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Summary. In order to analyze the biological influence of carnitine on the transcriptional regulation

of mitochondrial carnitine acetyltransferase (CRAT) and carnitine palmitoyltransferases (CPT1A and

CPT2) in conditions simulating carnitine deficiency in vivo, we cultured mouse (rat) fibroblasts and

human liver cells with dialysed serum (carnitine deficient). The transcript levels of all three genes were

2-3-fold down-regulated after cultivation with dialysed serum compared to mRNA values with non-

dialysed serum. The down-regulation of transcripts was fully reverted by carnitine supplementation.

CPT1A and CRAT mRNA levels reached peak values 8 and 24 h after carnitine addition, respectively,

and declined thereafter. The mRNA levels of CPT2 were induced more than five-fold after 48 h.

Carnitine-induced accumulation of the carnitine acyltransferases was not caused by the alteration of

mRNAs’ stability by carnitine. The levels of CPT1A and CRAT steady state transcripts decreased also

during cultivation in fetal calf serum, having a lower carnitine content than calf serum. During the cell

cycle, carnitine acyltransferases seem to be regulated in a similar manner. On the other hand, the

patterns of regulation after serum stimulus are different and appeared to be dependent on the presence

or absence of carnitine in non-dialysed or dialysed serum, respectively.
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Introduction

In mammalian cells, the carnitine shuttle is utilized among others for entry of long-
chain fatty acids into the mitochondrial matrix, where they undergo �-oxidation or
are introduced for anabolic purposes, for excretion of excess acyl moieties from
mitochondria, and for detoxification [1]. Since, in healthy tissues, carnitine con-
centrations are not found in excess, but rather at set levels appropriate for optimal
substrate metabolism [2], the impaired fatty acid transport into mitochondria
caused by carnitine deficiency may lead to the cytosolic accumulation of lipid
intermediates. These intermediates have been shown to inhibit a number of key
enzymes [3]. In addition, inhibition of the mitochondrial oxidation of long-chain
fatty acids during fasting may cause heart or liver failure [4]. Prolonged inhibition
of fatty acid oxidation has also been reported to impair insulin-mediated glucose
disposal in rats [5]. Carnitine deficiency contributing to these effects may arise
from a genetic disorder or can be acquired as the result of liver disease, renal
disease including chronic haemodialysis, premature birth, dietary insufficiency,
pregnancy, and certain types of tumours. Tissue and plasma carnitine levels are
also affected by Reye’s syndrome, diabetes mellitus, infections, and heart
failure [3]. Secondary carnitine deficiency may also arise as the result of drug
therapy such as pivaloyl antibiotics, valproate [6], or zidovudine [7].

Supplemental administration of carnitine has been shown to be effective in some
cases of both systemic carnitine deficiency [8] and secondary carnitine deficiency of
different origin [9–11]. Also the alterations of carnitine system caused by several
xenobiotics can be reverted or minimized by carnitine administration [6, 7, 12].

The acylation state of the mobile carnitine pool is linked to the limited and
compartmentalized CoA pools by the action of the carnitine acyltransferase family.
In mitochondria, there are three different carnitine acyltransferases – carnitine
palmitoyltransferase 1 (CPT1), carnitine palmitoyltransferase 2 (CPT2), and car-
nitine acetyltransferase (CRAT). CPT1 (palmitoyl-CoA: L-carnitine O-palmitoyl-
transferase, EC 2.3.1.21) located within the outer membrane catalyses the initial
reaction in the mitochondrial import of long-chain fatty acids. Carrier-mediated
translocation of acylcarnitines across the inner membrane is followed by their
reesterification to acyl-CoA, by inner-membrane CPT2. The rate of mitochondrial
�-oxidation appears to be regulated mostly at the level of CPT1 [13]. However,
experiments with administration of 3-thia fatty acids to rats indicated that the
regulation of ketogenesis may under some conditions be shifted to step(s) beyond
CPT1 [14, 15]. CPT2 might in addition be involved in the export of toxic long-
chain acyl-CoA esters from the mitochondria by converting them into the corre-
sponding carnitine esters [16]. The role of the third enzyme – CRAT (acetyl-CoA:
L-carnitine O-acetyltransferase, EC 2.3.1.7) – consists in the regulation of glucose
oxidation by removal of excessive acyl groups from mitochondria. By buffering
fluctuations in the acetyl-CoA to free CoA ratio, carnitine may thus indirectly
regulate the activity of pyruvate dehydrogenase via CRAT [3]. In addition, the
mitochondrial CoA pool is limited and the depletion of free CoA would also inhibit
CPT2 [13].

Low intracellular carnitine concentration may also lead to inhibition of CRAT
through increased long-chain acyl-CoA [4]. In estrogen-deficient rats, CRAT
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activity in liver and heart was positively correlated with total and free carnitine
concentration [17]. Similarly, CRAT activity was reduced in the ischemic muscles
where also the free carnitine content was reduced [18].

CPT1 and CPT2 are distinct entities encoded by different genes. CPT1 exists in
three isoforms, the liver (CPT1A), muscle (CPT1B), and brain (CPT1C) variants,
which also arise from separate genes [19, 20]. CPT1A is expressed in liver, kidney,
lung, brain, spleen, intestine, ovary, and pancreas [20, 21]. The CPT1A is also the
major isoform in human fibroblasts [22]. Regulation of CPT1 takes place on both
protein and mRNA levels. Despite the exhaustive evidence about the regulation of
activity of CPT1 (mostly via malonyl-CoA), the studies about the regulation of
CPT genes on expression level have increased recently [23–25]. The mRNA level
of CPT1 and the corresponding enzyme activity are decreased by insulin [26], and
increased e.g. by fasting [27], thyroid hormone [28], fatty acids, and cyclic AMP
[29]. CPT2 mRNA is mostly expressed in heart, skeletal muscle, and gonadal
tissues [21]. Its activity and mRNA abundance are moderately modified during
the fed-starved transition in the rat liver [30]. CRAT mRNA has its highest expres-
sion levels in heart, testis, and kidney [31]. CRAT activity was decreased in
hypothyroid suckling rats [32]. Treatment of rats with peroxisomal=mitochondrial
proliferating agents (e.g. clofibrate) caused an increase in the mRNA and activity
levels of both CPT1 and CPT2 [20], as well as the activity level and the rate of
synthesis of CRAT [33].

Evidence has accumulated that carnitine itself might influence gene transcrip-
tion [34, 35]. Our aim was to investigate the carnitine effect on transcription of
mitochondrial carnitine acyltransferases – CRAT, CPT1, and CPT2. In particular,
we wanted to determine the effect of carnitine supplementation in the cell culture
under conditions of low and high carnitine levels on the transcription rate and=or
mRNA turnover of these carnitine acyltransferases.

Results

CPT1, CRAT, and CPT2 are enzymes belonging to the carnitine system, which is
indispensable for the acyl delivery for mitochondrial �-oxidation [38]. To establish
the biological influence of carnitine on transcriptional regulation of these genes
in vitro, mouse or rat fibroblasts were cultured with dialysed (carnitine deficient)
serum with or without carnitine supplementation (Fig. 1).

All three transcripts were 2-3-fold down regulated after cultivation of mouse
and rat fibroblasts in a medium containing dialysed serum in comparison to mRNA
levels in fibroblasts grown with non-dialysed serum. The down-regulation of tran-
scripts was fully reverted by carnitine at its peak effective concentration (80�M).
The highest concentration of carnitine (160�M) used in this experiment was
already out of the range of physiological relevance and did not cause any further
increase of the transcription levels. FACS analysis did not reveal any differences in
growth states between the cells cultivated with non-dialysed and with dialysed
serum (data not shown). Since the action of carnitine reached a maximum between
40 and 80�M, all subsequent mRNA measurements were carried out with 40�M
carnitine unless stated differently. Taking into account a lower carnitine content in
FCS than in CS, it is a strong indication that the observed effect with dialysed
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serum is rather caused by dialysed out carnitine than by dialysed out low Mw

growth factors. The transcript levels of CPT1A and CRAT were also decreased
during cultivation in FCS (Fig. 1).

Fig. 1. Response of CPT1A, CRAT, and CPT2 mRNA levels to carnitine supplementation after

cultivation of cells in dialysed calf serum (CS); NIH3T3 (or Rat-1) cells were cultivated in medium

with non-dialysed 10% (v=v) CS, FCS, or dialysed 10% (v=v) CS for 48 h and subsequently in-

cubated without or with L-carnitine for 4 h; the final concentrations of L-carnitine were 10, 40, 80,

and 160�M, respectively; northern blot analysis and quantification were performed as described in

the experimental section; data shown are mean values of triplicate independent experiments (80�M

concentration was missing in one experiment); to allow direct comparison between different tran-

scripts, data are expressed relative to the mRNA levels detected in cells cultivated in CS (1.0); error

bars are standard deviations

Fig. 2. Response of CPT1A, CPT1B, CPT2, and CRAT mRNA levels to carnitine supplementation

after cultivation of cells in dialysed foetal calf serum (FCS); HEPG2 cells were cultivated in medium

with non-dialysed 10% (v=v) FCS or dialysed 10% (v=v) FCS for 48 h and subsequently incubated

without or with L-carnitine for 4 h; the final concentrations of L-carnitine were 10�M, 40, 80, 120,

and 160�M, respectively; steady state level mRNA analysis and quantification by real-time RT-PCR

were performed as described in the experimental section; data shown are mean values of triplicate

independent experiments; to allow direct comparison between different transcripts, data are

expressed relative to the mRNA levels detected in cells cultivated in FCS (1.0); error bars are

standard deviations
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In analogy to the experimental procedure administrated for Fig. 1, we deter-
mined the steady state mRNA levels of CRAT, CPT1A, CPT1B, and CPT2 in
human liver cells (HEPG2) treated with non-dialysed foetal calf serum (FCS) and
dialysed FCS with or without L-carnitine supplementation by real time RT-PCR
(Fig. 2). The influence of the dialysis and supplementation on transcript levels of
the carnitine acyltransferases in HEPG2 cells is very similar to the patterns
observed in NIH3T3 and rat-1 fibroblasts shown in Fig. 1.

Fig. 3. Time dependent response of CPT1A, CRAT, and CPT2 mRNA levels to carnitine supple-

mentation in NIH3T3 cells grown in dialysed serum; (A) Cytoplasmic RNA (10�g=lane) was

fractionated on a denaturing gel, transferred, and hybridized with random primed cDNAs; the cells

were kept in culture medium containing dialysed 10% (v=v) CS and after 48 h L-carnitine was added

(final concentration 40�M); the cytoplasmic RNA was prepared from the cells maintained in the

presence of L-carnitine for 0, 1, 2, 8, 12, 24, and 48 h; (B) The diagram shows the amounts of

CPT1A, CRAT, and CPT2 mRNA normalized to 18S rRNA and relative to mRNA values at time

point 0 h (1.0)

L-Carnitine Regulates mRNA Expression Levels 1353



The time dependence of the effect of carnitine on CPT1A, CRAT, and CPT2
mRNA levels was delineated by incubation with carnitine for 0, 1, 2, 8, 12, 24, and
48 h. As shown in Fig. 3, the CPT1A mRNA amount increased threefold after 8 h,
declined after 24 h, and after 48 h reached the level in carnitine-untreated cells. A
similar decrease of induced CPT1A transcript levels has been reported for stimula-
tion by palmitate [39] or 3-thiadicarboxylic acid [40].

CRAT mRNA levels reached its peak value after 24 h, although in the previous
experiments (Figs. 1 and 2) the mRNA levels were enhanced with twice the con-
centration of carnitine (80�M) already after 4 h incubation. The mRNA levels of
CPT2 exhibited an interesting pattern with more than a five-fold induction after
48 h, at the time point when the other two carnitine acyltransferases transcripts
already declined.

Carnitine induced accumulation of CRAT, CPT1, and CPT2 might result from
alterations in transcription rate and=or mRNA turnover. To assess whether carnitine
modifies mRNA stability of the transcripts, an experiment with transcriptional
inhibitor DRB was carried out.

Fig. 4. Effect of carnitine on CPT1A, CRAT, and CPT2 mRNA stability; (A) Cytoplasmic RNA

(10�g=lane) was isolated from NIH3T3 mouse fibroblasts; the cells were grown in medium with

dialysed 10% (v=v) CS for 48 h followed by 4 h with (lanes 5–8) or without (lanes 1–4) addition of

L-carnitine (final concentration 40�M); afterwards, DRB was added (final concentration 30�g=cm3)

and cells were harvested after incubation for 0 h (lanes 1, 5), 1 h (lanes 2, 6), 2 h (lanes 3, 7), and 4 h

(lanes 4, 8); isolated cytoplasmic RNAs were probed with random-primed cDNAs; hybridization

signals for mRNAs relative to 18S rRNA contents were converted to a percentage of the initial (0 h)

values and logarithmically transformed; semilogarithmic plots show the decay of CPT1A mRNA

(B), CRAT mRNA (C), and CPT2 mRNA (D) in the presence (4) or absence (*) of L-carnitine
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The results in Fig. 4 clearly show that mRNA stability of any transcript was not
increased by carnitine; rather it was decreased (CPT1A, CPT2). Thus, transcrip-
tional activation of the genes appears to account rather for mRNA induction after
L-carnitine addition and not for a stabilization of the transcripts.

The measured half-life of the CPT1A (2.8 h and 3.2 h with or without carnitine,
respectively) and CPT2 (2.2 h and 3.2 h with or without carnitine, respectively)

Fig. 5. Northern blot analysis of CPT1A and CPT2 mRNA levels as a function of cell cycle; (A)

Cytoplasmic RNA isolated from NIH3T3 cells at different stages of the cell cycle separated by

centrifugal elutriation, was fractionated on a denaturing gel, transferred, and hybridised with ran-

dom-primed cDNAs; GAPDH was used as a reference; (B) The different amounts of CPT1A and

CPT2 mRNA induction were determined by a densitometric scan and were compared with the first

elutriation fraction whose mRNA contents were given relative values of 1.0; (C) A fluorescence-

activated cell sorting analysis of the elutriated fractions is shown underneath each lane
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transcripts were short for genes encoding metabolic enzymes. In agreement with
these results, the half-life of the CPT1A transcript has been shown to be about 3 h
[39] and the half-life of CPT2 mRNA 139� 17 min [29]. In contrast to the rapid
decay of CPT1A and CPT2 mRNA, CRAT mRNA apparently remained at a con-
stant level and therefore seems to belong to ‘long-lived mRNAs’.

We have previously demonstrated, that CRAT mRNA is regulated through the
cell cycle showing a biphasic pattern with a more than 2-fold induction in G1 and
G2 over the level in S-phase [31]. CPT1A and CPT2 transcripts determined from
cells sorted into cell-cycle fractions by centrifugal elutriation demonstrated similar
behaviour (Fig. 5), although the decrease from G1 to S-phase is, especially in the

Fig. 6. Northern blot analysis of CPT1A and CPT2 mRNA levels in exponentially growing versus

starved and serum induced cells; cytoplasmic RNA (10�g=lane) was fractionated on a denaturing

gel, transferred, and hybridised with random-primed cDNAs; the cells were synchronized by serum

deprivation for 72 h in a medium containing 0.2% (v=v) FCS; cytoplasmic RNA was prepared from

cells that were stimulated with medium containing 20% (v=v) FCS for 0, 0.5, 1, 2, 4, 6, 8, 15, and

24 h; on the lane labelled ‘log’ cytoplasmic RNA from exponentially growing cells was loaded; the

induction behaviour of the CPT1A and CPT2 mRNA in NIH3T3 cells with 28S rRNA control is

presented in panel (A); panel (B) shows the amount of mRNA relative to 28S rRNA and after

comparison with mRNA values detected in exponentially growing cells (1.0)
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case of CPT1A, more pronounced (3–4-fold) and G2-phase levels do not reach the
levels in G1-phase. There is also a tendency of CPT2 mRNA to decline after a peak
in G2-phase.

In Fig. 6 a complete growth cycle in NIH3T3 cells after mitogenic stimulus is
presented. In case of CPT1A, the mRNA increase reaches a maximum already half
an hour after growth induction and cells with lowest transcript levels can be mea-
sured at the time-point of 4 h. After this minimum, CPT1A mRNA started to rise
and remained at constant levels detectable in exponentially growing cells. CPT2
mRNA content shows a tendency to decrease during the first 4 h followed by a
steady increase reaching 5-fold transcript peak value 24 h after serum induction.

To determine whether lower carnitine levels caused by dialysis influence serum
induction of CPT1A, CRAT, and CPT2 genes, we tested the effect of dialysed
serum used for both starvation and serum induction (Fig. 7).

Fig. 7. Effect of dialysed serum on CPT1A, CRAT, and CPT2 mRNA levels during starvation and

serum induction; (A) The cells (NIH3T3) for analysis were synchronized by serum deprivation for

48 h in a medium containing 0.2% (v=v) dialysed or non-dialysed CS; the cytoplasmic RNA was

prepared from cells that were stimulated with medium containing 10% (v=v) dialysed (lanes 7–11) or

non-dialysed (lanes 2–6) CS for 0, 1, 2, 4, and 8 h, respectively; the cells for control were grown in

10% CS (lane 1); RNA was fractionated on a denaturing gel, transferred, and hybridized with

random-primed cDNAs; the different amounts of CPT1A mRNA (B), CRAT mRNA (C), and

CPT2 mRNA (D) induction determined by a densitometric scan and normalized to 28S rRNA are

shown relative to mRNA levels in exponentially growing cells (lane labeled ‘log’)
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For CRAT and CPT2, the stimulation is approximately the same with both
sera used. The difference between dialysed and non-dialysed serum is apparent
in case of CPT1A. This coincides with the generally admitted fact, that the oxida-
tion of long chain fatty acids is regulated at the level of CPT1A [41], being thus
more sensitive to the lack of carnitine. The small differences in induction pattern
between the experiments presented in Figs. 6 and 7 could be caused by slightly
different conditions for starvation and serum induction. For the investigation shown
in Fig. 6, cells were starved for 72 h with 0.2% (v=v) FCS and stimulated with 20%
(v=v) FCS whereas 48 h starvation with 0.2% (v=v) dialysed or non-dialysed CS
and stimulation with 10% (v=v) dialysed or non-dialysed CS were performed for
Fig. 7. The different serum content used for the stimulation could influence the
induction patterns since lower serum concentration (5% FCS) was mentioned to
maintain endogenous CPT1A activity at low level in COS-M6 cells [42].

Discussion

The aim of the present work was to gain a better understanding of the effect of
carnitine on the transcriptional regulation of CRAT, CPT1, and CPT2 expression.
The following questions were addressed. (i) What are the conditions for carnitine
effect on the gene expression of the three carnitine acyltransferases? (ii) Are the
carnitine acyltransferases regulated during the cell cycle, respectively growth cycle
after mitogenic stimulus? (iii) Does carnitine have any influence on the growth
cycle regulation?

To answer the first question, we developed a cell culture model system, which
allowed the exposure to very low carnitine concentrations followed by carnitine
supplementation. Mouse NIH3T3 and Rat-1 fibroblasts as well as human HEPG2
liver cells were cultivated in a medium with dialysed serum. Subsequently, carni-
tine was added at concentrations of 10–80�M (physiological range). Under these
conditions, carnitine showed a quantitatively important (3-and 5-fold induction of
CRAT and CPT2 mRNA, respectively) effect on gene transcription.

As expected from the fact that CPT1 is the control step of the channelling of
fatty acyl-CoA toward �-oxidation, its response to carnitine supplementation was to
some extent different to the response of the other two acyltransferases. Also from
the recent gene phylogenic studies, CRAT and CPT2 genes are closer related to
each other than to CPT1 [1]. Nevertheless, the results of carnitine supplementation
experiment in newborn cardiac myocytes [43] indicated, that carnitine might both
increase mitochondrial uptake by CPT1 and decrease acetyl-CoA by CRAT. This
outcome clearly means, that carnitine is able to stimulate both CPT1 and CRAT, as
we observed in our experiments. Similarly, there is a major increase in the con-
centration of acetylcarnitine (caused by CRAT) in the liver under conditions that
are characterized by high rates of fatty acid oxidation [44]. Under those conditions
very likely carnitine palmitoyltransferase(s) are increased as well.

The absence of the induction effect of carnitine supplementation during culti-
vation of the cells in non-dialysed CS (data not shown), where the basic carnitine
content is physiologically normal (�80�M), suggests that the positive effect of
carnitine supplementation refers to the range of its physiological concentration.
Indeed, it has been reported that increasing carnitine concentration above the
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cytosolic carnitine content had no further effect on fatty acid oxidation in isolated
rat skeletal muscle mitochondria [3]. Also most of the anticipated metabolic effects
of carnitine supplementation have not been observed in healthy persons [45].

The five-fold increase of CPT2 at the time-point of 48 h after addition of
carnitine, where CPT1A and CRAT mRNA already decreased, is surprising. How-
ever, the mRNA levels for CPT2 were reported to increase up to two-fold by
an acute treatment with etomoxir, which competitively inhibits CPT1A [46]. Also
administration of 3-thia fatty acids to rats was followed by significantly in-
creased level of CPT2 mRNA while CPT1A mRNA level remained unchanged
[14, 15]. Thus, CPT1A and CPT2 mRNAs could probably be induced by different
mechanisms.

Transcriptional activation of CRAT, CPT1, and CPT2 genes upon carnitine
administration appears to fully account for their mRNA accumulation, since car-
nitine has not significantly changed their mRNA stability. The half-life of CPT1A
mRNA was described to be increased by linoleate approximately 50% [29].
However, palmitate has been shown to have no effect on the half-life of the
CPT1A transcript [39]. In the case of carnitine, we have not observed any prolon-
gation of the CPT1A mRNA half-life, although it must be admitted that we only
used 4 h incubation with carnitine compared to 48 h incubation in the experiment
with linoleate [29]. The half-life of CPT2 mRNA was neither affected by
linoleate [29] nor by carnitine in our experiment.

After cultivation with foetal calf serum, mRNAs encoding CPT1A and CRAT
were lower than by cultivation with calf serum. CPT1A mRNA values were not
decreased after cultivation with foetal calf serum. Interestingly, a similar situation
was described in vivo, where mRNA levels of CPT1A were low in foetal liver and
intestine and rose dramatically during the first day of extra-uterine life, whereas
CPT2 mRNA levels were already high prior to birth and remained constant after
birth [30, 47]. Also the activity of CRAT was reported to increase during devel-
opment of chicken embryo [48]. The fact that CPT1A mRNA can be maintained at
a high levels in rats weaned on to a high-fat diet, whereas it decreases when the rats
are weaned on to a high-carbohydrate diet, suggests that postnatal changes in
CPT1A level are dependent on hormonal and=or nutritional factors rather than
on the precise stage of development [30]. Our results indicate that beside FFA
and glucagon also carnitine is one of those factors, since glucagon, its synthesis
and secretion is increased besides FFA [49], has been shown to increase the carni-
tine content of liver [50]. Carnitine very likely is also one of the milk components
that in newborn rats apparently induce the CPT1 expression sooner and with a
more pronounced effect [47].

It has been shown that groups of genes whose products act at different steps in a
common process are co-ordinately regulated after serum stimulus [51]. This led us
to the second goal of our work – to test, if the regulation of the group of carnitine
acyltransferases is coordinately expressed during cell cycle or after serum stimulus.
Indeed, CPT1, CPT2, as well as previously published CRAT [31] show a re-
sembling pattern of the cell cycle regulation. On the other hand, the patterns of
regulation after serum stimulus are different. CPT1 gene expression gaining a
maximum half an hour after growth induction seems to belong to the early
response genes as has been suggested elsewhere [39]. The observed delay of the
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expression of CPT2 compared to CPT1A was also reported during the administra-
tion of 3-thia fatty acids to rats [40]. Interestingly, the time courses of the induction
by carnitine are very similar to that brought about by transcriptional activation of
both CPT1A and CPT2 gene expression in response to mitogenic stimulus. This is
in accordance with a published suggestion, that distinct signals can elicit a rather
generic transcriptional output [52]. Moreover, carnitine has been shown to act
synergistically with hepatocyte growth factor [53]. This led us to the third question.
Can the presence or absence of carnitine influence the natural response to CPT1
and CPT2 gene expression after serum stimulation? It was shown that addition of
carnitine to low-serum incubation medium of murine hepatocytic cells enhanced
cell growth [53]. Using non-dialysed (carnitine containing) and dialysed (lacking
carnitine) serum for starvation and serum stimulation, we provided an evidence for
the role of carnitine in response of gene expression of carnitine acyltransferases to
serum stimulation. All three enzymes are involved in the uptake of activated long-
chain fatty acids into mitochondria and their levels were lower during starvation in
dialysed serum. In addition, the mRNA levels of CPT1, which represents the main
control step in the access of fatty acyl-CoA for �-oxidation, showed nearly no
induction by dialysed serum.

The stimulation of both CPT1 and CPT2 gene expression is in case of peroxi-
some proliferators mediated through peroxisome-proliferator-activated receptor
(PPAR) [54, 55]. Although fatty acids have been reported to regulate production
of CPT1B transcript also through activation of PPAR� (�) [56–58], the contribu-
tion of PPAR� in mediating the effects of long-chain fatty acids on CPT1A and
CPT2 levels has never been established [1, 59]. A direct modulatory effect of
carnitine on the glucocorticoid receptor activity has been demonstrated [60]. Our
recently performed promoter studies of the CRAT gene indicate a direct influence
on the transcriptional activity of the CRAT promoter. But it is still difficult to
hypothesize which mechanism and factors are specifically involved in gene regula-
tion by carnitine. Nevertheless, the influence of carnitine on gene transcription
proven also by this study is of interest for the better understanding and manage-
ment of pathological cases associated with carnitine deficiency.

Experimental

Cell Culture

NIH3T3 mouse fibroblasts (ATCC CRL-1658), Rat-1 rat fibroblasts, and HEPG2 human liver cells

(ATCC HB 8065) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% (v=v) calf serum (CS) or foetal calf serum (FCS) and antibiotics (30 mg=dm3 penicillin,

50 mg=dm3 streptomycin sulphate). For the experiments, cells were kept in DMEM containing

10% FCS, 10% CS, or dialysed 10% CS (dialysis was performed against PBS for 48 h with five buffer

changes). Prior any experiment, cells were adjusted to culture conditions for 48 h and subsequently

L-carnitine (LONZA) was added to obtain a final concentration of 40�M (or cells were exposed to

different concentrations of L-carnitine, as indicated in the experiment) in the culture medium. Cells

were incubated with or without L-carnitine for additional 4 h (in a time course experiment for different

periods of time) before lysis and RNA isolation was performed.

For the RNA stability measurement, cells were incubated for 4 h with L-carnitine and then the

RNA polymerase II inhibitor 5,6-dichloro-1-�-D-ribofuranosyl benzimidazol (DRB) was added at a
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concentration of 30�g=cm3 (time indicated as 0 h). After incubation for different periods of time,

cytoplasmic RNA was isolated.

For starvation, cells were kept in DMEM containing 0.2% FCS (0.2% CS or dialysed 0.2% CS) for

72 h (48 h in the experiment with dialysed serum). Growth induction was performed by adding fresh

DMEM containing 20% FCS (in the experiment with dialysed serum – 10% CS or 10% dialysed CS)

for different periods of time as indicated by the time course protocols. The proliferative growth state

of cell populations was assessed by a Partec PAS-2 cytofluorimeter measuring the DNA content.

Centrifugal elutriation of exponentially growing NIH3T3 cells (3�108 cells) was performed using a

Beckman elutriation equipment.

RNA Preparation, Northern Blot Analysis and Real Time PCR

To isolate fibroblasts’ cytoplasmic RNA, 3�107 cells were washed twice with PBS, scraped off with a

‘rubber policeman’, resuspended in 200 mm3 of ice-cold buffer A (10 mM Hepes, pH 7.9, 10 mM KCl,

0.1 mM EDTA, 0.1 mM EGTA, 2.5 mM dithiothreitol), and combined with 10 mm3 of 12.5% Nonidet

P-40. After gently mixing for 10 s, the suspension was centrifuged at 15 000 g at room temperature for

2 min. The supernatant was transferred into a tube containing 400 mm3 of buffer B (7M urea, 1% (w=v)

SDS, 0.35M NaCl, 10 mM EDTA) and 400 mm3 of PCI (phenol=chloroform=isoamyl alcohol, 25:24:1,

by vol.). The samples were mixed and stored at �20�C. After 30 min centrifugation at 4�C (15 000 g),

the aqueous phase was precipitated with two volumes of ethanol. Following a washing step with 70%

ethanol, the RNA was dissolved in diethyl pyrocarbonate (DEPC)-treated water.

The RNA (10�g) was fractionated on denaturing 1% (w=v) agarose gels containing 1.5% (v=v)

formaldehyde, transferred to GeneScreen nylon membranes (Du Pont-New England Nuclear) and

immobilized to filters by UV-irradiation (UV Stratalinker, Stratagene). Afterwards, the membranes

were stained with 0.04% methylene blue in 0.5M sodium acetate, pH 5.2, for 10 min and subsequently

partially destained with distilled water.

Rat CPT1A cDNA [34], murine CRAT cDNA [31], and rat CPT2 cDNA [35] were radiolabeled by

random priming [36] and used as probes. The filters were hybridized overnight at 42�C in 50% (v=v)

formamide, 5� SSPE, 0.1M sodiumphosphate, pH 6.5, 5� Denhardt’s, 10 mM EDTA, pH 8.0,

1% (v=v) sarkosyl, 100�g=cm3 yeast-tRNA. The final wash was performed in 2� SSC=0.1% SDS

at 65�C for 30 min.

Only the HEPG2 RNA was isolated by standard GTC-method [37]. For the isolation cells were

washed with PBS and lysed directly in the culture dish (GTC lysis buffer including GTC-stock solution

(Guanidium thiocyanate, H2O, sodium citrate, pH 7, 10% N-lauryl sarcosinate) and �-mercaptoetha-

nol), 1=10 volume of sodium acetate pH 4.5 was added and mixed, finally 1=3 volume phenol and

1=10 volume chloroform were added and vigorously mixed for 15 seconds. Subsequently the RNA was

purified and isolated by a standard phenol chloroform extraction. Finally RNA was collected by

centrifugation at 4�C=14000 rpm for 10 min. The RNA-pellet was washed with 70% ethanol and again

centrifuged for 5 min at 10000 rpm, dried for 5 min in a vacuum dryer, dissolved in 100 mm3 DEPC

treated distilled water, incubated for 10 min at 65�C. Quantification was performed by exploiting the

absorption properties of the RNA aromatic bases which absorb light at a �max¼ 260 and 280 nm as

well as by a Molecular Dynamics Image Quant equipment. Signal and loading corrections were

based either on 18S (or 28S) rRNA or on glyceraldehyde phosphate dehydrogenase (GAPDH) band

intensities.

RNA (3�g) was used for cDNA synthesis (based on the Revert Aid M-MuLV Reverse Trans-

criptase Protocol of Fermentas). These cDNAs were taken as a template for Light Cycler mea-

surements (based on Light Cycler Fast Start DNA Master SyBr Green I protocol by Roche

Diagnostics). Following human PCR primers and reaction conditions were used: �-Actin sense

50-TGCCATCCTAAAAGCCAC-30, antisense 50-TCAACTGGTCTCAAGTCAGTG-30, annealing

temp. RT-PCR: 62�C, block-PCR: 58�C. CPT1A sense 50-GAGAGGAGACAGACACCATC-30, anti-

sense 50-ACTTGTCAAACCACCTGTC-30, annealing temp. RT-PCR: 62�C, block PCR: 52�C. CPT1B
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sense 50-GGTGAACAGCAACTATTATGTC-3, antisense 50-GGATCCTCTGGAACTGCATC-30,

annealing temp. RT-PCR: 67�C, block PCR: 61.8�C. CPT2 sense 50-GTCACGGTGCAGAAAC-30,

antisense 50-CTCTTTGTATAGACGGAGGC-30, annealing temp. RT-PCR: 65�C, block PCR: 57�C.

CRAT sense 50-CCATCCGCTCGGCTTCCATGG-30, antisense 50-CTCCGCGCAGCTGTTGTAGGC-

30, annealing temp. RT-PCR: 65�C, block PCR: 59.5�C.
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