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Abstract

Oxidant signalling and lipoprotein oxidation may play important roles in atherosclerotic lesion development. Given coincident
localization of 15-lipoxygenase (15-LO), stereospecific products of 15-LO and epitopes of modified LDL in atherosclerotic lesions,
we hypothesized that inhibition of 15-LO by PD146176, an inhibitor of 15-LO with an IC50 in cells or isolated enzyme of 0.5–0.8
mM, may limit atherosclerotic lesion development through regulation of monocyte–macrophage enrichment. Rabbits exposed to
chronic endothelial denudation of the iliac-femoral artery were meal-fed a 0.25% cholesterol (C), 3% peanut oil (PNO), 3%
coconut oil (CNO) diet twice daily with and without 175 mg/kg PD146176 for 12 weeks. In a second study, atherosclerotic lesions
were pre-established in rabbits through chronic endothelial denudation and meal-fed a 0.5% C, 3% PNO, 3% CNO diet for 9
weeks and a 0% C/fat diet for 6 weeks prior to an 8 week administration of PD146176 at 175 mg/kg, q.d. Plasma total and
lipoprotein cholesterol exposure were similar in control and PD146176-treated animals in both studies but PD146176 increased
plasma triglyceride exposure 2- to 4-fold. Plasma PD146176 concentrations ranged from 99 to 214 ng/ml at 2 h post-dose. In the
progression study, the iliac-femoral monocyte–macrophage area was reduced 71%, cross-sectional lesion area was unchanged and
cholesteryl ester (CE) content was reduced 63%. In the regression study, size and macrophage content of iliac-femoral, fibrous
plaque-like lesions were decreased 34%, CE content was reduced 19% and gross extent of thoracic aortic lesions were reduced
41%. We conclude that PD146176 can limit monocyte–macrophage enrichment of atherosclerotic lesions and can attenuate
development of fibrofoamy and fibrous plaque lesions in the absence of changes in plasma total or lipoprotein cholesterol
concentrations. © 1998 Warner Lambert Company. Published by Elsevier Science Ireland Ltd.
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1. Introduction

Oxidative modification of plasma lipoproteins within
the vessel wall is presumably an extracellular event
which has been implicated in the progression of
atherosclerosis [1]. The concept that plasma lipo-

proteins infiltrate the arterial wall at sites of endothelial
injury/dysfunction, decorate extracellular matrix and
become modified is not new [2,3] but mechanisms re-
sponsible for generation of the modifying agent are
emerging. Based on observations that oxidized lipo-
proteins were involved in regulation of chemokines [4],
adhesion molecule [5] and that general antioxidant
agents such as probucol [6–11], vitamins E and C
[11,12] and butylated hydroxytoluene (BHT) [13] were
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effective at limiting atherosclerotic lesion progression,
oxidant signalling appears to play an integral role in
atherosclerotic lesion development. A new enzyme spe-
cific target, arachidonate 15-lipoxygenase (15-LO), has
emerged as being involved in lipoprotein oxidation [14]
and the enzyme products may be important in regula-
tion of proatherogenic molecules. Arachidonate 15-
lipoxygenase is a lipid-peroxidizing enzyme which is
present in atherosclerotic lesions. Investigators have
found stereospecific hydroxy fatty acids that can be
ascribed to 15-LO activity in extracts of vascular
atherosclerotic tissue from animals [15] and humans
[16]. Hiltunen et al. have observed 15-LO protein and
mRNA in early stages of atherosclerosis in animals [17],
while others have colocalized 15-LO mRNA with epi-
topes of modified LDL and macrophage-rich areas of
rabbit and human lesions [14,18]. In vitro studies have
shown that non-specific inhibitors of lipoxygenase such
as ETYA, piriprost and A64077 can ablate
macrophage-mediated oxidation of LDL in vitro [19].
In addition, we have shown that inhibition of 15-LO
with PD146176, a specific inhibitor of 15-LO lacking
antioxidant properties, can attenuate the development
of dietary cholesterol-induced atherosclerotic lesions in
the rabbit [20]. In contrast to our previous investigation
[20], the current study addresses whether 15-LO inhibi-
tion specifically alters the accumulation of monocyte–
macrophages within atherosclerotic lesions. In addition,
this study assesses whether the 15-LO inhibitor,
PD146176, can alter the progression or induce regres-
sion of preestablished atherosclerotic lesions.

Oxidized LDL, lipid hydroperoxides and other prod-
ucts of lipid oxidation have been shown to be effective
modulators of many gene products that may be consid-
ered proatherogenic. These include vascular cell adhe-
sion molecule-1 (VCAM-1) [21] and colony stimulating
factors [4]. VCAM-1 expression has been shown to be
regulated by TNF-a, PDGF, TGF-b [22], IL-4, lipo-
polysaccharide (LPS), IFN-g [23] and lysophosphatidyl-
choline (lyso-PC) [5], a product of phospholipid
oxidation. Transient overexpression of 15-LO in en-

dothelial cells has been shown to augment TNF in-
duced VCAM-1 expression [24]. Minimally oxidized
LDL has been noted to induce the expression of MCP-
1, a potent chemotactic factor for monocytes [25]. Since
the expression of adhesion molecules and monocyte
chemotactic factors can be modulated by products of
lipid oxidation which may be produced by the action of
15-LO, we hypothesized that inhibition of 15-LO would
limit the development of atherosclerosis by specifically
regulating the monocyte–macrophage enrichment of
the artery.

2. Methods

2.1. Experimental design

Two separate studies were performed. In a study
designed to assess the effect of PD146176 on the initia-
tion and progression of atherosclerosis, termed the
progression study, male New Zealand White rabbits
(Kuiper Farms, Gary, IN) weighing 1.2–1.5 kg were
meal-fed 40 g of a diet (Purina 5321) supplemented with
0.25% C, 3% PNO, and 3% CNO with and without 175
mg/kg PD146176 at approximately 07:00 h and 15:00 h
daily for a total of 12 weeks. PD146176 is a specific
15-LO inhibitor which has been shown to lack antioxi-
dant properties and to have no or minimal inhibitory
activity against 5- and 12-lipoxygenase and cyclooxyge-
nase I and II [20] and is depicted in Fig. 1. The
compound was synthesized as previously described [26].
Coincident with diet initiation, a chronic endothelial
injury was induced in the iliac-femoral artery by surgi-
cally inserting a sterile nylon monofilament through the
medial saphenous artery of the right leg to the level of
the diaphragm. The monofilament was secured and
maintained in place for the entire 12 weeks of the study.
Surgical procedures were performed on animals anes-
thetized with 10 mg/kg xylazine (MILES, Shawnee
Mission, KS) and 33 mg/kg ketamine HCl (Fort Dodge
Laboratories, Fort Dodge, IA) in accordance with a
vertebrate use form approved by the Parke–Davis insti-
tutional review board. The animals were randomized
based on animal number into equal groups of eight
animals prior to surgery. The progression control was
maintained on the cholesterol plus fat diet for the
duration of the study and eight additional animals were
administered 175 mg/kg PD146176, b.i.d., in the choles-
terol/fat diet.

A second study designed to assess the effect of
PD146176 on pre-established atherosclerotic lesions,
termed the regression study, was performed. Male New
Zealand White rabbits (Kuiper Farms, Gary, IN)
weighing 1.2–1.5 kg were meal-fed a diet (Purina 5321)
supplemented with 0.5% C, 3% PNO, and 3% CNOFig. 1. Chemical structure of PD146176
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diet for a total of 9 weeks and a 0% C, 3% PNO, and
3% CNO diet (fat diet) for 6 weeks to induce
atherosclerotic lesions prior to an 8 week administra-
tion of PD146176 or chow/fat diet. The dietary regimen
consisted of feeding 40 g for the first week, 50 g for 4
weeks, 60 g for 4 weeks, 70 g for the next 6 weeks, and
80 g for the final 8 weeks. After 1 week of diet
initiation, a chronic endothelial injury was induced in
the iliac-femoral artery as described above. After the
initial 15-week lesion induction phase, the animals were
randomized on the basis of their 24 h post-meal plasma
total cholesterol concentrations into three statistically
similar groups of eight animals each. A time zero group
was necropsied at 15 weeks prior to drug administra-
tion while a progression control group was maintained
on the fat diet for the remaining 8 weeks of the study.
PD146176 was administered at 175 mg/kg q.d. as a diet
admixture in the fat containing diet for the final 8
weeks. All diets were freshly prepared on a monthly
basis.

2.2. Biochemical methods

The inhibition of rabbit reticulocyte 15-LO was as-
sessed as previously described [20]. Briefly, a solution of
PD146176 and substrate were added to a known
amount of purified enzyme and incubated at 4°C for 10
min. The reaction was stopped by addition of methanol
and the samples were reduced with triphenylphosphine
(100 mg) before being subjected to reverse phase (r.p.)
HPLC for quantification of 13-HODE. Studies in intact
cells were performed using IC21 mouse macrophages
which were stably transfected with human 15-LO. The
transfected cells were plated at 20 000 cells per 35 mm
tissue culture plate and placed in the incubator
overnight. The media was removed and the cultures
were rinsed once with PBS. Cultures were then incu-
bated in 1 ml of PBS containing 100 mM linoleic acid in
the presence or absence of varying concentrations of
PD146176 for 30 min at 37°C. The PBS was extracted,
reduced and 13-HODE was quantified by r.p. HPLC.
Studies designed to assess the reversibility of enzyme
inhibition by PD146176 were also performed. Trans-
fected IC21 cells seeded at 20 000 cells per 35 mm tissue
culture plate were cultured overnight. PD146176 was
added in complete culture media at a concentration of
10 mM to two sets of cells and allowed to incubate for
an additional 24 h. The media containing the drug was
removed, the cells were rinsed briefly with PBS and 1
ml of PBS containing 100 mM linoleic acid was added
to one set of cells and incubated for 30 min at 37°C.
The second set of cells were washed with PBS and then
fresh complete culture media without drug was added.
After a 40 min incubation at 37°C in complete culture
media, the media was removed, the cells were washed
briefly in PBS and 1 ml of PBS containing 100 mM

linoleic acid was added to one set of cells and incubated
for 30 min at 37°C. In the latter two experiments the
media was extracted and 13-HODE was quantified as
noted above.

Plasma cholesterol and triglyceride concentrations
were determined enzymatically throughout the study on
an Abbott VP Series II Bichromatic Analyzer (Abbott,
Chicago, IL) [27,28] using the Boehringer–Mannheim
total cholesterol reagent (Indianapolis, IN) and the
Abbott triglyceride reagent. Lipid measurements were
performed monthly or biweekly on plasma samples
collected 24 h post-meal. Plasma lipoprotein cholesterol
distribution was measured by a high performance gel
filtration chromatography method [29].

Plasma concentrations of PD146176 were determined
by HPLC. Blood was collected 2 h post-morning dose
and plasma from control and treated animals was
incubated with NaOH. The plasma was extracted with
pentane:methyl t-butyl ether (3:2) after addition of a
known amount of a structural analog of PD146176
which served as an internal standard. The organic layer
was recovered, dried under nitrogen, reconstituted with
methanol:water (4:1) and PD146176 was chro-
matographed on a 250 mm Zorbax SB-C18 column,
eluted with acetonitrile in 25 mM ammonium phos-
phate and quantified by ultraviolet absorbance.

A 3 cm segment of the iliac-femoral artery adjacent
to that collected for histologic evaluation and the entire
descending thoracic aorta were assayed for total choles-
terol, cholesteryl ester (CE), free cholesterol (FC), and
total phospholipid (PL) content. The lipids were ex-
tracted into chloroform:methanol (2:1) by the proce-
dure of Folch et al. [30] and 300–500 m l of an internal
standard, i.e. 200 mg/ml solution of 4-hydroxy-choles-
terol in ethylacetate:acetone (2:1), was added to the
extracts of the iliac-femoral and thoracic aortic sam-
ples. After extraction, the organic phase was dried
under nitrogen and redissolved in iso-octane/tetrahy-
drofuran (97:3). The lipid content and composition of
the vessels were measured using an HPLC method [31]

2.3. Cytochemical methods

For histologic evaluation of lesions in the iliac-
femoral and aortic arch regions, the first 1 cm segment
of the iliac-femoral artery distal to the aortic-iliac bifur-
cation and ascending aorta distal to the aortic valves,
respectively, were fixed in 10% neutral buffered forma-
lin for B24 h. The vessels were dehydrated, cleared in
xylene, and infiltrated with molten paraffin (B60°C)
using a Tissue Tek VIP autoprocessor (Miles Scientific,
Elkhart, IN). The tissue segments were embedded in
paraffin and sectioned at 5 mm with a Reichert–Jung
microtome (Baxter, McGaw Park, IL). In order to
obtain a thorough representation of the histologic ap-
pearance of the iliac-femoral lesion, three ribbons of 20
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sections each were cut at approximately 100 mm inter-
vals. Three pairs of sections, i.e. one pair from each
ribbon, were affixed to ProbeOn Plus™ (Fisher Scien-
tific, Cincinnati, OH) glass slides overnight on a warm-
ing plate maintained at B45°C and stored until
stained. The general histologic character and nature of
the extracellular matrix were evaluated in hematoxylin
and eosin and Verhoeff’s elastica stained sections [32].
The cellular composition of lesions was determined
using antibodies to monocyte–macrophages (RAM11,
DAKO, Carpinteria, CA) [33] and smooth muscle cells
(SMC; HHF35, ENZO Diagnostics, NY) [34]. The
presence and localization of 15-lipoxygenase were eval-
uated using a purified IgG fraction of a polyclonal
sheep anti-rabbit reticulocyte 15-lipoxygenase antibody.
The immunohistochemical staining of monocyte–
macrophages, SMC and 15-lipoxygenase were per-
formed as described previously [35] except that a
biotinylated rabbit anti-sheep IgG antibody was used in
the identification of 15-lipoxygenase antigen and 3-
amino-9-ethylcarbazole (AEC) was used as the peroxi-
dase substrate. As a test for nonspecific staining, the
primary antibody was replaced with normal non-im-
mune serum from the same species in which the pri-
mary antibody was made. It was determined that
non-specific immunostaining was absent. Colocalization
of 15-lipoxygenase staining and RAM11(+ ) mono-
cyte–macrophages and/or actin(+ ) SMC was also per-
formed as noted above [35] with several exceptions.
Between each immunohistochemical procedure, i.e. 15-
LO, RAM11(+ ) macrophages or actin(+ ) SMC, the
sections were incubated overnight at 4°C in 0.2 M
glycine hydrochloride, pH 2.4, to displace the primary
antibody while leaving the precipitating chromogenic
substrate. In addition to peroxidase, alkaline phos-
phatase conjugated avidin–biotin complexes and vari-
ous precipitating chromogenic substrates were used.

2.4. Morphometric methods

Sections of the iliac-femoral artery and aortic arch
were stained using Verhoeff’s elastica stain or with
immunochemical markers for monocyte–macrophages.
The stained sections were subsequently used for quan-
tification of lesion, vessel and medial size or extent of
monocyte–macrophage involvement within the lesion.
Gross extent of atherosclerosis within the thoracic
aorta was also measured. Morphometric analyses of the
iliac-femoral artery and aortic arch were performed on
a Power Macintosh 8100/80 AV computer using the
public domain NIH Image program (written by Wayne
Rasband at the US National Institutes of Health and
available from the Internet by anonymous ftp from
zippy.nimh.nih.gov or on floppy disk from NTIS, 5285
Port Royal Road, Springfield, VA 22161, Part PB93-
504868). Digital images calibrated for magnification of

two different Verhoeff’s elastica stained sections were
collected using a Dage-MTI CCD72 camera (Michigan
City, IN) attached to a Leitz Diaplan microscope at a
magnification of 2.529× to 429× (Nushbaum, Cincin-
nati, OH). Brightness and contrast of the illuminated
section were optimized to maximize grey level intensi-
ties. Binary images were generated, the external elastic
lamina (EEL), internal elastic lamina (IEL) and lumen
were identified. Lumen area and areas circumscribed by
the IEL and EEL were filled with a uniform grey level
and quantified. Lesion area was defined as the differ-
ence between the IEL and lumen area while medial area
equalled the EEL area minus the IEL area.

Monocyte–macrophage area identified as RAM11-
positive regions in sections adjacent to those used in the
determination of lesion and vessel size was also exam-
ined using image analysis techniques. Digital images
calibrated for magnification of two sections stained
with RAM11 were collected as noted above to maxi-
mize identification of the brown-black immunoprecipi-
tate. Binary images were generated and using inflection
points in the grey level histogram as an objective indi-
cator of the RAM11-positive material the area of
monocyte–macrophages was determined.

Iliac-femoral and aortic arch lesion and macrophage
areas were determined for each specimen and the mean
per group was calculated based on the mean specimen
area. The percent lesion coverage of the thoracic aorta
was also determined in the lesion regression study.

2.5. Statistical analyses

All statistical comparisons of the biochemical and
morphometric data were made relative to the untreated
hypercholesterolemic progression and time zero con-
trol. Total plasma and lipoprotein cholesterol exposures
of the animals during the drug treatment phase were
determined by applying the trapezoidal rule [36] to the
cholesterol time curves from time zero to necropsy. An
analysis of variance procedure followed by a least sig-
nificant difference test or one-tailed Student’s t-test for
comparisons made relative to the untreated controls
were used [37]. All data were collected in a double-
blinded fashion and specimens were ascribed to their
respective treatment group after the biochemical and
morphometric measurements were obtained. All data
are represented as mean9S.E.M.

3. Results

3.1. Kinetics of 15-LO inhibition by PD146176

PD146176 dose-dependently inhibited purified rabbit
reticulocyte 15-LO with an IC50 of 0.5490.02 mM
(Mean9S.E.M.) (Fig. 2). In intact IC21 cells trans-
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Fig. 2. Titration curve of varying PD146176 concentrations against
purified rabbit reticulocyte 15-LO

Plasma PD146176 concentrations were 45.7911.6
ng/ml at 2 h post-dose after 1 week and 213.69122.5
ng/ml after 12 weeks of treatment.

Vessel cholesterol content were reduced. Iliac-femoral
and thoracic aortic cholesteryl ester content were re-
duced 63 and 51% (Table 2), respectively, while the
relative lipid weight percentages were comparable, i.e.
39–54% CE, 24–28% FC, 22–36% PL.

3.2.2. Lesion regression study
During the hypercholesterolemic phase, i.e. first 9

weeks of the study, plasma total cholesterol concentra-
tions rose to �2200 mg/dl but decreased to 700 mg/dl
during the subsequent 6 week plasma cholesterol nor-
malization phase (Fig. 4A). Lipoprotein cholesterol
concentrations mirrored the changes in plasma total
cholesterol (Fig. 4B, C). PD146176 administration fol-
lowing the plasma cholesterol normalization phase had
no effect on mean concentration of plasma total choles-
terol, VLDL-C, LDL-C or plasma total and lipoprotein
cholesterol exposure (Table 1). As in the lesion progres-

fected with human 15-LO, PD146176 inhibited 13-
HODE production with an IC50 of 0.8190.19 mM.
Incubation of the transfected IC-21 cells with 10 mM
PD146176 overnight inhibited the generation of 13-
HODE by 93% irrespective of whether the subsequent
30 min incubation with linoleic acid was performed in
the presence or absence of 10 mM PD146176. However,
if the cells were washed and cultured in fresh media for
40 min prior to the 30 min incubation with linoleic acid
the generation of 13-HODE was only marginally inhib-
ited, i.e. 18%.

3.2. Plasma and organ measurements

3.2.1. Lesion progression study
Over the first 6 weeks of the study, plasma total

cholesterol concentrations increased �15-fold and re-
mained relatively constant during the subsequent 8
weeks in untreated animals (Fig. 3A). Plasma total
cholesterol concentrations in the PD146176 treated ani-
mals were comparable to controls over the first 8
weeks; however, at necropsy plasma total cholesterol
concentrations were reduced 47%. Associated with the
reduction in plasma total cholesterol concentration was
a 66% decrease in very low density lipoprotein-choles-
terol concentration (VLDL-C) (Table 1). Although
mean plasma total and lipoprotein cholesterol concen-
trations were reduced, plasma total cholesterol, VLDL-
C and low density lipoprotein-cholesterol (LDL-C)
exposure were unchanged (Table 1). Plasma triglyceride
levels remained relatively constant in the control ani-
mals, i.e. 56–87 mg/dl; however, in the PD146176
treated animals plasma triglycerides doubled within 1
week of treatment and by the end of the study were
increased 6-fold (Fig. 3B) which resulted in a 4-fold
increase in plasma triglyceride exposure (Table 1). No
differences in body weights and blood hematocrits were
noted in the two groups.

Fig. 3. Line plot of plasma total cholesterol (Panel A) and triglyceride
concentrations (Panel B) over the course of the lesion progression
study. Data are expressed as mean9S.E.M. in mg/dl after treatment
with 175 mg/kg PD146176, b.i.d. Plasma total cholesterol concentra-
tions at 12 weeks and plasma triglyceride levels throughout the study
were significantly different from the progression control at PB0.05.
Progression control, �; PD146176 (175 mg/kg, b.i.d.), �.



T.M.A. Bocan et al. / Atherosclerosis 136 (1998) 203–216 209

Table 2
Thoracic aorta and iliac-femoral artery lipid content and distribution

Thoracic aorta (mg/mg dry defatted tissue weight) Iliac-femoral artery (mg/mg dry defatted tissue weight)Treatment

Free cholesterol Total phospho- Cholesteryl esterCholesteryl Total phospho-Free cholesterol
lipids lipidsester

Lesion progression study
67.3915.2 29.795.6Progression control 30.797.2 14.592.8 14.590.6 27.599.3

9.593.5 14.091.7PD146176 (175 mg/kg, 24.697.2* 13.993.3*15.099.2 11.491.3*
b.i.d.)

Lesion regression study
257.0942.4 62.395.9Time zero control 204.7949.9 87.2923.0 39.999.226.693.4

39.092.871.7911.5Progression control 283.3971.3 143.0932.9 46.097.4 220.8925.9
33.092.9***50.1913.0**PD146176 (175 mg/kg, q.d.) 178.9923.9**181.3938.7*** 63.7911.191.7921.4***

Data are expressed as mean9S.E.M.
* Denotes statistically significant difference from respective progression control at PB0.05.
** Denotes statistically significant difference from time zero control at PB0.10.
*** Denotes statistically significant difference from respective progression control at PB0.10.

sion study, plasma triglyceride levels and exposure in-
creased 2- to 3-fold with PD146176 treatment (Table 1).

Plasma PD146176 concentrations were 99.4931.0
ng/ml at 2 h post-dose after 7 weeks of treatment.

Iliac-femoral and thoracic aortic cholesteryl ester
content were reduced 19 and 36% by PD146176 (Table
2), respectively, while the relative lipid weight percent-
ages were comparable among all groups, i.e. 56–72%
CE, 17–30% FC, 9–16% PL.

3.3. Histologic and morphometric measurements

3.3.1. Lesion progression study
Iliac-femoral artery and aortic arch atherosclerotic

lesions were of several distinct morphologic appear-
ances. In the iliac-femoral artery, the lesions were
macrophage- and SMC-enriched; however, the relative
distribution and apparent quantity of these cell types
varied. In the control group, 67% of the animals had
fibrofoamy lesions in the iliac-femoral artery while in
the PD146176 treated group 63% of the animals had
fibromuscular lesions and 37% had fibrofoamy lesions.
Fibromuscular lesions contained predominantly spin-
dle-shaped and actin(+ ) smooth muscle cells (SMC)
and eosinophilic extracellular matrix (Fig. 5A, B). Fi-
brofoamy lesions were characterized as containing
RAM-11(+ ) monocyte–macrophages, spindle-shaped
and actin(+ ) smooth muscle cells (SMC) and
eosinophilic extracellular matrix (Fig. 5C, D). In addi-
tion to reducing the incidence of fibrofoamy lesions,
PD146176 appeared to qualitatively reduce the amount
of monocyte–macrophages within the iliac-femoral le-
sion (Fig. 6A, B). In the aortic arch, the lesions were
primarily fibrofoamy in nature. However, aortic arch
lesions were rather infrequent in both control and
PD146176-treated animals which precluded morpho-
metric evaluation.

Morphometric evaluation of the diet- and chronic
injury-induced iliac-femoral lesions revealed that the
cross-sectional lesion area of control and PD146176-
treated animals was comparable (Fig. 7). However,
PD146176 reduced the monocyte–macrophage,
RAM11(+ ) cell area by 71%. The intimal/medial ratio
was similar in both groups, i.e. 0.9–1.0.

3.3.2. Lesion regression study
Histologic evaluation of the iliac-femoral artery and

aortic arch not only revealed the presence of fibro-
foamy lesions but also fibrous plaque-like lesions in the
progression control and PD146176-treated animals.
The fibrous plaque was differentiated from the fibro-
foamy lesion by the presence of intimal necrosis and
cholesterol clefts in addition to RAM11(+ ) mono-
cyte–macrophages, spindle-shaped and actin(+ ) SMC,
and eosinophilic extracellular matrix (Fig. 5E, F). In
the iliac-femoral artery, 87% of the animals had fibro-
foamy lesions prior to drug intervention, i.e. time zero
control, while 17% of the animals had fibrofoamy le-
sions and 50% had fibrous plaque lesions in the pro-
gression control. The incidence of fibrous plaque lesions
in the PD146176-treated animals was comparable to the
progression control, i.e. 57%. In the aortic arch, fibro-
foamy lesions predominated in both the time zero and
progression control animals, i.e. 86–100%. With
PD146176 treatment, 57% of the animals had fibroamy
lesions and 43% had fibrous plaques in the aortic arch.

Morphometric analysis of the iliac-femoral artery,
aortic arch and thoracic aorta was performed and
differences among the groups and vascular region were
noted. Iliac-femoral lesion size and composition of the
PD146176-treated animals were similar to the time zero
control. However, PD146176 reduced the iliac-femoral
cross-sectional lesion and monocyte–macrophage area
by 34% relative to the progression control (Fig. 8A). In
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the aortic arch, no difference in lesion size or composi-
tion between the progression control and PD146176-
treated animals was noted (Fig. 8B). Relative to the
time zero control, aortic arch lesion area and mono-
cyte–macrophage content of the progression control
and PD146176-treated animals approximately doubled
(Fig. 8B). Despite the observation that the aortic arch
cross-sectional area and macrophage content were un-
affected by PD146176, the extent of fatty streak-like
atherosclerotic lesions within the thoracic aorta, i.e.
percent of thoracic aorta covered by atherosclerotic
lesions, were reduced from 37% lesion coverage in the
progression control to 22% coverage in the PD146176-
treated animals.

3.4. Immunohistochemial localization of
15-lipoxygenase

Irrespective of vascular region, lesion type, i.e. fibro-
foamy lesion (Fig. 5C) or fibrous plaque (Fig. 5E), or

experimental protocol, immunohistochemically de-
tectable 15-lipoxygenase staining was observed. Focal
areas of 15-LO(+ ) vascular endothelial cells were
noted in 31% of the animals (Fig. 9A). In the iliac-
femoral artery, 15-LO staining was associated with
endothelial cells adjacent to lesion areas while in the
aortic arch endothelial cells overlying intimal lesions
were 15-LO(+ ). Subendothelial intimal cells which
were characterized as RAM11(− ), small, very
basophilic and located in superficial intimal regions
were also found to be 15-LO(+ ) in 12% of the animals
(Fig. 9B). No consistent 15-LO staining was evident in
deep-intimal RAM11(+ ) monocyte–macrophage foam
cells. Positive 15-LO staining was also found in the
adventitia associated with RAM11(− ), small, very
basophilic cells (Fig. 9B) in 55% of the animals and
with cells of periadventitial lymph nodes in most ani-
mals. Medial cells and SMC did not stain with antibod-
ies to 15-LO.

4. Discussion

Inhibition of 15-LO with PD146176 in the absence of
changes in plasma cholesterol exposure and irrespective
of whether the compound was administered before or
after atherosclerotic lesion formation, can limit the
monocyte–macrophage foam cell enrichment of
atherosclerotic lesions and attenuate the development
of both foam cell-rich lesions and more complex fibrous
plaques. This conclusion is based on several findings of
the present study, which can be outlined as follows: (1)
plasma total and lipoprotein cholesterol exposure as
measured by the area under the cholesterol-time curve
associated with the drug treatment phase were similar
in control and PD146176-treated animals in both the
progression and regression studies. (2) In the progres-
sion study, monocyte–macrophage RAM11(+ ) cell
area in the chronically injured iliac-femoral artery was
reduced 71% by PD146176 despite comparable cross-
sectional lesion areas. (3) In the regression study, the
gross extent of thoracic aortic lesions was reduced 41%
and both the size and macrophage content of complex
fibrous plaque-like lesions in the iliac-femoral artery
were decreased 34%. In addition to the observation that
PD146176 can limit atherosclerotic lesion development,
these findings suggest that 15-LO or 15-LO products
may be involved in the recruitment, differentiation and
lipid enrichment of monocyte–macrophages within the
atherosclerotic lesion.

Plasma total and lipoprotein cholesterol exposure
were comparable among groups in both the progression
and regression studies. However, a consistent 2- to
4-fold increase in plasma triglyceride exposure was
noted in both studies. Based on the work of Heek and
Zilversmit who have shown that there is an inverse

Fig. 4. Line plot of plasma total (Panel A), VLDL- (Panel B) and
LDL-cholesterol (Panel C) concentrations over the course of the
lesion regression study. Data are expressed as mean9S.E.M. in
mg/dl after treatment with 175 mg/kg PD146176, qd. Plasma total,
VLDL- or LDL-cholesterol concentrations were not significantly
different from the progression control at PB0.05 over the course of
the study. Filled symbols refer to the progression control while open
symbols represent PD146176 (175 mg/kg, q.d.). Total cholesterol: �
and �. VLDL-cholesterol: 
 and �. LDL-cholesterol: � and �.
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Fig. 5. Photomicrographs of the general histologic appearance of the three major lesion types observed in the iliac-femoral artery. Panel A:
fibromuscular lesion. Hematoxylin and eosin (H and E); ×100; bar=100 mm. Panel B: higher magnification of Panel A denoting the abundant
SMC (arrow) and matrix. H and E; ×250; bar=50 mm. Panel C: fibrofoamy lesion. H and E; ×100; bar=100 mm. Panel D: higher
magnification of Panel C. Note the presence of monocyte–macrophage foam cells (asterisk) within this lesion type. H and E; ×250; bar=50 mm.
Panel E: fibrous plaque lesion. H and E; ×100; bar=100 mm. Panel F: higher magnification of Panel E. The presence of a fibrous cap
(arrowhead) and free cholesterol clefts (arrow) discriminate this lesion from the fibrofoamy lesion. H and E; ×250; bar=50 mm.
Fig. 6. Photomicrographs of the relative monocyte–macrophage extents in control (Panel A) and PD146176-treated (175 mg/kg, b.i.d.) (Panel B)
animals. The photomicrographs are representative of lesions with approximate mean lesion and macrophage area for each treatment group.
Monocyte–macrophages are stained using RAM11 and appear red in both micrographs. Avidin–biotin-peroxidase staining procedure with Vector
Red as chromogenic substrate. Smooth muscle cells are stained using HHF35 and appear brown in both micrographs. Avidin–biotin-peroxidase
staining procedure with DAB as chromogenic substrate. ×100; bar=100 mm.
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Fig. 7. Bar graph of the morphometric data for the iliac-femoral
lesion in the progression study. Data are expressed as the mean9
S.E.M. RAM11(+ ) monocyte–macrophage area 
 and total lesion
area 
. Value in parenthesis represents the monocyte–macrophage/
lesion ratio. *, denotes a significant difference in macrophage area
from the progression control at PB0.05.

plasma triglyceride levels were approximately 3-fold
higher than in the current study. Based on the work of
several investigators who have shown that triglyceride-
rich VLDL and plasma chylomicrons promote foam
cell formation [39], one might propose that the level of
hypertriglyceridemia achieved in this study was pro-
atherogenic. Despite the proatherogenic properties of
triglyceride-rich lipoprotein particles, PD146176 de-
creased the cholesteryl ester content of the iliac-femoral
artery and thoracic aortic lesions irrespective of
whether the compound was administered coincident
with lesion induction or after establishment of a fibro-
foamy lesion. Associated with the reduction in vascular
cholesteryl ester content was a decrease in monocyte–
macrophage foam cell accumulation. These data sug-
gest that PD146176 limits the monocyte–macrophage
and lipid enrichment of atherosclerotic lesions not only
in the absence of a change in plasma total and lipo-
protein cholesterol exposure but also in the presence of
a modest hypertriglyceridemia.

Although there was no change in plasma total or
lipoprotein cholesterol exposure as determined by
quantification of the area under the respective choles-
terol-time curves, mean final plasma total and VLDL-
cholesterol levels were reduced. In the progression
study, plasma total cholesterol concentrations in the
PD146176-treated animals were comparable to controls
over the first 8 weeks; however, at necropsy plasma
total and VLDL-cholesterol concentrations were re-
duced 47 and 66%, respectively. Reductions in plasma
cholesterol levels could account for changes in lesion
extent and lipid enrichment; however, we have reported
that plasma cholesterol exposure is more predictive of
the degree of atherosclerosis [40]. In both the progres-
sion and regression studies, plasma total cholesterol
exposure was comparable among the groups. In addi-
tion, no change in mean plasma total and lipoprotein
cholesterol levels were noted in the regression study;
yet, PD146176 blunted the further progression of
atherosclerotic lesions. Thus, one can conclude that the
antiatherosclerotic activity of PD146176 appears to be
mediated by a direct action of the compound on
macrophage accumulation and not an indirect response
to cholesterol lowering.

One mechanism for the observed antiatherosclerotic
activity of PD146176 which is unrelated to any hy-
polipidemic activity may relate to inhibition of 15-LO
mediated oxidative modification of insudant lipo-
proteins and therefore a decrease in proatherogenic
species necessary for cellular lipid accumulation. Oxida-
tive modification of plasma lipoproteins and then sub-
sequent unregulated uptake by macrophages may be a
mechanism for foam cell formation [1]. The products of
15-LO, i.e. lipid hydroperoxides, may initiate lipo-
protein oxidation and therefore promote foam cell for-
mation. Investigators have colocalized the 15-LO gene

relationship between plasma triglyceride levels and
atherosclerotic lesion cholesterol enrichment [38], one
might attribute the antiatherosclerotic activity of
PD146176 in part to the hypertriglyceridemia. How-
ever, the major difference between the study by Heek
and Zilversmit and the current investigation is that

Fig. 8. Bar graph of the morphometric data for the iliac-femoral
(Panel A) and aortic arch (Panel B) lesions in the regression study.
Data are expressed as the mean9S.E.M. RAM11(+ ) monocyte–
macrophage area 
 and total lesion area 
. Value in parenthesis
represents the monocyte–macrophage/lesion ratio. No significant dif-
ference in monocyte–macrophage or lesion area were noted at PB
0.05; however, at PB0.10 PD146176 significantly decreased lesion
area.
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Fig. 9. Photomicrographs of the 15-LO staining patterns within the iliac-femoral artery. Panel A: note the focal 15-LO(+ ) endothelial cells and
monocyte-like cells which are stained blue-black (arrow) while the foamy appearing monocyte–macrophages (*) are 15-LO(− ). Panel B: note the
15-LO(+ ) monocytic cells located in superficial regions of the intima and adventitital fibroblasts which appear stained blue-black (arrow).
RAM11(+ ) monocyte–macrophages are red as are 15-LO(− ). Avidin–biotin-peroxidase staining procedure using Vector Red and BCIP/NBT
(5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium) as chromogenic substrate to generate the red and blue-black reaction products,
respectively. ×100; bar=100 mm.

[15,41], stereospecific products of the 15-LO enzyme
[17], 15-LO mRNA and epitopes of oxidized LDL with
macrophage-rich areas of atherosclerotic lesions [19].
Although the data are circumstantial, the published
findings implicate 15-LO and/or 15-LO products in the
disease process by presumably seeding the oxidation of
lipoproteins retained in the vessel wall.

If 15-LO and/or 15-LO products are primarily in-
volved in the initiation of lipoprotein oxidation, one
might suspect that inhibitors of 15-LO would only
prevent the development of atherosclerotic lesions when
administered coincident with hypercholesterolemia. In
addition to reducing the iliac-femoral monocyte–
macrophage area in the progression study, PD146176
decreased the formation and macrophage enrichment of
atherosclerotic lesions when administered to animals
with pre-established lesions and after an extended pe-
riod of hypercholesterolemia, i.e. 15 weeks, as noted in
the regression study. One might suspect that the seeding
reactions required for lipoprotein modification would
have occurred during the 15-week lesion induction
phase and further oxidative modification during the
drug treatment phase may be of a nonenzymatic origin.
Such an hypothesis is consistent with the work of Kuhn
et al., who have shown that the ratio of S- to R-isomers
of 13-hydroxy-9Z,11E-octadecadienoic acid (13-
HODE) was 7:3 at 12 weeks of cholesterol feeding
while at later time points the pattern of oxygenated
products lacked chiral specificity for the enzyme pro-
duced S-enantiomer [15].

Inhibition of lipoprotein oxidation by the 15-lipoxy-
genase inhibitor, PD146176, is one explanation for the
results of this study; however, the magnitude and types

of lesion changes is inconsistent with the activity of
general antioxidants. We have previously shown in a
similar animal model of atherosclerosis that probucol, a
lipid-lowering agent with antioxidant properties and
systemically bioavailable, decreased the cholesteryl ester
enrichment of the thoracic aorta but had no effect on
the extent, cross-sectional area or monocyte–
macrophage content of atherosclerotic lesions despite a
41% reduction in plasma cholesterol concentration [11].
In another study, combination of vitamins E and C
reduced the cholesteryl ester content and extent of
atherosclerosis in the thoracic aorta by 42–46% but like
probucol had no effect on the more complex iliac-
femoral lesion [11]. Other investigators have shown that
combination of vitamins E and A can blunt thoracic
aortic cholesteryl ester enrichment [42] while others
have reported that vitamin E had no effect on the
development of balloon injury-induced atherosclerotic
lesions [43]. Another antioxidant, butylated hydroxy-
toluene (BHT), has been shown to decrease the extent
of dietary cholesterol-induced thoracic aortic
atherosclerosis [44]. The published data indicate that
general antioxidants have some antiatherosclerotic ac-
tivity; however, the variability of the results, the prefer-
ential effect on foam cell enriched lesions and the
marginal antiatherosclerotic activity of probucol in the
presence of plasma cholesterol lowering suggests that
PD146176 may have a more direct effect on the biology
of the vascular cells.

Consistent with the hypothesis that PD146176 may
have a direct affect on monocyte–macrophage accumu-
lation in the intima is the observation that 15-LO
staining is associated with specific cell types within the
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atherosclerotic lesion. Focal areas of endothelial cells,
subendothelial, RAM11(− ), small, very basophilic
cells and adventitial fibroblasts stain positively for 15-
LO while intimal or medial smooth muscle cells or
deep-intimal macrophage staining is absent. The ob-
served 15-LO staining pattern is similar to that of other
investigators who evaluated 15-LO mRNA and antigen
distribution [15,17,41] except that we did not observe
the abundant intimal macrophage staining. The appar-
ent differences in macrophage immunostaining pattern
may relate to differences in antibody preparations. It is
possible that the antibody used in the current investiga-
tion recognizes an epitope of 15-LO which is either
masked or destroyed in areas of macrophage enrich-
ment and this might account for the disparity. The
rabbit model of atherosclerosis in which a chronic
endothelial injury is combined with diet-induced hyper-
cholesterolemia is another difference between the cur-
rent and previous studies. However, a staining pattern
similar to that noted here was seen in aortic arch
lesions of rabbits fed the cholesterol/fat diet without
chronic endothelial denudation (unpublished data,
1996). Despite the disparity, the most intriguing finding
is the consistent subendothelial localization of 15-
LO(+ ), RAM11(− ), small basophilic cells and focal
endothelial 15-LO(+ ) cells.

Direct inhibition of 15-LO by PD146176 within the
vessel has not been shown; however, plasma drug con-
centrations of up to 214 ng/ml which approximates the
Ki of 197 ng/ml and is one-half the IC50 against rabbit
reticulocyte 15-LO have been achieved in both experi-
ments. As noted above, 15-LO protein [17], mRNA
[14–18] and stereospecific enzyme products [15,16] have
been found in atherosclerotic lesions. Based on the
pharmacokinetic data and the localization of 15-LO in
the vessel, one can conclude that there is evidence to
indicate that the antiatherosclerotic activity of
PD146176 may be mediated through inhibition of 15-
LO. Evidence supporting direct inhibition of 15-LO
within the arterial wall as a mechanism for the observed
antiatherosclerotic activity is difficult to obtain due to
the nature of the oxidation process. For instance, it is
presumed that the lipid hydroperoxides generated by
the 15-LO reaction initiates a series of pro-oxidant
events which modify vessel wall retained lipoproteins.
Kuhn et al. [15] has observed that after protracted
cholesterol feeding stereospecific products of 15-LO
cannot be identified. The absence of chiral 15-LO prod-
ucts in organic extracts of atherosclerotic vessels taken
after 12 and 23 weeks of cholesterol feeding is expected
and would not provide any further evidence for the
direct involvement of PD146176. In addition, we at-
tempted to isolate tracheal epithelial cells from control
and PD146176-treated animals as a potential ex vivo
surrogate of in vivo 15-LO inhibitory activity. Tracheal
epithelial cell 15-LO activity was unaffected in the

treated animals (Welch, unpublished data, 1997). The
lack of activity is not surprising given the observation
that PD146176 appears to be a reversible inhibitor of
15-LO which can be washed out of cells following a 40
min incubation without drug. The data although cir-
cumstantial indicates that PD146176 through inhibition
of 15-LO may limit the macrophage enrichment of
atherosclerotic lesions; however, in vivo proof of direct
inhibition of arterial 15-LO requires additional scien-
tific investigation.

In contrast to our hypothesis that inhibition of 15-
LO may be antiatherosclerotic, a recent study by Shen
et al. [45] indicates that specific expression of 15-LO in
monocyte–macrophages may be atherosclerosis-protec-
tive in hypercholesterolemic rabbits. Based on the histo-
logic data noted above, minimal staining was seen in
monocyte–macrophages of atherosclerotic lesions while
endothelial cells stained consistently with antibodies to
15-LO. Further evidence which suggests that endothe-
lial cell expression of 15-LO may be pro-atherogenic
can be found in a recent abstract by Harat et al. [46].
Overexpression of 15-LO in the endothelium of mice
lacking the LDL receptor promotes atherosclerotic le-
sion formation [46]. Although one cannot rule out the
atheroprotective effect of specific monocyte expression
of 15-LO in hypercholesterolemic transgenic rabbits, it
would appear that inhibition of 15-LO is an-
tiatherosclerotic in classical models of diet- and en-
dothelial injury-induced atherosclerosis. One can
speculate as to the reasons for the disparity but it is
apparent that a major difference between the animal
models relates to the cell type specific expression of
15-LO. One might conclude that hypercholesterolemia-
induced endothelial expression of 15-LO stimulates a
cascade of events which promotes monocyte–
macrophage accumulation in the arterial wall while the
artificial overexpression of 15-LO in monocytes may
change the cell phenotype and limit atherosclerotic
lesion development.

Based on the histologic data, one might speculate
that 15-LO may be involved in the adhesion and dia-
pedesis of monocytes into the intima and that inhibi-
tion of 15-LO would specifically prevent the
accumulation of intimal monocyte–macrophages. This
speculation is based upon the observations that adhe-
sion molecules and 15-LO may have common regula-
tory cytokines and that both overexpression and
products of the 15-LO enzyme can regulate adhesion
molecules and monocyte migration. The adhesion
molecule, VCAM-1, has been shown to be involved in
monocyte adhesion to vascular endothelial cells [47]
and to be regulated by IL-4 and IFN-g [23] which are
two cytokines shown to be potent regulators of mono-
cyte 15-LO expression [48]. In addition, transient over-
expression of 15-LO in endothelial cells has been shown
to enhance TNF-induced VCAM-1 expression [24]. Sul-
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tana et al. [49] have also shown that products of 15-LO
i.e. 15(S)-hydroperoxy-5,8,11,13-eicosa-tetraenoic acid
(15[S ]-HPETE), at nM concentrations not only increase
adhesion molecule expression but also increase
transendothelial migration of HL-60 monocytic cells.
Given the colocalization of 15-LO staining on endothe-
lial cells and subendothelial 15-LO(+ ), RAM11(− ),
small basophilic cells, the fact that IL-4 and IFN-g both
stimulate VCAM-1 and 15-LO expression, the recent
observation that 15-LO products increase monocyte
adhesion and migration and the presence of plasma
drug concentrations sufficient to inhibit 15-LO, one
might propose that inhibition of 15-LO by PD146176
reduced a common regulator of adhesion and immune/
inflammatory reactions associated with atherosclerosis.
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