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Abstract

Low density lipoprotein (LDL) interactions with the endo-
thelium are thought to play a major role in the development
of atherosclerosis. The mechanism(s) involved are not fully
understood, although several lines of evidence support the
idea that oxidation of LDL increases its atherogenicity. In
this study we report for the first time that native LDL (n-LDL)
binding to the LDL receptor (100-700 p.g/ml) triggers a rise
in intracellular calcium which acts as a second messenger to
induce vascular cell adhesion molecule-1 (VCAM-1) expres-
sion in human coronary artery (HCAEC) and pig aortic
endothelial cells (PAEC) and VCAM-1 and E-selectin ex-
pression in human aortic (HAEC) endothelial cells. Prein-
cubation of HCAEC with a monoclonal antibody (IgGC7)
to the classical LDL receptor or pretreatment with pertussis
toxin blocked the n-LDL~induced calcium transients. Prein-
cubation of each of the endothelial cell lines with the cal-
cium chelator 1,-2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acetomethyl ester (BAPTA/AM) prevented the
expression of VCAM-1 and E-selectin. The increase in
VCAM-1 by n-LDL results in increased monocyte binding
to HCAEC which can be attenuated by inhibiting the intra-
cellular calcium rise or by blocking the VCAM-1 binding
sites. These studies in human and pig endothelial cells link
calcium signaling conferred by n-LDL to mechanisms con-
trolling the expression of endothelial cell adhesion mole-
cules involved in atherogenesis. (J. Clin. Invest. 1998. 101:
1064-1075.) Key words: n-LDL . selectins » integrins « sig-
naling « endothelium

Introduction

It is recognized increasingly that development of atherogenesis
is a complex and multifactorial disease that depends on the ex-
change of messages by resident cells (endothelial and smooth
muscle cells) and infiltrating leukocytes that regulate functions
critical to lesion initiation and progression and to clinical man-
ifestations of coronary artery disease. LDL interaction with
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the intimal layer of large arteries seems to be one of a number
of factors critical to lesion development. There is an increased
risk for complications of atherosclerosis when plasma LDL-
cholesterol is increased (1) and many clinical trials document
that pharmacological treatment of coronary-prone patients
with lipid lowering agents can reduce coronary events and to-
tal mortality (2, 3).

An important early event in the initiation of atherosclerosis
is the increased uptake of monocytes into the intima where
they differentiate into macrophages (4) and ingest modified
forms of LDL to become foamy macrophages (5-7) which give
rise to “fatty streaks,” the precursor lesion which subsequently
leads to development of atherosclerosis. Consequently, much
attention is now focused on understanding the etiology of the
fatty streak and the mechanisms by which LDL can affect
components of the atherosclerotic process. Monocyte recruit-
ment into the vessel wall is a complex process that includes cell
rolling, firm attachment, and directed migration. Movement of
monocytes into the intima can be dissected into distinct but
continuous stages involving sequential interactions of different
molecules on the monocyte and endothelial cell surface. Evi-
dence supporting an important role of oxidative modification
of LDL in influencing all stages of monocyte binding to the
vessel wall is growing (8). For example, treatment of endothe-
lial cells with oxidized LDL increases P-selectin (9, 10) and
vascular cell adhesion molecule (VCAM-1)! (11) expression,
as well as inducing endothelial cells to produce potent mono-
cyte activators, monocyte chemoattractant protein-1 (12), and
monocyte colony stimulating factor (13). However, much less
is known about the cellular and molecular mechanisms by
which native LDL (n-LDL) activates endothelial cells to influ-
ence atherogenesis. Endothelial cell activation is pivotal in
driving cell adhesion and migration. One of the earliest signs
of endothelial cell activation is a rise in intracellular calcium.
Several lines of evidence have suggested that calcium may be
involved in atherogenesis. First, a fivefold increase in intracel-
lular calcium in aortic endothelial cells of cholesterol-fed rab-
bits has been observed compared with normal rabbits (14).
Secondly, several groups have shown that calcium antagonists
have an antiatherogenic effect in animals fed a diet rich in cho-
lesterol (15). Thirdly, increases in calcium have been shown
in a limited number of endothelial cells including human
umbilical vein (16), bovine (17), and the endothelial cell line

1. Abbreviations used in this paper: BAPTA/AM, 1,-2-bis(o-ami-
nophenoxy)ethane-N,N,N’,N'-tetraacetic acetomethyl ester; BHT,
butylated hydroxytoluene; Br-A23187, bromo-calcium ionophore;
Fura-2/AM, Fura-2 acetomethyl ester; H-7, 1-[5-isoquinolinesulfo-
nyl]-2-methyl-piperazine; HAEC, human aortic endothelial cells;
HCAEC, human coronary artery endothelial cells; n-LDL, native
LDL; PAEC, pig aortic endothelial cells; PKC, protein kinase C;
TPEN, N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine; VCAM-1,
vascular cell adhesion molecule-1.



EA.hy926 (18) after the addition of LDL. Finally, endothelial
cell injury either induced by high plasma cholesterol levels or
by other conditions is causally related to an increase of the cal-
cium content in the atheromatous area (19). Therefore, if cal-
cium is an important mediator in atherogenesis and lipopro-
teins also have an important role, it is possible that the effects
of these lipoproteins and cellular calcium homeostasis are in-
terrelated.

In this study we report the novel finding that n-LDL bind-
ing to the LDL receptor can trigger intraendothelial cell cal-
cium transients which act as a second messenger to induce
VCAM-1 and E-selectin expression in human vascular endo-
thelial cells and VCAM-1 in porcine vascular endothelial
cells. The increase in VCAM-1 by n-LDL results in increased
monocyte binding to human coronary artery endothelial cells
(HCAEQ). These results link calcium signaling conferred by
n-LDL to mechanisms controlling the expression of endothe-
lial cell adhesion molecules involved in atherosclerosis.

Methods

Materials

LDL, VLDL, HDL, pertussis toxin, 1-[5-isoquinolinesulfonyl]-2-methyl-
piperazine (H-7), N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN), butylated hydroxytoluene (BHT), and PMA were purchased
from Sigma Chemical Co. (Dorset, UK). Fura-2 acetoxymethyl ester
(Fura-2/AM), thapsigargin, bromo-calcium ionophore (Br-A23187)
and 1,-2-bis(o-aminophenoxy)ethane-N,N,N’, N'-tetraacetic aceto-
methyl ester (BAPTA/AM) were from Molecular Probes (Eugene, OR).
Nycoprep was purchased from Nycomed (Oslo, Norway). The human
VCAM-1 (clone BBA 6) and E-selectin (clone BBA 2) antibodies
were purchased from R&D Systems (Oxford, UK) and the mouse
anti-human P-selectin antibody (CD62/GMP140, clone AC1.2) was
purchased from Becton Dickinson, (Oxford, UK). Dil-Ac-LDL was
purchased from Biogenesis (Bournemouth, UK). The mouse anti—
human E-selectin (clone 1.2B6) and the mouse anti-human VCAM-1
(clone 1.4C7) antibodies were a kind gift from Professor D. Haskard
(RPMS, Hammersmith Hospital, London, UK). R-phycoerythrin
goat anti-mouse antibody and the mouse anti-human platelet-endo-
thelial cell adhesion molecule-1 (CD31) antibody were purchased
from DAKO Ltd. (High Wycombe, UK). Endothelial serum-free
growth medium and medium 199 were purchased from GIBCO BRL
(Paisley, UK). All other reagents were analar grade and purchased
from BDH Chemicals (Poole, UK). The Fura-2/AM, thapsigargin,
and Br-A23187 were dissolved in DMSO and delivered to the cells at
a final concentration of 1 pM, 10 pg/ml, and 2 pM, respectively, with
a final DMSO concentration of < 0.1%.

Cell culture

HCAEC and human aortic endothelial cells (HAEC) were isolated
from vessels taken from recipient hearts obtained at the time of trans-
plantation and cultured as described previously (20). Informed con-
sent was obtained from each patient and the study was approved by
the Harefield Hospital Ethical Committee. The cells were incubated
at 37°C, were grown into a confluent monolayer, were removed by
trypsin/EDTA solution, and seeded into larger flasks for propaga-
tion. Cells were used between the third and tenth passage. Pig aortic
endothelial cells (PAEC) were isolated as described previously (21),
and serially cultured in endothelial cell serum-free growth medium
supplemented with 150 U/ml penicillin, 150 U/ml streptomycin, and
2 mM L-glutamine. All endothelial cell lines were used between the
third and tenth passage.

Purity of the endothelial cells was assessed by positive staining for
platelet-endothelial cell adhesion molecule-1 and Dil-Ac-LDL and
negative staining for smooth muscle a-actin. Human coronary artery
and aortic endothelial cells were used because these cells provide an

ideal model to study the effects of lipoproteins with blood vessels
commonly affected by atherosclerosis. Furthermore, human trans-
planted hearts normally develop a severe form of accelerated coro-
nary artery disease in which lipoproteins may also play a role. In this
context, PAEC were used because of the interest in transplanting pig
hearts into humans (xenotransplantation). In most cases, compari-
sons of the different cell types were performed in parallel on the same
day.

Preparation of lipoproteins

n-LDL, VLDL, and HDL purchased from Sigma Chemical Co. were
isolated sequentially from plasma by using the modified methods of
Rudel et al. (22) and Rubenstein et al. (23). Each lipoprotein was
concentrated and dialyzed extensively against 0.15 M NaCl, 0.01%
EDTA, pH 7.4-7.5. The n-LDL and HDL were then filtered through
a 0.2-wm membrane and VLDL was filtered through a 0.45-pm mem-
brane. Each lipoprotein class was then checked for its characteristic
electrophoretic and chemical composition. The lipoproteins were es-
sentially free from contamination by other lipoproteins as deter-
mined by cellulose acetate electrophoresis using fat red 7B staining
for lipid. We have also used freshly isolated n-LDL to compare with
n-LDL obtained from Sigma Chemical Co. in our system. The fresh
samples of n-LDL (three human volunteers) were also isolated by the
methods outlined above and were a kind gift from Dr. Dilip Patel
(MRC Lipoprotein Group, Hammersmith Hospital, London, UK)
and Dr. Richard Siow (Vascular Biology Research Centre, King’s
College, London, UK). Dr. David Leake (School of Animal and Mi-
crobial Sciences, University of Reading, Reading, UK) also provided
us with samples of minimally modified and oxidized LDL. Each lipo-
protein was stored at 2-8°C and used within 2 wk.

Calcium measurements

The HCAEC and PAEC plated on glass coverslips at 10° cells/ml 18—
24 h previously were loaded with Fura-2/AM (1 pM for 30 min at
room temperature) in Krebs-Hepes medium (pH 7.4) containing
120 mM NacCl, 1.3 mM CaCl,, 1.2 mM MgSO,, 4.8 mM KCI, 1.2 mM
KH,PO,, 25 mM Hepes, 25 mM glucose, and 0.1% bovine serum al-
bumin. The cells were then washed twice with Krebs-Hepes and left
for a further 15 min to allow complete hydrolysis of the Fura-2 ester.

In experiments involving pharmacological agents, endothelial
cells were preincubated for a given time and temperature (as de-
scribed) with the agent before the endothelial cells were loaded with
Fura-2/AM. The coverslips were then secured between two plates of
a 3-ml volume coverslip holder and mounted in a temperature-con-
trolled incubation holder (34°C) and placed onto a microscope stage
of a Nikon Diaphot 200 inverted epifluorescence microscope. Intra-
cellular calcium measurements were performed on individual cells us-
ing an ionVision dual excitation system (ImproVision, Coventry,
UK). Absolute calcium levels were calculated as described previously
(20, 24).

Flow cytometry analysis

Changes in VCAM-1 and E-selectin protein in control (TNF-a, 10
ng/ml) and n-LDL-treated endothelial cell cultures were determined
using a flow cytometer. Endothelial cells were passaged into 24-well
plates, brought to confluence, transferred to serum-free medium for
24 h, and preincubated with n-LDL (100, 300, 500, and 700 pg/ml) or
normal cell culture media for 5 min, 30 min, 5 h, and 12 h. Viability of
the cells was determined by microscopic evaluation and by trypan
blue exclusion; the viability of the cells was > 90% after the incuba-
tion period. To be sure that any changes occurring were not due to
mild oxidation of the n-LDL in culture, in some experiments we
added BHT (20 pmol/liter) to the n-LDL as this is known to elimi-
nate nonspecific oxidation of the n-LDL particles during endothelial
cell culture experiments (25, 26). In experiments to investigate
whether n-LDL-induced changes in intracellular calcium correlate
with adhesion molecule expression, endothelial cells were preincu-
bated with the intracellular calcium chelator BAPTA/AM (10 pM; 30
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min). Because BAPTA/AM is a chelator not only for calcium but also each n-LDL incubation time the cells were washed, after which time

for other multivalent metal cations, some endothelial cells were pre- TNF-a (10 ng/ml) was added to control wells (no n-LDL treatment)
incubated with TPEN (1 uM; 30 min), a metal ion chelator that shows and then left for a further 5 h before the cells were trypsinized and as-
a marked preference for binding heavy metal cations over calcium, as sayed for adhesion molecule expression. Expression of cell-surface

a control for heavy metal scavenging by BAPTA/AM. At the end of molecules was measured as fluorescence intensity (EPICS XL-MCL
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Figure 1. (A) [Ca*"]; changes
after addition of n-LDL to
HCAEC bathed in Krebs-
Hepes. n-LDL (500 p.g/ml)
added at time 4 s and paired im-
ages acquired at 4-s intervals.
Images were processed as indi-
cated in Methods and calcium
changes are color coded (color
bar) such that warm colors indi-
cate high calcium. The scale bar
is 12 wm. A representative ex-
periment of at least 10 cell prep-
arations obtained from three do-
nor coronary arteries. (B) Time
course showing continuous re-
cording of [Ca*]; after addition
of 250 wg/ml n-LDL to HCAEC
cultures. The values represent
means*SEM of 25 cells from
three coronary arteries.



flow cytometer; Coulter Corp., Miami, FL). Each sample counted 5 X
103 cells. Controls for each assay included the absence of the primary
antibody and in some cases incubation of cells with BHT, TPEN, or
an isotype-matched, irrelevant antibody.

Immunofluorescence

n-LDL (500 pg/ml) or Br-ionophore (2 pM) was added to PAEC
grown on glass coverslips 12-18 h previously. Coverslips were washed
after 5 min and fixed in 3.7% (vol/vol) formaldehyde. P-selectin was
visualized by indirect immunofluorescence using a monoclonal anti—
P-selectin antibody (CD62/GMP140, clone AC1.2) and TRITC-con-
jugated secondary antibody (Pierce, Rockford, IL). Cells were
viewed with a laser-scanning confocal microscope (Noran Instru-
ments, Milton Keynes, UK).

Cell adhesion assay

Isolation of monocytes. From each subject, 60 ml blood was obtained
from a forearm vein under fasting conditions and placed into a hep-
arinized syringe containing sodium citrate at a final concentration of
~ 20-50 IU/ml. The blood was then mixed with 6% (wt/vol) dextran
500 in 0.9% saline and allowed to settle for 30-60 min. The plasma
was then layered onto Nycoprep (Nycomed) and monocytes were ob-
tained according to the manufacturer’s directions. The purity of the
monocyte preparations was > 90% by FACS® using the monocyte
specific marker CD14, and cell viability as determined by trypan blue
staining was > 95%. Monocytes were then stained with the green flu-
orescent dye PKH2 (Sigma Chemical Co.) according to the manufac-
turer’s instructions before addition to endothelial cell monolayers.

Adhesion of monocytes to HCAEC. Experiments were carried
out in 24-well plates as a modification of the method described previ-
ously (27). Briefly, HCAEC were seeded in the medium and incu-
bated at 37°C for 2 d until cells were confluent. The medium was then
changed to serum-free medium and the cells were left for another 24 h.
At the end of this time n-LDL (500 pg/ml for 5 h) or TNF-« (10 ng/ml
for 5 h) was added to the medium bathing the cells. In some wells,
cells were preincubated with BAPTA/AM (10 uM for 30 min) before
the addition of the n-LDL. At the end of the 5-h incubation, some
cells were treated with an anti-VCAM-1 antibody (clone BBA 6, 30
min). All cells were then washed to remove unhydrolyzed BAPTA/
AM or unbound antibody before fluorescently labeled monocytes
were added at a concentration of 10° cells/well for 1 h at 37°C. After
the cells were washed several times, the adherent monocytes were
counted in each well under a microscope using FITC illumination.
For each measurement three wells were analyzed and five different
fields of view were counted in each well. The various treatments in
each well were unknown to the investigator.

Statistical analysis

Statistical analysis was carried using the commercial program Unistat
version 4 for Windows (Unistat Ltd., UK). The results are expressed
as mean*=SEM. Calcium measurements were analyzed by either an
unpaired Student’s ¢ test or ANOVA coupled with a post-hoc Bonfer-
roni correction analysis when appropriate. Adhesion molecule data
were analyzed using repeated measures ANOVA. Differences were
considered to be significant when the probability value was < 0.05.

Results

Effect of n-LDL on intracellular calcium. Addition of n-LDL
(500 pg/ml) to HCAEC adherent to glass coverslips and
bathed in Krebs-Hepes buffer caused a transient calcium rise
from a resting level of 82+1.6 to 610135 nM (mean=SEM,
n = 35) (Fig. 1 A). The average rise in intracellular calcium in
HCAEC (492+75 nM) reached a maximum 16 s after addition
of n-LDL, followed by a gradual fall in intracellular calcium
levels, returning to near baseline calcium levels by 160 s (Fig. 1
B). Compared with the reference standard thrombin, which
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Figure 2. Concentration-dependent effect of n-LDL added to
HCAEC (open boxes) and PAEC (filled boxes) on [Ca?*];. The val-
ues represent means*+SEM of 50 individual HCAEC obtained from
three donor coronary arteries and 70 PAEC obtained from six donor
aortae.

induced a calcium rise of 70025 nM (n = 29), the average
n-LDL~induced calcium rise approximated to 70% of this re-
sponse. Fresh n-LDL (200 wg/ml) also induced a calcium rise
in HCAEC from a resting level of 79+2 to 35558 nM
(mean*=SEM, n = 34). There were no apparent differences in
the magnitude or time course of the calcium transients when
compared with the n-LDL samples obtained from Sigma
Chemical Co. (data not shown). Similar observations were
made in PAEC exposed to n-LDL (500 pg/ml) with the cal-
cium level rising from a resting level of 76+1.0 to 255+46 nM
(mean=SEM, n = 40). The calcium transients in HCAEC and
PAEC were dependent on the concentration of n-LDL and
were saturable, and the half-maximally effective concentration
(ECsp) was ~ 100 and 380 pg/ml, respectively (Fig. 2).

To investigate the effect of chronic exposure of endothelial
cells to n-LDL on intracellular calcium, we incubated HCAEC

Table I. Effect of Long-Term (24-h) Preincubation with
n-LDL on Cellular Calcium Levels

PAEC HCAEC
Basal 53+1.0 (104) 75+6.5 (95)
Control PBS 94+6.5 (24)* 149+6.9 (14)*
LDL (24-h) 500 pg/ml 325+49 (54)* 156+8.4 (25)
700 pg/ml 227+11 (26)* 173+5.3 (22)*

Addition of n-LDL (500 pg/ml) to endothelial cells chronically exposed
to n-LDL (500 and 700 wg/ml) for 24 h produces larger calcium rises
compared with PBS-treated endothelial cells. Values represent mean*
SEM and n is total number of cells measured. Data were analyzed by
ANOVA coupled with a Bonferroni correction. Bonferroni P values are
as follows: *P < 0.01 control vs. 700 pg/ml, * P < 0.001 control vs. basal
and 500 and 700 pg/ml.
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and PAEC for 24 h with n-LDL (500 and 700 pg/ml) or with
PBS. At the end of this incubation time we then measured the
calcium rise after a further addition of 500 wg/ml n-LDL. The
results (Table I) show an increase in calcium levels after n-LDL
challenge, in the endothelial cells preincubated for 24 h with
n-LDL compared with controls (PBS preincubation).

Effect of minimally modified LDL and oxidized LDL on
intracellular calcium. Because n-LDL is known to be oxidized
by endothelial cells in vivo we also compared the effect of
modified forms of n-LDL on cell calcium levels. Minimally
modified LDL (100 wg/ml, n = 40) had no apparent effect on
intracellular calcium levels in HCAEC (data not shown). In
contrast, oxidized LDL (100 pg/ml, n = 18) induced potent
calcium rises in the HCAEC from a resting calcium level of
85+4 to 46567 nM.

Effect of VLDL and HDL on intracellular calcium. Since
lipoprotein fractions in vivo are also made up of VLDL and
HDL classes, we were also interested to know whether these
two classes of lipoproteins could affect endothelial cell calcium
levels. VLDL and HDL both induced a rise in intracellular cal-
cium in PAEC from a resting level of 63+4 to 18322 nM (100
pg/ml VLDL, n = 49) and 94%5 to 388+72 nM (500 pg/ml
HDL, n = 41), respectively.

Source of n-LD L~induced calcium changes. When HCAEC
were bathed in a calcium-free external medium containing
1 mM EGTA for 3-5 min, the basal calcium level was 84+3.4
nM (mean*=SEM, n = 64). When stimulated with n-LDL (500
wg/ml) the calcium rose to 246+35 nM (mean*SEM, P <
0.001 unpaired ¢ test, n = 64), compared with 535+136 nM
(mean=SEM, P < 0.04 n-LDL unpaired ¢ test, n = 15) in
cells bathed in calcium containing medium. Similarly, PAEC
briefly exposed to bathing medium without calcium and with
EGTA (1 mM) had a basal calcium level of 54+1.2 nM
(mean*SEM, n = 87). Upon adding n-LDL (500 pg/ml) to
cells bathed in calcium-free medium or to calcium-containing
medium supplemented with cadmium chloride (50 mM; 15
min), to block entry of extracellular calcium, the calcium level
rose to 105220 nM (mean=SEM, P < 0.01 unpaired ¢ test, n =
87) and 97+12 nM (mean=SEM, P < 0.01 unpaired ¢ test, n =
87) respectively, compared with 255+46 nM (mean=SEM,
P < 0.01 unpaired ¢ test, n = 120) in control PAEC bathed in
calcium-containing medium.

The ratio of the calcium rise in the absence and presence of

g

[Ca*]; (aM)

g
-

Table II. Anti-LDL Receptor Antibody (IgGC7) Attenuates
n-LDL (500 pg/ml)-induced Calcium Rises in HCAEC
and PAEC

n-LDL (500 pg/ml)-induced calcium levels (nM)

HCAEC PAEC
Basal calcium 803 (114) 85+2 (124)
Control 600=70% (27) 260+35% (26)
I1gGC7 5 pg/ml 18240% (23) 249+29 (24)
IgGC7 25 pg/ml 178=35% (24) 252420 (26)
IgGC7 50 pg/ml 163x30%* (20) 175+25% (26)
IgG 590+55 (20) 265+30 (22)

Increasing concentrations of the LDL receptor antibody IgGC7 inhibits
the n-LDL (500 pg/ml)-induced calcium rise in HCAEC and PAEC.
Values represent mean+SEM and 7 is total number of cells measured.
Data were analyzed by ANOVA coupled with a Bonferroni correction.
Bonferroni P values are as follows: *P < 0.05 control vs. IgGC7 50 pg/
ml and *P < 0.001 control vs. basal and IgGC7. IgG represents isotype-
matched control antibody.

external calcium was ~ 44 %, suggesting a major contribution
of extracellular calcium influx in the n-LDL~induced calcium
rise in both cell types. To confirm the contribution of intracel-
lular calcium stores in the n-LDI~induced calcium rise, the
HCAEC and PAEC were pretreated with thapsigargin (10
wg/ml) in calcium-free external medium containing 1 mM
EGTA and in external medium containing calcium. Thapsigar-
gin treatment caused an emptying of the internal calcium
stores. Further addition of n-LDL (500 pg/ml) had no appar-
ent effect on the intracellular calcium levels in either the
HCAEC (Fig. 3) or PAEC (data not shown).

Nature of the n-LD L—induced calcium rise. To examine
whether the n-LDL-induced calcium rise is triggered by the
specific LDL surface receptor (apo B/E receptor), we investi-
gated the effect of n-LDL (500 pg/ml) on intracellular calcium
transients 1 h after preincubation of HCAEC or PAEC with 5,
25, or 50 pg/ml of the specific LDL receptor antibody IgGC7
(28) at 4°C or a control isotype IgG antibody. Cells were incu-
bated at 4°C because the apparent affinity of the antibody for
the LDL receptor is greater than at 37°C. In HCAEC, IgGC7

Figure 3. n-LDL releases [Ca?*]; from
membrane-enclosed intracellular store.
Emptying of the store by treatment of
HCAEC with 10 pg/ml thapsigargin in the
presence of extracellular calcium (left ar-
row). This treatment abolishes the n-LDL~

0 50 100 150 200 250

Time (sec)
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induced calcium rise (right arrow). The val-
ues represent mean*=SEM of 46 individual
cells from three donor coronary arteries.



blocked the n-LDL-induced calcium transients (Table II).
However, in PAEC the effect of [gGC7 was less potent, atten-
uating the calcium transient only at the highest concentration
of the antibody (Table II). The irrelevant IgG antibody had no
apparent effect on n-LDL-induced calcium levels.

To confirm that the n-LDL~induced calcium rise is recep-
tor mediated, we pretreated cells with pertussis toxin (1 wg/ml)
for 1 h at 37°C, a process that is known to inhibit receptor-medi-
ated activation of phospholipase C and the subsequent influx
and release of intracellular calcium. Pertussis toxin treatment,
which had no apparent toxic effect as measured by trypan blue
exclusion test, inhibited the n-LDIL-induced calcium rise in
both HCAEC and PAEC. Upon challenging HCAEC with
n-LDL (250 pg/ml) the calcium rose from a resting level of
80*4 to 1506 nM (mean*SEM, P < 0.001 unpaired ¢ test,
n = 15) in the absence of pertussis toxin to 83*15 nM
(mean*=SEM, n = 75) in the presence of pertussis toxin. Simi-
larly, upon challenging PAEC with n-LDL (500 pg/ml), the
calcium rose from a resting level of 54+1.2 to 259+47 nM
(mean*SEM, P < 0.001 unpaired ¢ test, n = 68) in the absence
of pertussis toxin to 57.4+1 nM (mean*SEM, n = 68) in the
presence of pertussis toxin. These results suggest that the
n-LDIL~induced calcium rise is mediated by LDL receptor
coupling to heterotrimeric pertussis toxin-sensitive G pro-
teins.

Effect of protein kinase C (PKC) inhibition on n-LDL—
induced calcium transients. The binding of n-LDL to the apo
B/E receptor leads to activation of PKC and subsequent down-
regulation of the LDL receptors (29, 30). Therefore we investi-
gated what effect reversibly blocking the catalytic activity of PKC
with H-7 (31, 32) (100 uM) would have on the n-LDL-induced
calcium risein PAEC. Although H-7 is a relatively nonspecific
PKC inhibitor, at 100 uM H-7 blocked the intracellular cal-
cium rise induced by thrombin and PMA (Fig. 4), two com-
pounds known to act via PKC pathways (33, 34). These results
suggested that H-7’s effect as a PKC inhibitor in our cells was
specific at this concentration and therefore this concentration
was used to assess the role of PKC in n-LDL calcium signaling.
Inhibition of PKC activation augmented the calcium rise after
n-LDL (500 pg/ml) administration in H-7—-treated cells (mean=

800 sk
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SEM, n = 78, Fig. 4), suggesting the involvement of PKC in
the regulation of n-LDL-induced calcium signaling via the
LDL receptor in PAEC.

Indirect immunofluorescence of P-selectin expression on
PAEC stimulated with LDL. One of the earliest events in the
activation of endothelial cells is the rapid redistribution of
P-selectin (CD62P) from Weibel-Palade bodies to the plasma
membrane (35, 36). We found that in untreated PAEC the
P-selectin staining produced a punctate pattern (Fig. 5 A) that
typifies vesicle-containing P-selectin in quiescent endothelial
cells. The n-LDL treatment of PAEC produced a dramatically
different pattern. There was diffuse staining over the entire
cell surface, indicative of endothelial cell activation resulting in
the translocation of P-selectin to the surface membranes of the
endothelial cells (20) (Fig. 5 B). Similar staining patterns were
observed with Br-ionophore-treated PAEC (Fig. 5 C).

Flow cytometric analysis of E-selectin and VCAM-1 expres-
sion in endothelial cells stimulated with n-LDL. Because ad-
hesion molecules are expressed after activation of the endo-
thelium, we investigated the possibility that the n-LDL~induced
calcium rise might induce VCAM-1 expression in endothelial
cells. In HCAEC there was a dose-dependent increase in
VCAM-1 expression to n-LDL after 5 h (Fig. 6). The maxi-
mum change in adhesion molecule expression occurred with
500 pg/ml n-LDL and was 14.7+1.2% of the mean TNF-a—
induced VCAM-1 response which was 90+5%. By 12 h the
levels of VCAM-1 had declined (data not shown). The expres-
sion of VCAM-1 was inhibited in the HCAEC that were pre-
loaded with the intracellular calcium chelator BAPTA/AM
before n-LDL treatment, indicating n-LDL-induced calcium
transients were triggering the expression of VCAM-1. To de-
termine whether the effect of n-LDL on VCAM-1 expression
was specific for this surface adhesion molecule, we also
measured the effect of n-LDL on E-selectin expression. In
HCAEC n-LDL (500 pg/ml) induced a small, but nonsignifi-
cant increase in E-selectin expression after 5 h (basal 0.67£0.3
to 41*+1.7%, P = NS with ANOVA, n = 5 experiments per-
formed in duplicate).

To determine whether the effect of n-LDL on VCAM-1
and E-selectin expression could be induced on other vascular

B Thrombin

mPMA

I Figure 4. Bar graphs showing effect of
Ak PKC inhibition with H-7 on n-LDL~
T induced [Ca?"];. PAEC were preincubated

for 30 min at 37°C with H-7 (100 pM).

PAEC were then loaded with Fura-2/AM
as indicated in Methods. Agonists were
then added, in the continued presence
of the inhibitor. The values represent
mean*SEM of five separate experiments
performed on a total of 60 individual cells.

LT Statistics were performed using ANOVA

incorporating repeated measures coupled
with a post-hoc Bonferroni correction.
Bonferroni P values are as follows: **P <

Control
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H-7 0.002; ***P < (0.001 controls vs. H-7.
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endothelial cells we repeated the experiments in HAEC and
PAEC. Preincubation of increasing concentrations of n-LDL
for 5 h induced expression on the endothelial cell surface of
both VCAM-1 (Table IIT) and E-selectin in HAEC (Fig. 7).
The maximum change in E-selectin expression occurred with
500 wg/ml n-LDL and was 12.0£4% of the mean TNF-« re-
sponse which was 95=5%. In PAEC, 5-h n-LDL pretreatment
also induced surface expression of VCAM-1 (Table III), while
the expression of E-selectin was not affected by exposure to
n-LDL (data not shown). The expression of VCAM-1 and
E-selectin in HAEC and VCAM-1 in PAEC was also inhibited
in the endothelial cells that were preloaded with BAPTA/AM
before n-LDL treatment, indicating that n-LDL-induced cal-
cium transients were required for adhesion molecule expres-
sion. Furthermore, in both the human and porcine endothelial
cells the maximum change in adhesion molecule expression
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Figure 5. Activation of PAEC by n-LDL.
Fluorescent confocal micrographs of
immunolabeled P-selectin in PAEC be-
fore (A), 5 min after exposure to n-LDL
(500 pg/ml) (B), and after exposure to
Br-A23187 (2 uM) (C). Scale bar = 10 pm.
P-selectin was visualized by indirect im-
munofluorescence using a monoclonal
anti-P-selectin antibody (CD62/
GMP140, clone AC1.2) and TRITC-
conjugated secondary antibody (Pierce).
Cells were viewed with a laser-scanning
confocal microscope (Noran Instru-
ments). The fluorescent micrograph is
representative of six individual experi-
ments.

and the largest rise in intracellular calcium levels were both
produced by the same concentration of n-LDL (500 pg/ml).

Endothelial cells preincubated with TPEN responded to
n-LDL by expressing similar increases in adhesion molecule
expression (data not shown), thus ensuring that the inhibi-
tory effect of BAPTA/AM is caused strictly by the ability of
BAPTA/AM to buffer calcium and is not scavenging other
biochemically important metal ions. In addition, experiments
which included BHT added to the n-LDL showed no signifi-
cant differences in the amount of adhesion molecule expres-
sion compared with those experiments that did not incorpo-
rate BHT into the n-LDL (data not shown). These findings
argue against the oxidation/modification of n-LDL in our cell
culture model, suggesting that the adhesion molecule expres-
sion induced in the endothelial cells was likely to be due to un-
modified n-LDL.
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Figure 6. Bar graph shows VCAM-1 sur-
face expression on HCAEC induced by
increasing concentrations of n-LDL and
expressed as a percentage of the TNF-a
response (black bars). The HCAEC were
preincubated with either TNF-« (10 ng/ml)
or increasing concentrations of n-LDL
(100 -700 pg/ml) for 5 h before assaying for
VCAM-1. Some cells were pretreated with
BAPTA/AM (10 uM for 30 min) before
n-LDL was added (white bars). Results are
represented as mean*=SEM of five sepa-
rate experiments performed in duplicate
from three donor coronary arteries. Statis-
tics were performed using repeated mea-

n-LDL (ug protein/mL)

Binding of human monocytes to HCAEC. Human mono-
cytes bind to HCAEC treated with n-LDL (500 pg/ml, 5 h at
37°C) more avidly (17511 monocytes) than HCAEC un-
treated (936 monocytes) (Fig. 8). This binding was inhibited
by chelating the intracellular calcium with BAPTA/AM (101=+
10 monocytes) or by a monoclonal antibody to VCAM-1 (88+5
monocytes) on the endothelial membranes (Fig. 8). An irrele-
vant IgG isoform had no apparent effect on this binding (data
not shown).

Discussion

In this study we demonstrate the novel finding that n-LDL
binding to the LDL receptor can trigger intraendothelial cell
calcium transients which act as a second messenger to induce
expression of VCAM-1 and minimal amounts of E-selectin in
human vascular endothelial cells and VCAM-1 in porcine vas-
cular endothelial cells. The increase in VCAM-1 by n-LDL re-
sults in increased monocyte binding to HCAEC which can be
attenuated by inhibiting the intracellular calcium rise or block-
ing the VCAM-1 binding sites. These results link calcium sig-
naling conferred by n-LDL to mechanisms controlling the ex-
pression of endothelial cell adhesion molecules implicated in
atherosclerosis.

LDL interaction with monocytes and coronary artery en-
dothelial cells seems to be one of a number of factors critical to
development of atherosclerosis. The mechanism(s) behind this
effect is not fully understood, although several lines of evi-
dence support the idea that oxidation of LDL increases its
atherogenicity. Much less is known about the mechanism(s) by
which n-LDL activates endothelial cells to influence athero-
genesis. Several studies have shown that LDLs can produce a
rise in endothelial cell calcium, whereas other studies have
shown induction of adhesion molecules on the surface of the
endothelial cells, which in some cases augment monocyte bind-
ing. It is not known whether LDL-induced calcium transients
are a link between levels of circulating LDL and adhesion mol-
ecule expression on endothelial cells.

sures ANOVA. The P values are as fol-
lows: *P < 0.04, **P < 0.004, and ***P <
0.001.

In this work, we demonstrate that n-LDL binding to the
LDL receptor induces a rise in intracellular calcium which sig-
nals the cells to induce both selectin and immunoglobulin su-
perfamily member expression in three separate endothelial
cell lines. The major source of the n-LDL-dependent calcium
rise in the endothelial cells is the release from intracellular
membrane store(s). This was confirmed by the lack of cal-
cium fluxes in thapsigargin-treated or pertussis toxin-treated
HCAEC and PAEC. Influx of calcium from the extracellular
medium contributed ~ 40% of the n-LDL-induced intracellu-
lar calcium rise. This influx was demonstrated by the attenua-
tion of the calcium signal in endothelial cells bathed in medium
with extracellular calcium removed and EGTA present and by

Table I11. VCAM-1 Expression on HAEC and PAEC Induced
by Increasing Concentrations of n-LDL

HAEC PAEC
LDL (p.g/ml) VCAM-1 BAPTA/AM VCAM-1 BAPTA/AM
0 0.9% 0.5% 40% 24%
100 4% 2% 58% 14.3%
300 6% 2.5% 62% 11.6%
500 11% 3% 75% 21%
700 12% 3% 52% 35%

Concentration-dependent increases in VCAM-1 expression on HAEC
and PAEC by n-LDL. In HAEC the VCAM-1 is measured as the num-
ber of positive cells while in the PAEC VCAM-1 is measured as the
mean fluorescence intensity to account for the high basal VCAM-1 lev-
els found in PAEC. All values are expressed as a percentage of the
TNF-a response. The HAEC and PAEC were preincubated with either
TNF-a (10 ng/ml) or n-LDL (100-700 pg/ml) for 5 h before assaying for
VCAM-1. Some cells were pretreated with BAPTA/AM (10 pM, 30
min) before n-LDL was added. The results are representative of four
HAEC experiments performed in duplicate from three donor aortae
and four PAEC experiments performed in duplicate from four pig
aortae.
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Figure 7. Bar graph shows E-selectin sur-
face expression on HAEC induced by in-
creasing concentrations of n-LDL and ex-
pressed as a percentage of the TNF-«
response (black bars). The HAEC were
preincubated with either TNF-a (10 ng/ml)
or increasing concentrations of n-LDL
(100-700 pg/ml) for 5 h before assaying for
E-selectin. Some cells were pretreated with
BAPTA/AM (10 uM for 30 min) before
n-LDL was added (white bars). Results are
represented as mean*=SEM of four sepa-
rate experiments performed in duplicate
from three donor coronary arteries. Statis-
tics were performed using repeated mea-

300
n-LDL ( pg Protein/mL)

incubation of cells with cadmium chloride to block influx
through calcium channels. By depleting the intracellular cal-
cium stores with thapsigargin we completely prevented the
n-LDL~induced calcium transient. The LDL-induced calcium
rise is transient, probably due to a rapid regulation by the in-
tracellular calcium homeostatic mechanisms. Long-term incu-
bations of HCAEC and PAEC with n-LDL (24 h) revealed
that the calcium regulation is altered, resulting in higher levels
of intracellular calcium induced by n-LDL (Table I).

Similarly, smooth muscle cells incubated for 1-3 d with
high levels of LDL responded with significantly faster calcium
exchange kinetics in both the intracellular and extracellular
compartments (37). If calcium homeostasis is important in
atherogenesis, then it is tempting to speculate that chronic ex-
posure of vascular cells to n-LDL could alter calcium regula-
tion mechanisms that favor an accumulation of calcium within
endothelial cells and smooth muscle cells similar to that ob-
served in atherosclerotic vessels. Indeed, recent evidence sug-
gests that high levels of lipoproteins may influence the degree

FAF

150

Ak

100 | g

50 |

Monocyte binding
o g B
- :
*
*

700 sures ANOVA. P values are as follows
*P < 0.04, **P < 0.01, and ***P < 0.001.

of calcium within the vessel wall. Using ultrafast computed
tomography, the amount of calcium within atherosclerotic cor-
onary vessels correlated significantly with the patient’s dysli-
poproteinemia (38). These findings further highlight the
potential relationship between lipoprotein-induced calcium
signaling and coronary artery disease.

To define the molecular recognition site where n-LDL is
binding, we performed experiments in the presence of an anti-
body to the classical LDL receptor. Preincubation of HCAEC
and PAEC with monoclonal antibodies (IgGC7) against
specific surface LDL receptors attenuated or abolished the
n-LDL~induced calcium rise with increasing concentrations of
the antibody. These results indicate that the action of n-LDL
appears to be mediated by binding to the LDL receptor. The
binding of LDL to a number of cell types, including platelets
(39), vascular smooth muscle cells and fibroblasts (40, 41), and
endothelial cells (16) is known to trigger cellular events which
lead to activation of phospholipase C and the subsequent pro-
duction of inositol 1,4,5-triphosphate (IP;) and diacylglycerol

Figure 8. Bar graph shows monocyte
binding to control (TNF-q, 10 ng/ml) and
n-LDL-treated (500 pg/ml) HCAEC. Re-
sults are expressed as number of mono-
cytes bound per triplicate well and are
mean*SEM (n = 3). BAPTA/AM (to
block the intracellular calcium rise) and
anti-VCAM-1 antibody (to block surface
VCAM-1 molecules) both significantly at-
tenuated the binding of monocytes to

T n-LDL-treated HCAEC. Statistics were
performed using ANOVA incorporating
repeated measures coupled with a post-hoc
Bonferroni correction. Bonferroni P values
are as follows: ***P < (.001 for basal vs.
TNF-a and n-LDL and n-LDL vs. n-LDL +

ki
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(DAG). IP; causes release of intracellular calcium and DAG
activates PKC (42, 43). The activation of PKC is known to
cause desensitization of LDL receptors (29, 30). Furthermore,
LDL elevates intracellular calcium in platelets and this effect is
completely blocked after activation of PKC (44). We show that
inhibition of PKC with H-7 in PAEC augments the n-LDL-
induced calcium rise, suggesting that LDL receptor-mediated
calcium transients may be regulated by PKC. Whether the po-
tentiation of the calcium rise is related to preventing desensiti-
zation of the LDL receptors by PKC or to the known inhibi-
tory actions of H-7 on cAMP and c-GMP-dependent kinases
(45) remains to be determined.

Oxidized LDL, but not minimally modified LDL, was also
able to induce calcium rises in HCAEC. Furthermore, our pre-
liminary investigations with two other classes of lipoproteins,
VLDL and HDL, have shown that they also induce a calcium
rise in PAEC. HDL is well known to be capable of activating
second-messenger systems coupled to elevation of intracellular
calcium (46, 47). Whether HDL is binding to an HDL recep-
tor, such as the recently described SR-BI scavenger receptor,
or to the LDL receptor via apo E binding to induce these sig-
nals is not known at present.

Very little is known about the effect of VLDL on intracel-
lular calcium. There appears to be only one study to date that
shows that VLDL can induce alterations in vascular smooth
muscle cell calcium exchange kinetics (37). It is possible that
VLDL-induced calcium transients are due to an interaction
with the LDL receptor via apo E binding. Alternatively,
VLDL could possibly be interacting with a VLDL receptor on
pig endothelial cells to induce these changes. Additional work
is necessary to clarify the molecular signaling mechanisms by
which these modified LDL molecules and different lipoprotein
classes activate endothelial cells and to identify the functional-
ity of such a calcium rise.

Calcium is the most common signal transduction element
in cells which results in activation of the cell when the concen-
tration of calcium changes. One of the earliest events in the
activation of endothelial cells is the rapid redistribution of
P-selectin (CD62P) from Weibel-Palade bodies to the plasma
membrane (35, 36). In a recent study, Murohara et al. (48)
showed that lysophosphatidylcholine, which is a major phos-
pholipid component in oxidized LDL, promotes P-selectin ex-
pression in endothelial cells. We show here that n-LDL can
also elicit rapid P-selectin surface expression on PAEC which
could also be induced by the calcium Br-ionophore. This trans-
location of P-selectin occurred within 5 min of n-LDL treat-
ment and was dependent on a rise in intracellular calcium.
New evidence suggests that P-selectin may play an important
role in the initiation of atherosclerosis. P-selectin expression
was shown to precede accumulation of macrophages and T
lymphocytes into the intima of hypercholesterolemic rabbits
(49) while another study showed that P-selectin is significantly
unregulated on the endothelium, which facilitates leukocyte
rolling on the microvascular endothelium during mild hyper-
cholesterolemia in rats (50). Furthermore, monocyte/macro-
phage recruitment to chronic inflammatory sites is significantly
attenuated in P-selectin—deficient mice (51).

Monocyte recruitment into blood vessels and tissues occurs
via binding to intracellular adhesion molecule-1 and VCAM-1
on the endothelium, via the beta 2 integrins and very late anti-
gen 4 receptors, respectively (52). Animals fed hypercholester-
olemic diets exhibit increases in monocytic cell binding to the

endothelium after 7 d (53). After only 1 wk on atherogenic di-
ets, rabbits exhibit focal increases in VCAM-1 before the first
appearance of intimal macrophages (11). In this regard, we in-
vestigated the possibility that the n-LDL-induced calcium rise
might induce VCAM-1 expression and increase monocyte
binding in endothelial cells. Exposure of HCAEC, HAEC,
and PAEC to n-LDL induced expression of VCAM-1 on the
surface membranes.

Induced VCAM-1 protein was inhibited in both the human
and the pig endothelial cells that were pretreated with the in-
tracellular calcium chelator BAPTA/AM before n-LDL expo-
sure. Treatment of HCAEC with n-LDL also increased mono-
cyte binding which could be attenuated by preventing the
increase in calcium with BAPTA/AM or blocking the VCAM-1
binding sites with an anti-VCAM-1 antibody. These results in-
dicate that n-LDL~induced intracellular calcium transients in
endothelial cells are required for the induction of VCAM-1
and increased monocyte binding.

There has been a lot of debate concerning the ability of
n-LDL to induce adhesion molecules in cultured endothelial
cells. Some studies have shown induction of adhesion mole-
cules with n-LDL (26, 54), while other groups failed to show
any effect of n-LDL (55). These discrepancies are not ex-
plained easily, but may depend on the endothelial cell line
used as well as the source and concentration of LDL and incu-
bation conditions. Our results showed that there was no differ-
ence in the ability of n-LDL to induce adhesion molecule ex-
pression when it was protected from mild oxidation by BHT.
These data argue against the oxidation/modification of n-LDL
in our cell culture model suggesting that the adhesion molecule
expression induced in the endothelial cells was likely to be due
to unmodified n-LDL.

Despite revealing that n-LDL can induce calcium tran-
sients in endothelial cells in vitro, a fundamental question re-
mains: How do the calcium transients observed when endo-
thelial cells are exposed to abrupt changes in lipoprotein
concentration relate, physiologically, to the rather less abrupt
changes that occur in steady-state levels of plasma n-LDL in
vivo? Since the in vitro concentrations of n-LDL used in this
study to elicit a cellular response are comparable to those
found in vivo (56), then it is possible that the calcium mobiliz-
ing systems of endothelial cells in vivo maybe subject to per-
manent regulatory control by lipoproteins. In other words,
steady-state levels of n-LDL may be sufficient to produce cal-
cium changes within the endothelial cells. On the other hand,
the concentration of n-LDL in the milieu of the endothelial
cell may be the crucial element that results in cellular activa-
tion. The concentration of n-LDL in the region of the LDL re-
ceptor may well fluctuate from the plasma concentration due
to the continued recycling of the LDL receptor, its interaction
with LDL-related receptors, and its possible interaction with
different lipoprotein classes, remnants, and other molecules.
Also, the heterogeneity of particle size of LDL could also be a
factor which could contribute to the activation of the endothe-
lial cells in vivo. Whatever the case may be, the answer to this
question is complex since calcium can have a multiplicity of ef-
fects, involving processes that contribute additional positive or
negative feedback to local and global calcium release. The pre-
cise balance between local negative and positive feedback de-
termines whether the calcium transients will advance to induce
a cellular response (such as adhesion molecule production) or
decline.
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To date, the specific role of any leukocyte adhesion mole-
cule in human atherogenesis remains unproven. However,
pathological specimens and measurements of soluble adhesion
molecules in vivo are beginning to provide data suggesting a
possible interaction between adhesion molecules and athero-
sclerosis. Immunohistochemical studies of normal human aor-
tic and coronary arteries without lesions reveal no staining of
E-selectin or VCAM-1 (57), or weak staining of VCAM-1
(58, 59). However, specimens with intimal thickening express
higher E-selectin (57) and VCAM-1 (58, 59) levels in the en-
dothelium of the coronary arteries. In addition, in a recent
study patients with hypercholesterolemia were associated with
increased levels of soluble intracellular adhesion molecule-1,
VCAM-1, and E-selectin compared with control subjects,
which the authors say may be a marker for atherosclerosis
(60). Thus, in humans one of the earliest changes in the adhe-
sive properties of the vessel wall in early lesion development
may be increased E-selectin and VCAM-1 resulting from the
interaction of lipoproteins with the vascular endothelium.

In conclusion, our study shows that intracellular calcium
transients play a critical role in the activation mechanisms by
which n-LDL results in increased selectin and integrin produc-
tion in endothelial cells resulting in increased monocyte bind-
ing. It is hoped that these findings may help in understanding
the role of lipoproteins and calcium in human atherogenesis.
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