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1 The oxidative modification of low density lipoprotein (LDL) is thought to be an important factor in
the initiation and development of atherosclerosis. Natural and synthetic antioxidants have been shown to
protect LDL from oxidation and to inhibit atherosclerosis development in animals. Synthetic
antioxidants are currently being tested, by they are not necessarily safe for human use.

2 We have previously reported that dipyridamole, currently used in clinical practice, is a potent
scavenger of free radicals. Thus, we tested whether dipyridamole could affect LDL oxidation at chemical
and cellular level.

3 Chemically induced LDL oxidation was made by Cu(II), Cu(Il) plus hydrogen peroxide or peroxyl
radicals generated by thermolysis of 2,2'-azo-bis(2-amidino propane). Dipyridamole, (1-10 um),
inhibited LDL oxidation as monitored by diene formation, evolution of hydroperoxides and
thiobarbituric acid reactive substances, apoprotein modification and by the fluorescence of cis-parinaric
acid.

4 The physiological relevance of the antioxidant activity was validated by experiments at the cellular
level where dipyridamole inhibited endothelial cell-mediated LDL oxidation, their degradation by
monocytes, and cytotoxicity.

5 In comparison with ascorbic acid, a-tocopherol and probucol, dipyridamole was the more efficient
antioxidant with the following order of activity: dipyridamole > probucol > ascorbic acid > a-tocopherol.
The present study shows that dipyridamole inhibits oxidation of LDL at pharmacologically relevant
concentrations. The inhibition of LDL oxidation is unequivocally confirmed by use of three different
methods of chemical oxidation, by several methods of oxidation monitoring, and the pharmacological
relevance is demonstrated by the superiority of dipyridamole over the naturally occurring antioxidants,
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ascorbic acid and a-tocopherol and the synthetic antioxidant probucol.
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Introduction

One of the most popular theories proposed for the biochemical
mechanism by which macrophages become foam cells, the ty-
pical constituent of atherosclerotic lesions, is based on the
oxidative modification of low density lipoproteins (Steinberg et
al., 1989). This theory is supported by much experimental
evidence (Esterbauer e al., 1992). Oxidized-LDL (ox-LDL) is
accumulated in macrophages that express abundant scavenger
receptors for modified LDL (Goldstein et al., 1979). Among
the different biological effects exerted by ox-LDL, the che-
motactic and cytotoxic activities may induce the intimal ac-
cumulation of monocytes and smooth muscle cells (Quinn et
al., 1987; Autio et al., 1990) and cause endothelial cell damage
(Kuzuya et al., 1991), which may contribute to the athero-
sclerosis process. Several lines of evidence suggest that LDL
oxidation is likely to occur in vivo. Ox-LDL have been de-
monstrated inside atherosclerotic lesions in man and in LDL
receptor-deficient rabbits (Haberland et al., 1988; Yla-Hert-
tuala er al., 1989; Palinski et al., 1989; Boyd et al., 1989), and
antibodies against malondialdehyde-LDL, that are in-
dependently correlated to atherosclerosis progression, have
been reported to be present in human plasma (Salonen et al.,
1992). LDL susceptibility to oxidation in vitro is independently
correlated to coronary atherosclerosis (Rengstrom et al., 1992;
Cominacini et al., 1993). Evidence in support of the oxidized
LDL hypothesis also comes from studies using antioxidants.
LDL carries several antioxidants, such as tocopherols and
carotenoids, which protect them from oxidation (Esterbauer et
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al., 1992). Dietary supplying of vitamin E inhibits LDL oxi-
dation ex vivo (Harats et al., 1990; Dieber-Rotheneder et al.,
1991; Princen et al., 1992; Jialal & Grundy, 1992; Reaven et al.,
1993) and prevents ox-LDL-mediated vascular injury (Belcher
et al., 1993). Also, synthetic antioxidants have been reported to
possess antiatherosclerotic activity. Butylated hydroxytoluene
inhibits accumulation of intimal smooth muscle cells and the
development of intimal thickening after balloon injury of the
aorta in cholesterol-fed rabbits (Freyschuss et al., 1993). The
potent synthetic antioxidant N,N’-diphenyl-phenylenediamine
protects LDL from oxidation and delays the progression of
atherosclerosis in cholesterol-fed rabbits (Sparrow et al., 1992).
Furthermore, probucol introduced as hypolipemic drug, is
though to exert antiatherosclerotic effects through its anti-
oxidant activity (Carew et al., 1987; Chilsolm, 1991; Kuzuya &
Kuzuya, 1993).

Previous studies from this and other laboratories have de-
monstrated that dipyridamole, used in clinical practice as an
antithrombotic and vasodilator drug, possesses superoxide
anion and hydroxyl radical scavenging activity and inhibits
lipid peroxidation (Morisaki et al., 1982; Iuliano et al., 1989;
1992; Janero et al., 1989; De La Cruz et al., 1992). The anti-
oxidant activity of the drug has been supported by electron
spin resonance spectroscopy which detected a dipyridamole
radical as a result of radical scavenging (Iuliano et al., 1995),
and unequivocally confirmed by the measurement of reaction
constants for the reaction of dipyridamole with the hydroxyl
(OH®) and peroxyl radicals (LOO®), highly oxidizing species
playing a role in the initiation and propagation of the lipid
peroxidation process. The measured Kgipyridamote+on) Of
~10° M5! (Iuliano et al., 1989) and k(dipyridamole+LOO°) of
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2x10° M~! s~! (Iuliano et al., 1995) are of the same order of
magnitude as the constants of well-known OH° scavengers and
of the LOO° scavenger, vitamin E. Thus, we reasoned that
dipyridamole would maintain its antioxidant activity in a more
relevant physiological environment. LDL oxidation was cho-
sen to address this question, and also because of the increasing
evidence supporting the ‘LDL hypothesis’ and the potential
antioxidant therapy of atherosclerosis.

In the present work, we demonstrate that dipyridamole is a
potent antioxidant that very effectively prevents oxidation of
LDL in vitro

Methods

Preparation of LDL

LDL (density 1.025-1.050 g ml~') was obtained from hu-
man plasma of healthy donors (age 24-55) by sequential
flotation ultracentrifugation (Hatch & Lees, 1968), in the
presence of EDTA to minimize oxidation. LDLs were col-
lected by upward fractionation to minimize albumin con-
tamination. The purity of LDL evaluated by agarose gel
electrophoresis was >98%. Prior to oxidation of LDL, the
purified lipoproteins were first desalted by Sephadex G25
chromatography, at 4°C, using phosphate buffer saline (PBS)
containing 20 uM EDTA as exchanging buffer. Protein
concentration determined by the bicinchoninic acid method
(Smith et al., 1985) was about 8 mg ml~!. LDL was stored
under N, at 4°C.

LDL oxidation by copper monitored by continuous
u.v.-measurement of dienes

Copper-mediated LDL oxidation was monitored kinetically
at 234 nm at 37°C in a PE-Lambda 2 instrument (Perkin
Elmer Ltd., Beaconsfield, England) equipped with a Peltier
thermostatted 6 positions cuvette holder. Oxidation was in-
itiated by adding 5 uM Cu®* to LDL (0.05 mg ml~!) in PBS
pH 7.4. Inhibitors were added to LDL as ethanolic solution
and preincubated at 37°C for 30 min before starting the ex-
periment.

LDL oxidation by copper/hydrogen peroxide monitored
by the thiobarbituric acid reaction and by iodometric
measurement of hydroperoxides

Oxidation was made by exposing LDL (0.2 mg ml~') to
100 uM Cu?* in 2 mM phosphate buffer pH 7.35 containing
40 uM hydrogen peroxide, at 37°C. At time intervals, aliquots
of the reaction mixture were taken to measure the extent of
lipid peroxidation evaluating the thiobarbituric acid (TBA)
reactive substances and hydroperoxides. The TBA reaction
was made essentially as previously described (Iuliano et al.,
1995). Briefly, to 100 ul of LDL solution was added 15 pul
butylated hydroxytoluene (2% in ethanol, freshly prepared),
10 ul EDTA 50 mM and 1 ml TBA test solution (1% TBA w/v
in 50 mM NaOH, 20% trichloracetic acid, 1:9). The solution
was incubated in boiling water for 15 min and after cooling
was read in a PE-LS50 instrument (Perkin Elmer Ltd., Bea-
consfield, England); intrument settings: excitation wavelength
515 nm, emission wavelength 553 nm, and 10 nm slit width.
The entity of oxidation was expressed as malondialdehyde
equivalents (MDA) using as standard MDA obtained by acid
hydrolysis of tetraethoxypropane (Bull & Marnett, 1985).
Hydroperoxides (LOOH) were measured by the method of
‘Cramer (1991)’ on chloroform:methanol (2:1) extracts of
100 ul aliquots of the LDL solution diluted with 300 ul saline
and acidified to pH 3.5 with citric acid; the triiodide ion was
measured at 353 nm and conversions were based on the molar
absorbance of 2.3 x10* M~! cm 1.

LDL oxidation by peroxyl radicals monitored by cis-
parinaric acid fluorescence

The fluorescent polyunsaturated fatty acid cis-parinaric acid
(9,11,13,15-octadecatetraenoic acid) was used as a sensitive
probe to monitor LDL oxidation (Laranjinha et al., 1992). The
fluorescent probe was incorporated into LDL by a 5 min in-
cubation at 37°C (probe/LDL-protein ratio of 0.05 nmol
ug~"). The oxidation of labelled LDL, dissolved in PBS con-
taining 50 uM EDTA (PBS-EDTA), was initiated by addition
of 5 mM ABAP in stirred samples. Instrument settings: ex-
citation wavelength 324 nm, emission wavelength 413 nm, and
3.5 nm slit width.

LDL oxidation by peroxyl radicals monitored by the
iodometric measurement of hydroperoxides

Peroxyl radicals generated by thermolysis of ABAP (5 mm)
(Iuliano et al., 1989) were used to produce LDL oxidation.
LDL (0.4 mg ml~!), in PBS-EDTA, were incubated in ther-
mostatted cuvettes with continuous stirring. Oxidation was
carried out at 37°C for 4 h. At time intervals the extent of lipid
peroxidation was measured by the TBA reaction and by the
hydroperoxide assay.

Apo BI00 changes during oxidation monitored by
Sfluorescence spectroscopy and by agarose gel
electrophoresis

Aproprotein associated fluorescence changes (Cominacini et
al., 1991; Esterbauer et al, 1992) during oxidation were
monitored kinetically in the fluorimeter equipped with a
thermostatted cuvette holder and an external stirring device.
Instrument settings: excitation wavelength 360 nm, emission
wavelength 430 nm, and 5 nm slit width. LDL (0.3 mg ml~})
oxidation by 200 uM copper was carried out in 2 mM phos-
phate buffer pH 7.4 in the presence of 50 uM hydrogen per-
oxide. Oxidation by peroxyl radicals was started by adding
20 mM ABAP to 0.6 mgml~! LDL in PBS-EDTA. The
change in electric charge of the protein following oxidation
was evaluated by agarose gel electrophoresis in comparison to
MDA-derivatized LDL. Derivatization was made at 37°C for
60 min, by reacting LDL (0.2 mg ml~') with 200 mM MDA
obtained by acid hydrolysis of tetracthoxypropane (Bull &
Marnett, 1985). Free amino groups on LDL were titrated with
TNBS (Habeeb, 1966) using valine as standard. Lipoprotein
electrophoresis was performed in barbiturate buffer (50 mM
5,5-diethylbarbituric acid sodium salt, pH 8.6) on Paragon
agarose gel blotters and stained with Sudan Black B. Samples
under oxidation were placed on ice after addition of 10 mM
EDTA to stop the reaction.

LDL oxidation by endothelial cells

Primary cultures of human umbilical vein endothelial cells
were obtained from cord vein, after 15 min digestion by 0.2%
collagenase solution (Jaffe ez al., 1973). Cells were plated into
a 75 cm? tissue culture flask and allowed to grow to con-
fluence in M199 containing 20% foetal calf serum, 10 u ml~!
penicillin, 10 ug ml~' streptomycin and 2 mM L-glutamine at
37°C in a humidified atmosphere of 95% air and 5% CO,.
Confluent human endothelial cell cultures in multiwell clus-
ters (1.5 x 10° cells cm~2) were washed three times with ser-
um-free medium, supplemented with 5 uM CuSO,, and
incubated with LDL (0.5 mg ml~') in serum-free medium
containing 1% human serum albumin. Before addition to
endothelial cells LDL was loaded (30 min at 37°C) with vi-
tamin E, dipyridamole or their vehicles (DMSO or ethanol
respectively), and sterilized by passage through 0.22 um
Millipore filters. After 18 h incubation at 37°C the medium
was aspirated, centrifuged to remove cell debris and pro-
cessed for lipid peroxidation assay by the thiobarbituric acid
reaction as described above.
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Degradation of oxidized LDL by monocyte-macrophages

Human monocytes were obtained from the buffy coat of ci-
trated, freshly donated blood. The buffy coat was diluted 1:1
with PBS and underlayered with Ficoll-Paque for separation of
mononuclear cells by density gradient centrifugation. Mono-
nuclear cells, washed and resuspended in RPMI 1640 medium,
were seeded in a 24 wells plate, and incubated 2 h at 37°Cin a
humidified atmosphere of 95% O, and 5% CO,. After re-
moving non adherent mononuclear cells, monocytes were re-
suspended and cultured in RPMI medium. Uptake and
degradation of oxidized LDL was performed in competition
with ['*IJacetyl-LDL essentially as described by Goldstein &
Brown (1974). LDL was radiolabelled with 2 using the io-
dine monochloride method (Bilheimer et al., 1972). The final
specific activity was 200 c.p.m. ng~' protein. ['*I]LDL was
acetylated by sequential addition of acetic anhydride (Frankel-
Konrat, 1957). The extent of derivatization determined by
TNBS reactivity was about 80%. After treatments LDL were
freed from reactants by gel filtration with Sephadex G25.

Cytotoxicity assay

Epstein Barr virus transformed B cells (EBVB-cells) were used
as target cells and maintained in culture in RPMI 1640 med-
ium added with 10% FCS. Cytotoxicity was evaluated by >'Cr
release. EBVB-cells were loaded 2 h at 37°C with 0.1 mCi 3'Cr,
washed three times to remove the unloaded radiotracer and
resuspended in RPMI containing 0.1% FCS (100,000 cells/
ml). After adding 90 ug ml~! of the LDL preparation cells
were incubated 4 h at 37°C. Cytotoxicity was evaluated by
counting the radioactivity of supernatants in comparison to
the total radioactivity of Triton X-100 lysed cells.

Materials

CuSO,, hydrogen peroxide, ICI and tetraethoxypropane were
purchased from Aldrich (Milwaukee, PA, U.S.A.); bicincho-
ninic acid from Pierce (Rockford, IL, U.S.A.); medium-M199,
medium RPMI 1640 (RPMI), foetal calf serum (FCS), peni-
cillin, streptomycin, L-glutamine were from Biochrom KG
(Berlin, Germany); Paragon agarose gel precoated plates from
Beckman (Fullerton, CA, U.S.A.); a-tocopherol, probucol,
Sephadex G25, trinitrobenzene sulphonic acid (TNBS) and
collagenase type IA were from Sigma (St. Louis, MO, U.S.A));
cis-parinaric acid from Molecular Probes (Eugene, OR,
U.S.A)); 2,2-azo-bis(2-amidino propane) hydrochloride

(ABAP) was from Polysciences Inc. (Warrington, PA, U.S.A.).
Carrier free Na'’I and Na®'Cr were from Amersham Inter-
national Ltd. (Buckinghamshire, U.K.). Ascorbic acid and all
other reagents were of the highest grade available from Merck
(Darmstadt, Germany). Dipyridamole, vitamin E and probu-
col were dissolved in ethanol; ascorbic acid was dissolved im-
mediately before wuse in metal-free distilled water
(>18 Mohms). Vitamin E was dissolved in dimethylsulph-
oxide (DMSO) for experiments with endothelial cells. Ethanol
and DMSO were present in the controls, apart from that of
ascorbic acid, at the final concentration of 0.25%. Disposable
sterile plastic ware for cell culture was from Costar (Cam-
bridge, MA, U.S.A.). Water of high purity (> 18 Mohms) was
obtained by treating twice distilled water in a Milli-Q purifying
system (Millipore, Bedford, MA, U.S.A.).

Results

Effects of dipyridamole on copper-dependent LDL
oxidation

LDL oxidation by copper can be followed at 234 nm directly
in solution (Esterbauer et al., 1992). The reaction kinetics of
diene formation is composed of three phases (Figure 1, curve
a). The first is the lag phase of very low oxidation rate due to
counterbalance and consumption of endogenous antioxidants.
The second phase corresponds to the maximal rate of oxida-
tion and starts when the antioxidants are consumed. The third
phase is the termination phase that is associated with a plateau
in diene formation. Addition of antioxidants leads to a pro-
longation of the lag phase and this is also the case for dipyr-
idamole (Figure 1, curves b, c). The inhibition period of diene
formation in the presence of dipyridamole is concentration-
dependent as shown by the plot of dipyridamole concentration
vs. lag time (Figure 1, inset); it is interesting that the regression
line fits with the zero inhibitor concentration value of lag time.
The protective effect of dipyridamole is also confirmed in an
amplified system of LDL oxidation driven by the combination
of copper and hydrogen peroxide. Also in this system, in which
a rapid and intense LDL oxidation is reached within 1 h, di-
pyridamole protects LDL from oxidation (Figure 2). Again the
characteristic behaviour of antioxidants is demonstrated by the
curvature of oxidation vs. time traces as dipyridamole induces
a concentration-dependent lag phase (Figure 2). In the same
set of experiments dipyridamole induces a more pronounced
inhibition of LDL oxidation if this is measured in terms of
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Figure 1 Effect of dipyridamole on copper-induced LDL oxidation monitored by diene evolution. (a) Control; dipyridamole
0.625 uM (b) and 1.25 uM (c). Inset: concentration-dependence of the inhibition period of diene formation. Each point represents the
mean of three separate experiments with average variations <5%, error bars are not shown as they do not exceed the size of the

symbols.
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TBA-reactive substances, but blocks almost completely the
hydroperoxide evolution. Dipyridamole added half-way
through the reaction induces a sharp break of the oxidation
curve (Figure 3), characteristic of highly efficient antioxidants
that directly inhibit the chain propagation.

Effect of dipyridamole on peroxyl radical dependent
LDL oxidation

To investigate further the activity of dipyridamole, LDL was
oxidized in a metal independent way by peroxyl radicals. A
controlled flux of peroxyl radicals was generated by thermo-
lysis of ABAP, and oxidation was monitored by the fluores-
cence of the hydrophobic probe cis-parinaric acid pre-
incorporated into LDL. This polyunsaturated fluorescent fatty
acid has been used as a very sensitive probe to monitor the
initial phases of lipid peroxidation (Laranjinha et al., 1992).
The four double bonds render the molecule very sensitive to
oxidation that is associated with a loss of intrinsic probe
fluorescence. Figure 4 shows the decrease in fluorescence
emission of cis-parinaric acid incorporated into LDL after
exposure to a flux of peroxyl radicals. Dipyridamole added
half way through the oxidation reaction suppresses the fluor-
escence decay of cis-parinaric acid, for a time proportional to
the antioxidant concentration (Figure 4, inset), after that
fluorescence decay is resumed at the same rate as the control
assay. A further demonstration of the protective action of di-

Time (min)

Figure 4 Monitoring of LDL oxidation by the quenching of cis-
parinaric acid fluorescence. The loss of fluorescence of cis-parinaric
acid upon oxidation of LDL by peroxyl radicals is represented in
trace (a). Dipyridamole (b—c) added half way through the oxidation
process causes suppression of fluorescence decay for a time
proportional to the antioxidant concentration; trace (b), 0.5uM,
trace (c), 1uM. Inset, concentration-dependence of the inhibition
period of fluorescence quenching. Fluorescence expressed as arbitrary
units (a.u.). Each point represents the mean of three separate
experiments with average variations <5%.

pyridamole in the peroxyl radical-mediated LDL oxidation is
given by the experiments illustrated in Figure 5 that show the
time course of MDA and hydroperoxides evolution. The rise in
MDA during the oxidation of LDL induced by ABAP is ki-
netically different from that induced by the copper/H,O, sys-
tem. Comparable amounts of MDA equivalents are formed by
copper/H,0, three times faster than for ABAP. In contrast,
hydroperoxide evolution is doubled in the ABAP-mediated
oxidation. It should be remembered that the two oxidation
methods have completely different characteristics: bolus oxi-
dation of H,O, causes an initial short lived burst in radical
formation, whereas ABAP thermolysis produces a slow but
steady flux of radicals.
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Figure 5 Effect of dipyridamole on peroxyl radical-dependent LDL
oxidation. Oxidation of LDL induced by peroxyl radicals generated
by thermolysis of ABAP (5mM) was performed in stirred sample. At
various time intervals lipid peroxidation products were measured by
the TBA reaction (a) and by iodometry of hydroperoxides (b).
Control ([J); dipyridamole 5uM (A), 10uM (O), and 20uM (@).
Each point represents the mean of duplicate determinations;
representative of at least three separate experiments with average
variations <5%.

Effect of dipyridamole on the apo B100 changes of LDL
associated with lipid oxidation

LDL oxidation is accompanied by a modification of the pro-
tein component characterized by an increased electronegativity
attributed to derivatization of lysine residues by products of
lipid peroxidation (Steinbrecher et al., 1989). As shown in
Figure 6, oxidation of LDL by Cu?*/H,0, causes a loss of
titratable lysine residues and an increased electrophoretic
mobility (Figure 6, column of sample 2 and lane 2 of the blot)
similar to that of malondialdehyde-derivatized LDL (Figure 6,
lane 4). In the presence of 5 uM dipyridamole, the inhibition of
both lipid peroxidation and lysine derivatization (Figure 6,
column of sample 3) is reflected to a reduced electrophoretic
change (Figure 6, lane 3); higher dipyridamole concentrations
that totally prevent lipid peroxidation cause a complete pro-
tection from lysine residue modification and electrophoretic
alterations (data not shown). These results are in agreement
with literature data demonstrating that products of fatty acid
peroxidation are responsible for derivatization of apolipopro-
tein B (Steinbrecher et al., 1989). Further support to the pro-
tective effect of dipyridamole towards LDL modifications
during oxidation are given by fluorescence studies. Modifica-
tion of apo B100 during LDL oxidation is also associated with
a strong increase of protein instrinsic fluorescence at 360/
430 nm excitation/emission wavelengths. Such changes can be
followed kinetically and are shown in Figure 7. Dipyridamole
dose-dependently prevents formation of the protein-bound

1 2 3 4

Figure 6 Effect of dipyridamole on electrophoretic changes of LDL
after oxidation. Histogram (a), amount of MDA equivalents (solid
columns) and the loss of TNBS titrable lysine residues (hatched
columns) generated after oxidation of LDL by Cu®*/H,0,.
Electrophoretic changes are shown in (b): (1) native LDL; (2) ox-
LDL; (3) LDL oxidized in the presence of 5um dipyridamole; (4)
MDA -derivatized LDL.

fluorophore both in the copper- and in peroxyl radical-driven
oxidation.

Experiments at cellular level

With the aim of substantiating whether the antioxidant drug is
also acting under more physiological conditions, experiments
at cellular level were undertaken using human endothelial cells
to oxidize LDL. Dipyridamole successfully inhibited en-
dothelial cell-mediated LDL oxidation in a dose-dependent
fashion (Figure 8) and 50% inhibition was calculated to re-
quire about 2 uM. The concentrations of antioxidant and ve-
hicle applied did not induce any toxic effect to endothelial cells:
(i) they kept the characteristic cobblestone morphology; (ii) no
detachment was observed after the incubation period; (iii) cells
washed at the end of the incubation period were able to oxidize
LDL again. In addition, in a series of parallel experiments the
LDH release, as a parameter of cytoplasmic leakage, was
measured (Iuliano et al., 1994a) and no significant difference in
LDH release was observed for treated and untreated samples
(data not shown). By inhibiting the oxidative modification,
dipyridamole decreased the scavenger receptor-mediated de-
gradation of LDL as shown in Figure 9, where the effect of
dipyridamole-protected-LDL can be compared to those of ox-
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LDL, acetyl-LDL and native-LDL. In addition, dipyridamole
prevented the toxic effect of oxidized LDL on target cells. As
shown in Figure 10, an LDL preparation oxidized by peroxyl
radicals carrying about 140 nmol LOOH mg~! protein was
able to induce significant >'Cr release from the target cells. In
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Figure 7 Inhibition of oxidation-mediated Apo B100 fluorescence
changes by dipyridamole. Protein fluorescence at 430nm (with
360nm excitation) was monitored kinetically in samples incubated
in the thermostatted cuvette, under stirring. (a) Cu(II)-dependent
oxidation; (b) peroxyl radical-dependent oxidation, Control ([(J);
dipyridamole Sum (A), 10uM (Q), and 20um (@). Traces are
displayed substracted from the background value. Fluorescence
expressed as arbitrary units (a.u.). Representative of at least three
separate experiments with average variations <5%.

100

o
g 8
] ]

Inhibition (%)
8
l

20

0 T T T T T ]
0 2 4 6 8 10 12

Dipyridamole (um)

Figure 8 Concentration-dependent inhibition of endothelial cell-
mediated oxidation by dipyridamole. Each data point represents
mean+s.d. of three separate experiments.

contrast, similarly ox-LDL in the presence of dipyridamole,
which reduced the level of hydroperoxides by 80%, did not
induce appreciable °'Cr release.

Comparison between dipyridamole, ascorbic acid,
vitamin E and probucol

The protective activity of dipyridamole towards LDL oxida-
tion was compared with the activity exerted by the synthetic
antioxidant, probucol and the physiological antioxidants, as-
corbic acid and vitamin E. Inhibitory activity was studied in
the LDL oxidation by copper, copper/hydrogen peroxide and
by endothelial cells. Cumulative data, shown in Table 1, are
based on analysis of MDA and hydroperoxide formation and
fluorescence of Apo B100. The order of increasing activity was
dipyridamole > probucol >ascorbic acid>vitamin E. The
magnitude of antioxidant activity of dipyridamole is >20
times higher than vitamin E. In the endothelial cell-mediated
LDL oxidation, the ICs, was 2.1 and 20 uM for dipyridamole
and vitamin E, respectively. Inhibition of MDA and hydro-
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Figure 9 Competition of ['*IILDL degradation by scavenger-
receptor. Competition was performed using 5ugml™" of ['**Ijace-
tyl-LDL and varying amounts of unlabelled LDL preparations. LDL
was oxidized by Cu®*/H,0, in the absence ([J) or presence of 10 um
dipyridamole (O). Native LDL (#); acetyl-LDL (H). Each point is
the mean of duplicate determinations. The 100% values of
degradation of {‘2 Tlacety]l-LDL in the absence of competitor was
2.1ug5h~'mg=" of protein.
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Figure 10 Cytotoxicity of oxidized LDL towards EBVB cells. EBVB
cells loaded with *'Cr (solid columns) were exposed to ox-LDL (3),
LDL oxidized in the presence of 10uM dipyridamole (4) or native
LDL (5). Total radioactivity (Triton X-100 lysed cells) (1); back-
ground radioactivity of the supernatant (2). Oxidation of LDL was
induced by 5mmM ABAP as described in the methods, the entity of
oxidation in each LDL preparation is depicted by the hatched
columns. Each column is the mean of duplicate determinations.
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Table 1 Relative antioxidant activity of dipyridamole vs. the synthetic antioxidant probucol and the natural occurring antioxidants

ascorbic acid and vitamin E

Lipid
peroxidation ()
(Cu/H>0;)
MDA LOOH
Ascorbate 19.2 48.0
Dipyridamole 1.6 22
Probucol 20.7 14.0
Vitamin E 37.2 24.3

Apo B100 EC-mediated
Sfluorescence () oxidation (1)
Cu/H 202 ABAP
30.1 55.7 25.4
3.7 5.9 23
18.5 16.2 9.6
® ® 20.4

For each antioxidant data are obtained from concentration-dependent inhibition experiments. Data are shown as um ICs
(concentration that gives 50% inhibition) calculated from the integral of the area under the time course profile () or from the data
points at the end of oxidation process (}). (§) Very low, non-linear, inhibition.

peroxide formation required 10—20 times more vitamin E than
dipyridamole, and vitamin E caused only minimal protection
of Apo B100 oxidative alterations (x10% inhibition by
250 uM). Compared to ascorbic acid, the activity of dipyr-
idamole is 10 times higher, apart from the diene system where
the difference is reduced to a factor of 2.5. Finally, dipyr-
idamole is more potent than probucol by a factor ranging from
3 to 12 times, depending on the system.

Dipyridamole partitioning into LDL

Dipyridamole interaction with the LDL is demonstrated by
fluorescence measurements shown in Figure 11. In the pre-
sence of LDL the emission spectrum of dipyridamole in the
region 400-600 nm is slightly blue-shifted with a large in-
crease in maximal intensity, resembling the spectrum of di-
pyridamole in a polar organic solvent (Tabak & Borisevitch,
1992). This indicates the transfer from the aqueous solution
to a non-aqueous medium. From the slope of the double
reciprocal plot reported in the inset of Figure 11 a binding
constant of 2.3 x 10° M~! is calculated, indicating that reac-
tion of dipyridamole with LDL is likely to take place at the
level of the polar head groups of phospholipids without pe-
netrating the LDL core. That dipyridamole is not associated
with the LDL core, due to insolubility in saturated hydro-
carbons, can be demonstrated by gel filtration chromato-
graphy with Sephadex that permits displacement of
dipyridamole from LDL (data not shown). In addition, LDL
incubated with dipyridamole and dialyzed by ultrafiltration
are indistinguishable from control LDL in terms of oxidiz-
ability (data not shown).

Discussion

This work extends previously reported studies (Iuliano et al.,
1994b; Selley et al., 1994) demonstrating that dipyridamole is a
powerful inhibitor of LDL oxidation, induced chemically or by
endothelial cells. LDL was oxidized chemically by copper ions
in the absence or presence of hydrogen peroxide, or by a
controlled flux of peroxyl radicals generated by an azo com-
pound. In all cases, dipyridamole inhibited LDL oxidation
with the characteristic induction of a concentration-dependent
lag time, similar to classic antioxidants. The protective effect
was verified by different methods: measurement of dienes,
MDA, hydroperoxide, electrophoretic mobility, lysine titra-
tion, apoprotein fluorescence and quenching of cis-parinaric
acid fluorescence, providing unequivocal evidence of the
powerful antioxidant activity of the drug. Decisively, dipyr-
idamole inhibited LDL oxidation at the cellular level. En-
dothelial cells have been proposed as one of the sources
responsible for LDL modification in vivo (Steinberg et al.,
1989), by a free radical mediated mechanism. Inhibition of the
oxidative modification of LDL is a crucial event in the sug-
gested mechanism of atherosclerosis. Among several biological
characteristic of ox-LDL is the uptake and degradation by the
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Figure 11 Reaction of dipyridamole with the LDL surface. The
fluorescence emission spectrum, excited at 415nm, of dipyridamole
(a) is greatly affected by as little 8.8 ugml~' LDL (b), as there is a
large increase in maximal intensity and a slight blue-shift (emission
max shifts from 496nm to 491nm). Inset, double reciprocal plot
showing the linear response of the fluorescence increment by the
added LDL, calculation is based on the phospholipid mass (assuming
an average molecular weight of 778) of LDL; K,=2.3x 10 ML

macrophage scavenger receptor, which causes the formation of
foam cells, and cytoxicity to most cells (Cathcart et al., 1989;
Kuzuya et al., 1991). By inhibiting LDL oxidation, dipyr-
idamole prevented both LDL degradation by macrophages
and LDL cytotoxicity, at concentrations (1—10 uM) within the
range found in plasma after pharmacological doses (FitzGer-
ald, 1987). To support further the physiological relevance of
these results, dipyridamole was compared to ascorbic acid and
vitamin E, which can be considered as reference antioxidants
in biological systems, and with probucol. Vitamin E, a normal
constituent of LDL, is generally thought to function as the
major lipid-soluble antioxidant (Burton & Ingold, 1986), and
ascorbic acid is considered the most important aqueous phase
antioxidant in plasma. Probucol was selected because most
research into LDL oxidation has concentrated on the protec-
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tion by this synthetic compound. In all instances, dipyridamole
produced the most potent inhibition of LDL oxidation. The
LDL oxidation is a complex mechanism involving initiator
radicals generated by Fenton-like chemistry, and propagating
carbon-oxygen radicals, like peroxyl radicals. The high effi-
ciency of dipyridamole can be attributed to scavenging of O,
(Iuliano et al., 1989), OH° (Iuliano et al., 1992) and peroxyl
radicals (Iuliano et al., 1995). Thus, dipyridamole should op-
erate at the two main levels, the initiation and propagation, of
the lipid peroxidation. In addition the superiority of dipyr-
idamole can be explained in terms of partitioning in the LDL-
lipids/aqueous phase and by better accessibility to sites of free
radical attack. Dipyridamole, as demonstrated in this study,
strongly associates with LDL phospholipids (binding constant:
2.3x10° M~1), and is sufficiently water soluble to be able to
intercept both the oxidation initiating radicals coming from
the aqueous phase and the lipid radicals generated during the
chain reaction. In contrast, probucol and vitamin E, being
located entirely within the lipoprotein (Burton & Ingold, 1986;
McLean & Hagaman, 1989), do not effectively intercept radi-
cals formed initially in the aqueous phase (Iuliano ez al., 1995).
In contrast, ascorbic acid does not have access to radicals
formed in the lipid phase. The low protection by vitamin E,
reported in the present paper, is in agreement with Stocker’s
suggestion that vitamin E is not an efficient antioxidant with-
out a suitable water-soluble reductant, and in particular con-
ditions it is actually a prooxidant (Bowry & Stocker, 1993).
Higher antioxidant activity of dipyridamole towards vitamin E
has been reported for systems of arachidonic acid micellae
(luliano et al., 1995) and for liver membranes (Iuliano et al.,
1992). In the literature there are no data available comparing
dipyridamole with probucol and ascorbic acid.

Taken together these data show that dipyridamole is a
powerful inhibitor of LDL oxidation in vitro and suggest
evaluation of this activity in vivo. Several studies have de-
monstrated that antioxidants inhibit the atherosclerosis pro-
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