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We examined whether hyperinsulinemia is associated with changes in the amount of L-carnitine and acetyI-L-carnitine in the 
muscle and whether the source of acetyl-coenzyme A (CoA) (glucose or free fatty acids [FFAs]) influences its further 
metabolism to acetyI-L-carnitine or through tricarboxylic acid in the skeletal muscle of man in vivo. Twelve healthy men (aged 
45 -+ 2 years; body mass index, 25.2 -+ 1.0 kg/m 2) were studied using a 4-hour euglycemic-hyperinsulinemic clamp (1.5 
mU/kg/min)  and indirect calorimetry. Although the mean muscle free L-carnitine and acetyI-L-carnitine concentrations 
remained unchanged during hyperinsulinemia in the group as a whole, the individual changes in muscle free L-carnitine and 
acetyI-L-carnitine concentrations were inversely related (r = - .72,  P < .02). The basal level of acetyI-L-carnitine was inversely 
related to the rate of lipid oxidation (r = - .70,  P < .02). In a stepwise linear regression analysis, 77% of the variation in the 
change of acetyI-L-carnitine concentrations was explained by the basal muscle glycogen level (inversely) and nonoxidative 
glucose disposal rate (directly) during hyperinsulinemia (P < .01 ); by adding the final FFA concentration (inverse correlation) to 
the model, 88% of the variation was explained (P < .001). In conclusion, (1) hyperinsulinemia does not enhance skeletal muscle 
free L-carnitine or acetyI-L-carnitine concentrations in man, and (2) the acetyl group of acetyI-L-carnitine in human skeletal 
muscle in vivo is probably mostly derived from glucose and not through I~-oxidation from fatty acids. 
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L -CARNITINE is an essential factor in the metabolism of 
fatty acids, branched-chain amino acids, and glucose.l A 

common feature of all of these metabolic fuels is that L-carnitine 
reversibly replaces coenzyme A (CoA) at some stage in their 
metabolism. L-Carnitine is necessary for the entry of long-chain 
fatty acids into the mitochondria, 2 and it is also important in the 
metabolism of other fatty acids. Its essential role in the 
metabolism of branched-chain amino acids is evident in disor- 
ders of branched-chain amino acid metabolism such as isovale- 
ric acidemia. 3 

In glucose metabolism, L-carnitine reversibly replaces CoA 
of acetyl-CoA, thus forming acetyl-L-carnitine and free CoA. 
The ratio of CoA to acetyl-CoA regulates the activity of the 
pyruvate dehydrogenase complex (PDH). 4 Consequently, L- 
carnitine has been shown to stimulate PDH in human muscle in 
vitro 5 and in vivo. 6 Incubation of human muscle with L-carnitine 
resulted in an increase in acetyl-L-carnitine, 5 and a 4-week 
period of oral L-carnitine administration caused no change in 
muscle acetyl-L-carnitine content. 6 When PDH in the perfused 
rat heart is stimulated by dichtoroacetate, the concentration of 
acetyl-L-carnitine is increased. 7 When the flux of glucose 
through PDH is increased by muscle work, acetyl-L-carnitine is 
increased and free L-carnitine is decreased in the muscle, s,9 
Thus, a portion of the glucose derived from glycogen is 
temporarily converted to acetyl-L-carnitine. Studies in vitro 
suggest that in the rat heart muscle acetyl-L-carnitine is derived 
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mainly from pyruvate, whereas in the liver the situation is 
different) ° Furthermore, primed L-carnitine infusion during 
hyperinsulinemia increased nonoxidative glucose disposal by 
50%. 11 Pyruvate decreased and acetyl-L-carnitine increased in 
the plasma. Acetyl-L-carnitine in the muscle was not measured. 
However, because muscle is the main site of glucose disposal 
during hyperinsulinemia? 2 the carnitine-induced increase in 
insulin sensitivity probably occurred in the muscle. To our 
knowledge, no human studies in vivo have been reported on the 
interrelationship of muscle L-carnitine metabolism and acute 
hyperinsulinemia when no L-carnitine is administered. 

Consequently, because acetyl-L-carnitine acts as a reservoir 
for acetyl groups in many situations when PDH is stimulated, 
the main aim of the study was to investigate if the concentration 
of acetyl-L-carnitine in muscle is increased after the increased 
availability of acetyl groups during hyperinsulinemia. In addi- 
tion, we examined with indirect measures whether formation of 
acetyl-L-carnitine in vivo in human skeletal muscle is coupled 
to glucose-derived acetyl-CoA, as previously suggested in 
studies of rat heart muscle, l° 

SUBJECTS AND METHODS 

Subjects 

We examined 12 men with a mean age of 45 + 2 years and a body 
mass index of 25.2 +-- 1.0 kg/m z. All subjects were healthy, and none 
were using any medication. They were asked to ingest at least 250 g 
carbohydrate per day and not to perform any intensive exercise for 2 
days before the study. The purpose, nature, and possible risks of the 
study were explained to the subjects before their informed consent was 
obtained. The study protocol was approved by the Ethics Committee of 
Helsinki University Central Hospital. 

Design 

In each subject, we measured insulin-stimulated whole-body glucose 
disposal and glucose and lipid oxidation. A muscle biopsy from the 
vastus lateralis muscle was performed before and at the end of the 
240-minute insulin infusion. From the muscle samples, we determined 
glycogen, free L-camitine, and acetyl-L-carnitine concentrations. The 
serum insulin level was measured in the basal state and during insulin 
infusion. The serum free fatty acid (FFA) concentration was measured 
before the insulin infusion and at the end of hyperinsulinemia. 
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Methods 

Whole-body glucose disposal was determined during a 240-minute 
euglycemic hyperinsulinemia with the insulin clamp technique as 
previously described, t3J4 A primed continuous insulin infusion (9 
pmol/kg/min, or 1.5 mU/kg/min) was used to achieve and maintain 
hyperinsulinemia. Blood glucose was determined from arterialized 
venous blood at 5- to 10-minute intervals, and the fasting level was 
maintained with a variable-rate 20% glucose infusion. 3.14 Insulin 
sensitivity was calculated from values measured during the last hour of 
insulin infusion. Oxidative glucose disposal and lipid oxidation were 
determined by indirect calorimetry (Deltatrac Metabolic Monitor: 
Datex. Helsinki. Finland) in the basal state ai~d at the end of insulin 
infusion (between 210 and 240 minutes), t4,t5 Nonoxidative glucose 
disposal was calculated as the difference between total and oxidative 
glucose disposal. 

Fifteen minutes before and at the end of the 240-minute insulin clamp 
study, a percutaneous muscle biopsy (100 to 150 mg) was performed 
with a Bergstrrm needle under local anesthesia (1% lidocaine). The 
samples were obtained from the vastus lateralis from opposite sides 
before and after the study. The specimen was removed from the muscle 
with suction by a syringe attached to the needle, and the needle was 
immediately emptyed into liquid N2. The muscle glycogen level was 
measured as previously described.~4 The samples were freeze-dried and 
dissected free from the connective tissue and blood, and the muscle was 
powdered. Three to 5 mg muscle powder was extracted with KOH and 
neutralized, glycogen was hydrolyzed with amyloglycosidase, and the 
liberated glucose was analyzed with the glucose oxidase method. The 
glycogen concentration is expressed as millimoles per kilogram of dry 
muscle. Preclamp muscle glycogen was obtained from 11 patients. 
Muscle free L-carnitine and acetyl-L-carnitine were analyzed as previ- 
ously described. 6J6 Glucose in the plasma arid glycogen were deter- 
mined with a glucose oxidase method using the Beckman glucose 
analyzer tBeckman Instruments. Fullerton, CA). The serum insulin 
level was measured radioimmunologically, t7 FFAs were determined 
fluorometrically. 18 

Statistical Analysis 

In the statistical analysis of paired samples. Wilcoxon's signed-rank 
test was used. and Spearman's test was used for the correlation analysis. 
The proportion of variation in the dependent variables explained by 
variations in the independent variables was calculated by forward 
stepwtse multiple linear regression analysis using the adjusted squared 
multiple R 2. P values less than .05 were considered significant. The 
results are given as the mean _+ SEM. 

RESULTS 

Insulin infusion increased glucose oxidation from 7.8 --- 0.9 
pmol/kg/min to 20.3 ~ 0.8 #mol/kg/min (P < .01) and de- 
creased lipid oxidation from 0.91 +- 0.08 mg/kg/min to 0.18 -+ 
0.05 mg/kg/min (P < .01). Nonoxidative glucose disposal 
(38.0 + 5:2 tmaollkg/min) accounted for the majority of whole- 
body total glucose disposal (58.3 + 5.6 /amol/kg/min) during 
insulin infusion. Serum FFA levels decreased from 599 4- 66 
tJmol/L tO 98 + 5 pmol/L at the end of insulin infusion 
(P < .01). The increase in muscle glycogen from 316 --- 35 
mmollkg dry muscle to 397 + 50 mmol/kg dry muscle was of 
borderline significance (P = .05). 

The concentration of free L-carnitine (24.0 4- 2.2 v 25.4 --- 2.3 
nmol/mg noncollagen protein) and acetyl-L-carnitine (4.2 4- 0.9 
v 3.8 4-0.7 nmol/mg noncollagen protein) in the muscle 
remained unchanged during insulin infusion. Muscle free 
L-carnitine levels before and at the end of hyperinsulinemia 

were related (r = .79, P < .0t), whereas there was no correla- 
tion between acetyl-L-carnitine levels in the basal and hyperin- 
sulinemic states (r = .06). The level of acetyl-L-carnitine at the 
end of hyperinsulinemia was associated with the basal free 
L-carnitine (r = .67, P < .05). Changes in muscle free L- 
carnitine and acetyl-L-carnitine during hyperinsulinemia were 
inversely related (Fig 1). in the basal state, there Was an inverse 
association between the level of acetyl-L-carnitine and the rate 
of lipid oxidation (Fig 02). The basal glycogen level was 
negatively associated with the change in acetyl-c-carnitine 
during hyperinsulinemia (Fig 3). Insulin-mediated glucose 
disposal was not related to fi:ee L-carnifine or acetyl-L-carnitine 
concentrations. 

When calculated with forward stepwlse l ine~ regression 
analysis, basal gb, cogen alone accounted for 45% (P < .05) of 
the variation in the change in acetyl-c-carnitine during hyperin- 
sulinemia. The fit of the model was improved by including 
nonoxidative glucose disposal (to 77%, P < .01) arid by 
addition of the final FFA concentration (to 88%, P < .001). In 
the model, the association of the change in  acetyl-L-carnitine 
with basal glycogen and FFA was inverse, whereas the relation- 
ship to nonoxidative glucose disposal was direct. The param- 
eters best explaining the final acetyl-L-carnitine concentJ:ation 
were basal muscle glycogen content (inverse), FFA (inverse), 
oxidative glucose disposal at the end of hyperinsulinemia 
(direct), and age  (inverse). Togetherl they accounted for 79% 
(P < .01) of the variation in acetyl-L-carnitine concentrations at 
the end of the study. 

DISCUSSION 

Although carnitine plays a key role in the metabolism of 
lipids, glucose, and branched-chain amino acids; surprisingly 
little is known about its relationship to insulin. In the' current 
study, the metabolism Of acetyl-L-carnitine and free L-carnitine 
were closely related. Their concentrations remained unchanged 
during insulin infusion in the group as a whole. At basefine, 
acetyl-J+-camitine was lowest in subjects in whom lipid oxida- 
tion was highest, suggesting that glucose is the main soutce of 
the acetyl group in acetyl-L-cai'nitine. This is in accordance with 
studies in the r~it heart.~° Insulin-stimulated glucose disposal did 
not increase acetyl-L-carnitine content in the muscle. 
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Fig1. Relationshipbetween changes in free carnitine and acetyI-L- 
carnitine during insulin infusion, Values are expressed as nmol/mg 
noncollagen protein. 



1456 EBELING ET AL 

._= 
E 

g 
¢- .o 

" o  

.12_ 
- J  

1.6 

1.2 

0.8 

0.4 

• r = -0.70 
p < 0.02 

0 I I I I 

0 3 6 9 12 

AcetyI-L-carnitine (nmol/mg) 
Fig 2. Correlation between the basal lipid oxidation rate and the 

level of muscle acetyI-L-carnitine !nmol/mg noncollagen protein) 
before insulin infusion, 

Heart muscle, skeletal muscle, and kidney have the largest 
content of total caraitine to weight in rat tissues, whereas the 
plasma concentration is much lower. ~9 Changes in the skeletal 
muscle carnitine concentration occur relatively siowlyl ~9 The 
slow turnover of carnitine in muscle is in keeping with our 
results demonstrating no change in the concentrations Of free 
L-carnitine or acetyl-L-carnitin e in muscle during the 4-hour 
hyperinsulinemia. However, it should be pointed out that 
acetyI-L-carnitine levels are steady-state values and do not 
constitut e an end product per se. In our patients, skeletal muscle 
free L-cai:nitine content was sixfold greater than acetyl2L- 
carnitine content, in agreement with previou s studies. 6 Our 
results suggest that the main exchange of carnitine occurs with 
acetyl-CoA. This is supported by the inverse association 
between changes in muscle free L-carnitine and acetyl-L- 
carnitine. Because concentrations do not reflect turnover, We do 
not know the impact of hyperinsulinemia on the turnover of 
L-carnitine or acetyl-L-carnitine. 

Regarding the source of ttie acetyl group in acetyl-L- 
carnitine, the concentration of muscle acetyl-L-carnitine was 
inversely related to the basal ]ipid oxidation. In the basal state, 
our subjects were using fat as the main source Of energy in 
muscle, as reflected by the high lipid oxidation rate. Most 
glucose oxidation in the basal state occurs in the brain. During 
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Fig 3, Relationship of the basal glycogen level to the change in 
acetyI-L-carnitine during hyperinsulinemia. 

insuli n infusion, the fuel for oxidation in muscle shifts from fat 
to glucose, and skeletal muscle is the main site of glucose 
disposal during hyperinsulinemia. ~2 in our study, the shift in 
fuel oxidation from fat to glucose during hypefinsulinemia is 
evident from the calorimetric results. Glucose and fat compete 
as the source of acetyl-CoA and energy for the tricarb0xylic 
acid cycle. FFAs inhibit PDH 2° and acetyl-CoA carboxylase, 21 
thus decreasing the formation of pyruvate-derived acetyl~CoA 
and ma!onyl-CoA. Insulin, on the contrary, stimulates these 
enzymes.22,23 Through an increased malonyl CoA concentra- 
tio n, a high insulin concentration leads to a decreased access of 
fatty acids to mitochondria 24-26 and a decreased oxidation of 
fatty acyl-derived acetyl-CoA in the tricarboxylic aci d cycle. 

It is generally assumed that the origin of acetyl-CoA from fat 
or glucose has no effect ori its further metabolism. However, 
Lysiaket al 1° have demonstrated in rat tissues that the fate of 
acetyl groups depends on the tissue and substrate in question. In 
rat heart, acetyl-CoA generated by [3-oxidatio n was less acces- 
sible to Carnitine acetyltransferase than acetyl-CoA derived 
from pyrUvate. Similarly, data obtained in isolated rat heart 
myocyteS suggest that acetyl-CoA from [3-oxidation of fatty 
acids is channeled directly into the citric acid cyc!e. 27 Acetyl- 
CoA metabolism in skeletal muscle was not studied. Because 
lipid oxidation rates and serum FFA concentratigns were high in 
our subjects in the basal state, they were Probably oxidizing 
mainly fatty acid-derived acetyl-CoA in muscle. Thus, if 
acetyl:CoA derived from fatty acids would be accessible to 
acetyltransferase, one would expect a direct association be- 
tween lipid Oxidation and acetyl-L-carnitin e. This in,zerse 
association between lipid oxidation and acetyl-L-carnitine in 
our subjects suggests that acetyl-CoA derived from [3-0xidation 
in human skeletal muscle in vivo is not used for the formation of 
acetyl-L-carnitine, since a majority of [3-oxidation-derived 
acety!-CoA may enter the tricarboxylic acid cycle (Fig 4). 
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Fig 4. Possible mechanism for the relationshi p of acetyi-coA 
(AcCoA) and acetyI-L-carnitine in human muscle. AcetyI-L-carn!tine is 
formed mainly from glucose-derived AcCoA, whereas AcCoA derived 
from FFAs through ~-oxidation is more directly coupled to the 
tricarboxyli c acid cycle (TCA). G-6-P, glucose-6-phosphate; OAA, 
oxaloacetate; CITR, citrate. 
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Furthermore. Kerner and Bieber 8 have demonstrated in rat 

skeletal muscle that a 48-hour fast is associated with increased 
total and free carnitine concentrations. However. the level of 
acetylcarnitine was decreased, perhaps due to reduced glucose- 
derived acetyl-CoA, which would be in agreement With the 
influence of the source of acetyl-CoA on its further metabolism. 
Our interpretation is supported by regression analysis of the 
Variation in muscle acetvlcarnitine content at the end of 
hyperinsulinemia. Both the final FFA concentration (inversely) 
and glucose oxidation rate (directly) increased the proportion of 
variation in acetyl-L-carnitine content explairied by the model. 
During hyperinsulinemia, the majority of acetyl-CoA was 
derived from pyruvate, as seen from the calorimetric data. 
However. the concel!tration of acetyl-L-carnitirie Was not in- 
creased. This is in contrast to findings made during intense 
muscular contractions in humans. 9 when a rapid reduction of 
glycogen stores through pyruvate results in an increased 
concentration of acetyl-c-carnitine in muscle. In our study, 
insulin was responsible for the change in the source of acetyl 
groups in acetyl-CoA. This suggests that insulin may have 
effects on the turnover of acetyl-L-carnitine resulting in an 

unchanged level of acetyl-L-carnitine despite increased delivery 
of pyruvate-derived acetyl groups. 

A previous study has demonstrated that insulin sensitivity, 
mainly nonoxidative glucose disposal, can be increased by a 
primed, continuous carnitine infusion during hyperinsulin- 
emia. 11 In that study, acetylcarnitine in plasma was increased. 
We did not find any relationship between insulin sensitivity and 
the muscle acetylcarnitine level. Our results support previous 
studies showing that the level of muscle acetylcarnitine is 
stable 28 if the supply of glucose is not severely restricted. 

Taken together, our results in human skeletal muscle in vivo 
suggest that muscle free L-carnitine or acetyl-L-carnitine concen- 
trations do not change during hyperinsulinemia and insulin- 
stimulated glucose uptake. These data suggest that th~ acetyl 
group of ace(ylcamitine is derived mainly from glucose, as 
previously reported for, rat heart muscle in vitro. Acetyl-CoA 
derived from ~ A s  through ~-oxidation is more directly 
coupled to the tricarbbxylic acid cycle. 
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