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Abstract

The oxidative modification of low density lipoprotein (LDL)
may play an important role in atherosclerosis. Wefound that
the antioxidant N,N'-diphenyl-1,4-phenylenediamine (DPPD)
inhibits in vitro LDL oxidation at concentrations much lower
than other reported antioxidants. To test whether DPPDcould
prevent atherosclerosis, NewZealand White rabbits were fed
either a diet containing 0.5% cholesterol and 10%corn oil (con-
trol group) or the same diet also containing 1%DPPD(DPPD-
fed group) for 10 wk. Plasma total cholesterol levels were not
different between the two groups, but DPPDfeeding increased
the levels of triglyceride (73%, P= 0.007) and HDLcholesterol
(26%, P = 0.045). Lipoproteins from DPPD-fed rabbits con-
tained DPPDand were much more resistant to oxidation than
control lipoproteins. After 10 wk, the DPPD-fed animals had
less severe atherosclerosis than did the control animals: tho-
racic aorta lesion area was decreased by 71%(P = 0.0007), and
aortic cholesterol content was decreased by 51% (P = 0.007).
Although DPPDcannot be given to humans because it is a
mutagen, our results indicate that orally active antioxidants can
have antiatherosclerotic activity. This strongly supports the
theory that oxidized LDL plays an important role in the patho-
genesis of atherosclerosis. (J. Clin. Invest. 1992. 89:1885-
1891.) Key words: arteriosclerosis * cholesterol - macrophage -

probucol * scavenger receptors

Introduction

A prominent feature of atherosclerotic lesions is the choles-
terol-loaded macrophage foam cell (1). During the progression
ofatherosclerosis, circulating monocytes adhere to the endothe-
lium, penetrate the vessel wall, differentiate into macrophages,
and become cholesterol-loaded (2). Low density lipoprotein
(LDL) is believed to be the source of the cholesterol in foam
cells, and LDL levels are positively correlated with risk of ath-
erosclerosis and coronary artery disease (3). Conversely, HDL
levels are negatively correlated with this disease (4), and HDL
particles are believed to be able to accept excess cholesterol
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from foam cells and deliver this cholesterol to the liver via the
reverse cholesterol transport pathway (5).

A model has been proposed for the biochemical mecha-
nism by which LDL causes the appearance of foam cells (6).
The "oxidized LDL hypothesis" states that atherosclerosis is
caused not only by the native LDL particle itself, but by a
modified LDL created by oxidative damage (6). LDL can be
oxidatively modified in vitro by certain cultured cells (7-9) or
by copper ions (7). Oxidized LDL is taken up via macrophage
scavenger receptors (10), leading to cholesterol accumulation
(6), whereas native LDL is not recognized by scavenger recep-
tors and therefore does not cause cholesterol accumulation
(11). Oxidized LDL is chemotactic for monocytes (12), and
therefore oxidized LDL may recruit monocytes into the suben-
dothelial space. Oxidized LDL is also cytotoxic (8), which may
explain the endothelial damage that occurs during atherogene-
sis (13). Most studies of the in vitro effects of oxidized LDL
have used LDL subjected to strong oxidizing conditions, but
even "minimally modified" LDL has potent biological activity
(14). These in vitro results support a role for oxidized LDL in
the recruitment of monocytes into the artery and their conver-
sion to cholesterol-loaded foam cells.

LDL oxidative modification probably occurs in vivo. Im-
munohistochemical studies suggest that atherosclerotic lesions
contain oxidized LDL (15-17), and a modified form of LDL
can be isolated from dissected lesions (18). Normal arterial
tissue, however, contains no modified LDL (16), so it is con-
ceivable that the modified LDL found in lesions is a conse-
quence, rather than a cause, of atherosclerosis.

Among the most important in vivo evidence in support of
the so-called "oxidized LDL hypothesis" comes from studies
using probucol (4,4'4isopropylidenedithio)bis[2,6-di-t-butyl-
phenol]. Probucol is used clinically to lower plasma cholesterol
levels (19), but probucol is also an antioxidant and was found
to protect LDL from oxidative modification in vitro (20). Fur-
thermore, lipoproteins isolated from humans or rabbits given
probucol display increased resistance to oxidation ex vivo (20,
2 1). Most importantly, probucol slows the progression of ath-
erosclerosis in the Watanabe heritable hyperlipidemic rabbit to
an extent greater than that predicted from its cholesterol-lower-
ing activity (22). Probucol has also been reported to be an-
tiatherosclerotic in the cholesterol-fed rabbit (reviewed in refer-
ence 23).

It has been widely assumed that the antiatherosclerotic ac-
tivity of probucol is due to its antioxidant properties (6, 23).
Very recent work by Mao et al. (24) however, has raised some
doubts. These workers studied the compound MDL29,31 1,
which is an analogue of probucol that does not lower choles-
terol but does have full antioxidant activity. MDL29,31 1 was
found to be much less effective than probucol at preventing
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atherosclerosis in the Watanabe rabbit (24). This implies that
the antioxidant activity of probucol may not be the source of its
antiatherosclerotic activity. It is possible that probucol is an-
tiatherosclerotic because of its effects on high density lipopro-
tein (HDL) metabolism (19), especially the distribution of
HDL subclasses (25, 26). These effects of probucol on HDL
may lead to stimulation of reverse cholesterol transport (26,
27). In patients with familial hypercholesterolemia, probucol
caused dramatic regression of tendon xanthomas (25). The ex-
tent of the regression correlated with the degree of HDLlower-
ing, suggesting that the regression may be caused by probucol's
influence on HDLmetabolism (25). Finally, it has been sug-
gested that probucol's antiatherosclerotic activity may be re-
lated to inhibition of interleukin 1 (IL- 1) secretion by macro-
phages (28, 29).

The oxidized LDL hypothesis could be further tested in
animal models of atherosclerosis by using potent, orally active
antioxidants that do not alter plasma cholesterol levels. The
compound NN'-diphenyl-1,4-phenylenediamine (DPPD)' is
an orally active antioxidant (30-33). Diets containing DPPD
can prevent or alleviate symptoms of vitamin E deficiency in
rabbits (31) and rats (32, 33). In the present work, we show that
DPPDvery effectively prevents oxidation of LDL, and also
that feeding DPPDslows the progression of atherosclerosis in
cholesterol-fed rabbits without affecting plasma cholesterol
levels.

Methods
Animals and treatments. Pasteurella-free male New Zealand White
rabbits (2.5 kg) were obtained from Hare Marland, Hewitt, NJ, and
housed and cared for as set forth in the Animal Welfare Act. 14 control
rabbits were fed a chow containing 10% corn oil and 0.5% cholesterol,
and 12 DPPD-fed rabbits were given the same diet containing 1%
DPPD(Aldrich Chemical Co., Milwaukee, WI). This dose is the same
as the dose of probucol typically given to rabbits (21-23). The diets
were prepared by milling Purina high-fiber rabbit pellets with corn oil
and cholesterol, with or without DPPD, to produce a homogeneous
coarse powder. Rabbits were fed ad libitum. The animals were bled
periodically for measurements of plasma cholesterol levels. After 27 d
of feeding, fasting plasmas were obtained and analyzed for triglyceride
and for the distribution of cholesterol in lipoprotein fractions. Lipopro-
teins isolated from these plasma samples and from samples taken after
62 d of feeding were subjected to oxidation assays as described below.

Analysis of extent of atherosclerosis. After 71 d of feeding, the rab-
bits were killed and the aortas were removed, rinsed in saline, cleaned
of adhering tissue, and trimmed to include the region from the aortic
root to 1 cm below the superior mesenteric artery. The aortas were
sliced open longitudinally, photographed, and then finely minced. Le-
sion area in the thoracic region (from the distal end of the aortic arch to
the mesenteric artery) was determined from the photographs by quan-
titative morphometric analysis using a Joyce-Lobel Magiscan image
analyzer (Compix Inc., Mars, PA). The minced aortic tissue was
weighed, then extracted as described by Folch et al. (34). Aliquots of the
extracts were subjected to silica gel thin-layer chromatography in the
solvent system hexane/diethyl ether/acetic acid 80:20:1. Regions of
free cholesterol and esterified cholesterol were scraped and lipids were
extracted from the silica gel using chloroform:methanol 1:1. These ex-
tracts were subjected to the cholesterol assay described by Rudell and
Morris (35). This procedure yields values for free cholesterol and for

1. Abbreviations used in this paper: BHT, butylated hydroxytoluene;
DPPD, NN'-diphenyl-l,4-phenylenediamine; fl-VLDL, E-migrating
very low density lipoprotein; d < 1.0 19, the lipoprotein fraction with a
density < 1.0 19 g/ml; TBARS, thiobarbituric acid-reactive substances.

esterified cholesterol; these values were added together to obtain a
value for total cholesterol.

Lipoprotein isolation and assays of lipoprotein oxidation. Blood
was collected using EDTAas the anticoagulant, and plasma was ob-
tained by centrifugation. To measure the distribution of cholesterol in
lipoprotein fractions, 200-,dl aliquots of plasma were diluted to 1.0 ml,
adjusted to appropriate densities and centrifuged in a model TL-100
ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA). The tube
was cut in half, and cholesterol was measured in the upper and lower
fractions.

For preparative isolation of rabbit lipoproteins, aliquots of plasma
were pooled to create three independent plasma samples from each
group of rabbits (control and DPPD-fed). These samples were used to
isolate lipoproteins in the density ranges d < 1.0 19 g/ml and 1.019 < d
< 1.063 (LDL) by standard procedures (36). The d < 1.019 fraction
includes all of the fl-VLDL, which is a major component of lipopro-
teins in the cholesterol-fed rabbit (37). All ultracentrifugation buffers
included 1 mMEDTAto prevent oxidation. After isolation, the lipo-
proteins were dialyzed against phosphate-buffered saline containing no
EDTA, then sterile filtered, and analyzed for cholesterol and DPPD
content (see below). Rabbit lipoproteins (400 Mg of cholesterol/ml)
were subjected to oxidation by incubation at 370C in F-10 medium
containing 10 ,M CuSO4(7). At various times, samples were assayed
for the presence of thiobarbituric acid-reactive substances (TBARS) as
described (38) except the color was quantitated by measuring fluore-
sence at an excitation wavelength of 515 nm and emmission wave-
length of 553 nm (39). Results are expressed as nanomoles of malon-
dialdehyde equivalents per milligram of lipoprotein cholesterol. In
some experiments, the ability of oxidized lipoproteinsto bind to macro-
phage scavenger receptors was assessed by measuring inhibition of mac-
rophage uptake of radioiodinated oxidized human LDL. HumanLDL
was radioiodinated using the trapped ligand tyramine cellobiose (40),
then oxidized with 10MMCuSO4. This oxidized '25I-LDL (5Mug choles-
terol/ml) was incubated with mouse peritoneal macrophages for 5 h at
37°C in the presence or absence of rabbit lipoproteins (250 Mgofcholes-
terol/ml) previously subjected to oxidation. Uptake was measured by
quantitating cell-associated 125I as previously described (10).

Human LDL was isolated from plasma of normal volunteers by
standard procedures (36). Cellular modification of LDL was performed
using the RECB4line of rabbit aortic endothelial cells (obtained from
D. Steinberg, San Diego) as previously described (10). The extent of
oxidation was measured by the TBARSassay, as described above. In
some cases, inhibitors were added at various concentrations, and the
concentration required for 50% inhibition (EC50) was estimated from
the dose-response curve. Although duplicates within a given experi-
ment usually varied by < 10%, there was some day-to-day variability in
the estimate of EC5o values.

Analytical methods. Plasma levels of total cholesterol and triglycer-
ides were measured using kits obtained from Boehringer-Mannheim
Diagnostics, Indianapolis, IN. DPPDwas quantitated in plasma and in
isolated lipoproteins by measuring the intrinsic fluoresence of DPPD.
Samples were extracted as described by Bligh and Dyer (41), and the
chloroform phase was dried under argon. The residue was redissolved
in 2-propanol and its fluoresence intensity was measured at an excita-
tion wavelength of 310 nm and emmission wavelength of 405 nm. A
standard curve was produced by dissolving DPPDin 2-propanol. The
fluoresence intensity of extracts of control plasma served as a blank in
the assay.

Statistical analyses. All values are reported as mean±SEM. The P
values reported were calculated from Student's unpaired two-tailed t
test, except were noted. Calculations were performed using the InStat
program from GraphPAD Software, San Diego, CA.

Results

DPPD inhibits the in vitro oxidative modification of LDL.
DPPDwas a very effective inhibitor of the oxidative modifica-

1886 Sparrow et al.



tion of LDL by endothelial cells (EC50 of 0.04 uM) and by
CuSO4(EC5o of 0.3 ,M) (Table I). These EC50 values for DPPD
are 10-100 times lower than the EC50 values for butylated hy-
droxytoluene (BHT) or probucol (Table I; also compare with
references 7, 20, 42-44). DPPDis one of the most effective
inhibitors of LDL oxidation published to date.

Structure-activity relationship for the antioxidant activity
of DPPD. Antioxidants, in general, are compounds that can
lose one hydrogen atom but not become a reactive radical (45).
The hydrogen atom quenches other, more reactive radicals,
and thereby terminates free radical chain reactions (45). We
tested a number of compounds related to DPPDto elucidate
the structural requirements for antioxidant activity (Fig. 1).
The terminal phenyl groups of DPPD(compound I) are impor-
tant: insertion of methylene groups between the nitrogens and
the phenyl rings (compound II) slightly increased EC50, and
replacing the phenyl groups with methyl groups (compound
III) increased EC50 about fivefold. Simplified versions of DPPD
were not nearly as effective: phenylenediamine (IV) and di-
phenylamine (V) have EC50's > 1 MM.

The para arrangement of the nitrogens in DPPDis essen-
tial; the meta analogue of DPPD(compound VII) is inactive.
The nitrogens of DPPDare also essential; replacing them with
carbon (VIII) or sulphur (IX) destroys antioxidant activity.
These results lead us to conclude that DPPDis an effective
antioxidant because it can lose one hydrogen atom from each
nitrogen, and become NN'-diphenyl-1,4-quinoneimide. This
chemistry is analogous to reactions of hydroquinone (com-
pound VI, Fig. 1), which itself is an antioxidant, although a
much weaker antioxidant than DPPD.

Analyses of plasma of rabbits fed cholesterol or cholesterol
plus DPPD. To test the oxidized LDL hypothesis of atheroscle-
rosis, we tested the ability of DPPDto prevent atherosclerosis
in the cholesterol-fed rabbit model. 14 New Zealand White
rabbits were fed a diet containing 0.5% cholesterol and 10%
corn oil ("control rabbits") and 12 rabbits were fed the same
diet also containing 1% DPPD("DPPD-fed"). Both groups of
rabbits gained weight during the study; the control rabbits
started at 2.6±0.06 kg and their weight increased by 33±3%,
and the DPPD-fed rabbits started at 2.5±0.11 kg and their
weight increased by 24±4% (these differences were not statisti-
cally significant). Plasma cholesterol levels increased during
the study for both groups of rabbits (Fig. 2). Cholesterol expo-
sure for each rabbit was calculated as the area under the curve
of plasma cholesterol versus time. Cholesterol exposure for the

Table L EC50 Values of BHT, Probucol, and DPPD
against Oxidation of LDL

ECo against oxidation by:

Compound CusO4 Endothelial cells

MM

BHT 8.8±1.5 (8) 4.7±1.6 (5)
Probucol 3.8±0.4 (2) 3.6±1.0 (2)
DPPD 0.32+0.12 (6) 0.044±0.02 (4)

Values are mean±SEM, except for probucol where the mean and
range of duplicates is given. Numbers in parentheses are number of
independent measurements.

Compound Structure

I NH-<NH-
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qNH NHP

III CH3-NH-4 NH-CH3
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Figure 1. Structural requirements for antioxidant activity. Various
compounds were tested for the ability to inhibit CuSO4-mediated
oxidation of LDL. ECmvalues were estimated graphically from dose-
response curves. Compound I is DPPD. In the experiments per-
formed to determine the ECmvalues given here, the EC5o for DPPD
was found to be 0.1 MM. This is slightly lower than the mean value
of 0.3 AMreported in Table I (see Methods). Compounds were either
obtained from Aldrich Chemical Co. or synthesized at Merck Sharp
& DohmeResearch Laboratories, Rahway, NJ.

two groups were (milligrams of cholesterol per deciliter x days
X 10-3): control rabbits, 99±7; DPPD-fed, 105±8 (P = 0.53;
not significant).

After 27 d of feeding, fasting plasma was obtained and ana-
lyzed (Table II). The DPPD-fed group had higher levels of
plasma triglyeride (73%; P = 0.007) and of HDL cholesterol
(26%; P = 0.045); other parameters were not significantly dif-
ferent between the two groups.

Plasma levels of DPPDwere measured at 27 and 62 d.
Whenexpressed in micromolar, there is an apparent increase
from 35±3,uM at 27 d to 59±5 ,M at 62 d (P = 0.0005; paired t
test). If the levels are expressed as nanomoles DPPDper milli-
gram cholesterol, however, then there is no significant differ-
ence: 1.7±0.1 nmol at 27 d and 1.8+0.1 nmol at 62 d (P = 0.5).
Lipoproteins isolated after 62 d of feeding were analyzed for
DPPDcontent (see Methods). The d < 1.019 fraction had
1.0±0.2 nmol DPPD/mg cholesterol, and the LDL fraction
had 0.88±0.2 nmol DPPD/mgcholesterol. The d > 1.21 frac-
tion accounted for 41±8% of the DPPDin plasma.
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Figure 2. Rabbit plasma cholesterol levels versus time on cholesterol/
corn oil diet. The values are means±SEM. Control rabbits (o) and
DPPD-fed rabbits (i) were significantly different only at 8 d (P = 0.01)
and at 62 d (P = 0.003). One rabbit that was not in the atherosclerosis
study was fed the DPPD-containing diet for 135 d, at which time it
had a cholesterol level of 2,620 mg/dl. The areas under the curves
were not significantly different between the two groups (see text).

Lipoproteins from rabbits fed DPPDare resistant to oxida-
tion ex vivo. Lipoproteins were isolated from rabbits in each
treatment group and subjected to oxidizing conditions as de-
scribed in Methods. Lipoproteins from DPPD-fed rabbits were
much more resistant to oxidation than lipoproteins from con-
trol rabbits, both at 27 d (Table III) and at 62 d (Fig. 3). The
time course of oxidation in Fig. 3 shows that the lipoproteins
from DPPD-fed rabbits eventually are oxidized, i.e., the DPPD
in the lipoproteins dramatically increases the lag time of oxida-
tion. Previous work has shown that antioxidants such as vita-
min E also increase lag time for oxidation of LDL (46, 47).

The absolute value of TBARS produced during 24-h
CuS04 oxidation of control rabbit lipoproteins was variable
(data not shown; also compare Table III and Fig. 3). This vari-
ability may arise because of variability in the time course of
oxidation: maximum TBARS may not always have been
achieved after 24 h of incubation with CuS04. Wedid find,
however, that oxidation of LDL from control rabbits led to
recognition by the macrophage scavenger receptor (Fig. 3 B),
whereas LDL from DPPD-fed rabbits was not readily con-
verted to a scavenger receptor ligand (Fig. 3 B).

LDL from DPPD-fed rabbits prevents oxidation of human
LDL. Wefound that the DPPDpresent in LDL from DPPD-
fed rabbits could prevent the oxidation of human LDL, i.e., the
DPPDpresent in one LDL particle prevented the oxidation of

Table II. Plasma and Lipoprotein Analyses at 27 d

Variable Control rabbits DPPD-fed rabbits P value

mg/dl

Plasma cholesterol 1,753±150 2,077±194 0.19
Plasma triglyceride 67±9 116±15 0.007
d < 1.019 cholesterol 1,612±144 1,946±187 0.16
LDL cholesterol 103±15 83±12 0.31
HDLcholesterol 38±3 48±4 0.045

All values are mean±SEM.

Table III. Oxidation of Rabbit Lipoproteins after 27 d of Feeding

TBARS
Lipoprotein

fraction Group Unoxidized Oxidized

pmol/mg cholesterol

d< 1.019 Control 150±91 9877±237
d < 1.019 DPPD-fed 193±81 380±10
LDL Control 94±24 1650±305
LDL DPPD-fed 105± 18 248±27

Lipoproteins were isolated as described in Methods, and then oxi-
dized by incubation at 370C for 24 h in F-10 medium containing 10
MMCuS04. Oxidation was measured by the TBARSassay, as de-
scribed in Methods. Unoxidized lipoproteins were mixed with F- I0
and then subjected to the TBARSassay. Values are means±SEM.

another LDL particle. HumanLDL was subjected to copper
oxidation in the presence of various concentrations of (a) au-
thentic DPPD, (b) control rabbit LDL, or (c) LDL from DPPD-

8
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Figure 3. Time course of oxidation of rabbit LDL. LDL was isolated
from control and DPPD-fed rabbits after 62 d of feeding. LDL prep-
arations were incubated in F-l0 medium containing 10 4MCuSO4
and at various times samples were removed and subjected to two
assays. (A) TBARSresults are expressed as nanomoles of malondial-
dehyde equivalents per milligram of LDL cholesterol. (B) Scavenger
receptor recognition was measured by the ability of the rabbit LDL to
inhibit macrophage uptake of copper-oxidized '251-labeled human
LDL; results are expressed as percent inhibition of uptake. All values
are means±SEM. For assay details see Methods. (o) LDL from con-
trol rabbits; (n) LDL from DPPD-fed rabbits.
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fed rabbits. The data are presented in Fig. 4. Increasing
amounts of control rabbit LDL led to increasing amounts of
TBARSper milliliter, because the rabbit LDL is oxidized along
with the human LDL. DPPDitself, and LDL from DPPD-fed
rabbits, both block oxidation of human LDL, at similar total
concentrations of DPPD. These results show that either DPPD
is rapidly exchanged between lipoproteins, or that DPPDin
lipoproteins can terminate lipid peroxidation events occurring
outside the particle itself.

Effect of DPPDfeeding on atherosclerosis. DPPDfeeding
decreased lesion area in the thoracic aorta by 71%(P = 0.0007)
and decreased total cholesterol content of the aorta by 51% (P
= 0.007) (Table IV). Both cholesteryl ester and free cholesterol
content were lower in the DPPD-fed rabbits (Table IV). Fig. 5
shows a scatter plot of lesion area versus cholesterol exposure
(area under the curve of plasma cholesterol with time) for all
the rabbits. DPPD-fed rabbits were clearly protected from ath-
erosclerosis compared to controls. There was a large range in
severity of atherosclerosis within the control group; this phe-
nomenon has been discussed by Henry (48).

Discussion

Wehave shown that the antioxidant DPPDeffectively inhibits
the oxidative modification of LDL, with an ECovalue 10-100
times lower than that of probucol or BHT. Lipoproteins from
rabbits fed DPPDwere much more resistant to oxidation than
lipoproteins from control rabbits. DPPDfeeding also resulted
in reduced severity of atherosclerosis in cholesterol-fed rabbits,
without affecting plasma cholesterol levels.

6 -

EE 4 =\ \Cl)

F 2 0O Control Rabbit LDL
* DPPD-fed Rabbit LDL
LA DPPD

0 30 100 300 1000

DPPD(nM)

I I
20 50 150 400

Rabbit LDL (ug CholesteroVml)

Figure 4. LDL from DPPD-fed rabbits inhibits the oxidation of hu-
man LDL. HumanLDL (100 ,g protein/ml) was incubated with 10
AMCuSO4in F- I0 medium in the presence of various amounts of:
DPPD(A), control rabbit LDL (o) or DPPD-fed rabbit LDL (n). After
24 h, TBARSwere measured and are expressed as nanomoles of ma-
londialdehyde equivalents per milliliter. Concentration of DPPDis
expressed in nanomolar and concentration of rabbit LDL is expressed
in micrograms cholesterol per milliliter. The LDL from DPPD-fed
rabbits had 1.03 nmol DPPD/mgcholesterol, and both scales are ap-
plicable to that material. Data shown is from one of three similar
experiments performed with two different batches of DPPD-fed rabbit
LDL.

Table IV. Feeding DPPDDecreased Lesion Area and Cholesterol
Content in Aortas from Cholesterol-fed Rabbits

Control DPPD P value

Number of rabbits 14 12
Lesion area (%) 42±7 12±3 0.0007
Cholesterol content

(mg/g wet weight)
Cholesteryl esters 9.9±1.5 5.2±1.2 0.025
Free cholesterol 4.1±0.5 1.6±0.2 0.0002
Total cholesterol 14.0±2.0 6.8±1.3 0.0067

Values are means±SEM. Aortas from three age-matched rabbits that
were never fed the cholesterol/corn oil diet contained 0.30±0.03 mg
of total cholesterol per g wet weight of tissue.

Wechose to test DPPDas a potential antiatherosclerotic
agent purely on the basis of its antioxidant activity. DPPD
feeding did not have dramatic effects on lipid metabolism, but
it significantly decreased the extent of atherosclerosis. Our ob
servations strongly support the oxidized LDL hypothesis of
atherosclerosis as proposed by Steinberg and colleagues (6).
Recently Bjorkhem et al. (49) reported that feeding the antioxi-
dant BHTdecreased atherosclerotic lesion area in cholesterol-
fed rabbits. In that study, lipoproteins isolated from the BHT-
fed rabbits were not more resistant to oxidation than lipopro-
teins from control animals (49), so it is difficult to directly
correlate the anti-atherosclerotic effect of BHTwith protection
of LDL from oxidation.

It has been widely suggested that the antiatherosclerotic ac-
tivity of probucol is related to its antioxidant activity (6, 21-
23). Very recently, however, the probucol analogue MDL
29,31 1 was shown to be comparable to probucol with respect to
antioxidant activity, but had much less antiatherosclerotic ac-
tivity than probucol (24). This implies that some portion of the
antiatherosclerotic activity of probucol is due to other pharma-
cologic actions. DPPDis a much more potent antioxidant than
probucol (Table I), and therefore presumably much more po-
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Figure 5. Dependence of lesion area on cholesterol exposure, plotted
for each rabbit in the study. Cholesterol exposure was calculated as
the area under the curve of plasma cholesterol level versus time. Area
under the curve is given in units of (milligrams of cholesterol per
deciliter) (days) (l0-3). (O) Control rabbits; (i) DPPD-fed rabbits.
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tent than MDL29,31 1. This may explain the greater anti-ath-
erosclerotic activity of DPPDas compared to MDL29,31 1.
The oxidized LDL hypothesis would be further strengthened if
other potent orally active antioxidants are shown to protect
LDL from oxidation ex vivo and to prevent atherosclerosis in
vivo.

DPPDfeeding increased plasma triglycerides by 73% and
HDLcholesterol by 26% (Table II). Elevated HDLcholesterol
levels are widely believed to be antiatherosclerotic (4). In choles-
terol-fed diabetic rabbits, dramatically elevated triglyceride lev-
els correlate with decreased severity of atherosclerosis (50). The
small differences in HDLand triglyceride between the groups
in our study are probably insufficient to explain the large differ-
ences in severity of atherosclerosis. Furthermore, within each
of the two treatment groups, neither HDLcholesterol level nor
triglyceride levels correlated with extent of atherosclerosis. De-
spite these observations, we cannot completely exclude the pos-
sibilities that DPPDis antiatherosclerotic because it alters lipid
metabolism in some subtle fashion or because it influences
cellular processing of lipoproteins or cholesterol.

A substantial portion ofthe plasma cholesterol in the choles-
terol-fed rabbit is in ,3-migrating very low density lipoprotein
(fl-VLDL) (37). This abnormal lipoprotein has been suggested
to be intrinsically atherogenic because cultured macrophages
accumulate cholesterol when incubated with ,3-VLDL (51).
This has led to the suggestion that lipoprotein oxidation does
not play a role in atherosclerosis in cholesterol-fed rabbits. At
least three lines of evidence, however, imply that lipoprotein
oxidation is important in this disease model: (a) Previous stud-
ies have shown that rabbit fl-VLDL is susceptible to oxidation
and the oxidized form is recognized by the macrophage scaven-
ger receptor (52). Wealso found that the d < 1.019 lipoprotein
fraction, which would be predominantly fl-VLDL, is suscepti-
ble to oxidation (Table III). Oxidized LDL can cause the pro-
duction of cytokines (14, 53) and is chemotactic for monocytes
(11, 52), and these effects might also be mediated by oxidized
fl-VLDL. (b) Rosenfeld et al. (54) have recently shown that
foam cells isolated from atherosclerotic lesions of cholesterol-
fed rabbits contain oxidation specific lipid-protein adducts. (c)
The recent study using BHT (49), and the present work with
DPPD, show that antioxidants can decrease atherosclerosis in
the cholesterol-fed rabbit. Taken together, the evidence sug-
gests that lipoprotein oxidation is an important part of athero-
genesis in cholesterol-fed rabbits.

The growing evidence in support of the oxidized LDL hy-
pothesis has led to discussions of possible clinical trials of an-
tioxidants (55). Wehave now shown that DPPDis a potent
antioxidant and is anti-atherosclerotic in rabbits. Unfortu-
nately, DPPDcould never be given to patients because it is a
mutagen: DPPDcaused chromosome rearrangements in cul-
tured cells (56), and it was positive in the Ames test for muta-
gens (57). Therapeutic use of potent antioxidants to treat vascu-
lar disease must await the discovery of nontoxic antioxidants.
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ation of visible lesions. Wethank Dr. Ira Tabas, Columbia University,
for suggesting this analysis.

References

1. Gown, A. M., T. Tsukada, and R. Ross. 1986. HumanAtherosclerosis: II.
Immunocytochemical analysis of the cellular composition of human atheroscle-
rotic lesions. Am. J. Pathol. 125:191-207.

2. Gerrity, R. G. 1981. The role of the monocyte in atherogenesis. I. Transi-
tion of blood-borne monocytes into foam cells in fatty lesions. Am. J. Pathol.
103:181-190.

3. Zemel, P. C., and J. R. Sowers. 1990. Relation between lipids and athero-
sclerosis: epidemiologic evidence and clinical implications. Am. J. Cardiol.
66:7I-121.

4. Heiss, G., N. Johnson, S. Reiland, C. E. Davis, and H. E. Tyroler. 1980. The
epidemiology of plasma high-density lipoprotein cholesterol levels: the lipid re-
search clinics program prevalence study. Circulation. 62 (Suppl. IV): 1 16-136.

5. Glomset, J. A. 1968. The plasma lecithin:cholesterol acyltransferase reac-
tion. J. Lipid Res. 9:155-167.

6. Steinberg, D., S. Parthasarathy, T. E. Carew, J. C. Khoo, and J. L. Witztum.
1989. Beyond cholesterol: modifications of low-density lipoprotein that increase
its atherogenicity. N. Engl. J. Med. 320:915-924.

7. Steinbrecher, U. P., S. Parthasarathy, D. S. Leake, J. L. Witztum, and D.
Steinberg. 1984. Modification of low density lipoprotein by endothelial cells in-
volves lipid peroxidation and degradation of low density lipoprotein phospho-
lipids. Proc. Natl. Acad. Sci. USA. 81:3883-3887.

8. Cathcart, M. K., D. W. Morel, and G. M. Chisolm. 1985. Monocytes and
neutrophilis oxidize low density lipoprotein making it cytotoxic. J. Leukocyte
Biol. 38:341-350.

9. Parthasarathy, S., D. J. Printz, D. Boyd, L. Joy, and D. Steinberg. 1986.
Macrophage oxidation oflow density lipoprotein generates a modified form recog-
nized by the scavenger receptor. Arteriosclerosis. 6:505-510.

10. Sparrow, C. P., S. Parthasarathy, and D. Steinberg. 1989. A macrophage
receptor that recognizes oxidized low density lipoprotein but not acetylated low
density lipoprotein. J. Biol. Chem. 264:2599-2604.

11. Brown, M. S., and J. L. Goldstein. 1983. Lipoprotein metabolism in the
macrophage: Implications for cholesterol deposition in atherosclerosis. Annu.
Review Biochem. 52:223-261.

12. Quinn, M. T., S. Parthasarathy, L. G. Fong, and D. Steinberg. 1987.
Oxidatively modified low density lipoproteins: a potential role in recruitment and
retention of monocyte/macrophages during atherogenesis. Proc. Natl. Acad. Sci.
USA. 84:2995-2998.

13. Rosenfeld, M. E., T. Tsukada, A. Chait, E. L. Bierman, A. M. Gown, and
R. Ross. 1987. Fatty streak expansion and maturation in Watanabe heritable
hyperlipemic and comparably hypercholesterolemic fat-fed rabbits. Arteriosclero-
sis. 7:24-34.

14. Cushing, S. D., J. A. Berliner, A. J. Valente, M. C. Territo, M. Navab, F.
Parhami, R. Gerrity, C. J. Schwartz, and A. M. Fogelman. 1990. Minimally
modified low density lipoprotein induces monocyte chemotactic protein 1 in
human endothelial cells and smooth muscle cells. Proc. Natl. Acad. Sci. USA.
87:5134-5138.

15. Haberland, M. E., D. Fong, and L. Cheng. 1988. Malondialdehyde-altered
protein occurs in atheroma of Watanabe heritable hyperlipemic rabbits. Science
(Wash. DC). 241:215-218.

16. Rosenfeld, M. E., W. Palinski, S. Yla-Herttuala, S. Butler, and J. L. Witz-
tum. 1990. Distribution of oxidation specific lipid-protein adducts and apolipo-
protein B in atherosclerotic lesions of varying severity from WHHLrabbits. Arte-
riosclerosis. 10:336-349.

17. O'Brien, K., Y. Nagano, A. Gown, T. Kita, and A. Chait. 1991. Probucol
treatment affects the cellular composition but not anti-oxidized low density lipro-
tein immunoreactivity of plaques from Watanabe heritable hyperlipidemic rab-
bits. Arterioscler. Thromb. 11:751-759.

18. Yla-Herttuala, S., W. Palinski, M. E. Rosenfeld, S. Parthasarathy, T. E.
Carew, S. Butler, J. L. Witztum, and D. Steinberg. 1989. Evidence for the pres-
ence of oxidatively modified low density lipoprotein in atherosclerotic lesions of
rabbit and man. J. Clin. Invest. 84:1086-1095.

19. Buckley, M. M.-T., K. L. Goa, A. H. Price, and R. N. Brogden. 1989.

1890 Sparrow et al.



Probucol: a reappraisal of its pharmacological properties and therapeutic use in
hypercholesterolaemia. Drugs. 37:761-800.

20. Parthasarathy, S., S. G. Young, J. L. Witztum, R. C. Pittman, and D.
Steinberg. 1986. Probucol inhibits oxidative modification of low density lipopro-
tein. J. Clin. Invest. 77:641-644.

21. Hiramatsu, K., T. Tani, Y. Kimura, S.-I. Izumi, and P. K. Nakane. 1989.
Anti-atherosclerotic effects of probucol on rabbits differ between fast growers and
slow growers. J. Clin. Biochem. Nutr. 7:219-229.

22. Carew, T. E., D. C. Schwenke, and D. Steinberg. 1987. Antiatherogenic
effect of probucol unrelated to its hypocholesterolemic effect: evidence that an-
tioxidants in vivo can selectively inhibit low density lipoprotein degradation in
macrophage-rich fatty streaks and slow the progression of atherosclerosis in the
Watanabe heritable hyperlipidemic rabbit. Proc. Natl. Acad. Sci. USA. 84:7725-
7729.

23. Chisolm, G. M. 1991. Antioxidants and atherosclerosis: a current assess-
ment. Clin. Cardiol. 14:1-25-30.

24. Mao, S. J. T., M. T. Yates, R. A. Parker, E. M. Chi, and R. L. Jackson.
1991. Attenuation of atherosclerosis in a modified strain of hypercholesterolemic
Watanabe rabbits with use of a probucol analogue (MDL 29,31 1) that does not
lower serum cholesterol. Arterioscler. Thromb. 11: 1266-1275.

25. Yamamoto, A., Y. Matsuzawa, S. Yokoyama, T. Funahashi, T. Yama-
mura, and B.-I. Kishino. 1986. Effects of probucol on xanthomata regression in
familial hypercholesterolemia. Am. J. Cardiol. 57:29H-35H.

26. Franceshini, G., M. Sirtori, V. Vaccarino, G. Gianfranceschi, L. Resso-
nico, G. Chiesa, and C. R. Sitori. 1989. Mechanisms of HDL reduction after
probucol: changes in HDLsubfractions and increased reverse cholesteryl ester
transfer. Arteriosclerosis. 9:462-469.

27. McPherson, R., M. Hogue, R. W. Milne, A. R. Tall, and Y. L. Marcel.
1991. Increase in plasma cholesteryl ester transfer protein during probucol treat-
ment: Relation to changes in high density lipoprotein composition. Arterioscler.
Thromb. 11:476-481.

28. Akeson, A. L., C. W. Woods, L. B. Mosher, C. E. Thomas, and R. L.
Jackson. 1991. Inhibition of IL-jI expression in THP-l cells by probucol and
tocopherol. Atherosclerosis. 86:261-270.

29. Ku, G., N. S. Doherty, L. F. Schmidt, R. L. Jackson, and R. J. Dinerstein.
1990. Ex vivo lipopolysaccharide-induced interleukin-l secretion from murine
peritoneal macrophages inhibited by probucol, a hypocholesterolemic agent with
antioxidant properties. FASEB(Fed. Am. Soc. Exp. Biol.) J. 4:1645-1653.

30. Kling, L. J., J. H. Soares, Jr., and W. A. Haltman. 1987. Effect of Vitamin
E and synthetic antioxidants on the survival rate of mercury-poisoned Japanese
quail. Poultry Sci. 66:325-331.

31. Chan, A. C., E. T. Pritchard, and P. C. Choy. 1983. Differential effects of
dietary Vitamin E and antioxidants on eicosanoid synthesis in young rabbits. J.
Nuir. 113:813-819.

32. Draper, H. H., S. Goodyear, K. D. Barbee, and B. C. Johnson. 1958. A
study of the nutritional role of anti-oxidants in the diet of the rat. Br. J. Nutr.
12:89-97.

33. Draper, H. H., J. G. Bergan, C. Mei, A. S. Csallany, and A. V. Boaro. 1964.
A further study of the specificity of the Vitamin E requirement for reproduction.
J. Nutr. 84:395-400.

34. Folch, J., M. Lees, and G. H. S. Stanley. 1957. A simple method for the
isolation and purification of total lipides from animal tissues. J. Biol. Chem.
226:497-509.

35. Rudel, L. L., and M. D. Morris. 1973. Determination of cholesterol using
o-phthalaldehyde. J. Lipid Res. 14:364-366.

36. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The distribution and
chemical composition of ultracentrifugally separated lipoproteins in human
serum. J. Clin. Invest. 34:1345-1353.

37. Mahley, R. W., J. M. Dietschy, A. M. Gotto, Jr., and J. A. Ontko. 1978.
Alterations in plasma lipoproteins induced by cholesterol feeding in animals
including man. In Disturbances in Lipid and Lipoprotein Metabolism. J. M.

Dietschy, A. M. Gotto, Jr., and J. A. Ontko, editors. American Physiological
Society, Bethesda, MD. 181-197.

38. Sparrow, C. P., S. Parthasarathy, and D. Steinberg. 1988. Enzymatic modi-
fication of low density lipoprotein by purified lipoxygenase plus phospholipase A2
mimics cell-mediated oxidative modification. J. Lipid Res. 29:745-753.

39. Yagi, K. 1976. A simple fluorometric assay for lipoperoxide in blood
plasma. Biochem. Med. 15:212-216.

40. Pittman, R. C., and C. A. Taylor, Jr. 1986. Methods for assessment of
tissue sites of lipoprotein degradation. Methods Enzymol. 129:613-628.

41. Bligh, E. G., and W. J. Dyer. 1959. A rapid method oftotal lipid extraction
and purification. Can. J. Biochem. Physiol. 37:911-917.

42. Ek, B., and L. Humble. 1991. Correlation between oxidation of low den-
sity lipoproteins and prostacyclin synthesis in cultured smooth muscle cells. Bio-
chem. Pharmacol. 41:695-699.

43. Jialal, I., and S. M. Grundy. 1991. Preservation ofthe endogenous antioxi-
dants in low density lipoprotein by ascorbate but not probucol during oxidative
modification. J. Clin. Invest. 87:597- 601.

44. Breugnot, C., C. Maziere, S. Salmon, M. Auclair, R. Santus, P. Morliere,
A. Lenaers, and J. C. Maziere. 1990. Phenothiazines inhibit copper and endothe-
lial cell-induced peroxidation of low density lipoprotein. Biochem. Pharmacol.
40:1975-1980.

45. Uri, N. 1961. Mechanism of antioxidation. In Autoxidation and Antioxi-
dants. W. 0. Lundberg, editor. Wiley Interscience, NewYork. 133-169.

46. Esterbauer, H., M. Rotheneder, G. Striegl, G. Waeg, A. Ashy, W. Sattler,
and G. Jtrgens. 1989. Vitamin E and other lipophilic antioxidants protect LDL
against oxidation. Fat Sci. Technol. 91:316-324.

47. Jessup, W., S. M. Rankin, C. V. De Whalley, J. R. S. Hoult, J. Scott, and
D. S. Leake. 1990. Tocopherol consumption during low-density lipoprotein oxi-
dation. Biochem. J. 265:399-405.

48. Henry, P. D. 1990. Calcium antagonists as anti-atherosclerotic agents.
Arteriosclerosis. 10:963-965.

49. Bjorkhem, I., A. Henriksson-Freyschuss, 0. Breuer, U. Diczfalusy, L.
Berglund, and P. Henriksson. 1991. The antioxidant butylated hydroxytoluene
protects against atherosclerosis. Arterioscler. Thromb. 11:15-22.

50. Minnich, A., and D. B. Zilversmit. 1989. Impaired triacylglycerol catabo-
lism in hypertriglyceridemia of the diabetic, cholesterol-fed rabbit: a possible
mechanism for protection from atherosclerosis. Biochim. Biophys. Acta.
1002:324-332.

51. Mahley, R. W., T. L. Innerarity, M. S. Brown, Y. K. Ho, and J. L. Gold-
stein. 1980. Cholesteryl ester synthesis in macrophages: stimulation by ,B-very low
density lipoproteins from cholesterol-fed animals of several species. J. Lipid Res.
21:970-980.

52. Parthasarathy, S., M. T. Quinn, D. C. Schwenke, T. E. Carew, and D.
Steinberg. 1989. Oxidative modification of #-very low density lipoprotein. Arte-
riosclerosis. 9:398-404.

53. Rajavashisth, T. B., A. Andalibi, M. C. Territo, J. A. Berliner, M. Navab,
A. M. Fogelman, and A. J. Lusis. 1990. Induction of endothelial cell expression of
granulocyte and macrophage colony-stimulating factors by modified low-density
lipoproteins. Nature (Lond.). 344:254-7.

54. Rosenfeld, M. E., J. C. Khoo, E. Miller, S. Parthasarathy, W. Palinski, and
J. L. Witztum. 1991. Macrophage-derived foam cells freshly isolated from rabbit
atherosclerotic lesions degrade modified lipoproteins, promote oxidation of low
density lipoproteins, and contain oxidation-specific lipid-protein adducts. J. Clin.
Invest. 87:90-99.

55. Barinaga, M. 1991. Research news: vitamin Cgets a little respect. Science
(Wash. DC). 254:374-376.

56. Sofuni, T., A. Matsuoka, M. Sawada, M. Ishidate, Jr., E. Zeiger, and M. D.
Shelby. 1990. A comparison of chromosome aberration induction by 25 com-
pounds tested by two Chinese hamster cell (CHL and CHO) systems in culture.
Mutat. Res. 241:175-213.

57. Rannug, A., U. Rannug, and C. Ramel. 1984. Genotoxic effects of addi-
tives in synthetic elastomers with special consideration to the mechanism of
action of thiurames and dithiocarbamates. Prog. Clin. Biol. Res. 141:407-419.

Antioxidant Diphenyl-Phenylenediamine Prevents Atherosclerosis in Rabbits
1891


