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Abstract

Carnitine metabolism has been previously shown to change
with exercise in normal subjects, and in patients with ischemic
muscle diseases. To characterize carnitine metabolism further
during exercise, six normal male subjects performed constant-
load exercise on a bicycle ergometer on two separate occasions.
Low-intensity exercise was performed for 60 min at a work
load equal to 50% of the lactate threshold, and high-intensity
exercise was performed for 30 min at a work load between the
lactate threshold and maximal work capacity for the individ-
ual. Low-intensity exercise was not associated with a change in
muscle (vastus lateralis) carnitine metabolism. In contrast,
from rest to 10 min of high-intensity exercise, muscle short-
chain acylcarnitine content increased 5.5-fold while free carni-
tine content decreased 66%, and muscle total carnitine content
decreased by 19% (all P < 0.01). These changes in skeletal
muscle carnitine metabolism were present at the completion of
30 min of high-intensity exercise, and persisted through a 60-
min recovery period. With 30 min of high-intensity exercise,
plasma short-chain and long-chain acylcarnitine concentra-
tions increased by 46% and 23%, respectively. Neither exercise
state was associated with a change in the urine excretion rates
of free carnitine or acylcarnitines. Thus, alterations in skeletal
muscle carnitine metabolism, characterized by an increase in
acylcarnitines and a decrease in free and total carnitine, are
dependent on the work load and, therefore, the metabolic state
associated with the exercise, and are poorly reflected in the
plasma and urine carnitine pools.

Introduction

With exercise, there are fundamental changes in skeletal mus-
cle energy metabolism that are dependent on exercise intensity
and duration. When constant-load exercise is performed at a
low intensity (< 35-45% of maximal oxygen consumption),
there is an increase in both the plasma concentration and up-
take of free fatty acids by exercising muscle (1, 2). As free fatty
acids become the major substrate for energy metabolism, there
is a fall in the plasma concentrations of insulin and glucose
(3-5). With low-intensity exercise, blood lactate concentration
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does not increase, and oxygen uptake kinetics remain at a
steady state (1, 4-6).

In contrast, with high-intensity exercise at a constant work
load (70-80% of maximal oxygen consumption), there is a
decrease in the plasma concentration and turnover of free fatty
acids, and an increase in the plasma concentration of glucose
(1). At high work loads, carbohydrates serve as the primary
substrate for exercising muscle, with an increase in the oxida-
tion of amino acids also contributing to muscle energy metab-
olism (7, 8). At these high exercise loads, there is a rise in blood
lactate concentration, oxygen uptake kinetics may not reach
steady state, and exercise can be sustained for only short pe-
riods of time (1, 6, 9). Thus, high-intensity and low-intensity
exercise reflect two qualitatively distinct states of skeletal
muscle metabolism. The transition between these two exercise
metabolic states occurs at a work load approximated by the
lactate threshold, defined as the exercise intensity at which
elevated plasma lactate concentrations are first seen (6, 9-1 1).

Exercise has been shown to alter carnitine metabolism.
Carnitine is an essential cofactor for the transport of long-
chain fatty acyl groups (fatty acids with 10 or more carbon
atoms) into the mitochondria for ,B-oxidation to acetyl coen-
zyme A (CoA) (12). Under some metabolic conditions, carni-
tine also serves as a "buffer" ofthe metabolically critical mito-
chondrial acyl-CoA pool (13). Short-chain acylcarnitines (acyl
groups less than 10 carbon atoms) are formed from, and are in
equilibrium with, the corresponding intracellular short-chain
acyl-CoA esters ( 14). Thus, changes in the distribution of total
carnitine between acylcarnitines and free carnitine reflect sim-
ilar changes in the acyl-CoA pool (14, 15).

In humans, the content of acylcarnitines in muscle has
been shown to increase after exercise in some studies, but not
in others (16, 17). Exercise has also been associated with in-
creases in both the plasma concentration ofacylcarnitines and
the urine excretion of free carnitine (16, 18). However, in
animals changes in the plasma and urine carnitine pools may
reflect production from tissues other than muscle ( 15). As dis-
cussed above, the metabolic state of exercising muscle is fun-
damentally different at different work loads. In that changes in
carnitine metabolism reflect changes in tissue metabolism,
these differences in metabolic state must be incorporated into
the design of studies examining carnitine metabolism in exer-
cise and may explain the apparently discrepant results to date.
An understanding of the relationship between carnitine me-
tabolism and exercise is critical as studies are extended to the
evaluation of carnitine metabolism in disease states (19, 20)
and as carnitine is used as a therapeutic agent to improve
exercise performance (21-23).

The current studies evaluate the hypothesis that alterations
in skeletal muscle metabolism during exercise lead to changes
in carnitine metabolism which reflect the metabolic state of
muscle. The results demonstrate a rapid, large redistribution of
total skeletal muscle carnitine towards acylcarnitines with
short-duration, high-intensity, but not with long-duration,
low-intensity exercise. Changes in skeletal muscle carnitine
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Table I. Description ofSubjects on Entry

Selected

Subject Maximal heart rate Maximal work load Maximal V02 Lact load Lact V02 Lact percent HI load LO load

beats/min kg- m/min ml/(kg min) kg m/min ml (kg- min) %

1 175 1,400 41.4 800 23.2 56 1,000 400
2 175 1,800 42.1 1,000 27.8 66 1,400 600
3 190 2,000 52.9 1,200 30.8 58 1,500 500
4 190 1,400 37.9 800 22.0 58 1,100
5 193 2,000 53.6 1,000 31.9 60 1,500 500
6 182 1,800 45.9 800 25.0 55 1,300 300

Mean 184±3 1,733±96 45.6±2.6 933±67 26.8±1.7 59±2 1,300±86 460±51

Six normal subjects underwent a graded bicycle ergometer test to maximal exertion in 200-kg rm/min, 2-min stages. Maximal heart rate, work
load, and oxygen consumption [Max V02 in ml/(kg . min)] were determined. The work load (lact load), oxygen consumption (Lact V02), and
percentage of maximal oxygen consumption (Lact percent) at which the concentration of blood lactate increased was estimated. From this ini-
tial evaluation, a work load was selected for high-intensity (HI load) and low-intensity (LO load) exercise as described in the text. One subject
was not studied with the low-intensity protocol. Data represent mean±SE.

metabolism were poorly reflected in the plasma and urine car-
nitine pools.

Methods

Subjects. Six male subjects, who were on no medications and in good
health, were enrolled in the study. The subjects were physically active
and performed exercise on a regular basis, but none was a competitive
athlete. Their mean age was 25±2 yr, and they weighed 76±2 kg. The
study protocols were approved by the University ofColorado School of
Medicine Human Subjects Committee and informed consent was ob-
tained from all subjects.

Initial evaluation. All subjects were familiarized with the testing
procedures including an initial bicycle exercise test. A second exercise
evaluation was performed for each subject to characterize each individ-
ual's metabolic response as a function ofwork load. Before exercise, an
intravenous catheter was placed in a forearm vein. Maximal exercise
testing was performed to exhaustion on a bicycle ergometer (Uniwork
ergometer model 845, Quinton Instruments, Seattle, WA) with 200-
kg m/min increments in work load every 2 min. At rest and during
each minute of exercise, heart rate was monitored by 12-lead electro-
cardiogram and blood pressure taken by auscultation. Ventilation
(VE),' oxygen consumption (VO2), carbon dioxide production
(VCO2), and the respiratory exchange ratio (RER) determined as
VCO2/VO2 were measured continuously with a metabolic cart (Ther-
mox, Ametek Inc., Pittsburgh, PA). This system was calibrated with
known concentrations of 02 and CO2 before each exercise test. Blood
was drawn at the end of each minute of exercise for measurements of
blood lactate.

From the initial studies, the work load and V02 at which blood
lactate concentration increased was estimated (Table I). At low exer-
cise intensities, blood lactate concentration remains unchanged from
resting values, but as the work intensity is increased, there is a point
where blood lactate concentration increases progressively (9-11). The
lactate threshold can be defined as the inflection point for the increase
in blood lactate concentration (9, 10). For the study group, the lactate
threshold occurred at a work load that was 59% of the maximal work
load, and at a V02 that was 60% of the maximal V02 (Table I). For
subsequent testing, the low-intensity work load in an individual was

1. Abbreviations used in this paper: RER, respiratory exchange ratio;
VCO2, carbon dioxide production; VE, ventilation; V02, oxygen pro-
duction.

determined as a work load that was 50% of the lactate threshold. The
high-intensity work load was defined as the lactate threshold plus 50%
of the difference between the lactate threshold and the maximal work
load. This method allows for a uniform selection of exercise intensity
for each subject in regards to the metabolic differences between low-
and high-intensity exercise (6, 9).

Exercise testing. The order of the subsequent low- and high-inten-
sity exercise protocols was randomized, and the tests were separated by
an average of 7 d. Subjects were studied after an overnight fast. Urine
was obtained for analysis of creatinine, free carnitine, and acylcarni-
tines. An 18-g intravenous catheter, with a three-way stopcock, was
placed in a large vein in the forearm and patency was maintained by
flushing with heparinized saline. Blood was drawn at 10 min, 5 min,
and immediately before exercise for determination of free carnitine,
acylcarnitines, f,-hydroxybutyrate, and lactate concentrations, with the
results averaged to determine baseline values for these parameters.
Baseline measurements of V02, VCO2, and RER were obtained for 6
min at rest. At rest, a needle biopsy was performed in the vastus
lateralis muscle in the lateral aspect of the thigh using a 5-mm needle
(Bergstrom muscle biopsy cannula, DePuy, Boehringer Manneheim
Corp., Warsaw, IN). Muscle tissue was assayed for free carnitine and
acylcarnitines. The thigh was wrapped with a nonconstricting elastic
bandage and exercise was begun within 15 min of the biopsy.

Exercise was performed on the bicycle ergometer for 60 min (low
intensity) or for 30 min (high intensity) at a constant work load (Table
I). However, in three subjects the load during high-intensity exercise
was reduced 100-200 kg im/min during the last 10 min of exercise
because of fatigue. Respiratory measurements were obtained contin-
uously for the first 10 min of exercise, and at the time points indicated
in Table II. Blood samples were drawn at 10, 30, 40, 50, and 60 min of
low-intensity exercise and at 5, 10, 15, 20, and 30 min ofhigh-intensity
exercise (Table II). After 10 min of exercise, subjects had a second
biopsy performed at a site within 1 cm of the previous biopsy. This
procedure interrupted the exercise session for not more than 2 min. A
final biopsy was performed at the end ofthe exercise period, and then a
urine sample was obtained.

At the completion of exercise, subjects returned to the supine posi-
tion. Respiratory measurements and blood samples were obtained at
10, 30, and 60 min after exercise (i.e., recovery), and urine was ob-
tained after 60 min of recovery. In four subjects after high-intensity
exercise, an additional muscle biopsy was obtained after 60 min of
recovery.

Sample preparation. To each urine specimen, 25 ul of 1.2 M-HCI
was added, the volume was measured, and samples were then frozen in
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liquid nitrogen. Blood samples (5 ml) were withdrawn and immedi-
ately placed in a heparinized tube on ice. The sample was then centri-
fuged at 600 g for 3 min in chilled centrifuge tubes, and plasma ali-
quots frozen in liquid nitrogen. Muscle samples ofbetween 30 and 100
mg were immediately frozen in liquid nitrogen. All samples were
stored at -70°C for subsequent analysis. Blood samples for lactate
determination (25 ul) were immediately placed in chilled perchloric
acid, vortexed, and stored on ice until assayed.

Assay methods. Carnitine was measured by a radioenzymatic assay
(24), as previously described by Brass and Hoppel (15). Plasma and
muscle samples were prepared in perchloric acid and centrifuged at
10,000 g for 2 min. The acid-soluble fraction (supernatant) was as-
sayed for free carnitine and short-chain acylcarnitines, and the acid-in-
soluble fraction (pellet) was used to determine the long-chain acylcar-
nitine content. Total acid-soluble carnitine concentration is the sum of
the free carnitine and short-chain acylcarnitine concentrations. The
ratio ofshort-chain acylcarnitine content to total acid soluble carnitine
content was determined from these measurements. Total camitine is
the sum of free carnitine, short-chain acylcarnitine, and long-chain
acylcarnitine concentrations. Each sample was assayed in duplicate,
with the average result reported.

Urine samples were assayed for free carnitine and short-chain
acylcarnitines as described above except that the perchloric acid frac-
tionation was omitted. The urinary excretion rate of carnitine was

estimated as the concentration of free camitine or short-chain acylcar-
nitine in micromolar, normalized to the urine concentration of creati-
nine in millimolar. As creatinine clearance changes with exercise (25),
this normalization corrects for changes in renal function not specific
for carnitine.

The plasma concentration of 63-hydroxybutyrate was measured by
the method ofOlsen (26). Blood lactate concentration was assayed by a
lactate dehydrogenase method (27).

Statistical analysis. Values are reported as mean±standard error of
the mean. Subjects served as their own controls in that measurements
at rest were compared with changes during exercise and recovery.
Changes during exercise or recovery were compared with rest values by
an analysis of variance for repeated measures. Post-hoc testing was
performed with Dunnett's test (28). Values between groups were com-
pared with Student's t test for unpaired data. Significance was defined
asP < 0.05.

Results

Low-intensity exercise state. Low-intensity exercise was char-
acterized by increases in heart rate, systolic blood pressure,
V02, VE, and RER that were similar to those observed in
previous studies (Table II) (1, 4). There was no change in

Table II. Hemodynamic, Respiratory, and Metabolic Changes with Exercise

Low intensity

Exercise Recovery

min min

Measurement Rest 10 30 40 50 60 10 30 60

Heart rate, beats/min 70±4 105±3* 104±3* 105±5* 108±4* 108±5* 69±3 71±5 68±3
Systolic blood pressure, mmHg 121±3 136±3* 138±2* 137±2* 137±2* 141±5* 121±6 115±3 116±3
Diastolic blood pressure, mmHg 81±1 85±3 81±2 81±3 81±2 80±2 81±2 73±2 79±3
V02, ml/(kg. min) 5±0 18±1* 18±1* 18±1* 18±0* 18±0* 6±0 5±1 5±0
V02 % 11±1 39±3* 39±4* 39±4* 38±3* 39±3* 12±1 12±2 10±1
VE, liters/min 11±1 34±3* 34±3* 34±3* 35±3* 36±2* 14±1 13±1 11±1
RER, % 75±4 84±3* 85±2* 83±2* 86±4* 88±3* 77±3 73±2 79±5
Plasma lactate concentration, mM 0.9±0.2 0.8±0.2 0.7±0.1 0.7±0.1 0.7±0.1 0.8±0.1 0.8±0.1 0.8±0.1
Plasma ,-hydroxybutyrate

concentration, AM 70±30 50±20 60±30 70±40 70±40 70±40 100±40 110±40 70±30

High intensity

Exercise Recovery

min min

Measurement Rest 5 10 15 20 30 10 30 60

Heart rate, beats/min 68±6 149±5* 166±5* 170±5* 169±3* 177±3* 108±5* 83±5 79±6
Systolic blood pressure, mmHg 124±2 162±8* 162±3* 162±5* 169±3* 165±5* 115±5 116±4 110±3*
Diastolic blood pressure, mmHg 82±2 78±5 80±2 72±2* 68±3* 69±3* 82±2 76±2* 78±2*
V02, ml/(kg.min) 5±0 37±1* 41±2* 40±2* 40±2* 40±2* 6±0* 5±0 5±0
V02 % 11±1 71±14* 89±3* 87±3* 87±2* 87±2* 14±1* 12±1 12±1
VE, liters/min 11±1 97±10* 109±11* 108±13* 112±11* 118±12* 15±2* 11±1 12±1
RER, % 77±3 106±4* 101±2* 98±1* 97±1* 97±1* 70±2* 67±2* 73±3
Plasma lactate concentration, mM 0.7±0.1 3.0±0.5* 4.4±0.5* 4.8±0.4* 5.4±0.6* 5.8±0.5* 3.5±0.5* 1.8+0.3*
Plasma s-hydroxybutyrate

concentration, MM 80±30 70±20 60±20 50±10 60±10 80±10 130±30 90±40 70±20

Subjects were studied at low-intensity and high-intensity work loads as described in the text. Within groups, * indicates P < 0.05 compared with
resting value using analysis of variance.
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diastolic blood pressure, or the plasma concentrations of lac-
tate or f-hydroxybutyrate. All values remained constant be-
tween 10 and 60 min ofexercise except for a small, 2-liter/min
increase in VE at 60 min of exercise.

With low-intensity exercise, there was no change in the
muscle content of free carnitine (4,450±4 10 nmol/g at rest and
3,730±280 nmol/g at the end of exercise, Fig. 1). Short-chain
acylcarnitine content was 640±220 nmol/g at rest and
620±250 nmol/g after 60 min of exercise. Similarly, long-
chain acylcarnitine and total carnitine content did not change
with exercise.

In plasma with low-intensity exercise, long-chain acylcar-
nitine concentration increased from 5.7±0.5 ,uM at rest to
6.6±0.5 ,uM at 10 min of recovery (Fig. 1). The plasma con-
centrations of free carnitine, short-chain acylcarnitine, and
total carnitine remained unchanged. The urine excretion of
free carnitine and short-chain acylcarnitine did not change
after 60 min of exercise or 60 min of recovery (Table III).

High-intensity exercise state. High-intensity exercise was
characterized by greater increases in heart rate, systolic blood
pressure, V02, VE, and RER than observed with low-intensity
exercise (Table II). The blood lactate concentration was
0.7±0.1 mM at rest, increased after 5 min of exercise to
3.0±0.5 mM, and continued to rise to a concentration of
5.8±0.5 mM after 30 min of exercise. As previously described,
several other parameters appeared not to reach steady state
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Figure 1. Carnitine metabolism during low-intensity exercise. In the
upper graph, the muscle content of free carnitine (CN), short-chain
acylcarnitine (SC), long-chain acylcarnitine (LC), and total carnitine
(TOTAL) was measured at rest, and after 10 and 60 min of exercise.
In the lower graph, the plasma concentrations of free carnitine and
acylcarnitines were measured at rest, and at multiple time points
during exercise and recovery. Data are mean±SE and *P < 0.05
compared with the resting value.

Table III. Urine Carnitine Excretion at Rest and after Exercise
and Recovery

Urine camitine concentration/
creatinine concentration

Carnitine Rest Peak Post

X10

Free
LO 11.5±5.0 16.2±5.4 14.3±4.8
HI 7.7±2.2 8.9±2.6 6.5±2.7

Short-chain acyl
LO 11.5±1.6 10.7±1.7 11.7±1.9
HI 9.5±0.7 10.2±1.0 8.9±0.7

Total acid-soluble
LO 23.0±6.5 26.9±6.5 26.0±4.7
HI 17.3±2.8 19.1±2.4 15.4±3.1

Urine carnitine concentration (micromolar) was normalized to urine
creatinine concentration (millimolar) to express the excretion rate of
carnitine. "Peak" refers to samples obtained after 60 min of low-in-
tensity exercise (LO) or 30 min of high-intensity exercise (HI), and
"Post" to samples obtained after 60 min of recovery. Total acid-solu-
ble is the sum of free and short-chain acylcarnitine. There were no
changes in the excretion of free carnitine or acylcarnitines during ex-
ercise or recovery.

during high-intensity exercise (6). At 3 min of high-intensity
exercise, V02 was 34.9±1.6 ml/(kg -min), then increased to
41.0±2.0 ml/(kg * min) at 10 min, and remained constant dur-
ing the remainder of exercise. At 5 min of exercise, heart rate
was 81% of maximal heart rate determined from the initial
maximal exercise test. However, at 30 min of exercise it had
risen to 97% of the maximal exercise heart rate. The plasma
concentration of f3-hydroxybutyrate did not increase during
high-intensity exercise or recovery.

After only 10 min of high-intensity exercise, muscle short-
chain acylcarnitine content increased from a resting value of
470±140 nmol/g to 2,570+420 nmol/g, whereas free carnitine
content decreased from 4,690±490 nmol/g at rest to
1580±280 (Fig. 2). At the 10-min time point, muscle long-
chain acylcarnitine content was unchanged, but muscle total
carnitine content decreased from 5,320+420 nmol/g at rest to
4,290±300. After completing 30 min of high-intensity exer-
cise, muscle short-chain acylcarnitine content was 2,970±500
nmol/g and muscle free carnitine content was 1,350±190
nmol/g. Skeletal muscle total carnitine did not change be-
tween 10 and 30 min of high-intensity exercise (4,460±400
nmol/g after 30 min), but remained less than resting values.

After 1 h of recovery, skeletal muscle total carnitine con-
tent had returned to baseline values, but short-chain acylcar-
nitine content remained elevated at 2,850±990 nmol/g and
free carnitine content decreased to 2,180±690 nmol/g. Thus,
high-intensity exercise was characterized by a rapid change in
carnitine metabolism that partially persisted through 60 min
of recovery.

The plasma free carnitine concentration was increased
after 15 min of high-intensity exercise, but was unchanged
from resting values during the remainder of exercise and re-
covery (Fig. 2). The plasma short-chain acylcarnitine concen-
tration increased from 7.0±1.2 gM at rest to 10.2±1.4 at 30
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Figure 2. Carnitine metabolism during high-intensity exercise. In the
upper graph, the muscle content of free carnitine (CN), short-chain
acylcarnitine (SC), long-chain acylcarnitine (LC), and total carnitine
(TOTAL) was measured at rest, and after 10 and 30 min of exercise,
and after 60 min of recovery. In the lower graph, the plasma concen-
trations of free carnitine and acylcarnitines were measured at rest,
and at multiple time points during exercise and recovery. Data are
mean±SE and *P < 0.05 compared with resting values.

min of exercise, and remained elevated (9.9±1.1 ,uM) 10 min
into the recovery period, before returning to baseline levels at
30 min of recovery. The plasma long-chain acylcarnitine con-
centration was increased from 5.7±0.4 ,gM at rest to 7.0±0.5 at
30 min of exercise, and the plasma total carnitine concentra-
tion increased from 63.2±3.9 ,M at rest to 69.9±3.6 at 30 min
of exercise. The urinary excretion rates of free carnitine and
short-chain acylcarnitine did not change from baseline values
after 30 min of exercise, or 60 min of recovery (Table III).

Discussion

Skeletal muscle metabolism varies fundamentally as a func-
tion of work load (6, 9). The high-intensity exercise state was
associated with a rapid change in muscle carnitine metabolism
characterized by a redistribution from free to short-chain acyl-
carnitines, and a decrease in total carnitine content. In con-
trast, 60 min of low-intensity exercise was not associated with
a change in muscle carnitine metabolism. In plasma, the
changes in carnitine metabolism with high-intensity exercise
were small and occurred only after 30 min of exercise. No
changes were observed in urine free carnitine or acylcarnitine
excretion rates with exercise. Thus, skeletal muscle carnitine
content was dramatically altered only with high-intensity ex-
ercise. These changes in skeletal muscle carnitine metabolism
could not be inferred on the basis of measurements in the
plasma or urine compartments.

In the current studies, the low- and high-intensity exercise
protocols were well defined, based on each individual's lactate
threshold, and represented distinctly different states of skeletal
muscle metabolism (1-7). Low-intensity exercise was easily
maintained for 60 min, without a change in blood lactate con-
centration. Substrate utilization during low-intensity exercise
(from the RER), was estimated to be 50% carbohydrate and
50% fat (29). High-intensity exercise was maintained for 30
minutes (to the point of near-exhaustion in three subjects),
with a progressive increase in blood lactate concentration in all
subjects. Substrate utilization was estimated to be 100% car-
bohydrate during the high-intensity exercise period.

In humans and animals, the ratio of short-chain acylcarni-
tine content to the total acid soluble carnitine content provides
a useful index ofcarnitine metabolism under varied metabolic
states (14, 15, 19, 30). A redistribution of the carnitine pool
from free toward acylcarnitines is reflected by an increase in
this ratio. With low-intensity exercise, this ratio was not
changed in either muscle, plasma, or urine after 60 min of
exercise, or in plasma and urine after 60 min of recovery
(Table IV). Thus, in none of the three compartments was the
low-intensity exercise state associated with a change in carni-
tine metabolism. In contrast, with high-intensity exercise, the
ratio ofshort-chain acylcarnitine to total acid-soluble carnitine
in muscle increased from 0.10±0.03 to 0.61±0.07 after only 10
min of exercise and was 0.67±0.07 at the end of exercise. This
indicates that a majority of free carnitine in muscle was rapidly
converted to acylcarnitines. Compared with the large changes
in muscle after 10 min of exercise, the ratio in plasma in-
creased modestly, and only after 30 min of exercise. Measure-
ments in urine demonstrated no change in carnitine metabo-
lism immediately after high-intensity exercise, in contrast to
the measurements in skeletal muscle and plasma.

Previous studies in humans evaluating carnitine metabo-
lism with exercise did not thoroughly assess the differences in
metabolic state relative to exercise intensity (16, 17). In these
prior studies, subjects performed constant-load exercise at

Table IV. Ratio ofShort-Chain Acylcarnitine/Total Acid-Soluble
Carnitine at Rest, during Exercise, and after Recovery

Low-intensity exercise
60 min

Rest 10 min 60 min recovery

Muscle 0.13±0.04 0.14±0.06 0.14±0.05
Plasma 0.16±0.03 0.16±0.04 0.08±0.03 0.08±0.04
Urine 0.61±0.10 0.48±0.10 0.54±0.12

High-intensity exercise
60 min

Rest 10 min 30 min recovery

Muscle 0.10±0.03 0.6 1±0.07* 0.67±0.07* 0.54±0.15*
Plasma 0.13±0.03 0.15±0.02 0.17±0.03* 0.16±0.02
Urine 0.59±0.05 0.56±0.07 0.65±0.07*

The ratio of short-chain acylcarnitine/total acid-soluble carnitine was
determined from measurements in muscle, plasma, and urine at rest,
during 10 min of exercise, at the completion of exercise, and after 60
min of recovery.
* P < 0.05 compared with resting measurement.
t P < 0.05 compared with value at 30 min of exercise.
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50-56% oftheir maximal V02, which may have been metabol-
ically high intensity for some subjects, but low intensity for
others (6, 9). The current data suggest that muscle carnitine
metabolism does not change in a graded fashion with exercise.
Muscle carnitine metabolism changed only when exercise was
of sufficient intensity to qualitatively alter muscle substrate
metabolism. Consistent with this perspective, short-duration,
high-intensity exercise has been shown to increase the skeletal
muscle content of acetylcarnitine in humans and animals
(31-33), but intermediate exercise intensities, as noted above,
have a varied effect on muscle carnitine metabolism (16, 17).
In the current study, the specific acyl-moieties incorporated
into the skeletal muscle short-chain acylcarnitine pool during
high-intensity exercise are unknown, and are currently being
characterized.

After 60 min of recovery from high-intensity exercise, total
muscle carnitine content returned to baseline values. How-
ever, short-chain acylcarnitine content remained elevated, and
free carnitine content was only 46% of resting values, reflecting
a continued redistribution ofthe carnitine pool. The finding of
a persistent change in muscle carnitine metabolism into recov-
ery is consistent with the observation that in humans, meta-
bolic rate and substrate utilization remain altered for several
hours after exercise (34), and may have implications for the
performance of repetitive bouts of high-intensity exercise. In
contrast to the changes in muscle after 60 min of recovery
from high-intensity exercise, the plasma acylcarnitine concen-
trations, and the ratio of short-chain acylcarnitine to total
acid-soluble carnitine had normalized by 30 min of recovery.
In urine after 60 min of recovery from high-intensity exercise,
the ratio of short-chain acylcarnitine concentration to total
acid-soluble carnitine concentration was increased compared
with the value at the end ofexercise (Table IV). Thus, recovery
from high-intensity exercise was associated with alterations in
urine carnitine metabolism in humans as suggested by Suzuki
et al. (18).

Studies of the arterial-venous differences across exercising
muscle in humans have demonstrated that exercise-associated
changes in plasma free carnitine and acylcarnitine concentra-
tions could not be accounted for by simple fluxes across the
exercising muscle (35). The present studies confirm that
plasma poorly reflects exercise-induced changes in muscle me-
tabolism. In animals, alterations in hepatic metabolism can
also result in changes in plasma acylcarnitine concentrations
(15). Most commonly, enhanced ketogenesis is associated with
an elevated plasma short-chain acylcarnitine concentration in
humans and animals (15, 36). Plasma 13-hydroxybutyrate con-
centrations provide a crude assessment of the rate of hepatic
ketogenesis, and no change in plasma f3-hydroxybutyrate con-
centrations were associated with exercise-induced elevations in
plasma acylcarnitine concentrations (Table II). This does not
rule out an hepatic source for the increased plasma acylcarni-
tines with high-intensity exercise, but suggest that it is not a
simple reflection of increased rates of ketogenesis.

Carnitine has been suggested as a therapeutic agent for
patients with ischemic muscle diseases, including angina and
peripheral arterial disease, to clinically improve muscle func-
tion and exercise performance (21, 22). The mechanism by
which carnitine might improve muscle performance is un-
clear. The current studies demonstrate that free carnitine levels
can fall dramatically with exercise as acylcarnitines are gener-
ated. Exercise has been shown to increase plasma acylcarnitine

concentration in patients with peripheral arterial disease ( 19),
and the muscle content of acylcarnitines in patients with
chronic renal disease (20). These observations suggest that in
animals and possibly in humans, carnitine supplementation
may replenish muscle free carnitine content as carnitine is
utilized for the formation of acylcarnitines (37). Further stud-
ies are in progress to extend the current observations of exer-
cise-induced changes in muscle carnitine metabolism to pa-
tients with ischemic diseases. These data are critical in the
development of an understanding of the possible use of carni-
tine as a drug in these settings.

We thank Lori Miller and Ken Schneider for assistance with the study.
This study was supported by a grant from the National Institute on

Disability and Rehabilitation Research (G008635118-88) and the
Henry J. Kaiser Faculty Scholarship Award. Dr. Hiatt was a Henry J.
Kaiser Family Foundation Faculty Scholar in General Internal Medi-
cine.

References

1. Jones, N. L., G. J. F. Heigenhauser, A. Kukis, C. G. Matsos, J. R.
Sutton, and C. J. Toews. 1980. Fat metabolism in heavy exercise. Clin.
Sci. (Lond.). 59:469-478.

2. Wahren, J., Y. Stao, J. Ostman, L. Hagenfeldt, and P. Felig.
1984. Turnover and splanchnic metabolism of free fatty acids and
ketones in insulin-dependent diabetics at rest and in response to exer-
cise. J. Clin. Invest. 73:1367-1376.

3. Pirnay, F., M. Lacroix, F. Mosora, A. Luyckx, and P. Lefebvre.
1977. Effect of glucose ingestion on energy substrate utilization during
prolonged muscular exercise. Eur. J. Appl. PhysioL 36:247-254.

4. Ahlborg, G., and P. Felig. 1976. Influence ofglucose ingestion on
fuel-hormone response during prolonged exercise. J. Appl. Physiol.
41:683-688.

5. Ahlborg, G., and P. Felig. 1977. Substrate utilization during
prolonged exercise preceded by ingestion of glucose. Am. J. Physiol.
233:E188-E 194.

6. Roston, W. L., B. J. Whipp, J. A. Davis, D. A. Cunningham,
R. M. Effros, and K. Wasserman. 1987. Oxygen uptake kinetics and
lactate concentration during exercise in humans. Am. Rev. Respir. Dis.
135:1080-1084.

7. Pirnay, F., J. M. Crielaard, N. Pallikarakis, M. Lacroix, F. Mo-
sora, G. Krzentowski, A. S. Luyckx, and P. J. Lefebvre. 1982. Fate of
exogenous glucose during exercise ofdifferent intensities in humans. J.
Appl. Physiol. 53:1620-1624.

8. Millward, D. J., C. T. Davies, D. Halliday, S. L. Wolman, D.
Matthews, and M. Rennie. 1982. Effect ofexercise on protein metabo-
lism in humans as explored with stable isotopes. Fed. Proc. 41:2686-
2691.

9. Wasserman, K. 1987. Determinants and detection of anaerobic
threshold and consequences of exercise above it. Circulation.
76(Suppl. VI):VI29-VI39.

10. Wasserman, K., W. L. Beaver, L. A. Davis, J. Z. Pu, D. Heber,
and B. J. Whipp. 1985. Lactate, pyruvate and lactate-to-pyruvate ratio
during exercise and recovery. J. Appl. Physiol. 59:935-940.

11. Davis, J. A. 1985. Anaerobic threshold: review of the concept
and directions for future research. Med. Sci. Sports Exercise. 17:6-18.

12. Bremer, J. 1983. Carnitine: metabolism and functions. Physiol.
Rev. 63:1420-1480.

13. Bieber, L. L., R. Emaus, K. Valkner, and S. Farrell. 1982.
Possible functions of short-chain and medium-chain carnitine acyl-
transferases. Fed. Proc. 41:2858-2862.

14. Brass, E. P., and C. L. Hoppel. 1980. Relationship between

1172 Hiatt et al.



acid-soluble carnitine and coenzyme A pools in vivo. Biochem. J.
190:495-504.

15. Brass, E. P., and C. L. Hoppel. 1978. Carnitine metabolism in
the fasting rat. J. Biol. Chem. 253:2688-2693.

16. Carlin, J. I., W. G. Reddan, M. Sanjak, and R. Hodach. 1986.
Carnitine metabolism during prolonged exercise and recovery in
humans. J. Appl. Physiol. 61:1275-1278.

17. Lennon, D. L. F., F. W. Stratman, E. Shrago, F. J. Nagle, M.
Madden, P. Hanson, and A. L. Carter. 1983. Effects of acute moder-
ate-intensity exercise on carnitine metabolism in men and women. J.
Appl. Physiol. 55:489-495.

18. Suzuki, M., M. Kanaya, S. Muramatsu, and T. Takahashi.
1976. Effects of carnitine administration, fasting, and exercise on uri-
nary carnitine excretion in man. J. Nutr. Sci. Vitaminol. 22:169-174.

19. Hiatt, W. R., D. Nawaz, and E. P. Brass. 1987. Carnitine
metabolism during exercise in patients with peripheral vascular dis-
ease. J. Appl. Physiol. 62:2383-2387.

20. Lennon, D. L. F., E. Shrago, M. Madden, F. Nagle, P. Hanson,
and S. Zimmerman. 1986. Carnitine status, plasma lipid profiles, and
exercise capacity of dialysis patients: effects of a submaximal exercise
program. Metab. Clin. Exp. 35:728-735.

21. Cherchi, A., C. Lai, F. Angelino, G. Trucco, S. Caponnetto,
P. E. Mereto, G. Rosolen, U. Manzoli, G. Schiavoni, A. Reale, F.
Romeo, P. Rizzon, L. Sorgente, A. Strano, S. Novo, and R. Immord-
ing. 1985. Effects of L-carnitine on exercise tolerance in chronic stable
angina: a multicenter, double-blind, randomized, placebo controlled
crossover study. Int. J. Clin. Pharmacol. Ther. Toxicol. 32:569-572.

22. Brevetti, G., M. Chiariello, G. Ferulano, A. Policicchio, E.
Nevola, A. Rossini, T. Attisano, G. Ambrosio, N. Siliprandi, and C.
Angelini. 1988. Increases in walking distance in patients with periph-
eral vascular disease treated with L-carnitine: a double-blind, cross-
over study. Circulation. 77:767-773.

23. DalNegro, R., P. Turco, C. Pomari, and F. DeConti. 1988.
Effects of L-carnitine on physical performance in chronic respiratory
insufficiency. Int. J. Clin. Pharmacol. Ther. Toxicol. 26:269-272.

24. Cederblad, G., and S. Lindstedt. 1972. A method for the deter-
mination of carnitine in the picomole range. Clin. Chim. Acta.
37:235-243.

25. Rennie, M. J., R. H. Edwards, S. Krywawych, C. T. Davies, D.

Halliday, J. C. Waterlow, and D. J. Millward. 1981. Effect of exercise
on protein turnover in man. Clin. Sci. (Lond.). 61:627-639.

26. Olsen, C. An enzymatic fluorimetric micromethod for the de-
termination of acetoacetate, ,B-hydroxybutyrate, pyruvate and lactate.
1971. Clin. Chem. Acta. 33:293-300.

27. Rosenberg, J. C., and B. F. Rush. 1966. An enzymatic-spectro-
photometric determination of pyruvic and lactic acid in blood: meth-
odologic aspects. Clin. Chem. 12:299-307.

28. Roscoe, J. T. 1969. Fundamental Research Statistics for the
Behavioral Sciences. Holt, Rinehart and Winston, Inc., New York.
241-242.

29. Du Bois, E. F. 1924. A graphic representation ofthe respiratory
quotient and the percentage ofcalories from protein, fat, and carbohy-
drate. J. Biol. Chem. 59:41-49.

30. Brass, E. P., and S. P. Stabler. 1988. Carnitine metabolism in
the vitamin B-12-deficient rat. Biochem. J. 255:153-159.

31. Harris, R. C., C. V. Foster, and E. Hultman. 1987. Acetylcar-
nitine formation during intense muscular contraction in humans. J.
Appl. Physiol. 63:440-442.

32. Foster, C. V. L., and R. C. Harris. 1987. Formation of acetyl-
carnitine in muscle of horse during high intensity exercise. Eur. J.
Appl. Physiol. 56:639-642.

33. Carter, A. L., D. L. Lennon, and F. W. Stratman. 1981. In-
creased acetylcarnitine in rat skeletal muscle as a result of high-inten-
sity short-duration exercise. FEBS (Fed. Eur. Biochem. Soc.) Lett.
126:21-24.

34. Beilinski, R., Y. Schutz, and E. Jequier. 1985. Energy metabo-
lism during the postexercise recovery in man. Am. J. Clin. Nutr.
42:69-82.

35. Soop, M., 0. Bjorkman, G. Cederblad, L. Hagenfeldt, and J.
Wahren. 1988. Influence of carnitine supplementation on muscle sub-
strate and carnitine metabolism during exercise. J. Appl. Physiol.
64:2394-2399.

36. Genuth, S. M., and C. L. Hoppel. 1979. Plasma and urine
carnitine in diabetic ketosis. Diabetes. 28:1083-1087.

37. Negrao, C. E., L. L. Ji, J. E. Schauer, F. J. Nagle, and H. A.
Lardy. 1987. Carnitine supplementation and depletion: tissue carni-
tines and enzymes in fatty acid oxidation. J. Appl. Physio. 63:315-
321.

Muscle Carnitine Metabolism during Exercise 1173


