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Context: Acylcarnitines are biomarkers of incomplete �-oxidation and mitochondrial lipid over-
load but indicate also high rates of mitochondrial fatty acid oxidation. It is unknown whether the
production of acylcarnitines in primary human myotubes obtained from lean, metabolically
healthy subjects reflects the fat oxidation in vivo.

Objective: Our objective was to quantify the acylcarnitine production in myotubes obtained from
subjects with low and high fasting respiratory quotient (RQ).

Methods: Fasting RQ was determined by indirect calorimetry. Muscle biopsies from the vastus lateralis
muscle were taken from 6 subjects with low fasting RQ (mean 0.79 � 0.03) and 6 with high fasting RQ
(0.90�0.03),andsatellitecellswereisolated,cultured,anddifferentiatedtomyotubes.Myotubeswere
cultivated with 125�M 13C-labeled palmitate for 30 minutes and 4 and 24 hours. Quantitative profiling
of 42 intracellular and 31 extracellular acylcarnitines was performed by stable isotope dilution-based
metabolomics analysis by liquid chromatography coupled to mass spectrometry.

Results: Myotubes from donors with high fasting RQ produced and released significant higher
amounts of medium-chain acylcarnitines. High 13C8 and 13C10 acylcarnitine levels in the extracel-
lular compartment correlated with high fasting RQ. The decreased expression of medium-chain
acyl-coenzyme A dehydrogenase (MCAD) in these myotubes can explain the higher rate of incom-
plete fatty acid oxidation. A lower intracellular [13C]acetylcarnitine to carnitine and lower intra-
cellular 13C16/13C18 acylcarnitine to carnitine ratio indicate reduced fatty acid oxidation capacity
in these myotubes. Mitochondrial DNA content was not different.

Conclusion: Acylcarnitine production and release from primary human myotubes of donors with high
fasting RQ indicate a reduced fatty acid oxidation capacity and a higher rate of incomplete fatty acid
oxidation.Thus,quantitativeprofilingofacylcarnitineproductioninhumanmyotubescanbeasuitabletool
to identifymusculardeterminantsoffatoxidation invivo. (JClinEndocrinolMetab98:E0000–E0000,2013)
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Human skeletal muscle is the predominant tissue for the
oxidation of lipids. The capacity of the muscle to

oxidize fatty acids is mainly determined by the supply of
oxygen to the muscle, by the cellular uptake of fatty acids,
and by the mitochondrial oxidative capacity (1). Short-term
fasting, such as an overnight fast, already increases lipolysis
withconcomitant increases inplasmanonesterifiedfattyacid
(NEFA) and fatty acid oxidation. The quotient of CO2 pro-
duction and O2 consumption (respiratory quotient [RQ])
reflects the mix of fat and carbohydrates being oxidized. The
high reliance on fat oxidation during fasting results in a low
fasting RQ that theoretically should go toward 0.7 (2). High
fasting RQ is considered as a risk factor for the metabolic
syndrome because it is often found in obese adults (3) and
subjects with a family history of type 2 diabetes (4, 5) and is
associated with an increased risk to gain weight (6, 7). The
improvement of insulin sensitivity in obese, insulin-resistant
individuals by weight loss and increased physical activity is
associated with a reduction of fasting RQ (8).

An important regulatory step in mitochondrial �-oxida-
tion of long-chain fatty acids is the transport of fatty acids as
acylcarnitines into the mitochondrial matrix. The reverse
transport of partially oxidized acyl chains leads to elevated
plasma levels of medium- and long-chain acylcarnitines.
Knowledge about the accumulation of certain acylcarnitine
species comes mainly from the diagnosis of genetic defects in
lipid oxidation disorders of newborns (9–11). In healthy
adults, increased concentrations of medium- and long-chain
acylcarnitines are a physiological phenomenon in the fasted
state and after endurance exercise (12–15). They are consid-
ered to reflect the excess of lipolysis-derived NEFAs in these
conditions leading to mitochondrial overload and release of
acylcarnitines as intermediates of �-oxidation. Higher levels
of acylcarnitines were also associated with obesity and type
2 diabetes, both of which are characterized by increased
availability of NEFAs (16).

Wehypothesizedthatgeneticandepigeneticdeterminants
of fat oxidation and the fasting RQ also regulate the acyl-
carnitine production of primary human myotubes and that
assessment of de novo synthesis of acylcarnitines can be used
asa tool to identifymusculardeterminantsofwhole-bodyfat
oxidation. We determined fat oxidation in vivo as RQ after
an overnight fast in 12 healthy adults and established pri-
mary human myotube cultures from the muscle biopsies of
these probands. The myotubes were cultivated with 13C-la-
beled palmitate, and quantitative profiling of intra- and ex-
tracellular acylcarnitines was performed by stable isotope
dilution-based metabolomics analysis.

Subjects and Methods

Primary skeletal muscle cells from 12 individuals were studied.
These donors (5 females and 7 males, aged 24.1 � 3.0 years) were

lean nondiabetic subjects (body mass index 21.8 � 1.8 kg/m2,
insulin sensitivity Matsuda index 23.8 � 8.2) and gave informed
written consent to the study. The Ethical Committee of the
Tübingen University Medical Department had approved the pro-
tocol. Insulin sensitivity was determined by a hyperinsulinemic-
euglycemic clamp. Body composition and blood parameters
were measured as described (17). Fasting RQ was determined by
indirect calorimetry (Supplemental Data, published on The En-
docrine Society’s Journals Online web site at http://jcem.endo-
journals.org). Primary skeletal muscle cells were grown from
satellite cells obtained from percutaneous needle biopsies per-
formed on the lateral portion of quadriceps femoris (vastus late-
ralis) muscle. Muscle biopsies were performed after an overnight
fast between 8:00 and 10:00 AM. First and second passages of
subcultured cells were used. Cells were grown in a 1:1 mixture of
�-MEM and Ham’s F-12 supplemented with 20% fetal bovine se-
rum (FBS), 1% chicken extract, 100 U/mL penicillin, 100 �g/mL
streptomycin, and 0.5 �g/mL amphotericin B until 70% to 80%
confluency. Cells were fused for 6 days in �-MEM containing
5.5mM glucose with 2% FBS, 2mM glutamine, 100 U/mL penicil-
lin, 100 �g/mL streptomycin, and 0.5 �g/mL amphotericin B. BSA-
bound palmitate was prepared as described recently (18).

Acylcarnitine analyses, quantitative RT-PCR, and
duplex PCR

Cellswere treated inessentialMEMcontaining5.5mMglucose,
100�M L-carnitine, 2% FBS, 2mM glutamine, 100 U/mL penicillin,
and 100 �g/mL streptomycin with 125�M [13C16]palmitate (99
atom percent 13C) for 30 minutes and 4 and 24 hours. Analyses
were performed by stable isotope dilution-based metabolomics anal-
ysis by ultra high performance liquid chromatography/electrospray
ionization triple quadrupole mass spectrometry (UHPLC-ESI-QQQ-
MS). Details are provided in Supplemental Data.

Statistical analyses
Data are presented as means � SEM. A 2-sided t test was used

to compare the 2 groups. P � .05 was considered significant. The
statistical software package JMP (SAS Institute, Cary, North
Carolina) was used.

Results

Lipid oxidation in vivo
The 12 selected probands had a fasting RQ from 0.75

to 0.94 (data not shown). When divided into 2 groups
according to their fasting RQ (mean 0.79 � 0.03 vs mean
0.90 � 0.03, Table 1), insulin sensitivity, NEFA, percent-
age of body fat and maximal oxygen consumption of the
probands were not different, but lipid and carbohydrate
oxidation, which were calculated based on the data of
oxygen consumption and carbon dioxide release, were dif-
ferent (Figure 1, A and B).

Acylcarnitine profiling
Primary skeletal muscle satellite cells were obtained

from muscle biopsies of the 12 probands. Differentiated
myotubes were incubated with 100 �M L-carnitine and
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125�M [13C16]palmitate for 30 minutes and 4 and 24
hours. Stable isotope dilution-based metabolomics anal-
ysis by UHPLC-ESI-QQQ-MS was applied to cell lysates
and supernatants to study the production and release of
acylcarnitines. After 24 hours of incubation, 42 unlabeled
and 31 labeled acylcarnitine species were detected in cell
lysates, whereas 31 unlabeled and 24 labeled species were
detected in the supernatant (Supplemental Table 1). De-
tected 13C-labeled species include acetylcarnitine, short-
chain (C3–C5), medium-chain (C6–C12), and long-chain
(�C12) acylcarnitines as well as unsaturated and hy-
droxylated forms, but not branched-chain acylcarnitines.
The abundance of 13C-labeled hydroxylated and mono-
unsaturated acylcarnitines showed that intermediates of
�-oxidation derived from the dehydrogenation and hy-
dratation of acyl-coenzyme A (CoA), were also transferred
to carnitine and released into the supernatant. Acylcar-
nitines containing 18 13C isotopes indicate elongation of
palmitate to stearic acid (C18) or eicosanoic acid (C20).
C18:1 acylcarnitine can derive as an intermediate from
�-oxidation of stearic acid or from oleic acid (C18:1).

High fasting RQ is associated with significant
accumulation of medium-chain acylcarnitines in
the extracellular compartment

13C-labeled acylcarnitines of different chain length and
saturation were produced over time and in large part re-
leased into the medium leading to their accumulation (Fig-
ure 1, C–G). In myotubes obtained from probands with
high fasting RQ, medium-chain acylcarnitines showed an
increased accumulation in the supernatant (Figure 1D).

C8, 13C8, C10, 13C10, and C20 acylcarnitine were sig-
nificantly increased in the supernatant of these myotube
cultures after 24 hours (Figure 1, H and I), other acylcar-
nitines depicted in Figure 1, H and I, tended toward in-
creased levels (P � .1). The correlation of the fasting RQ
with 13C8 acylcarnitine (r2 � 0.66; P � .003), C8 acyl-
carnitine (r2 � 0.57; P � .007), and 13C10 acylcarnitine
(r2 � 0.42; P � .03) in the supernatant after 24 hours was
significant (data not shown). Whereas the concentration
of intracellular acylcarnitines after 30 minutes or 4 or 24
hours was not different between the two RQ groups (Sup-
plemental Figure 1), the sum of 13C-labeled intra- and
extracellular medium-chain acylcarnitines was signifi-
cantly higher in the myotubes of the probands with the
high RQ after 24 hours (2395 � 300 vs 1254 � 182
pmol/mg protein; P � .02; data not shown).

High fasting RQ is associated with low �-oxidation
index

Myotubes obtained from probands with a high fasting
RQ had a lower intracellular 13C2 (acetylcarnitine) to car-
nitine ratioafter24hours (Figure2A), indicatinga lowerrate
of �-oxidation (10). The ratio of intracellular 13C16 and
13C18acylcarnitine to free carnitineasan indicatorof carnitine
palmitoyl transferase 1 activity was also lower in this group
(Figure 2B) and correlated with the fasting RQ (Figure 2C).

Low MCAD expression in myotubes correlates
with high levels of extracellular medium-chain
acylcarnitines

Determination of the mitochondrial DNA content in
the myotubes as a parameter of mitochondrial density and

Table 1. Characteristics of the Probands

Donors With Lower Fasting RQ Donors With Higher Fasting RQ P Value

Gender (female/male) 1/5 4/2
Age, y 24.7 � 1.5 23.5 � 4.1 .535
Body weight, kg 67.7 � 6.5 63.7 � 8.1 .367
Height, cm 175.3 � 6.7 171.3 � 8.5 .387
BMI, kg/m2 22.0 � 1.3 21.7 � 2.3 .759
Lean body mass, kg 55.2 � 5.2 49.3 � 6.0 .102
Percent body fat 18.3 � 5.1 22.2 � 8.8 .380
Fasting glucose, mmol/L 4.7 � 0.5 4.8 � 0.4 .760
Fasting insulin, pmol/L 32.5 � 6.8 37.2 � 14.8 .499
ISI-Matsuda 23.9 � 4.7 23.8 � 11.2 .993
HbA1c, % 5.0 � 0.3 5.2 � 0.4 .273
Fasting NEFA, �mol/L 490 � 185 367 � 248 .355
Triglycerides, mmol/L 0.76 � 0.27 0.95 � 0.29 .244
Cholesterol, mmol/L 4.63 � 0.75 4.76 � 1.29 .836
HDL cholesterol, mmol/L 1.50 � 0.29 1.63 � 0.44 .561
LDL cholesterol, mmol/L 2.79 � 0.62 2.91 � 1.09 .810
VO2 max, ml/kg/min 46.0 � 9.7 37.2 � 10.3 .201
RQ fasting 0.79 � 0.03 0.90 � 0.03 �.0001
Lipidox fasting, mg/kg/min 93.5 � 14.6 37.5 � 25.7 .0024
CHO fasting, mg/kg/min 78.3 � 53.1 234.8 � 64.7 .0036

Abbreviations: CHO, carbohydrate oxidation; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; ISI-Matsuda, insulin sensitivity Matsuda
index; LDL, low-density lipoprotein; VO2max, maximal oxygen consumption.
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function showed no difference between the two groups
(Figure 2D). Genome-wide expression profiling of �-ox-
idation genes in 6 of the 12 myotube cultures revealed

lower expression of medium-chain
acyl-CoA dehydrogenase (MCAD),
the enzyme responsible for oxidizing
C4 to C12 acyl-CoA, in myotubes
obtained from subjects with high
fasting RQ (0.75-fold down, P �
.05, data not shown). The difference
in MCAD mRNA expression was
verified by quantitative PCR (Figure
2E). High concentrations of extra-
cellular 13C8 and 13C10 acylcarni-
tine correlated with low MCAD ex-
pression (r2 � 0.38; P � .045; and r2

� 0.47; P � .03, respectively; data
not shown), and MCAD expression
levels showed a clear correlation
trend to the fasting RQ (Figure 2F).
Moreover, the myotubes obtained
from subjects with high fasting RQ
had a higher ratio of extracellular
13C8 to 13C10 and to 13C12 acylcar-
nitine (Figure 2G). These data indi-
cate a lower enzyme activity of
MCAD as previously shown in fi-
broblasts from individuals with ge-
netic MCAD deficiencies (19).

Discussion

Quantitative acylcarnitine profiling
by stable isotope dilution-based
metabolomics analysis demonstrate
that myotubes obtained from sub-
jects with a high fasting RQ accumu-
lated higher levels of certain medi-
um- and long-chain acylcarnitine
species in the extracellular compart-
ment, particularly C8 and C10 acyl-
carnitines. Because the intracellular
acylcarnitine levels were similar be-
tween the 2 RQ groups, the data in-
dicate that the produced acylcar-
nitines were released from the
myotubes and prevented their intra-
cellular accumulation. This is also
evident from a 100-fold higher amount
of medium-chain acylcarnitines in the
extracellular compartment compared
with intracellular levels.

Theoretically, high levels of acylcarnitines can indicate
high fatty acid load. This was shown as increased im acyl-
carnitine levels and elevated plasma levels in mice fed a
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Figure 1. High fasting RQ is associated with significant accumulation of medium-chain acylcarnitines in
the extracellular compartment of myotubes. A and B, Oxidation of lipids and carbohydrates (CHO) in
overnight fasted donors with low fasting RQ (white columns) and high RQ (gray columns) was calculated
based on data of indirect calorimetry and shown as mg/kg/min (mean � SEM). C–G, Extracellular
acylcarnitines were analyzed by UHPLC-ESI-QQQ-MS after 0.5 and 4 and 24 hours incubation with 100
�M L-carnitine and 125 �M [13C16]palmitate. Values are shown as pmol/mg protein (mean � SEM) of
probands with low fasting RQ (white columns) and high RQ (gray columns); 13C-labeled acylcarnitines
are shown as a hatched area. Acylcarnitines were categorized according to supplemental Table 2 as
short-chain (SC), medium-chain (MC), and long-chain (LC) acylcarnitines (AC). Acylcarnitines that are
both hydroxylated and unsaturated (Unsat.) are included in F. * P � .05, sum of 12C- and 13C-labeled
medium-chain acylcarnitines; # P � .05 13C-labeled medium-chain acylcarnitines of high fasting RQ vs
low fasting RQ after 24 hours. H and I, Extracellular medium-chain (H) and long-chain (I) acylcarnitines
after 24 hours incubation with a trend or significantly higher levels in myotubes with high fasting RQ
(gray columns) vs low fasting RQ (white columns). Values are shown as pmol/mg protein (mean �
SEM). * P � .05; � P � .1, high fasting RQ vs low fasting RQ; 1) C20 AC containing 16 13C isotopes;
2) C20 AC containing 18 13C isotopes.
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high-fat diet, suggesting the secretion of acylcarnitines
from the skeletal muscle in vivo (16). In our myotube cul-
tures, the applied fatty acid load was identical and calcu-
lation of [13C]acetylcarnitine to carnitine ratio revealed a
lower �-oxidation rate in the myotubes with high accu-
mulation of medium- and long-chain acylcarnitines.
Therefore, we conclude that the higher acylcarnitine levels
found in the extracellular compartment indicate a lower

capacity of complete �-oxidation in
the myotubes due to genetic/epige-
netic determinants. This may be one
factor leading to a higher prevalence
on carbohydrate oxidation during
fasting in the respective donors with
a high fasting RQ. Notably, the dif-
ference in acylcarnitine production is
evident only after prolonged fatty
acid oxidation (24 hours), which is
comparable to the physiological sit-
uation of an overnight fast. It was
not detected after 30 minutes or 4
hours, thus excluding a primary de-
fect in the �-oxidation in these
myotubes.

The detected differences in the
mRNA expression levels of MCAD
can partially account for the extra-
cellular accumulation of medium-
and long-chain acylcarnitines. The
reason for the different MCAD ex-
pression in the myotube cultures is
not yet clear. Some rare mutations in
the gene encoding MCAD may lead
to reduced expression and abun-
dance of MCAD, which is the major
determinant of its enzymatic activ-
ity. More than 80 mutations have
been identified to cause reduced en-
zymatic activity by altering the struc-
ture of the protein or its half-life (11).
In general, defective MCAD activity
leads to accumulation of plasma C8
acylcarnitine. Our data suggest that
low expression levels of MCAD in
the muscle of apparently healthy
subjects can cause reduced reliance
on fat oxidation in the fasted state
due to a limited capacity for the ox-
idation of medium-chain acyl-CoA.
As consequence, a low MCAD ex-
pression would increase the risk of
reduced metabolic flexibility to lip-
ids, weight gain, and development of

the metabolic syndrome.
Our data support the concept that the metabolic phenotype

of the biopsy donor can be conserved in the respective primary
myotube cultures as it was demonstrated for fatty acid oxida-
tion defects in type 2 diabetic patients (20) and metabolic flex-
ibility in healthy donors (21). Furthermore, our data show that
assessment of extracellular acylcarnitine levels of primary hu-
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manmyotubescanbeusedtoidentifymusculardeterminants
of whole-body fat oxidation.
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