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Abstract

Accumulation of monocyte-derived foam cells in focal areas of
the arterial intima is one of the key events in early atherogene-
sis. Wehave examined the effect of lysophosphatidylcholine
(lyso-PC; lysolecithin), a major phospholipid component of
atherogenic lipoproteins, on the expression of adhesion mole-
cules for monocytes, such as vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-i (ICAM-1),
in cultured human and rabbit arterial endothelial cells. Cul-
tured rabbit aortic endothelial cells treated with lyso-PC
showed increased mRNAand cell surface expression of
VCAM-1 and ICAM-1, which was associated with increased
adhesion of monocytes and monocyte-like cells (THP-1,
U937). In cultured human iliac artery endothelial cells, lyso-
PCsimilarly induced both VCAM-1 and ICAM-1, whereas in
umbilical vein endothelial cells only ICAM-1 was up-regulated.
In all endothelial cells examined, the effect of lyso-PC on E-se-
lectin (endothelial-leukocyte adhesion molecule-i ) expression
was negligible, thus differentiating this stimulus from other
endothelial activators, such as interleukin 1, tumor necrosis
factor, or lipopolysaccharide. Weconclude that lyso-PC can
selectively induce VCAM-1and ICAM-1 in arterial endothelial
cells and that this action, in addition to its monocyte chemoat-
tractant activity, may play an important role in monocyte re-
cruitment into atherosclerotic lesions. (J. Clin. Invest. 1992.
90:1138-1144.) Key word: atherosclerosis * intercellular adhe-
sion molecule-1 * inflammation * oxidized low density lipopro-
tein * vascular cell adhesion molecule-1

Introduction

One of the critical events in the pathogenesis of atherosclerotic
lesions is the focal accumulation of lipid-laden foam cells be-
neath an intact arterial endothelial lining ( 1-3). In various
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cholesterol-fed animal models of atherosclerosis, localized at-
tachment of circulating monocytes to arterial endothelium ap-
pears to precede the formation of early foam cell lesions ( 1-6)..
Although the molecular mechanisms are not completely un-
derstood, monocyte recruitment into these early lesions may
involve changes in endothelial adhesiveness for monocytes,
and local generation of soluble vessel wall-derived monocyte
chemoattractants (7-9). In vitro studies have identified
three molecules, intercellular adhesion molecule- 1 (ICAM-
1 [CD54 1) ( 10, 11 ), E-selectin (endothelial-leukocyte adhe-
sion molecule- 1 [ ELAM- 1 ]) ( 12, 13), and vascular cell adhe-
sion molecule- 1 (VCAM- 1) (14), that are inducible on the
endothelial surface and can support the adhesion of various
leukocytes, including monocytes ( 15, 16). Our laboratory has
recently demonstrated that VCAM-1 is inducible in activated
rabbit aortic endothelial cells in culture, and also is focally
expressed in vivo in arterial endothelium overlying early foam
cell lesions in both dietary and genetic models of atherosclero-
sis in the rabbit (17). Immunohistochemical examination of
aortas from cholesterol-fed rabbits indicates that VCAM-1 can
be detected in arterial endothelium before the accumulation of
intimal macrophages, suggesting that this molecule may play a
role in the recruitment of blood monocytes into early lesions
( 18 ). Recent studies by others have shown that ICAM- 1 also is
expressed in human atherosclerotic lesions in vivo ( 19). How-
ever, the stimuli present in developing atherosclerotic lesions
that might be responsible for focal up-regulation of VCAM-1,
ICAM- 1, and other potentially relevant leukocyte adhesion
molecules have not been defined.

Several lines of evidence have indicated that oxidatively
modified low density lipoproteins (LDL) play a key role in
atherogenesis (3, 20-23). In cholesterol-fed rabbit models of
atherosclerosis, the major increased lipoprotein fraction is 3-
VLDL (3). One of the characteristic features of both oxidized
LDL and f-VLDL particles is their dramatically increased con-
tent of lysophosphatidylcholine (lyso-PC) (3, 20, 24-27).
Lyso-PC has been demonstrated to be a selective chemoattrac-
tant for mononuclear leukocytes (24), and appears to be the
component of oxidized LDL responsible for its inhibitory ef-
fect on endothelial-dependent vasodilation (25, 26). Further-
more, the concentration of lyso-PC is increased in atheroscle-
rotic arterial lesions in animals fed an atherosclerotic diet (28).

1. Abbreviations used in this paper: ELAM-1, endothelial-leukocyte
adhesion molecule- 1; ICAM- 1, intercellular adhesion molecule- 1;
lyso-PC, lysophosphatidylcholine (lysolecithin); VCAM-1, vascular
cell adhesion molecule-I.
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Here, we demonstrate that lyso-PC selectively induces in-
creased cell surface expression of VCAM-1 and ICAM-1 in
cultured rabbit and human arterial endothelial cells, and that
this is associated with enhanced mononuclear leukocyte adhe-
sion.

Methods

Reagents. Lyso-PC (palmitoyl), lysophosphatidylethanolamine (pal-
mitoyl), lysophosphatidylinositol (palmitoyl), phosphatidylcholine
(dipalmitoyl), and lysophosphatidylserine (rat brain) were purchased
from Avanti Polar Lipids (Alabaster, AL) or Calbiochem-Behring
Corp. (La Jolla, CA). Lyso-PC analogues, l-palmityl-propanediol-3-
phosphocholine and l-palmitoyl-ethanediol-2-phosphocholine, were
generous gifts from Dr. Sampath Parthasarathy (University of Califor-
nia at San Diego, La Jolla, CA). Recombinant human IL-1 # was ob-
tained from Biogen, Inc. (Cambridge, MA). LPS (Escherichia coli,
055:B5) and heparin (porcine intestinal) were purchased from Sigma
Chemical Co. (St. Louis, MO); FITC-conjugated goat anti-mouse IgG
F(ab')2 fragments from Caltag Laboratories (South San Fran-
cisco, CA); 2',7'-bis-(2-carboxyethyl)-5-(and-6) carboxyfluorescein
(BCECF) from Molecular Probes Inc. (Eugene, OR); Medium 199
(with 25 mMHepes, formula 89-OlOOPJ) and fetal bovine serum
(FBS) from Gibco Laboratories (Gaithersburg, MD); endothelial cell
growth supplement from Collaborative Research (Bedford, MA); and
RPMI 1640 (with 25 mMHepes) from Whittaker Bioproducts (Walk-
ersville, MD). All other chemicals were of reagent grade.

Cells. Rabbit aortic endothelial cells were isolated by collagenase
digestion from thoracic aortas from male NewZealand White rabbits
(Pasturella-free, 3-4 kg, Millbrook Farms, Amherst, MA), seeded in
plastic plates (Costar, Cambridge, MA) precoated with 0.1% gelatin
(Difco Laboratories, Detroit, MI) and cultured in Medium 199 supple-
mented with 20% fetal bovine serum (FBS), 12.5 jig/ml endothelial
cell growth supplement, 25 U/ml heparin, 100 U/ml penicillin, and
100Mg/ml streptomycin ( 17 ). Humanumbilical vein endothelial cells
were isolated and cultured as previously described (29). Human iliac
artery endothelial cells, kindly provided by Dr. Peter Libby (Brigham
& Women's Hospital), were cultured in Medium 199 with 5%FBS, 50
jig/ml endothelial cell growth supplement, and 100 jg/ml heparin. All
endothelial cells were used for experiments at passage levels 1-3. The
human monocyte-like cell lines, THP- 1 and U937, were obtained from
the American Type Culture Collection (Rockville, MD) and cultured
in RPMI 1640 with 10% FBS. Monocytes were isolated from freshly
drawn human blood by ficoll-hypaque separation and centrifugal elu-
triation, as previously described ( 17 ).

Fluorescence immunoassay. Lyso-PC or related phospholipids
were dissolved in ethanol (10 mMstock solution), and added to Me-
dium 199 with 5% FBS at the final concentrations indicated immedi-
ately before incubation with confluent endothelial monolayers. In pre-
liminary experiments, ethanol carrier alone tested at the highest final
concentration was without effect. Lyso-PC analogues in chloroform
solution were dried, suspended in Medium 199 by brief sonication and
then 5%FBSwas added. After incubation with test stimuli, monolayers
were washed with RPMI-1% FBS and incubated on ice for 1 h with
saturating concentrations of monoclonal antibodies (mAbs) directed
to rabbit or human endothelial-leukocyte adhesion molecules. Subse-
quently, monolayers were washed three times with phosphate-buffered
saline (PBS) containing 10% FBS and then incubated for 1 h on ice
with a saturating concentration (14 ,g/ml) of FITC-labeled F(ab')2
fragments of anti-mouse IgG. After washing four times with PBS- 10%
FBS, monolayers were lysed with a 0.0 1% (wt/vol) NaOH, 0.1% SDS
buffer, and the fluorescence determined using a Pandex reader (Tra-
venol Laboratories, Mundelein, IL). The mAbs Rbl/9 (IgG,; anti-
rabbit VCAM-l), El /6 (IgG,; anti-human VCAM-l), Hu5/3 (IgG1;
anti-human ICAM-l ) and H18/7 (IgG2..; anti-human ELAM- I) were
used to detect the surface expression of adhesion molecules ( 15, 17,
29-31). The mAbRb2/3 (IgG,) putatively recognizes rabbit ICAM-1,

an inducible 92-96 kD polypeptide up-regulated in LPS-treated rabbit
endothelium ( 17). Specific cell surface binding in this assay was calcu-
lated by subtracting the fluorescence detected in monolayers incubated
with a class-matched nonbinding primary mAb. A stimulation index
for immunobinding was calculated as the ratio of specific cell surface
mAbbinding to monolayers treated with lyso-PC or other test stimuli,
versus monolayers treated with medium alone.

Northern blot analysis. Total cellular RNAextracted from cultured
rabbit aortic or human umbilical vein endothelial cells by acid-guani-
dinium phenol-chloroform method (32) was electrophoresed through
1% agarose gels containing formaldehyde, and transferred to nitrocel-
lulose membranes (Schleicher & Schuell, Inc., Keene, NH). Northern
blots were hybridized with rabbit VCAM-I or human ICAM- l cDNA
probes labeled by [a- 32P]dCTP (Amersham Corp., Arlington Heights,
IL) using random hexanucleotide primers (Pharmacia, Inc., Piscata-
way, NJ) (33). A 2.1-kb Hind III/Pst I fragment of rabbit VCAM-1
cDNAor a 1.3-kb Xho I fragment of human ICAM- 1 cDNAwas uti-
lized. The ICAM- I cDNAwas provided by Dr. Brian Seed (Massachu-
setts General Hospital, Boston, MA) ( 10). The blots were rehybridized
with radiolabeled rat brain a-tubulin cDNA.

Leukocvte adhesion assays. Leukocyte adhesion assays were per-
formed in microtiter plates as previously described ( 17, 29). After in-
cubated with test stimuli or media alone, endothelial monolayers were
washed three times with RPMI 1640 1% FBS. BCECF-labeled leuko-
cytes (2 x 105 cells in 200 ,l of RPMI 1640 1% FBS/32-mm2 well)
were added, and microtiter plates were incubated for 10 min at 37°C.
The plates were sealed, inverted, and centrifuged (250 g) for 5 min to
separate nonadherent leukocytes. Adherent cells were lysed with 50
mMTris, pH 8.4, 0.1% SDS, and their fluorescence was measured. A
stimulation index for leukocyte adhesion was calculated as the ratio of
the number of leukocytes associated with lyso-PC- or LPS-treated ver-
sus sham-treated endothelial monolayers.

Statistical analysis. The statistical significance of the differences
among means of groups was determined using Student's two-sample t
test or analysis of variance.

Results

Lyso-PC tup-regulates expression of VCAM-1 and ICAM-I in
rabbit aortic endothelial cells. Cultured rabbit aortic endothe-
lial cell monolayers were treated with lyso-PC in Medium 199
containing 5% FBS, and cell surface expression of VCAM-1
was measured by fluorescence immunobinding assays using
Rbl /9, a mAbspecific for rabbit VCAM-1. Lyso-PC treatment
up-regulated the cell surface expression of VCAM-1 in a dose-
and time-dependent fashion. In response to 100 ,uM lyso-PC,
VCAM-1 was significantly induced above baseline at 4 h, and
continued to increase in a sustained fashion for at least 36 h
(Fig. 1 A). Concentrations of lyso-PC as low as 50 ,uM sus-
pended in 5% FBS caused a significant increase in VCAM-1
expression detected at 24 h of treatment, with a maximal effect
observed at 100,uM (Fig. 1 B). As seen in Table I, after 24 h of
treatment, the extent of VCAM-1 induction by lyso-PC was
variable among experiments (3-24-fold increases); however,
in a given experiment, the stimulation obtained with lyso-PC
was comparable (60-146%) to that obtained with a maximally
effective concentration of Gram-negative bacterial endotoxin
(LPS, 1 Ag/ml). Cell surface expression of ICAM-1, as de-
tected by mAbRb2 / 3, also was increased by lyso-PC treatment
by 1.4-6.2-fold (38-108% of maximal LPS stimulation). In
contrast, a constitutively expressed antigen on the surface of
rabbit endothelium recognized by mAb Rb2/13 (IgG,) was
not significantly affected by lyso-PC treatment (Table I).

Northern blot analysis demonstrated that increased cell
surface expression of VCAM-1 on rabbit aortic endothelium
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Figure 1. VCAM-1 induction by lyso-PC or LPS in rabbit aortic en-
dothelial cells. (A) Time course: endothelial monolayers were treated
with lyso-PC (100,uM, e) or LPS (1 g/ ml, P ) in Medium 199 with
5% FBS for the indicated times, and cell surface expression of
VCAM-l measured by fluorescence immunoassay. (B) Dose re-
sponse: endothelial monolayers were treated with the indicated con-
centrations of lyso-PC in Medium 199 with 5% FBS for 24 h, and
cell surface expression of VCAM-1 was measured by fluorescence
immunoassay. Stimulation index (±SEM, n = 3) was calculated as
described in Methods. *P < 0.05 vs. control, one of two representative
experiments.

was correlated with a significant increase in VCAM-1 mRNA
(Fig. 2). Two predominant species of rabbit VCAM-1 mRNA
were found, consistent with alternative mRNAsplicing (34) or
differential polyadenylation.

Lyso-PC pretreatment of rabbit aortic endothelial cells in-
creases adhesion of blood monocytes and monocyte-like cell
lines. To determine if increased cell surface expression of leu-
kocyte adhesion molecules induced by lyso-PC correlated with
a hyperadhesive endothelial phenotype, leukocyte adhesion as-
says were performed with human monocyte-like cell lines,
THP- 1 and U937. Lyso-PC pretreatment of rabbit aortic endo-
thelial monolayers resulted in increased adhesion of each of
these leukocytes, 1.6-3.5-fold for THP- 1 cells, and 1.4-2.0-fold
for U937 cells (Table II). Adhesion of elutriated human blood
monocytes to lyso-PC-treated rabbit aortic endothelial cells
also was enhanced by 1.4-fold (P < 0.01, one experiment)
under similar assay conditions. Addition of lyso-PC immedi-
ately preceding the leukocyte adhesion assay, followed by the
standard washing procedure, did not increase monocyte adhe-
sion (data not shown).

Lyso-PC differentially induces ELAMin human arterial
and venous endothelial cells. Wefurther characterized the ef-
fect of lyso-PC on cultured human endothelial cells. Wefound
that lyso-PC induced cell surface expression of both VCAM-I
and ICAM- 1 in human iliac arterial cells, in a comparable fash-

Table I. Lyso-PC Induces Cell Surface Expression of VCAM-I
and ICAM-1 in Rabbit Aortic Endothelial Cells

Immunobinding stimulation index (% LPS maximum)

Expt. VCAM-1 ICAM-1 Rb2/13 antigen

1 23.8±2.02 (145)§ 6.2±0.68 (108)§ ND
2 3.4±0.19 (98)§ 1.4±0.08 (78)* 1.02±0.03
3 4.9±0.38 (64)§ 2.8±0.22 (5 1)§ 1.09±0.02
4 2.5±0.26 (60)§ 1.8±0.09 (38)t 1.07±0.02
5 3.0±0.11 (135)t ND ND

Confluent monolayers of rabbit aortic endothelial cells were pre-
treated with lyso-PC (100 ,M) in the presence of 5% FBS for 24 h,
and cell surface expression of VCAM-1 and ICAM-1 measured by
fluorescence immunobinding assays, as described in Methods. A
constitutively expressed antigen recognized by a mAbRb2/13 also
was measured. Stimulation indices for each antigen were calculated
as described in Methods. Percent LPS maximum (mean value) relates
the stimulation index of lyso-PC treated cells to that observed with
a maximally stimulatory concentration of LPS (1 ,g/ml). Stimulation
indices are expressed as mean±SEM; n = 3 determinations in each
experiment. Abbreviation: ND, not determined. * P < 0.05, t P
<0.01,§P<0.005.

ion to that observed with rabbit aortic endothelial cells (Fig. 3).
In contrast, in human umbilical vein endothelial cells, lyso-PC
only induced ICAM- 1 expression (Fig. 3). This up-regulation
of ICAM- 1 was much slower than that elicited by IL- 1 (Fig. 4),
and appeared similar to the pattern of VCAM-1 induction by
lyso-PC observed in rabbit aortic endothelial cells, as shown in
Fig. 1. The effect of lyso-PC on E-selectin (ELAM-1 ) expres-
sion was negligible at time points examined up to 24 h in both
human iliac artery and umbilical vein endothelial cells (data
not shown). Northern blot analysis showed a time-dependent
increase in the amount of ICAM- 1 mRNAin lyso-PC-treated
human umbilical vein endothelial cells, which was detected as
early as 4 h and remained sustained for at least 24 h (Fig. 5),
whereas changes were not detected in VCAM-1 or E-selectin
mRNAlevels in human umbilical vein endothelial cells at any
time point examined (data not shown). These results demon-
strate that lyso-PC can selectively up-regulate VCAM-1 and
ICAM-1, ELAM relevant to monocyte adhesion, in arterial
endothelial cells. Interestingly, this expression pattern is dis-
tinctly different from that elicited by bacterial endotoxin or
inflammatory cytokines such as IL-1 and tumor necrosis fac-
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Figure 2. Northern blot analy-
sis of VCAM-l mRNAcontent
in unstimulated and lyso-PC
stimulated rabbit aortic endo-
thelial cells. Endothelial
monolayers were incubated for
6 h with or without lyso-PC
(100 MM) in Medium 199 with
5% FBS, and total cellular
RNAwas isolated and North-
ern blot analysis was per-
formed, as described in Meth-
ods. Each lane contained 10
,ug of total RNA.
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Table II. Lyso-PC Pretreatment of Rabbit Aortic Endothelial
Cells Results in Enhanced Adhesion of Monocyte-like Cell Lines
THP-I and U937

Adhesion stimulation index
(% LPS maximum)

Lyso-PC
Expt. pretreatment THP-1 U937

1 50 AM, 8 h 1.7±0.02 (97)§ 2.0±0.08 (83)§
2 100,gM, 24 h 3.5±0.06 (97)t ND
3 100 gM, 24 h 1.6±0.10 (91)t 1.4±0.10 (89)*

Confluent monolayers of rabbit aortic endothelial cells were pre-
treated with lyso-PC in the presence of 5% FBS. After washing
monolayers with media without lyso-PC, leukocyte adhesion assays
were performed and stimulation indices calculated, as described in
Methods. Percent LPS maximum (mean value) was calculated as de-
scribed in Table I. Stimulation indices are expressed as mean±SEM;
n = 3-5 determinations in each experiment. Abbreviation: ND, not
determined. * P < 0.05, t P < 0.02, § P < 0.002.

tor, which characteristically induce E-selectin, VCAM-1, and
ICAM- 1 coordinately in all types of endothelial cells ( 12, 14-
16, 29, 31).

Effects of other polar phospholipids on the induction of
VCAM-I and ICAM-J. Lyso-PC is a polar phospholipid which
can exhibit detergent-like properties. Generally, in an aqueous
solution, such amphiphiles can cause cell lysis above their criti-
cal micellar concentrations. Previous studies have shown that
critical micellar concentration of lyso-PC (C 16:0) is 40-50 ,uM
in protein-free physiological salt solutions (35). In fact, we
observed that 50 ,uM or higher concentrations of lyso-PC in
serum-free culture media caused morphologically apparent en-
dothelial cell damage within a few hours. Because lyso-PC
avidly binds to proteins such as albumin, we included 5%FBS
in the culture media and thereby increased its actual critical
micellar concentration. With this incubation medium, we did
not detect any cytotoxicity, as evidenced by phase-contrast mi-
croscopy or lactate dehydrogenase release, at lyso-PC concen-
trations up to 100 ,uM.
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The effects of other lysophospholipids structurally similar
to lyso-PC were examined, although such lysophospholipids
typically are far less abundant in the body. As shown in Table
III, when tested on both VCAM-1 induction in rabbit aortic
endothelial cells and ICAM-1 induction in human umbilical
vein endothelial cells at comparable concentrations, lysophos-
phatidylethanolamine was as effective as lyso-PC, while lyso-
phosphatidylinositol and lysophosphatidylserine appeared less
effective, and phosphatidylcholine was not active. The struc-
tural specificity of lyso-PC effect was further characterized in
human umbilical vein endothelial cells, using hydrolyzable
and nonhydrolyzable analogues of lyso-PC (36). As seen in
Table IV, l-palmityl-propanediol-3-phosphocholine, a nonhy-
drolyzable analogue, did not up-regulate ICAM- 1 and actually
caused cytotoxicity. In contrast, 1-palmitoyl-ethanediol-2-
phosphocholine, a hydrolyzable analogue, induced ICAM- 1
expression in a dose-dependent fashion without evidence of
cytotoxicity. Taken together, these observations suggest that
the induction of endothelial-leukocyte adhesion molecules by
lyso-PC or other lysophospholipids is separable from their de-
tergent-like actions and may depend upon their active metabo-
lism by endothelial cells.

Discussion

Adhesion of blood monocytes to the arterial endothelial sur-
face, preceding their subsequent transmigration into the in-
tima, is one of the key steps in atherogenesis ( 1-6). Once pres-
ent within the developing lesion, monocyte/macrophages (as
well as lymphocytes that also accumulate) have the capacity to
produce various cytokines which, in turn, can activate endothe-
lial cells locally to express adhesion molecules. Although such
potential paracrine mechanisms for amplifying leukocyte re-
cruitment are becoming better defined (37), the stimuli respon-
sible for the initial monocyte recruitment into the arterial in-
tima have not yet been identified. One of the earliest changes
during atherogenesis, in cholesterol-fed animal models, is the
focal accumulation of LDL in regions of the arterial wall,
which subsequently develop foam cell lesions (38). Further-
more, several lines of evidence have indicated that oxidative
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Figure 4. Kinetics of ICAM-l induction by lyso-PC and IL-I in cul-
tured human umbilical vein endothelial cells. Endothelial mono-

layers were incubated with lyso-PC (100 ,uM, *) or IL-1 (10 U/ml,
m) in Medium 199 with 5%FBS for the indicated times, and cell sur-

face expression of ICAM- 1 measured by fluorescence immunoassay,
as described in Methods. Sham-treated monolayers served as controls
(A ). Data are expressed as mean fluorescence units per well (n = 3;
one of two representative experiments).

modification of LDL can occur in arterial intima and may play
a crucial role in atherogenesis (3, 20-23). Therefore, it is rea-

sonable to hypothesize that oxidatively modified LDL, or one

of its components, might be a initial stimulus for monocyte
recruitment in this disease setting.

Recent in vitro studies have shown that cultured endothe-
lial cells incubated with minimally oxidized LDL or 3-VLDL
exhibit enhanced adhesiveness for monocytes (39, 40) as well
as the production of monocyte chemoattractant (9); however,
neither component(s) of these lipoproteins responsible for
these effects, nor their molecular mechanisms, have been fully
clarified. As an initial approach to this problem, we isolated
human plasma LDL and subjected it to various degrees of con-

trolled oxidation, using cupric (41 ) or ferrous ions (39) in vi-
tro, and then examined whether these modified lipoprotein
preparations could activate cultured endothelial cells to en-

hance monocyte adhesion mechanisms. None of these oxi-
dized LDL preparations (which contained 1-10 nmol malon-

0 1 4 8 24
Figure 5. Northern blot
analysis of ICAM-l in
cultured human umbili-

ICAM-1 cal vein endothelial cells
treated with lyso-PC.
Cells were treated with
lyso-PC (100 MMwith
5%FBS) for the indi-
cated times and then
total cellular RNAwas

Tubulin isolated for Northern
blot analysis as de-
scribejd in Methods.
Each lane contained 20
,Mg of total RNA.

Table III. Effect of Various Lysophospholipids on the Up-
regulation of VCAM-J in Rabbit Aortic Endothelial Cells
and ICAM-J in Human Umbilical Vein Endothelial Cells

Immunobinding stimulation index

VCAM-1 ICAM- I
Stimulant (rabbit aorta) (human umbilical vein)

Lyso-PC 3.0±0.11 2.1±0.10
Lysophosphatidylethanolamine 3.4±0.05 2.1±0.09
Lysophosphatidylinositol 1.4±0.01 1.8±0.09
Lysophosphatidylserine 1.5±0.20 1.4±0.07
Phosphatidylcholine 1.1±0.16 ND

Confluent monolayers of rabbit aortic endothelial cells were pre-
treated with the indicated phospholipids (100 uM) for 24 h in the
presence of 5% FBS, fluorescence immunobinding assays were per-
formed, and stimulation indices were calculated as described in
Methods. Data are expressed as mean±SEM; n = 3 determinations,
one experiment (VCAM- 1); n = 6 determinations, two experiments
(ICAM-1). Abbreviation: ND, not determined.

dialdehyde-equivalents of lipid peroxides per mgprotein by a
standard thiobarbituric acid-reactive substance assay), in-
duced VCAM-1, ICAM- 1, or E-selectin expression, in cultured
rabbit aortic or human umbilical vein endothelial cells (N.
Kume, unpublished observations). However, as suggested by
recent studies (42), the biological properties of oxidized LDL
might vary among laboratories and different preparations, in
that thiobarbituric acid-reactive substance, which is the usual
measure of the extent of oxidative modification of LDL, does
not adequately reflect all the relevant features of the modified
lipoprotein particle. We, therefore, considered the possibility
that something associated with oxidized LDL preparations
might be involved. As we demonstrate here, lyso-PC, a polar
phospholipid that is increased in oxidized LDL (3, 20, 24, 26,
27) can up-regulate the expression of endothelial-leukocyte ad-

Table IV. Effect of Hydrolyzable and Nonhydrolyzable Analogues
of Lyso-PC on ICAM-J Expression in Human Umbilical Vein
Endothelial Cells

Immunobinding stimulation index

Concentration Lyso-PC l-Palmityl-propanediol I-Palmitoyl-ethanediol-
tested (palmitoyl) -3-phosphocholine -2-phosphocholine

IM

25 ND 1.06±0.22 1.05±0.14
50 ND <1 1.30±0.12
75 5.4±0.33* <1 2.22±0.21*

100 ND <1 3.64±0.04*
125 ND <1 5.12±0.24*

Confluent monolayers of human umbilical vein endothelial cells were
incubated with the indicated amounts of lyso-PC or related analogues
for 24 h in the presence of 5%FBS, cell surface expression of ICAM- I
was measured, and stimulation indices were calculated, as described
in Methods. Data are expressed as mean±SEM. Note: Stimulation
index, <1 was correlated with visible cytotoxicity. Abbreviation: ND,
not determined. * P < 0.05 vs. control, n = 3 determinations.
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hesion molecules relevant to mononuclear leukocyte adhesion.
Because lyso-PC bound to free cholesterol may not easily
transfer onto cell membranes differences in the amounts of free
cholesterol in LDL particles might affect the amount of trans-
ferable lyso-PC in an in vitro culture system. In addition, be-
cause lyso-PC is a polar phospholipid, and can be liberated into
aqueous solution during the procedures of oxidative modifica-
tion or long-term storage, some oxidized LDL preparations
may contain significant amounts of lyso-PC dissociated from
LDL particles. These possibilities may explain the lack of effect
of our oxidized LDL preparations, per se, on endothelial-mon-
ocyte adhesion mechanisms. However, in contrast to the in
vitro cell culture setting, oxidized LDL generated in the arterial
intima in vivo (3, 20, 23) may form in intimate contact with
endothelial membranes, thus enhancing the possibility of
transfer of lyso-PC into the endothelial cells. Conversely, the
relatively large amount of lyso-PC associated with lipoproteins
or albumin in circulating plasma may not be readily transfer-
able to endothelial membranes.

The potential molecular mechanisms of endothelial activa-
tion by polar phospholipids such as lyso-PC appear to be multi-
ple and complex. Taken together, our results with hydrolyzable
and nonhydrolyzable analogues of lyso-PC suggest that specific
molecular transformations rather than non-specific (e.g., de-
tergent-like) actions are involved. Previous studies with human
monocytes (36) and a lymphoblastic cell line (43) have impli-
cated the generation of diacylglycerol, via a metabolic pathway
involving (lyso)phospholipase C, in the chemotactic action of
exogenous lyso-PC. Diacylglycerol, an important intracellular
second messenger and activator of protein kinase C(44), could
conceivably also be generated from lyso-PC in endothelial cells
through the sequential action of a phosphatidylcholine-hydro-
lyzing phospholipase D activity and phosphatidate phospha-
tase. Both protein kinase C-dependent and -independent mech-
anisms have been described in the induction of adhesion
molecules (E-selectin, ICAM- 1, and VCAM-1) by the inflam-
matory cytokine TNF, in vascular endothelial cells (45-47).
Our preliminary studies with the protein kinase C inhibitor,
staurosporine, failed to show any consistent inhibition of lyso-
PC-induced ICAM- 1 expression in human umbilical vein endo-
thelial cells. Given the striking differences in the pattern of
endothelial adhesion molecule induction by lyso-PC compared
with well-characterized activators such as IL- 1, TNF, and LPS,
further studies of VCAM-1 and ICAM- 1 induction by lyso-PC
might be expected to provide new information regarding the
molecular mechanisms of endothelial activation.

The present study demonstrates that lyso-PC can activate
endothelial cells to differentially express certain adhesion mole-
cules in vitro, and suggests that this naturally occurring phos-
pholipid may be an important stimulus for mononuclear leu-
kocyte recruitment into the arterial intima during atherogene-
sis, in vivo. In this respect, it may function either alone or in
combination with inflammatory cytokines generated locally by
activated vessel wall cells and emigrating leukocytes (37). Inter-
estingly, preliminary data have recently been presented that
lyso-PC also can act on monocyte/ macrophages to up-regulate
growth factor gene expression (48), thus further illustrating its
potential role in atherogenesis. In addition to its presence in
atherogenic lipoproteins, such as oxidatively modified LDL
and f-VLDL, biologically significant amounts of lyso-PC can
also be generated via the action of phospholipase A2 secreted by

leukocytes, platelets, and other cells in inflammatory tissues
(49). Thus, lyso-PC may contribute to acute and chronic in-
flammation through both its previously described direct che-
moattractant actions (24) and the up-regulation of relevant
endothelial adhesion mechanisms. Interventions which pre-
vent the conversion of phosphatidylcholine into lyso-PC in
vivo would be predicted to act to reduce the recruitment of
mononuclear leukocytes in various pathophysiologic settings.
Further studies of the mechanisms responsible for the local
generation and cellular actions of lyso-PC may provide fresh
insights into the atherosclerotic disease process.
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