent findings demonstrating contraction of skinned
fibres accelerates activation of oxidative phosphorylation
during subsequent contraction in skinned fibres (Gandra
et al. 2012).

PmFB relaxation reveals decreased miCK-independent
respiratory sensitivity to ADP post-exercise

We also tested ADP sensitivity in relaxed PmFBs at
a range of miCK activities. The findings demonstrate
a lower respiratory sensitivity to ADP when miCK
activity is minimal (no creatine or presence of PCr).
This implicates miCK-independent ADP/ATP diffusion
through VDAC and/or ANT (Fig. 4) may be inhibited
post-exercise (Guzun et al. 2012) in the absence of
contractile signals (relaxed PmFBs). However, exercise did
not change the apparent K m when miCK was saturated
(20 mM Cr) in relaxed PmFBs (Fig. 1). Saturating miCK
therefore seemingly masks or eliminates this inhibition of
miCK-independent energy exchange. Given that miCK
activation is proposed to switch energy transfer from
cycling of ATP/ADP to PCr/Cr cycling via VDAC these
findings suggest VDAC becomes inhibited specifically in
to adenine nucleotides but not PCr/Cr when miCK is
active. Furthermore, given that ANT inhibition should, in
theory, also limit creatine-stimulated (miCK-dependent)
respiration, the normalization of ADP apparent K m by
creatine strongly suggests ANT is unaffected by exercise.
Overall, combined with the evidence that ANT is not
inhibited in contracting muscle, the data suggest exercise

promotes energy transfer through the more efficient
PCr/Cr energy transfer shuttle by increasing miCK
sensitivity to Cr and contractile signals.

Implications for in vivo regulation of energy
homeostasis during contraction

Previous work has reported a greater respiratory rate in
response to 100 mM [ADP] (∼apparent K m) after exercise
in human PmFBs with 20 mM Cr (Tonkonogi et al. 1998).
This is in agreement with the present findings of greater
sensitivity post-exercise during contraction but opposite
to that observed in relaxed PmFBs where no effect of
exercise was observed with 20 mM Cr. Whether PmFBs
in these previous studies were contracted is impossible to
determine but the very recent findings of ADP-induced
contraction in PmFBs (Perry et al. 2011) and present
study) suggests this is a possibility. These pioneering
experiments (Tonkonogi et al. 1998) were performed long
before powerful myosin-specific inhibitors were created
or the recognition of ADP-induced contraction of skeletal
muscle PmFBs was first reported (Perry et al. 2011).
Hence, it is possible the PmFBs in these important
earlier experiments underwent ADP-induced contraction,
which would agree with the present results of enhanced
respiratory sensitivity in contracting PmFBs post-
exercise.

Several studies have reported a reduced respiratory
sensitivity to ADP measured in PmFBs in situ
cross-sectionally between trained and untrained skeletal
muscle (Mettauer et al. 2001; Zoll et al. 2002). While
this may be related to a greater content of mitochondrial
enzymes (Mettauer et al. 2001; Zoll et al. 2002; Guerrero
et al. 2005) and lower respiratory sensitivity to ADPf in
Type I fibres (Kuznetsov et al. 1996), this finding remains
inconsistent with the notion of improved respiratory
control following training. Specifically, exercise training
attenuates the rise in ADPf /ATP and level of substrate
phosphorylation during exercise (Karlsson et al. 1972;
Dudley et al. 1987; Phillips et al. 1996; Leblanc et al. 2004;
Perry et al. 2008). This improvement in energy homeo-
stasis following training has been attributed, in part, to
increased mitochondrial respiratory sensitivity to ADPf

afforded by a greater mitochondrial content (Holloszy &
Booth, 1976). The present study demonstrates that greater
respiratory sensitivity occurs after a single exercise session
which must be independent of greater mitochondrial
content or fibre type transformation given the focus on
acute exercise. While the present study does not address
the paradox of ADP sensitivity in trained muscle (Mettauer
et al. 2001; Walsh et al. 2001b; Zoll et al. 2002; Zoll
et al. 2003a; Guerrero et al. 2005), a re-examination
of respiratory control in response to exercise training
with manipulation of PmFB contractile state may provide
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critical insight into the manner by which trained muscle
regulates energy homeostasis (Holloszy & Booth, 1976).

A major implication of these findings is that exercise
improves the ability of skeletal muscle to respond to a
perturbation in energy charge during a subsequent period
of contraction. The specific contractile signals generated
during in situ contraction regulating miCK-dependent
ADP sensitivity remain to be determined. Nevertheless,
these findings imply an initial bout of exercise may
optimize the regulation of energy homeostasis during
subsequent exercise. As an example, these findings may
provide a basis for the general belief in beneficial effects
of an initial ‘warm-up’ to improve energy homeostasis
during subsequent exercise, and may be consistent with
known accelerations in V̇O2 on-kinetics with repeated
exercise (Gurd et al. 2005). Alternatively, when viewing
exercise as a series of repeated contractions, it may be
possible that the first contraction or series of contra-
ctions leads to a rapid ‘priming’ of phosphate shuttling in
order to respond to and minimize substantial elevations
in ADPf /ATP for the remainder of exercise. If true,
these data suggest fundamental control of mitochondrial
respiratory on-kinetics during contraction are highly
regulated through mechanisms that have yet to be
established.

While the mechanism by which phosphate shuttling
(miCK, VDAC and/or ANT) may be modified by exercise
is at present unknown, it is clear that the modifications
are robust enough to sustain PmFB preparation and
assessments of respiratory kinetics. It would seem that
classic allosteric regulators may not be the primary
mechanism, as such modifications may regress during the
time required to prepare PmFBs or are removed during
saponin permeabilization and subsequent washing. While
speculative, physical changes in protein conformation
are likely to represent a modification that is retained
post-exercise with this methodology, and therefore future
research should determine the potential for covalent
regulation (e.g. phosphorylation, acetylation). This may
especially be true for miCK activity which is sensitive
to conformational state (Kaldis & Wallimann, 1995).
Nevertheless, it is now clear that mitochondrial phosphate
shuttling is regulated in response to acute exercise, and
may represent a critical control point for responding to a
metabolic challenge.

Potential regulation of complex I or dehydrogenases
during exercise

Given that pyruvate and glutamate oxidation generates
NADH, but not FADH2 (Gnaiger, 2009), in the pre-
sence of malate and ADP, the increased sensitivity to
both substrate titrations suggests complex I sensitivity to
NADH may be increased post-exercise. Alternatively, the

lower apparent K m to both substrates could be explained
by the well known increase in pyruvate dehydrogenase
activity with exercise, but also a previously unrecognized
activation of pyruvate and glutamate transport or
glutamate metabolism via GDH and/or GOT. Indeed,
evidence suggests several mitochondrial dehydrogenases
are regulated by calcium during exercise in human
skeletal muscle (Crabtree & Newsholme, 1970; Vaughan
& Newsholme, 1970a,b) which would suggest GDH is also
activated. However, while GDH is allosterically regulated
by adenine nucleotides, NAD and Ca2+ in fungi (LeJohn,
1968a,b; LeJohn & Jackson, 1968), little is known regarding
its regulation in human skeletal muscle. Given the ability
of glutamate to influence tricarboxylic acid cycle flux
through anapleurosis (Gibala et al. 1997; Mourtzakis et al.
2008), these findings warrant future investigation into the
regulation of GDH and GOT during exercise.

Speculations on PmFB contraction in situ

Finally, the mechanism of spontaneous contraction in
PmFB remains to be determined. While evidence suggests
the phenomenon may be calcium independent in skeletal
muscle (Perry et al. 2011) other investigations have
suggested that permeabilization induces proteolysis in
cardiomyocytes (Anmann et al. 2005, 2006; Kuznetsov
et al. 2012). To test this possibility in skeletal
muscle, we added a variety of protease inhibitors
to the permeabilization medium as suggested pre-
viously (Kuznetsov et al. 2012) as well as the assay
medium (MiR05) during assessments of ADP-stimulated
respiration. Protease inhibition during permeabilization
and/or during respiratory assessments had no effect on
the apparent K m to ADP (data not shown) nor on the
apparent rate of contraction of PmFBs (Supplemental
videos 1–3). These experiments clearly demonstrate that
proteolysis does not explain spontaneous contraction in
skeletal muscle PmFBs. In addition to the fact that this
phenomenon is prevented by the addition of BLEB (Perry
et al. 2011), and that permeabilization with saponin
does not appear to disrupt the normal arrangement of
the contractile apparatus in skeletal muscle (Kuznetsov
et al. 2012), these findings indicate that apparent skeletal
muscle PmFB contraction is actually contraction per se,
as reported in skinned cardiac fibres (Ventura-Clapier &
Vassort, 1985), and not due to cell ‘shrinking’, which may
occur in cardiomyocytes with permeabilization (Anmann
et al. 2005, 2006; Kuznetsov et al. 2012). These experiments
strengthen the applicability of our in situ findings for
understanding regulation of mitochondrial respiration by
contraction in skeletal muscle.

Conclusions

In the current study, controlling the contractile state of
PmFBs provides compelling evidence that the phosphate
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shuttling system for energy exchange is regulated in
response to exercise. This is an extension of the prevailing
dogma that the predominant mechanisms for increasing
oxidative phosphorylation in response to a given rate
of ATP hydrolysis are via activation of key enzymatic
control points regulating substrate catabolism upstream
from electron entry and adenine nucleotide cycling in
the mitochondria. The phosphate shuttling mechanism
itself (VDAC–miCK–ANT axis) appears the most likely
candidate site for regulation by exercise, with miCK
apparently activated and sensitized to Cr and subsequent
contraction in situ. These findings also highlight the
importance of controlling the contractile state of PmFBs
in situ (Perry et al. 2011) during future examinations
of mitochondrial respiratory kinetics for developing
additional insight into the regulation of energy homeo-
stasis in human muscle. While the regulatory mechanisms
of phosphate shuttling activity during exercise remain
to be determined, the enhanced respiratory sensitivity
to ADP during contraction post-exercise indicates
energy exchange between mitochondrial and cyto-
solic compartments is highly regulated in human
skeletal muscle following exercise. This sensitization
would seemingly tighten the coupling of oxidative
phosphorylation to perturbations in the energy charge of
the cell and improve metabolic control during successive
periods of contraction.
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