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Abstract

Incubation of cocultures of human aortic endothelial (HAEC)
and smooth muscle cells (HASMC) with LDL in the presence
of 5-10% human serum resulted in a 7.2-fold induction of
mRNAfor monocyte chemotactic protein 1 (MCP-1), a 2.5-
fold increase in the levels of MCP-1 protein in the coculture
supernatants, and a 7.1-fold increase in the transmigration of
monocytes into the subendothelial space of the cocultures.
Monocyte migration was inhibited by 91% by antibody to
MCP-1. Media collected from the cocultures that had been
incubated with LDL induced target endothelial cells (EC) to
bind monocyte but not neutrophil-like cells. Media collected
from cocultures that had been incubated with LDL-induced
monocyte migration into the subendothelial space of other co-
cultures that had not been exposed to LDL. In contrast, media
from separate cultures of EC or smooth muscle cells (SMC)
containing equal number of ECor SMCcompared to coculture
and incubated with the same LDL did not induce monocyte
migration when incubated with the target cocultures. High den-
sity lipoprotein HDL, when presented to cocultures together
with LDL, reduced the increased monocyte transmigration by
91%. Virtually all of the HDL-mediated inhibition was ac-
counted for by the HDL2 subfraction. HDL3 was essentially
without effect. Apolipoprotein Al was also ineffective in pre-
venting monocyte transmigration while phosphatidylcholine li-
posomes were as effective as HDL2suggesting that lipid compo-
nents of HDL2may have been responsible for its action. Prein-
cubating LDL with fl-carotene or with a-tocopherol did not
reduce monocyte migration. However, pretreatment of LDL
with probucol or pretreatment of the cocultures with probucol,
fl-carotene, or a-tocopherol before the addition of LDL pre-
vented the LDL-induced monocyte transmigration. Addition of
HDLor probucol to LDL after the exposure to cocultures did
not prevent the modified LDL from inducing monocyte trans-
migration in fresh cocultures. Weconclude that cocultures of
human aortic cells can modify LDL even in the presence of
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serum, resulting in the induction of MCP-1, and that HDLand
antioxidants prevent the LDL induced monocyte transmigra-
tion. (J. Clin. Invest. 1991. 88:2039-2046.) Key words: endo-
thelial * smooth muscle * vitamin E * beta-carotene * probucol

Introduction

Accumulating evidence suggests that oxidized lipoproteins
may play a critical role in the development of atherosclerosis.
These lipoproteins have been observed in atherosclerotic
plaques in human (1, 2) and in experimental animals (3-5).
Additionally, the development of lesions in cholesterol-fed or
Watanabe rabbits can be diminished by treatment with antiox-
idants such as probucol or butylated hydroxytoluene (6-8).
LDL has been demonstrated to undergo modification by endo-
thelial cells (EC)' (9, 10), smooth muscle cells (SMC) (9, 11),
and monocyte-macrophages (12) in culture in the absence of
serum. In previous studies the inclusion of even small amounts
of serum in the incubation media prevented the modification
of LDL (13). Although the mechanism of modification of LDL
in the vessel wall is not well understood, it must occur in the
presence of plasma components with antioxidant properties
such as a-tocopherol, ceruloplasmin, or transferrin. Wehave
used a coculture of human aortic EC and SMC(HAEC,
HASMC)and studied the modification of native LDL in the
presence of serum. Wenow report that incubation of LDL with
artery wall cells results in a significant induction of monocyte
chemotactic protein 1 (MCP- 1) mRNAand protein, and in a
marked increase in monocyte adhesion to and transmigration
across the endothelial monolayer in the cocultures. HDLand
antioxidants prevent these LDL-induced effects.

Methods

Materials. Tissue culture media, serum, supplements, and reagents for
Northern analyses were obtained from sources reported (14, 15). Goat
anti-rabbit immunoglobulin conjugated with alkaline phosphatase
(#A-7650) and egg phosphatidylcholine (#P-1013) were purchased
from Sigma Chemical Co., St. Louis, MO. Probucol was a gift of Dr.
Richard Jackson, Merrell DowPharmaceuticals, Inc., Cincinnati, OH.
Apoprotein Al was a gift of Dr. Henry J. Pownall, Baylor College of
Medicine, Houston, TX.

Cocultures. HAEC, HASMC,and human peripheral blood mono-
cytes were isolated as described (16). A 24-well unit was developed for

1. Abbreviations used in this paper: EC, endothelial cells; HAEC, hu-
man aortic EC; HASMC,human aortic smooth muscle cells; MCP-1,
monocyte chemotactic protein 1; MM-LDL, minimally modified
LDL; PC, phosphatidylcholine; SMC, smooth muscle cells.
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the study ofmonocyte transmigration. The unit illustrated diagrammat-
ically in Fig. 1 was constructed from polycarbonate and is composed of
a stainless steel base with 1-cm diameter openings, a polycarbonate
sheet on top of the metal base that served as support for growing the
cells and forming the cocultures, a nontoxic silicone gasket, and an
upper template constructed from polycarbonate (Lexan; General Elec-
tric Plastics, Inc., Mt. Vernon, IN) that formed 24 wells containing the
cocultures. The polycarbonate membrane was treated with 0.1% gela-
tin during sterilization in an autoclave, HASMCwere seeded on the
membrane in the unit at a confluent density of 1.5 x 10' cells/cm2 and
cultured for 2 d at which time they covered the entire surface of the
membrane and had produced a substantial amount of extracellular
matrix. HAECwere subsequently seeded on top of the matrix HASMC
at 2.5 x 1O' cells/cm2 and allowed to grow forming a complete mono-
layer of confluent ECin 24 h (14, 15). In all experiments, HAEC, and
autologous HASMC(from the same donor) were used at passage levels
of 5-10. The growth medium contained 10% heat inactivated pooled
human serum and 10% fetal bovine serum in Iscove's modified Eagle's
medium (IDME) or in medium 199. In some experiments cocultures
were formed on filters attached onto inserts (Costar Corp., Cambridge,
MA) or on discs made from polycarbonate membranes, in 24-well cell
culture plates. Identical results were obtained with cocultures formed
in the different systems used. Blood monocytes were obtained from
individuals from a large pool of healthy donors by a modification of the
Recalde procedure (16) and cryopreserved as previously described (15).
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Figure 1. Schematic diagram of the multiwell unit for monocyte
transmigration assay. The unit was constructed from: a stainless steel
base (1) with 1-cm diameter openings allowing microscopic examina-
tion of the cells; a polycarbonate membrane, 0.006 inch in thickness
(2); a nontoxic silicone gasket 0.01 inch in thickness (3); and a tem-
plate made from polycarbonate (4) with 1-cm diameter holes (5) that
formed 24 wells over the membrane. The unit is aligned using two
dowels (6) and tightened with cap screws (7) and is covered with a
24-well cell culture plate lid (8). (A) Top view; (B) side view cross-
section.

The human monocytes isolated by the modified Recalde procedure
and cryopreserved have been demonstrated to be comparable with
monocytes isolated by conventional procedures in terms of cell viabil-
ity, protein content, purity, and monocyte chemotaxis (15).

Northern analyses. A 738-bp MCP-1 insert was removed from an
MCP-l/pUC18 construct by digestion with EcoRI and BamHI accord-
ing to the instructions provided by American Type Culture Collection,
Rockville, MD. The MCP-I cDNAinsert was then purified by electro-
phoresis through agarose gel and was nick translated to a sp act of 8
X 108 cpm/.ug cDNA insert using a [32P] dCTP nick translation kit
(Pharmacia LKB Biotechnology Inc., Piscataway, NJ). For Northern
blot analyses, the media were removed, cell layers were washed with
PBS, pH 7.4, and total cellular RNAwas isolated by lysis of cell layers
in guanidinium isothiocyanate, phenol-chloroform extraction, and pre-
cipitation (17). 10 Ag of each RNApreparation from cocultures or
components was denatured and subjected to electrophoresis on a 1.2%
formaldehyde agarose gel. This was followed by blotting onto nylon
filters and UVcrosslinking (15). The blots were prehybridized for 1 h at
650C. The buffer was then discarded and the hybridization to the
cDNAprobe for MCP-I was performed in the same buffer for 16 h at
550C (15). The probe was previously labeled to a sp act of - 09 cpm/
Mg(18) and 2 x 106 cpm/ml was used for each blot. The blots were then
washed once for 30 s with 100 ml of 2X SSC, twice with 500 ml of l x
SSCfor 30 min each at room temperature, and twice with 0.5X SSCfor
30 min each at 55°C and were autoradiographed. The autoradiographs
were scanned by laser densitometry, signals were quantitated, and were
normalized for a-tubulin values.

Lipoproteins. LDL (d = 1.019-1.063) and total HDL(d = 1.065-
1.21), HDL2 (d = 1.065-1.125), and HDL3 (d = 1. 125-1.21) were
isolated from the plasma of normal blood donors by density gradient
ultracentrifugation as described (19) and were used within 2-4 wk of
isolation. The concentration of lipoproteins is expressed in terms of
protein content throughout this report.

Phosphatidylcholine liposomes. Egg phosphatidylcholine (PC) was
dissolved in chloroform, the solvent was completely evaporated under
a stream of nitrogen, PBS pH 7.4, was added and the dispersion was
exposed to 4 X 10-s pulses of sonication under argon and at 4°C.

ELISA for MCP-J . Using the antibody prepared in a rabbit, against
purified baboon aortic SMC(20) later shown to be the same as the
monocyte chemotactic protein 1 (21), an ELISA was developed for
measuring the concentration of MCP-l in the culture supernatants.
Briefly, Immulon I plates (Dynatech Laboratories, Inc., Alexandria,
VA) were coated with anti-MCP- I diluted to 1:100,000 and kept at 4°C
for 16 h. Plates were then washed five times with PBS-Tween. Test
samples or pure MCP-1 standard solutions were diluted in PBS-Tween
and were incubated for 45 min at 37°C and were kept at 4°C for 16 h.
Plates were then washed five times with PBS-Tween and were incu-
bated with a 1:2,000 dilution of anti-MCP-l antibody at 37°C for 45
min followed by five times washing with PBS-Tween and incubation
with 100 Ml/well of 1:2,000 dilution of a goat anti-rabbit IgG conju-
gated with alkaline phosphatase. After 45 min of incubation at 37°C
plates were washed and 200 Al of 1 Ag/ml p-nitrophenylphosphate was

added. Plates were kept in the dark at room temperature and optical
density at 405 nm was determined in an ELISA reader (Molecular
Devices Corp., Menlo Park, CA). The concentration of MCP-l in cul-
ture supernatants was determined using the linear portion of the stan-
dard curve constructed using pure MCP-1.

Monocyte transmigration. Monocytes were labeled with the fluores-
cent probe l,1'-dioctadecyl-3,3,3',3'-tetramethyl-indo-carbocyanine
perchlorate (DiI) at 4°C for 10 min (22). The cocultures were treated
with native LDL (100 ,g/ml), LDL + antibody to MCP-l, or LDL
+ irrelevant antibody. The culture supernatants were subsequently
transferred to untreated cocultures and were incubated for a second 24
h. The cocultures were subsequently washed with culture medium at

37°C and Dil-labeled monocytes were placed on cocultures in the mul-
tiwell unit at 2.5 X 1O' cells/0.5 ml per cm2 and were incubated for 60
min at 37°C. The IDME medium used contained 0.5% heat inacti-
vated pooled human serum. The medium containing nonadherent leu-
kocytes was then removed, cell layers were washed at 370C to remove
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the loosely adherent monocytes on top of the EC. The cocultures on the
polycarbonate membranes were fixed with 10% neutral buffered for-
malin at room temperature for 24 h and were mounted on glass slides.
The number of monocytes in the subendothelial space (beneath the
ECs) in a minimum of nine fields were determined under 500 magnifi-
cation and fluorescence microscopy.

Monocyte adhesion assay. Medium conditioned by cocultures for
24 h was transferred to confluent endothelial monolayers in 48-well
tissue culture plates (23) and the plates were incubated for 4 h at 370C.
The medium was then removed and the EC layers were washed three
times with RPMI 1640 containing 1% (vol/vol) fetal bovine serum.
Monocytes or THP- 1 cells (from a monocyte-like cell line) were placed
on ECat 1.2 X I0 cells/cm2, and the dishes were incubated for 30 min
at 370C. The suspension was removed, the cell layers were vigorously
washed three times to remove all but the firmly adherent monocytes or

THP-l cells on EC. To some wells the neutrophil-like, HL-60 cells
(from a promyelocytic cell line) were added in place of THP-1. The
number of adherent leukocytes was determined in 20 microscopic
fields.

Other procedures. Measurement of cell protein content was done by
the method of Lowry et al. (24) and determination of cell number was
carried out by standard procedures (25). The level of thiobarbituric
reactive substances was measured using a modification of the proce-
dure described by Morel et al. (26) provided by Drs. Guy Chisolm and
Paul DiCorleto of The Research Institute of The Cleveland Clinic
Foundation, OH. Fluorescence was determined with excitation at 360
nm and emission maximum at 430 nm with excitation and emission
slits maintained at 5 nm. Gel electrophoresis was carried out using
0.7% agarose gel at pH 8.6 in 0.05 Mbarbital buffer. The assay for
macrophage degradation of lipoproteins was conducted as previously
reported (27).

Results

Conditioned medium containing LDL (at 500 ug/ml) previ-
ously incubated with cocultures of human aortic wall cells con-
taining 5%serum for 24 h at 37°C, induced a 2.8-fold increase
in the number of monocytes that adhered to target endothelial
monolayers as compared to the coculture conditioned medium
that did not contain the additional LDL (Fig. 2 A; compare
EC/SMC+ LDL and EC/SMC, NOLDL). LDL incubated in
the same tissue culture medium containing 5% serum in the
absence of cells, did not induce monocyte adhesion to the EC
monolayers (Fig. 2 A, NOCELLS, +LDL). In contrast, adhe-
sion of neutrophil-like cells to ECmonolayers was not induced
by LDL containing medium that was previously incubated
with cocultures (Fig. 2 A, EC/SMC+ LDL, PMNs). In other
studies cocultures of HAECand HASMCwere incubated in
the presence of 5-10% human serum and some were supple-
mented with 100 gg/ml of LDL in the absence or presence of
antibody. After 24 h the conditioned media were removed and
incubated with untreated cocultures for an additional 24 h.
The media were removed and human monocytes were added
to the cocultures and their transmigration into the subendothe-
lial space of the cocultures was determined (Fig. 2 B). Incuba-
tion of LDL with cocultures induced a 7.1-fold increase in
monocyte migration into the subendothelial space. This effect
was comparable to that induced by the potent chemoattractant
FMLP. The presence of antibody to MCP-l abolished the in-
duced monocyte migration by 91%while an irrelevant immu-
noglobulin did not have a significant effect. As shown in Fig. 3
A, incubation of LDL at 500 ,ug/ml with cocultures of HAEC
and HASMCfor 24 h resulted in a marked induction of mes-

sage for MCP-I which was 7.2-fold greater than the sum of the
values determined for ECand SMCcultured separately. Super-
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Figure 2. (A) Effect of coculture modified-LDL on monocyte adhe-
sion to target EC. Cocultures of human aortic ECand SMCin the
presence of 5% serum were incubated in the absence (EC/SMC, NO
LDL) or presence (EC/SMC, +LDL) of LDL at 500 tg/ml for 24 h.
The conditioned medium was collected and was incubated with target
ECmonolayers for 4 h. The monolayers were subsequently washed
with culture medium and monocytes or neutrophil-like cells (PMNs)
were added to EC layers and incubated for 30 min. The monolayers
were then vigorously washed to remove the loosely adherent cells and
the adherent leukocytes were enumerated under 500 magnification.
The values are mean±SDof number of adherent leukocytes in 20
fields in triplicate wells in two separate experiments. (B) Monocyte
transmigration into the subendothelial space. Cocultures of HAEC
and HASMCon polycarbonate membranes were incubated with 100
,tg/ml of LDL in the presence of 5-10% serum (LDL). Someof the
cocultures contained Fab fragments prepared from an antibody to
MCP-1, (+ANTI MCP-J), or from an irrelevent antibody, (+IRREL.
IgG). After 24 h, the supernatants containing the cell modified LDL
(CELL-MOD. LDL) were transferred to fresh sets of cocultures
CELL-MOD. LDL; CELL-MOD. LDL + ANTI MCP-1; CELL-
MOD.LDL + IRREL. IgG and incubated for an additional 24 h. The
culture medium was then removed, the cell layers were washed at
37°C, and fluorescently labeled human monocytes were added at 2.5
x I0O cells/0.5 ml per cm2. Someof the cocultures without LDL re-
ceived the reference chemoatractant f-met-leu-phe 1 h before the ad-
dition of monocytes (+FMLP). After 60 min at 37°C, the media were
removed, the cocultures were washed at 37°C, and the preparations
were fixed with 10% neutral buffered formalin for 24 h. The mem-
branes or discs were mounted on glass slides and the subendothelial
monocytes were enumerated under 500 magnification. The values
are mean±SDof monocytes from 27 fields in triplicate cocultures.
This figure is a representative of two separate experiments.

natants of additional cocultures which were previously incu-
bated with medium containing LDL at 100 ,ug/ml for 36 h in
the presence of serum, contained 2.5-fold higher levels of
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was transferred to untreated cocultures and was tested for its
ability to prevent LDL, at 100 Ag/ml, from modification. Oxi-
dized HDLwas found to reduce the LDL-induced monocyte
transmigration by 59 to 77%, compared to 91% for native HDL
(data not shown). The experiments in Fig. 4 A also demon-
strated that LDL and HDLneeded to be in contact with the

MCP-1
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SMC+ LDL

EC+SMC

EC+SMC+LDL

0 2 4 6 8

MCP-1 (ng/ml)
Figure 3. (A) Induction of MCP-1 message. Cocultures of human
aortic EC and SMCor their components were incubated with 500
,gg/ml of LDL in medium containing 5%serum for 36 h. Total RNA
was isolated and I0-,gg samples were subjected to Northern analysis
and were probed for human MCP-1 and for a-tubulin. (B) Levels of
MCP-I in culture supernatants. Cocultures of HAECand HASMC
or their components were incubated in the presence of 5% human
serum without additions (EC, SMC, EC+ SMC) or with 100 ;tg/ml
of LDL (EC + LDL, SMC+ LDL, EC+ SMC+ LDL). After 24 h,
the cultures were washed and incubated in serum-free medium for
24 h. The culture supernatants were then analyzed in an ELISA for
MCP-1. The data are the mean±SD from six determinations in two
separate experiments.

MCP-1 than did the coculture with no LDL treatment (Fig. 3
B). Supernatants of cocultures without added LDL contained
levels of MCP-l comparable to that from the individual cell
types without added LDL (Fig. 3 B). Incubation of LDL with
EC or SMCalone did not increase the MCP-I levels in the
culture supernatants (Fig. 3 B). Incubation of cocultures with
the reference chemoattractant FMLP did not result in in-
creased levels of MCP-I (data not shown).

As shown in Fig. 4 A, the presence of LDL in the coculture
for 4 h was insufficient to induce monocyte migration (Fig. 4 A)
but after 48 h of incubation with LDL, a 5.8-fold increase in
monocyte migration into the subendothelial space was ob-
served. Inclusion of HDLby itself for 48 h had no effect on the
number of monocytes in the subendothelial space (Fig. 4 A) but
the inclusion of HDL(50 ug/ml) with LDL (100 ,ug/ml) inhib-
ited the induced increase in monocyte migration by 91%. In
additional experiments HDL, at 50 ,g/ml, was previously oxi-
dized by incubation with coculture for 24 h and subsequently

+LDL ACROSSMEMBR.

+LDL (+HDL ACROSSMEMBR.)

0 5 10 15 20

MONOCYTES/ HPF

B

NOADDITIONS

+ LDL ALONE
+ HDLALONE

LDL + HDLTL
LDL + HDL

2

LDL + HDL,3
LDL + APOA I

LDL + PC LIPOSOMES _I
0 4 8 12 16

MONOCYTES/ HPF
Figure 4. Effect of HDLon monocyte transmigration. (A) Cocultures
of HAECand HASMCwere incubated with 100 ug/ml of LDL,
(+LDL). HDLwas added at 50 ug/ml to some of these cocultures,
(+LDL + HDL). Other cocultures received only HDLand no LDL,
(+HDL ALONE). Additional cocultures were incubated with LDL
for only 4 h before the addition of monocytes, (+LDL, 4 h). Other
treatments consisted of incubation with LDL that was separated from
-the cells by a dialysis membrane with a molecular cut-off point of
12,000, designated as +LDL ACROSSMEMBR.or with HDL that
was separated from cells and the medium containing LDL by a dial-
ysis membrane designated as +LDL (+HDL ACROSSMEMBR.).
Monocyte transmigration was tested as described for Fig. 2 B. The
values are mean±SDof number of monocytes in the subendothelial
space of 12-48 cocultures in two to six separate experiments. (B) Ef-
fect of HDLsubfractions and phospholipid liposomes. Cocultures of
ECand SMCwere incubated with 100 jig/ml of LDL for 48 h (+LDL
ALONE). Someof the cocultures received 50 ,g/ml of HDL(LDL
+ HDLTOT.) or 33 ,g/ml of HDL2(LDL + HDL2) or 17 or 33 ,ug/ml
of HDL3 (LDL + HDL3). Other cocultures received in addition to
LDL, apolipoprotein Al, 50-500 ;tg/ml (LDL + APOAI) or phos-
phatidylcholine liposomes at 28 ,ug/ml (LDL + PCLIPOSOMES).
Monocyte transmigration assay was conducted as described for Fig.
2 B. The values are mean±SD of number of subendothelial mono-
cytes in 27 high power fields in triplicate cocultures in four separate
experiments.
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cells to modulate these events. The inhibitory effect on mono-
cyte migration observed using total HDLwas basically mim-
icked by the HDL2subfraction at 33 ;g/ml (Fig. 4 B). Inclusion
of HDL3at 17 or 33 jtg/ml did not inhibit the stimulatory effect
of the LDL in monocyte transmigration (Fig. 4 B). Addition-
ally, the incubation of apolipoprotein AI in a concentration
range of 50-500 ;g/ml along with LDL did not effect the LDL
induced increase in the number of monocytes in the subendo-
thelial space of cocultures (Fig. 4 B). Phosphatidylcholine lipo-
somes at 28 Mig/ml (a concentration comparable to that of the
phospholipids in 50 jig/ml of HDL) were able to inhibit the
LDL-induced increase in monocyte transmigration by 83%
(Fig. 4 B). Incubation of PCliposomes alone (at 28-112 jig/ml)
with cocultures for 48 h did not result in increased monocyte
transmigration (data not shown).

Preincubation of the cocultures for 16 h with probucol,
a-tocopherol, or 3-carotene at 5.0 MMprevented the LDL-in-
duced monocyte migration by > 82% (Fig. 5 A). Preincubation
of LDL with a-tocopherol or i3-carotene at 10-50 MMdid not
prevent the LDL modification and the subsequent monocyte
migration while preincubation of LDL with probucol at 2-5
,uM inhibited the monocyte migration by 89% (Fig. 5 A).

In other experiments, native LDL at 250 jig/ml was incu-
bated with cocultures for 24 h and LDL was reisolated from the
resulting conditioned medium. This LDL was subsequently
incubated (at 50 Mug LDL/ml) with new cocultures in 5% hu-
man serum for 24 h. There was a 3.9-fold increase in the num-
ber of monocytes that migrated to the subendothelial space of
cocultures incubated with this cell-modified LDL (Fig. 5 B).
Coincubation of the reisolated LDL with HDL, or with probu-
col in cocultures did not prevent the LDL induced monocyte
transmigration (Fig. 5 B). Similar results were obtained when
LDL was incubated with cocultures and the resulting condi-
tioned medium, without reisolating its LDL, was transferred
to, and incubated with fresh cocultures (Fig. 2 B, CELL-MOD.
LDL). Preincubation of LDL with ECor SMCin separate cul-
tures did not produce a significant LDL induced increase in
monocyte migration (Fig. 5 B). Coincubation of PCliposomes
with the cell-modified LDL did not change the number of
monocytes in the subendothelial space of cocultures (data not
shown). The presence of HDL, probucol, or PC liposomes did
not affect monocyte transmigration itself since the inclusion of
these compounds in cocultures containing the reference che-
moattractant F`MLP did not affect the number of monocytes in
the subendothelial space (data not shown).

The reisolated modified LDL produced in the serum con-
taining cocultures was examined for the changes associated
with highly oxidized LDL (12). The LDL reisolated from the
cocultures had a buoyant density similar to that of native LDL
(d = 1.019-1.063), was not toxic to the HAEC, HASMC,or
human monocytes and was not chemotactic for monocytes by
itself (data not shown). Moreover the LDL reisolated from the
cocultures had the same electrophoretic mobility on agarose
gel, the same content of thiobarbituric reactive substances, the
same fluorescence emission at 430 nmwhen excited at 360 nm,
and the same rate of uptake and degradation by human mono-
cyte-macrophages as did native LDL (data not shown).

Discussion

Incubation of native LDL with serum containing cocultures of
human aortic wall cells for 24-48 h resulted in a marked induc-
tion of monocyte binding to target ECand transmigration and

localization in the subendothelial space of the cocultures (Fig.
2). The increase in monocyte migration was most likely due to
the increased levels of MCP-1 since: it was completely blocked
by a specific antibody to MCP-l (Fig. 2 B); it was preceded by a
marked induction of mRNAfor MCP-I (Fig. 3 A); and it was
associated with increased levels of MCP-l protein (Fig. 3 B).
Inclusion of HDLalong with LDL inhibited the observed in-
duction of monocyte transmigration as did the pretreatment of
cocultures with antioxidants (Figs. 4 and 5). The effect of HDL
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Figure 5. (A) Pretreatment with antioxidants. Cocultures of HAEC
and HASMCwere incubated with 100 Mg/ml of LDL, (+LDL). For
some cocultures the added LDL was previously incubated with pro-
bucol, #l-carotene, or a-tocopherol at 5-50MM (LDL PRETREATED
WITHPROBUCOL,#-CAROTENE, ORALPHA-TOCOPHEROL)
at 37°C for 16 h. In other cocultures the cells were preincubated with
probucol, ,B-carotene, or a-tocopherol at 2-10 MM(LDL ADDEDTO
CELLSPRETREATEDWITHPROBUCOL,,#-CAROTENE, OR
ALPHA-TOCOPHEROL)at 37-C for 16 h. The cells were then
washed twice for 1 h at 37°C and were incubated with 100 Mg/ml of
LDL for 48 h. Monocyte transmigration assay was conducted as de-
scribed for Fig. 2 B. The values are mean±SDof number of suben-
dothelial monocytes in 27 high power fields in three cocultures in
three separate experiments. (B) The effect of cell-modified LDL. After
24 h of incubation with cocultures or their components, LDL was
reisolated from the conditioned medium by density gradient centrif-
ugation and was exposed to fresh target cocultures for 24 h (+EC/
SMC-INCUB. LDL) at a concentration of 50 jg LDL/ml. Other tar-
get cocultures received HDL(at 50 Mg/ml) or probucol (at 5 MM) in
addition to the cell-modified LDL, designated as +EC/SMC-INCUB.
LDL + HDL, and +EC/SMC-INCUB. LDL + PROBU., respec-
tively. Some cocultures received LDL that had previously been incu-
bated with HAECor HASMCin separate cultures referred to as EC-
INCUB. LDL and SMC-INCUB. LDL, respectively. Monocyte mi-
gration was evaluated as described for Fig. 2 B. The values are
mean±SDof number of monocytes in 27 fields in triplicate cocultures
in each treatment in three separate experiments.
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and antioxidants appeared to be confined to the events that
occurred during the initial steps of interaction of LDL and the
artery wall cells, since HDLor antioxidants did not prevent the
induction of monocyte transmigration brought about by LDL
that had previously been incubated with, presumably modified
by cocultures, and subsequently incubated with fresh sets of
untreated cocultures (Fig. 5 B). Incubation of LDL with HAEC
alone or HASMCalone did not result in increased monocyte
transmigration (Fig. 5 B). Therefore, it appears likely that LDL
is modified in the microenvironment formed by the extracellu-
lar matrix components produced by the interaction of HAEC
and HASMC(1 4, 15, 29). Serum, a potent suppressant of cell-
dependent modification of LDL (12) is apparently excluded
from this space. The coculture-modified LDL then induces
MCP-1 production by ECand SMCwhich presumably results
in the establishment of a chemotactic gradient across the endo-
thelial monolayer in the coculture. Previous studies ofthe mod-
ification of LDL by EC(9, 10), by SMC(9, 1 1), and by macro-
phages (12) in culture all used serum-free medium and ob-
tained highly modified LDL (13). In addition, the culture
medium used in these studies (Ham's FO0) contained eight
times higher levels of iron (compared to medium 199 used in
our study) which is known to catalyze the oxidation of LDL
(10, 1 1). The mild degree of modification produced in the co-
culture system is presumably a result of the action of prooxi-
dants in the microenvironment largely sequestered from the
effect of antioxidants present in the serum in the coculture. We
observed that the LDL and the artery wall cells had to be in a
close contact to stimulate monocyte transmigration (Fig. 4 A).
Similarly, the protective effect of HDLwas eliminated if HDL
was separated from the cells and LDL by a filter that was imper-
meable to HDL(Fig. 4 A). The mechanism of LDL modifica-
tion in the artery wall is not known. The modification might
result from the release of superoxide anions from the artery
wall cells, the action of membrane bound enzymes on LDL,
and/or the transfer of cellular lipid peroxides to LDL (13). The
loss of antioxidants such as a-tocopherol and the peroxidation
of polyunsaturated fatty acids in the LDL lipids appears to be
the initiation step in the modification of LDL (30). Morel and
colleagues (9) and Steinbrecher et al. (10) have demonstrated
that cellular modification of LDL was completely inhibited by
a-tocopherol or butylated hydroxytoluene. Copper or iron at
sufficiently high concentrations (3-5 MM) in the absence of
serum are capable of producing oxidatively modified LDL
(10). This has prompted the suggestion that the major contri-
bution of the cells in LDL modification is to enhance the oxi-
dative environment (13). Since in the previous studies the addi-
tion of serum inhibited the LDL modification, it was suggested
that in vivo, the process must occur extravascularly in mi-
croenvironments protected from naturally occurring antioxi-
dants (13). The coculture system used in the present studies
appears to provide such a microenvironment. The present ob-
servation that HDL at levels as low as 50 ,ug/ml was able to
almost completely prevent the LDL-induced effects demon-
strates the high protective capacity of HDLin these LDL-cell
interactions. Hessler and colleagues (31) originally demon-
strated that HDLprotected EC in culture from the cytotoxic
effects of oxidized LDL. The authors attributed the HDLeffect
to its protein-phospholipid components (31). van Hinsbergh
and coworkers (32) subsequently demonstrated that HDLpre-
vented the production of highly modified LDL by EC. Partha-
sarathy and colleagues (33) reported that inclusion of HDLin
cultures of EC containing LDL had a profound inhibitory ef-

fect on the subsequent degradation of the incubated and highly
modified LDL by macrophages (33). The authors have sug-
gested that similar quantities of lysophosphatidylecholine are
formed in LDL/HDL coincubations. The phospholipase activ-
ity of LDL may act on HDL-associated phospholipid peroxide
generating a fatty acid peroxide in the HDLparticle. This, how-
ever, may not undergo rapid propagation/decomposition be-
cause of the lipid packing. HDLhas been suggested to exert its
protective role by: (a) scavenging the prooxidant compounds;
(b) by exchanging its lipids with the oxidized lipids of modified
LDL; or (c) by acting on the EC, protecting them from the
effects of oxidized LDL. In the present studies, when PC lipo-
somes were included in the cocultures, they effectively abol-
ished the LDL induced increase in monocyte transmigration
(Fig. 4 B). Phospholipid liposomes mayalso act similar to HDL
in its potential ability to accept lipid peroxides from LDL.
Preincubation of the cells with antioxidants before the incuba-
tion with LDL, markedly blocked the increased monocyte
transmigration due to LDL modification (Fig. 5 A). This may
suggest that the artery wall cells in culture were capable of
storing sufficient quantities of antioxidants to prevent the sub-
sequent release of active oxygen species or to inhibit the produc-
tion of oxidized cellular lipids which have been proposed as
potential contributors to the initiation of lipid oxidation in
LDL (13). A possible explanation for the susceptibility of LDL,
but not HDL, to modification in cocultures and the resulting
biologic activities here also is that phospholipase A2 activity is
associated with LDL, but not HDL. An attractive hypothesis is
that the phospholipase A2 activity associated with LDL hydro-
lyzes the phospholipid-fatty acid peroxides formed in LDL
liberating biologically active fatty acids and hydroperoxides. In
the presence of HDLthe phospholipid hydroperoxide (which is
presumably not biologically active) partitions into the lipids of
HDLand since HDLdoes not contain phospholipase A2 activ-
ity the biologically active fatty acid hydroperoxides are not re-
leased (Dr. S. Parthasarathy, personal communication). Such a
mechanism would be consistent with the inhibitory effect of
the PC liposomes. In the present study, it is not clear why
HDL2was more effective than HDL3. Nor do the experiments
presented here allow us to deduce with certainty the mecha-
nism(s) by which HDLprevents LDL modification. However,
regardless of the mechanism, in more than 22 separate experi-
ments HDL (used in a range of 50-500 sg/ml) prevented the
cocultures from producing biologically active LDL (with LDL
used in a range of 100-3,000 Ag/ml). Several studies have indi-
cated the existence of an inverse correlation between the
plasma levels of the larger HDLparticles, the HDL2 subclass
and the severity of coronary atherosclerosis in subjects with
normal serum triglyceride levels (34-36). The smaller HDL3
particle, however, showed a positive association with progres-
sion of coronary atherosclerosis in the hypertriglyceridemic pa-
tients. These patients were characterized overall by decreased
HDL2 and increased HDL3 concentrations (36).

The experiments in the present study used more than 400
cocultures formed from aortic wall cells from 15 different do-
nors and lipoproteins from 13 healthy individuals. There was a
significant variability in the effect of LDL preparations from
various donors in these experiments in that occasionally higher
concentrations of LDL (250-500 yg/ml) in cocultures were
needed to observe a significant increase in monocyte transmi-
gration (data not shown). It is possible that the variation in the
antioxidant content of different LDL preparations or qualita-
tive and quantitative variations in the fatty acid composition of

2044 Navab et al.



further modifying the MM-LDL into a highly modified form
which is then recognized and taken up by the macrophage scav-

enger and/or oxidized LDL receptor (42), resulting in foam cell
formation (43). Additionally we hypothesize that if HDL(pre-
sumably HDL2) is present in sufficient concentrations the for-
mation of biologically active MM-LDL is prevented and the
inflammatory reaction may be blocked.
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Figure 6. A proposed model for foam cell formation in the artery wall.
Plasma LDL enters the largely acellular subendothelial space (1)
where it is trapped in microenvironments secluded from plasma an-
tioxidants (2). LDL lipid is oxidatively modified giving rise to a mildly
oxidized LDL, MM-LDL. Once formed MM-LDLstimulates the

overlaying endothelium (3) to produce an adhesion molecule (s) for
blood monocytes, "M-ELAM" (4) and to secrete MCP-l and mono-

cyte colony-stimulating factor. These molecular events lead to the
following cellular events: monocyte attachment to the EC; MCP-I
induced monocyte migration into the subendothelial space of the

artery wall (5), and monocyte colony-stimulating factor induced dif-
ferentiation into monocyte-macrophages (6). Macrophage products
such as reactive oxygen species (ROS), malondialdehyde (MDA), and
other aldehydes can then further modify MM-LDLto a highly modi-
fied (oxidized) form (7) which is then recognized by the macrophage
scavenger receptor (8) leading to cholesterol ester accumulation and
foam cell formation (9). If HDL(presumably HDL2) is present in
sufficient concentrations the formation of biologically active MM-
LDL is prevented and the inflammatory reaction may be blocked.

the different LDL preparations were at least partially responsi-
ble for the observed differences as suggested by others (37, 38).
Thus LDL obtained from rabbits fed a diet rich in oleic acid
(37) or a diet containing a probucol supplement (7) has been
demonstrated to be more resistant to oxidation compared to
LDL from rabbits on control diets.

Based on the findings presented in this and our previous
reports (21, 23, 39, 40) we propose the following scheme for the
sequence of events (Fig. 6) in the development of foam cells in
the artery wall: LDL becomes trapped in microenvironments
in the extracellular matrix of the subendothelial space secluded

from plasma antioxidants. Reactive oxygen species and/or oxi-
dized cellular lipids may be transferred to LDL and initiate the
propagation of LDL lipid peroxidation. Since at the early stages
of atherogenesis the subendothelial space is largely acellular
and does not contain a significant number of monocyte-mac-
rophages releasing high levels of prooxidants, the resulting
LDL is only minimally oxidized. This minimally modified
LDL (MM-LDL) then can induce: the overlaying endothelium
to express an adhesion molecule(s) for monocytes (23), secrete
MCP-1 (21, 23) and macrophage-colony stimulating factor
(39). These molecular events in turn induce monocyte binding,
migration into the subendothelial space, and monocyte differ-
entiation into macrophages (41). The macrophages could sub-

sequently release reactive oxygen species (12), and aldehydes,
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