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Abstract N-3 polyunsaturated fatty acids from marine oil
have been shown to decrease T cell-mediated immune func-
tion both in animals and humans, and to inhibit the mitogen-
induced lymphoproliferative response when added to lym-
phocyte culture medium. As phosphatidic acid (PA) is a key
mediator of the mitogenic process, the present study aims to
investigate whether docosahexaenoic (DHA) and eicosapen-
taenoic (EPA) acids, the main n-3 fatty acids from fish oil, are
able to alter the mitogen-induced synthesis of PA, when
added to the culture medium of human peripheral blood
mononuclear cells (PBMC). Incubation of PBMC in a me-
dium containing 5 M DHA bound to 5 puM human delipi-
dated serum albumin induced a 2—fold increase in the basal
PA mass whereas incubation with EPA, in the same condi-
tions, had no effect. In contrast, both fatty acids markedly re-
duced the concanavalin A (ConA)-induced production of PA
as compared with untreated cells. Paradoxically, phospholi-
pase D (PLD) activity, evidenced by the synthesis of phos-
phatidylbutanol, was only detected in DHA-treated cells fur-
ther stimulated by ConA, indicating that both DHA and ConA
are required for PLD activation. Similarly, an increased di-
acylglycerol (DAG) mass was only observed in DHA-treated
cells stimulated by ConA, whereas no modification occurred
in control or EPA-treated cells stimulated or not by ConA.
Furthermore, 1-butanol suppressed the ConA-induced in-
crease of DAG mass observed in DHA-treated cells, indicating
that phosphatidate was the source of the newly synthesized di-
acylglycerol. il Altogether, these results show that, in con-
canavalin A-activated human peripheral blood mononuclear
cells, docosahexaenoate stimulates both phospholipase D and
phosphatidate phosphohydrolase activities, which ultimately
results in an increased diacylglycerol production at the ex-
pense of phosphatidate.—Bechoua, S., M. Dubois, G. Némoz,
M. Lagarde, and A-F. Prigent. Docasahexaenoic acid lowers
phosphatidate level in human activated lymphocytes despite
phospholipase D activation. J. Lipid Res. 1998. 39: 873-883.
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Epidemiologic observations as well as animal and hu-
man dietary studies have suggested an anti-inflamma-
tory effect of n-3 fatty acids (1). The beneficial effects
of n-3 fatty acids from marine oil on inflammatory dis-
eases seem to be mainly due to their ability to reduce
the synthesis of pro-inflammatory cytokines such as in-
terleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a),
especially in humans (2, 3). In animal studies more
conflicting results have been reported, describing ei-
ther a reduced (4) or an increased (5) cytokine synthe-
sis upon n-3 fatty acid supplementation of the diet, de-
pending on the cell population studied and the animal
species used for the experimentation (2). Numerous
reports have also described an effect of n-3 fatty acids
on cell-mediated immunity. Fish oil supplementation of
human and animal diets has been shown to decrease
interleukin-2 (IL-2) production, T cell mitogen-induced
proliferation, and delayed-type hypersensitivity skin re-
sponse (DTH) indicating an overall decreased T cell-
mediated immune function (6-10). In addition, poly-
unsaturated fatty acids either from the n-6 or the n-3
families have been shown to inhibit the mitogen-induced
lymphocyte proliferation when added in vitro to the
lymphocyte culture medium, whatever the tissue or spe-
cies origin of the lymphocyte preparations, including
murine splenic or thymic lymphocytes (9) or human
peripheral blood lymphocytes (11-13). However, the

Abbreviations: AA, arachidonic acid; ConA, concanavalin A; DAG,
diacylglycerol; DHA, docosahexaenoic acid; EPA, eicosapentaenoic
acid; NEM, N-ethylmaleimide; PBMC, peripheral blood mononu-
clear cells; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
Pl, phosphatidylinositol; PA, phosphatidic acid; PS, phosphatidyl-
serine; PLC, phospholipase C; PLD, phospholipase D; PKC, protein
kinase C; TG, triacylglycerols.
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biochemical mechanisms involved in the immunosup-
pressive effects of polyunsaturated fatty acids remain
unclear. Several reports have shown that free fatty acids
can interact with signalling pathways involved in stimulus—
response coupling mechanisms (14, 15). lon channels,
G proteins, protein kinases, and phospholipases are
among the main targets of polyunsaturated fatty acids
recently described. In Jurkat lymphocytes both n—-6 and
n-3 fatty acids induced a rapid and transient increase
of cytosolic free calcium from internal stores, but simul-
taneously decreased the antiCD3-induced calcium en-
try through receptor-operated channels (16). This inhi-
bition of receptor-mediated calcium influx might be
involved in the decrease of IL-2 synthesis after addition
of free fatty acids to lymphocyte culture medium. The
protein kinase C (PKC) family, which plays a key role in
the control of cell growth and differentiation, is an-
other recognized target of free fatty acids. Interestingly,
fatty acids such as oleate activate protein kinase C in
vitro by a mechanism that is distinct from PS/DAG,
with a preference for soluble over membrane-bound
enzymes (17) and for calcium-independent and DAG
unresponsive isoforms (18). However, different regula-
tory patterns have been observed when fatty acids were
added to cell culture medium. May, Southworth, and
Calder (19) have reported that culture of rat lymph
node lymphocytes with n—6 as well as n-3 fatty acids re-
sulted in a reduction in total PKC activity, the highest
inhibitory effect being observed for the n-3 fatty acids,
eicosapentaenoic and docosahexacnoic acids. In con-
trast, Rossetti et al. (20) did not observe any influence
of eicosapentaenoic acid on the PKC activity of human
T lymphocytes after an overnight incubation in the
presence of the fatty acid bound to albumin, whereas n—
6 fatty acids seemed to facilitate the translocation of PKC
from cytosol to membrane.

Another important signalling event involved in the
early steps of mitogenesis is the activation of phospho-
lipase Cv1, leading to cleavage of phosphatidylinositol
bisphosphate into inositol trisphosphate and diacylglyc-
erol. In lymphocytes, diacylglycerol, whose primary
function is the activation of protein kinase C, is rapidly
phosphorylated to phosphatidic acid (PA) by diacyl-
glycerol kinase, so that in the first 30 min following mi-
togenic activation, only PA increase can be detected
(21, 22). Phosphatidic acid itself is thought to play a
crucial role in the control of the mitogenic process
through specific interactions with key enzymes such as
PLCvy1 (23), PKC{ isoenzyme (24), and cyclic AMP
phosphodiesterase (PDE) belonging to the PDE4 fam-
ily (25). Furthermore, phosphatidic acid is also a po-
tent mitogen for several types of cells including fibro-
blasts (26) and T-cell clones (27). We have already
demonstrated that in thymic lymphocytes as well as in
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human peripheral lymphocytes, the PA synthesized after
mitogenic activation was almost exclusively derived
from phosphoinositides through the PLCy1-diacylglyc-
erol kinase pathway and that phospholipase D was not
involved in normal lymphocytes (22, 28).

The present study was undertaken to investigate
whether the main n-3 fatty acids from fish oil, docosa-
hexaenoic and eicosapentaenoic acids, known to in-
hibit the lymphoproliferative response, were able to
alter the mitogen-induced synthesis of phosphatidic
acid when added to the culture medium of human pe-
ripheral blood mononuclear cells (PBMC) as free fatty
acids bound to human delipidated albumin.

MATERIALS AND METHODS

Preparation of human PBMC

Peripheral blood was obtained from healthy subjects
who had not taken any medication for 2 weeks prior to
blood donation (Centre de Transfusion Sanguine, Lyon).
Venous blood was drawn into citrate—phosphate—dextran
anticoagulant. PBMC were separated by dextran sedi-
mentation and density gradient centrifugation through
Histopaque 1077 (Sigma, L’Isle d’Abeau, France) and
then washed three times with RPMI 1640 by low speed
centrifugation in order to more thoroughly eliminate
the contaminating platelets. PBMC were then adjusted
to a concentration of 2 X 107 cells/ml in RPMI 1640
(with HEPES and bicarbonate) medium. All steps were
carried out at room temperature. Under such condi-
tions, cell viability established by the trypan blue exclu-
sion test was always greater than 95%. Flow cytometry
analyses of cell preparations after staining with specific
monoclonal antibodies showed that about 65-70% of
the isolated cells were CD3* T cells (T3 Coulter clone),
4-6% were CD19* B cells (B, Coulter clone), 16-24%
were CD11b*™ monocytes (MO1 Coulter clone), and 4-
6% were CD4lat platelets (GP Ilb Illa, Immunotech,
Marseille, France).

Preparation of fatty acid—albumin complexes

Free docosahexaenoic and eicosapentaenoic acids
(Sigma, L’Isle D’Abeau, France) were stored at —20°C
in ethanol solution under nitrogen. Aliquots of the eth-
anolic solution were evaporated to dryness under re-
duced pressure. Human delipidated serum albumin (5
pm) in RPMI 1640 medium was added to give a final
fatty acid concentration of 5 pm and an albumin to
fatty acid ratio of 1. The mixtures were incubated
under nitrogen for 4 h at 37°C.
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Radiolabeling of the mononuclear cell suspensions

Freshly isolated cells were incubated for 1 h at 37°C
either in the presence of [3H]arachidonic acid (37
kBg/ml, specific activity 7.4 MBg/mmol, Amersham,
Les Ulis, France) or [*H]docosahexaenoic acid (9.25
kBg/ml, specific activity 2.22 MBg/mmol, DuPont
NEN) in 0.1% ethanol. In some experiments, [3H]
docosahexaenoic acid was mixed with 5 uwm unlabeled
docosahexaenoic acid bound to HSA. After the incuba-
tion, the radiolabeled cells were washed three times in
RPMI 1640 medium.

Mitogenic activation of radiolabeled PBMC

Labeled cells were further incubated for 60 min at
37°C in RPMI medium containing 5 pm docosa-
hexaenoic or eicosapentaenoic acid bound to 5 pm de-
lipidated HSA. Control cells were incubated without
fatty acid in the presence of 5 um HSA alone. Fatty
acid-treated and control cells were then incubated for
30 min at 37°C in the absence (unstim.) or presence of
5 wg/10% cells concanavalin A (+ConA). In experi-
ments designed to investigate the influence of primary
alcohols on the synthesis of phosphatidylalcohol and
the formation of PA and DAG, ConA activation of the
cells (5 wg ConA/1068 cells for 30 min) was performed
in the presence of 1% ethanol or 1-butanol.

Lipid extraction

Incubations were terminated by addition of ethanol
and acidification of the medium to pH 3-4 with 2 N
HCI. Lipids were extracted with chloroform-ethanol
6:3 (by vol.) according to Boukhchache and Lagarde
(29) in the presence of 50 wm butylhydroxylated toluene.

Thin-layer chromatography (TLC) analyses
of lipid extracts

Lipid extracts were separated on thin-layer plates (20 X
20 X 0.25 silica gel G60 plates, Merck, Darmstadt, Ger-
many). DAG was separated on monodimensional TLC
with the solvent system hexane-diethylether-acetic
acid 50:50:1 (by vol) which allows for separation of the
various lipid classes (free fatty acids, DAG, TG, and
steryl esters) from total phospholipids. PA was separated
on bidimensional TLC using chloroform-methanol-
40% ammonia 65:35:5.5 (by vol) for the first migration,
and chloroform-acetone-methanol-acetic acid-water
30:40:10:10:5 (by vol) for the second migration (30).
This TLC system separates the major phospholipids in-
cluding PI and PS, as well as minor components such as
PA, lysophosphatidylethanolamine (lysoPE), and lyso-
phosphatidylcholine (lysoPC). Phosphatidylalcohols
were separated on bidimensional TLC using chloro-
form-methanol-40% ammonia 65:35:5.5 (by vol) for

the first migration, and ethyl acetate—isooctane-acetic
acid 9:5:2 (by vol) for migration in the second dimen-
sion. Spots stained by Coomassie brillant blue R (see
below) were scraped, mixed with Picofluor (Packard,
Rungis, France) and the radioactivity was determined
by liquid scintillation counting. The radioactivity associ-
ated with PA, DAG, or phosphatidylalcohols was ex-
pressed as percentage of the radioactivity incorporated
in total phospholipids.

Quantitative determination of the PA and DAG mass

PA was quantitated on TLC plates as described by Na-
kamura and Handa (31). Briefly, plates were first devel-
oped using the basic solvent system described above,
until 6 cm below the top, dried under reduced pressure
for 2 h. A standard curve of 1-stearoyl, 2-arachidonoyl-
PA in the linear range (0.5-3 g) was spotted on the
undeveloped area of each plate (6 cm top in the first
dimension). Then plates were developed in the second
dimension with the acidic solvent system. After drying
for 30 min, the developed plates were immersed for 20
min in a staining solution of 0.03% Coomassie brillant
blue R in 20% methanol and 150 mm NacCl. After 20
min, the plates were removed from the staining solu-
tion, immersed in 20% methanol and 150 mm NacCl
(destaining solution) for 15 min. Plates were then air
dried and the density of each spot was measured with a
videodensitometer (Bioprofil Vilber Lourmat/Frdbel,
Lindau, Germany). DAG was quantitated on TLC by
the same method. In this case, a standard curve of di-
palmitoylglycerol in the linear range (0.25-4 pg) was
spotted on the plate before development with the
acidic solvent system hexane-diethylether—acetic acid
50:50:1 (by vol). After development, plates were pro-
cessed as described above and the density of each spot
was measured by videodensitometry.

RESULTS

Influence of docosahexaenoic and eicosapentaenoic
acids on the basal and ConA-induced production
of phosphatidic acid

ConA activation of human PBMC, prelabeled with a
tracer amount of [3H]arachidonate, for 5 and 30 min
in a medium containing 5 wm human delipidated albu-
min (HSA), significantly increased the relative amount
of radiolabeled phophatidic acid above control level.
When labeled cells were first incubated in the presence
of 5 um docosahexaenoic or eicosapentaenoic acid
bound to the HSA for 1 h at 37°C (albumin to fatty acid
ratio = 1) and then stimulated, the proportion of [3H]
arachidonate-labeled phosphatidic acid was also signifi-
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cantly increased as compared with that found in the
corresponding unstimulated cells (Fig. 1). However,
the ConA-induced increase in radiolabeled phospha-
tidic acid tended to be lower in docosahexaenoic and
eicosapentaenoic acid-treated than in control cells,
mainly due to a higher basal proportion of radiola-
beled phosphatidic acid in fatty acid-treated cells, what-
ever the duration of ConA activation. Thus after 30 min
incubation, ConA increased the level of radiolabeled
phosphatidic acid by 5.24-fold in control cells and by
3.77- and 3.56-fold in DHA- and EPA-treated cells,
respectively.

As we have previously reported (22), ConA activation
of control cells was also accompanied by a huge in-
crease in the mass of phosphatidic acid whatever the
duration of the activation period (Fig. 2). One hour in-
cubation of cells with docosahexaenoic acid led to a
doubling of the PA mass in the absence of mitogen
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Fig. 1. Influence of docosahexaenoic and eicosapentaenoic
acids on the basal and ConA-induced production of radiolabeled
phophatidic acid. [3H]arachidonate-labeled human PBMC were
preincubated for 1 h at 37°C either in the presence of 5 um HSA
alone (control) or in the presence of 5 um docosahexaenoic
(+DHA) or 5 uwM eicosapentaenoic (+EPA) acid bound to HSA
(fatty acid to albumin ratio = 1). Cells were further incubated at
37°C in the absence (unstim.) or presence of ConA (5 g/108
cells) for 5 min (+ConA 5 min) or 30 min (+ConA 30 min). At
the end of the incubation period, lipids were extracted from cells
plus medium and the lipid extracts were separated by TLC as de-
scribed in Materials and Methods. Results are expressed relative
to the radioactivity incorporated in total phospholipids and are
means * SE of six separate experiments for control cells and of
four and three separate experiments for DHA- and EPA-treated
cells, respectively. Data were analyzed by ANOVA. Stimulated lev-
els were significantly different from unstimulated (P < 0.05) what-
ever the treatment used.
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whereas eicosapentaenoic acid treatment had no signif-
icant effect. Unexpectedly, both fatty acids markedly
impaired the ConA-induced increase in the PA mass. In
stimulated cells, docosahexaenoic acid significantly re-
duced the mass of PA by 44 and 32%, after 5 and 30
min of ConA activation, respectively. The lowering ef-
fect of eicosapentaenoic acid was significant only after
30 min of ConA activation (—37%). Thus, the first set
of experiments clearly indicated that both docosa-
hexaenoic and eicosapentaenoic acids were able to mod-
ulate early signalling events involved in the mitogenic
process leading to the synthesis of phosphatidic acid.

Time-course of [3H]docosahexaenoate incorportation
in the different lipid classes of human PBMC

To get further insights into the possible mechanisms
involved, we next examined the uptake of 5 um [3H]
docosahexaenoic acid bound to 5 pm HSA into the dif-
ferent lipid classes as a function of time. Human PBMC
very efficiently incorporated [3H]DHA, 54% of the
amount present in the culture medium being already
taken up as early as from 30 min incubation (Fig. 3).
Further incubation slightly increased the amount of
[BH]DHA taken up by the cells up to 70% after 150 min
incubation. Under the same experimental conditions,
[3H]arachidonic acid was incorporated at a similar
rate. Most radiolabeled docosahexaenoic acid was in-
corporated into cell phospholipids and to a lesser ex-
tent in triacylglycerols and sterol esters (Fig. 4A). The
radiolabel associated with diacylglycerol did not exceed
1% of total (not shown). Docosahexaenoic acid incor-
poration into triacylglycerols and sterol esters was max-
imal at the earliest time-point studied (30 min) and did
not vary significantly further. In contrast, [BH]DHA in-
corporation into total phospholipids (Fig. 4A), mainly
PC and PE (Fig. 4B) continued to increase with time, in
close parallel to the cellular uptake. However, when
considering the distribution of the radiolabel among
the various phospholipid classes, total phospholipid ra-
dioactivity being taken as 100 at each time point, no
drastic variation was observed during the considered
period of time. Thus, the radiolabel associated with PC,
PE, and PI/PS varied from 63, 31 and 6%, respectively,
at 30 min to 68, 29, and 3% at 150 min.

In subsequent experiments, PBMC were preincu-
bated with 5 um [BH]DHA for 60 min and then stimu-
lated or not with ConA for the following 30 min. The
mitogenic activation of [BH]DHA-radiolabeled cells in-
duced a significant remodeling of the radioactivity asso-
ciated with each phospholipid class. First, ConA in-
duced a doubling of the radioactivity associated with
PA, indicating the formation of PA molecular species
containing docosahexaenoic acid (Fig. 5A). Whereas in
[3H]arachidonate labeled cells, ConA activation repro-

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

unstim.
+ ConA Smin
+ ConA 30min

*T*T

Phosphatidic acid (ng/million cells)

control +DHA

1007 B O unstim.
+ ConA 5min

B + ConA 30min

Phosphatidic acid (ng/million cells)

control +EPA

Fig. 2. Influence of docosahexaenoic (A) and eicosapentaenoic (B) acids on the basal and ConA-
induced production of phosphatidic acid mass. PBMC were preincubated as described in the legend of
Fig. 1. Cells were further incubated at 37°C in the absence (unstim.) or presence of ConA (5 pg/108 cells)
for 5 min (+ConA 5 min) or 30 min (+ConA 30 min). At the end of the incubation period, lipids were
extracted from cells plus medium and the lipid extracts were separated by TLC. Phosphatidic acid mass
was gquantitated by videodensitometry as described in Materials and Methods. Results are expressed as
ng/10°% cells and are means + SE of six separate experiments for unstimulated and 30 min ConA-stimu-
lated cells and of four separate experiments for 5 min ConA-stimulated cells. Data were analyzed by
ANOVA and the level of statistical significance of the differences was evaluated by means of the Fisher
PLSD test. *, different from unstimulated in each group at P < 0.05; T, different from the correspond-

ing group in control, P < 0.05.

ducibly induced a decrease in the radioactivity associated
with P1/PS (22, 32) with no change in the radioactivity of
PC, an opposite pattern was observed in [BH]DHA-
labeled cells. Indeed, in [BH]DHA-labeled cells, a mod-
est but highly significant (P < 0.001) decrease of the ra-
diolabel associated with PC (Fig. 5B) was accompanied
by an increased radioactivity in P1/PS (Fig. 5A) and PE
(Fig. 5B). Due to the prominent PC compartment, the
decreased radioactivity of PC cannot be entirely ex-
plained by exchange of docosahexaenoate with the PE
compartment by transacylation reactions. The decreased
DHA-labeled PC, after ConA stimulation, also suggests
that PC might be a precursor of phosphatidic acid
through phospholipase D activation.

Phospholipase D activation upon ConA stimulation
of docosahexaenoate-treated cells

To test the hypothesis that docosahexaenoate enrich-
ment of the cells might prime phospholipase D activity,
control and DHA-treated cells were stimulated by ConA
either in the presence or absence of a primary alcohol
(Fig. 6A). In good agreement with our previous results
(22), the addition of ethanol during ConA stimulation
of control cells did not alter the ConA-induced in-
crease in PA mass. In contrast, in DHA-treated cells,
ethanol significantly lowered (—36%, P = 0.03) the

mass of PA produced during ConA activation. Because
the transphosphatidylation activity of PLD produces
phosphatidylalcohol at the expense of PA, these results
clearly indicate an activation of phospholipase D in
DHA-treated cells. A clear confirmation of PLD activa-
tion was brought about by experiments measuring the
formation of phosphatidylbutanol in the presence of
the primary alcohol 1-butanol (Fig. 6B). In these exper-
iments, cells were first labeled with a tracer amount of
[3H]arachidonate, then preincubated in the presence
of HSA alone (controls) or in the presence of 5 wm un-
labeled docosahexaenoate bound to HSA for 1 h and
further stimulated by ConA. A substantial amount of ra-
diolabeled phosphatidylbutanol was measurable only
in DHA-treated cells stimulated by ConA.

Influence of docosahexaenoic and eicosapentaenoic
acids on the basal and ConA-induced production
of diacylglycerol

The whole results obtained in this first set of experi-
ments showed that the treatment of human PBMC by
docosahexaenoate primed phospholipase D which be-
came activated upon ConA stimulation, whereas no evi-
dence of PLD activation by ConA alone was obtained in
control cells. Paradoxically, this PLD activation resulted
in a lowering of the PA mass, suggesting an increased
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Fig. 3. Incorporation of [3H]docosahexaenoate in human
PBMC as a function of time. PBMC suspended in RPMI medium
at a concentration of 20 X 10% cells/ml were incubated for the in-
dicated period of time in the presence of 5 um [BH]DHA bound
to HSA (fatty acid to albumin ratio = 1). At the end of the incuba-
tion period cells were pelleted, washed three times, and the radio-
activity associated with the washed pelleted cells was determined
by liquid scintillation counting. Results are expressed as percent
of the total radioactivity added to the cells and are means *+ SE of
three separate experiments (solid line). For comparison, data ob-
tained from one representative experiment with 5 pm [3H]arachi-
donate are indicated (dash line).

catabolism of the newly synthesized PA either through
the phosphatidate phosphohydrolase pathway or through
phospholipase A, hydrolysis. To test the former hypothe-
sis, DAG levels were measured in both control and

6() —
—8—  Phospholipids A
—®— Triacylglycerols

—®—  Sterol esters

% of total radioactivity added
to the cells

0 T T T T 1
0 30 60 90 120 150
time (min)

DHA-treated cells stimulated or not by ConA. As shown
in Fig. 7A, the relative amount of radiolabeled diacyl-
glycerol was substantially increased in DHA-treated cells
as compared with control cells preincubated with HSA
alone. Interestingly, no variation in radiolabeled dia-
cylglycerol was observed in cells preincubated with
eicosapentaenoic acid. Furthermore, an increase of di-
acylglycerol mass was only observed in DHA-treated
cells further stimulated with ConA (Fig. 7B). As in hu-
man PBMC, the mass of diacylglycerol is about 5- to 10-
fold higher than that of phosphatidic acid; the 57% in-
crease of diacylglycerol mass observed in DHA-treated
cells stimulated by ConA could entirely explain the
concomitant decrease of phosphatidic acid mass mea-
sured in the same cells. To support further the hypoth-
esis that the increased diacylglycerol mass observed in
DHA-treated cells stimulated by ConA might be due to
PLD activtion, with a subsequent conversion of phos-
phatidic acid to diacylglycerol through phosphatidate
phosphohydrolase, diacylglycerol was measured in
DHA-treated cells stimulated by ConA in the presence
of 1% ethanol. Results shown in Table 1 indicate that
the ConA-induced level of diacylglycerol was lowered
close to basal level in the presence of ethanol, and thus
clearly confirm the above hypothesis.

DISCUSSION

Despite a growing body of evidence in dietary studies
showing that n-3 polyunsaturated fatty acids have im-
munosuppressive effects both in animals and humans,
and in vitro when added to lymphocyte culture me-
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Fig. 4. Incorporation of [BH]docosahexaenoate in the different lipid (A) and phospholipid (B) classes of PBMC as a function of time.
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PBMC suspended in RPMI medium at a concentration of 20 X 108 cells/ml were incubated for the indicated period of time in the pres-
ence of 5 uM [BH]DHA bound to HSA (fatty acid to albumin ratio = 1). At the end of the incubation period, lipids were extracted from
the washed cells and the lipid extracts were separated by TLC. Results are expressed as percent of the total radioactivity added to the cells
and are means = SE of three separate experiments.
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Fig. 5. Influence of ConA stimulation on the distribution of [3H]docosahexaenoate radiolabel in the different phospholipid classes.
PBMC were preincubated with 5 um [BH]DHA bound to HSA (fatty acid to albumin ratio = 1) for 1 h at 37°C and then stimulated by 5
g ConA/106 cells for 30 min (+ConA) or unstimulated (unstim.). At the end of the incubation period, lipids were extracted from cells
plus medium and the lipid extracts were separated by TLC. Results are expressed as percent of the radioactivity associated to total phos-
pholipids and are means = SE of four separate experiments. For each phospholipid class, means are compared by the paired Student’s t
test: ***P < 0.001, **P < 0.01, *P < 0.05.

dium, the mechanisms involved in the modulation of  acids, the main polyunsaturated fatty acids from fish
the lymphoproliferative response by fatty acids remain oil, are able to affect the early steps of the mitogenic ac-
largely unknown. Results from the present study clearly  tivation of lymphocytes and the production of two cru-
show that both docosahexaenoic and eicosapentaenoic  cial lipid second messengers, phosphatidic acid and di-
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Fig. 6. Phospholipase D activation upon ConA stimulation of docosahexaenoate-treated cells. A: PBMC were preincubated either in
the presence of 5 wm HSA alone (control, ConA) or in the presence of 5 pum DHA bound to HSA (DHA, DHA + ConA). Cells were then
stimulated with 5 wg ConA/108 cells for 30 min (ConA, DHA + ConA) or unstimulated (control, DHA) in the presence (closed bars) or
absence (open bars) of 1% ethanol. At the end of the incubation period, lipids were extracted from cells plus medium and the lipid ex-
tracts were separated by TLC. Phosphatidic acid mass was quantitated by videodensitometry as described in Materials and Methods. Re-
sults are expressed as ng/10°% cells and are means =+ SE of four separate experiments. Means were compared by the paired Student’s t test;
* indicates a significant difference between ConA and DHA + ConA without ethanol, P < 0.05; T indicates a significant difference in the
DHA + ConA group with and without ethanol, P < 0.03. B: PBMC prelabeled with tracer amount of [3H]arachidonate were preincubated
either in the presence of 5 wm HSA alone (control, ConA) or 5 wum DHA bound to HSA (DHA, DHA + ConA). Cells were then stimulated
by 5 pg ConA/108 cells for 30 min (ConA, DHA + ConA) or unstimulated (control, DHA) in the presence of 1% 1-butanol. At the end of
the incubation period, lipids were extracted from cells plus medium and the lipid extracts were separated by TLC. The radioactivity associ-
ated to phophatidylbutanol was measured by liquid scintillation counting. Results are expressed relative to the radioactivity incorporated
in total phospholipids and are means = SE of three separate experiments. Data were analyzed by ANOVA and the level of statistical signifi-
cance of the differences was evaluated by means of the Fisher PLSD test. *, different from the other groups at P < 0.05.
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Fig. 7. Influence of docosahexaenoic and eicosapentaenoic acids on the basal and ConA-induced production of radiolabeled DAG (A)
and DAG mass (B). A: Human PBMC were prelabeled with tracer amount of [BH]DHA for 1 h 37°C. Cells were then preincubated either
in the presence of 5 wm HSA alone (control) or 5 um docosahexaenoic (+DHA) or 5 wm eicosapentaenoic (+EPA) acids bound to HSA
(fatty acid to albumin ratio = 1). Cells were further incubated at 37°C in the absence (unstim.) or presence of ConA (5 ng/106 cells) for
30 min (+ConA). At the end of the incubation period, lipids were extracted from cells plus medium and the lipid extracts were sepa-
rated by TLC, as described in Materials and Methods. Results are expressed relative to the radioactivity incorporated in total phospholip-
ids and are means * SE of five separate experiments for control and DHA-treated cells and of three experiments for EPA-treated cells.
Data were analyzed by ANOVA and the level of statistical significance of the differences was evaluated by means of the Fisher PLSD test: *,
different from unstimulated control at P < 0.05. B: DAG mass was quantitated by videodensitometry as described in Materials and Meth-
ods. Results are expressed as p.g/10° cells and are means = SE of five separate experiments for control and DHA-treated cells and of
three experiments for EPA-treated cells. Data were analyzed by ANOVA and the level of statistical significance of the difference was evalu-
ated by means of the Fisher PLSD test: * different from unstimulated control at P < 0.05; T different from unstimulated in the DHA

group at P < 0.05.

acylglycerol. This alteration of the mitogenic signal
transduction pathway might well explain, in turn, the
inhibition of the lymphoproliferative response that we
have previously observed with both fatty acids (13).
Most in vitro studies measuring the inhibition of the
lymphoproliferative responses (11, 33) or aiming to de-
lineate the potential targets of fatty acids (19, 20) were
carried out with fatty acid concentrations higher than
30 wm. In the present study, we have chosen a final fatty
acid concentration of 5 um with a fatty acid to albumin
ratio of 1, close to that observed under usual human
physiological conditions (34) and sufficient to give a
measurable enrichment of membrane phospholipids
in the considered fatty acid (13). The presence of DHA
in cell phospholipids was confirmed in the present
study by results of the experiments performed with
[BH]DHA. Radiolabeled DHA was incorporated not
only in the two main phospholipid compartments, PC
and PE, but also in phosphatidic acid which has impor-
tant signalling functions in lymphocyte activation. Fur-
thermore, the mitogenic activation of DHA-enriched
cells significantly increased the relative amount of DHA-

880 Journal of Lipid Research Volume 39, 1998

labeled PA, suggesting the formation of peculiar PA
molecular species containing DHA. This might alter, in
turn, the transduction of the mitogenic signal.
Whereas both docosahexaenoic and eicosapen-
taenoic acids significantly reduced the phosphatidic
acid mass in ConA-stimulated mononuclear cells, only
docosahexaenoic acid was able to significantly increase
its basal level in resting cells. This first observation sug-
gested that docosahexaenoate might stimulate phospha-
tidic synthesis through PLD activation, in the absence
of a mitogenic stimulus. However, the subsequent ex-
periments performed in the presence of a primary al-
cohol (Fig. 6) showed that alcohol did not modify the
synthesis of phosphatidic acid in resting cells treated
with DHA alone (Fig. 6B). Unexpectedly, because of
the decreased phosphatidic acid level in DHA-treated
and ConA-stimulated calls, a large production of phos-
phatidylalcohol wa observed in DHA-enriched cells
stimulated further by ConA. Thus, the activation of
phospholipase D, unambiguously demonstrated by the
formation of phosphatidylalcohol (35), requires the si-
multaneous presence of DHA and ConA. These results
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TABLE 1. Influence of ethanol on the ConA-induced production
of diacylglycerol in docosahexaenoate-treated PBMC

Docosahexaenoate-Treated Cells Diacylglycerol

ug/106 cells

Without addition 0.337 = 0.012
+ConA 0.484 + 0.066
+ConA +ethanol 0.316 *= 0.0412

Human peripheral blood mononuclear cells (PBMC) were pre-
incubated for 1 h at 37°C in the presence of 5 um DHA bound to
HSA (fatty acid to albumin ratio = 1). Cells were further incubated at
37°C in the absence (without addition) or presence of ConA (5 ng/
106 cells) for 30 min either in the absence (+ConA) or presence of
1% ethanol (+ConA + ethanol). At the end of the incubation pe-
riod, lipids were extracted from cells plus medium and the lipid ex-
tracts were separated by TLC. Diacylglycerol mass was quantitated by
videodensitometry as described in Materials and Methods. Results are
expressed as ug/108 cells and are means + SE of three separate ex-
periments. Data were analyzed by ANOVA and the level of statistical
significance of the differences was evaluated by means of the Fisher
PLSD test.

aDifferent from the stimulated level measured in the absence of
ethanol at P < 0.05.

are reminiscent of those we have previously obtained
with 12(S)-hydroxyeicosatetraenoic acid (22) although
in the latter case, phosphatidic acid mass was signifi-
cantly enhanced above the ConA-induced level. The
decreased phosphatidate level in spite of phospholi-
pase D activation suggests that, in DHA-treated cells,
the mitogenic activation also induced a rapid catabo-
lism of the newly formed phosphatidate. Several studies
have reported a decreased phosphatidate intracellular
level resulting from a shift of the cellular balance be-
tween active synthesis and degradation. Thus, in Jurkat
T cells, the immunosuppressive antibody K20 directed
against the CD29 antigen lowered phosphatidate level
through an accelerated catabolism evidenced by an in-
creased phosphatidylserine synthesis (36). Chronic
EGF stimulation of NIH3T3 fibroblasts, which strongly
activated diacylglycerol kinase, only induced a mild in-
crease of phosphatidate level due to a concomitant
strong activation of phosphatidate phosphohydrolase
(37). Several evidences indicate that the mitogenic acti-
vation of DHA-treated cells also stimulated phosphati-
date phosphohydrolase activity. First, in DHA-treated
and ConA-stimulated cells where phosphatidate level
was shown to decrease, diacylglycerol level was actually
higher than in the other groups of cells (Fig. 7B). Sec-
ond, the impairment of phosphatidate synthesis through
the use of a primary alcohol (Fig. 6A, column DHA +
ConA) totally suppressed the DHA plus ConA-induced
increase of diacylglycerol mass. Surprisingly, however,
DHA was unable to lower [H]AA-labeled PA while
strongly decreasing the PA mass in ConA-stimulated cells.
Several hypotheses may be put forward to explain this
apparent discrepancy. It is well known that phosphati-

dylcholine has a lower content of arachidonate than
phosphoinositides. Thus, in the presence of ConA,
DHA that stimulated PC hydrolysis through PLD activa-
tion presumably led to the formation of PA containing a
relatively low amount of arachidonic acid. On the other
hand, in cells stimulated by ConA alone, PA was almost
exclusively derived from phosphoinositides through
PIP, hydrolysis and phosphorylation of the resulting
DAG by DAG kinase. In DHA-treated cells stimulated
by ConA, both pathways are very likely to coexist. Thus,
one may speculate that Pl-derived and PC-derived PA
are produced in separate compartments of the lipid bi-
layer so that only the PC-derived PA could be in contact
with phosphatidate phosphohydrolase and used as a
substrate. This might lead to a relative conservation of
[BH]AA-containing PA species and explain the appar-
ent lack of DHA effect on [3H]AA-labeled PA in ConA-
stimulated cells. Alternatively, PA hydrolase might have
some substrate preference for PA molecular species
with a low or medium degree of unsaturation as those
derived from PC. Some substrate preference has al-
ready been demonstrated in rat liver for one form of
phosphatidate phosphohydrolase located at the plasma
membrane, named PAP2A (38, 39). This enzyme, Mg-
independent and NEM-insensitive, was found to be less
active toward arachidonoyl-stearoyl-phosphatidate (the
most abundant Pl-derived PA species) than toward di-
palmitoyl-, distearoyl-, and dioleoyl-phosphatidate (38).
Whether such a form of phosphatidate phosphohydro-
lase is present in human PBMC is not known and de-
serves further investigation.

On the other hand, eicosapentaenoic acid, which
also impaired the ConA-induced increase of phosphati-
date level, had no significant effect on diacylglycerol
production. These results indicate that unlike DHA,
EPA has no effect on phosphatidate phosphohydrolase.
Although several hypotheses can be put forward such
as increased phospholipase A, activity or increased de
novo phospholipid synthesis, the mechanism of eicosa-
pentaenoate action remains to be elucidated. Results of
the present study are in good agreement with those
of Sebaldt and Marignani (40) who have reported an
increased total diacylglycerol mass in both basal and
stimulated macrophages after in vitro supplementation
of culture media with docosahexaenoate. However,
these authors had also observed an increasing effect for
eicosapentaenoate, although lower than that of docosa-
hexaenoate. This discrepancy concerning eicosapen-
taenoate effect on diacylglycerol level might be explained
by the different cellular model used (macrophages vs.
lymphocytes) or by the different species used (murine
vs. human). In contrast, opposite effects of docosa-
hexaenoate and eicosapentaenoate on diacylglycerol
production have been reported in dietary studies in mice
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(41). In this study, diacylglycerol production was signif-
icantly suppressed in EPA- and DHA-fed mice relative
to mice fed saturated fatty acids or arachidonic acid.

Presently, the putative mechanisms involved in the
priming effect of docosahexaenoate on phospholipase
D and phosphatidate phosphohydrolase activities re-
main largely speculative. It is well known that polyun-
saturated fatty acids may affect protein expression and
regulate gene transcription, especially the transcription
of specific lipogenic genes (42). In fibroblasts, arachi-
donate has been shown to stimulate the expression of
early response genes such as C-fos and Erg-1, but this
stimulating effect seemed to be related to its conver-
sion to PGE,, and n-3 fatty acids that reduced the for-
mation of PGE2 in these cells also reduced the activat-
ing effect of arachidonate (43). Another important
question concerns the nature of the phospholipase D
primed by docosahexaenoate in activated lymphocytes.
A fatty acid activatable phospholipase D has been de-
scribed in membrane fractions from several tissues in-
cluding rat brain (44, 45), liver (46), and heart (47),
and pig lung (48). However, stimulation of this phospho-
lipase D activity, usually described as oleate-sensitive, re-
quires millimolar concentrations of unsaturated fatty
acids. Thus, docosahexaenoate that was active at micro-
molar concentrations on intact human lymphocytes
might stimulate the other family of phospholipase D ac-
tivated by small G proteins (45). Additional experi-
ments are needed to characterize further the phospho-
lipase D target of docosahexaenoic acid.

The stimulating effect of DHA on phospholipase D
and phosphatidate phosphohydrolase activities might
involve either a direct interaction between the unesteri-
fied fatty acid and the target enzymes of modification
of the enzyme environment through alterations of the
lipid bilayer. Whatever the exact mechanism, the over-
all effect of DHA in activated lymphocytes results in an
increased diacylglycerol production at the expense of
phosphatidate cellular level, which might explain its
immunosuppressive effect.\if

This work was supported by INSERM and the Région Rhéne
Alpes. S. Bechoua was a recipient of a fellowship from the Ré-
gion Rhéne Alpes.

Manuscript received 31 July 1997 and in revised form 10 December 1997.

REFERENCES

1. Endres, S., R. De Caterina, E. B. Schmidt, and S. D. Kris-
tensen. 1995. N-3 polyunsaturated fatty acids: update
1995. Eur. J. Clin. Invest. 25: 629-638.

2. Endres, S. 1996. N-3 polyunsaturated fatty acids and hu-
man cytokine synthesis. Lipids. 11: S239-5242.

882 Journal of Lipid Research Volume 39, 1998

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Meydani, S. N. 1996. Effect of (n-3) polyunsaturated fatty

acids on cytokine production and their biologic function.
Nutrition. 12: S-8-S-14.

. Billiar, T. R., P. E. Bankey, B. A. Svingen, R. D. Curran, M. A.

West, R. T. Holman, R. L. Simmons, and F. B. Cerra. 1988.
Fatty acid intake and Kupffer cell function: fish oil alters
eicosanoid and monokine production to endotoxin stim-
ulation. Surgery. 104: 343-349.

. Blok, W. L., M. F. T. R. de Bruijn, P. J. M. Leenen, W. M. C.

Eling, N. van Rooijen, E. R. Stanley, W. A. Buurman, and
J. W. M. van der Meer. 1996. Dietary n-3 fatty acids in-
crease spleen size and postendotoxin circulating TNF in
mice: role of macrophages, macrophage precursors, and
colony-stimulating factor-1. J. Immunol. 157: 5569-5573.

. Meydani, S. N., S. Endres, M. M. Woods, B. R. Goldin, C.

Soo, A. Morrill-Labrode, C. A. Dinarello, and S. L. Gor-
bach. 1991. Oral (n-3) fatty acid supplementation sup-
presses cytokine production and lymphocyte prolifera-
tion: comparison between young and older women. J.
Nutr. 121: 547-555.

. Virella, G., K. Fourspring, B. Hyman, R. Haskill-Stroud, L.

Long, I. Virella, M. La Via, A. J. Gross, and M. Lopes-Virella.
1991. Immunosuppressive effects of fish oil in normal
human volunteers: correlation with in vitro effects of
eicosapentaenoic acid on human lymphocytes. Clin. Im-
munol. Immunopathol. 61: 161-176.

. Endres, S., S. N. Meydani, R. Ghorbani, R. Schindler, and

C. A. Dinarello. 1993. Dietary supplementaion with n-3
fatty acids suppresses interleukin-2 production and mono-
nuclear cell proliferation. J. Leukocyte Biol. 54: 599-603.

. Calder, P. C. 1995. Fatty acids, dietary lipids and lympho-

cyte functions. Biochem. Soc. Trans. 23: 301-309.

Yaqoob, P., and P. C. Calder. 1995. The effects of dietary
lipid manipulation on the production of murine T cell-
derived cytokines. Cytokine. 7: 548-553.

Calder, P. C., and E. A. Newsholme. 1992. Polyunsatu-
rated fatty acids suppress human peripheral blood lym-
phocyte proliferation and interleukin-2 production. Clin.
Sci. 82: 695-700.

Kumar, G. S., U. N. Das, K. V. Kumar, N. Madhavi, N. P.
Das, and B. K. H. Tan. 1992. Effect of n—6 and n-3 fatty acids
on the proliferation of human lymphocytes and their se-
cretion of TNF-a and IL-2 in vitro. Nutr. Res. 12: 815-823.
Joulain, C., M. Guichardant, M. Lagarde, and A. F. Pri-
gent. 1995. Influence of polyunsaturated fatty acids on
lipid metabolism in human blood mononuclear cells and
early biochemical events associated with lymphocyte acti-
vation, J. Lipid Mediat. Cell Signal. 11: 63-79.

Graber, R., C. Sumida, and E. Nunez. 1994. Fatty acids
and cell signal transduction. J. Lipid Mediat. Cell Signal. 9:
91-116.

Khan, W. A., G. C. Blobe, and Y. A. Hannun. 1995. Arachi-
donic acid and free fatty acids as second messengers and
the role of protein kinase C. Cell. Signal. 7: 171-184.
Chow, S. C., 1. J. Ansotegui, and M. Jondal. 1990. Inhibition
of receptor-mediated calcium influx in T cells by unsatur-
ated non-esterified fatty acids. Biochem. J. 267: 727-732.

El Touny, S., W. Khan, and Y. Hannun. 1990. Regulation
of platelet protein kinase C by oleic acid. Kinetic analysis
of allosteric regulation and effects on autophosphoryla-
tion, phorbol ester binding, and susceptibility to inhibi-
tion. J. Biol. Chem. 265: 16347-16443.

Khan, W., G. C. Blobe, A. L. Richards, and Y. A. Hannun.
1994. Identification, partial purification, and character-

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

ization of a novel phospholipid-dependent and fatty acid-
activated protein kinase from human platelets. J. Biol.
Chem. 269: 9729-9735.

May, C. L., A. J. Southworth, and P. C. Calder. 1993. Inhi-
bition of lymphocyte protein kinase C by unsaturated
fatty acids. Biochem. Biophys. Res Commun. 195: 823-828.
Rossetti, R. G., C. M. Seiler, M. Laposata, and R. B. Zurier.
1995. Differential regulation of human T lymphocyte
protein kinase C activity by unsaturated fatty acids. Clin.
Immunol. Immunopathol. 76: 220-224.

Aussel, C., C. Pelassy, and J. P. Breittmayer. 1992. A diacyl-
glycerol kinase is involved in the regulation of interleukin-2
synthesis in Jurkat T cells. Cell. Immunol. 139: 333-341.
Meskini, N., A. Zakaroff, C. Joulain, G. Némoz, M.
Lagarde, and A. F. Prigent. 1995. Triggering of a phospho-
lipase D pathway upon mitogenic stimulation of human
peripheral blood mononuclear cells enriched with 12(S)-
hydroxyicosatetraenoic acid. Eur. J. Biochem. 233: 907-915.
Jones, G. A., and G. Carpenter. 1993. The regulation of
phospholipase Cvy by phosphatidic acid. Assessment of ki-
netic parameters. J. Biol. Chem. 268: 20845-20850.
Limatola, C., B. Barabino, A. Nista, and A. Santoni. 1997.
Interleukin 1-B-induced protein kinase C-{ activation is
mimicked by exogenous phospholipase D. Biochem. J. 321:
497-501.

Némoz, G., C. Sette, and M. Conti. 1997. Selective activa-
tion of rolipram-sensitive, cAMP-specific phosphodi-
esterase isoforms by phosphatidic acid. Mol. Pharmacol.
51: 242-249.

Van Corven, E. J., A. Van Rijswijk, K. Jalink, R. L. Van der
Bend, W. J. Van Blitterswijk, and W. H. Moolenaar. 1992.
Mitogenic action of lysophosphatidic acid and phospha-
tidic acid on fibroblasts. Dependence on acyl-chain length
and inhibition by suramin. Biochem. J. 281: 163-1609.
Cano, E., M. A. Munoz-Fernandez, and M. Fresno. 1992.
Regulation of interleukin-2 responses by phosphatidic
acid. Eur. J. Immunol. 22: 1883-1889.

El Bawab, S., O. Macovschi, C. Thevenon, A. Goncalves,
G. Némoz, M. Lagarde, and A. F. Prigent. 1996. Contribu-
tion of phosphoinositides and phosphatidylcholines to
the production of phosphatidic acid upon concanavalin
stimulation of rat thymocytes. J. Lipid Res. 37: 2098-2108.
Boukhchache, D., and M. Lagarde. 1982. Interaction be-
tween prostaglandin precursors during their oxygenation
by human platelets. Biochim. Biophys. Acta. 713: 386-392.
Broekman, M. J., J. W. Ward, and A. J. Marcus. 1980. Phos-
pholipid metabolism in stimulated platelets. Changes in
phosphatidylinositol, phosphatidic acid, and lysophos-
pholipids. J. Clin. Invest. 66: 275-283.

Nakamura, K., and S. Handa. 1984. Coomassie brillant
blue staining of lipids on thin-layer plates. Anal. Biochem.
142: 406-410.

Meskini, N., G. Némoz, P. Chapuy, P. Haond, J. F.
Pageaux, E. Vericel, M. Lagarde, and A. F. Prigent. 1992.
Glutathione peroxidase activity and metabolism of ara-
chidonic acid in peripheral blood mononuclear cells
from elderly subjects. Clin. Sci. 85: 203-211.

Brouard, C., and M. Pascaud. 1993. Modulation of rat
and human lymphocyte function by n-6 and n-3 polyun-
saturated fatty acids and acetylsalicylic acid. Ann. Nutr.
Metab. 37: 146-159.

Spector, A. A. 1986. Structure and lipid binding proper-
ties of serum albumin. Methods. Enzymol. 128: 320-337.

Bechoua et al.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Yu, C-H., S-Y. Liu, and V. Panagia. 1996. The transphos-
phatidylation activity of phospholipase D. Mol. Cell Bio-
chem. 157: 101-105.

Ticchioni, M., C. Aussel, J-P. Breittmayer, S. Manié, C. Pel-
assy, and A. Bernard. 1993. Suppressive effect of T cell
proliferation via the CD29 molecule. The CD29 mAb 1
«K20» decreases diacylgycerol and phosphatidic acid lev-
els in activated T cells. J. Immunol. 151: 119-127.
Montgomery, R. B., D. K. Moscatello, A. J. Wong, and
W. L. Stahl. 1997. Epidermal Growth Factor receptor
stimulation of diacylglycerol kinase. Biochem. Biophys. Res.
Commun. 232: 111-116.

Fleming, I. N., and S. J. Yeaman. 1995. Purification and
characterization of N-ethylmaleimide-insensitive phospha-
tidic acid phosphohydrolase (PAP2) from rat liver. Bio-
chem. J. 308: 983-989.

Brindley, D. N., and D. W. Waggoner. 1996. Phosphati-
date phosphohydrolase and signal transduction. Chem.
Phys. Lipids. 80: 45-57.

Sebaldt, R. J., and P. A. Marignani. 1995. Diradylglycerol
(DG) formation is altered by n—3 highly unsaturated fatty
acids with marked differences between eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids: a novel mech-
anism of action of n-3 fatty acids in signal transduction.
In The 3rd International Conference on Eicosanoids and
Other Bioactive Lipids in Cancer, Inflammation and Ra-
diation Injury. S. Nigam, K. V. Honn, and L. J. Marnett,
editors. Kluwer Academic Publishers, Boston, MA. 937—-
946.

Jolly, C. A., Y-H. Jiang, R. S. Chapkin, and D. N. McMur-
ray. 1996. Dietary (n-3) polyunsaturated fatty acids sup-
press murine lymphoproliferation, interleukin-2 secretion,
and the formation of diacylglycerol and ceramide. J. Nutr.
127: 37-43.

Jump, D. B, S. D. Clarke, A. Thelen, M. Liimatta, B. Ren,
and M. Badin. 1996. Dietary polyunsaturated fatty acid
regulation of gene transcription. Prog. Lipid Res. 35: 227—
241.

Sellmayer, A., U. Danesch, and P. C. Weber. 1996. Effects of
different polyunsaturated fatty acids on growth-related
early gene expression and cell growth. Lipids. 31: S-37-S-40.
Chalifa, V., H. M6hn, and M. Liscovitch. 1990. A neutral
phospholipase D activity from rat brain synaptic plasma
membranes. ldentification and partial characterization. J.
Biol. Chem. 265: 17512-17519.

Massenburg, D., J-S. Han, M. Liyanage, W. A. Patton, S. G.
Rhee, J. Moss, and M. Vaughan. 1994. Activation of rat
brain phospholipase D by ADP-ribosylation factors 1, 5,
and 6: separation of ADP-ribosylation factor-dependent
and oleate-dependent enzymes. Proc. Natl. Acad. Sci. USA.
91:11718-11722.

Siddiqui, R. A, and J. H. Exton. 1992. Oleate stimulation
of diacylglycerol formation from phosphatidylcholine
through effects on phospholipase D and phosphatidate
phosphohydrolase. Eur. J. Biochem. 210: 601-607.

Dai, J., S. A. Williams, A. Ziegelhoffer, and V. Panagia.
1995. Structure—activity relationship of the effect of cis-
unsaturated fatty acids on heart sarcolemmal phospholi-
pase D activity. Prostaglandins Leukot. Essent. Fatty Acids. 52:
167-171.

Okamura S., and S. Yamashita. 1994. Purification and
characterization of phosphatidylcholine phospholipase D
from pig lung. J. Biol. Chem. 269: 31207-31213.

Docosahexaenoate primes a PLD in activated lymphocytes 883

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

