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Oxidized Low Density Lipoproteins Stimulate
Phosphoinositide Turnover in
Cultured Vascular Smooth Muscle Cells

Thérése J. Resink, Vsevolod A. Tkachuk, Jens Bernhardt, and Fritz R. Biihler

Atherogenesis is associated with alterations in the properties of different cell types, including monocytes/
macrophages (foam cell formation), platelets (increased aggregation), endothelial cells (injury), and
smooth muscle cells (SMCs) (lipid accumulation or foam cell formation). Oxidized low density
lipoproteins (ox-LDL) play a key role in this vascular pathology. This study investigated the ability of
ox-LDL to elicit chemical signaling events in cultured human vascular smooth muscle cells (VSMCs).
Ox-LDL was found to stimulate phospholipase C—mediated phosphoinositide turnover in human VSMCs.
This response occurred rapidly (within 1 minute) and at low concentrations of ox-LDL (half-maximal
effective concentration, =5 ug/ml). Ox-LDL-stimulated inositol phosphate accumulation in human
VSMCs was inhibited by pretreatment of cells with phorbol 12 -myristate 13-acetate and with compounds
that elevate cyclic AMP or cyclic GMP. Ca’" antagonists also blocked the effects of ox-LDL on
phosphoinoesitide turnover. Inhibitors of receptor-endocytotic processes (including receptor clustering,
cross-linking, and cytoskeleton-dependent internalization) effectively prevented ox-LDL—~induced inositol
phosphate generation. The data suggest that ox-LDL promotes phospholipase C-mediated phosphoino-
sitide turnover in a manner analogous to that for other Ca’*-mobilizing hormones. The results also
support an association between phosphoinositide turnover and receptor-mediated endocytosis. Prevention
of the direct effects of ox-LDL on SMCs could prove an interesting therapeutic avenue for the prevention
of atherosclerosis. (drteriosclerosis and Thrombosis 1992;12:278-285)
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ow density lipoproteins (LDLs)! are a well-
known atherogenic risk factor, and they accu-

mulate in the vessel wall during hypercholester-
olemia.l-3 Oxidation of LDL (ox-LDL) enhances its
atherogenicity, and inhibition of such oxidation de-
creases the rate of progression of atherosclerotic le-
sions.1>*-¢ LDL is oxidatively modified when incubated
in vitro with three major cellular constituents of the
vascular wall: endothelial cells, vascular smooth muscle
cells (VSMCs), and macrophages.”® Oxidation of LDL
also occurs in vivo,!¢ and ox-LDL has been detected in
atherosclerotic lesions in humans and rabbits.!! The
uptake of modified lipoproteins such as ox-LDL occurs
via the “scavenger receptor” pathway, and expression of
scavenger receptors has been demonstrated on macro-
phages,® endothelial cells,’? fibroblasts,!3 and smooth
muscle cells (SMCs).!1? Unlike the LDL receptor, ex-
pression of the scavenger receptor is not downregulated
by an increase in intracellular cholesterol.14 Therefore,
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uptake of modified lipoproteins including ox-LDL con-
tributes to the accumulation of cholesteryl esters in
foam cells of atherosclerotic lesions.!2!5 Both SMCs
and macrophages are major precursors of the arterial
foam cells found in the early stages of the development
of atherosclerotic lesions.1.14.16.17

Recently, increasing attention has been focused on
the contribution of ox-LDL to abnormal vascular reac-
tivity during hypercholesterolemia and atherosclerosis.
Endothelium-dependent vasoconstrictive effects of ox-
LDL have been demonstrated in pig coronary's and
rabbit femoral!® arteries. Ox-LDL has also been shown
to inhibit endothelium-dependent relaxations to seroto-
nin'® and acetylcholine,? an effect partially attributed
to suppressed release of endothelium-derived relaxing
factor.18 However, there is also evidence for direct
effects of ox-LDL on vascular smooth muscle, indepen-
dent of its effects on the endothelium. In rabbit femoral
artery segments, ox-LDL potentiates vasoconstrictions
to threshold concentrations of various contractile ago-
nists, and the degree of potentiation is significantly
greater in endothelium-denuded segments than in en-
dothelium-intact segments.!® Inhibition of such ox-
LDL-elicited vasoconstrictions by Ca®* antagonists sug-
gests that ox-LDL induces increased transmembrane
Ca* influx.® Additionally, ox-LDL has been demon-
strated to inhibit endothelium-independent relaxations
to nitric oxide and nitroglycerin.2! This direct effect of
ox-LDL on vascular smooth muscle may involve a direct
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interaction of ox-LDL with soluble guanylate cyclase,
which, at least in guanylate cyclase preparations from
platelets, inhibits activation of the enzyme by nitric
oxide—containing compounds.2

Lipoproteins are normally transported through the
intact endothelium of blood vessels by the process of
diacytosis and thereby come into direct contact with
VSMCs present in the media.® Furthermore, in athero-
sclerotic lesions medial SMCs that have migrated
through the internal elastic lamina and have undergone
proliferation to form a neointima are in direct contact
with plasma lipoproteins.2*#?5 Given the possibility for
direct exposure of VSMCs to lipoproteins under both
physiological and pathophysiological conditions, to-
gether with the existence of scavenger receptors on
these cells and the effects of ox-LDL on vascular smooth
muscle contraction and lipid metabolism, a study of the
molecular mechanisms of action of ox-LDL in VSMCs
seems pertinent. The present study demonstrates that
ox-LDL stimulates phosphoinositide turnover in cul-
tured human VSMCs. This effect of ox-LDL could be
blocked by a variety of compounds, including Ca®*
antagonists, inhibitors of endocytosis, and some second
messengers or their analogues. These findings provide
important insights for the possible pharmacological
regulation of ox-LDL action in the vessel wall.

Methods

Cell Culture and Measurement of
Phosphoinositide Catabolism

The isolation, phenotypic characterization, and
propagation of VSMCs were performed as described
previously?5; the tissue of origin consisted of microar-
terioles associated with omental fat. Human VSMCs
were immunocytochemically characterized?$ in second
passage by checking for the presence of a—smooth
muscle actin (isolates were >95% positive) and the
absence of factor VIII antigen (undetectable in human
VSMC isolates but present in bovine endothelial cell
culture controls). For the experiments described
herein, human VSMC isolates between passages 7 and
11 were used. Human VSMCs were seeded into 24-
well Nalgene multiwell plates (1.2x10* cells/cm?) and
grown to confluence (2 days, 2x10* cells/cm?). There-
after, human VSMCs were rendered quiescent by
serum deprivation and maintenance in serum-free
medium containing 0.1% (wt/vol) bovine serum albu-
min for 48 hours and with inclusion of 2.5 uCi/ml
myo-[2-*H]inositol to prelabel the inositol phospholip-
ids.26 Before experimentation, the radioactive-con-
taining medium was aspirated; cells were washed with
two 1.0-ml aliquots of phosphate-buffered saline and
0.5 ml minimal essential medium containing 0.1%
(wtfvol) bovine serum albumin, 25 mM N-tris(hydroxy-
methyl)methyl-2-aminoethanesulfonic acid, and 25
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (both at pH 7.3), and 15 mM LiCl was added to
each well. Unless otherwise stated, dishes were incu-
bated for 30 minutes at room temperature and then
transferred to a water bath at 37°C. Experimental
protocols were initiated after 5 minutes. Human
VSMCs were exposed either to vehicle (minimal es-
sential medium containing 0.1% [wt/vol] bovine serum
albumin) or to ox-LDL at selected concentrations and
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for time intervals indicated in the figure legends.
Incubations were terminated by addition of 1.0 ml 5
mM EDTA/1% sodium dodecyl sulfate.?? Lysates were
applied to columns containing 0.5 g Dowex-AG 1-X8
(formate form), and inositol phosphates were resolved
as described previously.?? Elution buffers (in 7-ml
aliquots) for inositol mono-, bis-, and trisphosphates
were, respectively, 0.2 M ammonium formate/0.1 M
formic acid, 0.4 M ammonium formate/0.1 M formic
acid, and 1.0 M ammonium formate/0.1 M formic
acid.?” Radioactivity of inositol phosphates in eluates
was quantified by liquid scintillation spectrophotome-
try. All experimental procedures were performed in
triplicate within a single experiment and on at least
three separate occasions. Unless otherwise stated,
data in the text and figures are given as mean+SD.
Where appropriate, Student’s ¢ test was applied for
significance determinations.

Isolation and Modification of
Low Density Lipoprotein

LDL was isolated from human plasma collected in
EDTA (1 mM) and butylated hydroxytoluene (BHT, 10
uM), using sequential ultracentrifugation with density
adjustments by addition of potassium bromide.2® The
LDL fraction (density, 1.019-1.063 g/ml) was dialyzed
against isotonic phosphate buffer (pH 7.4) containing 1
mM EDTA and 1 pM BHT and then sterilized by
filtration (0.45-um pore size). LDL samples were stored
at 4°C in the dark and used within 2 weeks. Before
oxidation, LDL was dialyzed against isotonic phosphate
buffer (pH 7.4) to remove EDTA and BHT. LDL (200
pg/ml) was oxidized by exposure to 5 uM CuCl, for 24
hours at 37°C.#2 The copper-oxidized LDL, which has
previously been shown to be indistinguishable from
LDL that was biologically oxidized by endothelial cells
in culture,® was dialyzed for 24 hours against three
changes of phosphate-buffered saline. The extent of
lipid peroxidation was estimated as thiobarbituric acid—
reactive substances.®?® Tetramethoxypropane was used
as a standard, and results are expressed as nanomoles of
malondialdehyde equivalents per milliliter of LDL sus-
pension. In the present series of experiments, the
degree of oxidation corresponded to 9.0+1.9 nmol
malondialdehyde equivalents/ml (n=S5). Methylated
LDL (methyl-LDL) was prepared using the protocol
described by Basu et al.3 Ox-LDL and methyl-LDL
preparations were sterilized by filtration (0.45-xm pore
size), stored at 4°C in the dark, and used within 2 weeks.
Protein content was measured by the method of Lowry
et al3! using bovine serum albumin as a standard. Lipid
extractions of LDL and ox-LDL were performed ac-
cording to the chloroform/methanol extraction method
of Folch et al.32 The chloroform phase was evaporated
under nitrogen, and the lipids were dissolved in ethanol.
Appropriate amounts were added to minimal essential
medium containing 0.1% (wt/vol) bovine serum albumin
to correspond to the original concentrations of intact
LDL and ox-LDL.

Materials and Drugs

All materials and media for tissue culture were
obtained from GIBCO AG (Basel, Switzerland) except
for fetal calf serum, which was purchased from Fakola
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FIGURE 1. Line plots showing that oxidized low density
lipoproteins (ox-LDL) stimulate phosphoinositide turnover in
smooth muscle cells. Confluent and quiescent myo-{2-’HJino-
sitol-prelabeled human vascular smooth muscle cells
(VSMCs) were exposed either to vehicle or to ox-LDL (25
ug/ml) for various times (panel A) or to different doses of
ax-LDL for 6 minutes (panel B). After termination of
incubations, cell lysates were applied to anion-exchange col-
umns, and [’H]inositol phosphates were resolved by stepwise
elution with increasing concentrations of ammonium formate.
Radioactivity in inositol monophosphate (0), inositol bisphos-
phate (A), and inositol trisphosphate (®) fractions (panel A)
or in eluates containing total inositol (mono-, bis-, and
trisphosphates) (A, panel B) was determined. All experimen-
tal procedures have been given in “Methods.” Data are given
as mean=SD (n=3) and express the percentage increase in°’H
content of each fraction relative to that (100%) in respective
controls (vehicle only). °H content in inositol phosphates from
vehicle-treated human VSMCs remained steady during at
least 60 minutes of incubation. Actual control values (in dpm;
mean*SD, n=3) for the time point in panel A were
7,240%698, 3,307+242, and 4,359+306 for inositol mono-,
bis-, and trisphosphates, respectively, and that for vehicle-
treated human VSMCs in panel B (total inositol phosphates)
was 17,589+2615.

AG (Basel, Switzerland). Bacitracin, cytochalasin B,
colchicine, and forskolin were purchased from Calbio-
chem (Lucerne, Switzerland). Phenylarsine oxide and
dansylcadaverine were from Fluka AG (Buchs, Switzer-
land). Atrial natriuretic peptide (ANP) was from Nova
Biochem (Laufelfingen, Switzerland). 8-Bromo-cyclic
GMP (8-Br-cGMP) and phorbol 12-myristate 13-ace-
tate (PMA) were from Sigma Chemical Co. (St. Louis,
Mo.). Dowex-AG 1-X8 (formate form) was purchased
from Bio-Rad (Ziirich, Switzerland).

Results

Stimulation of Phosphoinositide Turnover by
Oxidized Low Density Lipoprotein

Exposure of confluent, quiescent human VSMCs to
ox-LDL resulted in a time-dependent (Figure 1A) and
dose-dependent (Figure 1B) accumulation of inositol
phosphates. Increases in inositol mono-, bis-, and
trisphosphates were rapid ( p<0.01 above control values
within 1 minute). Prolonged exposure (10-30 minutes)
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FIGURE 2. Line plot showing differential stimulation of
inositol monophosphate production in human vascular
smooth muscle cells (VSMCs) by low density lipoproteins and
oxidized low density lipoproteins (ox-LDL). Confluent and
quiescent myo-[2-’H]inositol-prelabeled human VSMCs were
exposed either to vehicle or to the indicated doses of either
ox-LDL (@) or LDL (O) for 5 minutes. After termination of
incubations, cell lysates were applied to anion-exchange col-
umns, and [°’HJinositol phosphates were resolved. Data are
given as mean=*SD (n=3) and express the percentage increase
in SH content of inositol monophosphate relative to that
(100%) in control (vehicle-treated) human VSMCs. The
absolute value for [PHlinositol monophosphate (in dpm;
mean=SD, n=3) in controls was 6,983+501.

resulted in a gradual decline of stimulated increases in
inositol bis- and trisphosphate, whereas the increase of
’H content in inositol monophosphate (in the presence
of 15 mM LiCl) was sustained (data not shown). This
effect of ox-LDL was elicited at low concentrations of
the lipoprotein (Figure 1B), and the half-maximal con-
centration of ox-LDL for generation of [*H]inositol
phosphates was calculated to be 4.8+2.2 ug/ml. The
present study used five preparations of ox-LDL, each of
which was derived from a different batch of LDL. These
ox-LDL preparations were essentially identical with
respect to efficacy (individual dose profiles not shown).
Methyl-LDL (5-100 pg/ml), which does not bind either
to LDL receptors® or to scavenger receptors, was
found incapable of stimulating phosphoinositide catab-
olism in either human VSMC preparation (data not
shown).

In a separate series of experiments, human VSMCs
were exposed in parallel to ox-LDL and the parent LDL
fraction. We consistently observed that the [*H]inositol
monophosphate production response of human VSMCs
to ox-LDL was significantly greater than that in LDL-
treated human VSMCs (Figure 2). However, the half-
maximal concentrations of LDL (4.4+2.4 ug/ml) and
ox-LDL (4.6%2.1 ug/ml) for generation of [*H]inositol
monophosphate were not significantly different (Figure
2). Similar findings were also made with respect to
ox-LDL- and LDL -stimulated generation of [*H]inosi-
tol bis- and trisphosphates (profiles not shown). In
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human monocyte—derived macrophages, differential ef-
fects of LDL and modified LDL on phosphoinositide
metabolism have also been reported.?s The stimulatory
effects of ox-LDL and acetylated LDL on inositol
trisphosphate accumulation in human monocyte—de-
rived macrophages were demonstrated to be equivalent
but twofold greater than the effect of native LDL.3
Additionally, half-maximal concentrations of LDL and
modified LDL for generation of inositol trisphosphate
were not significantly different (approximately 10 pg/
ml).3s

The process of atherogenesis has been attributed in
part to peroxidized lipid components of oxidatively
modified LDL.57 The major cholesterol oxidation prod-
ucts formed from LDL via transient metal (Cu?*) catal-
ysis or in the presence of endothelial cells have been
identified as cholest-3,5-dien-7-one and cholesterol-a-
epoxide, respectively. In a study of the effects of these
products on cultured fibroblasts, cholesterol-a-epoxide
was found to be a potent stimulator of cholesterol
esterification, whereas cholest-3,5-dien-7-one was only
mildly effective in this regard.3¢ Extracted lipids from
modified LDL (either endothelial cell-modified or
Cu**-oxidized) have been shown to be strongly chemo-
tactic for human monocytes, whereas extracted lipids
from native LDL exhibited no chemotactic activity.3? To
exclude the possibility that our observations of phos-
phoinositide catabolism in human VSMCs exposed to
ox-LDL were due to oxidized lipid components per se,
we investigated the effects of lipid extracts (extracted
with chloroform/methanol and added back in ethanol as
described in “Methods”) on VSMC phosphoinositide
metabolism. Lipid extracts from LDL and ox-LDL both
were found to have no significant effect on basal levels
of [*H]inositol mono-, bis-, or trisphosphate production
in either human VSMC preparation (data not shown).

DILNAZEM
NIFEDIPINE
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FIGURE 3. Plots showing second-messenger effects on
oxidized low density lipoprotein (ox-LDL ) -stimulated phos-
phoinositide turnover. In panel A, myo-{2-’HJinositol-
prelabeled human vascular smooth muscle cells (VSMCs)
were preincubated with 1077 M PMA (@) or 107° M forskolin
(A) for various times before addition of vehicle or ax-LDL
(50 ug/ml) and further incubation for 10 minutes. After cell
lysis and application/elution on ion-exchange columns, ra-
dioactivity in the fraction containing inositol monophos-
phate was determined. Results (mean*SD, n=3) express
the increases in °H content relative to those levels (100%) in
samples from human VSMCs with or without (O) prior
exposure to PMA or forskolin. In panel B, prelabeled
human VSMCs were exposed to ax-LDL (25 pg/ml for 5
minutes) after prior incubation without or with PMA (1077
M for 30 minutes); forskolin (107° M for 30 minutes); NaF
(100 M for 30 minutes); 8-Br-cGMP (107 M for 60
minutes); ANP (1077 M for 60 minutes); or verapamil,
diltiazem, or nifedipine (10> M each for 10 minutes). °H
content in inositol trisphosphate was determined, and results
(mean=*SD, n=3) express the change in radioactivity as a
percentage of [*H]inositol trisphosphate in respective sam-
ples (100%) not exposed to ox-LDL. Experimental proce-
dures are given in “Methods.” PMA, phorbol 12-myristate
13-acetate; 8-Br-cGMP, 8-bromo-cyclic GMP; ANP, atrial
natriuretic peptide.

From such control experiments, we can exclude the
possibility that the stimulatory effects of ox-LDL on
[*H]inositol phosphate production (Figure 1) are not
due to the oxidized lipid components per se.

Lipid A, the active core of lipopolysaccharide from
gram-negative bacterial cell walls, has been shown to
stimulate diacyiglycerol synthesis in a variety of cell
types, including mesangial cells.38 This effect of lipid A
does not involve the phosphoinositide-specific phospho-
lipase C cycle.38 Nevertheless, as lipopolysaccharide is a
common contaminant in LDL preparations, we consid-
ered it pertinent to exclude the possibility that the
observed effects of LDL on phosphoinositide metabo-
lism in human VSMCs might be due to some effect of
lipopolysaccharide. Exposure of rat aortic VSMCs and
mesangial cells (at quiescence and myo-[2-*H]inositol-
prelabeled) to 100 ng/ml lipopolysaccharide from Esch-
erichia coli had no effect on phosphoinositide turnover,
and levels of inositol mono-, bis-, and trisphosphates
after either a 5- or a 20-minute exposure did not differ
significantly from basal values (data not shown).

Inhibition of Effects of Oxidized
Low Density Lipoprotein

The ability of ox-LDL to stimulate inositol monophos-
phate accumulation was inhibited in human VSMCs pre-
incubated with PMA (an activator of protein kinase C*)
or forskolin (which elevates cyclic AMP4) (Figure 3A).
The blocking effects of both PMA and forskolin occurred
rapidly (>50% inhibition within 10 minutes of preincuba-
tion of human VSMCs), and complete inhibition of the
ability of ox-LDL to generate inositol monophosphate was
possible (after ~30—60 minutes of preincubation). For
reasons pertaining to the sensitivity of quantification, only
changes in inositol monophosphate were determined in
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FIGURE 4.  Line plots showing dose-de-
pendent inhibition of oxidized low density
lipoprotein (ax-LDL)~induced phospho-
inositide turnover by calcium antagonists,
receptor internalization inhibitors, and cy-
toskeletal depolymerizing compounds.
myo-[2->HJinositol-prelabeled human
vascular smooth muscle cells (VSMCs)
were preincubated as follows: panel A, 5
minutes in the absence (O) or presence of
verapamil (m) or diltiazem (A); panel B, 30
minutes in the absence (O) or presence of
phenylarsine oxide (A), dansylcadaverine
(®), or bacitracin (e); and panel C, 45
minutes in the absence (O) or presence of
Otochalasin B (m) or colchicine (a).
Thereafter, parallel dishes were incubated

Ca?*- antagonist (M)

this experiment (Figure 3A). However, inhibitory effects
by PMA and forskolin on ox-LDL-stimulated inositol
trisphosphate were also evident (Figure 3B), indicating
inhibition of phospholipase C-mediated phosphoinositide
hydrolysis. A variety of other compounds was also found
to effectively inhibit the inositol trisphosphate accumula-
tion response to ox-LDL in human VSMCs (Figure 3B).
These included the following: sodium fluoride, which can
nonspecifically cause subunit dissociation of any G-pro-
teins coupled to second-messenger system*!; ANP, which
stimulates particulate guanylate cyclase and elevates cyclic
GMP4243; 8-Br-cyclic GMP, a permeable analogue of
cyclic GMP; and different classes of Ca** antagonists, such
as verapamil, diltiazem, and nifedipine.

Sensitivity of Oxidized Low Density
Lipoprotein-Induced Inositol Phosphate
Accumulation to Ca** Antagonists and
Inhibitors of Endocytosis

The inhibition of ox-LDL-stimulated phosphoinosi-
tide turnover by Ca?* antagonists occurred at relatively
low concentrations (~10""-10~° M; Figure 4A). Within
this concentration range, verapamil and diltiazem can
inhibit receptor-operated Ca®* channels.* The effects
of ox-LDL most likely involve scavenger receptors,
which can be internalized after ligand binding.12-1434.45
The process of internalization is a composite of events,
which include receptor clustering and receptor cross-
linking by transglutaminase on the plasma membrane as
well as cytoskeleton-dependent translocation into the
cytoplasm.4647 Therefore, we studied the effects of
compounds known to inhibit either plasma membrane
or translocative processes of receptor internalization.
Ox-LDL-stimulated inositol phosphate accumulation
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for 5 minutes either without (vehicle only)
or with addition of ax-LDL (25 pg/mi for 5
minutes). After termination of reactions
and anion-exchange chromatography, “H
content in total inositol phosphates (inositol
mono-, bis-, and trisphosphates) was deter-
mined. Data (mean+SD, n=3) express the
change in °H content relative to °H content
in samples from human VSMCs not ex-
posed to ox-LDL. Experimental details are
given in “Methods.”

was inhibited by the covalent sulfhydryl modifying
agent phenylarsine oxide (Figure 4B), which inhibits
receptor clustering.*8 The transglutaminase inhibitors
bacitracin and dansylcadaverine both prevented the
stimulation of phosphoinositide turnover by ox-LDL
(Figure 4B). Cytochalasin B, which promotes actin-
filament depolymerization,3 and colchicine, which in-
teracts with tubulin to promote microtubule depoly-
merization,® also blocked the effects of ox-LDL on
phosphoinositide metabolism in human VSMCs (Figure
4C). The effects of all the aforementioned endocytotic
inhibitors were dose dependent (Figures 4B and 4C)
and required preincubation of human VSMCs for
30-60 minutes (time dependencies not shown).

Discussion

The generation of inositol trisphosphate in human
VSMCs exposed to ox-LDL provides evidence for the
ability of this modified lipoprotein to activate phospho-
lipase C-mediated phosphoinositide turnover. This sig-
nal transduction pathway plays a pivotal role in the
regulation of smooth muscle contraction and SMC
growth.51-55 Inositol trisphosphate produced via this
pathway is the second messenger for Ca?* mobilization
from intracellular stores’! and may also play a role in
promoting Ca®* influx.5 Another second-messenger
product of phospholipase C-mediated phosphoinositide
hydrolysis is diacylglycerol, which activates protein ki-
nase C.395153 Protein kinase C promotes Ca** influx in
SMCss153 and phosphorylates S6-kinase, an enzyme
involved in the reinitiation of protein synthesis in qui-
escent cells.2652 Additionally, protein kinase C induces
expression of nuclear proto-oncogenes, which increase
transcription and DNA synthesis, events that ultimately
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lead to cell growth.52-5¢ Furthermore, both Ca®* (via the
intracellular Ca®* receptor calmodulin) and protein
kinase C are important regulators of several metabolic
enzymes involved in cellular processes such as glycoly-
sis, lipolysis, and secretion.39-5153.54

Ox-LDL is believed to play an important role in the
development of atherosclerotic lesions, within which the
constituent SMCs exhibit increased proliferation, in-
creased lipid accumulation, and increased secretion of
extracellular matrix components.t&17 The stimulation of
phosphoinositide turnover by ox-LDL has been re-
ported to occur in monocyte-derived macrophages,
which can be identified in atheromatous lesions and are
considered to play a key role in the pathogenesis of
atherosclerosis.253745 Stimulation of phosphoinositide
turnover in human VSMCs by ox-LDL, a finding also
made for cultured rat aortic SMCs (V. Tkachuk and T.J.
Resink, unpublished results), may be an additional
mechanism of action of this modified lipoprotein on the
development of such vascular lesions.

Many of the described effects of ox-LDL on the vessel
wall have been attributed to the interaction of ox-LDL
with endothelial cells, with resultant alterations in the
morphological and functional properties of these cells.5¢
However, ox-LDL has been reported to alter smooth
muscle contractile function even in endothelium-de-
nuded vessels,!:2! and additionally, this modified lipo-
protein can be located within the intima of the vessel
wall.11 Therefore, ox-LDL could plausibly interact with
SMCs in both intact and injured vessels. Such a direct
interaction of ox-LDL with SMCs is supported by its
ability to stimulate phosphoinositide turnover in cul-
tured human VSMCs, and this may indeed represent an
endothelium-independent mechanism of action for
modified LDL on vessels. Furthermore, we have dem-
onstrated a sensitivity of the effects of ox-LDL on
phosphoinositide turnover to the Ca® antagonists ve-
rapamil, diltiazem, and nifedipine (Figures 3 and 4).
These results are in accord with observations of inhibi-
tion of ox-LDL-induced contraction by these Ca?*-
influx inhibitors!® and further invoke the notion that
stimulation of phosphoinositide turnover in VSMCs
contributes to the action of ox-LDL on smooth muscle
contractile and metabolic processes. Stimulation of
phosphoinositide catabolism in VSMCs by ox-LDL oc-
curred at concentrations that have been estimated to
exist in the intima of the vessel wall!! and to elicit and/or
modify the contractile responses of isolated blood vessel
segments.1920

The physiological response of smooth muscle to va-
soactive hormones is sensitive not only to Ca** antago-
nists but also to modifications by cyclic AMP, cyclic
GMP, and phorbol ester.57-5 Hormone-stimulated
phosphoinositide turnover is also sensitive to these
second messengers or their analogues.51.57.60-64 A sur-
prising observation in the present study was that ox-
LDL-stimulated phosphoinositide turnover in human
VSMCs could be inhibited by the same spectrum of
compounds (Figure 3) that block the effects of Ca?*-
mobilizing hormones on phosphoinositide turnover in
SMCs. The mechanism of action of these hormones on
phosphoinositide turnover involves the coupling of
phospholipase C to receptors via G-proteins.>1%4 Recep-
tors that interact with G-proteins are structurally ho-
mologous® and quite different from the receptors for

high and low density lipoproteins as well as the scaven-
ger receptors for modified lipoproteins.*555 Therefore,
the mechanism of phospholipase C stimulation by ox-
LDL might be expected to differ from that of G-pro-
tein~dependent hormones and could even be indirect.
However, the kinetics for ox-LDL-stimulated phospho-
inositide turnover (Figure 1) were akin to those estab-
lished for hormone action on this signal transduction
system.515463 Kinetic similarities include both a rapid
(within 1 minute) generation of inositol tris-, bis-, and
monophosphates and a saturability of the generation
response. Importantly, stimulation of phosphoinositide
turnover in human VSMCs by ox-LDL occurred at
concentrations comparable to the affinity of the scaven-
ger receptor for modified lipoprotein. 91213 Taken to-
gether, such findings allow us to suggest that ox-LDL-
stimulated phosphoinositide turnover in human VSMCs
is receptor mediated. Although the phosphoinositide
turnover responses to equivalent concentrations of ox-
LDL and LDL differ quantitatively (ox-LDL>LDL, this
study and Reference 35), these data per se are insuffi-
cient to unequivocally conclude that the signaling re-
sponses of VSMCs to native and oxidatively modified
LDL are mediated via different receptors. Nevertheless,
scavenger receptors have recently been demonstrated to
exist on VSMCs,!? and it is tempting to speculate that
the presently observed biochemical responses of
VSMCs to ox-LDL are indeed mediated via these
receptors.

Further evidence for a receptor-mediated mechanism
of action of ox-LDL on phosphoinositide turnover in
human VSMCs was obtained from observations that
inhibitors of receptor endocytotic processes prevented
stimulation of phosphoinositide turnover by ox-LDL.
These inhibitors included compounds that variously
block receptor clustering, receptor cross-linking, or cy-
toskeleton-dependent receptor internalization. Such
compounds are well recognized to inhibit endocytosis of
both hormonal and lipoprotein receptors.*-50 Further-
more, our results suggest a close association between
phosphoinositide turnover and receptor-mediated en-
docytosis. Such an association has previously been made
in studies that investigated the relation between recep-
tor internalization and phosphoinositide catabolism in
response to the vasoactive hormones angiotensin 1148
and endothelin.56

If ox-LDL-stimulated phosphoinositide turnover in
smooth muscle cells is indeed part of the mechanism of
action of this lipoprotein on contractile or metabolic

of the vasculature, the diversity of compounds
found to be effective inhibitors of ox-LDL—-induced phos-
phoinositide turnover in human VSMCs indicates a broad
base of pharmacological possibilities for regulating the
action of ox-LDL on the vasculature. Such pharmacolog-
ical intervention could include compounds that elevate
cyclic nucleotides, prevent Ca®* influx, or interfere with
endocytotic processes. Present avenues for preventing or
slowing the development of atherosclerosis concern the
use of cholesterol-lowering agents and antioxidants that
interfere with LDL modification.%56 Use of pharmaco-
logical compounds that prevent a direct cellular action of
ox-LDL might increase the therapeutic regimen for pre-
vention of atherosclerosis.

Downloaded from http://atvb.ahajournals.org/ by guest on February 16, 2016


http://atvb.ahajournals.org/

284 Arteriosclerusis and Thrombosis Vol 12, No 3 March 1992

Acknowledgments

George Noll and Chantal Boulanger (Department of Clini-
cal Pharmacology, Basel University Hospital) are thanked for
provision of ox-LDL. Verena Briner (Department of Nephrol-
ogy, Basel University Hospital) is acknowledged for perfor-
mance of experiments with lipopolysaccharide. The assistance
of Bernadette Libsig and Doris Affentranger in preparation of
the manuscript is also gratefully acknowledged.

—

10.

11.

12.

13.

14.

16.

17.

18.

19.

References

. Goldstein JL, Brown MS: The low density lipoprotein pathway and

its relation to atherosclerosis. Annu Rev Biochem 1977;46:897-930
Schwartz CG, Kelley KL, Nerem RM, Sprague EA, Rozek MM,
Valente AJ, Edwards EH, Prasad AR, Kerbach JJ, Logan SA:
Pathophysiology of the atherogenic process. Am J Cardiol 1989;64:
23G-30G

. Daugherty A, Zweifel BS, Sobel BE, Schonfeld G: Isolation of low

density lipoprotein from atherosclerotic vascular tissue of Wata-
nabe heritable hyperlipidemic rabbits. Arteriosclerosis 1988;8:
768-777

. Carew TE: Role of biologically modified low density lipoprotein in

atherosclerosis. Am J Cardiol 1989;64:18G-22G

. Carew TE, Schwenke DC, Steinberg D: Antiatherogenic effect of

probucol unrelated to its hypocholesterolemic effect: Evidence that
antioxidants in vivo can selectively inhibit low density lipoprotein
degradation in macrophage-rich fatty streaks and slow the progres-
sion of atherosclerosis in the Watanabe heritable hyperlipidemic
rabbit. Proc Natl Acad Sci U S A 1987;84:77125-T729

. Regnstrom J, Walldius G, Carlson LA, Nilsson J: Effect of

probucol treatment on the susceptibility of low density lipoprotein
isolated from hypercholesterolemic patients to become oxidatively
modified in vitro. Atherosclerosis 1990;,82:43-51

. Morel DW, Di Corleto PE, Chisolm GM: Endothelial and smooth

muscle cells alter low density lipoprotein in vitro by free radical
oxidation. Arteriosclerosis 1984;4:357-364

. Steinbrecher UP, Parthasarathy S, Leake DS, Witztum JL, Stein-

berg D: Modification of low density lipoprotein by endothelial cells
involves lipid peroxidation and degradation of low density lipopro-
tein phospholipids. Proc Natl Acad Sci U S A 1984,81:3883-3887

. Parthasarathy S, Printz DJ, Boyd D, Joy L, Steinberg D: Macro-

phage oxidation of low density lipoprotein generates a modified
form recognized by the scavenger receptor. Arteriosclerosis 1986;6:
505-510

Palinski W, Rosenfeld ME, Yld-Herttuala S, Gurtner GC, Socher
SS, Butler SW, Parthasarathy S, Carew TE, Steinberg D, Witztum
JL: Low density lipoprotein undergoes oxidative modification in
vivo. Proc Natl Acad Sci U S A 1989;86:1372-1376

Yli-Herttuala S, Palinski W, Rosenfeld ME, Parthasarathy S,
Carew TE, Butler S, Witztum JL, Steinberg D: Evidence for the
presence of oxidatively modified low density lipoprotein in athero-
sclerotic lesions of rabbit and man. J Clin Invest 1989;84:1086-1095
Stein O, Stein Y: Bovine aortic endothelial cells display macro-
phage-like properties towards acetylated ZI-labelled low density
lipoproteins. Biochim Biophys Acta 1980;620:631-635

Pitas RE: Expression of the acetyl low density lipoprotein receptor
by rabbit fibroblasts and smooth muscle cells. J Biol Chern 1990;
265:12722-12727

Goldstein JL, Ho YK, Basu SK, Brown MS: Binding site on
macrophages that mediates uptake and degradation of acetylated
low density lipoprotein, producing massive cholesterol deposition.
Proc Natl Acad Sci U S A 1979;76:333-337

. Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL:

Beyond cholesterol: Modifications of low density lipoprotein that
increase its atherogenicity. N Engl J Med 1989;320:915-924
Nikkari T, Jaakkola O, Kallioniemi OP, Nikkari S, Pietila K:
Growth and biochemical properties of aortic smooth muscle cells
from cholesterol-fed rabbits, in Campbell JH, Campbell GR (eds):
Vascular Smooth Muscle in Culture. Boca Raton, Fla, CRC Press
Inc, 1987, vol 2, pp 47-60

Campbell GR, Campbell JH, Manderson JA, Horrigan S, Rennick
RE: Arterial smooth muscle: A multifunctional mesenchymal cell.
Arch Pathol Lab Med 1988;112:977-986

Simon BC, Cunningham LD, Cohen RA: Oxidized low density
lipoproteins cause contraction and inhibit endothelium-dependent
relaxation in the pig coronary artery. J Clin Invest 1990;86:75-79
Galle J, Bassenge E, Busse R: Oxidized low density lipoproteins
potentiate vasoconstrictions to various agonists by direct interac-
tion with vascular smooth muscle. Circ Res 1990;66:1287-1293

20.

21.

24,

29.

31.

32.

33.

35.

37.

39.

41.

42.

43.

Kugiyama K, Kerns SA, Morrisett JD, Roberts R, Henry PD:
Impairment of endothelium-dependent arterial relaxation by lyso-
lecithin in modified low-density lipoproteins. Nature 1990;344:
160162

Jacobs M, Plane F, Bruckdorfer KR: Native and oxidized low-
density lipoproteins have different inhibitory effects on endothe-
lium-derived relaxing factor in the rabbit aorta. Br J Pharmacol
1990;100:21-26

. Schmidt K, Graier WF, Kostner GM, Mayer B, Kukovetz WR:

Activation of soluble guanylate cyclase by nitrovasodilators is
inhibited by oxidized low-density lipoprotein. Biochemn Biophys Res
Commun 1990;172:614-619

. Leake D, Bowyer D: Quantitative studies of pinocytosis by arterial

endothelial and smooth muscle cells in culture. Exp Mol Pathol
1981;35:84-97

Eldor A, Falcone D, Hajjar D, Marick C, Weksler B: Recovery of
prostacyclin production by de-endothelialized rabbit aorta: Critical
role of neointimal smooth muscle cells. Exp Mol Pathol 1981;35:
84-97

. Ross R: The pathogenesis of atherosclerosis: An update. N Engl J

Med 1986;314:488-500

. Scott-Burden T, Resink TJ, Hahn AWA, Baur U, Box RJ, Bihler

FR: Induction of growth-related metabolism in human vascular
smooth muscle cells by low density lipoprotein. J Biol Chem
1989;264:12582-12589

. Resink TJ, Grigorian GY, Moldabaeva AG, Danilov SM, Biihler

FR: Histamine-induced phosphoinositide metabolism in cultured
human umbilical vein endothelial cells: Association with throm-
boxane and prostacyclin release. Biochem Biophys Res Commun
1987;144:438-446

. Havel RJ, Eder HA, Bragdon JH: The distribution and chemical

composition of ultracentrifugally separated lipoproteins in human
serum. J Clin Invest 1955;34:1345-1353
Yagi K: A simple fluorimetric assay for lipoperoxide in blood
plasma. Biochern Med 1976;15:212-216

. Basu SK, Goldstein JL, Anderson RGW, Brown MS: Degradation

of cationized low density lipoprotein and regulation of cholesterol
metabolism in homozygous familial hypercholesterolemia fibro-
blasts. Proc Natl Acad Sci U S A 1976;73:3178-3182

Lowry OH, Rosebrough MJ, Farr AL, Randall RJ: Protein mea-
surement with the Folin phenol reagent. J Biol Chem 1951;193:
265-275

Folch J, Lees M, Sloane-Stanley GH: A simple method for the
isolation and purification of total lipids from animal tissue. J Biol
Chem 1957,226:497-509

Goldstein JL, Basu SK, Brown MS: Receptor-mediated endocyto-
sis of low-density lipoprotein in cultured cells. Methods Enzymol
1988;98:241-258

. Brown MS, Basu SK, Falck JR, Ho YK, Goldstein JL: The

scavenger cell pathway for lipoprotein degradation: Specificity of
the binding site that mediates the uptake of negatively-charged
LDL by macrophages. J Supramol Struct 1980;13:67-81

Ishikawa Y, Asaoka Y, Taniguchi T, Tsunemitsu M, Fukuzaki H:
Phosphatidylinositol turnover in human monocyte-derived macro-
phages by native and acetyl LDL. FEBS Lett 1989;246:35-38

. Bhadra S, Arshad MAQ, Rymaszewski Z, Norman E, Wherley R,

Subbiah MTR: Oxidation of cholesterol moiety of low density
lipoprotein in the presence of human endothelial cells or Cu?*
ions: Identification of major products and their effects. Biochem
Biophys Res Commun 1991;176:431-440

Quinn MT, Parthasarathy S, Fong LG, Steinberg D: Oxidatively
modified low density lipoproteins: A potential role in recruitment
and retention of monocyte/macrophages during atherogenesis.
Proc Natl Acad Sci U S A 1987,84:2995-2998

. Bursten SL, Harris WE: Rapid activation of phosphatidate phos-

phohydrolase in mesangial cells by lipid A. Biochemistry 1991;30:
6195-6203

Nishizuka Y: The molecular heterogeneity of protein kinase C and
its implications for cellular regulations. Nature 1988;334:661-665

. Daly JW: Forskolin, adenylate cyclase and cell physiology: An

overview. Adv Cyclic Nucl Protein Phosph 1984;17:81-89

Gilman AG: Guanine nucleotide-binding regulatory proteins and
dual control of adenylate cyclase. J Clin Invest 1984;73:1-4

Kuno T, Andresen JW, Kamisaki Y, Waldman SA, Chang LY,
Saheki S, Leitman DC, Nakane M, Murad F: Copurification of an
atrial natriuretic factor receptor and particulate guanylate cyclase
from rat lung. J Biol Chemn 1986;261:5817-5823

Resink TJ, Scott-Burden T, Jones CR, Baur U, Biithler FR: Atrial
natriuretic peptide: Binding and cyclic GMP response in cultured

Downloaded from http://atvb.ahajournals.org/ by guest on February 16, 2016


http://atvb.ahajournals.org/

45.

47.

49.

50.

51.

52. Owens GK: Control of hypertrophic versus hyperplastic growth
s3.
54,
s5.

vascular smooth muscle cells from spontancously hypertensive rats.
Am J Hypertens 1989;2:32-39

. Avdonin PV, Men-shikov MUY, Svitina-Ulitina IV, Tkachuk VA:

Blocking of the receptor-stimulated calcium entry into human
platelets by verapamil and nicardipine. Thromb Res 1988;52:
587-597

Brown MS, Goldstein JL: Lipoprotein metabolism in the macro-
phage: Implications for cholesterol deposition in atherosclerosis.
Annu Rev Biochem 1983;52:223-261

. Pastan IH, Willingham MC: Receptor-mediated endocytosis of

hormones in cultured cells. Annu Rev Physiol 1981;43:239-250
Wileman T, Harding C, Stahl P: Receptor-mediated endocytosis.
Biochem J 1985;232:1-14

. Ullian ME, Linas SL: Role of receptor cycling in the regulation of

angiotensin II surface receptor number and angiotensin II uptake
in rat vascular smooth muscle cells. J Clin Invest 1989;84:840-846
Davies PJA, Davies DR, Levitzki A, Maxfield FR, Milhaud P,
Willingham MC, Pastan IH: Transglutaminase is essential in
receptor-mediated endocytosis of ay-macroglobulin and polypep-
tide hormones. Nature 1980;283:162-167

Geiger B: Membrane—cytoskeleton interactions. Biochim Biophys
Acta 1983;737:305-341

Exton JH: The role of calcium and phosphoinositides in the
mechanisms of a;-adrenergic and other agonists. Rev Physiol
Biochem Pharmacol 1988;111:116-224

of
vascular smooth muscle cells. Am J Physiol 1989;257:H-1755-H-1765
Nishizuka Y: The role of protein kinase C in cell surface signal
transduction and tumour promotion. Nature 1984;308:693-698
Berridge MJ: Growth factors, oncogenes and inositol lipids. Cancer
Surv 1986;5:413-430

Putney JW Jr: A model for receptor-regulated calcium entry. Cell
Calcium 1986;7:1-12

Resink et al

56.

57.
58.

59.

61.

62.

65.

Oxidized LDL and Smooth Muscle Cells 285

Hennig B, Chow CK: Lipid peroxidation and endothelial cell
injury: Implications in atherosclerosis. Free Radic Biol Med 1988;
4:99-106

Nann DH: The role of cyclic nucleotides in the vasculature.
Handbook Exp Pharmacol 1987;58:684-690

Haller H, Smaltwood JI, Rasmussen H: Protein kinase C translo-
cation in intact vascular smooth muscle strips. Biochem J 1990;270:
375-381

Rappoport RM: Cyclic guanosine monophosphate inhibition of
contraction may be mediated through inhibition of phosphatidyl-
inositol hydrolysis in rat aorta. Circ Res 1986;58:407-410

. Resink TJ, Scott-Burden T, Weber E, Bihler FR: Phorbol ester

promotes a sustained down-regulation of endothelin receptors and
cellular responses to endothelin in human vascular smooth muscle
cells. Biochem Biophys Res Commun 1990;166:1213-1219

de Chaffoy de Courcelles D, Roevens P, van Belle H: Agents that
elevate cyclic AMP stimulate the formation of phosphatidylinositol
4-phosphate in intact human platelets. FEBS Lett 1986;195:
115-118

Takai Y, Kikkawa K, Nishizuka Y: Membrane phospholipid
metabolism and signal transduction for protein phosphorylation.
Adv Cyclic Nucl Res 1984;18:119-158

. Griendling KK, Alexander RW: Angiotensin, other pressors, and the

transduction of vascular smooth muscle contraction, in Laragh JL,
Brenner BM (eds): Hypertension: Pathophysiology, Diagnosis and
Management. New York, Raven Press, Publishers, 1990, pp 583-599

. Birnbaumer L, Abramowitz J, Brown AM: Receptor—effector

coupling by G proteins. Biochim Biophys Acta 1990;1031:163-224
Rohrer L, Freeman M, Kodama T, Penman M, Krieger M:
Coiled—coil fibrous domains mediate ligand binding by macrophage
scavenger receptor type 1. Nature 1990;343:570-572

. Resink TJ, Scott-Burden T, Boulanger C, Weber E, Buhler FR:

Internalization of endothelin by cultured human vascular smooth
muscle cells: Characterization and physiological significance. Mo{
Pharmacol 1990;38:244-252

Downloaded from http://atvb.ahajournals.org/ by guest on February 16, 2016


http://atvb.ahajournals.org/

Arteriosclerosis, {’ st
Th.rombOSI.S, and Association.
Vascular Biology

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Oxidized low density lipopr oteins stimulate phosphoinositide turnover in cultured vascular
smooth muscle cells.
T JResink, V A Tkachuk, JBernhardt and F R Buhler

Arterioscler Thromb Vasc Biol. 1992;12:278-285

doi: 10.1161/01.ATV.12.3.278
Arteriosclerosis, Thrombosis, and Vascular Biology is published by the American Heart Association, 7272 Greenville
Avenue, Dallas, TX 75231
Copyright © 1992 American Heart Association, Inc. All rights reserved.
Print ISSN: 1079-5642. Online |SSN: 1524-4636

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://atvb.ahajournals.org/content/12/3/278

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published in
Arteriosclerosis, Thrombosis, and Vascular Biology can be obtained via RightsLink, a service of the Copyright
Clearance Center, not the Editorial Office. Once the online version of the published article for which permission
is being requested is located, click Request Permissionsin the middle column of the Web page under Services.
Further information about this process is available in the Permissions and Rights Question and Answerdocument.

Reprints: Information about reprints can be found online at:
http://mww.Ilww.com/reprints

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular Biology is online
at:
http://atvb.ahajournal s.org//subscriptions/

Downloaded from http://atvb.ahajournals.org/ by guest on February 16, 2016



http://atvb.ahajournals.org/content/12/3/278
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://atvb.ahajournals.org//subscriptions/
http://atvb.ahajournals.org/



