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Endurance exercise training is accompanied by physiological
changes that improve muscle function and performance. Several
studies have demonstrated that markers of mitochondrial capacity
are elevated, however, these studies tend to be performed ex vivo
under conditions that yield maximal enzyme activities or in vivo
but monitoring the response to exercise. Therefore, it is unclear
whether basal mitochondrial metabolism is affected by exercise
training. To explore whether resting muscle metabolism was
altered in trained individuals in vivo, two independent parameters
of metabolic function—tricarboxylic acid (TCA) cycle flux (VTCA),
and ATP synthesis (VATP)—were assessed noninvasively by using
magnetic resonance spectroscopy in a cohort of young endurance
trained subjects (n ⴝ 7) and a group of matched sedentary subjects
(n ⴝ 8). VTCA was 54% higher in the muscle of endurance trained
compared with sedentary subjects (91.7 ⴞ 7.6 vs. 59.6 ⴞ 4.9
nmol/g/min, P < 0.01); however, VATP was not different between
the trained and sedentary subjects (5.98 ⴞ 0.43 vs. 6.35 ⴞ 0.70
mol/g/min, P ⴝ 0.67). The ratio VATP/VTCA (an estimate of mitochondrial coupling) was also significantly reduced in trained subjects (P < 0.04). These data demonstrate that basal mitochondrial
substrate oxidation is increased in the muscle of endurance trained
individuals yet energy production is unaltered, leading to an
uncoupling of oxidative phosphorylation at rest. Increased mitochondrial uncoupling may represent another mechanism by which
exercise training enhances muscle insulin sensitivity via increased
fatty acid oxidation in the resting state.
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ndurance exercise training is accompanied by a number of
physiological adaptations that improve muscle function and
exercise performance (1). In particular, trained muscle exhibits
remodeling toward a more oxidative phenotype (2, 3) that
involves changes from the ultrastructural to the subcellular
levels. These modifications include an increase in muscle capillary density (3), expanded intramyocellular storage of glycogen
(4, 5), and lipid (6) and enhanced insulin responsiveness (7).
However, one of the most profound effects of endurance training
is the stimulation of mitochondrial biogenesis with an increase in
mitochondrial number that is apparent after relatively few weeks
of training (8, 9) and is likely mediated by the chronic activation
of AMPK (10, 11).
The metabolic response of the muscle to endurance training
has been estimated by measuring markers of oxidative capacity
with increases in the activities of enzymes involved in mitochondrial metabolism and fat utilization catalogued by numerous
studies (5, 12, 14), suggesting that the maximal capacity of the
mitochondria, in general, and fat oxidation, in particular, may be
increased. These data have been substantiated by studies of
mitochondria isolated from trained muscle that demonstrate that
elevated mitochondrial enzyme activities are accompanied by
enhanced respiratory capacity (9, 15, 16), fatty-acid oxidation
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0808889105

(13, 17), and ATP production (18). However, one limitation of
these studies is that they were performed in vitro or ex vivo under
which conditions enable full activation of enzymes and thus
represent measurements of maximal capacity rather than
function.
Other studies have used indirect calorimetry to estimate
whole-body oxidation rates either at rest or during exercise. The
data from studies assessing resting metabolic rate are equivocal
with no clear effect of endurance training on energy expenditure
(19, 20), whereas endurance training consistently appears to
improve fatty-acid oxidation in exercising muscle (21, 22). 31P
magnetic resonance spectroscopy (MRS) has also been used to
monitor the recovery of phosphocreatine (PCr) after muscle
contraction with increased rates of recovery observed in trained
individuals (23, 24), suggesting elevated oxidative capacity.
However, calorimetry techniques are constrained by the extrapolation of whole-body oxygen consumption data to muscle
metabolism and studies performed during exercise give no
insight into basal mitochondrial function.
Therefore, despite a considerable body of work investigating
the response of muscle metabolism to endurance training, it is
unclear whether resting metabolism, including mitochondrial
function, is altered in vivo. This is particularly relevant because
a reduction in basal muscle metabolism has been associated with
the development of insulin resistance in both the elderly (25) and
offspring of type 2 diabetic patients (26, 27). Endurance exercise
training may represent an effective treatment not only to improve insulin responsiveness in these individuals (28, 29) but also
to elevate resting muscle metabolism.
The aim of this study was to investigate the effect of endurance
training on basal muscle metabolism in vivo using two independent MRS techniques (25–27). The rate of flux through the
tri-carboxylic acid (TCA) cycle, a direct measure of mitochondrial oxidative function, was determined by using 13C-MRS to
monitor the oxidation of intravenously infused [2-13C]acetate.
The unidirectional rate of muscle ATP synthesis, an assessment
of overall energy production, was estimated during the same
session by using 31P saturation-transfer MRS. These data provide
insight into the effects that endurance training may have on
resting mitochondrial function in vivo.
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Table 1. Characteristics of endurance trained and sedentary
subject groups

n
Age, yr
Height, m
Weight, kg
BMI, kg/m2
Activity Index

Sedentary

Trained

8
26.8 ⫾ 3.0
1.80 ⫾ 0.02
74.8 ⫾ 2.8
23.0 ⫾ 1.03
2.24 ⫾ 0.16

7
26.1 ⫾ 1.6
1.81 ⫾ 0.03
78.4 ⫾ 3.9
24.0 ⫾ 1.3
5.37 ⫾ 0.26*

BMI, body-mass index.
*P ⬍ 0.0001.

Table 2. Muscle and plasma metabolite enrichment data and
metabolic fluxes obtained during the TCA cycle flux experiment

Plasma [acetate], mM
Plasma [2-13C]acetate APE, %
Muscle C2-glutamate APE, %
Muscle C4-glutamate APE†, %
VTCA, nmol/g (muscle) per min
VAC/VTCA, %

Sedentary

Trained

0.63 ⫾ 0.07
85.4 ⫾ 1.1
1.31 ⫾ 0.32
2.62 ⫾ 0.64
59.6 ⫾ 4.9
3.6 ⫾ 0.9

0.65 ⫾ 0.03
86.4 ⫾ 1.0
1.39 ⫾ 0.18
2.80 ⫾ 0.36
91.7 ⫾ 7.6*
3.4 ⫾ 0.4

APE, atom percent excess.
*P ⬍ 0.05.
†Calculated from C -glutamate assuming 5% anaplerosis.
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Results
Subject Characteristics. Endurance trained and sedentary subjects
were matched for age, height, weight, and body-mass index
(BMI) (Table 1). The endurance trained group undertook
significantly more exercise than the sedentary group as assessed
by the exercise index of the activity questionnaire (5.37 ⫾ 0.26
vs. 2.24 ⫾ 0.16, P ⬍ 0.0001). Consistent with these data, the peak
oxygen consumption (VO2 peak) in the trained group (60.9 ⫾ 4.6
ml/kg/min) was increased well above the normal sedentary range
(30–40 ml/kg/min).
Muscle Substrate Oxidation – TCA Cycle Flux. Rates of substrate
oxidation via the TCA cycle (VTCA) were 54% higher in the
muscle of endurance trained individuals compared with sedentary control subjects (91.7 ⫾ 7.6 vs. 59.6 ⫾ 4.9 nmol/g/min, P ⬍
0.005, Fig. 1). There were no differences in the steady-state
concentration or enrichment of plasma acetate between the
groups, or in the maximal enrichment of the muscle C2 glutamate
pool (Table 2). The proportion of acetate oxidized via the TCA
cycle (VAC/VTCA) was also equivalent between groups, indicating that entry of acetate into the myocyte was not limiting (Table
2). There was a trend for a decreased layer of subcutaneous fat
between the MR probe and the gastrocnemius muscles of the calf
in the trained subjects (3.0 ⫾ 0.5 mm vs. 4.25 ⫾ 0.43 mm, P ⫽
0.09), and the total muscle cross-sectional area (CSA) detectable
during the 13C-MRS experiment was 18% larger in the endurance trained group (19.6 ⫾ 0.5 vs. 16.7 ⫾ 0.6 cm2, P ⬍ 0.005)
because of a significant increase in the MR-detectable CSA of
the gastrocnemius (12.9 ⫾ 0.9 vs. 7.7 ⫾ 1.1 cm2, P ⬍ 0.005, Table
3). However, VTCA was not correlated with any parameter of
muscle CSA within either subject group or for all subjects
combined. Whole-body energy expenditure, respiratory quo-

P < 0.005

tient, and fat and glucose oxidation, estimated from indirect
calorimetry performed during the MR session, were not different between the trained and sedentary groups (Table 3). There
was no correlation between VTCA and any parameter of wholebody metabolism.
Muscle ATP Synthesis. There was no difference in the resting rate

of muscle ATP synthesis (VATP) between the endurance trained
and sedentary groups (Fig. 2), with similar values for both the
pseudo first order rate constant for Pi exchange (k⬘) and the
intracellular inorganic phosphate (Pi) concentration (Table 4).
The ratio of VATP/VTCA was significantly decreased in the
endurance trained subjects (0.067 ⫾ 0.007 vs. 0.113 ⫾ 0.017, P ⬍
0.05, Fig. 3). Muscle 31P metabolite concentrations and ratios
were unchanged in the endurance trained group compared with
sedentary subjects, and there was no difference in the concentration of free ADP ([ADP]free) estimated from muscle 31P
metabolite concentrations and the intracellular pH (Table 4).
Discussion
In this study, we found that resting substrate oxidation, calculated by monitoring the rate of incorporation of [2-13C]acetate
into [4-13C]glutamate using 13C-MRS, was significantly increased in the muscle of endurance trained male individuals
compared with healthy age, height, weight, and sex-matched
sedentary subjects. However, the basal rate of muscle ATP
synthesis, measured by 31P-saturation-transfer MRS, was not
different between the endurance trained and sedentary subjects,
suggesting that there is an uncoupling of oxidation from energy
production in endurance-trained muscle at rest. These MRSbased techniques for measuring metabolic fluxes are independent of the mass of tissue that contributes to the MR signal;
therefore, the observed increase in TCA cycle flux rate and
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Table 3. Parameters of whole-body energy expenditure,
assessed by indirect calorimetry and the cross-sectional areas
of muscles contributing to the MR signal in endurance trained
(n ⴝ 7) and sedentary subjects (n ⴝ 8)

VTCA (nmol/g/min)

80

60

40

20

0
Sedentary

Trained

Fig. 1. Muscle TCA cycle flux [nmol/g(muscle)/min] for sedentary (white bar,
n ⫽ 8) and endurance trained (black bar, n ⫽ 7) subjects.
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Energy expenditure, kcal/kg/24 hr
Respiratory quotient†
Fat oxidation†, mg/kg per min
Glucose Oxidation†, mg/kg per min
Total muscle CSA, cm2
CSA soleus, cm2
CSA gastrocnemius, cm2

Sedentary

Trained

23.7 ⫾ 0.8
0.78 ⫾ 0.02
4.88 ⫾ 0.79
0.46 ⫾ 0.20
16.7 ⫾ 0.6
9.0 ⫾ 1.0
7.7 ⫾ 1.1

24.2 ⫾ 1.2
0.77 ⫾ 0.02
4.89 ⫾ 0.72
0.47 ⫾ 0.12
19.6 ⫾ 0.5*
6.7 ⫾ 1.0
12.9 ⫾ 0.9*

CSA, cross sectional area.
*P ⬍ 0.005.
†n ⫽ 7.
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Fig. 2. Muscle ATP synthesis rates [mol/g(muscle)/min] for sedentary (white
bar, n ⫽ 8) and endurance trained (black bar, n ⫽ 7) subjects.

decrease in VATP/VTCA are unaffected by the larger muscle mass
of subjects in the trained group.
Our observation of increased basal TCA cycle flux in the
muscle of endurance trained individuals is consistent with prior
studies that have reported increases in mitochondrial number
and oxidative enzyme content in trained muscle, accompanied
by an enhanced capacity for respiration, fatty-acid oxidation, and
ATP production under maximal conditions, and faster recovery
of PCr after a muscle contraction (5, 8, 9, 12–18, 21–24).
However, using in vivo MRS techniques to investigate the muscle
under basal conditions, we have shown that resting muscle
oxidation is augmented as well as maximal capacity.
Similar relationships have also been observed in isolated
muscle preparations. Resting oxygen consumption (VO2) was
severalfold higher in the highly oxidative soleus muscle compared with the predominantly glycolytic gracilis muscle group in
cat, and this was correlated with the mitochondrial density of the
muscles (30). Furthermore, chronic low frequency electrical
stimulation of the gracilis muscle, designed to mimic exercise
training, caused an increase in mitochondrial density accompanied by enhanced VO2. Six weeks of endurance training in
humans caused in increase in VO2 in permeabilized vastuslateralis fibers (31), whereas four weeks of treadmill running in
rats increased maximal oxygen consumption in skinned soleus
fibers but not gastrocnemius (15).
These data also provide an explanation for the inconsistent
results of studies which used indirect calorimetry to investigate
the effects of endurance training on resting metabolic rate (19,
20). Although substrate oxidation was elevated in the muscle of
trained subjects in this study, we observed no significant effect
on energy expenditure measured simultaneously by indirect
calorimetry, demonstrating that measurements of whole-body
energy expenditure cannot accurately predict significant changes
in muscle TCA cycle activity.
Table 4. Muscle 31P metabolite concentrations and ATP synthesis
rate (VATP) in endurance trained and sedentary subjects

VATP, mol/g per min
k⬘, min⫺1
[Pi], mol/g
[PCr], mol/g
pH
[ADP]free, nmol/g

Sedentary

Trained

6.35 ⫾ 0.70
0.043 ⫾ 0.006
2.67 ⫾ 0.24
32.2 ⫾ 1.5
7.08 ⫾ 0.01
10.5 ⫾ 0.2

5.98 ⫾ 0.43
0.040 ⫾ 0.003
2.49 ⫾ 0.15
29.9 ⫾ 1.4
7.06 ⫾ 0.01
10.1 ⫾ 0.3

Trained

Fig. 3. The ratio of muscle ATP synthesis/TCA cycle flux (VATP/VTCA), an
estimate of the efficiency of muscle energy production, for sedentary (white
bar, n ⫽ 8) and endurance trained (black bar, n ⫽ 7) subjects.

Despite increased basal rates of oxidation via the TCA cycle,
resting rates of ATP synthesis were unchanged in the muscle of
endurance trained individuals, resulting in a significant decrease
in the ratio of VATP/VTCA. Although this ratio is not directly
equivalent to the traditional parameter of mitochondrial coupling, the P:O ratio (the amount of ATP produced per oxygen
atom consumed), it does reflect an estimate of the efficiency
between energy production and oxidative metabolism, and
suggests that this relationship is less efficient at rest in trained
muscle. Endurance training alters the relative protein composition of the mitochondria (32) which may affect the efficiency
of multiple steps in the oxidative phosphorylation pathway. Loss
of mitochondrial efficiency—‘‘uncoupling’’—may occur via proton (H⫹) leak across the inner mitochondrial membrane (IMM),
redox ‘‘slip’’ of the electron transport chain (ETC), and modulated stoichiometry of the ATP synthase (33). Substrate selection
and mitochondrial respiratory control may also play a role in
dictating the efficiency of energy transduction.
Uncoupling protein 3 (UCP3) is a putative uncoupler of
mitochondrial oxidative phosphorylation, mediating H⫹ leak
across the IMM (34). Acute bouts of exercise have been demonstrated to transiently induce the expression of UCP3 in both
rodents and humans (34, 35). However, UCP3 expression is
lower in oxidative type I muscle fibers (36, 37) than the more
glycolytic type II fibers, and expression and protein content
appear to be down-regulated in endurance trained muscle (16,
37), making it an unlikely candidate for the decreased efficiency
observed in these studies. However, the adenine nucleotide
translocase (ANT) has been shown to be increased in endurance
trained muscle to a greater extent than other mitochondrial
proteins (16). This protein is fundamental to viable mitochondrial function and its increased expression in trained muscle is
likely necessary to cope with the high ATP production during
exercise. ATP/ADP exchange via the ANT incurs an energetic
cost because nucleotide transport is driven by the mitochondrial
membrane potential and the ANT may facilitate fatty-acid
induced uncoupling (38) or basal mitochondrial H⫹ leak (33)
proportional to its content, but not activity (39).
The efficiency of oxidative phosphorylation is also dependent
on substrate selection with different proportions of reducing
equivalents (NADH and FADH2) generated by the full oxidation of glucose (glycolysis plus TCA cycle) compared with
fatty-acids (␤-oxidation plus TCA cycle) such that the P:O ratio
of fatty acid oxidation is lower and thus less efficient that of
glucose. The 31P-saturation-transfer technique measures ATP
synthesized from all metabolic sources, and the methodology
used in the present study does not permit the relative contribuPNAS 兩 October 28, 2008 兩 vol. 105 兩 no. 43 兩 16703
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tions of fatty-acids or glucose to TCA cycle flux to be estimated.
However, modulation of substrate selection is unlikely to have
caused the observed differences in efficiency because: (i) the
contribution of glucose to total oxidation in resting muscle is
approximately 30% (unpublished data), and ii) to generate an
equivalent amount of ATP, fatty-acid oxidation requires fewer
‘‘turns’’ of the TCA cycle. Entry of substrates into the TCA cycle
via anaplerotic pathways may similarly modulate the relative
production of reducing equivalents. Given that there was no
difference in the enrichment of the muscle C2-glutamate pool
between the subject groups, effects of anaplerosis were unlikely
to be a factor in this study.
Mitochondrial efficiency exhibits tissue-specificity (40); therefore, it is plausible that muscle fiber type may influence efficiency. Mitochondria isolated from oxidative and glycolytic
muscles (41, 42) exhibited no difference in the maximally
stimulated (State III) P:O ratio, suggesting that fiber-type per se
does not influence mitochondrial efficiency. In the current study,
there was also no correlation between VATP/VTCA and any
parameter of muscle CSA, diminishing the likelihood that the
observed decrease in efficiency was influenced by muscle
composition.
Contrasting effects of endurance training have been demonstrated on the different subcellular populations of mitochondria,
and it is possible that functional efficiency may vary between
mitochondrial subtypes. Subsarcolemmal (SS) mitochondria,
located at the cell membrane, are more responsive to training
than intermyofibrillar (IMF) mitochondria and undergo greater
proliferation, increases in enzyme content and fatty-acid oxidation (17, 43, 44). However, absolute oxidative enzyme activities
and respiration rates are higher in IMF mitochondria (43–45)
and there is no evidence for a difference in P:O between
mitochondrial populations.
The free intracellular concentration of ADP ([ADP]free) has
been postulated as a regulator of mitochondrial function (46)
and endurance training may modulate the respiratory control of
mitochondrial function by ADP. The effects of training on
mitochondrial sensitivity to ADP have proved inconclusive, with
opposing effects observed in human (31) and rat muscle fibers
(15). Similarly, comparisons of oxidative and glycolytic muscle
groups have demonstrated either no change (41) or an increase
in ADP sensitivity with oxidative phenotype (15). It is pertinent
to note that studies using skinned muscle or isolated mitochondria preparations perform measurements of mitochondrial function under conditions where ADP concentrations are an order of
magnitude higher than those typically encountered in resting
(5–10 M) or exercising (50–100 M) muscle and exhibit a
dependence on substrate provision (42, 45) and the presence of
Cr/PCr (15), so may not accurately represent the metabolic state
encountered in vivo, particularly in resting skeletal muscle. In
this study, resting [ADP]free, estimated from basal 31P MR
spectra, was not different between the trained and sedentary
groups, consistent with the similar rates of ATP synthesis but
suggesting that [ADP]free does not regulate TCA cycle flux.
Under resting conditions, when [ADP]free is low, mitochondrial function will become dominated by the contribution of
State IV respiration – oxygen consumption in the absence of
ADP, and this parameter may give greater insight into the
efficiency of resting energy production. State IV respiration is
higher in IMF than SS mitochondria (44, 45) suggesting decreased efficiency at low [ADP]free despite increased State III
(maximal) respiration. The preferential proliferation of SS mitochondria at endurance training suggests that an increase in
efficiency might be expected, however, endurance training may
selectively increase the State IV respiration of SS mitochondria
(43) and impair their efficiency, perhaps indicative of remodeling toward an IMF mitochondrial phenotype. Accurate interpretations of basal respiration in isolated mitochondrial are
16704 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0808889105

again complicated by the influence of available substrate on
functional parameters. In addition, effects of compartmentation
of metabolites, in particular [ADP]free, cannot be excluded which
could give rise to subcellular modulation of Km(ADP) and
mitochondrial fluxes.
The observation that mitochondrial P:O is proportional to
respiration rate (41) promotes the idea of the following unifying
hypothesis on the effects of training on mitochondrial function
and efficiency. Endurance training stimulates mitochondrial
biogenesis resulting in an increase in mitochondrial volume, with
a particular increase in the subsarcolemmal compartment. ATP
demand in resting muscle is unchanged; therefore, ATP synthesis per unit of mitochondrial volume is decreased. Energy
production is less efficient with a lower respiration rate per unit
of mitochondria as total oxygen consumption becomes dominated by basal uncoupling mechanisms, potentially exacerbated
by increased H⫹ leak because of the increased content of the
ANT. Respiratory control by ADP is limited because of the low
intracellular [ADP]free. The decreased efficiency of energy production causes a concomitant rise in basal TCA cycle flux and
resting oxygen consumption. The elevation of resting muscle
TCA cycle flux in trained individuals may also provide an
advantage at the onset of exercise by permitting a more rapid
response to an increased demand for ATP.
In summary, we have demonstrated that the basal rate of
substrate oxidation via the TCA cycle is increased in the muscle
of endurance trained individuals compared with matched sedentary control subjects. In contrast, muscle energy production,
measured as the rate of ATP synthesis, is unaltered in endurance
trained individuals indicating a decrease in the efficiency of
mitochondrial energy coupling. Studies have demonstrated protective effects of muscle specific overexpression of UCP1 (47)
and UCP3 (48) from fat-induced insulin resistance in skeletal
muscle; therefore, these data suggest that increased mitochondrial uncoupling may represent an additional mechanism by
which endurance training protects against insulin resistance.
Materials and Methods
Human Subjects. This study was approved by the Yale Human Investigation
Committee and was conducted in accordance with the declaration of Helsinki.
Written, informed consent was obtained from each subject after an explanation of the purpose, nature, and complications of the protocol. Subjects were
recruited from the local community and were prescreened to be in excellent
health, lean, nonsmoking, and taking no medications. All individuals completed an activity index questionnaire (49) and a cohort of young endurancetrained subjects (exercise index ⬎3.8, n ⫽ 7) were selected along with a group
of age-height-weight-matched sedentary control subjects (exercise index
⬍2.9, n ⫽ 8). Only male subjects were recruited because gender has been
demonstrated to influence oxidation rates (50). All trained individuals participated in running or running-based sports for ⬎4 h per week, and their
status was confirmed several days before the MRS studies by an incremental
treadmill-based VO2-peak test using a modified Bruce protocol (51).
Study Protocol. For 72 h preceding the MRS studies, subjects consumed a
weight-maintenance diet and were instructed not to perform any exercise
other than normal walking. The evening before the MRS studies, subjects
were admitted to the Yale-New Haven Hospital General Clinical Research
Center and fasted overnight, with free access to drinking water. After an
overnight 12-h fast, subjects were transported to the Yale Magnetic Resonance Research Center via wheelchair. All experiments were performed using
a 2.1 T whole-body MR magnet (Magnex Instruments) interfaced to a Bruker
Avance console (Bruker Biospin).
Muscle TCA Cycle Flux – 13C-MRS. The muscles of the right calf were positioned
within a custom-built MR probe assembly over a 9-cm diameter 13C surface coil
with twin, orthogonal 13-cm 1H quadrature coils for imaging, shimming, and
decoupling. After tuning, transverse, gradient-echo, scout images of the calf
were acquired to ensure correct positioning and to define a volume for
localized shimming by using the FASTMAP procedure (52); typical 1H line
widths within the volume of interest were 12 Hz. 13C MR spectra were acquired
by using a nonlocalized sequence with NOE, WALTZ16 decoupling, and a
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Muscle ATP Synthesis – 31P Saturation-Transfer MRS. After a short break, the
subject was repositioned in the magnet with the right calf muscles positioned
over an MR probe consisting of a 9-cm diameter 31P surface coil and a
concentric 13-cm diameter 1H surface coil. After imaging and shimming, VATP
was measured in each subject by using the 31P saturation-transfer experiment
to determine the rate of phosphate exchange between Pi and ATP. Irradiating
the ␥ATP peak causes a decrease in the Pi signal that is equivalent to the
pseudo-first-order rate constant of the exchange reaction (k⬘) multiplied by
the longitudinal relaxation time (T1) of Pi (Eq. 1). VATP is equal to the rate
constant multiplied by the concentration of Pi (Eq. 2).

k⬘ ⫽ 共1 ⫺ M⬘/M0兲/T1

[1]

M⬘ ⫽ Pi signal during ␥ATP saturation
M0 ⫽ Pi signal with symmetric saturation
VAT P ⫽ k⬘共Pi兲

[2]

Nonlocalized 31P MR spectra were acquired with frequency-selective saturation of the ␥ATP peak or with saturation at a downfield frequency equidistant
from Pi. The T1 relaxation time of Pi during ␥ATP saturation was estimated by
using a modified inversion-recovery sequence with ␥ATP saturation during
the TR and the inversion delay. Concentrations of 31P metabolites were determined from control spectra assuming a constant muscle ATP concentration of
5.5 mmol/kg. Intracellular pH was calculated from the chemical shift (␦) of the
Pi peak relative to the PCr peak (53).

pH ⫽ 6.75 ⫹ log关共 ␦ ⫺ 3.27兲/共5.69 ⫺ ␦ 兲兴

CWave Modeling. VTCA was determined by modeling the incorporation of 13C
label from plasma [2-13C]acetate into the muscle [4-13C]glutamate pool [supporting information (SI) Fig. S1], using CWave software (26). The CWave model
consists of isotopic mass balance equations that describe the metabolic fate of
the plasma [2-13C]acetate (see SI Text). Upon entry into the myocyte, [2-13C]acetate is converted (VAC) into [2-13C]acetylCoA which enters the TCA cycle by
condensing with oxaloacetate to form [4-13C]citrate. Entry of unlabeled substrates into the TCA cycle via acetyl CoA or anaplerosis was incorporated into
the model as a separate reaction (VPDH⫹FA). The position of the 13C label is
conserved through the initial steps of the TCA cycle, labeling ␣-ketoglutarate
at the C4 position. Glutamate and ␣-ketoglutarate are in rapid exchange and
equilibration results in the formation of [4-13C]glutamate. As the TCA cycle
progresses, the 13C label becomes scrambled between the C2 and C3 positions
because of the symmetry of the succinate molecule; a second turn of the TCA
cycle yields [2-13C] and [3-13C]glutamate. CWave determines VTCA as the rate of
total carbon flow from acetyl CoA to ␣-ketoglutarate by using a nonlinear
least-squares algorithm to fit the curve of C4-glutamate enrichment. In this
model, VTCA is equal to the sum of (VAC⫹VPDH⫹FA) but is independent of the
absolute fractional enrichment at C4-glutamate (VAC/VPDH⫹FA). The intracellular concentration of glutamate was measured by muscle biopsy and was
assumed to be 2.41 mmol/liter (25) and unchanged by endurance training (57).
The ratio of natural abundance C2-glutamate/C2-creatine was the same between the groups and there was no significant difference in the fractional
enrichment at C2-glutamate at the end of the [2-13C]acetate infusion, confirming that the intracellular concentration of glutamate was unchanged in
endurance trained individuals. The rate of exchange between ␣-ketoglutarate and glutamate (VX) was determined in prior studies (25) and was fixed at
150 nmol/g(muscle)/min that is significantly faster than the TCA cycle flux.
Muscle Cross-sectional Area. The relative contributions of the soleus and
gastrocnemius muscles to the observed MR signal were estimated from MR
images obtained during the study. The MR-detectable CSA of each muscle
group was measured in the image slice that corresponded with the center of
the MR probe.
Indirect Calorimetry. Whole-body energy expenditure was measured during
the MR studies by the ventilated hood technique by using a Deltatrac Metabolic Monitor. Nonprotein respiratory quotients assuming 100% oxidation of
fat or carbohydrates were 0.707 and 1.00, respectively.
Statistical Analysis. All data are expressed as mean ⫾ SE. Statistical analyses
were performed by using InStat3 software (Graphpad Software). Statistically
significant differences between trained and sedentary subjects were detected
by using an unpaired 2-tailed student’s t test. A P value of ⬍0.05 was considered statistically significant.

关ADP兴 free ⫽ 兵关ATP][Cr]}/{[PCr][H⫹]Keq}
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