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The formation of foam cells, a critical event in the early stages of atherosclerosis, is associated with the uptake of
oxidized low-density lipoprotein (oxLDL) by macrophages and the subsequent accumulation of cholesterol ester
formed by the catalytic action of acyl-CoA: cholesterol acyltransferase (ACAT). Although free cholesterol, a substrate
for ACAT, is supplied from the intracellular cholesterol pool, little is known about the pathways involved in the supply
of fatty acids, precursors for fatty acyl-CoA as another substrate for ACAT. Our recent studies were undertaken to ex-
amine the possible involvement of phospholipase A, (PLA,) in the supply of fatty acids required for the cholesterol es-
terification. In mouse peritoneal macrophages and RAW264.7 macrophages, oxLDL induced the liberation of fatty
acids from membrane phospholipids to increase cholesterol ester having the fatty acids as an acyl chain. The changes in
these lipids were suppressed by the inhibition of cytosolic PLA, (cPLA,) . Although oxLDL did not affect the activity or
amounts of cPLA,, preincubation with oxLDL enhanced the release of fatty acids induced by Ca?* ionophore, which
accelerates the hydrolytic action of cPLA,. We further observed that oxLDL induced the generation of ceramide
through the de novo synthesis. Exogenous ceramide and 13-hydroxyoctadecadienoic acid, an oxidized lipid in oxLDL
particles, also stimulated fatty acid release. Based on these findings, we propose that oxLDL activates cPLA, to supply
fatty acids required for the cholesterol esterification, through the acceleration of the hydrolytic action of cPLA, by en-
dogenous ceramide and by oxidized lipids in oxLDL particles in macrophages.
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Fig. 1. Oxidized Low-Density Lipoprotein-stimulated Cellular Responses Contributing to the Formation of Atherosclerotic Lesion

Low-density lipoprotein (LDL), an atherogenic lipoprotein, penetrates into the arterial intima where it undergoes oxidative modification. The oxidized LDL
(oxLDL) stimulates endothelial cells to induce the synthesis of adhesion molecules (i.e. vascular cell adhesion molecule-1, VCAM-1), monocyte chemoattractant
protein-1 (MCP-1), and macrophage-colony stimulating factor (M-CSF), those which mediate the migration of monocytes into the intima and their differentiation
into macrophages. T-lymphocytes also transmigrate into the intima. The uptake of oxLDL by macrophages leads to the transformation into lipid-laden foam cells,
of which accumulation results in the formation of fatty streak lesions. Vascular smooth muscle cells (VSMCs) transmigrate from the media in response to oxXLDL as
well as cytokines and growth factors secreted by macrophages and T-lymphocytes. The intimal VSMCs proliferate and produce extracellular matrix, which forms,
together with VSMCs, fibrous caps to cover lipid (necrotic) core composed of lipids and debris derived from necrotic and/or apoptotic foam cells, thus leading to
the formation of atherosclerotic plaques. In the advanced stages of atherosclerosis, in addition to an increase in size of lipid core, the production of extracellular
matrix decreases as a result of apoptosis of VSMCs in response to cytokines, and extracellular matrix is degraded by matrix metalloproteases (MMPs) secreted by
macrophages in response to oxLDL and cytokines, thus forming vulnerable atherosclerotic plaques with a large lipid core and very thin fibrous caps, of which rup-
ture leads to thrombus formation.
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Fig. 2. Cholesterol Reesterification Associated with the Up-
take of oxLDL in Macrophages

Particles of oxLDL taken up by macrophages are delivered to lyso-
somes, where their contents including cholesterol ester (CE) undergo the
degradation catalyzed by lysosomal enzymes. The hydrolysis of cholesterol
ester results in the liberation of free cholesterol (FC), which moves to the
cholesterol pool in the plasma membrane. The excessive free cholesterol is
reesterified with acyl-CoA by the catalytic action of acyl-CoA: cholesterol
acyltransferase-1 (ACAT-1) at the endoplasmic reticulum to form
cholesterol ester, which accumulates as cytoplasmic lipid droplets, thus lead-
ing to foam cell formation. It is possible that free fatty acids (FFA), precur-
sors for acyl-CoA utilized for the cholesterol reesterification, are supplied
from endogenous membrane phospholipids (PL) by the hydrolytic action of
phospholipase A, (PLA,) in addition to oxLDL-derived phospholipids and
cholesterol ester. Acyl-CoA is also utilized for the remodeling of phos-
pholipids and for the generation of triacylglycerol (TG) catalyzed by acyl-
CoA: diacylglycerol acyltransferase (DGAT). DG: diacylglycerol, LysoPL:
lysophospholipids.
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Fig. 3. Inhibitory Effects of Cytosolic PLA, Inhibitor on Cholesteryl Oleate Formation (A), Oleic Acid Release (B), and Hydrolysis
of Phosphatidylcholine (C) in oxLDL-stimulated Mouse Peritoneal Macrophages
(A, B) [3H] Oleic acid-labeled cells were treated with various concentrations of methyl arachidonyl fluorophosphonate (MAFP), a cytosolic PLA, inhibitor,
for 1 h, and then stimulated with (closed symbols) or without (open symbols) oxLDL (50 ug/ml) for 12 h. (C) [*H] Oleic acid-labeled cells were treated with or
without (Control) MAFP (10 um) for 1 h, and then stimulated with or without oxLDL (50 ug/ml) for 12 h. After lipids were extracted and separated by TLC, the
radioactivity of cholesteryl oleate (A), free oleic acid (B), and phosphatidylcholine (C) was measured.
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Fig. 4. Effects of Cytosolic PLA, Inhibitor on Cholesterol
Ester Formation in Mouse Peritoneal Macrophages Stimu-
lated with oxLDL in the Presence of [3H] Cholesterol

(A) Mouse peritoneal macrophages were treated with various concen-
trations of MAFP for 1h, and then stimulated with (closed symbols) or
without (open symbols) oxLDL (50 ug/ml) for 12 h in the presence of [*H]
cholesterol (10 um). (B) Mouse peritoneal macrophages were treated with or
without MAFP (10 um) for 1 h, and then stimulated with or without oxLDL

(50 ug/ml) for 12 h in the presence of oleic acid (OA, 5 or 10 um) and [3H]

cholesterol (10 um). After lipids were extracted and separated by TLC, the

radioactivity of cholesterol ester was measured.
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ENLETY IF ROBREMZARLT S 2 ENE M|
Bk THP-1 filifd sk~ 27 07 v —DIZBVNTRS
NTWn3. 20 %EF 513, RAW264.7 fil i1z 25-HC
(RFEET—%) 2V /= IVEBEOBILATH 2 13-
HODE Z{EfiS® 5 &, Ca*t 14/ 7+ 7 i
K5F VA CRERENRES N, —F, T-KClZZ
DEIBMEEERZRIBNVWIEZRWVWHEL TW
%19 (Fig. 5). ¥7-, native LDL THiJluZ QLHE L
%A, B{ELDL &S13RABD Cat 14/ 7%
THRIFEIC K BT LA 2B Ol #E RS AE X 172
W, 5L, YURAEEY I OT 7 —Y T, 13-

[3H]Oleic acid (dpm x 10-3)

13-HODE (uM) 25-HC (uM) 7-KC (uM)
Fig. 5. Effects of 13-Hydroxyoctadecadienoic Acid (A), 25-

Hydroxycholesterol (B), and 7-Ketocholesterol (C) on

Ionomycin-induced Oleic Acid Release in RAW264.7 Macro-

phages

[®H] Oleic acid-labeled cells were treated with various concentrations of

13-hydroxyoctadecadienoic acid (A, 13-HODE), 25-hydroxycholesterol (B,
25-HC), or 7-ketocholesterol (B, 7-KC) for 3 h, and then stimulated with
(closed symbols) or without (open symbols) ionomycin (2 um) for 30 min.
After lipids were extracted and separated by TLC, the radioactivity of free
oleic acid was measured.

HODE {3V / — )V E13 R0 7 2 )L CoA kil
RIHETDIEBL T IFRUBATF LA VB
DB R ZFHE L, ZORINIE MAFP 2 XD
EIND (REET—F). TNSOHAENS,
cPLAa DfEY > 5E O/KRIZHd 5k LDL @O
EEERICIE, o 2 RIZiA T LDL FHOfg
BREALHNE ST 2 ENRBIN 5.

6. ¥/ 077 0aKIEICKTS sPLA, &
1 Lipoprotein-associated PLA, D% Z|
ENRUEMESTNVIZBY ST 57— TliE
SPLA, IZ/ X N5 TTA Bl X D PLA, DFH
DAL THD, 2430 FHRE D i JEE & O B M A3k &t
INTND, JFHRIMALTIE, TA R PLAIZFEEL
TIFN-y IR EDYA N HA > ORI AL 1 &
WM S FH - S, IRBIREELIE O %
JiE - ERICEAD D Ek 2 IRER 2R 9. A BIKRUX
B PLA, DIEFAD 1 DELT, T 5D sPLA, I
KV LDL o/ Utnl VIEENKEEND &, &
DEfiE N7z LDL [3E LA 221703 <7/2% Z
ER, X707 7 —VIZRMDAENS Z &ITRRD,
fi RICHHIRIEZPIET S 2 &N RENTW
%, 3030 £ E{tLDL HH®H b MHIKHK< Y
077 —JIZBWT A B PLA, DR 2Tl S &
HIENRINTHD,P ZOZEHYr/OT 7 —
P OWEFLDEEIC DIRN B LB b5,
Platelet-activating factor acetylhydrolase {3 PLA,
D 1DTHYH, I TIid lipoprotein-associated
PLA, & UL TLDL iZ#& L THET 2. ABERIT
LDL Ot O@fETHEK L7 U tn) VIgE D
bz KiRd 52 & T, IR0 RO
UIBEZERT DS I EINRINTNS, 20D
PLA, DIERIC L O AR U 7= 5 Ik O B L i b
LDL &&BiIv o077y —JICRDAEN, kiR
DAt LDL OISR EEEEEERICBE G L TS
AREMENE Z 5N 5.

7. &HYIC

ARETIE, 7077 —YOEKEDORERERS
AV A7)V ITATIVOERKINZBNT, FD
7 IV & T2 5 IR HTE D BERG 2 cPLA, A34H S W] AE
PIZDWTFE L. ACAT ORHERHNEERNA X
NELS>ELTWVDH, ACAT O HE & Ak,
cPLA, DHEH Y707 7 — 2 OidFEL O Ml
DRENBEFRINDG. IHIZ, T4V /A1 KD
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UV 2 NEE TR B REE(LAE O B AL ITBE B9 5
KFTHD, cPLAITINSDELZHS TN
ZEHLEZARADE D E, cPLA, DHENHIREIR
BEACAE D R HIENIC D7 B n]EMEATH U, cPLA,
MIBEHEDOEN E /22 Z NI N 5.

BE AHRIIEEHER R R AL EBEIC
BWTITONZHDTH D, AFERICETT IR
BHZTWEE, G, HRU)EEEZG0 £
LU-FBEEHE®RTEIEZICOESEK#HOZTRZEL X
9. Fie, AWML, FEEEPILEETFEED
RFReE, FEEEHEEOMEB IO ERITTH T
EMTELEDBDTHY, ZITELHLHBHL BT
9. BB, RO ISCER AR 2R E O
Bipkic ko Tirbh iz Z &2 AE L TRGEL £ 9
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