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Abstract

Medium-chain acyl-CoA dehydrogenase deficiency (MCADD) is probably the most common 

inborn error of fatty acid oxidation (FAO). Routine L-carnitine supplementation in the 

treatment of MCADD is controversial. To establish the effects of L-carnitine supplementation 

during prolonged moderate-intensity exercise in MCADD, five patients and three control 

subjects were studied during two hours of moderate-intensity exercise after a twelve hour 

fast. Patients were studied twice, once with and once without L-carnitine supplementation 

(50 mg/kg/day). Blood samples were collected before, during and after exercise, and 

analysed for routine parameters, acylcarnitines and carnitine biosynthesis intermediates. 

Urine was collected before and after exercise, and analysed for acylcarnitines. All patients 

were able to complete the exercise test without any apparent clinical or biochemical 

adverse effects, even without L-carnitine supplementation. A significant rise in plasma free 

fatty acids and octanoylcarnitine levels during exercise was seen in all patients, indicating 

a substantial increase in FAO during exercise. Octanoylcarnitine levels in plasma were 

significantly higher in patients with L-carnitine supplementation, suggesting increased 

clearance of accumulating acylcarnitines. A statistically significant increase of plasma and 

urinary free carnitine levels, as well as of plasma γ-butyrobetaine was seen in MCADD 

patients without L-carnitine supplementation. These data suggest an increase in carnitine 

biosynthesis. In conclusion, although L-carnitine supplementation may promote clearance 

of accumulating acylcarnitines during moderate-intensity exercise, no apparent beneficial 

effect of this supplementation on clinical and biochemical parameters was observed in 

MCADD patients. Our results suggest that MCADD patients are able to increase carnitine 

biosynthesis during exercise to compensate for carnitine losses.

Abbreviations

ALAT  alanine amino transferase

ASAT  aspartate amino transferase

γ-BB  γ-butyrobetaine

CK  creatinine kinase

FAO  fatty acid oxidation

FFA  free fatty acids

MCADD medium-chain acyl-CoA dehydrogenase deficiency

OH-TML   hydroxytrimethyllysine

TML   trimethyllysine 
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Introduction

Prevention of lipolysis by avoidance of fasting is the key in management of patients with 

disorders of fatty acid oxidation (FAO). Frequent carbohydrate rich meals limit fatty acid 

oxidation and prevent the accumulation of FAO intermediates and their CoA esters. Acyl-

CoA esters are considered to contribute to the clinical pathophysiology in patients with 

FAO defects. In addition, patients with defects in FAO are frequently advised to refrain 

from prolonged physical activity, as this stimulates lipolysis and FAO. L-carnitine is widely 

used in the treatment of FAO disorders, as this may promote urinary excretion of toxic 

FAO intermediates and may restore the intramitochondrial acyl-CoA:CoA ratio (1-3). 

Medium-chain acyl-CoA dehydrogenase deficiency (MCADD; MIM #201450) is 

probably the most common disorder of FAO, with a strong predominance in the 

Caucasian populations in north-western Europe (4). Patients with MCADD usually present 

with hypoketotic hypoglycemia during episodes of fasting. Screening for MCADD with 

tandem mass spectrometry has been included in many neonatal screening programs. 

Although it has been shown that patients may exhibit secondary carnitine deficiency 

(5), routine L-carnitine supplementation in MCADD is controversial (6;7). Nevertheless, 

MCADD patients may benefit from L-carnitine supplementation prior to and during 

exercise as the intramuscular concentration of free carnitine, presumably already low in 

MCADD patients because of esterification with accumulating FAO intermediates, might 

further decrease as a result of exercise. Muscle free carnitine concentration has been 

shown to decrease during exercise in healthy subjects (8-11). 

Recently, a study reported a beneficial effect of L-carnitine supplementation 

on exercise performance in MCADD patients during a short incremental exercise 

test (12). To expand the knowledge on the effects of L-carnitine supplementation 

during exercise in MCADD, we studied five MCADD patients with and without  

L-carnitine supplementation (50 mg/kg·day) during two hours of moderate-intensity 

exercise, when FAO is maximally activated (11;13;14). 

Materials and Methods

Subjects

Five patients with MCADD, three males and two females, aged 8, 9, 18, 20 and 39 yrs, 

were studied. All were enzymatically confirmed to be MCAD-deficient. Four patients 

were homozygous for the common 985A>G mutation (15); one patient was compound 

heterozygous for the 985A>G mutation and the 609A>C mutation. All patients were in 

good general health. Three healthy male volunteers, aged 26, 29 and 45 yrs, were studied 

as controls. All subjects had a normal body composition (body mass index 20-25 kg/m2). 
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Written informed consent was obtained from all subjects, or their legal representatives, 

prior to the studies. The study was approved by the local review board.

Study protocol 

All subjects were fasted for 12 hours prior to each exercise test, but were allowed to drink 

water ad libitum. Each subject exercised for two hours on a magnetically braked cycle 

ergometer (E5R, Tunturi Oy Ltd, Finland). Heart rate was monitored continuously and each 

subject exercised at 60% of predicted maximal heart rate, calculated as follows (16):

[1] 60% of maximal heart rate (bpm)  =  (208 – 0.7 · age) · 0.6 

Before (T=0), during (T=60), immediately after (T=120) and one hour after exercise 

(T=180), blood samples were collected, after which subjects were given a carbohydrate 

rich meal. Urine samples were collected prior to and after the exercise.

All patients were studied twice on separate occasions, once without L-carnitine 

supplementation and once after a minimum of 4 weeks of L-carnitine supplementation 

(50 mg/kg·day t.i.d.; Carnitene (Sigma Tau Ethifarma)).

Blood and urine analysis 

All blood samples were analyzed for glucose, free fatty acids (FFA), creatine kinase (CK), 

transaminases (ASAT/ALAT), lactate, pyruvate, 3-hydroxybutyric acid and acetoacetic 

acid. Acylcarnitines and the carnitine biosynthesis intermediates trimethyllysine (TML), 

hydroxytrimethyllysine (OH-TML) and γ-butyrobetaine (γ-BB) were measured using 

electrospray tandem-mass spectrometry (17;18).

Statistical analysis 

Mean values and standard deviations of all blood and urine parameters were calculated. 

Mann-Whitney test and Wilcoxon Signed Ranks test in SPSS (SPSS Inc., Chicago, Illinois) 

were used to determine statistically significant differences. A P-value of <0.05 was 

considered to be statistically significant.

Results

Exercise endurance

All subjects were able to complete the two-hour exercise test without showing any clinical 

symptoms (e.g. muscle weakness, muscle cramps or extreme fatigue), both with and 

without L-carnitine supplementation. The mean calculated distance cycled in the two-hour 

exercise test was not significantly different (P = 0.69) between patients with (50.2 ± 7.4 
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Figure 1. Calculated cycle distance 
(km) in MCADD patients with and 
without  L-carnitine supplementation 
(50 mg/kg·day) after two hrs of mode-
rate-intensity exercise.
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L-carnitine (50 mg/kg day).

km) and patients without (49.1 ± 7.5 km) L-carnitine supplementation (Figure 1). Mean 

calculated distance cycled in the control subjects was 40.4 ± 1.5 km.

Blood parameters

All subjects maintained normoglycemia during the studies. No significant differences were 

observed in plasma CK, ASAT, ALAT, lactate, pyruvate, TML and OH-TML concentrations 

in patients, both with and without L-carnitine supplementation, and healthy control 

subjects before (T = 0), during (T = 60) and after exercise (T = 120 and T = 180). All 

values were normal before exercise and remained within normal limits during and after 

the exercise test. The plasma levels of both 3-hydroxybutyric acid and acetoacetic acid 

were below the detection limit in patients as well as in control subjects before the start 

of exercise. A small, statistically non-significant, increase in the concentration of these 

ketone bodies was observed in all subjects during exercise.

Data on plasma FFA, octanoylcarnitine, free carnitine and γ-BB concentrations 

before, during and after the exercise-test are shown in Figure 2. Plasma free carnitine 

concentration at baseline (T = 0) was below the reference range (21.6 − 64.5 μmol/L; 

(19)) in patients without L-carnitine supplementation, but within the normal range when 

patients were supplemented with L-carnitine at 50 mg/kg·day.

Urine parameters 

Data on the urinary excretion of octanoylcarnitine and free carnitine before and 

after exercise in all subjects are shown in Table 1. MCADD patients on L-carnitine 

supplementation excreted significantly more octanoylcarnitine and free carnitine under 

basal conditions in comparison with the non-supplemented condition. The excretion 

of free carnitine increased significantly during exercise in patients without L-carnitine 

supplementation but not in patients with carnitine supplementation. 

77

L-carnitine in M
C

A
D

D
 p

atients during exercise
C

 H
 A

 P T E R
   6a



Figure 2. Plasma FFA, octanoylcarnitine (C8-carnitine), free carnitine and γ-butyrobetaine (γ-BB) 
concentrations (mean ± SD) before, during and after exercise in MCADD patients with (�) and 
without (�) L-carnitine supplementation, and control subjects (�).
* Significantly different (p<0.05) from MCADD patients without L-carnitine supplementation
# Significantly different (p<0.05) from T=0
a n=3 b n=4 c n=2 d n=1
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Table 1. Urinary octanoylcarnitine and free carnitine excretion (mean ± SD) before and after 
exercise in all subjects.

Subjects Octanoylcarnitine 
(mmol/mmol creatinine)

Free carnitine 
(mmol/mmol creatinine)

Before After Before After

MCADD patients without 2.4 ± 4.3 49.5 ± 43.6# 5.9 ± 9.3 82.8 ± 73.9#

L-carnitine

MCADD patients with 26.2 ± 11.3* 95.3 ± 36.9# 101.5 ± 25.6* 304.2 ± 140.6*

L-carnitine

Control subjects 0.1 ± 0.1 0.1 ± 0.1 15.2 ± 10.8 21.3 ± 21.1

* Significantly different (p<0.05) from MCADD patients without L-carnitine supplementation
# Significantly different (p<0.05) from before exercise

Discussion

L-carnitine supplementation in MCADD is controversial and it is clear that controlled 

studies on the efficacy of L-carnitine are needed. Our goal was to study the effects 

of L-carnitine supplementation in patients with MCADD during prolonged moderate-

intensity exercise, since this closely resembles situations occurring in daily life (e.g. biking, 

walking in the hills). 

All five MCADD patients were able to complete the two hours of moderate-

intensity exercise, both with and without L-carnitine supplementation, without 

experiencing any clinical signs or symptoms. The mean calculated distance cycled in 

the two-hour test was not significantly different between the patient with and without  

L-carnitine supplementation. Although in this open labelled study exercise tolerance was 

not assessed by the measurement of oxygen consumption (Vo2) and carbon dioxide 

production (Vco2), no apparent differences were observed in exercise endurance 

between patients with and without L-carnitine supplementation, and between patients 

and control subjects. This suggests that MCADD patients have a good tolerance for 

prolonged moderate intensity exercise, even when they have subnormal levels of plasma 

free carnitine. In all subjects, lipolysis and fatty acid oxidation were clearly activated 

during the two hour exercise test, as reflected by the (statistically significant) rise of 

plasma free fatty acids in all subjects, and of plasma octanoylcarnitine concentrations 

in MCADD patients (Figure 2). Plasma octanoylcarnitine levels before and after exercise, 

as well as the urinary octanoylcarnitine levels before exercise, were significantly higher 

with L-carnitine supplementation. This suggests that L-carnitine supplementation indeed 

promotes clearance of accumulating intramitochondrial FAO intermediates under these 

conditions. These results are in agreement with those reported by Lee and coworkers 

(12). They also reported a beneficial effect of L-carnitine supplementation on exercise 

tolerance in four MCADD patients during a short incremental exercise test, although 
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this effect was not shown to be statistically significant. A beneficial effect of L-carnitine 

was described before in one patient with MCADD (20). In contrast, we did not observe 

any clinical or biochemical advantageous effects of L-carnitine supplementation during 

two hours of moderate-intensity exercise. This suggests that under the circumstances 

studied, intramuscular depletion of free carnitine did not compromise fatty acid oxidation 

in the MCADD patients. It should be noted that in the study of Lee and coworkers 

patients received 100 mg/kg·day of L-carnitine whereas our patients were given 50 

mg/kg·day. Nevertheless, plasma L-carnitine levels normalized in all our patients (Figure 

2). In addition, Lee and coworkers studied the effects of a short incremental exercise 

test. As subjects exercised at high-intensity at the end of this test, a rapid decrease 

of intramuscular free carnitine due to esterification with acetyl-CoA, as a result of a 

high glycolytic flux, likely occurred in all subjects (9;11). This mechanism may well have 

compromised the intramuscular long-chain fatty acid transport into mitochondria in the 

patients tested without L-carnitine, resulting in the observed efficacy of the L-carnitine 

supplementation. Intramuscular free carnitine depletion most likely did not occur during 

the moderate-intensity exercise used in our study protocol. Therefore, we conclude that 

patients with MCADD may benefit from L-carnitine supplementation during a relatively 

short period of high intensity exercise, but not during prolonged moderate-intensity 

exercise up to two hrs, despite the fact that FAO is maximally activated during the latter 

conditions (11;13;14). However, it cannot be ruled out that MCADD patients may benefit 

from L-carnitine supplementation during moderate-intensity exercise lasting longer than 

two hrs. 

Remarkably, plasma and urinary free carnitine concentrations increased significantly 

during exercise in MCADD patients without L-carnitine supplementation. We 

hypothesize that this increase might be the result of increased de novo synthesis. To 

test this hypothesis plasma carnitine biosynthesis intermediates were determined 

in all subjects. Although no differences were detected in plasma TML and OH-TML 

concentrations, a small, but statistically significant increase in plasma γ-BB was 

observed during exercise in patients without L-carnitine supplementation (Figure 

2). This increase in γ-BB corresponded with that of plasma free carnitine (Figure 2).  

γ-BB is the direct precursor of L-carnitine and can be synthesized in muscle. However, 

since muscle lacks γ-butyrobetaine dioxygenase (BBD; EC 1.14.11.1), the enzyme 

necessary for the conversion of γ-BB into L-carnitine, γ-BB produced in muscle needs to 

be transported via the circulation to the L-carnitine synthesizing organs, mainly liver and 

kidney (21). Probably, the depletion of intramuscular free carnitine will result in increased 

γ-BB biosynthesis in muscle. γ-BB may then be transported to the liver and kidney to be 

converted into L-carnitine, which appears in the circulation. The muscle can then take 

up this L-carnitine to replenish its free carnitine pool. This would explain the correlation 

between the rise in plasma γ-BB and in plasma free carnitine, as observed in this study 

during exercise in MCADD patients without L-carnitine supplementation. In patients on 

L-carnitine supplementation plasma γ-BB levels before exercise were already significantly 
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higher than in patients without supplementation. This is probably caused by splanchnic 

uptake of γ-BB, since supplemented L-carnitine is generally not fully absorbed in the gut 

and can be reduced by intestinal E. Coli to γ-BB (22;23).

In conclusion, patients with MCADD have an excellent tolerance to prolonged 

moderate-intensity exercise. Although L-carnitine supplementation does seem to promote 

clearance of accumulating acylcarnitines, no apparent beneficial effect of L-carnitine 

administration during moderate-intensity exercise was observed in MCADD patients 

in contrast to the observations made during short-term incremental exercise (12). The 

statistically significant increase in plasma and urinary free carnitine levels, in combination 

with the small but significant increase in plasma γ-BB during exercise in patients without 

L-carnitine supplementation, suggest that MCADD patients are able to increase carnitine 

biosynthesis to compensate for carnitine loss in muscle. 
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