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Abstract

The aim of our work was to evaluate the influence of native low density lipoproteins (LDL) and LDL chemically modified by
acetylation (acL.DL) on incorporation and release of arachidonic acid (AA) in rat peritoneal macrophages. Compared to a control group
without treatment, 100 ug/ml of acLDL for 15 h considerably increased the incorporation of [*HJAA in cholesterol-ester (CE) of rat
peritoneal macrophages and induced a decrease of *H-labeled membrane phospholipids (PL). No effect was shown with LDL treatment.
In the presence of acLLDL, L.§3251 (100 nM), an acyl-coenzyme A:cholesterol acyltransferase (ACAT) inhibitor, inhibited the [*H]AA
incorporation into CE in macrophages. [*H]AA-prelabeled macrophages cultured for 15 h with acLDL (compared to macrophages
untreated or treated with LDL) showed an increase of labeled CE and a decrease of labeled PL and of cyclooxygenase and lipoxygenase
eicosanoid production. After zymosan stimulation of macrophages prelabeled with [*HJAA and treated with or without LDL or acL.DL,
AA release and eicosanoid production increased in all groups of macrophages. The inhibition of eicosanoid production in foam cells does
not seem to be linked to an inhibition of phospholipase but rather paralleled to an increase of the cholesterol [*Hlarachidonate. A
significant portion of cellular arachidonate released from phospholipids, in particular from phosphatidylcholine, could serve as a substrate
to ACAT in this foam cell.
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1. Introduction

Macrophages have been shown to play a key role in
atherogenesis. Monocytes entering the intima of the artery
are activated into macrophages under participation of mod-
ified low density lipoproteins (LDL) [1]. Uptake of modi-
fied LDL by the macrophages will lead then to foam cell
formation and may alter expression of many substances in
the macrophages [2].

Macrophages are also essential components of the in-
flammatory process; they are the source of different in-
flammatory mediators (eicosanoids, RLO, cytokines) and
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growth-regulatory molecules in the atheromatous plaque
environment [3].

Eicosanoids derived from arachidonic acid (AA) have
potent biological actions in a number of areas, e.g.,
hemostasis and inflammation [4,5]. Production of
eicosanoids and their alteration during atherosclerosis have
been demonstrated by numerous investigators; neverthe-
less, little is known about the exact role of the eicosanoids
in the genesis of atherosclerosis [6].

Particularly the investigations of the interaction of
macrophages with LDL or modified LDL have given quite
controversial results concerning AA metabolism and the
synthesis of eicosanoids.

It has been reported that oxidized LDL stimulate the
synthesis of the prostaglandins PGE,, 6-keto-PGF,, and
the leukotriene LTC, in murine peritoneal macrophages
and that native LLDL have no effect on eicosanoid synthesis
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[7]. On the other hand, it is described that native LDL
stimulate the production of LTB, in monocyte-derived
macrophages [8] and thromboxane TXB,, PGI,, PGF,_,
PGE, are synthesised in a mouse macrophage cell line [9].
Others found a decreased arachidonate metabolism with a
decreased synthesis of PGE,, LTC,, 6-keto-PGF,, in
murine macrophages after cell incubation with oxidized
LDL and suggest an inhibition of the phospholipase A, in
the lipid-laden macrophages [10). Another aspect that has
remained unclear until now is the involvement of different
phospholipids and neutral membrane lipids in the AA
metabolism of macrophages during interactions with LDL
and chemically modified LDL.

In the present study, we therefore investigated the inter-
action of rat peritoneal macrophages with native LDL and
LDL modified by acetylation (acLDL) and their influence
on incorporation and release of AA in/from cellular phos-
pholipids and neutral membrane lipids as well as on the
synthesis of eicosanoids in macrophages.

2. Materials and methods
2.1. Materials

The following were used: labeled [5,6,8,9,11,12,14,15-
YHJarachidonic acid ([*H]JAA), spec. act. 208 Ci/mmol
(Amersham-France); [1-*Clarachidonic acid ([1-'*C]AA),
spec. act. 55 mCi /mmol (Amersham-France); 199 medium
with Hanks’ salts (Gibco, Cergy-Pontoise, France); Dul-
becco’s modified Eagle medium (DMEM) (Gibco, Cergy-
Pontoise, France); zymosan (Sigma Chimie, La Verpilliere,
France). The acyl-coenzyme A:cholesterol acyltransferase
(ACAT) inhibitor LS3251 was synthesized by LIPHA
(L’Industrie Pharmaceutique Lyonnaise), Lyon, France.
All reagents and solvents used were of analytical grade.

2.2. Cell culture

Resident peritoneal macrophages were harvested from
male Sprague-Dawley rats (purchased form IFFA-CREDO,
I’ Arbresle, France) aged 5—6 weeks with a weight 200-250
g as described by Cohn and Benson [11]. Briefly, the
peritoneal cavity was washed with 100 ml of sterile 199
medium with Hanks’ salts containing 20 IU heparin per
ml. The cells collected were centrifuged at 800 X g for 10
min and resuspended in DMEM with 44 mM NaHCO,
buffer (pH 7.2) containing 1% of fetal calf serum (FCS).
The cells were plated out in 24-wel} tissue culture plates at
10° cells in a total volume of 0.3 ml per well. About 60%
of the cells in the peritoneal perfusate were nonspecific
esterase-positive. After 5 h of culture, more than 98% of
the adherent cells were nonspecific esterase-positive and
had the morphological appearance of macrophages when
examined by May-Griinwald and Giemsa staining. Cell
viability was assessed by Trypan blue exclusion assay.

2.3. Preparation of low density lipoprotein (LDL)

LDL was isolated from the serum of normal volunteers
in the density range 1.006-1.063 g/ml by ultracentrifuga-
tion as previously described by Paumay et al. [12]. Isolated
LDL were dialyzed against 150 mM NaCl containing 5
mM Tris and 0.3 mM EDTA (pH 7.4) at 4°C for 48 h. The
lipoproteins were filtered through a 0.45-um filter
(Sartorius) and the apolipoprotein concentrations were de-
termined by kinetic turbidimetry (Behring Turbitimer). The
LDL was used within 3 weeks of isolation.

2.4. Modification of LDL

Fresh LDL was acetylated using excess acetic anhy-
dride [13]. The acetylated LDL (acLDL) were passed
through a G25 PD-10 Sephadex column (Pharmacia) and
were filtered using a 0.45-um filter (Sartorius). The acLDL
were used within 3 weeks of modification.

2.5. Treatment of macrophages with LDL or acLDL

The macrophages were allowed to adhere by incubating
for 5 h at 37°C in an atmosphere of 5% CO, and 95% air.
Non-adherent cells were removed by washing the dishes
with DMEM. The adherent cells were then incubated
without or with 1-100 pg/ml of LDL or acLDL in
DMEM containing 1% FCS in the CO, incubator for 15 h.

In some experiments, adherent macrophages were
preincubated with the inhibitor of the acyl-coenzyme
A:cholesterol acyltransferase (ACAT) LS3251 (final con-
centration 100 nM) for 15 min and then the cells were
incubated with 100 pg/ml acL.LDL in the presence of 100
nM of LS3251 for 15 h.

2.6. Incorporation of labeled AA in lipoprotein-treated
macrophages

In some experiments, after incubation of macrophages
with or without LDL or acLDL, the supernatant was
removed and 300 nl of DMEM containing 1% FCS and 1
uCi [*HJAA were added. The cells were then incubated
with labeled AA for S h.

2.7. AA release during lipoprotein treatment

To investigate the effect of lipoprotein treatment on AA
release, macrophages were prelabeled in a second set of
experiments with [*HJAA prior to treatment with LDL or
acLDL. Briefly, adherent macrophages (10° per well)
were incubated with DMEM (300 pl) containing 1% FCS
and 1 uGCi [*H]AA for 5 h in the CO, incubator. Then the
cells were washed three times with 300 u! DMEM con-
taining 1% FCS; afterwards the cells were treated or not
with 100 pg/ml of LDL or acLDL in DMEM containing
1% FCS and incubated in the CO, chamber for a further
15 h.
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For determination of [*H]AA incorporation, part of the
cells was removed from the wells immediately after
[HJAA treatment and subsequent washing and the phos-
pholipids and neutral membrane lipids were extracted as
described below.

2.8. AA release and eicosanoid synthesis during cell stimu-
lation by opsonized zymosan

Macrophages labeled with [*HJAA and then treated or
not with 100 wg/ml of LDL or acLDL for 15 h, were
stimulated with opsonized zymosan for 2 h and the AA
release and eicosanoid production were determined. For
each assay, opsonized zymosan (100 ug/ml) in DMEM
without FCS was added to the cell layer of 10°
macrophages per well and the cells were incubated at 37°C
and 5% CO, for 2 h.

2.9. Double labeling assay

To compare the metabolism of cell-incorporated AA
with that of extracellular AA, a double labeling assay
using [*HJAA as well as [1-'*CJAA were performed.
Adherent macrophages (10° cells per well) were labeled
with 0.5 uCi [1-"*CJAA in 300 u] DMEM containing 1%
FCS for 5 h at 37°C and at 5% CO,. The macrophages
were then washed three times with DMEM with 1% FCS
and incubated with or without 100 pug/ ml of LDL or
acLDL in DMEM containing 1% FCS in the CO, incuba-
tor for 15 h. After washing of the cell layer, 1 unCi
[*HJAA in 300 u1 DMEM containing 1% FCS were added
and the cells were finally incubated for 5 h at 37°C and at
5% CO,.

2.10. Extraction and assay of phospholipids and neutral
membrane lipids

The extraction of the phospholipids and neutral mem-
brane lipids to determine the incorporation and the release
of labeled arachidonic acid used a technique described by
Bligh and Dyer [14].

Phospholipid analysis was carried out as previously
described [15,16]. Briefly, the cell layer was removed by
scratching using a rubber policeman in acidified methanol
and the cellular lipids were extracted with chloroform-
methanol-water (1:1:1, v /v). The chloroform phase, which
contains the cellular lipids, was evaporated to dryness
under nitrogen. A sample of 80 w] of methanol was added
to the residues and applied to preactivated (1 h at 100°C)
thin-layer silica-gel plates (LK-6-DF Whatman). The cellu-
lar phospholipids were separated in a first run over 9 cm
using chloroform-methanol-water-triethylamine
(30:34:8:35, v/v). The plates were dried and a second run
over 15 cm was performed for separation of the
cholesteryl-ester (CE) and neutral lipids (monoacylglycerol
(MG), diacylglycerol (DG)) using the solvent system

petroleum ether /diethyl ether /acetic acid (50:50:1, v/v).
The labeled metabolites were identified using the Berthold
LB2821 analyzer.

In experiments where cells were labeled with [1-'*CJAA
and [*H]AA, the separated metabolites were scratched
from the TLC plates, transferred to scintillation vials and
counted with a liquid scintillation counter.

2.11. Extraction and assay of eicosanoids

The culture medium and the supernatants used to wash
the cells were collected and centrifuged at 3000 X g for 10
min at 4°C. The various AA oxidation products (lipoxy-
genase and cyclooxygenase metabolites) released by the
cells into culture medium were measured by thin-layer
chromatography as previously described [15-17]. Briefly,
supernatants were acidified to pH 5.4 with 1 M HCI and
chromatographically extracted using Varian Bond Elut C18
columns (Analytichem). AA metabolites were eluted with
methanol. The methanol samples were evaporated to dry-
ness under nitrogen. The residues were dissolved in 80 wul
of methanol and applied to thin-layer silica-gel plates
(LK-6-DF Whatman), which had been previously activated
(1 h at 100°C). The solvent system used for the separation
of eicosanoids was the organic phase of ethyl acetate-
water-isooctane-acetic acid (110:100:50:20, v/v) as previ-
ously described [18]. Samples were monitored by rapid
scanning with the Berthold LB2821 TLC-linear analyzer.

2.12. Microscopic examination

Macrophages were made to adhere to a 16-well Lab-Tek
chamber slide (Nunc) and then incubated for 15 h with or
without 100 pg/ml of acLDL, in the same way as in
24-well tissue culture plates. For electron microscopy, the
cells were fixed in 2% glutaraldehyde for 30 min, then
post-fixed in 2% osmium tetroxide and embedded in Epon
812. Thin sections were stained with uranyl acetate and
lead citrate and examined under a transmission electron
microscope Corinth 275 (A.E.L, UK).

2.13. Statistics

Data are expressed as mean + standard error. For each
experiment, the data were analyzed by one-way analysis of
variance and the multiple comparison method of Tukey
[19].

3. Results

3.1. Effect of pretreatment with native LDL and acetylated
LDL on incorporation of [HIAA in phospholipids and
other cellular lipids of macrophages

Macrophages were incubated with different concentra-
tions of LDL or acLDL (1, 10, 100 pg/ml) for 15 h and
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Fig. 1. Effect of different doses of native LDL or acLDL on incorporation
of [*HJAA in cholesteryl-ester of macrophages. Rat peritoneal
macrophages (10° cells per well) were incubated with or without 1, 10 or
100 pg/ml of LDL or acLDL for 15 h. [*HJAA was added to the cell
medium (1 «Ci to 300 ul medium per well) and the macrophages were
incubated for an additional 5 h. The extraction and assay of cellular lipids
were performed as described under Section 2. Each result is the mean +
standard error of three experiments. =~ P < 0.01 indicates a significant
difference compared to control group, *° P < 0.01 indicates a significant
difference compared to LDL-treated macrophages.

then labeled with [*HJAA for 5 h. The incorporation of
[*HJAA in phospholipids and neutral lipids was evaluated.
We found that pretreatment with acLDL augmented the
incorporation of [*HJAA into the cholesteryl-ester (CE) of
macrophages dose-dependently (Fig. 1). In macrophages
pretreated with 1, 10 or 100 ug/ml of acetylated LDL, the
incorporation of [*H]JAA in CE was increased significantly
with respect to the control without LDL by about 96%,
277% and 530% respectively. No significant changes in
the labeling of CE were observed when the macrophages
were pretreated with native LDL. To achieve a maximum
incorporation of [*HJAA in CE, we used, in the next
experiments, pretreatment with 100 wg/ml acLDL.

Table 1 shows the results of incorporation of [*H]AA in
the other membrane lipid fractions (phospholipids and
neutral lipids) of macrophages pretreated with or without

LDL or acLDL. Pretreatment of macrophages with 100
pg/ml of native LDL has no effect on incorporation in
most membrane lipids. We only observed a slight, but
significant, decrease of incorporation in diacylglycerol
(DAG) and increase in triacylglycerides (TG) (Table 1).
On the other hand, the incorporation of [*H]AA after
pretreatment with acLDL into phosphatidylcholine (PC),
phosphatidylserine (PS) and diacylglycerol (DAG) was
significantly decreased by about 26%, 35% and 57%,
respectively.

Electron microscopy revealed that macrophages treated
under these conditions with 100 pg/ml acLDL showed an
accumulation of oil droplets in contrast to the untreated
macrophages (Fig. 2).

3.2. Effect of an inhibitor of the acyl-coenzyme
A:cholesterol acyltransferase (ACAT) on the AA-incorpo-
ration

To investigate the possible involvement of ACAT activ-
ity in the synthesis of cholesterol arachidonate, we incu-
bated the macrophages with LS3251, an ACAT inhibitor
synthesized by LIPHA, and looked for the incorporation of
[*HJAA in CE. Macrophages were preincubated with 100
nM LS3251 for 15 min and then treated, in the presence of
100 nM LS3251, for 15 h with acLDL, as indicated. As
shown in Table 2, the inhibition of ACAT abolishes the
enhancing effect of acLDL on AA incorporation into the
CE (Table 2).

3.3. Release of [HJAA from phospholipids and other
cellular lipids and AA reincorporation during LDL treat-
ment of macrophages

After incubation of non-treated macrophages with
[*H]JAA for 5 h, the AA was incorporated mainly into PC
[(291.0 + 22.5) - 10° dpm per 10° cells], PS [(47.4 + 7.1) -
10° dpm per 10° cells] and CE [(21.5 + 1.3) - 10° dpm per
10° cells]. During further incubation of macrophages with-
out LDL for 15 h most of the incorporated AA was

Table |

Effect of pretreatment with native LDL or acLDL on incorporation of [*HJAA in phospholipids and other cellular lipids of macrophages
(10* dpm Control LDL P acLDL P! P?
per10° cells)

PC 274.6 £ 193 2758+ 7.6 n.s. 203.0 + 14.8 <0.05 <0.05
PS 59.6 + 2.1 60.1 +2.2 n.s. 38.5+3.2 <0.01 < 0.01
PI/PE 91+1.5 111 +£20 n.s. 90+ 1.6 n.s. n.s.
PGL 99+15 9.0+24 n.s. 9.1+1.38 n.s. n.s.
DAG 89+03 48 +£08 <0.01 38102 < 0.01 n.s.
TG 08102 1.8+0.2 <0.05 1.5+0.1 ns. n.s.
AA 1.7+05 1.8 +0.1 n.s. 1.5+ 0.1 n.s. n.s.

Adherent rat peritoneal macrophages (10° cells per well) were incubated with 100 ug/ml of LDL or acLDL for 15 h and then incubated with cell medium
containing [*HJAA (1 uCi to 300 wl medium per well) for 5 h. The extraction and assay of phospholipids and other cellular lipids were performed as
described under Section 2. Each result is the mean + standard error of three experiments. PC, phosphatidylcholine; PS, phosphatidylserine; PI,
phosphatidylinositol; PE, phosphatidylethanolamine; PGL, phosphatidylglycerol; DAG, diacyliglycerol; AA, arachidonic acid; TG, triacylglycerol.

' p: significance with respect to the untreated control; 2 p: significance between LDL and acLDL-treated macrophages; n.s., non-significant.
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released from these lipids, in particular 57% from PC
(P <0.01) and 74% from CE (P < 0.01) (Table 3). When
macrophages were incubated with native LDL for 15 h, the
release of [*HJAA from these cellular lipids was not

different from the control (Table 3). In contrast to native
LDL, during treatment with acLDL, the amount of [*HJAA
in the fraction of PC was significantly decreased (29%;
P < 0.05) in respect to control macrophages (cultivated 15

Fig. 2. Photomicrographs of adherent rat macrophages. The cells were incubated for 15 h with medium alone (panel A) or with 100 ug/ml acetylated
LDL (panel B). The bar indicates 2 wm and % indicates oil droplets. Panel A, X 16000; panel B, X 9600.
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Tabie 2

Effect of the inhibitor of the acyl-coenzyme A:cholesterol acyltransferase
(ACAT) LS3251 on incorporation of [*HJAA in CE in macrophages
treated with acLDL

Incorporation of [*H]JAA in cholesteryl-ester

(10* dpm per 10° cells) P! P’
Control 99+14

LS3251 only 10.6+0.9 n.s.

acLDL 41.749.0 <0.01

acLDL + LS3251 10.340.7 n.s. <0.01

Adherent macrophages were preincubated with the ACAT-inhibitor
LS3251 (final concentration 100 nM) for 15 min and then the cells were
incubated with or without 100 wg/ ml acLDL in the presence of 100 nM
of L83251 for 15 h. [*'HJAA (1 uCi to 300 ul medium per well) was
incorporated into the cells for 5 h and then cellular lipids were extracted.
Each result is the mean + standard error of three experiments.

' P: significance with respect to the control; *p: significance with
respect to the acLDL-treated macrophages; n.s.: non-significant.

h after treatment without acLDL or LDL) (Table 3). In
parallel, this treatment with acLDL increases cholesterol
arachidonate (656%; P < 0.01) with respect to control
macrophages after treatment (Table 3). Radiolabeled
arachidonate incorporated into PC and PS is redistributed
into CE but not into other phospholipids.

We have also looked at the amount of free ["HJAA and
its metabolites in the supernatant of macrophages after
treatment with native LDL and acLDL. We found that
macrophages treated with acLDL but not with native LDL
exhibit a decrease of free AA release of about 38%
(P <0.01) with respect to control macrophages (Fig. 3).
On the other hand, the pattern of the eicosanoids produced
most is slightly changed; we found a significant decrease
of the production of 6-keto-PGFla (35%; P < 0.05),
PGF,, (35%; P <0.05), PGE2 (65%; P <0.05), LTB,
(41%; P < 0.05) and HETEs (42%; P < 0.05) (Fig. 3).

3.4. Double labeling assay
This assay was performed to observe the mobilization

of labeled arachidonic acid ([1-'*C]JAA incorporated be-
fore LDL treatment) during the interaction of lipoproteins

10° dpm per 100 cells
] Cyclooxygenase
60 —

50

70

Lipoxygenase

*0O

06-k-PGF la PGF2a TXB2 PGE2 LTC4-D4 LTB4 HETEs AA

Fig. 3. Production of metabolites of cyclooxygenase and lipoxygenase
and release of arachidonic acid (AA) by macrophages untreated or treated
with native LDL (LDL) or acetylated LDL (acLDL). 1 uCi of [*H]AA
per 10° cells was incorporated in rat peritoneal macrophages for 5 h at
37°C. Then the cells were washed and incubated with or without LDL or
acLDL (100 pg/ml) for 15 h. Eicosanoids released in the supernatant
were determined. Each result is the mean+standard error of three
experiments. Control treatment ( [3), treatment with LDL ( g ), treat-
ment with acLDL ( gg). * (**) P < 0.05 (P < 0.01) indicates a signifi-
cant difference compared to control treatment, °° P < 0.01 indicates a
significant difference compared to LDL-treated macrophages.

with the cells and the following incorporation of extracel-
lular [*H]AA.

Like the findings with [*HJAA, macrophages prelabeled
with [1-'*C]JAA and then incubated for 15 h with acLDL
showed a significant change in AA distribution between
phospholipids and CE. The incubation with acLDL pro-
duced a decrease in phospholipid labeling and a higher
incorporation into CE compared with untreated or LDL-
treated macrophages (results not shown). When the
acLDL-treated macrophages prelabeled with [1-"*CJAA
were cultivated with [HJAA, the content of [1-*CJAA in
the fraction of CE was significantly decreased from (5.6 +
0.4)-10* dpm/10° cells to (3.3 +0.8)-10° dpm/10°
cells (P <0.05) and the incorporation of [*HJAA in the
CE fraction was strongly elevated to about (32.0 +2.1) -

Table 3

Amount of [*H]JAA in PL and CE of macrophages before and after treatment with LDL or acLDL

(10? dpm Control before Control after p' Treatment P! P2 Treatment p! p?
per 10° cells) treatment treatment with LDL with acLDL

PC 291.0 £22.5 1253475 <0.01 109.5 £ 7.1 < 0.01 n.s. 89.3+39 <0.01 < 0.05
PS 475471 86+ 14 <0.01 95405 < 0.01 n.s. 9.1 +0.6 < 0.01 n.s.

Pl 49105 2.1+04 <0.01 1.9+0.2 <0.01 n.s. 20403 < 0.01 n.s.

PE 10.3+09 4.1 4+0.03 < 0.01 56+13 <0.05 n.s. 40+07 <0.01 n.s.
PGL 232422 8.6+ 14 < 0.01 63+03 <0.01 n.s. 6.7+0.1 <0.01 n.s.
CE 215+ 1.3 55+0.5 <0.01 6.2+0.7 <0.01 n.s. 366+ 1.3 < 0.01 < 0.0t

[*HIAA (1 uCi/10° cells) was incorporated in rat peritoneal macrophages for 5 h at 37°C. Then the cells were washed and incubated with or without LDL
or acL.DL (100 ug/ml) for 15 h. Cells were extracted immediately after ["HJAA treatment and after subsequent incubation over 15 h, The extraction and
assay of phospholipids and other cellular lipids were performed as described under Section 2. Each result is the mean + standard error of three

experiments.

'p: significance with respect to the control group before treatment; 2 p: significance with respect to the control group after treatment; n.s., non-significant.
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Fig. 4. Production of metabolites of cyclooxygenase, lipoxygenase and
release of arachidonic acid (AA) by macrophages incubated for 2 h with
zymosan after treatment with or without LDL or acLDL. | uCi of
[*H]AA per 10° cells was incorporated in rat peritoneal macrophages for
5 h at 37°C. Then, the cells were washed and incubated with or without
LDL or acLDL (100 ug/ml) for 15 h. The cells were washed and
incubated with zymosan for 2 h and eicosanoids released in the super-
natant were determined. Each result is the mean + standard error of three
experiments. Control treatment (1), treatment with LDL ( B8 ), treatment
with acLDL (®). © P < 0.05 indicates a significant difference compared
to control treatment.

10° dpm per 10° cells (P <0.01) with respect to the
macrophages incubated without LDL (control group) or
with native LDL [(4.5+0.1)- 10® dpm and (5.9 +0.2) -
10° dpm per 10° cells, respectively].

3.5. Release of [’HIAA from phospholipids and other
cellular lipids and eicosanoid synthesis during stimulation
of the macrophages with zymosan

When prelabeled macrophages were stimulated with
zymosan for 2 h after the LDL-treatment, the release of
AA as well as the production of eicosanoids was increased,
independently of the treatment with lipoproteins (Fig. 4).
After zymosan stimulation, we observed a significant de-
crease in the production of LTC -D, (31%; P < 0.05) and
free AA (39%; P < 0.05) in the acLDL-treated
macrophages with respect to the control (Fig. 4). The other

eicosanoids produced did not differ significantly in the
three groups.

The content of incorporated AA in phospholipids and
neutral membrane lipids of untreated macrophages hardly
changes after zymosan stimulation. Table 4 indicates that
the incubation from macrophages for 2 h with zymosan
produces a decrease in PC labeling (25% with respect to
the control without zymosan (results not shown)). Incuba-
tion of macrophages for 2 h with zymosan after the
acLDL-treatment produced a decrease in PC labeling (33%;
P < 0.05) and a higher incorporation in CE (319%; P <
0.01) compared with untreated macrophages stimulated by
zymosan (Table 4).

4. Discussion

Our transmission electron microscopic study demon-
strated that peritoneal macrophages pretreated by acLDL
for 15 h are transformed into foam cells containing large
accumulation of lipid droplets. These cells showed a sig-
nificant decrease in the amounts of [*HJAA incorporated
into PL and an increase in the amounts of [*HJAA incor-
porated into CE. The esterification of cholesterol in mam-
mal cells was catalyzed by the acyl-coenzyme A:cholesterol
acyltransferase (ACAT) and there is evidence that ACAT
is involved in foam cell formation {1,20,21]. LS3251, an
ACAT inhibitor, clearly diminished [*HJAA incorporation
into the CE of acLDL-treated macrophages with no de-
crease of the amounts of [*HJAA incorporated into PL
(results not shown). It suggests that acLDL stimulates
cholesterol [*HJarachidonate synthesis and ACAT activity
and in parallel, decreases AA labeling of PL. The increase
of [*HJAA incorporation induced by acLDL. is consistent
with reports which clearly demonstrate that acLDL stimu-
lated cholesteryl ['“Cloleate synthesis [10]. The mecha-
nism involved in labeled phospholipid decrease is unclear.
One explanation could be that acLDL induces a decrease
of the incorporation of [*’HJAA into membrane phospho-
lipids. Arachidonic acid binds to PL through the action of
two enzymes, an acyl-CoA synthase and an acyltransferase
[17]. Another explanation could be that [*HJAA incorpo-

Table 4

Amount of [*H]AA in PL and CE of macrophages incubated for 2 h with zymosan after treatment with or without LDL or acLDL

(10* dpmper Control Treatment P! Treatment P! P’
10° cells treatment with LDL with acLDL

PC 556+79 478+ 1.6 n.s. 37.1+£23 <0.05 n.s.

PS 76+19 63+ 1.1 mn.s. 75+08 n.s. n.s.

PI 21+04 1.8+£0.3 n.s. 09 +0.1 n.s. n.s.
PE 47+0.6 32+02 n.s. 24+04 n.s. ..
PGL 72+ 1.0 47406 n.s. 34+03 <0.05 n.s.
CE 72405 9.7+05 n.s. 302+ 2.1 <0.01 <0.01

[ uCi of [*HJAA per 10° cells was incorporated into rat peritoneal macrophages for 5 h at 37°C. Then the cells were washed and incubated with or
without LDL or acLDL (100 ug/ml) for 15 h. The cells were washed and incubated with zymosan for 2 h and extracted. The extraction and assay of
phospholipids and other cellular lipids were performed as described under Section 2. Each result is the mean + standard error of three experiments.

' P: significance with tespect to the control treatment; > P: significance with respect to the LDL treatment; n.s., non-significant.
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rated into PL is rapidly released by a phospholipase A2
and immediately esterified with cholesterol by ACAT.

Our results suggest that the decrease in the amounts of
[*H]JAA labeled PL is correlated with an increase of the
cholesteryl [*Hlarachidonate synthesis. Indeed, when
macrophages were prelabeled with [*H]JAA, acLDL treat-
ment during 15 h produced a decrease in [*H]JAA labeling
of PL and an increase in the labeling of CE. During this
culture time, with or without native or acLDL, eicosanoid
synthesis was activated. The rate-limiting step in eicosanoid
synthesis is thought to be the release of free AA from
phospholipids [22]. Our results indicate that acLDL in-
creases AA mobilization by phospholipase. Indeed, the
release of [*HJAA from membrane phospholipids was
significantly increased in the macrophages treated with
acLDL with respect to untreated macrophages. In contrast,
a decrease of free [’HJAA and of both lipoxygenase and
cyclooxygenase products of AA appears with respect to
untreated macrophages. The mechanism involved in both
free ['H]JAA and [*H]eicosanoid decrease after macrophage
pretreatment by acLDL could be [*H]AA release from PL
by a phospholipase and rapid esterification of free [*HJAA
into CE by ACAT. In murine macrophages and J774
macrophages, treated with acLDL, the plasma membrane
free cholesterol became accessible to ACAT as substrate,
the result being an accumulation of CE [23]. In foam cells
derived from rat peritoneal macrophages by preincubation
with acLDL, a significant amount of cellular free choles-
terol was released and could serve as an efficient substrate
for ACAT [24]. Our results indicate that a significant
portion of cellular arachidonate released from phospho-
lipids also could serve as a substrate to ACAT in foam
cells derived from rat peritoneal macrophages.

Just like Yokode et al. [7], our results show that native
LDL and acLDL had no stimulatory effect on prosta-
glandin or leukotriene synthesis by [*H]AA-prelabeled
macrophages. The release of [*HJAA from membrane
phospholipids is catalyzed by phospholipase activity. In
our study, increased arachidonate mobilization in the mem-
brane phospholipid fraction was found in macrophages that
incorporated acLDL when arachidonate metabolites were
decreased. A different result was reported by Arai et al. in
mouse peritoneal macrophages with oxidized LDL [10]
and by Mathur et al. in mouse peritoneal macrophages
with acLDL [25]. Pomerantz and Hajjar [26] reported that
lipid rich smooth muscle cells with cationized LDL pro-
duced less PGI2 and PGE2 than control cells; for these
authors potential mechanisms for this effect include com-
petitive inhibition of eicosanoid production by linoleate
derived from LDL, direct inhibition of PLA2 activity by
cholesterol and decrease in cyclooxygenase activity. It is
suggested by Arai et al. [10] that the decreased arachi-
donate metabolism in lipid-enriched macrophages stimu-
lated by zymosan is caused by the inhibition of phospho-
lipase A ,-activity. These authors [10] determined the phos-
pholipase activity from peritoneal macrophages after foam

cell transformation with oxidized or acetylated LLDL and
then labeling by ['“*CJAA for 1 h. The phospholipase
activity was calculated as a percent of the radioactivity in
the medium after zymosan stimulation of macrophages per
total cell radioactivity. In our study, the inhibition of
eicosanoid production observed in lipid-enriched
macrophages unstimulated by zymosan was not linked to
decrease of the release of [*'HJAA from membrane phos-
pholipids but was parallel to an increase of the cholesterol
[*HJarachidonate. We suggest that eicosanoid inhibition by
lipid-enriched macrophages could be linked at a decrease
of free AA available for cyclooxygenase and 5-lipoxy-
genase; cellular free AA released from PL by a PLase
could serve as an efficient substrate for cholesterol esterifi-
cation. This hypothesis was also suggested by the results
obtained after zymosan stimulation of three groups of
macrophages treated or not with LDL or acLDL and after
double labeling assay. Indeed, the decrease of phospho-
lipase activity in lipid-enriched macrophages was not ob-
served after stimulation of macrophages by zymosan. This
inflammatory agent activates both the mobilization of AA
from the phospholipids and the production of eicosanoids
[16]. In lipid-enriched macrophages, a weak inhibition of
free AA and LTC4 production appears with a concomitant
increase of cholesterol arachidonate.

After incorporating acLLDL, unstimulated macrophages
secrete less PGE2, PGF,,, 6-keto-PGF,,, LTB4. These
eicosanoids have different biological actions that may play
a role in atherogenesis, e.g., LTB, has chemotactic proper-
ties [8,27], PGF,, acts as a proinflammatory [9]. It is
interesting to note some relations between ACAT activity
and AA metabolism. PGE, inhibits the ACAT activity in
smooth muscle cells and macrophages by raising intra-
cellular cyclic AMP levels [10]. 6-keto-PGF, , is the stable
metabolite of prostacyclin (PGI, ), which has a well-known
antiatherogenic potential [6]. Recently, it has been reported
that two prostacyclin agonists reduce foam cell formation
in vivo and suppress macrophage scavenger receptor-medi-
ated uptake of acLDL and increase cyclic adenosine
monophosphate levels [28]. So, it may be suggested that
prostacyclin also has an ACAT-inhibitory action and this
may be involved in the known anti-atherogenic potential of
prostacyclin. However, it is difficult to say which conse-
quences are due to the alterations of eicosanoid production
of the acL.DL-treated macrophages in our experiments.

In summary, our data clearly demonstrate that CE en-
richment reduces eicosanoid metabolism by unstimulated
macrophages. Based on the results presented here, we
conclude that the diminished AA release and metabolism
in macrophages treated with acLDL is caused by an en-
hanced incorporation of AA especially in the CE, but not
by a decreased AA mobilization from the phospholipids.
Further studies to examine PLA2, cyclooxygenase and
5-lipoxygenase activities will provide insight into the pro-
cesses involved in arachidonate metabolism in lipid-en-
riched macrophages.
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