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Probucol inhibits oxidized-low density lipoprotein-induced adhesion
of monocytes to endothelial cells in vitro®
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ABSTRACT

AIM.; To investigate the mechanism by which probucol
(PBC) affected adhesion of monocytes to human umbi-
lical vein endothelial cells ( HUVEC). METHODS.
Effects of PBC on expression of intercellular adhesion
molecule-1 (ICAM-1}, vascular cell adhesion motecule-1
{(VCAM-1), P-selectin, and E-selectin in human umbi-
lical vein endothelial cells were examined. Moreover,
the inhibitory effect of PBC were compared with that of
moneclonal antibodies {mAbs) to ICAM-1, VCAM-1,
P-selectin, and E-selectin on adhesion induced by
oxidized-low density lipoprotein ( Ox-LDL). RE-
SULTS; PBC at 10 to 80 pmol/L inhibited Ox-1DL-
induced adbesion index from 16.7 % © 7.0 % (P <
0.01) and Ox-IDL-induced expression of ICAM-1
{75 %) and P-selectin (72 % ). mAbs to ICAM-1 or
P-selectin, when used alone, could only slightly reduce
the adhesion of monocyte to HUVEC. When both
monoclonal antibodies were used in combination. the
adhesion was markedly inhibited from 16.7 % 10 11.3 %
(P <0.01}, but the effect was still weaker than that of
PBC (average 9.3 % ). CONCLUSION: PBC cxerts
its inhibitory effect on the adhesion of monocyte to
HUVEC by inhibiting the expression of ICAM-1 and
P-selectin.
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INTRODUCTION

It is an important event in the eurly stage of
atherosclerosis and restenesis that monocytes adhere 1o the
arterial endothelium, and accumulate in subendothelium.
As an initial step, adhesion and transmigration of human
blood monocytes to vascular endothelium can be induced
by oxidized-low density lipoprotein {Ox-LDL) ' It
was proposed that Ox-LDL might stimulate the expression
of adhesion molecules of endothelial cells (EC) and
might cause the endothelial adhesion”* . Recently it
was reported that Ox-LDL facilitated leukocyle udhesion
to 2otic intima¥ . Studies in human umbilical vein
endothelial cells ( HUVEC ) demonswated the up-
regulation of intercellular adhesion molecule-1( [CAM-1)
expression could be induced by incubation with Ox-LDL
or by long-term incubation with native LDL->® More-
over, two endothelial adhesion proteins for monocytes
have recently been described to be induced by minimaily
modified LDL!"*®, Evidence showed that LDL might be
oxidized in vivo. Macrophages can take up low densily
lipoprotein (LDL) at increased rate*"’, and oxidized
LDL even in the absence of metal ions "'

Probucel {PBC) may play a role in the prevention
of atherogenesis!**'¥ and restenosis' ™. It was also
shown that PBC inhibited monocyte ( MC) adhesion to
vascular endothelium in the cholesterol-fed rabbit*'-.
Our previous data demonstrated that PBC protected EC
against oxygen free radical damage>’, and inhibited Ox-
LDL-induced adhesion of monocytes to EC in vitro!'.
However, the exact mechanism 15 not clear.  Recently,
some data showed that adhesion molecules were
associated with atherosclerosis and early postangioplasty
reslenosis in vivo. For example. expression of
ICAM-1 in sympiomatic versus asymptomatic human
carotid atherosclerotic plaque 1 different. P, E-
selectin-deficient and low-density lipoprotein recepitor-
deficient (LDLR -~/ ~ P/E -+ - ) mice developed
atherosclerosis lighter and slower than LDLR -/ = P/E
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+/+ mice on atherogenic diet?". The expression of
VCAMH and ICAM-1 on the endothelium was up-
regulated in  homozygous apolipoprotein E-deficient
{ApoE -/ - ) mice, these mice developed complex
fesions of atherosclerosis similar to those in humans™" .
Circulating levels of soluble cell adhesion molecules are
elevated in older men with uncomplicated essential hyper-
rension®", higher levels of E-selectin and ICAM-1 were
observed in the patients with coronary heart disease
(CHD) compared with the comtol subjects'®, and
plasma soluble ICAM-1 levels increased persistently in
earlv coronary restenosis after emergency angioplasty in
patients with acute myocardial infarction ( AMI)®),
We hypothesize that PBC inhibits the adhesion of MC to
EC in viro by reducing the expression of adhesion
molecule.  The present work aimed at ascertaining the
inhibitory effect of PBC on the adhesion of MC to
HUVEC, and further to elucidate the mechanism of
human peripheral blood MC adhesion to HUVEC.

MATERIALS AND METHODS

Culture of endothelial cells HUVEC were
obtained from human umbilical cord veins by digestion
with a-chymotrypsin and cultured in flasks with medium
199 plus 20 % fetal calf serum (RCS). Cell purity was
assessed by morphology and factor Wl staiming. After
1 week EC grew to confluence in 95 % air plus 5 %
CO, and were passaged using 0.05 % trypsin and
0.02 % edetic acid, The 4th and 5th passage of
HUVEC (5% 10° L™!) were seeded in 24-weil plates for
18 b before experiments. When the passaged cells had
grown to confluence, fresh medium was provided before
they were then transferred to the control media (M199 +
20 % FCS$) or to the medium containing PBC 10, 20,
{0. and 80 pmol/L + Ox-LDL (100 mg/L) for the
designed time periods. PBC was dissolved in ethanol
and kept as a stock soluion. All the EC ( weated or
untreated ) were prepared for adhesion assay and for the
determination of adhesion molecule expression. The
viahility of cells was always examined morphologically
using an inverted microscope and by the Trypan blue dye
exclusion test in 4 to 24 h afier probucol treaument.
Medium 199, uypsin, and FCS were purchased from
Gibco.

Preparation of monocytes and oxidation of
LDL  Monocytes and native 1.DL were jsolated as

described previously ™',  The amounts and concen-

trations of LDL were expressed in terms of protein.  The
edetic acid-free LDL was incubated in PBS containing
CuS0, 10 pmol/L for 16 h at 37 C. Oxidation was
stopped by addition of edetic acid at a final concentration
of 0.24 pmol/L. Then it was dialyzed in PBS
containing 0.01 % edetic acid (w/v). The extent of
LDL oxidation was determined by measuring the amount
of thioharbituric acid reactive substances { TBARS.
malondialdehyde )'#* . There was a nearly eight-fold
increase of TBARS when LDL was oxidatively modified
[(from (0.68 £ 0.08) to (5.2 + 0.7) mmol/L.
P <0.01, n=1in each group. ]

Adhesion assay and inhibition of monocyte
adhesion to Ox-LDL-stimulated HUVEC  The
adhesion of the moenocytes to Ox-LDL-stimulated HUVEC
was evaluated by protein content as described'® . The
treated HUVEC monolayers were rinsed three times with
M199 before addition of monocytes.  Monocyte
suspension | mL (containing 6.5 x 10° L™' in M199 +
2 % RCS) was added to each well of the 24-well culture
plates.  An additional 1 mL of the monocyte suspension
was alsn obtained for protein determination. The culture
plates were then incubated for 30 min at 37 T in 5 %
COs plus 95 % air. After incubation, the wells were
gently rinsed twice with PBS comaining C2** and Mg**
to remove nonadheremt cells. HUVEC and adherent
monocytes were then dissolved in 1 mL of NaOH 0.2
mol/L for subsequeni protein analysis using Bio-Rad
assays. The adhesion of monocytes was estimated by
comparing the amount of protein in wells containing
endothelial cells and monocyles minus the amount of
protein in wells containing EC alone, divided by the
amount of protein in 1 mL of monocyte cell suspension.
The adhesion was also estimated by directly counting of
non-adherent monocytes collected from each well and the
number of cells in 1 mL of monocyte suspension that was
not added onto the endothelium® . The adhesion index
was calculated by the number of cells m 1 ml. monocytes
suspension minus the number of nenadherent monocytes
collected, divided by the number of cells in 1 mL of
monocyte  suspension.  Some  Ox-LDL-stimulated
HUVEC were treated with PBC (10, 20, 40, and 80
umol/L) or saturating amounts (10 mg/L, determined
by our assay) of moncclonal antibodies to the ICAM-1,
VCAM-1, E-selectin, P-selectin, or combinations for 30
min, respectively, before addition of monocytes.
Blocking agents were present during coincubation.
Adhesion indexes were determined from eight wells
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performed in uriplicate, 1gG, mAbs of the ICAM-1,
VCAM-1, E-selectin, and P-selectin were purchased
from DAKO Co, Denmark.

Expression of adhesion molecule in cultured
HUVEC Expression of ICAM-1, VCAM-1,
P-selectin, and E-selectin on HUVEC membrane were all
assayed as described by Li er ai'™ (ELISA kits from
Gene Co Lwd). Briefly, 0.1 mL of 0.25 % colla-
genase-1 was added to each well of HUVEC plates
pretreated with Ox-LDL or Ox-LDL + PBC, and
incubated for 15 min at 37 C. Then the digested
HUVEC of each well were centrifuged at 300 x g for 10
min and the HUVEC pellet was resuspended with PBS
containing 0.05 % Tween-20. The suspension was
centrifuged at 300 x g for 10 min again. The pellet was
re-suspended with PBS (pH 7.4), containing 1 % FCS
at a cell concentration of 3 x 10" L',  Standard 1gG
0.1 mL (serial diluted concentrations) or HUVEC was
added to each well of microtiter plates coated with IgG of
ICAM-1, VCAM-1, P-sclectin, or E-selectin, followed
by addition of 0.1 mL of HRP-GAM 1o each well and
incubated for 30 min. Then 0.05 mL of H,SO, 3 mol/’L
was added to each well. After incubation at room
temperature for 10 min the absorbance at 492 nm was
measured with a Vi, kinetic microplate reader interfaced
to softmax software. ICAM-1, VCAM-1, P-selectin, or
E-selectin antigen levels in mg/L were obtained from a
standard curve (absorbance at 492 nm) constructed using
of standard ICAM-1, VCAM-I,
P-selectin, or E-selectin, and evaluated by protein
content .

Statistics  All data were expressed as ¥ £ 5. The
difference between multiple groups was tested by analysis
of variance followed by Newman-Keuls test. Com-
panison between two groups was made by unpaired z-test,
A value of P < 0.05 was considered statistically signi-
ficant.

serial  dilutions

RESULTS

Effects of Ox-LDL on adhesion of MC to
HUVEC  Afler incubated for 24 h at 37 C, about
(3.7+0.8) % of human peripheral blood MC adhered to
HUVEC without treatment of Ox-LDL., Monocyte
adhesion to HUVEC was enhanced by preincubation of
HUVEC with Ox-LDL for 24 h, in a concentration-
dependent manner (Fig 1). Adhesion was enhanced
2.1fold 10 7.8 % = 1.1 % by Ox-LDL 10 mg/L
{ P <9.05), and 4. 4-fold to 16.0 % 2.3 % by
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Fig1, Effect of Ox-LDL on adhesion of monocytes to
HUVEC. n=5in contrel. 1 =8 in other groups.
Xts. P<0.01 vs control (0 mg/L).

Ox-LDL 106 mg/L (P < 0.00 wv control untreated by
Ox-LDL}, but only 3. 1-fold to 1.4 % £1.5 % by Ox-
1DL 200 mg/L. Thus Ox-LDL 100 mg/L was used as
the standard concentration in all subseguent experiments
to induce adhesion molecule. The adhesion index of
MC-HUVEC vanied with the time of exposure of the
HUVEC 10 Ox-LDL (Fig 2). The initial increase in
adhesion appeared O h after exposure to Ox-LDL ( 100
mg/L), Ox-LDL enhanced the MC-HUVEC adhesion
from 6 h 0 24 h and then leveled it off. These results
were different from our previous data in quality'’. The
main cause might be that our previous matenial was pig
aortic endothelial cell while in this study we used
HUVEC.
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Fig2. Time.course of Ox-LDL 100 mg/L on monocyte

adhesion to HUVEC. n =5 in control. » =8 in other
groups. Xzxs. “P<0.01 vs control (0 h).

Inhibition of monocyte adhesion to Ox-LDL-
stimulated HUVEC by PBC  Treatment of EC with
Ox-LDL (100 mg/L) for 24 h resulted in a -+.4-fold
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increase in the percent of adheremt MC (P < (.01 ws
untreated EC group, Fig 1), Pretreatment of EC with
Ox-1LDL + PBC for 24 h inhibited Ox-LDL-induced MC
adhesion to HUVEC in a concentration-dependent man-
The effective threshold concentration of PBC was
10 umol/L.. The difference of adhesion index between
PBC 10 and 80 pmol/L was significant. The average
inhibitory rate of PBC on Ox-LDL-induced adhesion was
almost 55 % (Fig 3). Thus PBC 40 pmol/L was used
as the standard concentration in all subsequent experi-
menis.  Some Ox-LDL-stimulated HUVEC were
coincubated with MC and different mAbs (10 mg/L) to
ICAM-1, VCAM-1, E-selectin, or P-selectin. As a
result, monoclonal antibody to ICAM-1 and P-selectin
but not VCAM-1 or E-selectin slightly reduced MC
adhesion to HUVEC, however, combinations of mAbs to
ICAM-1 with mAbs to P-selectin markedly inhibited
monocyte adhesion to Ox-LDL-stimulated HUVEC, buwt
the inhibitory effect was weaker than PBC.

Effect of Ox-LDL and/or PBC on adhesion
molecule expression in HUVEC Cytokine-inducible
malecules VCAM-1 and E-selectin were not expressed on
untreated HUVEC and not induced by treatment with Ox-
LDL (100 mg/L) for 24 h. In contrast, ICAM-1 and
P-selectin were expressed at low levels on untreated
HUVEC and up-regulated by stimulation with Ox-LDL
for 24 h. The baseline expression of ICAM-1 and
P-selectin on untreated HUVEC membrane were (67 +8)
and (41 £ 6) pg- g™ protein respectively (Tab 1).
After 24 h of exposure to Ox-LDL { 100 mg/L),
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expressions of ICAM-1 and P-selectin were increased
significantly (143 £17) and (237+41) ng-g ™' protein
respectively, P < 0.05]. The expression of ICAM-1
and P-selectin in HUVEC pretreated with PBC (40 pmols
L) was (86 £ 10) pgrg~' protein, and (96 £ 23) ng-
g~ ! protein respectively .

Tab 1. Effect of PBC 40 pmol/L and/or Ox-LDL 100
mg/L on expression of adhesion molecules in HUVEC in
vitro. n=6. *ts. °P<0.01 vs control. P < 0,01
vs Ox-LDL.

Group ICAM-1 VCAM-1 E-selectin P-selectin
Control 678 5x4 Tx7 41=x6
Ox-LDL 143 =17 806 8+0 2372 41°
PBC+Ox-LDL 86100 5+3  9=%7 96 =+ 23

DISCUSSION

Under normal circumstances the endothelium is a
nonadhesive surface that actively inhibits cell-cell
interactions with blood elements such as leukocytes or
platelets!®! . The pathogenesis of vascular diseases is
characterized by perturbations in cell-cell and cell-matrix
interactions that predispose vascular tissue to thrombosis,
inflammation, and atherosclerotic leision formation. The
influx of inflammatory cells into the vessel wall is a
multistep process  involving  sequential  interactions
between adhesion molecules from the selectin family ( for
example, P-seclectin),  chemokines (for example,
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Fig3. Effect of Ox-LDL, PBC 10 - 80 pmol/L, and different antibodies of adhesion molecules on monocyte adhesion to

HUVEC. n=5incontrol. n=8 in other groups. X=ts.

P <0.01 vs control. ‘P <0.01 vs Ox-LDL group.
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MCP-1), adhesion molecules from the integrin family
{ for example, VCAM-1) as well as chemoattractants. [ for
example, platelet activating factor ( PAF )], and
cytokines ( for example, interleukin-1) .

Ferns et al™”' showed the inhibitory effect of PBC
on the adhesion of MC to EC in cholesterol-fed rabbits.
However, the exact mechanism of PBC 1o inhibit
monocyte adhesion 10 EC and whether this effect is
mediated by attenuation of the expression of adhesion
molecules is nat clear.  Our results showed that treatment
of HUVEC with Ox-LDL enhanced the adhesion of
human peripheral biood monocytes in a concentration-
dependent and time-related manner (Fig 1, 2), increased
the expression of ICAM-1 and P-selectin but not
VCAM-1 and E-selectin.  Adhesion index was decreased
by Ox-LDL 200 mg/L relative to Ox-LDL 100 mg/L.,
which might be the reason that Ox-LDL 200 mg/L
showed a litile cytotoxicity (not shown). Expression of
VCAM-1 in our results was different from that reported
by Cominacini et af ™) that the expression of VCAM-1
was increased. The difference needs further study,
whether the pretreatment of LDL with antioxidants such as
vitamin E and probucol may protect oxidation of LDL in
different degree. In addition, our results showed PBC
inhibited the Ox-LDL-enhanced adhesion of MC to EC in
a concentration-dependent manner in virre, and the
expression of ICAM-1 and P-selectin, panly different
from that reported by Kancko er al'", which probucol
did not affect the expression of ICAM-1, but down-
regulated E-selectin expression. These may be caused by
different conditions.  Kancko er af used lipopoly-
saccharide (LPS) as stimulus. LPS induced expression
of different adhesive molecules with that of oxidative
LDL. Moreover, our results showed that pretreatment of
Ox-LDL-stimulated HUVEC with different mAbs ( 10
mg/L), mAbs to ICAM-1 or P-selectin slightly reduced
monacyte binding to treated HUVEC respectively. Both
mAbs 10 ICAM-1 and P-selectin inhibited 17 % adhesion
of MC to EC, but lower than that of PBC (55 %).
These all suggested that the enhanced endothelial
adhesiveness was associated in part with an up-regulation
of ICAM-1 expression but not of VCAM-1 or E-selectin
expression, and requires additional ligands, possibly
carhohydrate-decorated, heparin-like  structures, eg,
endothelial proteoglycans'”™’ . The inhibitory effect of
PBC on MC-EC adhesion was nol only associated with
inhibitory expression of ICAM-1 and P-selectin, but also
with other effects, which needs further study .

The adhesion of monocytes to vessel wall endothelial

cells may play an important role in ulherogenesis"“.
Increased data suggest that Ox-LDL may be involved in
the pathogenesis of atherosclerosis'' ™" . Our results
showed that Ox-LDL could induce the expression of
several adhesion molecules on endothelial cells, such as
ICAM-| and P-selectin, and could increase the adhesion
of monocytes to endothelial cells, which were inhibited
by probucol. Moreover, we found that effects of PBC
on the adhesion of monocytes to endothelial cells were
more than that of both mAbs to ICAM-1 and P-selectin.
Taken PBC inhibits  Ox-LDL-stimularted
adhesion of monocytes to HUVEC not only by reducing
ICAM-1 and P-selectin expression, but also including

together,

other mechanisms, which are still unclear, and need

further smdy.
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