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Abstract In order to understand the mechanisms by which
fatty acids are taken up by the placenta, the uptake of oleic, li-
noleic, arachidonic, and docosahexaenoic acids by cultured
human placental choriocarcinoma (BeWo) cells was exam-
ined. Fatty acid uptake by BeWo cells was temperature-depen-
dent and exhibited saturable kinetics. Oleic acid was taken up
least and docosahexaenoic acid most by these cells. Moreover,
competitive studies of fatty acid uptake by BeWo cells also in-
dicated preferential uptake compared with oleic acid in the
order of docosahexaenoic acid, arachidonic acid, and linoleic
acid. Western blot analysis demonstrated that BeWo cells ex-
press a protein immunoreactive with antibodies to the human
placental plasma membrane fatty acid-binding protein (p-
FABP,). Furthermore, pre-treatment of BeWo cells with
these antibodies inhibited most of the uptake of docosa-
hexaenoic (64%) and arachidonic acids (68%) whereas oleic
acid uptake was inhibited only 32% compared with the con-
trols treated with preimmune serum. These results clearly
demonstrate that the p-FABP,,, may be involved in the prefer-
ential uptake of essential fatty acids (EFA) and their long
chain polyunsaturated fatty acids (LCPUFA) by these cells.
Studies on the distribution of radiolabeled fatty acids in the
cellular lipids of BeWo cells showed that docosahexaenoic
acid was incorporated mainly in the triacylglycerol fraction,
followed by the phospholipid fraction, whereas for arachi-
donic acid the reverse was true. The preferential incorpora-
tion of docosahexaenoic acid into triacylglycerol suggests that
triacylglycerol may play an important role in the placental
transport of docosahexaenoic acid to the fetal circulation. il
Together these results demonstrate the preferential uptake of
EFA/LCPUFA by BeWo cells that is most probably mediated
via the p-FABP,,,,,. We thus propose that the p-FABP,,, may be
involved in the sequestration of maternal plasma LCPUFA by
the placenta—Campbell, F. M., A. M. Clohessy, M. J. Gordon,
K. R. Page, and A. K. Dutta-Roy. Uptake of long chain fatty ac-
ids by human placental choriocarcinoma (BeWo) cells: role
of plasma membrane fatty acid-binding protein. J. Lipid Res.
1997. 38: 2558-2568.
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During the past decade, increasing attention has
been focused on the role of n-3 and n-6 essential fatty
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acids (EFA) and their long chain polyunsaturated fatty
acid (LCPUFA) derivatives in fetal growth and develop-
ment (1-5). During the intrauterine life, the LCPUFA,
docosahexaenoic acid, 22:6n-3 and arachidonic acid,
20:4n-6 rapidly accumulate in fetal tissue phospholip-
ids and play a critical role in membrane structure and
function, and as eicosanoid precursors (2, 5-8). Dietary
deficiency in these fatty acids is associated with visual
abnormalities in rats (9), in non-human primates (10),
in preterm infants (11), and in formulafed term in-
fants (12). In humans the vulnerable period of brain
development and the maximal rate of LCPUFA deposi-
tion occurs in the third trimester and the first 6 to 9
months postnatally (2, 13). These LCPUFA are trans-
ported from the maternal circulation across the pla-
centa into fetus venous blood, from which they subse-
quently cross the blood-brain barrier into the fetal
nervous system (14). Placental transport of maternal
plasma LCPUFA is in practice crucial for fetal growth
and development because fetal synthesis is considered
to be very low (1, 4, 15-18). As human placental tissue
lacks both the delta 6 and delta 5 desaturase activities
(2, 19-21), any LCPUFA in the fetal circulation are
most probably the desaturated metabolites of EFA pro-
duced by the mother. However, the biochemical mech-
anisms responsible for higher levels of LCPUFA in the
fetal circulation compared with the maternal plasma
(2, 15) are still not clear.

In the materno-fetal unit, free fatty acids (FFA) are
the main class of naturally occurring lipids trans-
ferred across the placenta, irrespective of species or of

Abbreviations: EFA, essential fatty acid; LCPUFA, long chain poly-
unsaturated fatty acids; FABP,,,, plasma membrane fatty acid-binding
protein; FFA, unesterified free fauy acids; BSA, bovine serum albumin.
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the maternal source from which they originate (1, 4,
19, 22, 23). During the last trimester, FFA concen-
trations increase rapidly in order to support fetal de-
mand for LCPUFA (21, 23). Recently, we have sug-
gested that the placental membrane fatty acid-binding
protein (p-FABP ;) which is exclusively located on the
membrane-facing the maternal circulation of the hu-
man placenta may play an important role in the prefer-
ential uptake of LCPUFA from maternal plasma FFA
pool by the placenta (23-27). All these studies were,
however, performed using prepared human placental
membranes and no information is available on intact
trophoblast cells with metabolic activity. To understand
the uptake and metabolism of EFA/LCPUFA and role
of p—FABPpm in placental cells, we have therefore uti-
lized the human placental choriocarcinoma (BeWo)
cell line as a model of the human trophoblast. The
BeWo cell line displays some placental differentiation
markers including the production of placental specific
proteins (28) and has been used extensively to study
lipoprotein metabolism (29). These cells have, how-
ever, not been characterized with regard to fatty acid
uptake and metabolism.

In the present study, we examined the uptake and
metabolism of linoleic acid (18:2n-6), arachidonic
(20:4n-6), docosahexaenoic acid (22:6n-3) and a non-
essential fatty acid, oleic acid (18:1n-9) by BeWo cell
and also the role of the p-FABP,,, in the uptake pro-
cesses. These studies demonstrate for the first time that
the p-FABP,;,, may be responsible for preferential up-
take of maternal LCPUFA by the placenta.

MATERIALS AND METHODS

Materials

[1-'*C]linoleic acid (sp act 55 mCi/mmol), [9,10-
*H]oleic acid (sp act 10 Ci/mmol) and [1-'4C]arachi-
donic acid (sp act 58 mCi/mmol) were obtained from
Amersham, UK, while [4,5*H]docosahexaenoic acid
(sp act 60 Ci/mmol) was purchased from New England
Nuclear, U.K. Unlabeled fatty acids, trypsin-EDTA so-
lution, penicillin-streptomycin solution, molecular
weight markers, glutamic—oxaloacetic transaminase as-
say kit (procedure 58-UV), and lipid standards were
obtained from Sigma, Poole, UK. Nutrient Ham’s Mix-
F-12 with glutamax-I and William’s medium E with
glutamax-l were obtained from Gibco Life Technolo-
gies, Scotland. Horseradish peroxidase (HRP)-linked
anti-rabbit IgG was from Scottish Antibody Production
Unit, Scotland. Silica-gel LK5 plates were obtained
from Whatman, U.K. All other chemicals and solvents

were high purity commercial materials obtained from
either Sigma, Aldrich Chemical Co., UK. or BDH, U.K.

Cell culture

BeWo cells were obtained from European Collection
of Animal Cell Cultures and were grown in Ham’s F12
medium containing 10% fetal bovine serum, 6 mM
glutamine, and 100 IU/ml penicillin-streptomycin.
Cells were maintained as monolayers in 25 cm? tissue
culture flask at 37°C with a 5% COg-balanced air, and
100% humidity atmosphere. At confluence they were
subcultured using a trypsin-EDTA solution to suspend
the cells. Media was renewed three times weekly. Cell vi-
ability was routinely tested through the exclusion of try-
pan blue. For experiments, cells from early confluent
monolayers were dispersed and replated in 58 mm X
115 mm culture dishes. Prior to the start of the incuba-
tion experiments, media were removed and cultures
were washed twice with phosphate-buffered saline
(PBS), pH 74. In some experiments the human
hepatoma cell line, HepG2 grown in William’s me-
dium, was used as a control.

Preparation of radiolabeled fatty acids

The long chain fatty acids were complexed with bo-
vine serum albumin (BSA) for introduction to cells as
described earlier (30). Typically, the radiolabeled fatty
acids ([*H]oleic, ['*Cl}linoleic, [!*C]arachidonic, and
[3H]docosahexaenoic acids) were dissolved in 50 pl of
0.1 M NaOH at 37°C to which appropriate quantities of
the corresponding unlabeled fatty acids were added in
order to achieve the desired final concentrations (200
uM) (30). Defatted bovine serum albumin (BSA) dis-
solved in PBS was added to obtain the desired fatty
acid: BSA molar ratios (0.25:1, 0.5:1, 1:1, 2:1, 4:1, and
5:1), the pH was adjusted to 7.4 and the fatty acid/BSA
solution was diluted to its final concentration with PBS
(24-26). The free fatty acid concentration at equilib-
rium with BSA at 37°C was calculated using the stepwise
equilibrium method and the affinity constants previ-
ously published for these fatty acids (31). The free fatty
acid concentrations were calculated using the EQUAL
computer program (Biosoft, U.K.).

Fatty acid uptake studies

Radiolabeled fatty acid uptake studies were per-
formed essentially following the method of Schurer et
al. (32). After the confluent growth, the medium was
removed from the cell culture plates and the cells were
washed with 1 ml of PBS. Both the cells and the radio-
labeled ligand were brought to 37°C by incubation
in a water bath. The cultures containing approximately
8.25 X 10 cells per dish were then incubated with 500 pl
of radiolabeled fatty acid by gentle agitation in a water
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bath at 37°C. The cells were incubated at various time
intervals to determine the time-course of fatty acid up-
take. The fatty acid uptake was stopped by the addition
of 3 ml of ice-cold 0.5% BSA. The plates were washed
three times with 0.5% BSA and twice with 0.9% NaCl to
remove any surface-bound fatty acid. The cells were dis-
solved by the addition of 1 m! of 1 M NaOH and left
overnight at 4°C. Aliquots (500 pl) were added to 5 ml
scintillation cocktail {Opti-Fluor) and the radioactivity
was determined using a scintillation counter. Addi-
tional 20-111 aliquots were processed for determination
of the protein content of the cells by the Bradford
method using BSA as the protein standard (33).

The effect of temperature on fatty acid uptake by
BeWo cells was investigated by incubating these cells at
4°, 26°, and 37° with [3H]oleic acid, [*C]linoleic acid,
{14Clarachidonic acid, and [3H]docosahexaenoic acid
for 30 min. In order to determine the effects of increas-
ing concentrations of free fatty acid on the uptake activ-
ity, cells were incubated for 30 min with 200 um of the ra-
diolabeled ligands bound to varying quantities of
albumin (i.e., fatty acid/BSA molar ratios ranging from
0.25:1, 0.5:1; 2:1, 4:1, and 5:1). Parallel uptake experi-
ments were carried out to examine whether fatty acid up-
take was a function of unbound fatty acids or albumin
concentration in the medium by keeping a fixed concen-
tration of defatted BSA (200 pum) and varying concentra-
tions of radiolabeled fatty acids (50 to 400 pum) (34).

Competition for fatty acid uptake was investigated by
incubating these cells with radiolabeled fatty acid in the
presence of a 10-fold excess of unlabeled competitive
fatty acids, as described (27, 32).

Purification of human placental membrane fatty
acid-binding protein (p-FABP,,)

p-FABP,,,,, was purified to electrophoretic homogene-
ity from the human term placenta following the
method as described previously (25, 26). Briefly, hu-
man placental membranes were solubilized with 1%
Triton X-100, and thereafter the solubilized membrane
proteins were subjected to oleate—agarose affinity col-
umn. The affinity column was washed with PBS until no
further protein appeared in the washes as monitored
by absorbance at 280 nm. The affinity column was then
washed with 7 M urea and the eluate was dialyzed and
concentrated. Purity and activity of the protein prepa-
ration were examined by SDS-polyacrylamide gel elec-
trophoresis (PAGE), PAGE autoradiobinding, and radi-
oligand binding, as described earlier (26).

Determination of glutamic-oxaloacetic transaminase
activity of human placental FABP,

We examined whether the purified p-FABP, has
glutamic—oxaloacetic transaminase (GOT:1-asparatate:2-
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oxaloglutarate aminotransferase, E.C. 2.6.1.1) activity
like that of the ubiquitous plasma membrane fatty acid-
binding protein (FABP,,, 40 kDa) (35). This FABP,,
has been shown to be present in many tissues such as
liver, gut, and adipose (30,35) and it is therefore
termed FABP,, in this paper without prefix. The
GOT activity of the purified p-FABP,,,, and human pla-
cental membranes was measured using a commer-
cially available GOT kit, as described previously for
FABP,,, (35).

Preparation of polyclonal antisera to p-FABP,,

Rabbit polyclonal antisera against the purified p-
FABP,,, were prepared, as described (25). Polyclonal
antisera against p-FABP,, were raised in New Zealand
white rabbits by an initial immunization with 100 pg of
the purified p-FABP,,, dissolved in PBS together with
an equal volume of Freund’s complete adjuvant and
one subsequent immunization of 100 ug of the protein
in 250 wl of PBS and 250 pl of Freund’s incomplete ad-
juvant. Preimmune serum was collected from the rab-
bits prior to the first immunization. On Western blot
analysis the antiserum showed a clear immunopositive
band ~40 kDa with purified p-FABP, and with human
placental membranes. It showed no cross-reactivity with
other human placental membrane proteins.

Electrophoretic separation and Western blot analysis
of membrane proteins from BeWo cells

Western blot analysis of membrane proteins from
BeWo cells, HepG2 cells, and human placental mem-
branes was carried out as described previously (25,26).
HepG2 cells which contain FABP,,, (36) were used
here as control. Cell membranes were prepared as de-
scribed before (26, 37). Polyacrylamide gel electro-
phoresis of these membranes in the presence of so-
dium dodecyl sulfate (SDS) was carried out under
reducing conditions on SDS-PAGE homogeneous 20
gels (Phast System, Pharmacia, U.K.) as described (26).
After electrophoresis, proteins were transferred onto a
PVDF membrane by diffusion at 70°C for 1 h. The
membrane was probed for the presence of pFABP,,,, by
incubating with rabbit polyclonal antiserum to human
p-FABP,,. Antibody—antigen complexes were then de-
tected with HRP-anti-rabbit IgG fraction of donkey poly-
clonal antiserum (Scottish Antibody Production Unit).

Antibody inhibition of fatty acid uptake by BeWo cells

In order to investigate the role of p-FABP,, in the
preferential uptake of LCPUFA by these cells, fatty acid
uptake experiments were carried out using BeWo cells
treated with anti-p-FABP,,, antibody or as control with
rabbit preimmune serum. Typically, monolayer cultures
were pre-incubated with 1 ml of a 1:40 dilution in PBS
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of a polyclonal antiserum raised in rabbit against hu-
man p-FABP,,, or as a control with 1 ml of 1:40 dilution
of the rabbit pre-immune serum in 1 ml PBS, pH 7.4, as
described before (25, 26). After pretreatment of cells
with the antisera for 30 min at 37°C, cells were washed
three times with PBS and incubated with radiolabeled
fatty acid as described above. At the end of this preincu-
bation, trypan blue exclusion remained greater than 95%
in both antiserum- and preiimmune serum-pretreated
cell preparation.

Distribution of radiolabeled fatty acids
into cellular lipids

To investigate the incorporation of radiolabeled fatty
acid into cellular lipids, cells were incubated for 30 min
with radiolabeled fatty acids as described above. After
stopping the fatty acid uptake by the addition of 0.5%
BSA, the cells were washed three times with 0.5% BSA,
followed by two washes with 0.9% NaCl. The attached
cells were then washed with ice-cold PBS solution (1
ml) and harvested by scraping with a rubber police-
man. The cells were sonicated using an ultrasonicator.
The volume was brought to 1 ml. An aliquot of the cell
suspension was removed for protein estimation. The re-
mainder was adjusted to pH 3.5 by the addition of 1 m
HCI and total lipids were extracted according to the
method of Bligh and Dyer (38), dried by rotary evapo-
ration, and redissolved in 100 pl chloroform-methanol
2:1 (v/v). An aliquot was taken for scintillation count-
ing and the remainder was applied to thin-layer chro-
matography (TLC) silica gel plates (Silica gel LKb5).
Separation was achieved using a hexane—ether-formic
acid 80:20:2 (v/v) solvent systera. Lipid fractions were
identified by co-chromatography with suitable stan-
dards and visualized under UV light after spraying
with 0.02% dichlorofluorocene in ethanol. Appropri-
ate bands were scaped directly into vials containing
scintillation fluid (Opti-Fluor) and counted. Percent-
age incorporation into each lipid fraction was calcu-
lated by dividing the radioactivity found in that lipid
fraction by the total radioactivity incorporated into
cellular lipids. In this study the extraction and TLC re-
covery efficiency using ['*C]linoleic acid for [*H]oleic
acid, ['*C]arachidonic acid for [?H]docosahexaenoic
acid, and vice versa, as internal standard were more
than 80%.

Statistical analysis

Results are given as mean * standard error of the
mean (SEM). Each experimental condition was carried
out in triplicate and all experiments were performed at
least three times. The statistical significance was deter-
mined using a two-tailed Student’s ¢ test; Pvalues equal
to or less than 0.05 were considered significant.

RESULTS

Fatty acid uptake by BeWo cells

Fatty acid uptake by BeWo cells was examined using
radiolabeled fatty acids (oleic acid, linoleic acid, arachi-
donic acid, and docosahexaenoic acid). Figure 1 shows
the time-course of fatty acid uptake by BeWo cells up to
90 min. The fatty acids were present (200 wm) in the in-
cubation mixture with BSA at 1:1 molar ratio. BeWo
cells took up these fatty acids in a time-dependent man-
ner. After 30 min of incubation, oleic acid uptake lev-
eled off, whereas uptake of docosahexaenoic, arachi-
donic, and linoleic acids continued to increase beyond
30 min. The increase was, however, very small. The up-
take of docosahexaenoic acid was always the greatest of
the four fatty acids throughout the incubation period.
After 30 min of incubation, the uptake of oleic, lino-
leic, arachidonic, and docosahexaenoic acids was 5.36 *
0.14, 6.52 = 0.54, 5.94 = 0.34, and 15.75 * 2.58 nmol/mg
of protein, respectively.

For the study of fatty acid uptake as a function of un-
bound free fatty acid concentration in the medium, a
series of fatty acid-BSA preparations with various con-
centrations of BSA resulting in fatty acid/BSA molar ra-
tios ranging between (0.25:1 and 5:1) were used. Fatty
acid uptake was measured after 30 min incubation at
37°C. Uptake increased with fatty acid/BSA molar ra-
tios up to 1:1; however, it was not a linear function of
free unbound fatty acid in equilibrium with BSA be-
yond a 1:1 molar ratio (Fig. 2), and the rate of increase
in fatty acid uptake by BeWo cells with increasing con-
centrations of unbound FFA did not change signifi-
cantly, indicating saturation of the uptake mechanism.
No difference in the fatty acid uptake was observed at
particular incubated unbound fatty acid concentration
achieved by varying either the fatty acid or BSA. Table 1
shows only oleic acid uptake data; however, similar re-
sults were observed with linoleic and arachidonic acids.
Uptake of DHA was not performed. This indicates that
changes in albumin concentrations in the medium
have no effect on the uptake of fatty acids by these cells
under the experimental conditions.

Uptake of various fatty acids by BeWo cells at differ-
ent temperatures (4°, 26°, and 37°C) was determined.
The amount of fatty acid taken up by BeWo cells was
greater for all of these fatty acids at 37°C compared
with both 4° and 26°C. At 37°C, the uptakes of docosa-
hexaenoic acid (15.75 + 2.58 nmol/mg protein) and
oleic acid (5.36 * 0.14 nmol/mg protein) were 3-fold
greater than those at 26°C (5.09 = 0.88 nmol/mg pro-
tein for docosahexaenoic acid, and 1.68 * 0.46 nmol/
mg protein for oleic acid) (P < 0.02); and the corre-
sponding increase in uptake for linoleic acid was 6-fold
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TABLE 1. Uptake of oleic acid by BeWo cells by varying oleic acid
or albumin concentrations in the incubation medium

Fatty Acid Uptake

Oleate:BSA  Uncomplexed Constant Oleate Constant BSA

Ratio Oleate (200 uM) (200 pM)
nm nmol/mg of protein

0.25:1 1.79 1.93 = 0.37 1.95 *+ 0.30

0.5:1 3.43 2.02 = 0.26 1.90 = 0.12

2:1 15.43 3.62 = 0.47 4.28 = 0.24

Fatty acid uptake by BeWo cells was determined keeping a fixed
concentration of 200 uM of oleate bound to various concentrations
of BSA or with various concentrations of oleate bound to a fixed con-
centration of BSA. Data represent the mean = SEM of three separate
experiments in which triplicate determinations were performed. Stu-
dent’s £ tests were performed as described in Methods. No significant
difference was observed.

acid had no significant inhibitory effect on the uptake
of any of the other three fatty acids (P < 0.5), whereas
uptake of oleic acid (5.56 £ 0.16 nmol/mg protein)
was inhibited 3.8fold (1.41 * 0.15 nmol/mg protein) and
7.8fold (0.69 *= 0.17) by the presence of excess
unlabeled linoleic acid (P < 0.0001) and docosahex-
aenoic acid (P << 0.0001), respectively. Docosahexaenoic
acid inhibited linoleic acid uptake by 16.8-fold, (P <
0.0001}. Arachidonic acid uptake was inhibited by li-
noleic acid and docosahexaenoic acid to almost similar
extent (by 1.7-fold). Unlabeled linoleic acid inhibited
the uptake of docosahexaenoic acid uptake only by 2.5-
fold (P < 0.02). These competition studies indicate
that the fatty acid uptake system in BeWo cells has a
greater affinity for docosahexaenoic acid and the pref-
erence order was docosahexaenoic acid>arachidnoic
acid>linoleic acid>>>>>oleic acid.

Further characterization of human p-FABP,,,
and its presence and role in BeWo cells

We have shown earlier that p-FABP,, has an amino
acid composition and pl value different from the
FABP,,, isolated from hepatic and other tissues (26). As
FABP,,, and mGOT have been shown to be an identical
protein (35), we investigated whether the purified p-
FABP,,, and the placental membranes from which this
protein was purified have GOT activity. The p-FABP,,,
and the placental membranes did not show any appre-
ciable GOT enzymic activity. This clearly indicates that
this p-FABP,,, is different from the FABP,, present in
various tissues. Western blot analysis of membrane pro-
teins of BeWo cells was performed to determine
whether BeWo cells have a protein that is immunore-
active to polyclonal anti-human p-FABP,,, antiserum.
Figure 3 shows that this antiserum reacts with a protein
of 40 kDa mass in BeWo cells but not with any of the
membrane proteins of HepG2 cells.

TABLE 2. Competition of fatty acid uptake by BeWo cells

BeWo Cells

Fatty Acids Fatty Acid Uptake

nmol/mg of protein
[®H]oleic acid 5.36 + 0.14
+Linoleic acid (10-fold) 1.41 = 0.15%
+Docosahexaenoic acid (10-fold) 0.69 + 0.17¢
[**C]linoleic acid 6.72 = 0.50
+Oleic acid (10-fold) 5.40 = 0.30
+Docosahexaenoic acid (10-fold) 0.40 = 0.07
["*Clarachidonic acid 5.94 + 0.54
+Oleic acid (10-fold) 4.79 + 0.54
+Linoleic acid (10-fold) 3.31 = 0.56"
+Docosahexaenoic acid (10-fold) 3.47 + 0.201
[*H]docosahexaenoic acid 15.75 + 2.58
+Oleic acid (10-fold) 12.20 = 0.90
+Linoleic acid (10-fold) 6.15 = 0.18"

Competition between fatty acids for uptake by BeWo cells was
carried out as described in Materials and Methods. The cells were in-
cubated with or without a 10-fold excess of unlabeled fatty acid. Data
represent the mean = SEM of three separate experiments in which
triplicate determinations were performed.

“P < 0.0001, "P < 0.02, ‘P < 0.005; between uptake by controls
and in the presence of 10-fold of excess unlabeled fatty acid.

As it has been suggested that this placental mem-
brane protein may be involved in the preferential up-
take of long chain fatty acids by placenta (21, 23, 27),
fatty acid uptake in BeWo cells was examined by
pretreating these cells with the antiserum raised against
human p-FABP,, or with pre-immune serum. Pre-
treatment of these cells with anti-p-FABP,,, antiserum
inhibited the uptake of oleic, linoleic, arachidonic, and
docosahexaenoic acids to different degrees compared
with that in pre-immune serum treated cells. With the
same amount of antisera, oleic acid uptake was inhib-
ited least (32%, P < 0.05), whereas inhibition of the
uptake of arachidonic acid (68%, P < 0.001) and
docosahexaenoic acid (64%, P < 0.0001) was greatest,
followed by linoleic acid uptake (50%, P < 0.001)
(Table 3). There were significant differences observed
in the degree of inhibition of uptake by the antibody
between oleic acid and EFA/LCPUFA (P < 0.005).
These results clearly indicate that fatty acid uptake is at
least partly mediated via the p-FABP,, and that this
protein may be responsible for preferential uptake of
EFA/LCPUFA by these cells.

Distribution of radiolabeled fatty acid
into cellular lipids

To determine whether the apparent differences in
the uptake between these fatty acids reflect their rates
of esterification, the distribution of radiolabeled fatty
acids (oleic acid, linoleic acid, arachidonic acid, and
docosahexaenoic acid) into different lipid fractions in
BeWo cells after 30 min of incubation was examined
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(Fig. 4). The percentage values of unesterified free
fatty acids over total incorporation of radioactivity re-
veal that esterification of docosahexaenoic acid is the
highest of four fatty acids after 30 min of incubation.
This conclusion follows as the unesterified form for
docosahexaenoic acid was the least of all the essential
fatty acids (for docosahexaenoic acid, 7% vs. 21% for
arachidonic acid (P < 0.005); 16% for linoleic acid
(P<0.05), 20% for oleic acid (P < 0.05).

The esterified forms of all these fatty acids (linoleic
acid, oleic acid, arachidonic acid, and docosahexaenoic
acid) were found mainly in the triacylglycerols and
phospholipid fractions, but a small portion was present
in the cholesteryl ester and diacylglycerol fractions, the
latter being preferred compared to cholesteryl ester.
Nevertheless, comparison of the respective labeling af-
ter 30 min incubation demonstrated differences be-
tween these fatty acids and docosahexaenoic acid. The
incorporation of oleic acid (43%) and docosahexa-
enoic acid (40%) in triacylglycerol fraction was similar.
Among EFA/LCPUFA, incorporation of docosa-
hexaenoic acid in triacylglycerol was highest (P < 0.005)
while its incorporation was lowest in phospholipid frac-
tions (P < 0.05) (Fig. 4). The incorporation of docosa-

TABLE 3. Effect of anti-human p-FABP,,, antibody on fatty acid uptake by BeWo cells

Treatment

4.89 = 0.10
3.31 = 0.14¢

Pre-immune serum
Anti-p-FABP,,, antibody

Linoleic Acid

6.27 = 0.36
3.12 *+ 0.23"

Fig. 3. Western blot analysis of membrane pro-
teins. Panel A: Representative SDS-PAGE gel of
membrane proteins as described in Methods sec-
tion. Lane 1: Molecular weight protein standards,
bovine serum albumin (66 kDa), egg albumin (45
kDa), glyceraldehyde 3 dehydrogenase (36 kDa),
carbonic anhydrase (20 kDa), and alpha lactalbu-
min (14.2 kDa); lane 2: human placental mem-
brane proteins (15 pg); lane 3: BeWo cell
membrane proteins (15 pg), lane 4: HepG2 mem-
brane proteins (15 png). Panel B: Representative
Western blot of the membrane proteins showing im-
munoreactivity with human placental anti-FABP,,,,
3 4 antisera. The Western blots were carried out as de-
scribed in Methods. The lanes were as for panel A.

hexaenoic acid into triacylglycerol was approximately 2-
fold higher than that of the other EFA/LCPUFA (41%
for docosahexaenoic acid vs. 20% for arachidonic acid,
and 24% for linoleic acid). Docosahexaenoic acid in-
corporation in the cholesteryl ester fraction was also
the highest of these fatty acids (P < 0.001), but incor-
poration into diacylglycerol was similar. When incorpo-
ration of radiolabeled arachidonic acid and linoleic
acid into BeWo cell lipids was compared, significant dif-
ferences were observed in the phospholipids and
cholestyl ester fractions but there were no differences
between the incorporation into FFA, triacylglycerol, or
diacylglycerol fractions. Incorporation of arachidonic
acid in phospholipids was less than that of linoleic acid
(55% vs. 44%, P < 0.05) whereas the reverse was true in
the case of the cholesteryl ester fraction (4.27% for
arachidonic acid vs. 2.2% for linoleic acid, P < 0.005).

DISCUSSION

During the last trimester, major differences in the
quantitative and qualitative spectrum of the plasma

Uptake of Fatty Acid

Arachidonic Docosahexaenoic
Acid Acid

nmol/mg protein

4.60 = 0.25
1.45 * 0.17"

13.47 = 0.33
4.82 £ 0.23¢

Effect of rabbit anti-human placental FABP,,,, versus control preimmune serum on uptake of fatty acids by
BeWo cells. Cells were pre-treated with either the antiserum or the control preimmune serum for 30 min at
37°C and then incubated with radiolabeled fatty acid (200 pwm, fatty acid/BSA 1:1) for 30 min. Uptake of fatty
acid was determined as described in Methods. Data represent the mean = SEM of three separate experiments.

“P<0.05,"P<0.001, ‘P < 0.0001: between antibody and preimmune serum treatment.
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Fig. 4. Distribution of radiolabeled fatty acids into cellular lipids. BeWo cells were incubated with radio-
labeled fatty acids (oleic acid, linoleic acid, arachidonic acid, and docosahexaenoic acid) (200 M each)
after 30 min of incubation. Lipids were then extracted and fractionated by TLC as described in Methods.
The fractions were placed in scintillation fluid and the radioactivity was counted. Data are expressed as
the percentage of total lipid recovered in a lipid fraction * SEM of three different experiments.

FFA pool in the materno-feto-placental unit are re-
ported especially in the levels of LCPUFA (23). There-
fore, LCPUFA present in the maternal FFA plasma pool
have to be transported preferentially by the placenta in
order to support increasing fetal demand for its rapid
growth during the near term. As there is increasing evi-
dence that the transfer of the FFA from the plasma to
target tissues occurs by the dissociation of the albumin-
bound FFA to the cell surface via a process of facilitated
membrane translocation involving plasma membrane
fatty acid binding/transporter proteins (21, 34), we
have therefore examined the uptake of four different
fatty acids of both the n~6 and n-3 series (linoleic acid,
arachidonic acid, docosahexaenoic acid) and the non-
essential fatty acid (oleic acid) by human placental cho-
riocarcinoma (BeWo) cells and the role of p-FABP,, in
these processes. This paper describes, for the first time,
the preferential uptake of EFA/LCPUFA by these cells
which is most probably mediated via the p-FABP,,,,.
The Kkinetic data and temperature-dependency of
long chain fatty acid uptake by BeWo cells indicate a
saturable process. Because the saturation of fatty acid
uptake by BeWo cells was attained at 1:1 molar ratio of
fatty acid/BSA this ratio was used to examine the up-
take and metabolism of these fatty acids. The involve-
ment of cell metabolism with the uptake process is
shown by the marked enhancement of the uptake with

temperature, which takes place when the temperature
exceeds 26°C. The concentrations of unbound free
fatty acid at 1:1 BSA/FA molar ratio were within 0.0068
to 0.0162 pm for all three fatty acids except docosa-
hexaenoic acid (whose association constant with albu-
min is not known). Fatty acid uptake by BeWo cells was
similar at a given ratio whether the ratio was obtained
by keeping albumin or oleate concentration constant,
suggesting that fatty acid uptake is a function of un-
bound fatty acid concentration in the medium, as ob-
served in many cell types (34).

The presence of competitive inhibition by fatty acids
demonstrates the presence of a carriermediated up-
take mechanism with a higher affinity for LCPUFA,
docosahexaenoic acid and arachidonic acid. The dem-
onstration of competitive inhibition of fatty acid uptake
further supports the saturable nature of this process
with a preferential EFA/LCPUFA uptake system in
BeWo cells. A similar preferential uptake system for li-
noleic acid was also observed in keratinocytes which are
known to have specific requirements for EFA in the
maintenance of a competent permeability barrier (32).

FFA uptake has been studied extensively in several
tissues, and a variety of mechanisms of FFA uptake have
been proposed, including passive diffusion and specific
binding to a plasma membrane fatty acid-binding pro-
tein (34). There are now several reports providing evi-
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dence of the involvement of the several membrane-
associated fatty acid-binding proteins (FABP,,, FATP,
FAT) in the uptake of FFA into various mammalian tis-
sues, including the placenta (21, 25-27, 32, 34, 39-44).
These proteins are different in structure and postu-
lated function. Attempts were, therefore, made to dem-
onstrate more directly the presence and involvement of
the p-FABP,,, in fatty acid uptake in the placental cell
line, BeWo. Using a polyclonal antibody to the human
p-FABP,,,, Western blot analyses demonstrated the
presence of the p-FABP,,, in BeWo cells which is absent
in HepG2 cells. The FABP,,,, has previously been shown
to be present in HepG2 cells which also do not show
any preference for particular fatty acids (32, 36). The
placental protein is different from the hepatic protein
in terms of amino acid composition, pl values, and
GOT enzymic activity (26, 27). Furthermore, the lack
of inhibition of linoleic acid uptake by keratinocytes by
anti-FABP ,, also indicates that the ubiquitous FABP,,,
may not be involved in the preferential uptake of EFA
by these cells. Ant-p-FABP,, antibody blocks the up-
take of LCPUFA followed by EFA, indicating that the p-
FABP,,,, may be involved in preferential uptake of LCP-
UFA. Similar results were also obtained with fatty acid
uptake by human placental membranes using this anti-
body (27). Although a fatty acid-binding protein with
preference for EFA has been postulated previously
(32), for the first time we provide evidence of such a
protein. Recently we have observed that the purified p-
FABP,,, preferentially binds LCPUFA over non-essential
fatty acid (unpublished data). p-FABP,,,, appears to be
distinctly different from other membrane-associated
fatty acid-binding proteins (FABP,,, FAT, and FATP).
Both p-FABP,,,, and ubiquitous FABP,,, are peripher-
ally membrane-bound proteins of similar size (~40
kDa), but they differ in amino acid composition, pl
value, and GOT activity. However, definitive evidence
about the structure and function of p-FABP,, must
await analysis of its complete amino acid and/or ¢cDNA
sequence.

We also compared the metabolism of the four radiola-
beled fatty acids by BeWo cells after 30 min of incubation.
Marked differences were observed in the metabolism of
the four fatty acids. First, the proportion of unesterified
docosahexaenoic acid was the lowest of the three essen-
tial fatty acids. Both the uptake and subsequent esterifi-
cation of this fatty acid seem to be the greatest among
all these fatty acids. Second, the esterification of
docosahexaenoic acid into triacylglycerol was more effi-
cient than that of the other three fatty acids. Given the
absence of delta 5 and delta 6 desaturation and elonga-
tion activities in the human placenta (2, 19-21, 23), the
radioactivity incorporated into the cellular lipids can-
not reflect desaturated and/or elongated metabolites
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of the exogeneously added fatty acids. Several studies
on the comparative incorporation of arachidonic acid
and docosahexaenoic acid into retinal cells (45), rat
brain (46), and pineal cells (47) have also pointed out
the peculiarity of docosahexaenoic acid which is prefer-
entially used for the synthesis of neutral lipids. As onc
of the main functions of the placenta is to deliver
docosahexaenoic acid into the fetal circulation, it is
possible that the triacylglycerol form may tavor the
transport of docosahexaenoic acid to the fetal circula-
tion. However, it is not known how and in which form
docosahexaenoic acid is released from the placenta
into the fetal circulation.

In conclusion, the results on fatty acid uptake and
metabolism by BeWo cells presented in this paper are
consistent with a saturable uptake mechanism with
preference for LCPUFA similar to that observed with hu-
man placental membranes (21, 25-28, 48). In addition,
antibody studies for the first time clearly demonstrate
that the p-FABP,, is most probably involved in the
preferential uptake of EFA/LCPUFA. However, it
remains to be determined how the fatty acids, after
binding to p-FABP,,, are delivered for placental trans-
port to the fetus. Further studies are also required on
the fatty acid-binding domain of the p-FABP,,, which
allows the preferential binding of LCPUFA over non-
essential fatty acids. Increased knowledge about p-
FABP,,, and the possible environmental moditiers of
this protein is required to understand feto-placental
lipid metabolism. 4

Manuscript received 8 July 1997.

REFERENCES

1. Kuhn, H., and M. Crawford. 1986. Placental essential fatty
acid transport and prostaglandin synthesis. Prog. Lipid
Res. 25: 345-353.

2. Innis, S. M. 1991. Essential fatty acids in growth and de-
velopment. Prog. Lipid Res. 30: 39-103.

3. Uauy, R, and D. R. Hoffman. 1991. Essential fatty acid re-
quirements for normal eye and brain development.
Semin. Perinatol. 15: 449-455.

4. Crawford, M. A., A. G. Hassam, and P.A. Stevens. 1981. Es-
sential fatty acid requirements in pregnancy and lactation
with special references to brain development. Prog. Lipid
Res. 20: 30-40.

5. Dutta-Roy, A.K. 1994. Insulin-mediated processes in plate-
lets, monocytes/macrophages, and erythrocytes: effects
of essential fatty acid metabolism. Prostaglandins leukot.
Lissent. Fatty Acids. 51: 385-399.

6. Uauy, R., M. Treen, and D. Hoffman. 1989. Essential fatty
acids and requirements during development. Semin. Peri-
natol. 13: 118-130.

7. Yavin, E., and P. Green. 1994. Distribution, processing
and selective esterification of essential fatty acid metabo-

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

lites in the fetal brain. /n Fatty Acids and Lipids: Biologi-
cal Aspects, World Review of Nutrition and Dietetics. C.
Galli, A. P. Simopoulos, and E. Tremoli, editors. Basel,
Krager. 134-138.

. Suh, M., A. A, Wierzbicki, E. Lien, and M. T. Clandinin.

1996. Relationship between dietary supply of long chain
fatty acids and membrane composition of long chain and
very long chain essential fatty acids in developing rat pho-
toreceptors. Lipids. 31: 61-64.

. Benolken, R. M., R. E. Anderson, and T. G. Wheeler.

1973. Membrane fatty acids associated with the electrical
response in visual excitation. Science. 182: 1253-1254.
Neuringer, M., W.E. Connor, D. S. Lin, L. Barstad, and
S.J. Luck. 1986. Biochemical and functional effects of
prenatal and postnatal omega-3 fatty acid deficiency on
retina and brain in rhesus monkeys. Proc. Natl. Acad. Sci.
USA. 83: 285-294.

Carlson, 8. E., S. H. Werkman, P. G. Rhodes, and E. A.
Tolley. 1993. Visual-acuity development in healthy pre-
term infants: effect of marine oil supplementation. Am. J.
Clin. Nutr. 58: 35-42.

Makrides, M., K. Simmer, M. Goggins, and R. A. Gibson.
1993. Erythrocyte docosahexaenoic acid correlates with
the visual response of healthy term infants. Peditar. Res.
33: 425-427.

Anderson, G. J. 1994. Developmental sensitivity of the
brain to dietary n—3 fatty acids. J. Lipid Res. 35: 105-111.
Ruyle, M., W. E. Connor, G. J. Anderson, and R. 1. Lowen-
sohn. 1990. Placental transfer of essential fatty acids in
humans: venous-arterial differences for docosahexaenoic
acid in umbilical erythrocytes. Proc. Natl. Acad. Sci. USA.
87: 7902-7906.

Coleman, R. A. 1989. The role of the placenta in lipid
metabolism and transport. Semin. Perinatol. 13: 180-191.

. Scott, B. L., and N. G. Bazan. 1989. Membrane docosa-

hexaenoic acid is supplied to the developing brain and
retina by the liver. Proc. Natl. Acad. Sci. USA. 86: 2903—
2907.

Nouvelot, A., C. Delbart, and J. M. Bourre. 1986. Hepatic
metabolism of dietary alpha linolenic acid in suckling rats
and its possible importance in polyunsaturated fatty acid
uptake by the brain. Ann. Nutr. Metab. 30: 316-323.
Bourre, J. M., G. Pascal, G. Durand, M. Masson, O. Du-
mont, and M. Piciotti. 1984. Alterations in the fatty acid
composition of rat brain cells (neurons, astrocytes and
oligodendrocytes) and of subcellular fractions {myelin
and synaptosomes) induced by a diet devoid of n-3 fauy
acids. [ Neurochem. 43: 342-348.

Bereziat, G., G. Thomas, P. Cardot, and J. Chambaz. 1992.
Essential fatty interconversion during the placental pe-
riod. Influence of dietary factors. /n Essential Fatty Acids
and Infant Nutrition. J. Ghisolfi, and G. Putet, editors.
John Libbey, Paris. 45-55.

Chambaz, J., D. Ravel, M. C. Manier, D. Pepin, N. Mul-
liez, and G. Bereziat. 1985. Essential fatty acids intercon-
version in the human fetal liver. Biol. Neona:. 47: 136~
140.

Dutta-Roy, A. K., F. M. Campbell, S. Taffesse, and M. J.
Gordon. 1996. Transport of long chain polyunsaturated
fatty acids across the human placenta: role of fatty acid-
binding proteins. In vy Linolenic Acid: Metabolism and Its
Role in Nutrition and Medicine. Y. S. Huang, and D.
Mills, editors, AOCS Press, New York. 42-53.

Stephenson, T. J., J. P. Stammers, and D. Hull. 1990. Ma-

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

36.

Campbell et al.

ternal to fetal transfer of free fatty acids in the in situ per-
fused rabbit placenta. J. Dev. Physiol. 13: 117-123.
Benassayag, C., T. M. Mignot, M. Haourigui, C. Civel,
J. Hassid, B. Carbonne, E. A. Nunez, and F. Ferre. 1997.
High polyunsaturated fatty acid, thromboxane Ay, and
alpha-fetoprotein concentrations at the human feto-
maternal interface. . Lipid Res. 38: 276-286.

Campbell, F. M., M. J. Gordon, and A. K. Dutta-Roy. 1996.
Preferential uptake of long chain polyunsaturated fatty
acids by isolated human placental membranes. Mol. Cell.
Biochem. 155: 77-83.

Campbell, F. M., M. J. Gordon, and A. K. Dutta-Roy. 1994.
Plasma membrane fatty acid-binding protein (FABP,)
from the sheep placenta. Biochim. Biophys. Acta. 1214:
187-192.

Campbell, F. M., M. J. Gordon, and A. K. Dutta-Roy. 1995.
Plasma membrane fatty acid-binding protein from hu-
man placenta: identification and characterisation. Bio-
chem. Biophys. Res. Commun. 209: 1011-1017.

Campbell, F. M., and A. K. Dutta-Roy. 1995. Plasma mem-
brane fatty acid-binding protein (FABP,,) is exclusively
located in the maternal facing membranes of the human
placenta. FEBS Lett. 375: 227-230.

Wice, B., D. Menton, H. Geuze, and A. L. Schwartz. 1990.
Modulators of cyclic AMP metabolism induce syncy-
tiotrophoblast formation in vitro. fixp. Cell Res. 186: 306—
316.

Gafvels, M. E., G. Coukos, R. Sayegh, C. Coutifaris, D. K.
Strickland, and J. F. Strauss. 1992. Regulated expression
of the trophoblast alpha-2-macroglobulin receptor low-
density lipoprotein receptorrelated protein differentia-
tion and cAMP modulate protein and messenger RNA
levels. . Biol. Chem. 267: 21230-21234.

Stremmel, W., G. Lotz, G. Strohmeyer, and P. D. Berk.
1985. Identification, isolation, and partial purification of
a fatty acid binding protein from rat jejunal microvillous
membranes. J. Clin. Invest. 75: 1068-1075.

Richieri, G. V., A. Anel, and A. M. Kleinfield. 1993. Inter-
actions of long chain fatty acids and albumin: determina-
tion of free fatty acid levels using the fluorescent probe
ADIFAB. Biochemistry. 32: 7574-7580.

Schurer, N. Y., W. Stremmel, |-U. Grundmann, V. Schliep,
H. Kleinert, N. M. Bass, and M. L. Williams. 1994, Evi-
dence for a novel keratinocyte fatty acid uptake mecha-
nism with preference for linoleic acid: comparison of
oleic acid by cultured human keratinocytes, fibroblasts
and a human hepatoma cell line. Biochim. Biophys. Acta.
1211: 51-60.

Bradford, M. M. 1976. A rapid and sensitive method for
the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal. Biochem.
72: 248-254.

Sorentino, D., and P. D. Berk. 1993. Free fatty acids, albu-
min and sinusoidal membrane: concepts, trends and con-
troversies. In Hepatic Transport and Bile Secretion: Physi-
ology and Pathophysiology. N. Tavaloni, and P. D. Berk,
editors. Raven Press, New York. 197-210.

. Berk, P. D., H. Wada, Y. Horio, B. ]. Potter, D. Sorrentino,

S. L. Zhou, L. M. Isola, D. Stump, C. L. Kiang, and S.
Thung. 1990. Plasma membrane fatty acid-binding pro-
tein and mitochondrial glutamic-oxaloacetic transaminase
of rat liver are related. Proc. Natl. Acad. Sci. USA. 87: 3484—
3488.

Stremmel, W, and H. E. Died. 1989. Fatty acid uptake by

Fatty acid uptake and metabolism by BeWo cells 2567

2102 ‘8T aunr uo ‘sanb Aq 610 4jmmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

37.

38.

39.

40.

41.

human hepatoma cell lines represents a carrier-mediated
uptake process. Biochim. Biophys. Acta. 1013: 218-222.
Storch, J., S. L. Shulman, and A. M. Kleinfeld. 1989.
Plasma membrane lipid order and composition during
adipocyte differentiation of 3T3F442A cells: studies in in-
tact cells with 1-[4-(trimethylamino)phenyl]-6-phenyl-
hexatriene. J. Biol. Chem. 264: 10527-10533.

Bligh, B. E., and W. J. Dyer. 1959. A rapid method of total
lipid extraction and purifiation. Can. J. Biochem. Physiol.
37:911-917.

Dutta-Roy, A. K. 1997. Transfer of long-chain polyunsatu-
rated fatty acids across the human placenta. Prenat. Neo-
nat. Med. 2: 101-107.

Stremmel, W., H. Kleinert, B. A. Fitscher, J. Gunwan, C.
Klaassen-Schulter, K. Moller, and M. Wegner. 1992. Mech-
anism of cellular fatty acid uptake. Biochem. Soc. Trans. 20:
814-817.

Abumrad, N. A, M. R. El-Maghrabi, E-Z. Amri, E. Lopez,
and P. A. Grimaldi. 1993. Cloning of a rat adipocyie mem-
brane protein implicated in binding of long chain fatty
acids that is induced during preadipocyte differentiation.
Homology with human CD36. J. Biol. Chem. 268: 17665—
17668.

2568  Journal of Lipid Research Volume 38, 1997

42.

43.

44.

45.

46.

47.

48.

Veerkamp, J. H., R. A. Peeters, and R. J. H. J. Maatman.
1991. Structural and functional features of different types

of cytoplasmic fatty acid-binding proteins. Biochim. Bio-

phys. Acta. 1081: 1-24.

Van Nieuwenhoven, F. A., G. ]J. Van der Vusse, and . F. C..
Glatz. 1996. Membrane-associated and cytoplasmic fatty
acid-binding proteins. Lipids. 31: §223-8227.

Dutta-Roy, A. K. 1997. Fatty acid transport and metabo-
lism in the feto-placental unit and the role of fatty acid-
binding proteins. J. Nutri. Biochem. 8: 548-557.

Chen, H., and R. E. Anderson. 1993. Differential incorpo-
ration of docosahexaenoic and arachidonic acids in frog
retinal pigment epithelium. [ Lipid Res. 34: 1943-1955.
Onuma, Y., Y. Masuazawa, Y. Ishima, and K. Waku. 1984.
Selective incorporation of docosahexaenoic acid in rat
brain. Biochim. Biophys. Acta. 793: 80-85.

Delton, I, A. Gharib, P. Moliere, M. Lagarde, and N.
Sarda. 1995. Distribution and metabolism of arachidonic

and docosahexaenoic acids in rat pineal cells: effects of

norepinephrine. Biochim. Biophys. Acta. 1254: 147-154.
Lafond, J., .. Simoneau, R. Savard, and M-C. Gagnon.
1994. Linoleic acid transport by human placental syncy-
tiotrophoblast membranes. Fur. J. Biochem. 226: 707-713,

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

