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1 15-Lipoxygenase (15-LO) has been implicated in the pathogenesis of atherosclerosis because of its
localization in lesions and the many biological activities exhibited by its products. To provide further
evidence for a role of 15-LO, the e�ects of PD 146176 on the development of atherosclerosis in
cholesterol-fed rabbits were assessed. This novel drug is a speci®c inhibitor of the enzyme in vitro and
lacks signi®cant non speci®c antioxidant properties.

2 PD 146176 inhibited rabbit reticulocyte 15-LO through a mixed noncompetitive mode with a Ki of
197 nM. The drug had minimal e�ects on either copper or 2,2'-azobis(2-amidinopropane)hydrochloride
(ABAP) induced oxidation of LDL except at concentrations 2 orders higher than the Ki.

3 Control New Zealand rabbits were fed a high-fat diet containing 0.25% wt./wt. cholesterol; treated
animals received inhibitor in this diet (175 mg kg71, b.i.d.). Plasma concentrations of inhibitor were
similar to the estimated Ki (197 nM). During the 12 week study, there were no signi®cant di�erences in
weight gain, haematocrit, plasma total cholesterol concentrations, or distribution of lipoprotein
cholesterol.

4 The drug plasma concentrations achieved in vivo did not inhibit low-density lipoprotein (LDL)
oxidation in vitro. Furthermore, LDL isolated from PD 146176-treated animals was as susceptible as that
from controls to oxidation ex vivo by either copper or ABAP.

5 PD 146176 was very e�ective in suppressing atherogenesis, especially in the aortic arch where lesion
coverage diminished from 15+4 to 0% (P50.02); esteri®ed cholesterol content was reduced from
2.1+0.7 to 0 mg mg71 (P50.02) in this region. Immunostainable lipid-laden macrophages present in
aortic intima of control animals were totally absent in the drug-treated group.

6 Results of these studies are consistent with a role for 15-LO in atherogenesis.
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Introduction

Atherosclerotic lesions are characterized by excessive intra-
cellular lipid deposition in macrophages, leading to formation
of foam cells. There is extensive evidence that formation of
oxidized low-density lipoprotein (LDL) within arterial tissue is
required for this unregulated lipid accumulation (Steinberg et
al., 1989; Daugherty & Roselaar, 1995). There are several lines
of evidence that oxidation promotes the atherogenic process.
First, oxidized LDL induces a wide array of biological activ-
ities in cultured cells that are considered to be atherogenic
(Steinberg et al., 1989). Also, the presence of oxidized lipo-
proteins in atherosclerotic lesions has been demonstrated in
several studies, both by characterization of isolated LDL from
vessels (Daugherty et al., 1988; Palinski et al., 1989; YlaÈ -
Herttuala et al., 1989) and immunocytochemical localization
of oxidation-speci®c epitopes (Haberland et al., 1988; Rosen-
feld et al., 1990). Finally, several synthetic antioxidants at-
tenuate the development of atherosclerotic lesions (Kita et al.,
1987; Carew et al., 1987; Daugherty et al., 1989; 1991; BjoÈ r-
khem et al., 1991; Sparrow et al., 1992). While there is con-
sensus that LDL oxidation occurs in atherosclerotic lesions
and contributes to disease development, the speci®c mechan-
ism of modi®cation has not been de®ned. Potential mediators

of LDL oxidation may include myeloperoxidase (Daugherty et
al., 1994), transition metal ions (Heinecke et al., 1984), ceru-
loplasmin (Ehrenwald et al., 1994) and 15-lipoxygenase (15-
LO; Harats et al., 1995a).

15-LO was initially hypothesized to have a role in LDL
oxidation because it provides a source of peroxyl radicals.
Supporting this hypothesis, 15-LO inhibitors have been shown
to reduce endothelial cell and macrophage-mediated oxidation
of LDL (Parthasarathy et al., 1989; McNally et al., 1990;
Rankin et al., 1991). LO isolated from soybean oxidatively
modi®es LDL, although this requires simultaneous incubation
with phospholipase A2 (Sparrow et al., 1988). Subsequent
isolation of mammalian 15-LO led to the observation that the
enzyme alone is capable of executing oxidative modi®cations
(Belkner et al., 1993). Also, cells stably transfected with 15-LO
have an increased ability to oxidize LDL compared with cells
transfected with a control gene (Benz et al., 1995). However,
the role of this enzyme in initiating LDL oxidation is contro-
versial. Sparrow and Olszewski (1992) have attributed the
ability of 15-LO inhibitors to block LDL modi®cation to
nonspeci®c antioxidant e�ects rather than direct e�ects on the
enzyme. Furthermore, a dichotomy has been observed between
the magnitude of cellular 15-LO activity and the extent of
modi®cation of LDL. Despite these con¯icting ®ndings with
regard to a role in LDL oxidation, products of 15-LO have
many other known e�ects that may in¯uence the atherogenic
process (Ford-Hutchinson, 1991).
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The importance of 15-LO in the atherogenic process is also
implied by the presence of both the mRNA and protein in
atherosclerotic lesions from Watanabe heritable hyperlipi-
demic rabbits (YlaÈ -Herttuala et al., 1990; 1991). The locali-
zation of the enzyme corresponds to the distribution of
oxidation epitopes. Stereospeci®c oxygenated lipids produced
by 15-LO have been detected in atherosclerotic tissue (KuÈ hn et
al., 1994b; Folcik et al., 1995). Also, gene transfer of 15-LO
into arterial tissue promotes formation of oxidized epitopes at
sites of protein expression (YlaÈ -Herttuala et al., 1995). In an
attempt to resolve the controversy over the involvement of 15-
LO in the disease process, we have studied the e�ects of a
novel, highly selective pharmacological inhibitor of the en-
zyme, on the development of atherosclerotic lesions in cho-
lesterol-fed rabbits. The compound was found by screening the
Parke-Davis Pharmaceutical Research compound collection
for drugs that inhibited rabbit reticulocyte 15-LO as described
previously (Auerbach et al., 1996). Entities that had inhibitory
activity were characterized further by quantifying products of
rabbit 15-LO with high performance liquid chromatography
(h.p.l.c.). PD 146176 (6,11-dihydro-5-thia-11-aza-benzo[a]-
¯uorene; Figure 1) was synthesized based on the structure of
the prototype compound (8,9,10,11-tetrahydro-13H-indo-
lo[2,3-d]naphtho[2,3-b]thiopyrylium chloride). We found that
this novel 15-LO inhibitor, which lacks signi®cant nonspeci®c
antioxidant activity, has a dramatic e�ect in reducing athero-
genesis.

Methods

Animals, diet and drug administration

Speci®c pathogen-free New Zealand White rabbits (&2.5 kg)
were obtained from Myrtle's Rabbitry (Thompson Station,
TN, U.S.A.). The animals were fed a standard laboratory
diet (Ralston Purina, St. Louis, MO, U.S.A.) and were al-
lowed to acclimatize for 7 days before initiation of the
study, at which time two groups of rabbits (n=10 in each
group) were started on a diet enriched with cholesterol
(0.25% wt./wt.), peanut oil (3% wt./wt.), and coconut oil
(3% wt./wt.), with a small amount of apple sauce mixed into
the food to enhance palatability. The control group received
no additional treatment. The drug-treated group received
350 mg of PD 146176 kg71 body weight day71 in their food.
Rabbits were permitted access to 40 g of food at &12 h
intervals via automated feeders and diet intake was moni-
tored every day such that the animals received 175 mg kg71

b.i.d. Water was available ad libitum. Body weights were
measured at weekly intervals throughout the 12 week study.
Blood samples were obtained at the indicated intervals for
determination of haematocrit and plasma lipid concentra-
tions. All protocols were approved by the Washington
University Animal Studies Committee.

Characteristics and speci®city of 15-LO inhibition by
PD 146176

15-LO was isolated from reticulocytes harvested from phe-
nylhydrazine-treated rabbits (Sloane et al., 1990). Enzyme
(820 pmol) was incubated for 20 min at 48C in Dulbecco's
phosphate-bu�ered saline (pH 7.4) without calcium containing
HEPES (10 mM), ovalbumin (1 mg ml71), glycerol (10% v/v),
MgCl2 (5 mM), sodium cholate (4.4 mM) DMSO (5% v/v), and
the required concentration of PD 146176 for 15 min.
The reaction was initiated by addition of 13-hydroperoxyoc-
tadecadienoate (13-HPODE) and [14C]-linoleic acid (1.5 to
48 mM) at 48C. Aliquots of the reaction mixture were with-
drawn at selected intervals and quenched by addition of me-
thanol and triphenylphosphine (100 mg). The production of
[14C]-13-HODE in the presence of increasing concentrations of
PD 146176 was monitored by reverse-phase (r.p.) h.p.l.c. The
concentration of drug causing 50% inhibition (IC50) was de-
termined by use of KaleidaGraph, version 3.0.1 (Synergy
Software, Reading, Pennsylvania, U.S.A.). Per cent inhibition
versus inhibitor concentration data were ®t to the two-para-
meter equation [% inhibition=100/(1+(mM/IC50)slope)] and
best ®ts for the IC50 and the slope coe�cients were estimated
by least-squares analysis. Reaction velocities were calculated
by linear regression of product values versus reaction time for
each incubation. These data were ®tted to classical rapid
equilibrium models by use of hyperbolic weighting (Segel,
1975; Cleland, 1979).

The e�ect of PD 146176 on a number of closely related
enzymes was examined, including (1) 5-LO from a 20,000 g
supernatant of lysed rat basophilic leukemia cells (ATCC,
Rockville, MD, U.S.A.); (2) 12-LO in 30,000 g supernatants
from lysed human platelets (Carter et al., 1991); (3) ovine cy-
clo-oxygenase I from ram seminal vesicles (Cayman Chemical,
Ann Arbor, MI, U.S.A.); and (4) human recombinant cyclo-
oxygenase II expressed in a baculovirus system from a cDNA
with the sequence described by Hla and Neilson (1992). The
ability of PD 146176 to inhibit the enzymatic conversion of
[14C]-arachidonic acid to speci®c products was monitored by
r.p.-h.p.l.c.

Plasma drug concentrations

Plasma concentrations of PD 146176 were determined by
h.p.l.c. Plasma from treated and control animals was in-
cubated with NaOH and extracted into pentane/methyl t-
butyl ether (3 : 2) after addition of a known amount of a
structural analogue of PD 146176 (6,11-dihydro-8-methoxy-
[1]benzothiopyrano(4,3-b)indole), which served as an inter-
nal standard. The organic layer was recovered, dried under
nitrogen, and reconstituted with methanol/water (4 : 1) and
applied to a Zorbax SB-C18 column (250 mm). Elution
was achieved with acetonitrile in 25 mM ammonium
phosphate.

Plasma lipid and lipoprotein characterization

Plasma lipid concentrations were determined with commer-
cially available enzymatic kits (Wako Chemical Company,
Richmond, VA, U.S.A.). Distribution of lipoproteins in plas-
ma obtained after 4, 8 and 12 weeks of feeding the modi®ed
diet was resolved by fast protein liquid chromotography
(f.p.l.c.) and cholesterol content of fractions was determined
enzymatically as described previously (Daugherty & Rateri,
1994). Since this technique did not result in baseline separation
of major lipoprotein fractions, the authentic cholesterol dis-
tributions were resolved into individual fractions with PeakFit
(Jandel Scienti®c, San Rafael, CA, U.S.A.). These analyses
demonstrated that pro®les generated by f.p.l.c. could not be
described by three normally distributed fractions correspond-
ing to very low-density lipoproteins (VLDL), low density li-
poproteins (LDL), and high-density lipoproteins (HDL), but
rather are described by four normally distributed fractions.

Figure 1 Chemical structure of PD 146176.
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The additional fraction eluted in a manner consistent with
VLDL remnants.

Measurement of antioxidant activity of PD 146176

The ability of PD 146176 to scavenge free radicals was mea-
sured with in vitro model systems in which linoleate containing
SDS micelles or human LDL (density of 1.006 to 1.063 mg
ml71) were used as the lipid substrate for peroxidation, as
described by Pryor et al. (1993). These systems assess the
ability of a given compound to inhibit lipid peroxidation
mediated by thermal decomposition of 2,2'-azobis (2-amidi-
nopropane) hydrochloride (ABAP; 5 mM; Wako Chemical
Company). In tests involving linoleic acid as the substrate, PD
146176 was tested at a concentration of 2.5 mM. When human
LDL was used as a target lipid, the drug was present at con-
centrations comparable to and exceeding those achieved in
vivo. Lipid peroxidation was monitored continuously at
234 nm to detect formation of conjugated dienes. The length of
time that lipid peroxidation was inhibited (linoleate substrate)
or delayed (LDL substrate) was measured in the presence of
PD 146176 and compared with inhibition in the presence of a-
tocopherol and probucol.

Since it is possible that PD 146176 might accumulate within
LDL particles or be metabolized to an active antioxidant in
vivo, LDL derived from rabbits treated with the drug was
tested for its susceptibility to ex vivo oxidation. Oxidation was
induced by incubating rabbit LDL (density of 1.019 to
1.063 mg ml71, 100 mg ml71) in the presence of either ABAP
(5 mM) or copper (5 mM). Incubation with copper was per-
formed in the absence of EDTA. The formation of conjugated
dienes was monitored continuously at 234 nm as a measure of
lipid peroxidation. The lag phase for induction of lipid per-
oxidation was calculated by the intersection of least squares
analysis of the induction and propagation phases of the reac-
tion.

Characterization of atherosclerotic lesions

Rabbits were euthanized by an overdose of sodium pento-
barbitone (150 mg kg71) and exsanguinated via the abdominal
aorta. Aortae were removed from the valve to the ileal bifur-
cation, opened to expose the intima, and photographed with a
Polaroid camera. By use of these photographs, the areas of
grossly discernible atherosclerosis were manually integrated on
a digitizing pad and calculated with SigmaScan (Jandel Sci-
enti®c). Aortae were visually subdivided into three areas: arch
(aortic valve to ®rst intercostal), thoracic aorta (®rst intercostal
to diaphragm area), and abdominal aorta (diaphragm to ileal
bifurcation).

Immunocytochemical analyses

Aortic sections from the arch, thoracic and abdominal regions
were placed into freshly prepared paraformaldehyde (4% wt./
v) and para�n embedded. Immunocytochemical analyses were
performed as described previously (Daugherty & Rateri, 1994)
with Vector ABC kits (Vector Laboratories, Burlingame, CA,
U.S.A.). Macrophages were detected with RAM-11 and
smooth muscle cells by HHF-35 (both obtained from Dako,
Carpinatina, CA, U.S.A.) at the indicated dilutions. 15-LO
was detected with sheep antibody directed against the rabbit
reticulocyte enzyme.

Determination of cholesterol esters and unesteri®ed
cholesterol content

Weighed segments of each aortic region (arch, thoracic and
abdominal) were extracted by the technique described by Bligh
and Dyer (1959). Esteri®ed and unesteri®ed cholesterol con-
tents of aortic tissue were determined by gas chromatography,
with the use of 5-a-cholestane as an internal standard (Ishi-
kawa et al., 1974).

Measurement of products of 15-lipoxygenase in vivo

Enantiomeric analysis of 13-hydroxyoctadecadienoate (13-
HODE), a product of 15-LO, was performed on total lipid
extracts of aortic tissue as described by KuÈ hn et al. (1994a),
with the use of 15(S)-hydroxyeicosadienoic acid (BIOMOL
Research Laboratories, Inc., Plymouth Meeting, PA, U.S.A.)
as an internal standard.

Statistical analyses

Analyses of data for determination of statistical signi®cance
were performed with SigmaStat for Windows (Jandel). Data
for lipid and lipoprotein concentrations and extent of athero-
sclerosis that passed the appropriate constraints of equivalent
variances and normal distribution were analysed with the
Student's t test (two-tailed), while other data were analysed by
the Mann-Whitney rank-sum test. For studies on rate of oxi-
dation the complete data set was initially analysed by ANO-
VA, followed by a post-hoc Fisher's protected least signi®cant
di�erence test to identify the speci®c treatments that were
signi®cant. A probability value of less than 0.05 was consid-
ered indicative of a statistically signi®cant di�erence. Results
are expressed as means+s.e.means.

Results

Determination of inhibitory potency, speci®city and lack
of nonspeci®c antioxidant properties

Enzyme analyses were performed to determine the nature of
the interaction of the drug with 15-LO and to quantitate the
inhibitory potency. The rate of formation of products (13-
HODE) after incubation with increasing concentrations of li-
noleic acid was analyzed by r.p.-h.p.l.c. and data are repre-
sented by a Lineweaver-Burke plot (Figure 2). These analyses
provided a Km of 2.87 mM and a Vmax of 546 nmol min

71. This
plot also demonstrated that PD 146176 inhibited 15-LO
through a mixed noncompetitive mode. Fitting the model for a
mixed noncompetitive mode of inhibition implies at least two
a�nities for the inhibitor-enzyme interaction ranging from
197 nM (Ki) to 579 nM (aKi).

To demonstrate the speci®city of PD 146176 for inhibiting
15-LO, its activity was examined against a panel of closely
related enzymes. PD 146176 had no demonstrable e�ect on
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Figure 2 Lineweaver-Burke plot demonstrating the e�ects of PD
146176 on rabbit 15-lipoxygenase (15-LO) when incubated with
arachidonic acid. In the absence of drug, Km was 2.87 mM and Vmax

was 546 nmol min71. Incubations were repeated in the presence of
indicated concentrations of PD 146176 (mM: 0 (*), 0.28 (*), 0.75
(!), 2.0 (!)). Analyses of these data yielded a Ki of 197 nM and
demonstrated that the drug was a mixed noncompetitive inhibitor of
15-LO.
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either 5- or 12-LO at the highest concentration studied
(10 mM). Furthermore, the drug had only slight inhibitory ef-
fects on ovine cyclo-oxygenase I and human recombinant cy-
clo-oxygenase II even at concentrations several orders above
that needed to inhibit 15-LO (Table 1). These ®ndings provide
the basis for the de®nition of PD 146176 as a speci®c inhibitor
of 15-LO.

The intrinsic antioxidant properties of the compound were
tested by a number of methods. PD 146176 failed to reduce 13-
HPODE, the product of linoleate incubated with 15-LO, to the
corresponding hydroxy fatty acid. In an assay system designed
to detect antioxidant potential with linoleate-containing SDS
micelles the drug was inactive, while both a-tocopherol and
probucol provided signi®cant inhibitory activity (induction
periods of 75 and 104 min, respectively). PD 146176 provided
no signi®cant protection of human LDL against ABAP-initi-
ated lipid peroxidation at concentrations achievable in vivo (10
and 100 ng ml71, Table 2). At concentrations (1,000 ng ml71)
considerably above those achieved in plasma (&45 ng ml71),
the drug produced a signi®cant increase in lag time for LDL
oxidation.

General e�ects of drug administration

To assess the role of 15-LO in atherosclerosis, PD 146176 was
administered to rabbits on a high-cholesterol diet for 12 weeks.
All rabbits were fed the same mass of food (80 g) that was
routinely eaten by both the control and drug-treated groups.
The drug was well tolerated and no overt clinical toxicity was
observed. Weight gain was equivalent in the control and drug-
treated groups (2.88+0.36 kg and 2.84+0.21 kg at the end of
the study for control and drug treated, respectively). Drug dose
was selected based on preliminary experiments to determine
the amount necessary to obtain plasma concentrations 2 to 4 h
after initiation of feeding consistent with the estimated Ki.
Administration of 175 mg kg71, b.i.d., resulted in plasma
concentrations that were consistently close to the estimated Ki

throughout the course of the study (Figure 3). In both groups
there was a modest drop in haematocrit within 2 weeks of
initiating the cholesterol-enriched, high-fat diet (44+1% to
38+1% and 43+2% to 37+1%, for control and drug-treated
group, respectively). However, there were no signi®cant dif-
ferences in haematocrit between the control and drug-treated
groups.

Plasma lipid and lipoprotein concentrations

Plasma concentrations of total cholesterol increased during the
®rst month and then plateaued in both groups
(15.89+2.60 mM for control, 14.72+1.37 mM for treated). At
none of the intervals examined did the drug cause a statistically
signi®cant change in plasma cholesterol concentrations, nor
was there a signi®cant change in plasma phospholipid con-
centrations (6.97+0.82 mM for control, 6.21+1.21 mM for
treated). Nonfasting plasma triglyceride concentrations were
increased 0.90+0.19 mM for control, 2.65+0.27 mM for
treated; P50.01). Lipoprotein-cholesterol distribution was
de®ned by f.p.l.c. and analysed by nonlinear curve-®tting
techniques. Lipoprotein analyses were performed 4, 8 and 12
weeks after initiation of the modi®ed diet, with similar results
being obtained at each interval. These analyses revealed that
the distribution of cholesterol into three major subfractions
did not permit an optimal ®t of the data; the four fractions
required for an optimal ®t were designated VLDL, VLDL
remnants, LDL and HDL. There were no statistically signi®-
cant di�erences in concentrations of VLDL, LDL or HDL
between the control and drug-treated group (Table 3). Con-
centrations of the fraction designated VLDL remnants was
signi®cantly increased in the PD 146176-treated group.

Table 1 Effect of PD 146176 (10 mM) on the enzyme
activity of rabbit 15-lipoxygenase (15-LO) and closely
related enzymes

Enzyme Inhibitory effect

Rabbit reticulocyte 15-LO
Human platelet 12-LO
Rat basophil leukocyte 5-LO
Ovine cyclo-oxygenase I
Recombinant human cyclo-oxygenase II

100%
0%
0%
26%
16%

Table 2 Effects of exogenously added PD 146176 on
ABAP-induced conjugated diene formation in human low
density lipoprotein (LDL)

Concentration Lag phase
Drug (ng ml±1) (min)

None
PD 146176

0
10
100
1000

50+2
46+2
58+2
123+11*

Lag phases were calculated as described in the Methods.
Values represent means+s.e.mean of 10 observations.
*Denotes a signi®cant di�erence, P50.01, when compared
to lag phases determined in the absence of drug.
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Figure 3 Plasma drug concentrations over the course of the study.
Concentrations of drug were determined at the indicated intervals by
h.p.l.c. as described in Methods. Data derived from PD 146176-
treated animals are represented by (*) and those from control
animals by (*). Points represent the mean of determinations from
individual animals (n=10 per group) and vertical lines represent
s.e.mean.

Table 3 Distribution of cholesterol among lipoproteins as
percentages of total cholesterol in each fraction

Lipoprotein VLDL
fraction VLDL remnants LDL HDL

Control
Drug-treated

14+6
9+41

31+8
42+62

37+6
36+61

16+4
11+41,3

Lipoproteins were fractionated by f.p.l.c. and area under
the curves was calculated by use of nonlinear ®tting
parameters (PeakFit) as described in the Methods. Values
represent the mean+s.e.mean from individual animals
(n=7 per group). 1Not signi®cantly di�erent from controls.
2P=0.02. 3Data failed normality testing and therefore were
analysed by a nonparametric Mann-Whitney rank-sum test.
Other groups were analysed by Student's t test. Data
represent analysis of lipoproteins after 12 weeks of feeding
the modi®ed diet. No signi®cant di�erences from these
values at 12 weeks were observed in lipoprotein fractions
characterized at 4 and 8 weeks. VLDL, very low density
lipoprotein; LDL, low density lipoprotein and HDL, high
density lipoprotein.
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LDL oxidation susceptibility following chronic
administration of PD 146176

To determine whether PD 146176 or any of its metabolites
exerted any de®nable nonspeci®c antioxidant e�ect in vivo,
LDL (d=1.019 ± 1.063 mg ml71) was isolated from control and
drug-treated rabbits. The lag phases calculated for conjugated
diene formation were not signi®cantly di�erent between the two
groups for either of the oxidant stresses (Table 4).

Quanti®cation of atherosclerosis

While intimal atherosclerotic lesions were readily discernible in
control animals, there was a striking reduction in the extent of
lesion coverage in the treated group, with virtually no ather-
osclerosis observed in any of the 10 animals studied (Figure
4a). In agreement with the data on intimal atherosclerotic le-
sion coverage, the increase in cholesterol ester content of the
aorta was obliterated by the administration of the drug (Figure
4b). Furthermore, unesteri®ed cholesterol content of aortic
arch regions was signi®cantly less in drug-treated than in
control animals (Figure 4c).

Characteristics of atherosclerotic lesions

Atherosclerotic lesions formed in aortic arches of control ani-
mals under these conditions were predominantly macrophage
laden, as de®ned by immunostaining with the monoclonal an-
tibody RAM-11 (Figure 5a). Negligible immunostaining for
smooth muscle cells was observed in all lesions of the control
animals. In drug-treated animals, no atherosclerotic lesions
were present and consequently, no immunostaining was ob-
served for either macrophages or smooth muscle cells in the
intima (Figure 5d). Aortic sections were immunostained for the
presence of 15-LO with a monospeci®c polyclonal antibody.
15-LO was present di�usely in macrophages in the luminal
aspect of atherosclerotic lesions. In atherosclerotic lesions from
control animals endothelial cells exhibited the most intense
immunostaining, with more di�use immunostaining in intimal
macrophages (Figure 5b). The immunostained 15-LO was re-
stricted to the endothelium of aortae from PD 146176-treated
rabbits; this was the only major cell type present in the intima of
these animals (Figure 5e).

Detection of products formed by the action of 15-LO

Chiral analyses were performed to determine whether stereo-
speci®c products of 15-LO could be identi®ed in athero-
sclerotic tissue and whether this was in¯uenced by the presence
of the drug. 13-HODE (the linoleate-derived 15-LO product)
was detected as a racemic mixture in the control animals.
Furthermore, since there were such dramatic di�erences in the
morphological characteristics of aortae from animals in the
two groups, chiral analyses were not useful in de®ning whether
or not pathophysiologically signi®cant inhibition of 15-LO was
achieved by the drug.

Discussion

This study demonstrated that administration of a highly se-
lective inhibitor of 15-LO has a profound protective e�ect
against the development of atherosclerosis in cholesterol-fed
rabbits. This protection occurred in the absence of signi®cant
e�ects on plasma cholesterol concentrations or pronounced
changes in the distribution of lipoprotein cholesterol. Fur-
thermore, these changes were produced by a 15-LO inhibitor
that exhibited only relatively slight nonspeci®c antioxidant
activity, even at concentrations far above those attained in
plasma of treated rabbits.

Much of the interest in a role for 15-LO in the development
of atherosclerosis stems from the observations that this enzyme
participates in the oxidation of LDL (Harats et al., 1995a).

However, Sparrow & Olszewski (1992) have pointed out that
many of the 15-LO inhibitors used in studies that support a
role for the enzyme in atherogenesis are also potent general
antioxidants. Many of these compounds inhibit LDL oxida-
tion by free transition metal ions, making interpretation of
mechanisms di�cult. Consequently, the 15-LO inhibitor used
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Figure 4 Extent of atherosclerosis and deposition of unesteri®ed
cholesterol and cholesterol esters. Data from control animals (solid
columns) and PD 146176-treated animals (open columns) for the
arch, thoracic and abdominal regions of the aortae were character-
ized for extent of intimal surface covered by grossly discernible
atherosclerotic lesions (a), cholesterol ester content (b) and
unesteri®ed cholesterol content (c). Columns represent the mean of
observations from individual animals (n=10 per group) and vertical
lines represent s.e.mean. Statistically signi®cant di�erences deter-
mined by Mann Whitney rank-sum tests are denoted by *P50.05,
**P50.02.

Table 4 Effects of ABAP and copper on oxidation of low
density lipoprotein (LDL) from rabbits administered
PD 146176

Lag time (min)
Group Copper ABAP

Control
Drug-treated

96+18
90+6

33+5
40+5

LDL (d=1.019 ± 1.063 mgml±1, 100 mg protein) from con-
trol rabbits and PD 146176-treated animals was incubated
with either copper (5 mM) or ABAP (5 mM) and lag time
for oxidation was determined as dscribed in the Methods.
Means+s.e.means are from assay of oxidation susceptibility
of LDL from 5 animals. The calculated lag times were not
statistically signi®cantly di�erent between the two groups
for either of the oxidant stresses.
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in the present study was carefully tested for nonspeci®c anti-
oxidant activity. The susceptibility of LDL to oxidation was
determined by the rate of conjugated diene formation during
incubation with either copper or ABAP since these promote
oxidation by di�erent mechanisms (Lynch & Frei, 1993). PD
146176 did not quench free radicals in vitro and ex vivo sys-
tems. Addition of the drug to isolated LDL, even in concen-
trations over one order of magnitude greater than those found
in plasma, had only minor e�ects on the rate of conjugated
diene formation induced by ABAP. However, even this change
was very modest compared with that observed after adminis-
tration of antioxidants such as probucol at concentrations
required to attenuate atherogenesis (Demacker et al., 1993;
Fruebis et al., 1994; Kleinveld et al., 1994; Morel et al., 1994).
Furthermore, there was no evidence that LDL isolated from
PD 146176-treated animals was protected against either copper
or ABAP-induced oxidation, except at very high concentra-
tions of the drug.

These modest antioxidant e�ects of PD 146176 were in
contrast to the pronounced e�ects of probucol on these same
oxidant parameters. Recently, Fruebis et al. (1994) demon-
strated that a probucol analogue (BM15.0639) was not antia-
therogenic despite the fact that it had a marked e�ect on ex
vivo oxidation of LDL. It was proposed that protection against
oxidation had to reach a certain threshold to provide an an-
tiatherogenic e�ect. Based on the ®ndings of Fruebis et al.
(1994) and the lack of signi®cant antioxidant properties of PD
146176, except at concentrations almost two orders above
those obtained in plasma, it is unlikely that nonspeci®c anti-
oxidant characterstics contributed to the antiatherosclerotic
properties of the drug.

There are several lines of evidence that 15-LO is present in
atherosclerotic lesions. 15-LO mRNA and protein are present
in macrophages of such lesions (YlaÈ -Herttuala et al., 1989).
While 15-LO is not present in monocytes, incubation of this
cell type with interleukin-4 leads to the biosynthesis of the
enzyme (Conrad et al., 1992; Cornicelli et al., 1996). Interleu-
kin-4 is a product of activated lymphocytes that have been
detected in human atherosclerotic lesions (Hansson et al.,
1989). Irrespective of the mode in which enzyme biosynthesis is

initiated, atherosclerotic aortae from cholesterol-fed and Wa-
tanabe heritable hyperlipidaemic rabbits synthesize products
consistent with 15-LO activity ex vivo (Simon et al., 1989a, b).
Furthermore, products of 15-LO have been detected in
atherosclerotic lesions from man and cholesterol-fed rabbits
(KuÈ hn et al., 1994b; Folcik et al., 1995). In the present study,
we did not detect 15-LO protein throughout the lesion, but
rather found it restricted to di�use immunostaining in mac-
rophages in the abluminal region of lesions. Therefore, there is
heterogeniety of 15-LO expression within lesion macrophages.
The strongest immunostaining was noted in the aortic endo-
thelium for both groups and, as may be expected, the expres-
sion of the protein was not in¯uenced by drug administration.
The mechanisms that control 15-LO synthesis in vivo have not
been fully de®ned and therefore the reason for the varied
content in di�ering macrophage populations and for the re-
latively low content of macrophages compared to endothelium
are unknown.

In interpreting the results of the present study, we assumed
that long-term inhibition of 15-LO activity was achieved. The
dose of PD 146176 selected was su�cient to induce plasma
concentrations similar to those needed to inhibit the isolated
enzyme. The data illustrated in Figure 3 demonstrate that
spacing the delivery of the food at 12 h intervals resulted in
appropriate plasma concentrations of the drug throughout the
12 week study period. As a potential index of 15-LO inhibition
in drug-treated animals, enantiomeric analyses for 13-HODE
in total lipid extracts from aortic segments were conducted.
However, we detected racemic 13-HODE in extracts from
control animals so that chiral analysis of reactions products in
the arterial tissue could not be used to de®ne enzyme inhibition
at this locus. Previous studies have demonstrated that 15-LO-
catalysed oxidation of linoleate esteri®ed in complex lipids and
lipoproteins is far less stereospeci®c than the same reaction in
the free fatty acid (KuÈ hn & Brash, 1990). Also, the degree of
positional and stereochemical speci®city of enzymatic oxida-
tion of esteri®ed linoleate decreases substantially with in-
creasing concentrations of substrate (KuÈ hn et al., 1990; 1994a).
Furthermore, it seems likely that induction of 15-LO during
atherogenesis contributes to the transient generation of a po-

Figure 5 Immunolocalization of macrophages and 15-lipoxygenase (15-LO) in aortic tissue from control and drug-treated animals.
Tissue sections from a representative control animal are represented in (a), (b) and (c), whereas sections from a PD 146176-treated
animal are represented in (d), (e) and (f). Macrophages were immunostained with RAM-11 (a and d). 15-LO was immunostained
with a monospeci®c sheep antiserum (b and e) and compared with the same dilution of a nonimmune sheep serum (c and f).
Magni®cation for all panels is 4006.
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tent metabolite that is not re¯ected in the measurements of the
accumulated mass or enantiomeric composition of the bulk 13-
HODE esteri®ed in aortic lipids. Based on the known features
of the enzyme-substrate interactions, it is unlikely that chiral
analysis of reaction products in vivo would provide a quantitive
index of 15-LO inhibition. This is borne out by the idiosyn-
cratic presence of isomeric forms of 13-HODE in athero-
sclerotic lesions from both rabbits (KuÈ hn et al., 1994b) and
man (Folcik et al., 1995).

As mentioned earlier, the initial stimulus for exploration of
the involvement of 15-LO in atherogenesis was its putative role
in LDL oxidation. Oxidation of LDL has a number of po-
tentially atherogenic sequelae, including stimulation of intra-
cellular macrophage lipid deposition, monocyte and
lymphocyte recruitment, monocyte adhesion to endothelium,
macrophage stasis and cytotoxicity (Daugherty & Roselaar,
1995). Therefore, one potential mechanism by which the 15-
LO inhibitor we studied may have reduced atherogenesis is via
the reduction of LDL oxidation at the locus of the arterial
wall. In addition, the products of this enzyme promote a
number of cellular processes unrelated to lipoprotein oxidation
that may in¯uence the atherogenic process (Benz et al., 1995).
These include changes in expression of oxidant genes by the
hydroperoxides generated and the many cellular e�ects of 15-
LO products on endothelial and smooth muscle cells (Setty et
al., 1987; Graeber et al., 1990; Brinkman et al., 1991; Khan et

al., 1995). Therefore, determination of the mechanism under-
lying the protective e�ect of PD 146176 against atherogenesis
will require elucidation of the many potential contributions of
15-LO to disease development.

In conclusion, we have determined that administration of a
highly speci®c 15-LO inhibitor that lacks appreciable nonspe-
ci®c antioxidant potency has a profound inhibitory e�ect on
the development of macrophage-rich lesions in cholesterol-fed
rabbits. Further evidence to support a role of 15-LO in the
development of atherosclerosis will be supplied by the pro-
duction of mice in which genetic engineering results in in-
creased activity of the enzyme (Harats et al., 1995b). These
studies, combined with other pharmacological approaches,
should reveal the relative importance of 15-LO in the initiation
of lesions and the progression through speci®c stages of
atherosclerosis. Furthermore, they will de®ne the speci®c me-
chanism through which 15-LO exerts proatherogenic e�ects.

We are grateful to Debra L. Rateri and Tom Kitchens for technical
assistance, Drs Je�rey Sa�tz and Mark R. Wick (Washington
University) for their expertise in assessing tissue sections, Beth
Engeszer for editorial assistance and Kelly Hall for secretarial
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Heart Association.
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