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Abstract

Skeletal muscle CoA and carnitine metabolism were investi-
gated in six human volunteers at rest and after exhaustive
exercise under normoxic and hypoxic conditions. In com-
parison to the values at rest, exhaustive exercise was associ-
ated with a three- to fourfold increase in the skeletal muscle
lactate, and with a twofold increase in the acetyl-CoA con-
tent, both under normoxic and hypoxic conditions. Since
exercise did not significantly affect the skeletal muscle CoA
radical (CoASH), total acid-soluble, or total CoA contents,
the increase in the acetyl-CoA content was at the expense
of short-chain acyl-CoAs different from acetyl-CoA. With
exhaustive exercise, the skeletal muscle acetylcarnitine and
short-chain acylcarnitine contents increased by a factor of
three to four both under normoxic and hypoxic conditions.
In contrast to the CoA pool, these increases were associated
with a decrease in the free carnitine content, whereas the
total acid-soluble and total carnitine contents were not af-
fected by exercise. After exhaustive exercise, the skeletal
muscle acetyl-CoA/CoASH ratio showed a linear correla-
tion with the corresponding acetylcarnitine/free carnitine
ratio. The plasma short-chain acylcarnitine concentration
increased by a factor of two to three during exercise, and
was not significantly different from the values at rest 40
min after completion of exercise. Thus, the current studies
illustrate the close interaction between the CoA and carni-
tine pools in the exercising human skeletal muscle, and they
underscore the important role of carnitine in maintaining
the muscular CoASH content during exhaustive exercise.
(J. Clin. Invest. 1994. 94:1490-1495.) Key words: acetyl-
CoA - acetylcarnitine * lactate * lactate threshold * bicycle
exercise test

Introduction

Carnitine is essential for the transport of long-chain fatty acids
into the mitochondrial matrix, and therefore plays an important
role in energy metabolism (1). The skeletal muscle carnitine
stores are both qualitatively and quantitatively important, since
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fatty acids represent a major energy source and more than 95%
of the total body carnitine is stored in skeletal muscle (1, 2).
It is well established that the carnitine pool in skeletal muscle
can be affected by exercise. With low- to moderate-intensity
exercise (below or at the lactate threshold), either no (3) or a
small increase in the short-chain acylcarnitine pool (4) has been
reported. In contrast, high-intensity exercise (above the lactate
threshold) causes a marked increase in the skeletal muscle short-
chain acylcarnitine content with a corresponding decrease in
the free carnitine content in humans (3, 5) and horses (6-8).
Direct assessment of the short-chain acylcarnitine pool showed
that acetylcarnitine accounted for most of the exercise-induced
increase in the skeletal muscle short-chain acylcarnitine content
(5-9).

The carnitine and the CoA pools are in close relationship,
mediated through the action of carnitine acyltransferases ( 1, 10,
11). Since the tissue carnitine pool, in general, is considerably
larger than the CoA pool (see ref. 8 and this study for skeletal
muscle) and the intramitochondrially formed acylcarnitines can
be exported (12), carnitine may serve as a "buffer" for the
metabolically important CoA pool (10, 13, 14). Evidence for
this important function of carnitine has been provided by studies
showing that the addition of carnitine to isolated rat heart mito-
chondria led to an increase in the mitochondrial [CoASH'] /
[acetyl-CoA] ratio and stimulated acylcarnitine formation and
pyruvate oxidation (12, 15).

Acute hypoxia represents a metabolic stress leading to in-
creased sympathetic activity with high plasma catecholamine
concentrations ( 16), and to changes in fat and glucose metabo-
lism (16, 17). Since strenuous endurance exercise under hyp-
oxic conditions was associated with an increase in the skeletal
muscle acylcarnitine pool (18), and since it is well established
that the carnitine pool reflects different metabolic states (2), it
was of interest to study the skeletal muscle carnitine pool under
normoxic and hypoxic conditions.

Moreover, there are only few studies where the carnitine
and the CoA pools were assessed simultaneously in skeletal
muscle, and the results are conflicting. In swimming rats, the
skeletal muscle acetylcarnitine content increased, whereas the
acetyl-CoA content decreased in comparison to the values at
rest (19). In contrast, in the exercising horse, both the acetyl-
CoA and the acetylcarnitine contents of skeletal muscle in-
creased with exercise (8). Therefore, the current studies were
designed to investigate the relationship between the skeletal
muscle carnitine and CoA pools in humans at rest and after
exhaustive exercise under normoxic and acutely hypoxic condi-
tions.

1. Abbreviations used in this paper: CoASH, coenzyme A radical; K.,q,
equilibrium constant; RER, respiratory exchange ratio; VE, ventilation;
Vco2, carbon dioxide production; Vo2, oxygen consumption; W, work-
load.
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Table I. Grading of the Subjects at Entry

Nonroxia Hypoxia

Maximal heart rate (beats/min) 187±8 178±10
Maximal blood lactate concentration

(mM) 10.0±1.2 11.2±0.8
Maximal V02 (ml/kg/min) 54.6+6.1 37.3±2.2*
Maximal RER 1.14±0.13 1.26+0.09
Maximal workload (W) 355±42 272±28*
Workload at lactate threshold

Absolute (W) 225±44 135±231*
Relative (% maximal) 63±7 50±6*

Selected workload
Absolute (W) 285±+32 211±+20*
Relative (% maximal) 80±2 78±3

A bicycle ergometer test was performed to exhaustion with increasing
workloads (30 Wevery 3 min) under normoxic and hypoxic conditions.
The heart rate, blood lactate concentrations, oxygen consumption (Vo2),
respiratory exchange ratio (RER), and the workload at the lactate thresh-
old were determined as described in Methods. The initial grading al-
lowed the selection of a workload above the lactate threshold for the
final exercise tests. Data are given as mean±SD. P < 0.05 hypoxia
vs normoxia.

Methods
Subjects. Six healthy male subjects were enrolled in the study. The
subjects were all lowlanders on no actual medication. Their mean body
weight was 80±8 kg and their mean age 31±6 yrs. All subjects per-
formed exercise on a regular basis but none was involved in competitive
athleticism. Informed consent was obtained from each subject participat-
ing. The study protocol was approved by the Ethical Committee of the
Medical School at the University of Berne.

Initial grading. All subjects underwent two bicycle exercise tests,
in random order, to characterize the individual metabolic response to
increasing work load. One test was accomplished under normoxic condi-
tions (21% oxygen and 79% nitrogen) and the other under hypoxic
conditions (13.8% oxygen and 86.2% nitrogen). The gas mixtures were
provided by a 250-liter mixing chamber. The oxygen concentration of
the gas mixture leaving the mixing chamber was continuously monitored
with a paramagnetic oxygen analyzer (Servomex 570; Process Control
Instrumentation, Esslingen, Switzerland) and kept constant by adjusting
the inlet of oxygen and nitrogen. Exercise testing was performed until
exhaustion on an electrically braked bicycle ergometer (Ergoline Ergo-
metrics 800S; Leuenberger Medizin Technik AG, Glattbrugg, Switzer-
land). Before starting, the subjects rested on the bicycle for 10 min,
breathing the selected gas mixture. Then, they performed a warmup
period consisting of loadless pedalling for 5 min. The grading exercise
tests were started at 100 W(normoxia) or at 70 W(hypoxia) with
increments of 30 Wper 3 min. The heart rate, ventilation (VE), oxygen
consumption (Vo2), carbon dioxide production (Vco2) and the respira-
tory exchange ratio (RER, calculated as Vco2/Vo2) were determined
at rest (warmup period) and were monitored continuously during exer-
cise by standard techniques of open circuit spirometry (EOS Sprint;
Jaeger GmbH, Wurzgurg, Germany). The oxygen and carbon dioxide
analyzers were calibrated before every exercise test with standard gases
of known concentration. The blood lactate concentration was determined
in capillary blood obtained from the earlobe every 3 min before increas-
ing the workload.

The lactate threshold was determined using the method proposed by
Spurway (20) as the workload where the blood lactate concentration
reaches 2 mmol/liter. For the final exercise tests in normoxia or hypoxia,
a workload of 80% of the maximal workload was selected. This
workload was higher than the lactate threshold for every subject both
under normoxic and hypoxic conditions (Table I).

Final exercise testing. The final exercise tests were performed 7-
14 d after the initial grading. An intravenous catheter was placed in an

antecubital vein of the left arm and kept open by flushing with heparin-
ized saline. The subjects started to breathe the appropriate gas mixture
in supine position. 10 min later, a needle biopsy was performed at rest
in the right vastus lateralis muscle using a Bergstrom needle (21). The
thigh was wrapped with a nonconstricting elastic bandage and the exer-

cise test was started at the selected workload after a warmup phase of
5 min on the bicycle as described in the preceding section and was

performed until exhaustion. At the completion of the exercise test, sub-
jects returned quickly into the supine position still breathing the selected
gas mixture and a second muscle biopsy was performed as described
above in the left vastus lateralis muscle. Biopsies were taken within 90
s after completion of exercise.

Blood was withdrawn during the warmup period, every 5 min during
exercise and 20, 40, and 60 min after completion of the exercise test

for the determination of the lactate, free carnitine, and acylcarnitine
concentrations. The heart rate, VE, Vo2, Vco2, and RER were deter-
mined continuously during the warmup period and during the exercise
test. In order to validate the open circuit spirometry, samples of expired
air were also collected in Douglas bags during the exercise test and
analyzed according to standard techniques (22). The results of these
determinations agreed well with those obtained by open circuit spirome-
try, which will be reported in Results.

Sample preparation. For the determination of the blood lactate con-

centration, capillary blood samples were withdrawn from the earlobe
and analyzed immediately. For the determination of the free and acylcar-
nitine concentrations, 5-ml blood samples were withdrawn in heparin-
ized tubes and stored at 50C until completion of the exercise test. Then,
they were centrifuged at 600 g for 5 min and the plasma was removed
and frozen at -20'C until analysis. Muscle samples (60-150 mg) were
frozen immediately in liquid nitrogen and stored at - 1700 until analysis.

Assay methods. Free, total acid-soluble, and long-chain acylcarnitine
concentrations in plasma and skeletal muscle were determined using the
radioenzymatic assay originally described by Cederblad (23) with the
modifications described by Brass and Hoppel (2). Plasma and muscle
samples were prepared in perchloric acid and centrifuged for 2 min at

10,000 g. In the supernatant, the free and the total acid-soluble carnitine
concentrations were determined. The short-chain acylcarnitine concen-
tration was calculated as the difference between the total acid-soluble
and the free carnitine concentrations. In the pellet, the long-chain acyl-
carnitine concentration was determined. The total carnitine concentra-
tion was calculated as the sum of the total acid-soluble and the long-
chain acylcarnitine concentrations. The acetylcarnitine concentration
was determined in the neutralized supernatant of the skeletal muscle
perchloric acid preparation according to Cederblad (24).

The contents of CoASH, acetyl-CoA, total acid-soluble CoA, and
long-chain acyl-CoA in skeletal muscle were determined using the radi-
oenzymatic method originally described by Pande (25) and modified
by Cederblad (24). CoASH, acetyl-CoA, and total acid-soluble CoA
concentrations were determined in the same supernatants of the skeletal
muscle perchloric acid preparations as used for the determination of the
corresponding carnitines. CoASHand acetyl-CoA concentrations were
determined at the day of the preparation of the skeletal muscle samples.
The total acid-soluble CoA concentrations were determined after alka-
line hydrolysis of the perchloric acid supernatants, and the short-chain
acyl-CoA concentrations were calculated as the difference between the
total acid-soluble CoA and the CoASHconcentrations. The long-chain
acyl-CoA concentrations were determined in the same pellet as used
for the determination of the long-chain acylcarnitine concentrations. The
total CoA concentration was calculated by addition of the total acid-
soluble and the long-chain acyl-CoA concentrations. In order to validate
the radioenzymatic assays, some samples were also analyzed by high-
performance liquid chromatography, as described previously (26). The
differences between the two methods were typically less than 10%. The
values reported in Results were obtained by the radioenzymatic method
described above. The exact concentrations in the CoASH and
acetyl-CoA standard solutions were determined spectrophotometrically
(27, 28).

Skeletal Muscle Carnitine and CoA Metabolism in Humans 1491



Table HI. Hemodynamic, Respiratory, and Metabolic Changes in the Final Exercise Test

Exercise

Variable Preexercise 10 min 20 min Exhaustion Recovery

Normoxia
Heart rate (beats/min) 99±12 161±11* 170±11* 176±9* ND
V02 (ml/min/kg) 11.2±1.7 43.7±7.6* 46.8±6.9* 47.7±6.7* ND
RER 0.90±0.07 1.01 ±0.03* 0.98±0.05* 1.02±0.03* ND
VE (liters/min) 26.2±4.0 94.5±9.8* 107±9* 109±9* ND
Blood lactate (mM) 1.52±0.45 5.33±1.75* 6.24±1.86* 6.54±2.14* 1.64±0.40

Plasma carnitine (pAM)
Free carnitine 43.1±12.0 42.3±11.6 39.0±11.9 38.3±12.8 39.8±9.0
Short-chain acylcarnitine 2.8±1.7 4.5±2.3 7.4±4.6* 9.8±5.6* 4.6±2.4
Long-chain acylcarnitine 4.8±0.3 4.9±0.8 5.0±0.4 5.1±0.8 4.7±0.4

Hypoxia
Heart rate (beats/min) 111±22 166±8* 172±7* 173±7* ND'
Vo2 (mlminkg) 11.0±1.7 33.0±3.9*1 33.5±3.7*t 33.2±3.9*t ND
RER 0.92±0.07 1.11±0.06*1 1.07±0.05*1 1.09±0.06*1 ND
VE (liter/min) 27.2±4.3 101±11* 113±7* 114±9* ND
Blood lactate (mM) 1.22±0.40 6.95±1.29*1 9.15±1.37*1 9.22±1.41*1 1.92±0.33

Plasma carnitine (AtM)
Free carnitine 35.8±6.2 33.9±3.8 33.8±6.7 32.7±4.7 35.7±4.2
Short-chain acylcarnitine 5.2±4.5 9.1±3.9* 8.9±2.7* 9.9±2.0* 6.4±2.6
Long-chain acylcarnitine 4.6±1.2 5.0±1.3 5.2±1.7 5.2±1.7 3.9±0.7

The subjects (n = 6) performed bicycle exercise to exhaustion on the selected workload (see Table I) under normoxic and hypoxic conditions.
Preexercise values were obtained in the warmup phase prior to exercise, and recovery values 40 min after completion of exercise. Data are given
as mean±SD. * P < 0.05 exercise or recovery vs preexercise. * P < 0.05 hypoxia vs normoxia. I ND = not determined.

The lactate concentration in the skeletal muscle was determined in
the neutralized supernatants of the perchloric acid preparations using a
lactate dehydrogenase kit from Sigma Chemical Co. (kit 826-A; Buchs,
Switzerland). The lactate concentrations in blood were determined en-
zymatically (ESAT 6661; Eppendorf, Hamburg, Germany).

Skeletal muscle noncollagen protein concentrations were determined
according to Lowry (29) with BSAas a standard after alkaline hydroly-
sis of collagen (30).

Skeletal muscle noncollagen protein concentrations, carnitine con-
centrations in plasma and skeletal muscle, and CoA and lactate concen-
trations in skeletal muscle were determined in duplicate with the average
of the two values reported in Results.

Statistical analysis. Values are reported as the mean ±1 SD. The
subjects served as their own control, by comparison of the values at
rest with the values during and immediately after exercise, and during
recovery. The data were analyzed by a two-way analysis of variance with
repeated measures (31). In the case of significant F-values, differences
between the values at rest and during exercise or recovery were analyzed
further by Student's t test for paired data with Bonferroni correction.
Differences between normoxic and hypoxic conditions were analyzed
by Student's t test for unpaired data.

Results

The current studies were designed to assess the relationship
between the CoA and the carnitine pools in human skeletal
muscle at rest and after exhaustive exercise under normoxic
and hypoxic conditions.

At entry, the six enrolled subjects were graded using a proto-
col with stepwise increase of the workload under both normoxic
and acutely hypoxic conditions equivalent to an altitude of 4,000
m. As shown in Table I, hypoxia did not significantly affect the
maximal heart rate, maximal blood lactate concentration, or

maximal RER, whereas maximal Vo2, maximal workload, and
lactate threshold were all reduced. Based on the initial grading,
a workload between the lactate threshold and the maximal
workload was selected for the final studies (78-80% of
maximal Vo2).

At the selected workload, the subjects were asked to exercise
until exhaustion. The period of time during which the probands
exercised was 27.5 ±2.7 min under normoxic and 21.7±2.6 min
under hypoxic conditions (P < 0.05). As shown in Table II,
the heart rate, Vo2, VE, RER, and blood lactate concentrations
all increased with exercise, both under normoxic and hypoxic
conditions. In comparison to normoxia, the increase in Vo2 was
less pronounced and the increases in the RERand in the blood
lactate concentrations were more accentuated under hypoxic
conditions. In agreement with a previous study (3), exercise
above the lactate threshold was associated with an increase
in the plasma short-chain acylcarnitine concentration without
affecting the plasma free or long-chain acylcarnitine concentra-
tions. 40 min after completion of exercise, the blood lactate and
the plasma short-chain acylcarnitine concentrations were not
significantly different from the corresponding preexercise
values.

Skeletal muscle biopsies were performed at rest and at the
time point of exhaustion. The skeletal muscle noncollagen con-
tent was (rest vs. exhaustion) 150±19 vs. 143±24 mg/g under
normoxic conditions, and 169±32 vs. 161±26 mg/g under hyp-
oxic conditions. Since the interpretation of the skeletal muscle
metabolite contents was not different when expressed per mg
noncollagen protein or per kg wet weight, the data will be
presented per kg wet weight.

The skeletal muscle lactate concentrations increased from
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Table III. CoA Content in Skeletal Muscle

Normoxia Hypoxia

Preexercise Exhaustion Preexercise Exhaustion

CoASH 12.6±5.1 14.2±4.5 14.7±4.2 14.2±3.1
Acetyl-CoA 5.7±4.2 11.1±5.0* 6.7±4.4 11.7±4.4*
Short-chain acyl-CoA 16.7±3.8 14.0±2.9 16.2±2.8 16.9±5.7
Total acid-soluble CoA 29.3±4.8 28.3±5.0 31.0±4.5 31.1±6.0
Long-chain acyl-CoA 1.8±2.0 1.5±0.84 1.9±1.2 2.0±1.3
Total CoA 31.1±6.3 29.8±5.1 32.9±4.8 33.1±5.7

The subjects (n = 6) performed bicycle exercise on a constant workload (see
Table I) above the lactate threshold under normoxic and hypoxic conditions as
described in Methods. The CoA content was determined with a radioenzymatic
method in muscle biopsies obtained at rest (preexercise) and after exhaustive
exercise. Units are pmol/kg muscle wet weight. Data are presented as mean±SD.
No significant differences were detected between hypoxia and normoxia.
* P < 0.05 exhaustion vs preexercise.

1.89±0.38 mmol/kg at rest to 6.30±2.87 mmol/kg after ex-
haustion under normoxic conditions (P < 0.05, exhaustion vs.
rest), and from 1.95±0.61 to 8.65±3.36 mmol/kg under hyp-
oxic conditions (P < 0.05, exhaustion vs. rest).

The CoA pool in skeletal muscle is characterized in Table
III. In comparison to the preexercise values, exhaustive exercise
was associated with an increase in the acetyl-CoA content in
all individuals both under normoxic and hypoxic conditions. In
contrast, the skeletal muscle content of CoASH, short-chain
acyl-CoA, total acid-soluble CoA, long-chain acyl-CoA, and
total CoA were not significantly affected by exercise. With
exercise, acetyl-CoA expressed as a fraction of the short-chain
acyl-CoA content increased from 34-79% under normoxic con-
ditions, and from 41-69% under hypoxic conditions. As shown
in Fig. 1, in skeletal muscle obtained after exhaustive exercise,
the acetyl-CoA/CoASH ratio showed a linear correlation with
the lactate concentration, a finding which agrees with the con-
cept that the activity of pyruvate dehydrogenase is regulated by
the acetyl-CoA/CoASH ratio (32).
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Figure 1. Relationship between the acetyl-CoA/CoASH ratio and the
lactate content in skeletal muscle. The acetyl-CoA/CoASH ratio and
the lactate content were determined in skeletal muscle of six subjects
at rest (open symbols) and after exhaustive exercise (closed symbols)
under normoxic and hypoxic conditions as described in Methods. The
values obtained under normoxic and hypoxic conditions were not sig-
nificantly different and are therefore pooled. After exhaustive exercise,
a linear correlation was obtained between the two variables (y = -0.65
+ 7.74x; r = 0.84, P < 0.05).
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Figure 2. Relationship between the acetyl-CoA/CoASH and the acetyl-
carnitine/carnitine ratios in skeletal muscle. The acetyl-CoA/CoASH
and the acetylcarnitine/carnitine ratios were determined in skeletal mus-
cle of six subjects at rest (open symbols) and after exhaustive exercise
(closed symbols) under normoxic and hypoxic conditions as described
in Methods. The values obtained under normoxic and hypoxic conditions
were not significantly different and are therefore pooled. After exhaus-
tive exercise, a linear correlation was obtained between the two variables
(y = -0.02 + 0.96x; r = 0.79, P < 0.05).

The carnitine pool in skeletal muscle is characterized in
Table IV. In agreement with the changes observed in the CoA
A pool, exhaustive exercise was associated with a significant
increase in the acetylcarnitine content, both under normoxic
and hypoxic conditions. However, in contrast to the changes
observed in the CoA pool, exhaustive exercise led also to a
significant increase in the skeletal muscle short-chain acylcarni-
tine content and to a corresponding decrease in the free carnitine
content. The acetylcarnitine content expressed as a fraction of
the short-chain acylcarnitine content decreased from 97% at
rest to 59% after exhaustive exercise under normoxic condi-
tions, and from 76-72% under hypoxic conditions. Similar to
the CoA pool, the skeletal muscle contents of total acid-soluble
carnitine, long-chain acylcarnitine, and total carnitine were not
affected by exercise. As shown in Fig. 2, in skeletal muscle
obtained after exhaustive exercise, the acetyl-CoA/CoASH and
the acetylcarnitine/camitine ratios showed a linear correlation
and were both increased in comparison to the corresponding
values at rest.

Table IV. Carnitine Content in Skeletal Muscle

Normoxia Hypoxia

Preexercise Exhaustion Preexercise Exhaustion

Free carnitine 2.65±0.64 1.15±0.52* 2.70±0.24 1.34±0.32*
Acetylcarnitine 0.32±0.20 0.95±0.33* 0.48±0.19 1.24±0.24*
Short-chain

acylcarnitine 0.33±0.11 1.61±0.48* 0.63±0.28 1.73±0.58*
Total acid-soluble

carnitine 2.98±0.69 2.76±0.56 3.33±0.35 3.07±0.50
Long-chain

acylcarnitine 0.14±0.04 0.15±0.02 0.17±0.03 0.17±0.03
Total carnitine 3.12±0.72 2.91±0.57 3.50±0.37 3.24±0.50

The subjects (n = 6) performed bicycle exercise on a constant workload (see
Table I) above the lactate threshold under normoxic and hypoxic conditions as
described in Methods. The carnitine content was determined with a radioenzymatic
method in muscle biopsies obtained at rest (preexercise) and after exhaustive
exercise. Units are mnmol/kg muscle wet weight. Data are presented as mean±SD.
No significant differences were detected between hypoxia and normoxia.
* P < 0.05 exhaustion vs preexerice.

Skeletal Muscle Carnitine and CoA Metabolism in Humans 1493
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The relationship between the acetyl-CoA/CoASH and the
acetylcamitine/carnitine pools can be described by the apparent
equilibrium constant (apparent Keq) of the reaction: CoASH
+ acetylcarnitine acetyl - CoA + carnitine, which is medi-
ated by the action of the carnitine acetyltransferase (10, 33).
As shown in Table V, the apparent Keqs were significantly higher
at rest, compared to the values obtained after exhaustive exer-
cise. The values of the apparent Kqs obtained after exercise are
close to unity, both under normoxic and hypoxic conditions.

Discussion

The major findings of the current studies are the maintenance
of the skeletal muscle CoASHcontent after exhaustive exercise,
both under normoxic and hypoxic conditions, and the close
relationship between the CoA and the carnitine pools in the
exercising muscle.

In agreement with results obtained in humans (34), the
CoASHcontent in the resting muscle accounted for 40-50%
of the total acid-soluble CoA content, acetyl-CoA for 20%,
and short-chain acyl-CoAs different from acetyl-CoA (non-ace-
tyl short-chain acyl-CoA equals short-chain acyl-CoA minus
acetyl-CoA) for 30%. After exhaustive exercise, the skeletal
muscle content of CoASH, total acid-soluble CoA, and total
CoA had not changed significantly, whereas the acetyl-CoA
content was increased by a factor of two, both under normoxic
and hypoxic conditions. Similar results were obtained in studies
characterizing the skeletal muscle CoA and carnitine pools in
the exercising horse (8). These findings indicate that acetyl-
CoA is generated at the expense of non-acetyl short-chain acyl-
CoAs in the working skeletal muscle. As discussed below, the
CoASHutilized for the formation of acetyl-CoA is generated
predominantly by the reaction of non-acetyl short-chain acyl-
CoAs with carnitine, a reaction mediated by carnitine acyltrans-
ferases (1, 11). The maintenance of the CoASH content in
skeletal muscle during exhaustive exercise therefore appears to
be an important consequence of the interaction between the
CoA and the carnitine pools, and the results of the current
studies underscore the function of carnitine as a buffer of the
CoA pool in the working skeletal muscle (10, 13, 14). Im-
portantly, the current studies also demonstrate that exhaustion is
not caused by depletion of the skeletal muscle CoASHcontent.

Table V. Relationship between the CoA and the Carnitine Pools
in Skeletal Muscle

Apparent K,q

Nonloxia Hypoxia

Preexercise 3.74±1.34 2.57± 1.27
Exhaustion 0.95±0.31t 0.89±0.1 t

The subjects (n = 6) performed bicycle exercise on a constant workload
above the lactate threshold (see Table I) under normoxic and hypoxic
conditions as described in Methods. The CoA and the carnitine pools
were analyzed in muscle biopsies obtained at rest (preexercise) and after
exhaustive exercise. The apparent equilibrium constant (apparent K *)
was calculated for the reaction CoASH+ acetylcarnitine = acetyl-CoA
+ carnitine. Data are presented as mean±SD. No significant differences
were detected between hypoxia and normoxia. * ([acetyl-CoA] X [car-
nitine])/([CoASH] X [acetylcarnitine]). * P < 0.05 exhaustion vs pre-
exercise.

In agreement with earlier studies (3), exercise above the
lactate threshold was associated with a three- to fivefold increase
in the skeletal muscle short-chain acylcarnitine content and a
corresponding decrease in the free carnitine content. These re-
sults suggest that, in contrast to the CoA pool, predominantly
free carnitine is used for the formation of short-chain acylcarni-
tines. Further, the present studies show that acetylcarnitine for-
mation accounted for 50% of the exercise-associated increase
in the skeletal muscle short-chain acylcarnitine content under
normoxic conditions, and for 69% under hypoxic conditions.
These results are in agreement with similar studies in humans
(5) and in horses (6-8). While acetylcarnitine represents the
most abundant acylcarnitine species in the skeletal muscle carni-
tine pool, both under resting conditions and after exhaustive
exercise, it is also interesting to note that the short-chain acyl-
carnitine content different from acetylcarnitine (non-acetyl
short-chain acylcamitine equals short-chain acylcarnitine minus
acetylcarnitine) showed an exercise-associated increase from
0.01-0.66 mmol/kg under normoxic conditions, and from
0.15-0.45 mmol/kg under hypoxic conditions. This finding
is consistent with the observation discussed in the preceding
paragraph that predominantly non-acetyl short-chain acyl-CoAs
are used for the formation of acetyl-CoA. Moreover, it indicates
that non-acetyl short-chain acyl-CoAs are converted to the cor-
responding acylcarnitines and that the CoASHproduced by this
reaction is used for the formation of acetyl-CoA. It is well
established that non-acetyl short-chain acylcarnitines can be
formed from the corresponding acyl-CoAs and can be exported
from mitochondria (12, 35).

As can be calculated from Table IV, the skeletal muscle
short-chain acylcarnitine content increased with exercise by
1.28 mmol/kg under normoxic conditions, and by 1.10 mmol/
kg under hypoxic conditions. Since these increases are 30-40
times larger than the total skeletal muscle CoA content, they
further illustrate the significance of the interaction between the
CoA and the carnitine pools, in order to avoid complete acyla-
tion of the functionally important CoASHpool.

As shown in Fig. 2, we found a linear correlation between
the acetyl-CoA/CoA and the acetylcarnitine/carnitine ratios in
skeletal muscle after exhaustive exercise. Similar correlations
have been described in rat hearts (10) or rat hindlimbs (36)
perfused with different substrate combinations to modulate the
acetylation state of the CoA and the carnitine pools, and in
skeletal muscle of exercising horses (8). Interestingly, in
agreement with studies in exercising horses (8), the acetylcarni-
tine/carnitine ratios in skeletal muscle at rest fall below the
regression line obtained for the corresponding values after ex-
haustive exercise. Consequently, the apparent Keqs describing
the reaction between the acetylcarnitine/carnitine and the ace-
tyl-CoA/CoASH pools catalyzed by the carnitine acetyltrans-
ferase, were significantly higher at rest, compared to the values
obtained after exhaustive exercise (Table V). The apparent Kes
obtained after exercise are close to 0.6, the value of the in vitro-
determined Keq for this reaction (33). The difference in the
apparent Keqs obtained at rest and after exhaustive exercise may
be explained by the compartmentation of the cellular CoA and
carnitine pools. The cellular CoA pool in rat hearts is localized
to > 90% intramitochondrially, whereas the carnitine pool is
localized to > 90% extramitochondrially (37). Since the skele-
tal muscle carnitine pool is two orders of magnitude larger than
the CoA pool (8) (Tables III and IV), the intramitochondrial
concentration of total CoA and carnitine are estimated to be
in the same range, at 2 mmol/liter (37). Based on these

1494 R. Friolet, H. Hoppeler, and S. Krahenbuhl



considerations, it can be hypothesized that, under resting condi-
tions, only the mitochondrial CoAand carnitine pools are equili-
brated, and that a total cell equilibrium between the two pools
is achieved when the flux through the pyruvate dehydrogenase
and the generation of acetyl-CoA are increased, as observed in
the exercising skeletal muscle.

In agreement with earlier studies (16, 17, 38, 39), exercise
under hypoxic conditions was associated with decreased Vo2,
and increased RERand blood lactate concentrations in compari-
son to normoxic conditions (Table II). In the current studies,
acute hypoxia had no significant effect on the skeletal muscle
CoA and carnitine pools, only a trend for an increase in the
acetyl- and short-chain acylcarnitine pools can be detected (Ta-
ble IV). In comparison, endurance exercise under hypoxic con-
ditions was associated with an increase in the acylcarnitine pool
in skeletal muscle (18), suggesting that sustained hypoxia, in
particular combined with endurance exercise, could be associ-
ated with changes in the skeletal muscle carnitine pool.

In conclusion, the skeletal muscle CoASH content is not
significantly altered with exhaustive exercise, whereas the ace-
tyl-CoA and the acetylcarnitine contents both increase and the
free carnitine content decreases. The current studies demon-
strate the close interaction of the CoA and the carnitine pools
in the working skeletal muscle and underscore the importance
of the buffer role of carnitine in maintaining the CoASHpool.
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