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SUMMARY. The effects of L-carnitine on respiratory chain enzymes 
in muscle of long distance runners were studied in 14 athletes. 
These subjects received placebo or L-carnitine (2 g orally 
b.i.d.) during a 4-week period of training. Athletes receiving 
L-carnitine showed a significant increase (p< 0.01) in the 
activities of rotenone-sensitive NADH cytochrome c reductase, 
succinate cytochrome c reductase and cytochrome oxidase. In 
contrast, succinate dehydrogenase and citrate synthase were 
unchanged. No significant changes were observed after placebo 
administration. The levels of both total and free carnitine from 
athletes receiving placebo were significantly decreased (p< 0.01) 
after treatment. By contrast, total and free carnitine levels 
were markedly increased (p< 0.01) after supplementation with L- 
carnitine. Our results suggest that L-carnitine induces an 
increase of the respiratory chain enzyme activities in muscle, 
probably by mechanisms involving mitochondrial DNA. ~~~~~~~~~~~~~ 
Press, Inc. 

Endurance training promotes an increase in the volume and 
mass of mitochondria relative to other cellular constituents 
within muscle fibers of the exercised limbs (1). These 
morphological changes are accompanied by parallel increases in 
the maximum activities of tricarboxylic acid cycle enzymes of 
fatty acid transport and oxidation and in part of respiratory 
chain enzymes (2). 

Carnitine performs a crucial role in the energy supply of 
the muscle during exercise, by controlling the influx of fatty 
acids into mitochondria (3). In addition, carnitine facilities 
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oxidation of pyruvate and branched amino acids (4), and 
contributes to the protection of cells from these deleterious 
agents by preventing the accumulation of acyl CoAs (5). During 
the exercise of long duration, the increased esterification of 
muscle carnitine reduces the free carnitine pool in muscle, 
leading to carnitine insufficiency (6). 

L-carnitine has been shown to stimulate pyruvate 
dehydrogenase complex (PDHC) in human skeletal muscle (4). In the 
same way, the aim of the present study is to asses whether 
treatment with L-carnitine increases the activities of 
respiratory chain enzymes in muscle of endurance athletes. 

MATERIALS AND METHODS 
Subiects and exnerimental protocol. All the subjects were 
volunteers and expressed their informed consent to participate 
in the study. Fourteen well-trained athletes (double blind, 
parallel groups) were studied. All of them were long-distance 
runners (LDR), a specialty requiring physical endurance. 
They have a dietary regimen of 3500 to 4000 Kcal/day, of which 
proteins represent 13 to 15% of the total caloric intake, and 
lipids 25% to 30%. Muscle needle biopsies (Vastus lateralis, 
average net weight: loo-150 mg) were taken at rest to determined 
basal values of the respiratory chain enzymes and carnitine 
content. The LDR were then divided at random in two groups: the 
first group (7 males) was treated with 2 g orally b.i.d. of L- 
carnitine (Sigma-Tau. Pomezia. Italy) for 28 days; the other 
group (7 males) received placebo during the same period of time. 
Carnitine supplementation was suspended 12 hours before muscle 
sampling. At the same time, the athletes of the two groups 
started a 4 weeks endurance training program. The weekly training 
program consisted of running at 40% to 50% V02 max for 90 
minutes/day for 5 days, and at 70% to 80% of the V02 max for 60 
minutes for the other 2 days, corresponding to 130-140 Km/wk. At 
the end of the training period (28 days) a second biopsy was 
performed (at rest) and carnitine content, as well as enzyme 
activities, were re-examined. 
Carnitine assav. Free carnitine (FC), short-chain acylcarnitine 
(SCAC), long-chain acylcarnitine (LCAC) and total carnitine were 
measured in muscle homogenates as described by Di Donato et al 
(7). 
&&me assays. Muscle biopsies were homogenized in 15 volumes of 
0.15 M KCl. 50 mM Tris-HCl DH 7.4 in all olass homooenizers and 
mitochondrial enzymes - were measured in supernatants after 
centrifugation at 8OOxg for 10 minutes. Describe 
spectrophotometric assays (8) were used to measure succinate 
cytochrome c reductase (complex II+III) , rotenone-sensitive NADH- 
cytochrome c reductase (complex I+III), succinate dehydrogenase 
(complex II), citrate synthase and cytochrome c oxidase. The 
latter was determined by monitoring the decrease in absorbance 
at 550 run of reduced cytochrome c. Reduced cytochrome c was 
freshly prepared before each experiment by adding to a 1% 
solution in 10 mM K-Phosphate buffer (pH 7.0). Protein 
concentration was determined by Lowry method (9). 
Statistical analvsis. Statistical analysis was performed by one 
way analysis of variance and Student's test for paired and 
unpaired comparison. 
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RESULTS 

Resoiratorv chain enzvmes (Table 1): The basal levels of all 
respiratory enzymes as well as citrate synthase in muscle of LDR 
were markedly increased compared to normal age and sex matched 
control values. The pretreatment activities of all the enzymes 
in athletes receiving L-carnitine or placebo were similar. LDR 
receiving L-carnitine showed a significantly increase (p< 0.01) 
of the activities of NADH cytochrome c reductase, succinate 
cytochrome c reductase and cytochrome c oxidase after treatment, 
compared to both the pretreatment and the posttreatment receiving 
placebo levels. In contrast, succinate dehydrogenase and citrate 
synthase activities remained unchanged. No significant changes 
were observed after placebo administration. 
Carnitine (Table 2): In basal conditions, muscle free and total 
carnitine content in muscle of LDR were both markedly increased 
compared to normal controls. No significant differences in the 
pretreatment amounts of TC, FC, SCAC and LCAC were observed 
between carnitine-treated athletes and placebo-receiving 
athletes. In LDR receiving placebo the levels of both TC and FC 
were significantly lower (p< 0.01) after treatment than before 
treatment, whereas SCAC was unchanged and LCAC was significantly 
increased (p< 0.01). By contrast, TC and FC levels were 
significantly higher (p< 0.01) after treatment than before 
treatment in LDR supplemented with L-carnitine. However, SCAC and 
LCAC remained unchanged. In addition, the difference between 
carnitine-treated athletes and placebo-receiving athletes after 
treatment was markedly significant (p< 0.01) for FC and TC. 

DISCUSSION 
In agreement with previous reports (1,2), the values of all 

respiratory chain enzymes as well as the citrate synthase basal 

Table 1. Succinate dehydrogenase (SDH, complex II), rotenone- 
sensitive NADH-cytochrome c reductase (NADH cyt c red, complex 
I+III), succinate cytochrome c reductase (succ cyt c red, complex 
II+III), cytochrome c oxidase (Cox, complex IV) and citrate synthase 

(CS) in muscle of endurance athletes 

NADH succ 
n SDH cyt c cyt c cox cs 

red red 

Controls 25 10.3i3.6 11.7f4.0 7.5f3.1 52.8f16.7 120f38.5 

Long distance 14 15.2?4.3* 24.3*6.95* 13.1*4.8* 129.6*26.6* 309.8f68.1* 
runners 

Placebo 7 
Before treatment 14.9+3.8 25.5f7.7 13.5f5.6 131.7k27.7 307.3f68.2 

After treatment 14.8f2.2 27.2f8.3 14.4f6.7 130.8i31.5 304.9f67.9 

L-carnitine 7 
Before treatment 15.6f4.7 23.2f6.2 12.754.1 127.5k25.4 312.3A73.2 

After treatment 15.8f5.7 41.1f9.8+ 22.6*7.2+ 198.8f22.7+ 299.8f66.5+ 

Activities expressed as nmol of substrate utilized. min-'. mg protein-' (meaniSD). 
* Significant differences vs controls (p< 0.01; unpaired t test). 
+ Significant differences vs both pretreatment levels and receiving placebo 
posttreatment levels (pc 0.01; one way variance analysis). 

104 



Vol. 188, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Table 2. Muscle free carnitine (FC), short chain acylcarnitine 
(SC=), long chain acylcarnitine (LCAC) and total carnitine (TC) 

in endurance athletes 
n FC SCAC LCAC TC 

Controls 30 19.3f0.8 

Long distance 14 z-/.5*3.3* 
runners 

Placebo 7 

Before treatment 27.3f3.1 

After treatment 24.X3.2+ 

L-carnitine 7 

Before treatment 27.8k3.5 

2.86f1.50 0.40*0.05 22f1.10 

2.7550.70 0.36f0.075 30.7*3.7* 

2.71f0.71 0.34f0.07 30.4*3.5 

2.76kO.80 0.4L3+0.09+ 27.3f3.7+ 

2.8f0.7 0.38kO.08 30.98f3.8 

After treatment 31.752.95 2.7fO.E 0.37f0.09 34.8f3.4' 

Values are expressed in pmol. g-' of noncollagenous protein (mean f SD). 
* significant differences vs controls (pc 0.01; unpaired t test). 
+ significant differences vs pretreatment levels (p< 0.01; paired t test). 
S significant differences vs both pretreatment and posttreatment receiving 
placebo levels (PC 0.01; one way variance analysis). 

values (table 1) were markedly increased in muscle of long- 
distance runners (LDR). The mechanisms leading to these effects 
are still unclear, but have been extensively reviewed elsewhere 

(10). 
Our results show that treatment with L-carnitine causes a 

significantly increase of the activities of NADH cytochrome c 
reductase, succinate cytochrome c reductase and cytochrome c 
oxidase in muscle of LDR. The mechanism whereby L-carnitine 
induces this shift in the respiratory chain enzyme pattern is 
unknown yet, but mtDNA is likely to be involved (i.e. by 
stimulation of either mtDNA replication or transcription, or both 
of them), because of mtDNA codes for several polypeptides of the 
complexes I, III and IV (11). In contrast, the activities of 
succinate dehydrogenase, amitochondrialrespiratorychain enzyme 
encoded by nuclear DNA, and citrate synthase, a enzyme of the 
mitochondrial matrix, remained at pretreatment levels. Some 
recent findings indicate that acetyl-L-carnitine treatment is 
able to stimulate mitochondrial transcription under altered 
metabolic conditions, such as ageing (12) and hypothyroidism 
(13). In these conditions, the correct structure and function of 
mitochondrialmembranes appear to be altered (14,15), but acetyl- 
L-carnitine normalizes the induced alterations. In the same way, 
in endurance exercise, membrane destabilizing agents, such as 
acyl CoAs can accumulate giving rise to reduced free carnitine 
pool in muscle (6,16). 
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Our results indicate that oral carnitine supplementation is 
able to "stabilize" muscle carnitine pool, thus preventing a loss 
of carnitine from tissues to plasma-urine compartments (6). A 
larger carnitine availability might normalize the alteration in 
the lipid composition of human muscle mitochondria. The latter 
is particularly relevant for mtDNA transcription influencing 
factors such as optimal mitochondrial concentration of ATP and 
cations (17), import into mitochondria of RNA polymerase and 
other nuclear DNA encoded proteins required for mtRNA synthesis 
(18) and processing (19). 

However, mitochondrial enzymes levels remained unchanged 
after treatment in athletes receiving placebo. These data 
indicate that the training program had little influence, if any, 
on mitochondrial function. 
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