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Abstract Previous studies have shown that both high den-
sity lipoproteins (HDL) isolated from human plasma and
reconstituted HDL (rHDL) are effective inhibitors of adhe-
sion molecule expression in human endothelial cells. In this
study rHDL have been used to investigate whether HDL
particle shape, size, apolipoprotein composition or lipid
composition are important determinants of the ability of
HDL to inhibit the TNF-

 

a

 

 induced expression of vascular
cell adhesion molecule-1 (VCAM-1) in human umbilical vein
endothelial cells (HUVECs). On the basis of these studies it
is possible to draw several firm conclusions. 

 

i

 

) Neither
phospholipid-containing vesicles nor lipid-free apolipopro-
tein (apo) A-I inhibit VCAM-1 expression in HUVECs. 

 

ii

 

)
Simple discoidal complexes containing only phospholipid
and apoA-I (discoidal (A-I)rHDL) are sufficient to inhibit
the TNF-

 

a

 

-induced expression of VCAM-1 in HUVECs. 

 

iii

 

)
Spherical apoA-I-containing rHDL (spherical (A-I)rHDL)
are superior to discoidal (A-I)rHDL as inhibitors. 

 

iv

 

) The
particle size of spherical (A-I)rHDL has no influence on the
inhibition. 

 

v

 

) Spherical rHDL that contain apoA-I are supe-
rior as inhibitors of VCAM-1 to those containing apoA-II
when the rHDL preparations are equated for apolipopro-
tein molarity. However, when compared at equivalent parti-
cle molarities, this difference is no longer apparent. 

 

vi

 

) Re-
placement of cholesteryl esters with triglyceride in the core
of spherical (A-I)rHDL has no effect on the ability of these
particles to inhibit VCAM-1 expression.  From these re-
sults it is tempting to speculate that variations in inhibitory
activity may contribute to the variations observed in the
anti-atherogenicity of different HDL subpopulations.—
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High density lipoproteins (HDL) are well known to pro-
tect against the development of coronary heart disease

 

(1). This fact has stimulated considerable investigation
into the functions of HDL and the potential mechanisms
by which these lipoproteins inhibit atherosclerosis. Sev-
eral mechanisms have been proposed. These include the
involvement of HDL in reverse cholesterol transport (2–
4) the ability of HDL to protect against lipid peroxida-
tion (5) and more recently, the ability of HDL to inhibit
the expression of adhesion molecules in endothelial cells
(6, 7).

Human HDL have been shown to inhibit the cytokine-
induced expression of vascular cell adhesion molecule-1
(VCAM-1), intercellular adhesion molecule-1, and E-selec-
tin in human umbilical vein endothelial cells (HUVECs)
(6). Because endothelial cell expression of each of these
adhesion molecules has been implicated in the recruit-
ment of monocytes into the arterial intima in what ap-
pears to be a key early step in the initiation of atheroscle-
rosis, the ability of HDL to inhibit their expression has
clear implications in terms of a possible mechanism by
which HDL may protect against the development of coro-
nary heart disease.

This study focuses specifically on the ability of HDL to
inhibit the TNF-

 

a

 

-induced expression of endothelial cell
VCAM-1. The expression of VCAM-1 coincides with early
development of foam cell lesions in hypercholesterolemic
rabbits (8). It has also been detected in the arterial endo-
thelium over existing human atheromatous plaques (9).

 

Abbreviations: HDL, high density lipoproteins; rHDL, reconstituted
high density lipoproteins; LDL, low density lipoproteins; apo, apolipo-
protein; (A-I)rHDL, rHDL containing apoA-I; (A-II)rHDL, rHDL con-
taining apoA-II; LCAT, lecithin:cholesterol acyltransferase; CETP, choles-
teryl ester transfer protein; TBS, Tris-buffered saline; VCAM-1, vascular
cell adhesion molecule-1; HUVEC, human umbilical vein endothelial
cell; TNF, tumour necrosis factor; PL, phospholipid; UC, unesterified
cholesterol; CE, cholesteryl ester; TG, triglyceride; POPC, 

 

b

 

-oleoyl-

 

g

 

-
palmitoyl-

 

l

 

-

 

a

 

-phosphatidylcholine; SUV, small unilamellar vesicles; PC,
phosphatidylcholine; FPLC, fast protein liquid chromatography.
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Furthermore, the level of circulating VCAM-1 in serum
correlates positively with the extent of angiographically
determined atherosclerosis in humans (10).

The HDL in human plasma include several distinct sub-
populations of particles that vary in size, shape (discoidal
and spherical), and in the composition of both their lipid
and apolipoprotein components. It is not known whether
the ability of HDL to inhibit endothelial cell adhesion
molecule expression is influenced by differences in the
physical and chemical characteristics of these particles.
Other studies from this laboratory have shown that there
is considerable variation in the ability of HDL from differ-
ent subjects to inhibit VCAM-1 expression (7). To this
end, we have investigated whether particle size, shape,
apolipoprotein composition, and core lipid composition
influence the ability of HDL to inhibit the TNF-

 

a

 

-induced
expression of VCAM-1 in human umbilical vein endothe-
lial cells (HUVECs).

HDL isolated from human plasma (native HDL) could
not be used for these studies because of their intrinsic het-
erogeneity. There are currently no techniques capable of
resolving native HDL into distinct subpopulations of
particles that are homogeneous in terms of size, shape, or
composition. For this reason we have chosen to use recon-
stituted HDL (rHDL) in which the size, shape, apolipo-
protein composition, and core lipid composition can be
tailored to demand and strictly controlled. Hence, they
are ideal tools for investigating the effects of changes in
these parameters on adhesion molecule expression.
Moreover, we and others have already demonstrated that
rHDL, like their native counterparts, are able to inhibit
the cytokine-induced expression of adhesion molecules by
endothelial cells (6, 11, 12).

MATERIALS AND METHODS

 

Isolation of apoA-I and apoA-II

 

HDL were isolated by ultracentrifugation, delipidated by a
standard procedure (13), and subjected to anion-exchange chro-
matography on an XK 26/40 column containing Q Sepharose
Fast Flow gel attached to a fast protein liquid chromatography
(FPLC) system (Pharmacia LKB Biotechnology, Uppsala, Swe-
den) (14). After chromatography the apolipoproteins were
dialyzed extensively (3 

 

3

 

 5 liter) against 20 m

 

m

 

 NH

 

4

 

HCO

 

3

 

, lyo-
philized, and stored at 

 

2

 

20

 

8

 

C. When required, the apolipopro-
teins were reconstituted by dissolving in 10 m

 

m

 

 Tris-HCl buffer
(pH 8.2) containing 3 

 

m

 

 guanidine-HCl and 0.01% (w/v) EDTA-
Na

 

2

 

, after which they were extensively dialyzed (5 

 

3

 

 1 liter)
against 10 m

 

m

 

 Tris-buffered saline (TBS, pH 7.4) containing 150
m

 

m

 

 NaCl, 0.005% (w/v) EDTA-Na

 

2

 

, and 0.006% (w/v) NaN

 

3

 

.

 

Isolation of CETP and LCAT

 

Cholesteryl ester transfer protein (CETP) was isolated from
pooled human plasma by ammonium sulfate fractionation, ultra-
centrifugation, and sequential chromatography as described pre-
viously (15). Lecithin:cholesterol acyltransferase (LCAT) was also
isolated from pooled human plasma as described previously (16).

 

Preparation of small unilamellar vesicles

 

Small unilamellar vesicles (SUVs) containing 

 

b

 

-oleoyl-

 

g

 

-palmi-
toyl-

 

l

 

-

 

a

 

-phosphatidylcholine (POPC) were prepared as described

by Jonas (17). Briefly, POPC (12 mg) was placed in a large glass
test tube to which chloroform–methanol (1:1 v/v, 500 

 

m

 

l) was
added. The POPC was then dispersed as a thin film onto the walls
of the tube before drying under nitrogen for 2 h at 40

 

8

 

C. After
drying, endotoxin-free PBS (1 ml) was added and the solution
was vortexed to obtain multilamellar vesicles (MLVs). The MLVs
were then sonicated at 4

 

8

 

C (Sonifier B12, Setting 1 to 2, Branson
Sonic Power Company, Danbury, CT) with a microtip sonic
probe in 3-min bursts followed by 1- to 2-min intervals (total of 30
min sonication, i.e., 10 

 

3

 

 3 min bursts). The resultant clear solu-
tion of SUVs was then centrifuged in a microfuge (10 min,
15,000 rpm) to remove titanium fragments.

 

Preparation of discoidal (A-I)rHDL

 

Discoidal (A-I)rHDL containing POPC and apoA-I (molar ra-
tio 100:1) were prepared by the cholate dialysis method (18).
These particles were compared with lipid-free apoA-I, phospho-
lipid (PL) SUVs, and spherical (A-I)rHDL in terms of their ability
to inhibit cytokine-induced VCAM-1 expression in HUVECs.

 

Preparation of spherical (A-I)rHDL

 

Discoidal (A-I)rHDL containing POPC, unesterified choles-
terol (UC), and apoA-I (molar ratio 100:10:1) were prepared by
the cholate dialysis method (18). The resulting discoidal (A-
I)rHDL were converted to spheres by incubation for 24 h at 37

 

8

 

C
with LDL, LCAT, bovine serum albumin (fatty acid-free), and 

 

b

 

-
mercaptoethanol as described previously (19). The spherical (A-
I)rHDL were then isolated by sequential ultracentrifugation in the
density range 1.07 

 

,

 

 d 

 

,

 

 1.21 g/ml with two spins at the lower
density (24 h, Ti 55.2 rotor, 55,000 rpm, 4

 

8

 

C) and a single spin at
the higher density (18 h, Ti 100.4 rotor, 100,000 rpm, 4

 

8

 

C).

 

Preparation of spherical (A-II)rHDL

 

Spherical (A-II)rHDL were prepared by displacing apoA-I
from spherical (A-I)rHDL with lipid-free apoA-II during a 1-h in-
cubation at room temperature. Conditions used were such that
each molecule of apoA-I was displaced by two molecules of lipid-
free apoA-II as described previously (19). Control incubations con-
tained spherical (A-I)rHDL with TBS in place of lipid-free apoA-II.
The spherical (A-II)rHDL were then isolated by ultracentrifuga-
tion at 1.21 g/ml (18 h, Ti 100.4 rotor, 100,000 rpm, 4

 

8

 

C).

 

Preparation of small spherical (A-I)rHDL containing 
either cholesteryl ester or triglyceride in their core

 

Small spherical (A-I)rHDL containing cholesteryl esters in
their core were prepared by incubating spherical (A-I)rHDL for
24 h at 37

 

8

 

C with CETP as described previously (15). If required,
control preparations of spherical (A-I)rHDL were incubated in
parallel with TBS in the absence of CETP. The small spherical
rHDL containing cholesteryl esters in their core were then iso-
lated by sequential ultracentrifugation in the density range 1.07

 

,

 

 d 

 

,

 

 1.25 g/ml with one spin at each density (18 h, Ti 100.4
rotor, 100,000 rpm, 4

 

8

 

C). As reported previously, the unmodified
spherical (A-I)rHDL contained three molecules of apoA-I per
particle, while the small spherical (A-I)rHDL contained two mol-
ecules of apoA-I per particle (15).

Small triglyceride core-enriched spherical (A-I)rHDL were
prepared by incubating spherical (A-I)rHDL for 24 h at 37

 

8

 

C
with CETP and Intralipid (Kabi Pharmacia AB, Sweden) as de-
scribed previously (20). These small triglyceride core-enriched
rHDL were then isolated by sequential ultracentrifugation in the
density range 1.07 

 

,

 

 d 

 

,

 

 1.25 g/ml with two spins at the lower
density (18 h, Ti 100.4 rotor, 100,000 rpm, 4

 

8

 

C) and a single spin
at the higher density (18 h, Ti 100.4 rotor, 100,000 rpm, 4

 

8

 

C).
The small triglyceride core-enriched rHDL each contained two
molecules of apoA-I per particle (20).
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General notes on rHDL preparation

 

After sequential ultracentrifugation all rHDL were dialyzed
against TBS (3 

 

3

 

 1 liter). If required, rHDL were concentrated
by centrifugation (

 

,

 

10 min, 1500 rpm, 4

 

8

 

C) using CF25 Centri-
flo ultrafiltration membrane cones (Amicon, Victoria, Australia).
Before addition to HUVECs, all rHDL were dialyzed over 24 h
against endotoxin-free PBS (3 

 

3

 

 1 liter).

 

HUVEC isolation, culture and incubation conditions

 

HUVECs were isolated as described previously (21). Cells were
cultured on gelatin-coated culture flasks in medium M199 with
Earles Salts (Trace Biosciences, Australia) supplemented with
20% fetal calf serum (Commonwealth Serum Laboratories, Mel-
bourne, Australia), 20 m

 

m

 

 HEPES, 2 m

 

m

 

 glutamine, 1 m

 

m

 

 so-
dium pyruvate, nonessential amino acids, 12 

 

m

 

g/ml penicillin, 16

 

m

 

g/ml gentamicin, 20 mg/ml endothelial growth supplement
(Collaborative Research, Australia), and 20 mg/ml heparin
(Sigma) (referred to as complete media). Confluent prepara-
tions of passage 2, 3, or 4 HUVECs were washed with 10 m

 

m

 

EDTA-Na

 

2

 

 (5 ml) in phosphate-buffered saline (PBS), trypsinized,
and re-plated in complete media (as described above) onto
24-well gelatin-coated plates at a density of 3 

 

3

 

 10

 

6

 

 cells/ml
(500 

 

m

 

l/well). After a 5-h re-attachment period, a portion of
the complete media (100 

 

m

 

l) was removed and replaced with
PBS alone (100 

 

m

 

l) or with rHDL in PBS (100 

 

m

 

l). The cells
were then pre-incubated for 16 h after which time tumor necro-
sis factor (TNF)-

 

a

 

 (100 U/ml) was added to the culture me-
dium. After a further 5 h the cell surface expression of VCAM-1
was measured by flow cytometry. Native HDL

 

3

 

 at concentrations
of 1, 2, and 4 

 

m

 

m

 

 apoA-I was used as a positive control in every
experiment.

 

Flow cytometry analysis of VCAM-1

 

Cell surface expression of VCAM-1 was determined as de-
scribed previously (6). In brief, the cells were washed with FACS
wash (RPMI 1640, containing 10 m

 

m

 

 HEPES, 3.1 m

 

m

 

 NaN

 

3

 

, and
2.5% fetal calf serum), incubated with mouse monoclonal anti-
body to VCAM-1 (51-10C9) for 30 min at 4

 

8

 

C, washed again with
FACS wash, and incubated for a further 30 min at 4

 

8

 

C with
FITC-conjugated secondary antibody (Immunotech FITC con-
jugated F(ab)

 

2

 

 fragment goat (mouse IgG)). The cells were
then washed twice with PBS and harvested by incubation for 30
sec at room temperature with trypsin; at 30 sec FACS wash was
added to neutralize the trypsin. The cells were pelleted by cen-
trifugation in an Immunfuge and the pellet was resuspended in
FACS fixative (PBS containing 111 m

 

m

 

 glucose, 3.1 m

 

m

 

 NaN

 

3

 

,
and 350 m

 

m

 

 formaldehyde). The expression of VCAM-1 was
then measured as fluorescence intensity using an Epics XL-
MCL flow cytometer (Coulter, Hialeah, FL). Each sample
counted 10,000 cells. Controls included replacement of VCAM-
1 primary antibody with an isotype-matched non-relevant anti-
body, and exclusion of TNF-

 

a

 

.

 

Statistical analysis

 

All statistical tests (Two-Sample 

 

t

 

-test: Assuming Equal Vari-
ance and ANOVA: Two-Factor with Repeated Measures) were
performed using the data analysis package in Microsoft Excel,
Version 7.0. Analysis of variance was performed by treating all
points within a data set as a group; points were not treated indi-
vidually. Furthermore, points that were not paired (i.e., did not
have a corresponding point in the opposing data set) were ex-
cluded from the analysis. Significance was determined at the
95% confidence interval, i.e., 

 

P

 

 

 

,

 

 0.05. All results are expressed
as mean 

 

6

 

 SEM (n 

 

5

 

 4, unless specified).

 

RESULTS

 

Comparison of the inhibitory activities of 
lipid-free apoA-I, phospholipid vesicles, 
and discoidal (A-I)rHDL (Fig. 1)

 

HUVECs were pre-incubated for 16 h with either 

 

i

 

)
lipid-free apoA-I, 

 

ii

 

) POPC-containing SUVs, or 

 

iii

 

) discoi-
dal rHDL complexes containing apoA-I and POPC in a
molar ratio of 1:100. The cells were then activated by TNF-

 

a

 

 and the expression of VCAM-1 was measured 5 h later.
Neither lipid-free apoA-I at concentrations up to 32 

 

m

 

m

 

(

 

j

 

) nor the POPC-containing SUVs at PL concentrations
up to 3200 

 

mm (s) had a significant effect on VCAM-1 ex-
pression (Fig. 1). In contrast, when apoA-I and POPC
were complexed into discoidal rHDL (d), there was a sig-
nificant concentration-dependent inhibition of the cyto-
kine-induced expression of VCAM-1 (Fig. 1). When discoi-
dal rHDL were present at an apoA-I concentration of 32
mm (PL concentration of 3200 mm) VCAM-1 expression
was inhibited by about 30%. It appears therefore, that nei-
ther PL nor lipid-free apoA-I alone is sufficient to achieve
inhibition of adhesion molecule expression with inhibi-
tion only being observed when both components are pre-
sented to HUVECs in the form of a lipoprotein complex.

Fig. 1. The effect of lipid-free apoA-I, POPC vesicles, and discoidal
(A-I)rHDL on the TNF-a induced expression of VCAM-1 in HUVECs.
Small unilamellar vesicles (SUVs) of POPC and discoidal (A-I)rHDL
containing POPC and apoA-I in a molar ratio of 100:1 were pre-
pared as described in Methods. HUVECs were pre-incubated with
lipid-free apoA-I, POPC SUVs, or discoidal (A-I)rHDL for 16 h be-
fore stimulation of the cells with TNF-a. VCAM-1 expression was
determined 5 h after stimulation with TNF-a. The apolipoprotein
molarity shown on the horizontal axis refers to both the lipid-free
apoA-I and the rHDL, while the phospholipid molarity refers to
both the SUVs and the rHDL. Results are expressed as means 6
SEM (n 5 6); lipid-free apoA-I (j), POPC SUVs (s), and discoidal
(A-I)rHDL (d). *Significant difference from discoidal (A-I)rHDL
by ANOVA, P , 0.05. All paired points (i.e., points that had a corre-
sponding point in the opposing data set) were treated as a group
and used for the analysis of variance; points that were not paired
were excluded from the analysis.
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Effect of particle shape on the inhibitory 
activity of rHDL (Fig. 2)

HUVECs were pre-incubated for 16 h with either discoi-
dal (A-I)rHDL (containing two molecules of apoA-I per
particle) or spherical (A-I)rHDL (containing three mole-
cules of apoA-I per particle) (Table 1) before activating
the cells with TNF-a. The incubation was then continued
for another 5 h before the cells were assayed for VCAM-1

expression. When the discoidal and spherical (A-I)rHDL
were equated in terms of apoA-I molarity, it was apparent
that the spherical particles (d) were more effective inhibi-
tors of VCAM-1 expression than the discoidal particles (s)
(P , 0.05) (Fig. 2a). Figure 2b shows the same experiment
but with the discs and spheres now equated in terms of par-
ticle molarities which were calculated on the basis of the dis-
coidal and spherical (A-I)rHDL containing, respectively, two
and three molecules of apoA-I per particle. When equated
for rHDL particle molarity, the superiority of the spheres
over the discs as inhibitors of VCAM-1 expression was even
more pronounced (P , 0.05). At a particle molarity of 5.33
mm, spherical (A-I)rHDL inhibited VCAM-1 expression by
34% while the corresponding concentration of discoidal (A-
I)rHDL achieved only a 10% inhibition (Fig. 2b).

Effect of particle size on the inhibitory activity
of spherical (A-I)rHDL (Fig. 3)

Preparations of spherical (A-I)rHDL (diameter 9.4 nm
with three molecules of apoA-I per particle) were converted
into small particles (diameter 7.8 nm with two molecules of
apoA-I per particle) (Table 2) by incubation with CETP as
outlined in Methods. The unmodified spherical (A-I)rHDL
and the modified, small spherical (A-I)rHDL were then
compared as inhibitors of the cytokine-induced expression
of VCAM-1 in HUVECs. There was no significant difference
between the unmodified (d) and small spherical (A-I)rHDL
(s) in terms of their inhibitory activities whether the com-
parison was made on the basis of apolipoprotein molarity
(Fig. 3a) or rHDL particle molarity (Fig. 3b).

Effect of apolipoprotein composition on the
inhibitory activity of spherical rHDL (Fig. 4)

Aliquots of spherical (A-I)rHDL (three molecules of
apoA-I per particle) were converted into spherical (A-
II)rHDL (six molecules of apoA-II per particle) as outlined
in Methods. The size and composition of these rHDL are
presented in Table 3. The apolipoprotein-specific prepa-
rations of spherical rHDL were then compared in terms
of their ability to inhibit the TNF-a-induced expression of

Fig. 2. The effect of (A-I)rHDL particle shape on the TNF-a in-
duced expression of VCAM-1 in HUVECs. Spherical and discoidal
(A-I)rHDL were prepared as outlined in Table 1. HUVECs were
pre-incubated with spherical or discoidal (A-I)rHDL for 16 h be-
fore stimulation of the cells with TNF-a. VCAM-1 expression was de-
termined 5 h after stimulation with TNF-a. Apolipoprotein molar-
ity was converted to rHDL particle molarity on the basis of the fact
that the spherical (A-I)rHDL contained three apoA-I molecules per
particle while the discoidal (A-I)rHDL contained two apoA-I mole-
cules per particle (Table 1). Results are expressed as means 6 SEM
(n 5 5); spherical (A-I)rHDL (d) and discoidal (A-I)rHDL (s).
*Significant difference from spherical (A-I)rHDL by ANOVA, P ,
0.05. All paired points (i.e., points that had a corresponding point
in the opposing data set) were treated as a group and used for the
analysis of variance; points that were not paired were excluded
from the analysis.

TABLE 1. Size and composition of discoidal
and spherical (A-I)rHDL

Stokes
Diametera

Compositionb

rHDL Species A-I PL CE UC

nm mol/mol rHDL

Discoidal (A-I) 9.9 2.0 196.3 — —
Spherical (A-I) 9.5 3.0 100.7 54.3 12.7

Discoidal (A-I)rHDL were prepared from apoA-I and b-oleoyl-g-
palmitoyl-l-a-phosphatidylcholine (POPC) by the cholate dialysis method
as outlined in Methods. Spherical (A-I)rHDL were prepared by incu-
bating discoidal (A-I)rHDL with LCAT and LDL also as outlined in
Methods. The number of moles of apoA-I per mole of rHDL was deter-
mined by cross-linking (15). The number of moles of the other constit-
uents, relative to that of apoA-I, was determined by compositional analy-
sis; A-I, apoA-I; PL, phospholipid; CE, cholesteryl ester; UC, unesterified
cholesterol.

a Determined by nondenaturing gradient gel electrophoresis.
b Values represent the means of triplicate determinations on three

independent rHDL preparations.
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VCAM-1 in HUVECs. When compared on the basis of apo-
lipoprotein molarity (Fig. 4a), spherical (A-I) rHDL (d) were
clearly superior to spherical (A-II)rHDL (s) as inhibitors of
VCAM-1 expression. However, when equated in terms of
particle molarity, the difference between spherical (A-I)rHDL
or spherical (A-II)rHDL was no longer apparent (Fig. 4b).

Effect of core lipid composition on the inhibitory
activity of spherical (A-I)rHDL (Fig. 5)

In order to investigate the effect of core lipid composi-
tion on the ability of spherical rHDL to inhibit VCAM-1

expression by HUVECs, preparations of spherical (A-
I)rHDL (initially with a core consisting solely of choles-
teryl esters and a surface containing three molecules of
apoA-I per particle) were modified during incubations
with either CETP alone (d) or with CETP plus Intralipid
(s) as described in Methods. These incubation condi-
tions, respectively, generated small spherical (A-I)rHDL
(with two apoA-I molecules per particle) in which the core
lipid was either cholesteryl ester or considerably enriched
in triglyceride (Table 4). The enrichment of spherical (A-
I)rHDL core lipid with triglyceride had no effect on the
ability of these particles to inhibit TNF-a-induced VCAM-1
expression in HUVECs (Fig. 5).

DISCUSSION

The ability of HDL to inhibit the cytokine-induced ex-
pression of adhesion molecules in endothelial cells has
been well documented (6, 11, 12) although the mecha-
nism of the inhibition is still not known. The present
studies were designed, therefore, to investigate how the
morphology and composition of HDL influence their in-
hibitory activity and to gain some insight into possible
mechanisms involved.

The original studies showing that HDL inhibit the ex-
pression of endothelial cell adhesion molecules were con-
ducted with native HDL (6, 7) which are known to in-
clude several subpopulations of particles of differing size,
shape, and composition. In this study homogeneous prep-
arations of rHDL of defined particle shape, size, and com-
position have been used to investigate how these physical
and chemical characteristics impact on the inhibitory ac-
tivity of the particles. As in the earlier studies with native
HDL (6, 7), the concentrations of rHDL used in the
present study were within the physiological range of HDL
in plasma. On the basis of these studies it is possible to
draw several firm conclusions. i) Simple discoidal com-
plexes containing phospholipid and apoA-I only, but not
lipid-free apoA-I alone or phospholipid alone, are suffi-
cient to inhibit the TNF-a-induced expression of VCAM-1
by HUVECs. ii) Spherical (A-I)rHDL are superior to dis-

Fig. 3. The effect of the size of spherical (A-I)rHDL on the TNF-
a induced expression of VCAM-1 by HUVECs. Unmodified and
small spherical (A-I)rHDL were prepared as outlined in Table 2.
HUVECs were pre-incubated with unmodified or small spherical
(A-I)rHDL for 16 h before stimulation of the cells with TNF-a.
VCAM-1 expression was determined 5 h after stimulation with TNF-
a. Apolipoprotein molarity was converted to rHDL particle molar-
ity on the basis of the fact that the unmodified spherical (A-I)rHDL
contained three apoA-I molecules per particle while the small
spherical (A-I)rHDL contained two apoA-I molecules per particle
(Table 2). Results are expressed as mean 6 SEM (n 5 4); unmodi-
fied spherical (A-I)rHDL (d) and small spherical (A-I)rHDL (s).

TABLE 2. Size and composition of unmodified
and small spherical (A-I)rHDL

Stokes
Diameter

Compositiona

rHDL Species A-I PL CE UC

nm mol/mol rHDL

Spherical (A-I) 9.4 3.0 99.9 60.9 10.1
Small spherical (A-I) 7.8 2.0 59.7 33.8 4.5

The spherical (A-I)rHDL were prepared as outlined in the legend
to Table 1. The small spherical (A-I)rHDL were prepared by incubating
spherical (A-I)rHDL with CETP as described in Methods. The number
of moles of apoA-I per mole of rHDL was determined by cross-linking
(15). The number of moles of the other constituents, relative to that of
apoA-I, was determined by compositional analysis; A-I, apoA-I; PL,
phospholipid; CE, cholesteryl ester; UC, unesterified cholesterol.

a Values represent means of triplicate determinations on two inde-
pendent rHDL preparations.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


350 Journal of Lipid Research Volume 40, 1999

coidal (A-I)rHDL as inhibitors. iii) The particle size of
spherical (A-I)rHDL has no influence on the inhibition.
iv) Spherical rHDL that contain apoA-I are superior as in-
hibitors to those containing apoA-II when the rHDL are
equated in terms of apolipoprotein molarity, although
this superiority is no longer apparent when the prepara-
tions are equated in terms of particle molarity. v) Replace-
ment of cholesteryl esters with triglyceride in the core of

spherical (A-I)rHDL has no effect on the ability of these
particles to inhibit VCAM-1 expression.

The best known function of HDL relates to their ability
to promote the efflux of cholesterol from cells (22, 23).
This cholesterol efflux is promoted by all major subpopu-
lations of native HDL (24–26) as well as by lipid-free
apoA-I (27–30) and phospholipid vesicles (31). The obser-
vation in the present studies that neither lipid-free apoA-I
nor POPC SUVs inhibited VCAM-1 expression suggests
that the HDL-mediated inhibition of adhesion molecule ex-
pression may involve a mechanism distinct from that which
mediates the efflux of cholesterol. The finding that lipid-
free apoA-I lacks inhibitory activity has also been made by

Fig. 4. The effect of apolipoprotein composition of spherical
rHDL on the TNF-a induced expression of VCAM-1 in HUVECs.
Spherical (A-I)rHDL and (A-II)rHDL were prepared as outlined in
Table 3. HUVECs were pre-incubated with spherical (A-I)rHDL or
(A-II)rHDL for 16 h before stimulation of the cells with TNF-a.
VCAM-1 expression was determined 5 h after stimulation with TNF-
a. Apolipoprotein molarity was converted to rHDL particle molar-
ity on the basis of the fact that the spherical (A-I)rHDL contained
three apoA-I molecules per particle while the spherical (A-II)rHDL
contained six apoA-II molecules per particle (Table 3). Results are
expressed as mean 6 SEM (n 5 8); spherical (A-I)rHDL (d) and
spherical (A-II)rHDL (s). *Significant difference from spherical
(A-I)rHDL by ANOVA, P , 0.05. All paired points (i.e., points that
had a corresponding point in the opposing data set) were treated
as a group and used for the analysis of variance; points that were
not paired were excluded from the analysis.

TABLE 3. Size and composition of spherical
(A-I) and (A-II)rHDL

Stokes
Diameter

Compositiona

rHDL Species A-I A-II PL CE UC

nm mol/mol rHDL

Spherical (A-I) 9.4 3.0 — 97.4 76.6 10.8
Spherical (A-II) 9.8 0.1 6.0 90.8 76.2 11.1

The spherical (A-I)rHDL were prepared as outlined in the legend
to Table 1. The spherical (A-II)rHDL were prepared by displacing
apoA-I from (A-I)rHDL with lipid-free apoA-II as described in Meth-
ods. The number of moles of apolipoprotein per mole of rHDL was
determined by cross-linking (15). The number of moles of the other
constituents, relative to that of apolipoprotein, was determined by com-
positional analysis; A-I, apoA-I; A-II, apoA-II; PL, phospholipid; CE,
cholesteryl ester; UC, unesterified cholesterol.

a Values represent the means of triplicate determinations on five
independent rHDL preparations.

Fig. 5. The effect of the core lipid composition of spherical (A-I)
rHDL on the TNF-a induced expression of VCAM-1 by HUVECs.
Spherical (A-I)rHDL containing either cholesteryl esters or triglyc-
eride in the core were prepared as outlined in Table 4. HUVECs
were pre-incubated with CE or TG core spherical (A-I)rHDL for 16
h before stimulation of the cells with TNF-a. VCAM-1 expression
was determined 5 h after stimulation with TNF-a. Results are ex-
pressed as mean 6 SEM (n 5 5). Spherical (A-I)rHDL with a core
of cholesteryl esters (d); spherical (A-I)rHDL with a core of triglyc-
eride (s).
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Calabresi et al. (11), although these workers found that
egg phosphatidylcholine liposomes did have a minor in-
hibitory effect. In that study however, concentration de-
pendence studies were not performed with phospholipids
and it was not stated whether the phospholipid-mediated
inhibition was statistically significant.

The fact that discoidal complexes of POPC and apoA-I
inhibited VCAM-1 expression, while the individual constit-
uents did not (Fig. 1) may be interpreted in several ways.
It is possible that the apolipoprotein is crucial to the effect
but only when it is in a conformation that results from its
association with phospholipid. Indeed, major structural
changes in apoA-I, such as increases in a-helical content,
tryptophan exposure, and conformational stability, have
been shown to occur when lipid-free apoA-I becomes asso-
ciated with phospholipid and cholesterol (32–34). It is
also possible that the key inhibitory component is the
phospholipid which has to be associated with an apolipo-
protein in order to be targeted to its site of action.
Whether the inhibition requires binding of HDL to a cell
surface receptor is unknown. The fact that lipid-free
apoA-I binds to putative HDL receptors (35, 36), however,
suggests that binding per se may not completely explain
the inhibition of VCAM-1 expression, although Sviridov et
al. (37) have shown that while lipid-free apoA-I does bind
to putative HDL receptors, its association with these re-
ceptors is some 70 to 80% lower than that observed with
native HDL3 and discoidal (A-I)rHDL.

The HDL to which endothelial cells are exposed in vivo
are predominantly spherical rather than discoidal particles.
It was therefore of considerable interest to discover that
spherical (A-I)rHDL were superior to discoidal (A-I) rHDL
as inhibitors of TNF-a-induced endothelial cell adhesion
molecule expression. This result is in marked contrast to
HDL-mediated cholesterol efflux which is promoted to a
greater extent by discoidal particles than by spherical par-
ticles (23).

Spherical and discoidal (A-I)rHDL differ not only in
shape and composition (Table 1), but also in several struc-
tural respects. For example, the apoA-I in spherical (A-

I)rHDL is in a more stable conformation than that in dis-
coidal (A-I)rHDL (16, 38) suggesting that there may be
differences in the binding of apoA-I to lipid in these parti-
cles. In addition, phospholipid acyl-chain and head group
packing is more ordered in spherical (A-I)rHDL than in
discoidal (A-I)rHDL (16, 38). There are also differences
in the a-helical content of apoA-I in spherical and discoi-
dal (A-I)rHDL and in the microenvironment around the
lysine residues on apoA-I in these particles (39, 40). Pre-
cisely how these structural differences between apoA-I in
spherical and discoidal HDL relate to their relative abilities
to inhibit VCAM-1 expression remains to be determined.

It is possible that differences in the inhibitory activity of
spherical and discoidal rHDL may reflect differences in
surface and core lipid composition. Spherical (A-I)rHDL
prepared as described in this study are known to contain
sphingomyelin (16), they are also thought to contain dif-
ferent phospholipid species on their surface (specifically
phosphatidylethanolamine and phosphatidylcholine spe-
cies other than POPC), which have transferred from LDL
to the spherical rHDL during incubation with LCAT. It
will be of interest to investigate whether such differences
in phospholipid composition influence the ability of HDL
to inhibit VCAM-1 expression.

The effect of apolipoprotein composition on the ability
of spherical rHDL to inhibit VCAM-1 expression de-
pended on whether concentrations were equated in terms
of apolipoprotein molarity or rHDL particle molarity.
When the preparations were equated in terms of apolipo-
protein molarity (Fig. 4a), the inhibitory activity of (A-
I)rHDL was clearly superior to that of (A-II)rHDL. How-
ever, when the rHDL were compared at equivalent parti-
cle molarities, this difference in inhibitory activities was
no longer apparent (Fig. 4b), suggesting that it is the
number of HDL particles rather than their apolipopro-
tein composition that determines the extent of VCAM-1
inhibition. Apolipoprotein composition has been reported
to influence other functions of HDL. Some workers have
reported that (A-I)HDL are superior to (A-II)HDL as ac-
ceptors of the cholesterol released from cells (25, 41), al-
though others have failed to detect such a difference (26).
It has also been observed in studies of transgenic animals
that (A-I)HDL are superior to (A-II)HDL as inhibitors of
the development of atherosclerosis (42–46).

Changes to the core lipids of spherical (A-I)rHDL had
no discernible effect on the ability of the particles to in-
hibit VCAM-1 expression. Even when virtually all of the
cholesteryl esters in the core were replaced by triglycer-
ide, there was no change in the magnitude of inhibition.
It would seem, therefore, that HDL core lipid plays no ma-
jor part in the ability of HDL to inhibit the expression of
adhesion molecule. This observation is consistent with an
inhibitory mechanism for adhesion molecule expression
in which the surface of the HDL particle plays an integral
part.

The present studies have been conducted exclusively
with HUVECs, although in previous studies from this labo-
ratory we have demonstrated that HDL also inhibit TNF-
a-induced VCAM-1 expression in human umbilical arterial

TABLE 4. Size and composition of spherical
(A-I)rHDL-containing cores of cholesteryl esters or triglyceride

Stokes 
Diameter

Compositiona

rHDL Species A-I PL CE UC TG

nm mol/mol rHDL

CE core spherical (A-I) 7.7 2.0 67.4 28.6 5.9 —
TG core spherical (A-I) 7.9 2.0 78.5 0.5 2.2 14.1

The spherical (A-I)rHDL containing a core of cholesteryl esters
were prepared as described for the small (A-I)rHDL in the legend to
Table 2. The particles with a core of triglyceride were prepared by incu-
bating preparations of large (A-I)rHDL with CETP and Intralipid as de-
scribed in Methods. The number of moles of apoA-I per mole of rHDL
was determined by cross-linking (20). The number of moles of the
other constituents, relative to that of apoA-I, was determined by com-
positional analysis; A-I, apoA-I; PL, phospholipid; CE, cholesteryl ester;
UC, unesterified cholesterol; TG, triglyceride.

a Values represent the means of triplicate determinations on two
rHDL preparations.
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endothelial cells (G. W. Cockerill, unpublished observa-
tions). This is in agreement with a recent comparative
study by Klein et al. (47) investigating the effect of TNF-a
on VCAM-1 expression in human umbilical vein or femo-
ral artery endothelial cells. These investigators concluded
that HUVECs do represent a relevant model for studying
the regulation of endothelial cell adhesion molecule ex-
pression. To this extent it is reasonable to conclude that
the results of the present study can be extrapolated to
what may occur in arterial endothelial cells.

Furthermore, HDL have been reported previously to in-
hibit the expression not only of VCAM-1 but also of inter-
cellular adhesion molecule-1 and E-selectin in HUVECs
activated by both TNF-a and interleukin-1 (6). It is reason-
able, therefore, to extrapolate the results of the present
study beyond the specific case of VCAM-1 expression in-
duced by TNF-a. It remains to be determined, however,
whether the results reflect what occurs in vivo.

In conclusion, these studies were designed to investi-
gate whether the shape, size, and composition of HDL in-
fluence their ability to inhibit the TNF-a-induced expres-
sion of VCAM-1 in HUVECs. Spherical rHDL were clearly
superior to discoidal particles. However, when the various
preparations of spherical rHDL were compared at equiva-
lent particle molarities, it was apparent that the extent of
inhibition was unaffected by differences in particle size, by
replacing apoA-I with apoA-II or by replacing most of the
cholesteryl esters in the particle core with triglyceride.
Studies are now underway to determine whether varying
the phospholipid composition has an effect on this poten-
tially anti-inflammatory property of HDL.
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