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ABSTRACT. Carnitine is involved in the transfer of fatty acids across mitochondrial membranes. Carnitine is
found in dairy and meat products, but is also biosynthesized from lysine and methionine via a process that, in
rat, takes place essentially in the liver. After intestinal absorption or hepatic biosynthesis, carnitine is transferred
to organs whose metabolism is dependent on fatty acid oxidation, such as heart and skeletal muscle. In skeletal
muscle, carnitine concentration was found to be 50 times higher than in the plasma, implicating an active
transport system for carnitine. In this study, we characterized this transport in isolated rat myotubes, established
mouse C2C12 myoblastic cells, and rat myotube plasma membranes and found that it was Na1-dependent and
partly inhibited by a Na1/K1 ATPase inhibitor. L-carnitine analogues such as D-carnitine and g-butyrobetaine
interfere with this system as does acyl carnitine. Among these inhibitors, the most potent was mildronate
(3-(2,2,2-trimethylhydrazinium)propionate), known as a g-butyrobetaine hydroxylase inhibitor. It also induced
a marked decrease in carnitine transport into muscle cells. Removal of carnitine or treatment with mildronate
induced growth inhibition of cultured C2C12 myoblastic cells. These data suggest that myoblast growth and/or
differentiation is dependent upon the presence of carnitine. BIOCHEM PHARMACOL 59;11:1357–1363, 2000.
© 2000 Elsevier Science Inc.

KEY WORDS. carnitine; muscle cell; transport; mildronate

Carnitine (b-hydroxy-g-trimethylaminobutyric acid) is an
essential cofactor for the transfer of long-chain fatty acids
across mitochondrial membranes for b-oxidation [1]. In rat
liver, carnitine is synthesized from lysine and methionine
[2]. Carnitine is also found in dietary items such as dairy
and meat products and is actively absorbed in the intestine
[3]. Exogenous and endogenous carnitine is then released
into the plasma from which it is taken up by peripheral
tissues dependent on fatty acid oxidation via an active
mechanism. Among these tissues, muscle is probably the
main target for carnitine transport. Ninety to ninety-five of
total carnitine is concentrated in muscle, and the ratio
between muscle carnitine concentration and plasma con-
centration is around 50:1 [4]. In human, a defect in
carnitine transport is responsible for a syndrome known as
the carnitine deficiency syndrome [5–7]. This disease is
associated with myopathy, cardiomyopathy, and lipid me-
tabolism disorder. Carnitine transport has been mainly
studied in isolated organs and cultured cells. In human
muscle, the active transport of carnitine appears to have
two components [8], one with high activity involved in
carnitine transport in the physiological range and the

second with low affinity involved in the transport of a high
concentration of carnitine.

This study was performed to characterize carnitine trans-
port into isolated rat myotubes, cultured mouse myoblastic
cells, and plasma membranes purified from rat muscle
myotubes. The kinetic properties of this transport were
estimated as well as interaction with compounds that alter
carnitine metabolism or energy production. A special effort
was made to study the interaction of carnitine analogues
(especially mildronate) with this transporter. We also
investigated the relationship between extracellular carni-
tine concentration and cell growth and differentiation.

MATERIALS AND METHODS
Chemicals

All chemicals were purchased from Sigma. Tritiated carni-
tine (L-[methyl-3H]carnitine, specific activity 80 Ci/mmol)
was obtained from Amersham. Culture medium, fetal bo-
vine serum, and other cell culture ingredients were pur-
chased from Eurobio.

Animals and Cells

All studies were performed on adult male Wistar rats
(Dépré) weighing between 200 and 250 g. They were given
food and water ad lib. and were fasted for 18 hr prior to use
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in experiments. C2C12 cells were purchased from ATCC
through Biovalley.

Myotube Isolation

Rat muscle culture was established as described by Freshney
[9] from soleus and gastrocnemius muscles from Wistar rats.
After the removal of muscles, all subsequent steps were
carried out at 4°. Muscles were washed with PBS in a Petri
dish, and adipose tissue and blood vessels were then
carefully removed and finely chopped into small pieces.
Muscle fragments were sedimented for 5 min, and the
supernatant was removed and replaced by 10 mL of PBS
containing 2000 U/mL of type II collagenase. The incuba-
tion was performed for 4 hr at room temperature. The lysate
was then spun at 1000 g for 5 min, and the pellet was
washed 3 times, resuspended in 5 mL of PBS, and subse-
quently used for carnitine uptake measurement.

Preparation of Plasma Membranes from Muscle Cells

Plasma membranes were prepared according to Dom-
browski et al. [10]. The final pellet was found to be highly
enriched in plasma membranes by monitoring 59-nucleoti-
dase activity [11].

Marker Activity and Protein Concentration

Protein concentration was measured using the bicincho-
ninic acid procedure (Pierce-Sigma) with BSA as a stan-
dard. 59-Nucleotidase activity was measured according to
Arkesteijn [11].

C2C12 Culture

C2C12 cells were cultured according to the ATCC recom-
mendations. The cells were seeded into 100-mm culture
dishes at a ratio of 1:3 to 1:6 and grown at 37° in a
humidified atmosphere of 5% CO2. The medium was
changed every three days. C2C12 cells were subcultured at
70% of confluence. For incubation of the cells in the
absence of carnitine, the fetal bovine serum was dialyzed
against PBS (1:1000, twice).

Cell Growth

Viable cells were numbered after trypan blue exclusion
coloration.

Carnitine Transport Measurement

Carnitine uptake studies were carried out at 37°. When
using C2C12 cells, the incubation was done in 250 mL of
Hanks’ buffer; for isolated myotubes, the incubation buffer
contained 20 mM Tris/HEPES, pH 7.5 and 150 mM NaCl.
Both media contained radiolabeled and cold carnitine.
After a 1-hr incubation, myotubes were spun down and the

radioactive medium removed, the cells were washed 4 times
with ice-cold PBS, and the radioactive material was recov-
ered on a DAWP0.65 Millipore membrane and counted for
radioactivity. Non-specific carnitine binding or transport
was evaluated with blanks containing 10 mM cold L-
carnitine. Active carnitine transport was calculated as the
difference between total transport activity and specific
transport activity. Under our conditions, non-specific bind-
ing/transport always represented less than 5% of total
activity.

Statistics

Experimental conditions were performed (at least) in trip-
licate. The result of each experiment is given as the
mean 6 SE. Statistical analyses were performed using the
Student’s t-test.

RESULTS
Characterization of Carnitine Transport in Isolated
Rat Myotubes

NORMAL COURSE IN ISOLATED MYOTUBES. The uptake of
tritiated L-carnitine was inhibited in the absence of sodium
ions (Fig. 1). When potassium ion was substituted for Na
ion, a 41% inhibition was observed, and when osmolarity
was kept constant by substituting sodium by choline, a 59%
inhibition was found. The role of the counter ion was also
investigated. It appears that, in myotubes, sodium chloride
and sodium carbonate, did not affect carnitine uptake
(Table 1), while sodium glucuronate induced a 46% de-
crease in carnitine transport. The optimal pH for the
transport was found to be 7.5 (Fig. 1). In the presence of
150 mM NaCl, increasing concentrations of carnitine
showed 2 asymptotical changes in the curve, suggesting a
2-component system, one with high affinity and a second
with low affinity (Fig. 2). The Km and Vmax values for the
high-affinity system were 6.4 mM and 7.0 fmol/hr/mg
protein, while for the low-affinity system the Km was 43.4
mM and the Vmax 27.2 fmol/hr/mg protein. Both systems
appeared to be saturable. Most of this study was performed
on the high-affinity system. Ouabain is a potent inhibitor of
Na1/K1 ATPase. When ouabain (0.5 mM) was added to
the incubation mixture, a 48% decrease in high-affinity
transporter activity was observed (Table 1). Both decanoyl
and octanoyl carnitine (0.5–1 mM) reduced high-affinity
transporter activity (by 82 and 79%, respectively). Carni-
tine analogues such as D-carnitine or g-butyrobetaine in-
hibited high-affinity transporter activity (Table 1). In the
presence of g-butyrobetaine, the transport activity repre-
sented less than 8% of the regular transport activity.

EFFECT OF MILDRONATE ON CARNITINE TRANSPORT IN

ISOLATED MYOTUBES. Mildronate (3-(2,2,2-trimethylhy-
drazinium)propionate) is a carnitine analogue known to be
a carnitine biosynthesis inhibitor. As shown in Fig. 3,
mildronate was found to be a very potent inhibitor of
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carnitine transport. It interacted with both the low- and
high-affinity transport systems as a non-competitive re-
agent, since the Vmax decreased and the Km remained
unchanged. An almost full inhibition of the transport was
observed at a mildronate concentration of 0.5 mM.

Characterization of Carnitine Transport in
Isolated Membranes

The kinetics of carnitine transport in membranes isolated
from rat myotubes was as follows. Carnitine binding and/or
transport was not increased when the incubation time was
prolonged (Fig. 4). It even slowed down after more than 90
min of incubation.

Characterization of Carnitine Transport in Myoblastic
C2C12 Cells

NORMAL COURSE IN CULTURED C2C12 CELLS. C2C12 cells
were used in this series of experiments to study the
long-term effect of mildronate on muscle cell growth and
differentiation. C2C12 cells are myoblastic cells capable of
multiplication and differentiation while growing. Carnitine
transport activity again showed a dual transport system, one
for low concentrations of carnitine and the second for high
concentrations of carnitine. Normal kinetic values for carni-
tine were determined on these cells: a Km of 7.7 mM and a
Vmax of 11.2 fmol/hr/mg protein for the high-affinity system,
and a Km value of 53.4 mM with a Vmax of 27.8 fmol/hr/mg
protein for the low-affinity system. As in myotubes, the
transport was shown to be Na1-dependent (data not shown).

EFFECT OF MILDRONATE ON CARNITINE TRANSPORT ACTIV-
ITY IN C2C12 CELLS. A 1-hr incubation of C2C12 cells in
the presence of mildronate resulted in a significant decrease
in carnitine transport activity. As for myotubes, the kinetic

FIG. 1. Normal time–course and influence of pH on L-carnitine uptake by isolated myotubes. (A) Rat myotubes were incubated (from
0 to 30 min) in a reaction mixture containing 150 mM NaCl (■), 150 mM KCl (h), or 150 mM choline (}). (B) Rat myotubes were
incubated at various pH values (6–8.5). The incubation was performed in the presence of 150 mM NaCl buffered with Tris/HEPES.
For these assays, carnitine was added at a 60-mM concentration, and the amount of labeled carnitine was at a concentration of 5 nCi.
Transporter activity was determined as the amount of carnitine that crosses the membrane and was expressed in fmol/hr/mg protein.
Each experiment was done at least three times and the symbols represent the means and the SE.

TABLE 1. Effect of counter ions and acyl carnitine on
carnitine transport into isolated myotubes

Compound

Carnitine
transport (%)

(N)

Sodium chloride 100.0
Sodium carbonate 100.3 6 5.5 (3)
Sodium glucuronate 54.3 6 3.2 (3)
Control 100.0

Decanoyl carnitine (0.5 mM) 51.8 6 2.7 (3)
Decanoyl carnitine (1 mM) 41.9 6 4.8 (3)
Octanoyl carnitine (0.5 mM) 57.2 6 4.5 (3)
Octanoyl carnitine (1 mM) 23.0 6 2.3 (3)

Control 100.0
D-carnitine (0.5 mM) 78.2 6 6.5 (4)
g-Butyrobetaine (0.5 mM) 7.3 6 1.8 (4)
Ouabain (0.5 mM) 52.3 6 3.3 (4)

Transport activity was determined in isolated rat mytotubes. Ions, acyl carnitine, or
ouabain were added to the reaction mixture. Activity of the transporter was
determined and expressed in % of the activity of untreated cells. Each value
represents the mean and the SE of at least three experiments. The number of
experiments is indicated in parentheses.
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properties showed a non-competitive inhibition (Fig. 5) for
both transport systems. Adding mildronate to the culture
medium induced a marked decrease in transport activity.
After 72 hr of incubation, high-affinity activity was reduced
to 6% of the initial values (Table 2) when 50 mM
mildronate was used.

Carnitine and C2C12 Cell Growth

EFFECT OF INCREASING CONCENTRATIONS OF CARNITINE ON

C2C12 CELL GROWTH. C2C12 cells were cultured in DMEM
supplemented with dialyzed fetal bovine serum and various
concentrations of carnitine or mildronate. After one or
three days of culture, cells were harvested and counted.
Cells cultured in a medium with dialyzed fetal bovine serum
showed a slower growth. The number of cells was signifi-
cantly decreased in a carnitine-free medium. This effect was

already seen after one day of treatment. After three days of
culture, the number of viable cells in the plate decreased by
20% compared to cells cultured in the presence of total
fetal bovine serum. This suggested that carnitine may be
required for cell growth. Indeed, the addition of carnitine at
a concentration of 60 mM (the physiological concentra-
tion) to the medium containing dialyzed fetal bovine serum
restored the cell number to that of cells cultured with full
fetal bovine serum (Fig. 6).

EFFECT OF MILDRONATE ON C2C12 GROWTH. Mildronate
was added to the medium at concentrations ranging from 20
mM to 50 mM. At 20 mM mildronate and after three days of
treatment, the cell number was decreased by 22%. This effect
was dose-dependent. For instance, at 50 mM, the percentage of
inhibition was found to be 35%. At a mildronate concentra-
tion of 50 mM, the cell number went down to less than 15%

FIG. 2. Kinetics of L-carnitine transport
into isolated myotubes. Rat myotubes
were incubated in the presence of various
concentrations of L-carnitine (1 to 100
mM). The concentration of tritiated L-
carnitine in the medium was 12.5 pmol/
assay (62.5 fmol/mL). Transporter activ-
ity was expressed in fmol/hr/mg protein.
The empty squares and the dotted curve
represent the low-affinity transport, and
the full squares and plain curve the high-
affinity transport. Each symbol represents
the means and the SE of at least three
experiments. For these measurements,
the ratio between the specific activity of
labeled carnitine and cold carnitine was
taken in account.

FIG. 3. Effect of mildronate on carnitine trans-
port into isolated rat myotubes. Myotubes were
incubated in the presence of various concentra-
tions of mildronate (0 to 5 mM) and at two
concentrations of carnitine: 10 mM (h and plain
curve) and 50 mM (} and dotted line). Carnitine
transport activity was expressed in fmol/hr/mg
protein. Means of three experiments are given 6
SE.
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of that of control (Fig. 6). At that concentration, mildronate
could be toxic, since the number of viable cells was lower than
the number of cells plated. We found a good correlation (r .
0.98) between the log [concentration of mildronate] and cell
growth. The IC50 was determined after 1 and 3 days of
treatment, these values being 920 and 910 mM, respectively.

DISCUSSION

Our results showed that carnitine transport into muscle
cells (myotubes and myoblasts) was dependent upon the
presence of sodium salt. This Na1-dependent carnitine
transport is not specific for rodent muscle cells, since the

FIG. 5. Effect of mildronate on carnitine transporter activity in C2C12 cells. C2C12 cells were incubated in the presence of various
concentrations of L-carnitine (1 to 100 mM) (h). Mildronate was added at a concentration of 20 mM (}). Km and Vmax values were estimated
by the double transformation of Lineweaver–Burk. Each symbol represents the means and the SE of at least three experiments.

FIG. 4. Time–course of L-carnitine binding
and/or transport in plasma membranes isolated
from myotubes. For binding and partial trans-
port measurement, the incubation buffer con-
tained 150 mM NaCl and 20 mM Tris/HEPES
pH 7.5. Protein (12.5 mg) was added to the
mixture, and the amount of radioactive material
was determined in these membranes and ex-
pressed in fmol/hr/mg protein. In these experi-
ments, the concentration of carnitine was 60
mM. The transporter activity is expressed as
fmol of carnitine bound to membrane per mg of
protein and per hour.
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same mechanism has been described for various tissues
including intestine [12], kidney [13], neuroblastoma NB2a
cells [14], and choriocarcinoma cells [15]. We did not find
any Na1-independent carnitine uptake in these cellular
models, contrary to what was described in lactating mam-
mary tissue [16]. As had been previously described for
cultured muscle cells [8], carnitine uptake showed a dual
transport mechanism, one with high affinity, the second at
low affinity. Both systems are dependent on the presence of
Na1 ions and are saturable. The same results were found for
isolated myotubes and cultured C2C12 cells.

In plasma membranes isolated from myotubes, i.e. in the
absence of the cytosolic compounds, carnitine binding
appeared to be quickly saturable. The kinetics did not show
any time-dependent binding activity. These data suggest
that cytosolic or membrane-associated activities are re-
quired for full carnitine uptake activity. Among these
proteins, the role of tyrosine kinase or Na1/K1 ATPase is
worthy of attention, since genistein has been described as

FIG. 6. Effect of carnitine and mildronate on C2C12 cell growth. C2C12 cells (4.105 cells) were plated onto 225-mm2 culture dishes.
After attachment, cells were either incubated in the presence of a regular medium containing full fetal bovine serum (N), dialyzed fetal
bovine serum (D), or dialyzed serum supplemented with 60 mM carnitine (D 1 C) (Panel A). Cells were also treated with increasing
concentrations of mildronate (20 mM–50 mM) in a medium containing dialyzed fetal bovine serum (Panel B). Both after one or three
days of treatment, cells were harvested and viable cells were counted. In Panel A, boxes represent the average, and bars the SE. Black
histograms are representative of the data obtained after one day of treatment, while gray histograms correspond to the data collected
after three days of treatment. Symbols (* and °) represent significant difference (P 5 0.05). In panel B, the plain line and full squares
represent the action of mildronate on C2C12 growth after 3 days of treatment, and the dashed line (and empty squares), the same effect
after only one day of treatment. Bars represent the SE.

TABLE 2. Effect of mildronate on carnitine transporter
activity

Transporter
activity (%)

Day 1
Control 100.0
Mildronate 20 mM 102.3 6 5.5 (4)
Mildronate 50 mM 97.5 6 6.2 (4)
Mildronate 20 mM 36.8 6 3.3 (4)
Mildronate 50 mM 8.8 6 1.6 (4)

Day 3
Control 100.0
Mildronate 20 mM 99.0 6 7.7 (4)
Mildronate 50 mM 103.6 6 2.0 (4)
Mildronate 20 mM 13.8 6 4.9 (4)
Mildronate 50 mM 5.6 6 0.9 (4)

Mildronate was added at several concentrations (20 mM–50 mM) to the culture
medium. The transporter activity was determined after 1 and 3 days of treatment.
Each value is expressed in percentage of reference culture. The means and the SE of
independent experiments are indicated in the table. The number of experiments is in
parentheses.
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inhibiting carnitine transport in S49 cells [17] and ouabain
was able to decrease this transport in our experiments.
However, the absence of total inhibition after these treat-
ments suggested that other forms of regulation might be
involved.

Carnitine transport was also inhibited by carnitine ana-
logues, with mildronate being the most potent, acting as it
did as a non-competitive inhibitor of carnitine transport.
This inhibitory activity was exerted on both high- and
low-affinity transporters. Mildronate is also known as an
inhibitor of the enzyme responsible for carnitine synthesis
through a non-competitive mechanism [18], but does not
compete with carnitine in the carnitine palmitoyl trans-
ferase system [19]. Thus, it appears that this compound
inhibits both carnitine biosynthesis and carnitine transport
into muscle cells.

C2C12 myoblastic cell growth appeared to be dependent
upon the presence of carnitine in the medium. In cultured
C2C12 cells, the absence of carnitine in the culture
medium slowed cell growth. The same effect was observed
when these cells were treated with mildronate, which was
able to decrease cell growth in a dose-dependent manner.
Thus, it appeared that, while reducing carnitine transport,
mildronate induced a decrease in the growth rate of these
cells. This inhibition is very likely to be related to a
decrease in fatty acid oxidation [20].
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