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Abstract

Endothelial cell (EC) movement is required for the develop-
ment and repair of blood vessels. We have previously shown
that LDL oxidized by transition metals almost completely
suppressed the wound-healing migratory response of vascu-
lar EC in vitro. We now report that lysophosphatidylcholine
(lysoPC), a lipid component of oxidized LDL, has an impor-
tant role in the antimigratory activity of the lipoprotein. Pu-
rified 1-palmitoyl lysoPC inhibited movement with a half-
maximal activity at 12-15 M, and near complete inhibition
at 20 wM; the inhibitory concentration of lysoPC was con-
sistent with its abundance in oxidized LDL. The inhibition
was not due to cytotoxicity since protein synthesis was unaf-
fected and since EC movement was restored after removal
of lysoPC. Lysophospholipid activity was dependent on
lipid structure. LysoPC’s containing 1-position C;4 or Cs
saturated fatty acids were antimigratory, but those contain-
ing C_,, saturated fatty acids or polyunsaturated fatty acids
were not. The activity of 1-palmitoyl lysolipids with various
head groups was examined. Lysophosphatidylinositol was
more antimigratory than lysophosphatidylglycerol and lyso-
phosphatidylcholine, which were more potent than lysophos-
phatidylserine and lysophosphatidylethanolamine. Monoglyc-
eride was inactive while lysophosphatidate had promigratory
activity. These results are consistent with head group size
rather than charge as a critical determinant of activity. To
show that lysophospholipids within an intact lipoprotein
were active, LDL was treated with bee venom phospholi-
pase A, (PLA,). The modified lipoprotein inhibited EC
movement to the same extent as iron-oxidized LDL and an-
timigratory activity correlated with the amount of lysoPC
formed. To determine antimigratory activity of lysoPC
present in oxidized LDL, lipid extracts from oxidized LDL
were fractionated by normal phase HPLC. The fraction
comigrating with lysoPC had nearly the same activity as the
total extract confirming that lysoPC (or a co-eluting lipid)
was a major antimigratory molecule in oxidized LDL. These
studies demonstrate that lysoPC in oxidized LDL limit EC
wound healing responses in vitro, and suggest a possible
role for lysolipids in limiting endothelial regeneration after
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Introduction

Endothelial cells (EC)! form a continuous monolayer at the lu-
menal surface of all blood vessels and are vital for the mainte-
nance and control of vessel wall function. The integrity of the
endothelium, however, may be challenged by normal EC turn-
over, or by traumatic injury after balloon angioplasty, vascular
grafting, organ implantation, or other pathological damage.
Reendothelialization of injured vessels is a critical event dur-
ing the restoration of the vessel wall homeostasis. While both
migration and proliferation of EC from adjacent regions can
occur, the former appears to be the initiating and rate-limiting
event as it releases EC from contact inhibition and leads to
subsequent cell proliferation (1, 2). The same EC processes are
involved in the formation of new capillaries during develop-
ment and during tumor angiogenesis (3).

EC migration is highly regulatable in vitro. Promigratory
agents include tumor-derived factors (4), tumor-promoting
phorbol esters (5), vascular endothelial growth factor (6), scat-
ter factor (7), chemokines (8), and acidic (9) and basic (10)
fibroblast growth factors. Although most agonists similarly
affect the movement of micro- and macrovascular EC, dif-
ferential responses of these cells have been reported (11).
Plasma lipoproteins are in continuous contact with vascular
endothelium and as such are candidates for physiological regu-
lators of endothelial functions such as migration and prolifera-
tion. Consistent with this concept, both LDL (12) and high
density lipoprotein (13) have been shown to increase reendo-
thelialization of in vitro wounds by stimulating EC prolifera-
tion. Recently, we have shown that high density lipoprotein,
and to a lesser extent LDL, directly stimulates EC migration
by a signal transduction pathway that is distinct from fibroblast
growth factor (14).

Compared with the extensive list of known agonists, far less
is known about inhibitors of EC movement. Protein inhibitors
of aortic EC movement include transforming growth factor 1,
fibronectin, and leukemia inhibitory factor (15, 16). We and
others have shown that LDL that has been oxidatively modi-
fied by incubation with iron or copper ions, but not unmodi-
fied LDL, suppresses EC movement in vitro (17, 18). Metal
ion-oxidized LDL is characterized by altered chemical and
physical properties including elevated levels of cholesterol, a
diverse array of oxidized sterols and fatty acids, lysophosphati-
dylcholine (lysoPC), degradation fragments of apo B-100, and

1. Abbreviations used in this paper: EC, endothelial cell; lysoPA, lyso-
phosphatidic acid; lysoPC, lysophosphatidylcholine; lysoPE, lyso-
phosphatidylethanolamine; lysoPG, lysophosphatidylglycerol; lysoP]I,
lysophosphatidylinositol; lysoPS, lysophosphatidylserine; PC, phos-
phatidylcholine; PLA,, phospholipase A,; TBA, thiobarbituric acid.



increased flotation density and electrophoretic mobility (19).
In addition to inducing foam cell formation in cultured mac-
rophages (20), oxidized LDL has multiple properties that may
contribute to the atherogenic process, e.g., it is chemotactic for
blood monocytes (21), T-lymphocytes (22), and smooth mus-
cle cells (23), and is cytotoxic to cultured cells including SMC
(24) (see references 25 and 26 for reviews). Furthermore, re-
cent biochemical and immunological studies indicate that oxi-
dized LDL is present in atherosclerotic lesions (25), and may
in fact be present in plasma (27). The evidence that lipid oxida-
tion has a causative role in lesion formation is largely circum-
stantial and based on in vitro studies. However, recent data
shows that antioxidants retard lesion formation in animal mod-
els (28), and some may be associated with reduced risk of car-
diovascular disease in humans (29).

Several lipid constituents in oxidized LDL have been
shown to be responsible for the cellular activities of the intact
particle. 7B-hydroperoxycholestenol is the primary cytotoxin
of oxidized LDL (30) and 4-hydroxynonenal activates EC
phospholipase D (31). Of the known lipid components of oxi-
dized LDL, lysophosphatidylcholine (lysoPC) is perhaps the
most pluripotent (see Discussion). In our previous report we
showed that at least half of the antimigratory activity of oxi-
dized LDL was recovered in the lipid-containing solvent ex-
tract (17). We now show that lysoPC, a major lipid constituent
of oxidized LDL, is a potent antagonist of EC movement in
vitro.

Methods

Materials. 1-Decanoyl, 1-lauroyl, 1-myristoyl, 1-palmitoyl, 1-stearoyl,
1-oleoyl, 1-linoleoyl, and 1-linolenoyl lysoPC, palmitoyl lysophospha-
tidic acid (lysoPA), dipalmitoyl phosphatidylcholine (PC), 1-mono-
palmitin, and 1,2-dipalmitin were obtained from Serdary Research
Laboratories Inc., Canada. 1-Palmitoyl lysophosphatidylethanol-
amine (lysoPE), lysophosphatidylglycerol (lysoPG), lysophosphati-
dylinositol (lysoPI), lysophosphatidylserine (lysoPS) were from
Sigma Chemical Co.(St. Louis, MO). All free fatty acids were ob-
tained from Nu Chek Prep, Inc. (Elysian, MN). Solvents were from
Fisher Scientific (Fair Lawn, NJ) and all other reagents from Sigma
Chemical Co. Lysolipids and fatty acids were delivered to EC cul-
tures as aqueous solutions or emulsions in phosphate-buffered saline;
diacyl phospholipids, 1-monopalmitin, and 1, 2-dipalmitin were
added as bath-sonicated emulsions. Fatty acids were delivered as eth-
anolic solutions.

Cell culture and media. EC from adult bovine aortas were iso-
lated as described (32) and subcultured in Dulbecco’s modified Ea-
gles and Hams F12 medium (1:1; GIBCO BRL, Gaithersburg, MD)
containing 5% fetal calf serum (Hyclone Laboratories Inc., Logan,
UT). EC were used between passages 5 through 20. All EC incuba-
tions were at 37°C in a humidified atmosphere of air containing 5%
CO,. Cellular protein synthesis was measured by incorporation of
[*H]leucine (New England Nuclear, Wilmington, DE) into trichloro-
acetic acid-precipitable material (33).

Preparation and modification of lipoproteins. LDL (d = 1.019-1.063)
was isolated by sequential ultracentrifugation from freshly drawn, ci-
trated normolipemic human plasma to which EDTA was added prior
to ultracentrifugation (24). The purity was assessed by gel electro-
phoresis, and all preparations were assayed for protein (34), total
cholesterol (Boehringer Mannheim Corp., Indianapolis, IN), endo-
toxin (Pierce Chemical Co., Rockford, IL), and thiobarbituric acid
(TBA)-reactivity (35).

Oxidized LDL was prepared by dialysis against 0.9% NaCl con-
taining 5 pM FeSO, (pH 7.4) at 37°C for 6 to 8 h with dialysate
changes every 2 h (17). Oxidation was stopped by the addition of

EDTA (100 wM, final concentration), the LDL was sterilized by pas-
sage through a 0.22-pm filter, and total cholesterol and TBA reactiv-
ity were determined. Phospholipase A, (PLA,)-modified lipoprotein
was prepared by incubating LDL (2 to 3 mg cholesterol) with bee
venom PLA, attached to agarose beads (Sigma Chemical Co.) in 100
mM Hepes (pH 8.5) containing 3 mM CaCl, and 25 uM butylated hy-
droxytoluene in a shaking water bath at 37°C (36). In experiments
where maximal formation of lysoPC was the desired end-point, LDL
was incubated with 5 U of immobilized PLA, in a total volume of
1 ml for 1 h. In experiments in which a range of lysoPC amounts was
required, 0.25 U of enzyme was added in a total volume of 1.7 ml for
times ranging from 10 to 240 min (this amount of enzyme and time in-
tervals were shown in preliminary studies to generate a broad and
consistent range of LDL lysoPC levels under these conditions). The
enzyme was removed by centrifugation and the LDL was concen-
trated to its original volume using a Centricon-10 (Amicon, Danvers,
MA), and sterilized by filtration.

Extraction and fractionation of lipids from oxidized LDL. Lipids
were extracted from oxidized LDL using chloroform:methanol (37),
dried under N, redissolved in the same solvent, and stored at —80°C.
The final concentration of the solvent in the culture medium was
< 0.5% by volume in all the experiments where lipid was delivered in
solvent. Lipid-free controls containing this amount of solvent were
tested and did not alter EC migration. Extracted lipids were dried un-
der N,, dissolved (at 4 mg/ml) in n-hexane:2-propanol:water (39:52:9,
vol/vol), and fractionated (1 ml/min) on a silica HPLC column (Li-
chrosorb SI-60 10 pm; 250 X 4.6 mm; Alltech Associates Inc., Deer-
field, IL) using the same solvent under isocratic conditions (38).
Eluted lipids were detected by absorbance at 206 nm. Lysophospho-
lipids containing saturated fatty acids have negligible absorbance at
this wavelength, and were detected by an alternate method: the
HPLC fractions were subjected to silica gel thin layer chromatogra-
phy using chloroform:acetone:methanol:acetic acid:water (60:80:20:
20:10, vol/vol) and visualized with Coomassie brilliant blue (39).

Measurement of endothelial cell motility. EC migration was mea-
sured by the “razor wound” method essentially as described (14, 17).
Confluent EC in 12-well tissue culture clusters were made quiescent
by replacing the medium with serum-free Dulbecco’s modified Ea-
gles medium (Sigma Chemical Co.) containing 1 mg/ml gelatin for at
least 24 h before use. The cultures were wounded with a razor and
medium containing gelatin (1 mg/ml) plus test lipids were added in a
total volume of 0.5 ml. Wound-induced migration was terminated af-
ter 22-24 h by fixing and staining with modified Wright-Giemsa stain
(Sigma Chemical Co.). A 256-gray level, 640 X 480 pixel image of the
cultures was captured by a digital charged couple device camera
mounted on a phase-contrast microscope. Image analysis was done
using the “Image” software package provided by Dr. Wayne Ras-
band, National Institutes of Health. In each well, two random fields,
each consisting of 1500 pm length of wound, were chosen and the
number of cells that crossed the origin line was determined. The data
from duplicate wells were expressed as the mean and standard error
of the number of migrating cells per 3000 pm of wound length. All
experiments were done two or more times, and representative results
are shown.

Results

Lysophosphatidylcholine inhibits endothelial cell migration.
Our previous work indicated that metal ion-oxidized LDL
blocks EC movement, and that about half of this activity was
recovered in a solvent extract (17). We tested the antimigra-
tory activity of lysoPC, a major component of oxidized LDL
with several known cellular activities. Micrographs of EC
taken after a 22-h migration period clearly showed that 1-pal-
mitoyl lysoPC (but not PC) inhibited wound-stimulated EC
movement in a concentration-dependent manner and without
causing apparent morphological injury (Fig. 1). Quantitation
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Figure 1. Inhibition of EC migration by lysoPC. Confluent, quiescent cultures of bovine aortic EC were incubated with 1-palmitoyl lysoPC (dis-
solved in medium) and egg PC (sonicated liposomes) at indicated concentrations. Migration was terminated after 22 h by addition of modified
Wright-Giemsa stain, and micrographs taken by phase contrast microscopy.
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Figure 2. Quantitation of antimigratory activity of lysoPC and its ef-
fect on EC viability. EC were incubated with egg PC (O0) and 1-palmi-
toyl lysoPC (M) for 22 h as described in Fig. 1. (A) The number of mi-
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of this result as the number of migrating EC gave a half-maxi-
mal inhibitory concentration at 12-15 wM, and near maximal
inhibition at 20 pM, concentrations below the critical micellar
concentration of 40-50 uM (40) (Fig. 2 A). Similar results were
obtained in multiple isolates of bovine aortic EC. The absence
of a cytotoxic effect of lysoPC was shown by determination of
cellular protein synthesis by incorporation of PH]Jleucine into
cellular protein (Fig. 2 B). The lack of toxicity of lysoPC was
verified by the absence of trypan blue-stained cells (not
shown) and by continuous time-lapse videomicrography dur-
ing which death and subsequent detachment of cells was not
seen. The inhibitory activity of 1-palmitoyl lysoPC was com-
pletely reversed within 24 h after removal of the lipid, further
verifying that the inhibition of migration was not due to cell in-
jury or death (Fig. 3). To show that lysoPC specifically inhib-
ited migration rather than proliferation the effect of hydroxy-
urea, an inhibitor of EC proliferation was used. At 1 mM
hydroxyurea, a concentration that completely blocks prolifera-
tion of bovine aortic EC (14), lysoPC (20 pM) inhibited cell
migration by 69% (mean of three experiments), showing that
lysoPC specifically inhibits EC movement.

The influence of lysophospholipid structure on antimigra-
tory activity. The specific structural attributes, i.e., 1-position
fatty acid chain length and degree of saturation in addition to
head group, that influence lysolipid antimigratory activity
were investigated. Examining a series of lysoPC’s containing
saturated fatty acids, 1-stearoyl (C18:0) lysoPC was seen to
have approximately the same potent antimigratory activity as
1-palmitoyl (C16:0) lysoPC (Fig. 4 A). In contrast, lysoPC’s
containing shorter saturated fatty acids (C10:0, C12:0, and

grating cells in duplicate wells (mean=standard error) was quantitated
by computer-assisted particle analysis. Cell migration in control wells
was 344+15 cells per 3000 wm of wound. (B) In parallel duplicate
wells, [*H]leucine (1 wCi/ml) was added during the final 2 h of the in-
cubation, and cellular protein synthesis measured as trichloroacetic
acid-precipitable protein.
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Figure 3. Reversibility of antimigratory activity of lysoPC. Confluent
EC cultures were incubated for 1-day in the presence or absence of
1-palmitoyl lysoPC (18 wM), the medium replaced with lysoPC-free
medium, and cell migration allowed to continue for two additional
days. After each day duplicate EC cultures were fixed and stained,
and cell migration was determined. The number of migrating cells in
cultures of untreated EC (light hatched bars), EC treated with lysoPC
(solid bar), and EC treated with lysoPC followed by lysoPC-free me-
dium (heavy hatched bars) are shown. Cell migration in control wells
was 40818 cells.

C14:0) were almost completely without effect. The degree of
saturation of the fatty acid was also a critical determinant of
activity. LysoPC containing 1-position saturated fatty acids
(C16:0 and C18:0) were slightly more active than lysoPC with a
monounsaturated fatty acid (C18:1), and lysoPC containing
polyunsaturated fatty acids (C18:2 and C18:3) were completely
ineffective (Fig. 4 B). The antimigratory activity of the satu-

rated, long chain fatty acids was not due to contaminating free
fatty acids or intracellular release of fatty acids (by cellular
lysophospholipase activity) since free fatty acids at the same
concentration were not antimigratory (not shown).

To investigate the role of lysolipid head group, the antimi-
gratory activity of a series of 1-palmitoyl lysophospholipids
was examined. LysoPI was found to be slightly more potent
than lysoPC, and lysoPG and lysoPS had about the same activ-
ity as lysoPC (Fig. 4 C). LysoPE and 1-palmitoyl monoglycer-
ide were ineffective while lysoPA was unique among all lyso-
lipids tested in that it stimulated EC movement by up to 50%.

Antimigratory activity of phospholipase A,-modified LDL.
The cellular delivery of purified lysophospholipids as emul-
sions is almost certainly not equivalent (in terms of amounts
delivered, utilization of cellular receptors, intracellular local-
ization and metabolism, etc.) to the delivery of the same lipids
within intact lipoproteins. We therefore investigated the anti-
migratory activity of lysoPC generated within LDL itself by
treatment of the particle with PLA,. Native LDL was treated
with 5 U of immobilized bee venom PLA, as described in
Methods. Lipoprotein PC was converted almost completely to
lysoPC as determined by Coomassie brilliant blue staining of
lipid extracts after thin layer chromatography; the final amount
of lysoPC was 335 pg/mg LDL cholesterol. PLA,-modified
LDL inhibited EC migration in a dose-dependent manner with
a potency and maximal activity comparable to LDL oxidized
by incubation with 5 uM FeSO, (and containing 239 pg
lysoPC/mg LDL cholesterol) (Fig. 5). Since Fe-oxidized LDL
has about the same antimigratory activity as PLA,-treated
LDL, while containing less lysoPC, it is possible that the
former may contain additional non-lysoPC-like inhibitors (see
below). Untreated LDL and LDL mock-treated with phospho-
lipase-free agarose beads did not inhibit EC movement.
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Figure 4. Effect of lysolipid structure on antimigratory activity. Bovine aortic EC cultures were wounded and incubated for 22 h with lysolipids
at the concentrations shown; control wells not containing lysolipids are indicated (<). (A) Wounded EC were treated with a homologous series
of lysoPC’s containing 1-position saturated fatty acids: 1-decanoyl lysoPC (C,,, O); 1-lauroyl lysoPC (Cy,,, ®); 1-myristoyl lysoPC (C,4, A);
1-palmitoyl lysoPC (C¢, A); and 1-stearoyl lysoPC (Cig, ¥). (B) Wounded EC were treated with lysoPC’s containing 1-position fatty acids of
varying degrees of unsaturation: 1-palmitoyl lysoPC (C,4,, O); 1-stearoyl lysoPC (C,g,, A); 1-oleoyl lysoPC (C,z, ®); 1-linoleoyl lysoPC (Cis.,
V); and 1-linolenoyl lysoPC (Cyg3, V). (C) Wounded EC were treated with 1-palmitoyl lysolipids containing various head groups: lysoPI (LPI,
V); lysoPC (LPC, B); lysoPG (LPG, O); lysoPS (LPS, A);lysoPE (LPE, A); monoglyceride (MG, OJ); and lysoPA (LPA, @). Cell migration in
control wells was 508+15, 45021, and 271*12 cells in A, B, and C, respectively.

Lysophosphatidylcholine Inhibits Endothelial Cell Motility =~ 2739



150 T T T T T T

Untreated LDL
—~ 125

Agarose bead-
treated LDL

EC Migration (% of Contro

75 b
50 I PLA,- }
Iron- treated LDL i
Oxidized
ar LDL
0 1 L 1 1 1
0 100 200 300 400

Lipoprotein Concentration (ug Cholesterol/ml)

Figure 5. Antimigratory activity of phospholipase A,-treated LDL.
Native LDL (2.5 mg cholesterol) was modified by incubation with
bee venom PLA, (5 U) immobilized on agarose beads for 1 h at 37°C
as described in Methods. As a control, LDL was similarly treated
with phospholipase-free agarose beads. LDL was oxidized by incuba-
tion with 5 uM FeSO, for 6 h at 37°C (final TBA reactivity was ap-
proximately 8 nmol MDA/mg cholesterol). Untreated LDL (O), aga-
rose bead-treated LDL (OJ), PLA,-modified LDL (M), and Fe-
oxidized LDL (@) were incubated with wounded EC cultures for 22 h
and EC migration determined. Cell migration in control wells was
224+2 cells.

To more directly evaluate the role of lysoPC in the antimi-
gratory activity of PLA,-treated lipoprotein, LDL was variably
modified by incubation with PLA, for several times up to 4 h,
and the activity was quantitatively compared to lysoPC con-
tent. As expected, the appearance of lysoPC correlated with
the disappearance of PC (Fig. 6). Furthermore, the antimigra-
tory activity directly correlated with lysoPC content providing
further evidence that lysoPC within LDL was an effective in-
hibitor.

Antimigratory activity of lysoPC fraction of iron-oxidized
LDL. To investigate the potential role of lysoPC in the anti-
migratory activity of oxLDL, the amount of lysoPC in Fe-oxi-
dized LDL was quantitated by thin layer chromatography of
solvent extracts and densitometry of the lysoPC fractions after
staining with Coomassie Brilliant Blue (and comparison to au-
thentic standards). Oxidized LDL contained 200-250 pg of
lysoPC per mg of LDL cholesterol, an amount within the
range reported by others (37, 41). LysoPC was absent or
present in only trace amounts in native LDL. In our previous
work the maximal antimigratory activity of oxidized LDL was
observed at about 400 pg cholesterol/ml (17), a lipoprotein
concentration equivalent to 160-200 M of lysoPC. Thus the
amount of lysoPC present in Fe-oxidized LDL is more than
sufficient to account for the antimigratory activity of the par-
ent lipoprotein.

The antimigratory activity of the lipid component of Fe-
oxidized LDL, was tested after extraction with chloroform:
methanol (37) and sonication in medium. The solvent-extracted
fraction contained substantial antimigratory activity, but it was
significantly less than the intact particle (Fig. 7 C). This was
consistent with our previous report that an acetone extract of
Fe-oxidized LDL contained about half of the activity of the
unextracted lipoprotein (17). Incomplete recovery in solvent
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Figure 6. Correlation of lysoPC and antimigratory activity in phos-
pholipase A,-treated LDL. Native LDL (3 mg cholesterol) was modi-
fied with bee venom PLA, (0.25 U) immobilized on agarose beads for
up to 4 h. The lipids from LDL containing 50 pg cholesterol were ex-
tracted with chloroform:methanol, subjected to silica gel thin layer
chromatography, and visualized with Coomassie brilliant blue (inset).
The amounts of lysoPC and PC were quantitated by densitometry
and comparison to authentic phospholipid standards. Wounded EC
cultures were incubated with PLA,-modified LDL (300 g choles-
terol/ml) for 22 h and EC migration (A) compared with the amount
of lysoPC () and PC (O) in the modified lipoprotein. Cell migration
in control wells was 2269 cells.

extracts was shown previously for several distinct cellular ac-
tivities of oxidized LDL including inhibition of growth factor
and cytokine expression by several cell types (42—44); the in-
complete recovery could be due to the incomplete extraction
of the lipid inhibitor(s), the presence of non-extractable inhibi-
tors, or the lower activity of the inhibitor lipid when delivered
to cells in emulsified extracts rather than in an intact lipopro-
tein. The solvent extract of oxidized LDL was fractionated by
normal phase (silica) HPLC (Fig. 7, A and B). The absorbance
profile at 206 nm indicates that a substantial amount of the PC
in LDL is modified during the oxidation procedure. An absor-
bance peak corresponding to the appearance of lysoPC was
not present since lysoPC’s containing 1-position saturated and
monounsaturated fatty acids have negligible absorbance at this
wavelength (data not shown). To identify lysoPC and other
lipid components, 10-min fractions were taken, dried under N,,
subjected to silica gel thin layer chromatography, and visual-
ized with Coomassie brilliant blue. Only fractions V and VI
(corresponding to elution times between 40 and 60 min) con-
tained lipids that comigrated with authentic lysoPC as shown
by HPLC chromatography of lysoPC standards, (not shown),
and by comparison of the fractions to 1-palmitoyl lysoPC thin
layer chromatography followed by Coomassie brilliant blue
staining (Fig. 7 B, inset). The corresponding fractions in LDL
did not contain detectable amounts of lysoPC (Fig. 7 A, inset).

The antimigratory activity of the HPLC fractions of LDL
and oxidized LDL was tested. HPLC fractions were dried un-
der N,, emulsified in medium using a bath sonicator, and
added to wounded EC cultures (Fig. 7 C). The fractions of oxi-
dized LDL containing lysoPC (fractions V and VI) are potent
inhibitors of EC movement with an activity essentially the
same as an equivalent amount of intact oxidized LDL, and sur-
passing the activity of the whole extract. In a positive control
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Figure 7. Identification of antimigratory lipid fractions by normal
phase HPLC. Lipids were extracted from native and Fe-oxidized
LDL described in Methods and subjected to normal phase HPLC on
a silica column. Fractions were collected at 10 min intervals, dried un-
der N,, chromatographed on silica gel thin layer chromatography
plates (next to PC, lysoPC and sphingomyelin [SM] standards), and
visualized with Coomassie brilliant stain. (A) Absorbance (206 nm)
trace from an extract of native LDL (600 g of cholesterol). Inset,
thin layer chromatogram of native LDL extract (Extr.) and fractions I
through VI. (B) Absorbance trace from an extract of Fe-oxidized
LDL (600 wg cholesterol). Inset, thin layer chromatogram of oxidized
LDL extract and fractions I through VI. (C) HPLC fractions from ex-
tract of Fe-oxidized LDL were dried under N, and emulsified by son-
ication in medium. Confluent EC cultures were wounded and incu-
bated with oxidized LDL (OxLDL, @), the unfractionated solvent
extract (O), and HPLC fractions I (V¥), II (A), III (M), IV (O0), V +
VI (A), and VII (V) for 22 h, and cell migration was determined. Cell
migration in control wells was 53510 cells.

experiment, PLA,-treated LDL was extracted and fraction-
ated by HPLC by the same methods; both lysoPC (by thin
layer chromatography and Coomassie blue staining) and anti-
migratory activity appeared in fractions V and VI only, thus
confirming the utility of the method and the activity of lysoPC.
Fractions V and VI from native LDL did not have antimigra-
tory activity (not shown). A significant amount of the antimi-
gratory activity in oxidized LDL lipids was consistently seen in

fraction I. This lipid fraction is likely to contain cytotoxic sterol
derivatives including 7B-hydroperoxycholestenol, the major
cytotoxin in oxidized LDL (30). This fraction was not toxic (by
morphological criteria) in our experiments, possibly due to the
fact that the cytotoxic lipids studied to date are most effective
on proliferating cells, and the unstimulated, confluent cells in
serum-free medium used in our experiments should be less
susceptible to their action. 73-Hydroperoxycholestenol and its
7a- stereoisomer were found to completely lack antimigratory
activity (at concentrations equivalent to those present in oxi-
dized LDL), and the identity of the specific antimigratory
lipid(s) in fraction I is yet to be identified. The oxidized LDL
fractions containing PC and sphingomyelin (fractions II and
IIT) and two fractions not containing Coomassie-detectable
lipids were almost completely inactive (as was a solvent con-
trol). In summary, these results show that a majority of the an-
timigratory activity of oxidized LDL is either lysoPC or a
structurally related, co-migrating lipid.

Discussion

During metal ion-mediated LDL oxidation, lysoPC is thought
to be formed from PC by an endogenous phospholipase A, ac-
tivity specific for phospholipids containing oxidatively-modi-
fied chains in the 2-position (45). Our results indicate that
lysoPC is the lipid primarily responsible for oxidized LDL-medi-
ated inhibition of EC movement. This conclusion is supported
by the antimigratory activity of lysoPC added either as vesicles
of purified lipid or within PLA,-modified LDL. Furthermore,
Fe-oxidized LDL contains amounts of lysoPC consistent with
antimigratory activity, and the majority of the activity of a sol-
vent extract of oxidized LDL is found in an HPLC fraction
that co-migrates with authentic lysoPC. Our finding that
lysoPC has a predominant role in the function of oxidized
LDL is consistent with observations of several laboratories in-
vestigating multiple vascular processes. LysoPC is a chemoat-
tractant for monocytes (46) and induces leukocyte adhesion
molecules (40); lysoPC suppresses endothelin-1 secretion by
EC (37) but impairs endothelium-dependent relaxation of ves-
sel strips (47); lysoPC induces transcription of platelet-derived
growth factor A- and B-chains and heparin-binding epidermal
growth factor-like protein (48) and enhances smooth muscle
cell (49) and macrophage proliferation (50). In several of these
studies lysoPC was shown to be primarily or entirely responsi-
ble for the cellular activity of oxidized LDL (37, 40, 46, 47).

Investigation of the antimigratory activity of various lyso-
phospholipids shows that specific structural features pro-
foundly influence activity. The length of the fatty acid is an
important regulatory factor since lysoPC containing sn-1-
position saturated fatty acid chains containing 16 or 18 car-
bons are highly inhibitory, while those containing 10, 12, or 14
carbons are ineffective. The relative activities are similar to
those reported for chemoattraction of lymphoblastic (51) and
monocytic (46) cells by lysoPC. Similarly, lysoPC containing
long-chain saturated fatty acids preferentially stimulate (Ca?*,
Mg?")-ATPase activity of human erythrocyte membranes
(52). Our results also indicate that lysoPC’s containing satu-
rated and monounsaturated fatty acids have much more anti-
migratory activity than those containing polyunsaturated fatty
acids, a finding not seen in all cell processes influenced by
lysolipids (52).
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Our results also show that lysolipid head group is a deter-
minant of antimigratory activity. Specifically, the activity of
lysoPI is much higher than lysoPC, lysoPG, and lysoPS, which
in turn are higher than lysoPE and monoacylglycerol. This or-
der of activity is consistent with that seen for chemoattraction
of human monocytes (46). It is noteworthy that the same lipids
that stimulate movement of monocytes, T-lymphocytes, and
smooth muscle cells (23), inhibit movement of EC. In contrast,
Kume et al. (40) have shown that the induction of EC adhesion
molecules by lysoPE (and lysoPC) is significantly higher than
by lysoPI (and lysoPS). Taken together these results again sug-
gest that there are differential biological activities of specific
lysophospholipids. The results of Kume et al. (40) are consis-
tent with a charge-dependence of lysolipid activity (phospho-
lipids without net charge having more activity than negative
phospholipids), but the same conclusion cannot be made for
antimigratory activity. In contrast, our data are consistent with
a mechanism in which head group molecular size is the pri-
mary determinant of activity since the size of the head group of
the most inhibitory lipid, lysoPI (257 D), is greater than that
for the moderately inhibitory lysoPC (182 D), lysoPG (170 D),
and lysoPS (183 D), which are greater than that for the inac-
tive lysolipids, lysoPE (140 D) and monoacylglycerol (no head
group). According to one possible mechanism, a large head
group spatially constrains lysolipid packing and adversely af-
fects membrane function. Similar results showing a correlation
between lysophospholipid head group size (and not charge) on
ion channel function have been previously reported (53). In
contrast to all other lysolipids tested, which either inhibit or do
not affect EC movement, lysoPA is unique since it enhances
cell movement in our assay system. This finding differs some-
what from the report of Jalink et al. (54) in which lysoPA is
shown to be a chemoattractant for Dictyostelium discoideum
(when applied as a gradient), but unlike our observations with
EC, it lacks chemokinetic activity in that system.

The mechanism(s) by which lysoPC inhibits EC motility is
not known. Although lysoPC at concentrations above its criti-
cal micellar concentration is cytotoxic (55), in the observed
suppression of EC migration is not due to lethal cell injury
since: (a) inhibition is observed at lysolipid concentrations be-
low the critical micellar concentration; (b) cellular protein syn-
thesis is unaffected; and (c) the inhibition is completely reversed
by removal of the lipid. LysoPC may exert antimigratory activ-
ity by multiple mechanisms including interference with:
growth factor receptor activity (lysoPC blocks the promigra-
tory activity of basic fibroblast growth factor, not shown), in-
tracellular signaling pathways, assembly of cytoskeletal struc-
tures involved in cell motility, and activity of proteases that
degrade extracellular matrix molecules and are required for
cell movement. Recent reports indicate that lysoPC-mediated
EC dysfunction (56, 57) involves the activation of protein ki-
nase C. In other studies lysoPC and pertussis toxin have been
shown to inhibit vessel relaxation by similar mechanisms, sug-
gesting that lysoPC may interfere with a G-protein—mediated
signaling pathway (58). This mechanism is consistent with our
previous report that basic fibroblast growth factor-stimulated
movement of EC requires the activity of a pertussis toxin-sen-
sitive G-protein (59).

The physiological role for the antimigratory activity of
lysolipids has not been examined. However, the presence of
lysoPC in physiological compartments exposed to vascular en-
dothelium in vivo has been demonstrated, e.g., lysoPC is a nor-
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mal constituent of plasma (60) and hyperlipemic LDL contains
elevated amounts of lysoPC (61). Furthermore, the amount of
lysoPC in atherosclerotic lesions in humans and experimental
animals is higher than in uninvolved tissues (61-63). Oxida-
tively-modified LDL is a likely source of sub-endothelial
lysoPC since lesions contain lipoproteins resembling oxidized
LDL (19). The finding that lysoPC’s with long-chain, saturated
fatty acids are antimigratory is consistent with the inhibitory
activity of lysolipids in oxidized LDL since the sn-1 position of
PC in human LDL is enriched with palmitic (~ 60% of total)
and stearic (~ 25% of total) acids (64, 65). Similarly, the lyso-
lipid component of LDL and its oxidatively-modified counter-
part is primarily the highly active lysoPC with very low amounts
of the less active lysoPS and lysoPE (46).

The presence of lysoPC in the subendothelial space invites
speculation that its antimigratory activity may have a role in
the limited re-endothelialization observed in injured blood
vessels and in arterial grafts in vivo (66). We propose that the
following events occur. After vessel injury, the tissue below the
regenerating endothelium preferentially accumulates lipopro-
teins (67, 68) which become oxidatively modified by cell-medi-
ated processes (69, 70) and trapped by their high affinity for
collagen and other matrix molecules (71). This process leads to
an increase in the local concentration of lysoPC which may
subsequently limit the regeneration of endothelium. Further
studies are necessary to understand the molecular mechanisms
by which lysoPC inhibits EC migration and define its role in
the EC regeneration process.
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