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ABSTRACT. The specific activity of carnitine palmitoyltransferase I (CPT-I) was similar in mitochondria
isolated from rat Fao and human HepG2 hepatoma cells and from rat hepatocytes, but almost twofold higher in
permeabilized hepatoma cells than in permeabilized hepatocytes. Short-term exposure to okadaic acid induced
a ca. 80% stimulation of CPT-I in hepatocytes, whereas no significant response of the enzyme from hepatoma
cells was evident. Thus, the high CPT-I activity displayed by hepatoma cells may be reached by hepatocytes
upon challenge to okadaic acid. Reconstitution experiments with purified mitochondrial and cytoskeletal
fractions showed that the cytoskeleton of hepatocytes produced a more remarkable inhibition of CPT-I than the
cytoskeleton of Fao cells. The present data may be explained by a disruption of interactions between CPT-I and
cytoskeletal components in tumor cells that may be involved in the okadaic acid-induced activation of hepatic
CPT-I as previously suggested. BIOCHEM PHARMACOL 56;11:1485–1488, 1998. © 1998 Elsevier Science Inc.
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Mitochondrial fatty acid oxidation provides a major source
of energy in heart, skeletal muscle and liver (reviewed in
[1–3]). Hepatic fatty acid oxidation also supplies extrahe-
patic tissues with ketone bodies as a glucose-replacing fuel
[1–3]. CPT-I,§ the outer mitochondrial membrane carni-
tine palmitoyltransferase, catalyzes the pace-setting step of
long-chain fatty acid translocation into the mitochondrial
matrix [1–3]. Recent determination of flux control coeffi-
cients of the enzymes involved in hepatic long-chain fatty
acid oxidation shows that CPT-I plays a pivotal role in
controlling the flux through this pathway under different
substrate concentrations and pathophysiological states [4,
5]. It is well established that long-term changes in hepatic
CPT-I activity occur in response to alterations in the
nutritional and hormonal status of the animal [1–3]. In
addition, CPT-I is subject to allosteric inhibition by malo-
nyl-CoA [1–3].

In recent years, a novel mechanism of control of hepatic
CPT-I activity has been put forward. Several studies using
permeabilized hepatocytes have shown that various agents
exert short-term effects on CPT-I activity in parallel with
changes in the rate of long-chain fatty acid oxidation
(reviewed in [1]). Thus, cyclic 39:59-adenosine monophos-

phate analogues (e.g. dibutyryl-cAMP), effectors which
increase intracellular cyclic 39:59-adenosine monophos-
phate levels (e.g. glucagon, forskolin) and protein phospha-
tase inhibitors (e.g. okadaic acid) are able to stimulate
hepatic CPT-I [1]. This short-term activation of CPT-I is
assumed to be mediated by a malonyl-CoA-independent
mechanism [6] that may involve the phosphorylation of
cytoskeletal component(s) and the subsequent disruption of
interactions between CPT-I and the cytoskeleton [7, 8].
However, the significance of this putative mechanism of
control of CPT-I activity is as yet unknown. In the context
of the aforementioned hypothesis, it is conceivable that the
regulatory properties of CPT-I may change under patho-
physiological situations in which the organization of the
cytoskeleton is altered. Since it is well established that the
cytoskeleton of transformed cells is disorganized, the
present work was undertaken to study the regulation of
CPT-I activity by okadaic acid in hepatoma cells compared
to hepatocytes in primary cultures.

MATERIALS AND METHODS
Cell Culture

The rat hepatoma cell line Fao and the human hepatoma
cell line HepG2 were cultured as previously described [9].
They were transferred to their respective serum-free cul-
tured media [9] supplemented with 1% (w/v) defatted and
dialyzed BSA 24 hr prior to the experiments. Hepatocytes
were isolated from male Wistar rats (250–300 g) which had
free access to food and water by the collagenase perfusion
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method described in [6]. They were inoculated in Dulbec-
co’s modified Eagle’s medium containing 10% (v/v) fetal
calf serum (FCS). After cell attachment (ca. 6 hr), the
medium was replaced with serum-free Dulbecco’s modified
Eagle’s medium containing 10 nM dexamethasone and 1%
(w/v) defatted and dialyzed BSA, and the hepatocytes were
cultured for 14–18 hr before the experiments were per-
formed.

CPT-I Assay

CPT-I activity was determined in digitonin-permeabilized
cells as the tetradecylglycidate-sensitive incorporation of
radiolabeled L-carnitine into palmitoylcarnitine. Briefly,
attached cells (plated in P6 plates) or cells in suspension
(scraped from F75 flasks), as indicated in every case, were
preincubated for 45 min in the absence or presence of 20
mM tetradecylglycidate (kindly donated by Dr. J.M. Lowen-
stein, Brandeis University), a specific irreversible inhibitor
of CPT-I (cf. [10]). Incubations were continued for an
additional 45-min period in the presence or absence of
varying concentrations of okadaic acid. Subsequently,
CPT-I activity was monitored in cell monolayers [11] or
suspensions [10].

For the determination of CPT-I activity in isolated
mitochondria, the culture medium from 10–15 F75 flasks
was aspirated, cells were washed in NaCl/Pi, scraped from
the flasks, and homogenized in a medium containing 10
mM of Tris-HCl, pH 7.4, 0.25 M of sucrose, and 1 mM of
EDTA. The resulting crude homogenates were directly used
for isolation of mitochondria and determination of CPT-I
and GDH activities exactly as described [6]. In some
experiments, CPT-I activity in mitochondria was deter-
mined in the presence of a total cytoskeleton fraction that
was isolated and characterized as described [12].

Statistical Analysis

Results shown represent the means 6 SD of the number of
experiments indicated in each case. Each experimental
condition was always carried out at least in quadruplicate.
Statistical analysis was performed by the Student’s t-test.

RESULTS AND DISCUSSION

The properties of CPT-I were studied in two hepatoma cell
lines, namely human HepG2 cells and rat Fao cells, which
are commonly used as a model to study liver lipid metab-
olism (cf. [13–15]). As shown in Table 1, CPT-I specific
activity was not significantly different in mitochondria
isolated from hepatoma cells than in mitochondria isolated
from hepatocytes in primary culture. Similar qualitative
results were obtained when values of enzyme activity were
referred to mass of mitochondrial protein and to activity
units of GDH, a mitochondrial marker (Table 1). This
indicates that no differences in mitochondrial mass are
evident among the three types of cells.

CPT-I activity was subsequently monitored in a perme-
abilized cell system. The use of this assay allows measure-
ment of hepatocellular CPT-I activity in its physiological
environment [1]. As shown in Fig. 1, CPT-I activity in
primary hepatocytes was about half of that in hepatoma
cells. This clearly indicates that CPT-I activity inside the
hepatocyte is subject to certain constrictions that do not
operate in hepatoma cells or in preparations of purified
hepatic mitochondria. This is in line with the recent idea
that interactions between the mitochondrial outer mem-
brane and extra-mitochondrial cell components, most
likely localized in the cytoskeleton, might be involved in
the control of hepatic CPT-I activity [6, 7]. These interac-
tions could be readily lost in preparations of purified
mitochondria.

To test this hypothesis, the effect of the phosphatase
inhibitor okadaic acid on CPT-I activity was determined in

TABLE 1. CPT-I activity in mitochondria isolated from
hepatoma cells and primary hepatocytes

Cells

CPT-I Activity

(nmol/min per
mg protein)

(nmol/min per unit
GDH activity)

Fao 1.87 6 0.25 2.56 6 0.79
HepG2 2.19 6 0.34 1.87 6 0.41
Hepatocytes 1.81 6 0.22 2.34 6 0.68

Values correspond to three separate experiments. See Materials and Methods for
further details.

FIG. 1. Effect of okadaic acid on CPT-I activity in attached
hepatoma cells and primary hepatocytes. Fao cells (F), HepG2
cells (E) and primary hepatocytes (Œ) were incubated with
varying concentrations of okadaic acid for 45 min, and CPT-I
activity was subsequently determined with the permeabilized cell
assay. Values correspond to 4 separate experiments. *Signifi-
cantly different (P < 0.01) from primary hepatocytes.
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the three cells tested. One of the most remarkable effects
elicited by okadaic acid in hepatocytes and other cell types
is the hyperphosphorylation and subsequent disruption of
the cytoskeleton (e.g. [16, 17]). Figure 1 shows that a
remarkable 80% stimulation of CPT-I ensued upon expo-
sure of primary hepatocytes to okadaic acid. Fifty percent
activation of CPT-I occurred at ca. 10 nM okadaic acid,
indicating that CPT-I stimulation is mediated by the
inhibition of protein phosphatase 1 [7, 17]. This is in
agreement with the observation that protein phosphatase 1
seems to be the main phosphatase involved in the regula-
tion of the phosphorylation state of the cytoskeleton, and
in turn in the control of cytoskeletal integrity [17]. In
contrast to hepatocytes, a slight but not statistically signif-
icant stimulation of CPT-I to okadaic acid was evident in
hepatoma cells (Fig. 1). Therefore, the high CPT-I activity
displayed by hepatoma cells may be reached by hepatocytes
upon challenge to okadaic acid.

It might be argued that the distinct behavior of primary
hepatocytes and hepatoma cells may be a reflection of
differences in their attachment to the substrate, that may in
turn involve different configurations of the cytoskeleton.
Hence, CPT-I activity was monitored in cell suspensions
after cell scraping from the flasks. As shown in Table 2,
okadaic acid produced a significant stimulation of CPT-I in
hepatocyte suspensions but not in Fao cell suspensions.

To further support the notion that cytoskeletal compo-
nents may inhibit CPT-I, reconstitution experiments were
carried out with purified mitochondrial and cytoskeletal
fractions. As shown in Fig. 2, the cytoskeletal fraction
isolated from hepatocytes was able to markedly inhibit
CPT-I. However, the decrease in CPT-I activity elicited by
the cytoskeletal fraction prepared from Fao cells was much
weaker, indicating that in hepatoma cells the cytoskeleton
may adopt a configuration that is less effective in inhibiting
CPT-I.

In conclusion, the present data support the notion that
in hepatocytes okadaic acid liberates CPT-I from inhibitory
constrictions imposed by cytoskeletal components that do
not operate either in isolated mitochondria or in trans-

formed liver cells. In this respect, Paumen et al. have
recently put forward that cells that express high CPT-I
activity are expected to withstand palmitate-induced apo-
ptosis [18]. Whether liberation of CPT-I from the potential
constrictions imposed by the cytoskeleton may help hepa-
toma cells to escape from apoptosis is currently under study
in our laboratories. In addition, we have recently observed*
that intermediate filaments are the components of the
cytoskeleton most likely involved in the control of CPT-I
activity. Interestingly, the interactions between intermedi-
ate filaments and mitochondria become disrupted in a stress
situation such as heat shock [19]. Our results suggest that
this might be the reason for the high CPT-I activity in
hepatoma cells.
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