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screening programs ( 4, 5 ) have, however, drastically im-
proved long-term survival and a great number of patients 
have remained asymptomatic with proper preventive mea-
sures during the fi rst years of life ( 4 ). However, as there is 
no prevalent VLCAD mutation and VLCAD mutations 
cannot be correlated to residual VLCAD activity, as mea-
sured in fi broblasts or lymphocytes, the late-onset disease 
phenotype varies greatly ( 6 ). Neonatal screening programs 
are thus identifying more and more patients carrying 
VLCAD mutations whose clinical outcome cannot be pre-
dicted at the time of diagnosis. Therefore, the effect of 
possible disease triggers, such as exercise-stress, and their 
resulting metabolic phenotype (i.e., acylcarnitine and/or 
acyl-CoA accumulation) need to be identifi ed. 

 With the generation of a transgenic VLCAD-defi cient 
mouse (VLCAD  � / �  ) that displays a stress-induced pheno-
type similar to that of humans ( 7, 8 ), new possibilities arise 
to study the effect of physiological stressors, such as fasting 
and exercise, at tissue level. In these mice it was shown that 
they have impaired Ca 2+  handling ( 9 ) and heart rate dys-
function ( 10 ). VLCAD  � / �   soleus muscle showed an in-
crease in mitochondrial density, and mitochondria were 
more heterogeneous in size and appeared disorganized 
( 7 ). Similar to VLCADD-patients, the metabolic VLCAD  � / �   
mouse phenotype displays an accumulation of fat droplets 
( 7 ) and long-chain acylcarnitines ( 11 ) in muscle. 

 Acylcarnitines are known to have unspecifi c cytotoxic 
effects ( 12, 13 ) and accumulate in VLCAD-defi cient pa-
tients during crisis due to insuffi cient oxidation capacity of 
long-chain fatty acids ( 14 ). As cytosolic carnitine palmi-
toyltransferase (CPT) I and mitochondrial CPT-II catalyze 
the forward and reverse conjugation of acyl-CoA to 
carnitine, increased long-chain acylcarnitine content in 
VLCAD  � / �   tissue is expected, but not proven, to be ac-
companied by increased long-chain acyl-CoA levels. Long-
chain acyl-CoA accumulation in tissue may well result in 
lower mitochondrial respiration via inhibition the mito-
chondrial adenine nucleotide translocator in the  � M 
range ( 15 ). 

       Abstract   Long-chain acylcarnitines accumulate in long-
chain fatty acid oxidation defects, especially during periods 
of increased energy demand from fat. To test whether this 
increase in long-chain acylcarnitines in very long-chain acyl-
CoA dehydrogenase (VLCAD  � / �  ) knock-out mice correlates 
with acyl-CoA content, we subjected wild-type (WT) and 
VLCAD  � / �   mice to forced treadmill running and analyzed 
muscle long-chain acyl-CoA and acylcarnitine with tandem 
mass spectrometry (MS/MS) in the same tissues. After exer-
cise, long-chain acyl-CoA displayed a signifi cant increase in 
muscle from VLCAD  � / �   mice [C16:0-CoA, C18:2-CoA and 
C18:1-CoA in sedentary VLCAD  � / �  : 5.95 ± 0.33, 4.48 ± 0.51, 
and 7.70 ± 0.30 nmol · g  � 1  wet weight, respectively; in exer-
cised VLCAD  � / �  : 8.71 ± 0.42, 9.03 ± 0.93, and 14.82 ± 1.20 
nmol · g  � 1  wet weight, respectively ( P  < 0.05)].   Increase in 
acyl-CoA in VLCAD-defi cient muscle was paralleled by a sig-
nifi cant increase in the corresponding chain length acylcar-
nitine. Exercise resulted in signifi cant lowering of the free 
carnitine pool in VLCAD  � / �   muscle. This is the fi rst study 
demonstrating that acylcarnitines and acyl-CoA directly cor-
relate and concomitantly increase after exercise in VLCAD-
defi cient muscle.— ter Veld, F., S. Primassin, L. Hoffmann, 
E. Mayatepek, and U. Spiekerkoetter.  Corresponding in-
crease in long-chain acyl-CoA and acylcarnitine after exer-
cise in muscle from VLCAD mice.  J. Lipid Res. 2009.   50:  
1556–1562.  
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 Very-long-chain acyl-CoA dehydrogenase (VLCAD or 
ACADVL, EC 1.3.99.3) catalyzes the fi rst step in the  � -
oxidation pathway of long (C 14  or longer) chain fatty ac-
ids. Defi ciency of this enzyme severely impairs the oxidation 
of long-chain fatty acids ( 1 ). Mutations in the VLCAD gene 
lead to clinical symptoms in children and young adults. 
Physiological stressors such as fasting, exercise, and viral 
illnesses are triggers of disease crises ( 2, 3 ). Neonatal 
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pooled. The pooled supernatants were centrifuged at 1000  g  for 
5 min to remove any remaining cellular debris. For analysis, sam-
ple volumes were reduced by approximately 50% using evapora-
tion at 40°C under air. 

 For LC-tandem MS analysis, a Waters 2795 Alliance HPLC sys-
tem (Waters, Milford, UK) equipped with a thermostated au-
tosampler was used for solvent delivery and sample introduction. 
Assay samples were placed in a cooled sample tray, and 20  � l 
were injected onto a reversed-phase Symmetry C18 column (3.5 � ; 
7.5 × 4.6 mm; WAT066224; Waters), protected by a guard col-
umn (SecurityGuard C18 ODS; 4 × 2.0 mm; Phenomenex). 
C18:2-CoA, C18:1-CoA, C16:0-CoA, and C17:0-CoA were eluted 
isocratically with 55% (v/v) acetonitrile in 10 mM NH 4 Ac (pH = 
6.5) at a fl ow rate of 0.6 ml/min. The eluate was delivered into a 
Quattro Micro API tandem mass spectrometer (Micromass, Cam-
bridge, UK) with an ESI probe in positive-ion mode. The waste 
valve was used to discard early-eluting salts from contaminating 
the mass spectrometer. The injection interval was 5 min. Nitro-
gen was used as drying gas at a fl ow rate of 700 L/h. The collision 
energy using argon as collision gas was 35 eV. The declustering 
potential was 45 V, and the ion source temperature was 120°C. 
Compounds were detected in the multiple-reaction monitoring 
(MRM) mode. A representative chromatogram, with (A) and 
without (B) internal standard C17:0-CoA, is shown in   Fig. 1  .  Spe-
cifi c transitions were used for each metabolite, but HPLC separa-
tion remained necessary to remove interfering compounds, such 
as salts, present in muscle extracts, thereby preventing tandem 
MS apparatus contamination. 

 Acylcarnitine and carnitine analysis 
 In tissues, analysis of carnitine and acylcarnitines was per-

formed according to van Vlies et al. ( 17 ). Briefl y, 50 mg of blot-
ted skeletal muscle was lyophilized for 12 h, including internal 
standards (16.25 nmoles [ 2 H 3 ]carnitine and 0.05 nmoles [ 2 H 3 ]
C 16 -acylcarnitine). The lyophilized tissues were pulverized and 
dissolved in 1 ml of 80% v/v acetonitrile. After homogenization 
and centrifugation, the supernatant was dried. Finally, carnitine 
and acylcarnitines were analyzed by electrospray ionization tan-
dem mass spectrometry as their butyl esters and resuspended in 
100 µL ACN/H 2 O (50/50% v/v). 

 Citrate synthase activity 
 Citrate synthase enzyme activity of tissue homogenates was de-

termined to characterize Krebs cycle activity as described previ-
ously ( 18 ). Samples were assayed in duplicate in fl at-bottom 
microtiter plates, the absorption coeffi cient was adjusted to the 
reaction volume (i.e., calculated light path). The media used in 
the assays were adjusted to 0.1% Triton X-100 to obtain maximal 
enzyme activities in tissue homogenates. 

 Cytochrome c oxidase subunit 3 mRNA expression 
 Expression of mitochondrial DNA encoded cytochrome c oxi-

dase subunit 3 (cox3) mRNA expression was performed as de-
scribed previously ( 19 ) to determine the relative mitochondrial 
quantity.  � -Actin mRNA expression was unaffected by our experi-
mental design and was used as a reference. Cox4 mRNA/cDNA 
concentration was normalized for the concentrations of  � -actine 
mRNA/cDNA in the same sample. Values are stated as percent-
age of the sedentary control samples. 

 Protein determination 
 Protein concentration of tissue homogenates was determined 

by the BCA assay (Pierce). The BCA reagent was supplemented 
with 0.1% (v/v) Triton X-100. BSA was used as standard. 

 Taken together, although the accumulation of long-
chain acylcarnitines in VLCADD-patients and in the cor-
responding mouse model has been demonstrated, an 
increase in long-chain acyl-CoA levels has, so far, only been 
assumed. 

 For the fi rst time, we are now able to simultaneously 
measure acyl-CoA and acylcarnitines in muscle from 
VLCAD-defi cient mice after exercise stress. Both measure-
ments are performed by tandem mass spectrometry in the 
same muscle sample, and therefore, allow accurate and di-
rect correlation of both metabolites in sedentary and exer-
cised muscle. 

 MATERIALS AND METHODS 

 Reagents 
 Heptadecanoyl-CoA (C17-CoA) was purchased from Sigma 

(Deisenhofen, Germany) as Li +  salts and stored at -20°C. Internal 
standard heptadecanoyl-CoA was prepared by dissolving in meth-
anol to obtain a concentration of 2.5 mM and stored at  � 80°C 
until use. 

 Animals 
 VLCAD-defi cient mice were generated as described in detail 

previously ( 7 ). Experiments were performed on second- to third-
generation intercrosses of C57BL6+129sv VLCAD genotypes. 
Littermates served as controls, and genotyping of mice was 
performed as described previously ( 16 ). Mice were fed with a 
standard chow diet (MZ Extrudat from sniff® containing 4.5% 
w/w crude fat, corresponding to 13% of total metabolizable en-
ergy according to the Atwater System) and received tap water ad 
libitum. As mice are nocturnal animals, treadmill running was 
performed during the dark cycle. All animal studies were in ac-
cordance with the Heinrich-Heine-University Medical Center 
and Institutional Animal Care and Use Committee guidelines. 

 Training protocol 
 Four-month-old WT and VLCAD  � / �   animals ran 120 min on a 

Columbus Instruments Simplex II metabolic rodent treadmill, 
consisting of four individual lanes, without inclination, with 
shock plate incentive (3 Hz, 200 msec, 160 V, 1.5 mA). Mice were 
placed in an exercise chamber, and after an adaptation period of 
15 min, initial belt speed was set to 4 m/min and increased every 
5 min by 2 m/min to a maximum of 15 m/min. Mice ran until 
they displayed signs of exhaustion (>2 s spent on the shocker 
plate without attempting to reengage the treadmill). To test for 
long-term alterations in skeletal muscle mitochondrial content, 
WT and VLCAD  � / �   animals ran for 5 days at an average belt-
speed of 8 m/min. The sedentary group consisted of four wild-
type and fi ve VLCAD  � / �   animals, and the exercised group 
consisted of four wild-type and four VLCAD  � / �   animals. 

 Acyl-CoA analysis 
 Hind leg skeletal muscle (100–200 mg) was taken up in fi ve 

volumes of extraction buffer (1:1:1 iso-propanol / acetonitrile / 
10 mM NH 4 Ac, pH = 5.0) and minced on ice with scissors. Five 
nmoles of heptadecanoyl-CoA (C17:0-CoA) were added as inter-
nal standard, and the tissue was homogenized using an Ultra-
Turrax ® . Next, the homogenate was centrifuged at 1000  g  for 5 
min, the supernatant was collected, and the pellet was rehomog-
enized in fi ve volumes of extraction buffer. The homogenate was 
centrifuged at 1000  g  for 5 min, and the supernatants were 
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  Fig. 1.  Multiple Reactant Monitoring (MRM) chromatograms of a mouse muscle extracts containing long-
chain fatty acyl-CoA esters with (A) and without (B) internal standard C17:0-CoA. Monitored transitions, in 
order of elution: linoleoyl-CoA (C18:2-CoA): 1030.2  ®  523.3; palmitoyl-CoA (C16:0-CoA): 1006.2  ®  499.3; 
oleoyl-CoA (C18:1-CoA): 1032.2  ®  526.3; heptadecanoyl-CoA (C17:0-CoA) 1020.2  ®  513.3.   
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3.29, 6.22 ± 2.78, and 11.29 ± 3.27 nmol  ·  g  � 1  wet weight, 
respectively (n = 5); in exercised VLCAD  � / �  : 17.91 ± 4.62, 
14.58 ± 3.08, and 26.50 ± 9.16 nmol  ·  g  � 1  wet weight, re-
spectively;  P  < 0.05 (n = 4)] ( Fig. 2B ). 

 Wild-type mice showed a signifi cant increase in C16:0-
carnitine after 2 h of belt running, compared with seden-
tary palmitoyl-carnitine muscle content [6.64 ± 1.14 and 
11.46 ± 1.08 nmol  ·  g  � 1  wet weight for sedentary versus 
exercised WT mice;  P  < 0.05 (n = 4)] ( Fig. 2B ). 

 We observed no signifi cant differences between groups 
in muscle medium-chain octanoyl (C8:0)-carnitine con-
tent (data not shown). 

 Muscle free L-carnitine content 

 Exercise resulted in lowering of carnitine in both WT 
and VLCAD  � / �   muscle. This reduction was signifi cant in 
VLCAD  � / �   mice but not in WT mice [carnitine muscle lev-
els in sedentary and exercised VLCAD  � / �  : 154.3 ± 35.8 
(n = 5) and 106.5 ± 13.6 (n = 4) nmol  ·  g  � 1  wet weight ( P  < 
0.05), respectively; in sedentary and exercised WT: 199.3 ± 
40.4 (n = 4) and 134.7 ± 37.0 (n = 4) nmol  ·  g  � 1  wet weight, 
respectively]. 

 DISCUSSION 

 In the present study, long-chain acylcarnitines and acyl-
CoAs were measured to monitor the effect of exercise 
stress on VLCAD-defi cient muscle. We were able to show 
for the fi rst time that exercise stress, consisting of tread-
mill running, resulted in a signifi cant, corresponding in-
crease in C16:0, C18:1, and C18:2-carnitine and -CoA in 
VLCAD  � / �   mouse muscle. Accumulation of long-chain 
acylcarnitines is well documented and has been implicated 
in the development of rhabdomyolysis in VLCAD-defi cient 
patients ( 20 ). However, it is unknown whether, and to 
what extent, this increase in long-chain acylcarnitines is 
mirrored by an increase in acyl-CoA esters of correspond-
ing chain length. The mouse model of VLCAD-defi ciency 
also displays acylcarnitine accumulation in tissues during 
fasting and exercise stress ( 16 ) and is, therefore, a suitable 
animal model to study the effects of VLCAD-defi ciency at 
a cellular level. 

 First, we measured if mitochondrial content was altered 
in exercised VLCAD  � / �   muscle. This is of importance be-
cause in heart muscle approximately 95% of the cellular 
CoA pool is located inside mitochondria ( 21 ). Previous 
studies have shown that mitochondrial density increases in 
oxidative soleus and heart muscle of VLCAD-defi cient 

 Data analysis and statistics 
 Data were acquired and analyzed using MassLynx NT v4.0 soft-

ware (Micromass, UK). Data were analyzed with Origin 6.0 (Mi-
crocal Software Inc., Northhampton, MA). If not stated otherwise, 
reported data are presented as arithmetic means ± standard de-
viation (SD) with  n  denoting the number of animals. Statistical 
analyses were performed using Student’s  t -test. Differences be-
tween means were considered signifi cant if  P  < 0.05. 

 RESULTS 

 Animal condition and mitochondrial content 

 In contrast to WT mice, VLCAD  � / �   mice had diffi culty 
maintaining a running speed of 15 m/min for the full 120 
min, resulting in shorter running times for VLCAD  � / �   
mice (  Table 1  ).  To stress the mice to their maximal capac-
ity, different running times were needed. Body weights were 
similar for sedentary WT and VLCAD  � / �   mice ( Table 1 ). 
Possible proliferation of muscle mitochondria, due to 
VLCAD-defi ciency and/or exercise, was studied by mea-
suring indirect marker enzyme citrate synthase and the 
expression of cytochrome c oxidase subunit 3 (cox3) mRNA. 
Muscle citrate synthase activity (in mU · mg protein  � 1 ) and 
cox3 expression were not signifi cantly different in WT as 
well as VLCAD  � / �   mouse skeletal muscle ( Table 1 ). 

 Muscle acyl-CoA and acylcarnitine content 

 We fi rst measured muscle acylcarnitine and acyl-CoA 
content in WT and VLCAD  � / �   mice under sedentary con-
ditions. Overall levels of long-chain acylcarnitines and 
acyl-CoA were similar in sedentary WT and VLCAD  � / �   
muscle, with the exception of muscle C18:1-carnitine con-
tent, which was signifi cantly higher in VLCAD  � / �   mice 
compared with WT mice [11.29 ± 3.26 (n = 5) and 7.01 ± 
1.74 (n = 4) nmol  ·  g  � 1  wet weight, respectively;  P  < 0.05] 
(  Fig. 2B  ).  

 After exercise stress, consisting of treadmill running at 
15 m/min, analysis of long-chain acyl-CoAs revealed a sig-
nifi cant increase in VLCAD  � / �   muscle [C16:0-CoA, C18:2-
CoA, and C18:1-CoA in sedentary VLCAD  � / �  : 5.95 ± 0.74, 
4.48 ± 1.14, and 7.70 ± 0.67 nmol  ·  g  � 1  wet weight, respec-
tively (n = 5); in exercised VLCAD  � / �  : 8.71 ± 0.84, 9.03 ± 
1.86, and 14.82 ± 2.40 nmol  ·  g  � 1  wet weight, respectively; 
 P  < 0.05 (n = 4)] ( Fig. 2A ). This exercise-induced increase 
in VLCAD-defi cient muscle was paralleled by a similar and 
signifi cant increase in corresponding acylcarnitines with 
the same acyl-chain length [C16:0-carnitine, C18:2-carni-
tine, and C18:1-carnitine in sedentary VLCAD  � / �  : 8.26 ± 

 TABLE 1. Animal condition, exercise capacity, and muscle mitochondrial content 

Sedentary Exercised

Wild-type (n = 4) VLCAD  � / �   (n = 5) Wild-type (n = 4) VLCAD  � / �   (n = 4)

Body weight (g) 25.5 ± 4.2 30.0 ± 8.1 30.7 ± 9.8 24.56 ± 3.2
Running time (min) — — 120 95
Citrate synthase activity 244.7 ± 28.0 242.3 ± 59.1 258.6 ± 14.0 271.7 ± 15.4
Cox3 mRNA (%) 100 99.0 ± 2.7 97.5 ± 2.9 99.5 ± 1.9

Expressed as citrate synthase activity (mU · mg protein1) and Cox3 mRNA expression (as % of wild-type). 
VLCAD, very long-chain acyl-CoA dehydrogenase.
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was only signifi cant for C18:1-carnitine, an observation 
also reported by Cox et al. ( 23 ). In sedentary VLCAD  � / �   
muscle, long-chain C16:0, C18:1, and C18:2 acyl-CoA were 
not increased, compared with WT muscle. The absolute 
content of long-chain acyl-CoA (in nmol  ·  g  � 1  wet weight) 
in WT mouse muscle was comparable to reported values in 
literature, obtained with both HPLC and mass spectrome-
try techniques ( 24–28 ). 

 Exercise stress signifi cantly increased long-chain acyl 
metabolites, with C18:1 chain-length having the most pro-
nounced effect. Elevation of C18:1-carnitine and C18:1-
CoA was approximately 4-fold and 3-fold, respectively, in 
exercised VLCAD  � / �   muscle, as compared with sedentary 
WT muscle. Unlike WT-exercised muscle, all long-chain 
acyl CoA esters signifi cantly increased in VLCAD  � / �   mus-
cle upon exercise ( Fig. 2 ), illustrating the impact of work-
load on the VLCAD-defi cient phenotype and the extent 
of activated fatty acid oxidation. In addition, it appears 
that during periods of elevated workload, the carnitine 
pool of VLCAD-defi cient muscle can no longer adequately 
scavenge acyl moieties, resulting in a signifi cant increase 
in muscle long-chain acyl-CoA esters. Importantly, this 

mice ( 7 ). In glycolytic skeletal gastrocnemius and extensor 
digitorum longus muscle from WT and VLCAD  � / �   mice, 
we compared mitochondrial content, based on citrate syn-
thase enzyme activity, as indirect marker, and Cox3 mRNA 
expression, and observed that, in contrast to oxidative 
muscle, mitochondrial content was identical for WT and 
VLCAD  � / �   muscle at rest and did not increase due to ex-
ercise ( Table 1 ). The observation of similar citrate syn-
thase activity in sedentary and exercised murine skeletal 
muscle is in line with previous work from Jeneson et al. 
( 22 ), where treadmill running had no effect on glycolytic 
fast-twitch extensor digitorum longus citrate synthase con-
tent. Taken together, these data suggest that in oxidative 
muscle mitochondrial proliferation occurs as compen-
satory mechanism, on the energy supply side of cellular 
energy homeostasis, in an effort to counteract impaired 
fatty acid oxidation. In contrast, in glycolytic skeletal mus-
cles, this cellular remodelling appears not to take place. 

 Long-chain acylcarnitine content, by measuring 
C16:0, C18:1, and C18:2-carnitine, was slightly higher in 
VLCAD  � / �   striated skeletal muscle under sedentary condi-
tions, as published previously ( 16 ). However, this increase 

  Fig. 2.  Muscle acyl-CoA (A) and acylcarnitine (B) levels in sedentary WT (n = 4) and VLCAD  � / �   (n = 5) and exercised WT (n = 4) and 
VLCAD  � / �   (n = 4) mice. Values are means ± SEM. (—),  P  < 0.05 compared with WT. (···),  P  < 0.05 compared with sedentary mice. VLCAD, 
very long-chain acyl-CoA dehydrogenase; WT, wild type.   
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collagen deposition, and vacuolated myocytes, which may 
be indicative of cytotoxicity ( 7 ). These cellular alterations 
in VLCAD-defi cient heart were accompanied by changes 
in mitochondrial ultrastructure, an adaptive response also 
observed in VLCAD  � / �   solues muscle cells ( 7 ). However, 
it is currently still unknown whether these changes are the 
direct consequence of accumulating (long-chain) acylcar-
nitines and acyl-CoA esters. Of note, calculation of abso-
lute cytosolic concentrations based on tissue content (in 
nmol  ·  g  � 1 ) should be treated with caution because free 
long-chain fatty acid and acyl-CoA concentrations are buff-
ered by fatty acid and acyl-CoA binding proteins inside the 
cell ( 30 ), thereby lowering the concentration on free acyl 
compounds. 

 In conclusion, we demonstrate for the fi rst time that 
long-chain acylcarnitines and acyl-CoA esters increase and 
directly correlate in VLCAD  � / �   mouse muscle after exer-
cise. However, the question whether exercise-induced ac-
cumulation of acyl esters is an important factor in disease 
pathogenesis cannot be answered at this time.  

 The authors thank Dr. M.D. Laryea, Department of General 
Pediatrics, Heinrich-Heine-University, Duesseldorf, Germany, for 
expert advice on liquid-chromatography analysis. We are grateful 
to Mrs. G. Schmitz and Mr. A. Vogt for technical assistance. 
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exercise-induced fast increase in long-chain acyl-CoA 
esters is absent in WT muscle. 

 The effect of enhanced workload on long-chain acyl-
CoA ester levels can be better illustrated by plotting the 
exercise-induced increase in acyl-CoA and acylcarnitine as 
percentage of sedentary levels (  Fig. 3  ).  We clearly observe 
that exercise results in a stronger accumulation of acylcar-
nitines than acyl-CoAs in both WT as well as VLCAD  � / �   
mice. And although the magnitude by which both long-
chain acylcarnitines and acyl-CoAs increase is higher in 
VLCAD  � / �   as compared with WT muscle ( Fig. 3 ), impor-
tantly in relation to each other, these acyl CoA esters ap-
pear to be well equilibrated by the action of carnitine 
acyltransferases. This is observed in WT  and  VLCAD  � / �   
muscle, as the exercise-induced increase in long-chain 
acylcarnitines is approx. 2.5-fold higher than the increase 
in corresponding acyl-CoA esters ( Fig. 3 ). Furthermore, 
the proposed role of the carnitine pool functioning as acyl 
scavenger is supported by our measurements of muscle 
free carnitine, demonstrating a signifi cant drop in free 
carnitine in VLCAD  � / �   muscle upon exercise. Thus, dur-
ing periods of elevated workload, the acylation state of the 
cytosolic carnitine pool increases more than that of the 
mitochondrial pool, indicative of acyl compounds being 
exported out of the muscle cell ( 29 ). This observation fi ts 
well with the increased levels of long-chain acylcarnitines 
in serum and blood from VLCAD  � / �   mice ( 16, 23 ), as acyl-
carnitines in blood would accumulate over time due to cel-
lular effl ux. 

 Acylcarnitines are known to have unspecifi c cytotoxic 
effects ( 12 ) and long-chain acyl-CoAs are known to inhibit 
the mitochondrial adenine nucleotide translocator ( 15 ), 
however, further studies have to determine which of these 
two metabolites is more cytotoxic in vivo. Thus, in addition 
to impaired energy production from long-chain fatty acids 
due to the enzyme defect itself, toxic effects of accumulat-
ing acylcarnitines and acyl-CoA esters may play an impor-
tant role in disease pathogenesis. Interestingly, detailed 
histological investigation of VLCAD  � / �   mouse heart has 
indeed demonstrated an increase in degenerative fi bers, 

  Fig. 3.  Exercise-induced increase, as percentage of 
sedentary levels, in long-chain (C16:0, C18:2, and 
C18:1) CoA and carnitine esters in WT (n = 4) and 
VLCAD  � / �   (n = 5) mouse muscle. Values are means ± 
SEM. Signifi cances not tested. VLCAD, very long-chain 
acyl-CoA dehydrogenase; WT, wild type.   
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