
Positive feedback between ethanolamine-speci¢c phospholipid base
exchange and cytochrome P450 activities in rat liver microsomes.

The e¡ect of clo¢bric acid

Jacek Lenart, Izabela Komanèska, SIawomir PikuIa, Renata Jasinèska*
Laboratory of Biochemistry of Lipids, Department of Cellular Biochemistry, Nencki Institute of Experimental Biology, 3 Pasteur Street,

02-093 Warsaw, Poland

Received 14 April 1998; revised version received 13 July 1998

Abstract The results of the present investigation relate the
effects of the nutritional state and administration of clofibric acid
(CLA), a hypolipidaemic drug and peroxisomal proliferator, on
phosphatidylethanolamine (PE) synthesis in rat liver and fatty
acid metabolism. Fasting and CLA treatment of animals causes
an increase in the amount of PE in endoplasmic reticulum (ER)
membranes and mitochondria, as well as in the PE/phosphati-
dylcholine (PC) ratio. Moreover, the activity of the ethanola-
mine-specific phospholipid base exchange (PLBE) enzyme in
liver ER membranes of fasted animals was enhanced by 75% in
comparison to that of animals fed ad libitum. The effect of CLA
treatment was additive to that of starvation; PE synthesis tested
in vitro via the Ca2+-sensitive PLBE reaction increased 3-fold in
comparison to rats fed ad libitum. This is confirmed by an
increased Vmax for the reaction, but the affinity of the enzyme
for ethanolamine was not significantly changed. These effects
were accompanied by an enhanced expression of cytochrome
P450 CYP4A1 isoform and elevated activity of the enzyme upon
CLA administration. The stimulatory effect of CLA adminis-
tration on the efficiency of the ethanolamine-specific PLBE
reaction can be explained by elimination of lauric acid, a known
inhibitor of de novo PE synthesis, during the course of gg-
hydroxylation catalysed by CYP4A1, and by increased expres-
sion of the PLBE enzyme. The products of gg-hydroxylation of
lauric acid, which are then converted by dehydrogenase to 1,12-
dodecanedioic acid, did not significantly affect the in vitro
synthesis of PE.
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1. Introduction

Phospholipid synthesis in the rat liver is linked to the me-
tabolism of fatty acids since fatty acid chains constitute the
acyl moieties of phospholipid molecules. Equally important,
phospholipids determine the physico-chemical properties of
biological membranes, in£uence the activity of membrane
proteins by ful¢lling certain structural requirements, and serve
as a resource for the generation of signalling molecules [1].
Moreover, fatty acid homeostasis is essential for the integrity
of all cellular membranes. Pleiotropic e¡ects evoked by alter-

ations of the nutritional state of an animal in lipid composi-
tion and metabolism, as well as on the synthesis and remod-
elling of highly polyunsaturated molecular species of
phospholipids is well documented for the liver and blood
[2,3]. Fasting (the state under which gluconeogenesis occurs)
accompanied by a lowering of fatty acid synthesis and their
increased oxidation [4] was found to decrease the rate of syn-
thesis and the amount of hepatic phosphatidylcholine (PC),
diacyl- and triacylglycerols [5,6]. On the other hand, in rat
liver after administration of clo¢bric acid (CLA), a correlation
between the enhanced rate of phosphatidylserine (PS)-derived
PC synthesis, diminution of triacylglycerols and inhibition of
PC and triacylglycerol secretion into the circulation in the
form of very low density lipoproteins, has been established
[7]. Interestingly, starvation and treatment with CLA resulted
in an elevation of the phosphatidylethanolamine (PE) level,
another representative phospholipid of eukaryotic cell mem-
branes [5^8]. Furthermore, CLA as a xenobiotic compound
induced a variety of hepatic responses, amongst them rapid
proliferation of peroxisomes, smooth endoplasmic reticulum
(ER) membranes and mitochondria linked to alterations in
the activities of lipid-metabolising enzymes [9^11]. As a result
of these changes, activation of microsomal g-hydroxylation of
fatty acids by induction of cytochrome P450 isoenzymes
[12,13] and subsequent induction of peroxisomal L-oxidation
have been observed [11,14,15]. Stimulation of both processes
in response to non-xenobiotic factors such as starvation, high
fat diet, cold adaptation, oxidative stress and in diabetes mel-
litus or during liver regeneration was found at the same time.
Each of these metabolic states is characterised by a transient
accumulation of hepatic fatty acids and various lipid metab-
olites [16]. In addition, the positive correlation between the
participation of Ca2� homeostasis regulation, cytochrome
P450 activity and various calcium-binding proteins (calmodu-
lin, calreticulin) localised within the lumen of the ER com-
partment is well documented [17]. Since PE is a phospholipid
class which ful¢ls the requirement of cytochrome P450 isoen-
zymes for optimal activity [18], it was of particular importance
to examine whether its Ca2�-dependent synthesis via the phos-
pholipid base exchange (PLBE) reaction [19] is also a¡ected
by the metabolic state of the animal. In the present study we
focus on veri¢cation of the hypothesis that the positive coop-
eration of cytochrome P450-dependent enzymes involved in
fatty acid metabolism and the ethanolamine-speci¢c PLBE
enzyme exists in the rat liver under speci¢c metabolic condi-
tions [20]. The results obtained led us to the conclusion that
the PLBE reaction is an inducible pathway of PE synthesis in
hepatocytes during metabolic stress and evoked hyperplasia
which is switched on when extensive remodelling of phospho-
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lipid molecular species or/and a process of massive synthesis
of components for membrane assembly are required. Part of
this work has been reported in preliminary form [21].

2. Materials and methods

2.1. Chemicals
Ethan-1-ol-2-amine hydrochloride, L-serine, D-glucose 6-phosphate

monosodium salt, CLA, 1,12-dodecanedioic acid, Hoechst 33258, Tri-
ton X-100, and reduced glutathione (GSH) were obtained from Sigma
(USA). [2-14C]Ethan-1-ol-2-amine (54 mCi/mmol), [1(3)-3H]glycerol
(2^5 Ci/mmol), 1,2-dioleoyl-sn-glycero-3-phospho-L-[3-14C]serine (51
mCi/mmol), [1-14C]lauric acid (58 mCi/mmol), and the rat cytochrome
P450 IVA ECL Western blotting kit were purchased from Amersham
(UK), while D-[U-14C]glucose 6-phosphate (300 mCi/mmol) was from
ARC (USA). Silica gel 60 plates for thin layer chromatography were
from Merck (Germany), and resin AG 50W-H� X8 from Bio-Rad
(Austria). All other chemicals were of the highest purity commercially
available.

2.2. Preparation of subcellular fractions
A group of adult male Wistar rats weighing 150^180 g were divided

into three subgroups. The ¢rst was fed ad libitum, the second was
starved for 16 h and injected with 0.9% saline, whereas the third was
injected intraperitoneally with a single dose of CLA (250 mg/kg of
body weight [11]), then fed ad libitum for 8 h and starved for another
16 h. Livers were excised, rinsed and 10% homogenates in 225 mM
mannitol, 75 mM sucrose, 5 mM HEPES, pH 7.4, 0.5 mM EGTA
were prepared. The basic characteristics of biological preparations are
given in Table 1. The di¡erences in the number of rats used for
various types of experiments are explained in the legend to Table 1.
Mitochondria, ER membranes and the cytoplasmic fraction were iso-
lated as described in [22], and were kept at a protein concentration of
10^20 mg/ml at 380³C for 1^2 months.

2.3. Detection of cytochrome P450 CYP4A1 by Western blotting and
assay of its activity

Immunodetection of the rat CYP4A1 isoform was performed ac-
cording to the instruction manual for the rat cytochrome P450 IVA
ECL Western blotting kit, provided by the manufacturer. ER mem-
branes (7.5 Wg of protein per slot) isolated from various animals were
subjected to SDS-polyacrylamide gel electrophoresis and electrotrans-
ferred to Hybond-ECL (nitrocellulose) membranes. The immunode-
tection procedure of the CYP4A1 isoform utilised an anti-cytochrome
P450 primary antibody raised in sheep and an anti-sheep Ig-biotiny-
lated species-speci¢c secondary antibody. This was subsequently de-
tected with a streptavidin-horseradish peroxidase conjugate which
binds to the biotinylated secondary antibody. Horseradish peroxidase
then catalysed the oxidation of luminol in the presence of H2O2 and
an enhancer [23]. The emitted light was then captured on Hyper¢lm-
ECL ¢lm which, after processing, was converted to a computer image
using a densitometer (Molecular Dynamics). The Image Quant pro-
gram (version 3.3) was used for quantitative analysis of these images
in order to obtain the relative amount of CYP4A1 in ER membranes.
The reaction mixture for the determination of CYP4A1 activity con-

tained a total volume of 0.4 ml, 0.1 mg/ml of ER membrane protein,
0.25 mM Tris-HCl, pH 7.4, 1 mM NADPH, and 0.1 mM [1-14C]lauric
acid (speci¢c activity 2.5 mCi/mmol). The reaction was started by the
addition of NADPH after preincubation of the sample for 5 min at
37³C, and prolonged for an additional 5 min. The reaction was
stopped by the addition of 0.4 ml of acetonitrile:0.2% acetic acid
(1:1, v/v), cooled for 10 min on ice, and centrifuged at 1500Ug for
5 min. The product of the reaction, 11- (or 12-) hydroxylauric acid,
and unmetabolised substrate were separated by one-dimensional thin-
layer chromatography in hexane:diethylether:glacial acetic acid
(90:28.5:1.5, v/v) [24].

2.4. Assay of activities of phospholipid synthesising enzymes in vitro
and synthesis of PE in vivo

The PLBE activity was measured in an assay system containing 0.25
mg of ER membrane protein, 40 mM HEPES, pH 7.4, 1 mM CaCl2
and 50 WM [2-14C]ethanolamine (speci¢c activity 1.5 mCi/mmol), as
described previously [25]. Ethanolamine kinase (EC 2.7.1.82) activity
was determined according to Weinhold and Rethy [26]. The reaction
was carried out at 37³C for 15 min and terminated by boiling. A
blank sample was boiled immediately after the addition of cytosol.
After removal of proteins, the supernatant was applied to a column of
resin AG 50W-H� X8. Ethanolaminephosphate (EP) was separated
from ethanolamine by elution with 3 ml of water followed by radio-
metric quantitation in dioxane scintillator. The identity of eluted EP
was tested with EP and ethanolamine standards by one-dimensional
thin layer chromatography in ethanol:ammonium:water (61:29:10, v/
v) [27]. PS decarboxylase (EC 4.1.1.65) activity was measured in a
mixture of total volume of 300 Wl consisting of 100 mM K-phosphate
bu¡er, pH 6.8, 10 mM L-mercaptoethanol, 1 mM EDTA, 80 WM
[3-14C]PS (1 mCi/mmol) and Triton X-100. Mitochondria (100 Wg of
protein, i.e. 25 nmol of phospholipids) were solubilised in the presence
of Triton X-100, at a phospholipid/detergent ratio of 1:12 (w/w) [28]
prior to addition to the incubation mixture. The reaction was carried
out for 30 min at 37³C, i.e. for the time at which a linear dependence
of PS decarboxylation versus time was observed with an e¤ciency not
exceeding 20% of PS available in the assay medium. Then the reaction
was stopped by adding 4 ml of ice-cold mixture of methanol:chloro-
form (1:1, v/v). Phospholipids were extracted according to Bligh and
Dyer [29] and separated using one-dimensional thin layer chromatog-
raphy in chloroform:methanol:water (65:25:4, v/v), which was pre-
ceded by removal of Triton X-100 with acetone. To determine the rate
of PE synthesis in vivo rats were pulse-chased by a single intraper-
itoneal injection of 0.25 ml of [1,3-3H]glycerol (40 WCi) and
[2-14C]ethanolamine (10 WCi) in 0.9% saline; 10 min after the injection
(the short time was chosen to prevent secretion of labelled phospho-
lipids into the circulation and their remodelling) livers were removed
and subcellular fractions were isolated. Labelled phospholipids were
extracted and quanti¢ed by liquid-scintillation counting in a two-
channel system.

2.5. Transport of PS
Transport of PS mediated by a non-speci¢c lipid transfer protein

was determined by the PS decarboxylase assay, as described in [30].
Mitochondria isolated from livers of three subgroups of animals were
used as acceptor membranes (1 mg protein, i.e. 250 nmol of phospho-
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Table 1
E¡ect of starvation and administration of CLA on rat liver

Parameter Animals

Fed ad libitum (n = 3) Starved (n = 10) CLA-treated, then starved (n = 9)

Animal weight (g) 175.8 þ 21.5 167.2 þ 15.2 165.8 þ 12.7
Liver weight (g) 6.6 þ 0.5 4.6 þ 0.4* 5.5 þ 0.5
DNA (mg)a 1.9 þ 0.1 2.6 þ 0.6* 3.6 þ 0.5**
Protein (mg)a 115.6 þ 17.9 138.5 þ 8.8** 139.0 þ 8.6**
Phospholipids (Wmol)a 33.9 þ 2.7 26.6 þ 1.4** 30.6 þ 1.8*
Phospholipid/protein ratio (Wmol/mg) 0.29 þ 0.02 0.19 þ 0.05 0.22 þ 0.09
GSH (Wmol)a 4.7 þ 0.3 5.8 þ 0.3* 6.4 þ 0.5*
aValues are expressed in units per g of liver weight. Signi¢cantly di¡erent *P6 0.01, **P6 0.001 from animals fed ad libitum. The total number of
animals used is given in parentheses. The di¡erences in the number of animals used for determinations between three groups are due to the fact that
rats fed ad libitum are already well described by other investigators with respect to the parameters shown here. The number of animals used for
speci¢c determinations for which results are shown in other tables and ¢gures may vary from the total number of rats. However, these animals were
the same throughout the study.
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lipids). Donor vesicles consisted of [3-14C]PS (0.5 mCi/mmol) and 25
nmol of bovine brain PS. Spontaneous and protein-mediated trans-
port of PS was carried out for 30 min at 2³C in the same bu¡er as
used for homogenisation of the liver. The cytoplasmic fraction iso-
lated from liver homogenate of rats starved overnight served as the
source of a non-speci¢c lipid transfer protein. Spontaneous transport
of PS determined without the cytoplasmic fraction (0.65 þ 0.06 nmol
PS/30 min), was found to be independent of the amount of the accep-
tor mitochondria, and was subsequently subtracted. Mitochondria en-
riched in PS were reisolated, resuspended and decarboxylation of PS
was carried out for 10 min at 30³C [30]. The e¤ciency of the reaction
was determined by radiometric quantitation of PS and PE separated
from extracts of total mitochondrial lipids by one-dimensional thin
layer chromatography in chloroform:methanol:water (65:25:4, v/v).

2.6. Lipid peroxidation
Non-enzymatic peroxidation of ER membrane lipids in the presence

of 5 WM FeSO4 and 100 WM ascorbic acid was performed as described
in [20]. The reaction was terminated by the addition of butylated
hydroxytoluene to a ¢nal concentration of 0.1 mM. NADPH-depend-
ent lipid peroxidation in the presence of ferric cations was achieved as
described previously [20]. The level of thiobarbituric acid-reactive sub-
stances (TBARS) was measured according to Uchiyama and Mihara
[31], using malondialdehyde, obtained by acidic hydrolysis of tetra-
ethoxypropane, as a standard [20].

2.7. Other determinations
Protein concentrations were determined according to Lowry et al.

[32] with bovine serum albumin as a standard. Phospholipids were
extracted from membranes [29], separated by one-dimensional thin
layer chromatography in chloroform:ethanol:water:triethylamine
(30:34:8:35, v/v) [33], and their phosphorus content was assessed by

the method of Rouser et al. [34]. DNA levels in homogenates were
determined spectro£uorimetrically with the use of Hoechst 33258 [35],
with excitation and emission wavelengths set at 356 nm and 492 nm,
respectively. Rat liver DNA served as a standard. Glucose 6-phospha-
tase activity was assayed in 50 mM MOPS, pH 6.5, and 2 mM EGTA,
by radiometric determination of D-[U-14C]glucose hydrolysed from 0.5
mM [U-14C]glucose 6-phosphate (0.16 mCi/mmol) [36]. The levels of
GSH were determined in cytoplasmic fractions by using a £uorimetric
method [37] with o-phthalaldehyde as a dye. The excitation wave-
length was 350 nm and the £uorescence intensity was recorded at
emission maximum of 425 nm.

3. Results and discussion

3.1. E¡ect of CLA administration on PE content in rat liver
ER membranes and mitochondria

It is well known that di¡erent nutritional states in£uence
liver metabolism in rodents [2,5,6]. Some of these e¡ects, as
shown below, are similar to those evoked by the administra-
tion of hypolipidaemic drugs, for example CLA [7,14], while
others are opposite in e¡ect. Overnight starvation resulted in
the diminution of liver weight by about one-fourth in compar-
ison to the liver weight of animals with free access to food
[15], and was accompanied by a decrease of the content of
phospholipids by 22% (Table 1). The 10% loss of the total
protein content after starvation suggests that the liver used
them to sustain gluconeogenesis [38]. In contrast, CLA admin-
istration led to an increase of rat liver weight by 27% and an
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Fig. 1. Changes in PE content (A), in vitro synthesis of PE via the PLBE reaction (B), and susceptibility of the PLBE reaction to lipid peroxi-
dation (C, D) in ER microsomes isolated from livers of animals fed ad libitum (empty bars), starved (hatched bars) and CLA-treated (¢lled
bars). The data shown in A and B are the mean of four independent determinations; the number of animals used (n) is given. Phospholipids
were extracted from ER membranes using a mixture of organic solvents, then separated by one-dimensional thin layer chromatopgraphy and
their phosphorus content assessed as described in Section 2. The ethanolamine-speci¢c PLBE activity (B) in ER membranes was determined in
an assay system containing 0.25 mg of ER membrane protein, 1 mM CaCl2 and 50 WM [2-14C]ethanolamine. For the determination of suscepti-
bility of microsomes to lipid peroxidation (C), ER membranes (1 mg protein/ml) were preincubated at 37³C with 20 WM FeSO4 and 250 WM
NADPH (enzymatic peroxidation) or with 5 WM FeSO4 and 100 WM ascorbic acid (non-enzymatic peroxidation) for 8 min at 37³C. PE synthe-
sis via the PLBE reaction amounted to 72 and 125 pmol/min/mg protein in microsomes from starved or CLA-treated rats, respectively. The
TBARS formation (D) was measured as described in Section 2. The TBARS level in microsomes not subjected to peroxidation (initial level)
amounted to 36 þ 4 pmol/mg protein (starved animals) and 29 þ 3 pmol/mg protein (CLA-treated rats). In C and D the mean values þ S.D. of
three experiments are shown.
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increase of the levels of phospholipids by 15% and of total
protein content in comparison to starved animals. These
changes should have been followed by intensive cell matura-
tion, transcription and translation processes. We found, how-
ever, only slight variation of DNA levels in rat liver homoge-
nate from starved animals, in contrast to an 1.9-fold increase
within 24 h after administration of a single dose of CLA
(Table 1). This result points to the in£uence of CLA on
DNA replication and transcription rates within hepatocytes
and to the stimulation of the cell proliferation cycle leading
to hyperplasia [14]. Moreover, the increased amount of GSH
in the cytoplasm, which was by 10% higher than after starva-
tion, suggested that some mechanisms of cell protection
against free radical damage are simultaneously activated [39].

The signi¢cant di¡erences in the phospholipid content of
rat liver homogenates was promising and prompted us to
examine the levels of PC and PE, major classes of phospho-
lipids, in subcellular fractions isolated from rat liver excised
from three groups of animals. These groups are characterised
in Table 1. The PE content in ER membranes was found to
increase 1.28-fold in starved animals and 1.97-fold after CLA
treatment in comparison to control, ad libitum fed rats (Fig.
1A). The content of PE in mitochondria was also elevated,
but to a lesser extent (from 52.3 to 67.6 and 73.7 nmol/mg
protein, respectively). Due to similar trends in PC content in
examined subcellular fractions, the PE/PC ratio in ER mem-
branes and in mitochondria di¡ered only to a limited extent
between the experimental groups, from 0.39 to 0.43 or from
0.81 to 0.92, respectively. They reached their highest values,
however, after CLA administration. We hypothesise that these
changes were evoked by di¡erences in the activities of phos-
pholipid synthesising enzymes located either in the cytoplasm
or in the ER and mitochondrial membranes.

3.2. Activities of enzymes participating in PE synthesis via
di¡erent pathways

The data published by other investigators [3,5,8] pointed to
a depressed activity of enzymes (ethanolamine kinase and
CTP:EP cytidylyltransferase) involved in the de novo synthe-
sis of PE upon starvation. In our experiments (Table 2) the
activity of ethanolamine kinase was decreased by one-fourth
upon starvation and increased by 18% after CLA administra-
tion, although not reaching the value for ad libitum fed ani-
mals. Participation of glucagon-stimulated PE N-methyltrans-
ferase cannot be excluded, since PE derived from
ethanolamine is the preferred substrate for methylation to
PC [40,41]. It has been found, however, that de novo synthesis
of PC in the hepatocytes of CLA-treated rats was stimulated
with the simultaneous inhibition of PE N-methyltransferase
[7,8]. Such £uctuations create a pool of phospholipid substrate
which is used exclusively for the synthesis of PS via a calcium-

dependent serine-speci¢c PLBE reaction [7]. The pool of
newly synthesised PS via this pathway can be subsequently
metabolised to PE by PS decarboxylase in mitochondria [42]
or via the ethanolamine-speci¢c PLBE reaction in ER mem-
branes [25]. PS decarboxylase activity determined in the solu-
bilised system (Table 2) when the e¤ciency of the reaction was
not limited by PS transport, was signi¢cantly decreased (by
21%) in starved rats in comparison to animals fed ad libitum
and only slightly increased after CLA treatment. These
changes can re£ect di¡erences in the amount of active enzy-
matic protein. However, di¡erent data were obtained when
the amount of labelled PS transported via the protein-medi-
ated pathway was similar to the amount of phospholipid
present in native mitochondria. It was found that mitochon-
dria from starved animals were better acceptors of protein-
mediated transfer of liposomal PS (3.8 þ 0.2 nmol PS/30 min/
mg protein) than mitochondria isolated from other groups of
animals (2.7 þ 0.2 nmol PS/30 min/mg protein), re£ecting dif-
ferences in lipid-protein composition and the membrane sur-
face charge. The participation of a non-speci¢c lipid transfer
protein in the transport of PS seems to be more pronounced
in the case of starvation. Furthermore, the rate of PS decar-
boxylation in [3-14C]PS-enriched mitochondria from starved
animals was twice as high as in mitochondria from animals
fed ad libitum (Table 2) presumably since the e¤ciency of PS
decarboxylation depends on the e¤ciency of PS transport [30].
In this experiment CLA treatment resulted in the enhance-
ment of PS decarboxylation, in agreement with results ob-
tained by others [8]. It is worth noting that the level of PS
decarboxylase activity measured in this assay was comparable
to that of the ethanolamine-speci¢c PLBE enzyme (Fig. 1B).

In the course of the present study we found that the activity
of the ethanolamine-speci¢c PLBE enzyme in ER membranes
from starved and CLA-treated animals was higher by a factor
of 1.75 and 3.13, respectively, in comparison to animals fed ad
libitum (Fig. 1B). We also found that supplementation of the
assay medium with 100 mM butylated hydroxytoluene had an
additive e¡ect to starvation on ethanolamine incorporation
into phospholipid molecules via the PLBE reaction. This sug-
gests that a hydrophobic radical scavenger may protect the
newly synthesised molecular species of PE against peroxida-
tion [20]. Moreover, ER membranes from CLA-treated ani-
mals were less sensitive to both non-enzymatic (Fe2�, ascor-
bate) and enzymatic (Fe2�, NADPH) peroxidation, as
revealed by lower inhibition of the ethanolamine-speci¢c
PLBE reaction (Fig. 1C), and lower level of thiobarbituric
acid reactive substances formed, in comparison to ER mem-
branes from starved animals (Fig. 1D).

As was suggested by Tijburg et al. [2], the increased level of
glucagon due to starvation may be important in maintaining
the rate of PE synthesis and this might exert its e¡ect on
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Table 2
E¡ect of metabolic state of animals on the activities of selected enzymes involved in PE synthesis in ER membranes, mitochondria and the
cytosol of rat liver

Enzyme activitya Fed ad libitum (n = 3) Starved (n = 5) CLA-treated, then starved (n = 5)

Ethanolamine kinaseb 722 þ 69 554 þ 18* 651 þ 32
PS decarboxylasec 1166 þ 73 924 þ 86* 1039 þ 79
PS decarboxylase in [3-14C]PS-enriched membranesc 47 þ 4 91 þ 7* 58 þ 5
aValues are expressed in pmol of product/min/mg protein. For the determination of speci¢c activities of enzymes listed the following subcellular
fractions were used: bcytosol or cmitochondria. The data are the mean of four independent determinations; the number of animals is given in
parentheses. The signi¢cance level *P6 0.001 in comparison to animals fed ad libitum. The details of assay conditions are described in Section 2.
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phospholipid synthesis via alteration in Ca2� homeostasis.
The increase of PLBE activity in CLA-treated rats is rather
speci¢c since the activity of another microsomal enzyme
tested, glucose 6-phosphatase, was not altered signi¢cantly
in comparison to that in starved animals. However, the activ-
ity of this enzyme in animals fed ad libitum was elevated upon
fasting (from 90.3 þ 1.8 to 118.2 þ 4.4 nmol of glucose/min/mg
protein) due to the enhancement of gluconeogenesis [4]. As
was earlier reported, a single oral dose administration of CLA
structural analogue, cipro¢brate, did not change the activity
of glucose 6-phosphatase but evoked inhibition of ER Ca2�-
ATPase and elevation of hepatic [Ca2�]i [43]. This e¡ect of
cipro¢brate on Ca2�-ATPase activity was reversed by GSH
[43] which indicates that it was related to reduction of essen-
tial thiol groups of the enzyme. It is worth mentioning that
Ca2�-ATPase, by sequestration of cytosolic Ca2� into ER
stores, may arrest cells in the G1 phase and thus play a role
of a negative regulator of cell growth [43]. Suppression of this
enzyme activity can stimulate cell proliferation and lead to
hyperplasia, as in the case of CLA treatment [14].

3.3. E¡ect of CLA administration on the ethanolamine-speci¢c
PLBE activity in vitro

After observing the increased e¤ciency of the ethanol-
amine-speci¢c PLBE reaction in liver ER membranes ob-
tained from rats after starvation and CLA administration, it
seemed important to test the kinetic parameters of PE syn-
thesis via this pathway. We have shown previously that un-
saturated fatty acids stimulate the ethanolamine-speci¢c
PLBE activity in vitro [20]. Fatty acids belong to a group of
intracellular factors a¡ecting membrane £uidity, such as cho-
lesterol, lipid peroxides, ubiquinones, lipid-soluble vitamins,
integral and peripheral membrane proteins, the cytoskeleton,
pH and ions, which all have a similar e¡ect as external factors
such as detergents, organic solvents and anaesthetics [44]. The
nutritional state of animals and CLA administration modu-
late the metabolism of fatty acids and steroid hormones [3,14]
and, in consequence, the dynamic properties of the lipid phase
of membrane controlling many, if not all, membrane enzymes
[45]. Therefore, the two-fold increase in PE synthesis via the
PLBE reaction in hepatic ER membranes of starved and
CLA-treated rats in comparison to membranes isolated from
animals fed ad libitum (Fig. 1B) can be explained by an in-
creased £uidity of ER membranes.

To elucidate the connections between the membrane prop-
erties and ethanolamine-speci¢c PLBE activity, we measured
the kinetics of the reaction in the ER membranes of the three
subgroups of animals. The reaction tested at a constant
amount of membrane substrate (550 nmol of phospholipids/

mg of ER membrane protein) obeys Michaelis-Menten ki-
netics with respect to the concentration of ethanolamine
(10^100 WM), in the presence of 1 mM Ca2� (Fig. 2A). After
transformation of these data to Lineweaver-Burk plots (Fig.
2B) the apparent Km and Vmax values were calculated (Table
3). The Km value for amino alcohol was practically the same
for ER membranes of the three subgroups tested. The varia-
bility of Vmax values points to some indirect e¡ects, possibly
changes in membrane £uidity but also enhanced expression of
the PLBE enzyme correlating with an increased Vmax of the
reaction versus ethanolamine concentration. It is worth noting
that CLA added to the assay medium inhibited the ethanol-
amine-speci¢c PLBE reaction in a concentration-dependent
manner by 40% at a concentration range of 0.5^1 mM, prob-
ably due to the reduction of essential ^SH groups in the en-
zyme. Another possibility is that the e¡ect of starvation and
CLA administration on increased synthesis of PE could be
correlated to the elevated expression of cytochrome P450 iso-
enzymes [9^12]. In fact, in the course of our studies we have
observed that enhancement of PE content in ER membranes
from starved and CLA-treated animals in comparison to rats
fed ad libitum correlates well with the elevated expression of
the cytochrome P450 CYP4A1 isoform, as detected using spe-
ci¢c antibodies against rat CYP4A1 (Fig. 3A). We have not
directly determined the speci¢c content of CYP4A1 in ER
membranes but it is well known that the level of constitutive
expression of the CYP4A1 isoform is low and accounts for
1^2% of the total cytochrome P450 protein present in non-
induced rat liver, i.e. 0.5^1.5 nmol/mg of protein [12,46,47].
We have been able, however, using laser densitometry (see
Section 2), to evaluate the relative amount of CYP4A1 pro-
tein in rat liver ER membranes. We have found that the
CYP4A1 expression is only slightly a¡ected by starvation (a
1.3-fold increase in comparison to animals fed ad libitum), but
it is signi¢cantly enhanced upon CLA treatment (a 3.3-fold
increase) (Fig. 3A). This corresponds very well with a con-
comitant increase in the total CYP4A1 activity toward
[1-14C]lauric acid (Fig. 3B), although the speci¢c activity of
CYP4A1 does not change very much in the three groups of
animals. A slight increase in the speci¢c activity of CYP4A1
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Table 3
Kinetic parameters of ethanolamine-speci¢c PLBE reaction in rat
liver ER membranes

Animals Vmax Km

(pmol/min/mg protein) (WM)

Fed ad libitum 78 þ 3 21 þ 2
Starved 108 þ 4 23 þ 2
CLA-treated, then starved 177 þ 7 26 þ 3

ER membranes (1 mg/ml) were incubated in duplicate with
[2-14C]ethanolamine at a concentration range of 10^100 WM in the
presence of 1 mM CaCl2. The mean values þ S.D. obtained for three
experiments are presented. Values were calculated from double-recip-
rocal plots of enzyme activity versus ethanolamine concentration
shown in Fig. 2A.

Fig. 2. The in£uence of clo¢bric acid administration on kinetic pa-
rameters of ethanolamine-speci¢c PLBE reaction in rat liver micro-
somes. A: ER membranes (1 mg protein/ml) isolated from the livers
of animals fed ad libitum (a), starved (b) or CLA-treated (E) were
incubated in duplicate with [2-14C]ethanolamine at concentrations
indicated on the abscissa, in the presence of 1 mM CaCl2. Mean
values for three experiments are presented, they varied by less than
5%. Error bars are omitted for clarity. B: Double reciprocal plots
were drawn from the results shown in A, symbols as for A. The
values of Vmax and Km calculated with the aid of computer program
based on hyperbolic regression anaysis are listed in Table 3.
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upon CLA administration can be explained by the stimulatory
e¡ect of some phospholipid molecular species which are syn-
thesised via the ethanolamine-speci¢c PLBE reaction.

1,12-Dodecanedioic acid, which is converted by speci¢c de-
hydrogenase from the product of the CYP4A1 reaction, 11-
(or 12-) hydroxylauric acid, when used in a concentration
range from 1 WM to 1 mM, was found practically ine¡ective
in modifying the ethanolamine-speci¢c PLBE reaction in vi-
tro. On the other hand, lauric acid, a substrate of CYP4A1
specialised in g- and g-1 hydroxylation, as well as a substrate
of lauroyl-CoA oxidase, which catalyses the ¢rst step of
L-oxidation in peroxisomes, is a potent inhibitor of de novo
PE synthesis [48]. Moreover, CLA with a chlorine atom at
position 2 of its hydrophobic backbone cannot itself undergo
L-oxidation and, therefore, is a more potent inducer of per-
oxisomal proliferation then fasting. An increased supply of
mono- and polyunsaturated fatty acids induces their enhanced
metabolism by activation of peroxisomal proliferator-acti-
vated receptors and, in consequence, activates the peroxisomal
L-oxidation pathway and desaturase activities [14] in both
metabolic states analysed. In addition, it caused an increase
of this pool of PE and PS molecular species which are pref-
erentially interconverted via the Ca2�-stimulated PLBE reac-
tion. Moreover, higher levels of the fatty acid binding protein,
a known mediator of mitogenesis, and its speci¢c mRNA have
been documented during starvation, and throughout the cell
cycle, in hyperplastic hepatocytes and hepatocarcinomas after
administration of peroxisomal proliferators [49].

3.4. Synthesis of PE in vivo ^ the e¡ect of clo¢bric acid
Fig. 4 presents data re£ecting the incorporation of labelled

glycerol and ethanolamine into their corresponding phospho-
lipids at a ¢xed time after injection. It should be taken into
account that e¡ective concentrations of injected precursors are
a¡ected to a di¡erent extent by endogenous substrates, which
vary among the experimental animal subgroups. Almost all
ethanolamine radioactivity was recovered in PE after labelling
for a short time. Fasting caused diminution of both ethanol-

amine and glycerol incorporation into PE of ER membranes,
in agreement with the ¢ndings that ethanolamine kinase and
CTP:EP cytidylyltransferase activities are inhibited upon star-
vation [5,6]. However, the participation of PLBE enzyme can-
not be excluded because the 14C/3H ratio was larger than one.
Seven percent of labelling found in PC (at a 14C/3H ratio of
0.1) derived from ethanolamine may point to N-methyltrans-
ferase activities catalysing such a conversion of PE. CLA
treatment stimulated an incorporation of ethanolamine into
PE almost at the same level as in rats fed ad libitum and did
not a¡ect the labelling of phospholipid in the glycerol moiety.
As a consequence, the highest 14C/3H ratio was found in PE
from membranes of CLA-treated animals (Fig. 4B). In this
case, we did not identify the radioactivity derived from etha-
nolamine in PC since CLA was found to inhibit the in vivo
activity of PE N-methyltransferases [7]. The molecular species
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Fig. 4. The e¡ect of CLA administration on the incorporation of
radiolabelled precursors into newly synthesised phospholipids of rat
liver ER membranes. A: Phospholipid precursors, ethanolamine
and glycerol, were injected simultaneously into animals as a single
dose containing 40 WCi of [1,3-3H]glycerol and 10 WCi of
[2-14C]ethanolamine in 0.25 ml of 0.9% NaCl. After 10 min the
livers were removed and subcellular fractions were isolated as de-
scribed in Section 2. The initial ratio of [2-14C]ethanolamine/
[1-3H]glycerol amounted to 0.25. The ¢nal 14C/3H ratios are given
in B. The results represent mean values from two experiments.
Starved animals (dashed bars) served as a control for CLA-treated
rats (¢lled bars).

Fig. 3. E¡ect of CLA-administration on the expression (A) and activity (B) of cytochrome P450 CYP4A1 isoform in ER membranes of rats
fed ad libitum (empty bar), starved (hatched bar) or CLA-trated (¢lled bar). The CYP4A1 was detected using speci¢c antibodies and the ob-
tained results were quanti¢ed by means of laser densitometry and the Image Quant program. The mean values þ S.D. of three experiments are
shown. In lanes a and b of the insert in A 7.5 Wg of membrane protein per lane was run; it was isolated from starved and CLA-treated rats,
respectively. The typical result of immunodetection is shown. The following relative molecular mass standards were used: catalase from bovine
liver (Mr 58 100), alcohol dehydrogenase from horse liver (Mr 39 800) and carbonic anhydrase from bovine erythrocytes (Mr 29 000). As de-
scribed in a booklet provided by the manufacturer of the rat cytochrome P450 IVA ECL Western blotting kit, faint bands at molecular weights
lower than CYP4A1 may be occassionally detected. This could be the result of a broader than expected speci¢city of antibodies, since the
CYP4A family consists of highly homologous proteins, or may represent proteolytic fragments of CYP4A1. For calculations we have followed
the relative amount of the major band detected with a molecular weight of approximately 53 kDa.
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of PE which are synthesised via the PLBE reaction may be-
came substrates for the serine-speci¢c PLBE reaction [25]
since ethanolamine is mainly incorporated into hexa- and tet-
raenoic species of phospholipids [50]. On the other hand, the
cytochrome P450 CYP4A1 activity has been found to be de-
pendent on speci¢c phospholipid molecules, especially PS and
PE unsaturated molecular species, forming a proper mem-
brane environment for the enzyme [18].

Summarising, the data presented in this paper favour the
hypothesis that positive feedback between stimulation of PE
synthesis via the PLBE reaction in hepatic ER membranes
and cytochrome P450 CYP4A1 activity regulated by fatty
acids metabolism exists in fasted and CLA-treated rats. The
possibility of co-expression of PLBE and cytochrome P450
CYP4A1 genes should be taken into consideration since target
elements for peroxisomal proliferator-activated receptors have
been identi¢ed upstream of the 5P-£anking regions of the
genes encoding both L-oxidation enzymes and cytochrome
P450 CYP4A1 [51^53].

Acknowledgements: This work was supported by the Polish State
Committee for Scienti¢c Research, Grant 6 P203 079 03.

References

[1] Vance, D.E. (1996) in: New Comprehensive Biochemistry, Vol.
31, Biochemistry of Lipids, Lipoproteins and Membranes (Vance,
D.E. and Vance, J.E., Eds.), pp. 153^165, Elsevier, Amsterdam.

[2] Tijburg, L.B.M., Geelen, M.J.H. and van Golde, L.M.G. (1989)
Biochim. Biophys. Acta 1004, 1^19.

[3] Schmid, P.C., Spimrova, J. and Schmid, H.H.O. (1997) Lipids
32, 1181^1187.

[4] Granner, D. and Pilkis, S. (1990) J. Biol. Chem. 265, 10173^
10176.

[5] Groener, J.E.M., Klein, W. and van Golde, L.M.G. (1979) Arch.
Biochem. Biophys. 198, 287^295.

[6] Tijburg, L.B.M., Houweling, M., Geelen, M.J.H. and van Golde,
L.M.G. (1988) Biochim. Biophys. Acta 959, 1^8.

[7] Kawashima, Y., Mizuguchi, H., Musoh, K. and Kozuka, H.
(1994) Biochim. Biophys. Acta 1212, 311^318.

[8] Mizuguchi, H. and Kawashima, Y. (1996) Biol. Pharm. Bull. 19,
1115^1120.

[9] Hawkins, J.M., Jones, W.E., Bonner, F.W. and Gibson, G.G.
(1987) Drug Metab. Rev. 18, 441^515.

[10] Lundgren, B., Meijer, J. and DePierre, J.W. (1987) Eur. J. Bio-
chem. 163, 423^431.

[11] Milton, M.N., Elcombe, C.R. and Gibson, G.G. (1990) Biochem.
Pharmacol. 40, 2727^2732.

[12] Hardwick, J.P., Song, B.-J., Huberman, E. and Gonzalez, F.J.
(1987) J. Biol. Chem. 262, 801^810.

[13] Oinonen, T. and Lindros, K.O. (1998) Biochem. J. 329, 17^35.
[14] Reddy, J.K. and Lalwani, N.D. (1993) CRC Crit. Rev. Toxicol.

12, 1^58.
[15] Orellana, M., Fuentes, O., Rosenbluth, H., Lara, M. and Valdes,

E. (1992) FEBS Lett. 310, 193^196.
[16] Sorrentino, B., Stump, D.D., Zhou, S.-L., Van Ness, K., Isola,

L.M. and Berk, P.D. (1994) Gastroenterology 107, 1415^1424.
[17] Alvarez, J., Montero, M. and Garcia-Sancho, J. (1991) Biochem.

J. 274, 193^197.
[18] Ruckpaul, K., Rein, H. and Blank, J. (1989) in: Basis and Mech-

anism of Regulation of Cytochrome P-450 (Ruckpaul, K. and
Rein, H., Eds.), Vol. 1, pp. 1^65, Akademie-Verlag, Berlin.

[19] Kuge, O. and Nishijama, M. (1997) Biochim. Biophys. Acta
1348, 151^156.

[20] Jasinèska, R., Rakowska, M., Lenart, J., Komanèska, I. and Pi-
kuIa, S. (1996) FEBS Lett. 386, 33^38.

[21] Lenart, J., Komanèska, I., Jasinèska, R. and PikuIa, S. (1998) Acta
Biochim. Pol. 45, 59^65.

[22] Hogeboom, G.H. (1955) Methods Enzymol. 1, 16^19.
[23] Bon¢ls, C., Charasse, S., Bon¢ls, J.-P. and Larroque, C. (1995)

Anal. Biochem. 226, 302^306.
[24] Parker, G.L. and Orton, T.C. (1980) in: Biochemistry, Biophys-

ics and Regulation of Cytochrome P-450 (Gustafsson, J.A.,
Carlstedt-Dulce, J., Mode, A. and Rafter, J., Eds.), pp. 373^
377, Elsevier/North-Holland, Amsterdam.

[25] Rakowska, M., Jasinèska, R., Lenart, J., Komanèska, I., Makow-
ski, P., Dygas, A. and PikuIa, S. (1997) Mol. Cell. Biochem. 168,
163^176.

[26] Weinhold, P.A. and Rethy, V.B. (1974) Biochemistry 13, 5135^
5141.

[27] McMaster, C.R. and Choy, P.C.J. (1992) Biol. Chem. 267,
14586^14591.

[28] Dygas, A. and Zborowski, J. (1989) Acta Biochim. Pol. 36, 131^
141.

[29] Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. 37, 911^917.
[30] Jasinèska, R., Zborowski, J. and Somerharju, P. (1993) Biochim.

Biophys. Acta 1152, 161^170.
[31] Uchiyama, M. and Mihara, M. (1978) Anal. Biochem. 86, 271^

278.
[32] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.

(1951) J. Biol. Chem. 193, 265^275.
[33] Touchstone, J.C., Chen, J.C. and Beaver, K.M. (1979) Lipids 15,

61^62.
[34] Rouser, G., Fleisher, S. and Yamamoto, A. (1970) Lipids 5, 494^

496.
[35] Labarca, C. and Paigen, K. (1980) Anal. Biochem. 102, 344^352.
[36] Kitcher, S.A., Siddle, K. and Luzio, J.P. (1978) Anal. Biochem.

88, 29^36.
[37] Hissin, P.J. and Hilf, R. (1976) Anal. Biochem. 74, 214^226.
[38] Goodman, M.N., Lowell, B., Belur, E. and Ruderman, N.B.

(1984) Am. J. Physiol. 246, E383^E390.
[39] Lake, B.G., Gray, T.J.B., Smith, A.G. and Evans, J.G. (1989)

Biochem. Soc. Trans. 18, 94^97.
[40] Tijburg, L.B.M., Houweling, M., Geelen, M.J.H. and van Golde,

L.M.G. (1989) Biochem. J. 257, 645^650.
[41] Samborski, R.W., Ridway, N.D. and Vance, D.E. (1990) J. Biol.

Chem. 265, 18322^18329.
[42] Shiao, Y.-J., Lupo, G. and Vance, J.E. (1995) J. Biol. Chem. 270,

11190^11198.
[43] Bennett, A.M. and Williams, G.M. (1992) Biochem. Pharmacol.

43, 595^605.
[44] Lenaz, G. (1988) in: Biomembranes: Basic and Medical Research

(Benga, G. and Tager, J.M., Eds.), pp. 13^50, Springer Verlag,
Berlin.

[45] Sandermann Jr., H. (1978) Biochim. Biophys. Acta 515, 209^237.
[46] Jacob, C.A., Chan, W.K., Shephard, E. and Ortiz de Montella-

no, P.R. (1988) J. Biol. Chem. 263, 18640^18649.
[47] Powell, P.K., Wolf, I. and Lasker, J.M. (1996) Arch. Biochem.

Biophys. 335, 219^226.
[48] Akesson, B. and Sundler, R. (1977) Biochem. Soc. Trans. 5, 43^

48.
[49] Khan, S.H. and Sorof, S. (1994) Proc. Natl. Acad. Sci. USA 91,

848^852.
[50] Bjerve, K.S. (1973) Biochim. Biophys. Acta 296, 549^562.
[51] Hardwick, J.P. (1991) Methods Enzymol. 206, 273^283.
[52] Aldridge, T.C., Tugwood, J.D. and Green, S. (1995) Biochem.

J. 305, 473^479.
[53] Dierks, E.A., Davis, S.C. and Ortiz de Montellano, P.R. (1998)

Biochemistry 37, 1839^1847.

FEBS 20722 27-8-98

J. Lenart et al./FEBS Letters 434 (1998) 101^107 107


