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Benzo[a]pyrene (B[a]P) is a polycyclic aromatic hydro-
carbon with atherogenic and carcinogenic properties.
The role of B[a]P in carcinogenesis is well established,
and thought to exert via enzymatic activation into
reactive metabolites that are capable of binding to the
DNA leading to uncontrolled proliferation. However,
the mechanism underlying the atherogenic proper-
ties of B[a]P is still unclear. Therefore, the effects of
chronic B[a]P exposure on atherosclerotic plaque de-
velopment in apolipoprotein E knockout (apoE-KO)
mice were studied. ApoE-KO mice were orally treated
with 5 mg/kg/bw B[a]P once per week for 12 or 24
consecutive weeks. Levels of reactive B[a]P metabo-
lites in the arterial tree (from the aortic arch until the
iliac artery bifurcations) were high as shown by the
level of B[a]P DNA-binding products measured in DNA
isolated from the entire aorta (38.9 � 4.8 adducts/108

nucleotides). Analysis of atherosclerotic lesions in the
aortic arch showed no influence of B[a]P on location
or number of lesions. Moreover, no increased levels
of p53 nuclear protein accumulation or cell prolifer-
ation, as detected by immunohistochemistry, were
seen in the plaques of the B[a]P-exposed animals.
However, the effects of B[a]P on advanced lesions
were obvious: advanced plaques were larger and
more prone to lipid core development and plaque
layering at both 12 and 24 weeks (P < 0.05). In the
B[a]P-exposed animals advanced plaques contained
more T-lymphocytes and macrophages than in the
control animals at both end points (P < 0.05). These
data suggest that B[a]P does not initiate atherosclero-
sis in apoE-KO mice, but accelerates the progression
of atherosclerotic plaques via a local inflammatory
response. (Am J Pathol 2004, 164:101–108)

It is demonstrated that chemicals such as polycyclic
aromatic hydrocarbons (PAHs) play a role in both cancer
and cardiovascular diseases.1 PAHs, products of the
incomplete combustion of organic materials, are a large
group of structurally related lipophilic compounds with
two or more condensed benzene rings. They are abun-
dantly present in, for example, cigarette smoke and char-
coal-broiled and smoked foods. The general population
is exposed to PAHs on a daily basis, mainly via ingestion
of contaminated foods and inhalation of polluted air.2

Benzo[a]pyrene (B[a]P), a model PAH, is metabolized via
cytochrome P450s into reactive dihydrodiol epoxide de-
rivates, eg, B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE),
which are capable of binding covalently to the DNA.3 In
the carcinogenic process, formation of these so-called
BPDE-DNA adducts is considered to be a crucial initial
step leading to mutations and subsequently to uncon-
trolled cell growth and tumor formation.4 Although B[a]P
has been shown to influence atherosclerosis in animal
models,5 the exact underlying mechanism of chemical
atherogenesis is still not elucidated.

In the 1970s initial studies from Benditt and Benditt6

showed that human atherosclerotic plaques had a mono-
clonal origin. At the same time, the first animal experi-
ments proved the involvement of chemical carcinogens
in atherosclerotic plaque development.7 Finally, in 1986 it
was shown that DNA extracted from human coronary
artery plaques were capable of transforming NIH3T3
cells.8 These consecutive observations have lead to the
suggestion that atherosclerotic plaques are presumably
benign smooth muscle cell tumors that develop accord-
ing to an initiation-promotion-progression protocol. More
recently, animal studies have shown that the aorta is a
target for carcinogen-induced DNA damage.9 Similarly in
humans exposed to environmental carcinogens, arterial
DNA damage is high and related to atherogenic risk
factors.10–12 Moreover, several human studies showed
that DNA damage and repair seem to be associated with
atherosclerosis.13,14 However, although it is clear that

Accepted for publication September 17, 2003.

E. L. is a postdoctoral research fellow of the Dr. E. Dekker program of
the Dutch Heart Foundation (2000T041).

Address reprint requests to F. J. van Schooten, Department of Health Risk
Analysis and Toxicology, University of Maastricht, P.O. Box 616, 6200MD
Maastricht, The Netherlands. E-mail: f.vanschooten@grat.unimaas.nl.

American Journal of Pathology, Vol. 164, No. 1, January 2004

Copyright © American Society for Investigative Pathology

101



carcinogens cause substantial DNA damage in the vessel
wall and are able to promote atherosclerotic plaque growth,
carcinogen-induced initiation of new plaques has hardly
ever been observed. This suggests that the processes in-
volved in chemical carcinogenesis (ie, DNA damage, mu-
tagenesis, proliferation) cannot simply explain the mecha-
nisms underlying chemical atherogenesis. Still, research
into chemical atherogenesis has kept its focus mainly on
arterial DNA damage as an initiating step for subsequent
smooth muscle cell proliferation, akin a benign tumor.10,11

With the development of the apolipoprotein E-knockout
(apoE-KO) mouse, a transgenic animal model was cre-
ated in which diet-independent atherosclerotic lesions
develop that have striking similarities to the human dis-
ease.15 This model proved very useful in studying bio-
chemical and cellular events leading to several aspects
of atherosclerosis such as initiation, progression, growth
arrest, and regression.16 In the present study this mouse
model was applied to gain more knowledge on the ef-
fects of chronic B[a]P exposure on plaque formation and
differentiation. The specific aim of this study was to obtain
new insights in the pathways involved in chemical athero-
genesis. Therefore, rather than focusing only on DNA
damage and plaque area, extensive immunohistochem-
istry was used to explore differences in plaque pheno-
type and composition more closely.

Materials and Methods

Animal Treatment

Male apoE-KO mice were purchased from IFFA CREDO
S.A. (Charles River Co., Lyon, France) and fed a normal
mouse chow (SRM-A; Hope Farms, Woerden, the Neth-
erlands).

B[a]P (B1760; Sigma, St. Louis, MO, USA) was initially
dissolved in acetone and added to tricaprylin (103104;
ICN, Costa Mesa, CA, USA). Evaporation of acetone
resulted in a homogenous solution of 0.5 mg of B[a]P/ml
tricaprylin. At 5 weeks of age, animals (17.2 � 1.8 g) were
orally treated with 5 mg/kg/bw B[a]P or vehicle, after an
overnight fasting period. This procedure was repeated
once per week for 12 (n � 31) and 24 (n � 19) consec-
utive weeks. By weighing the animals weekly, growth was
monitored. To confirm that B[a]P was capable of inducing
vascular DNA damage before plaque formation, four
wild-type C57BL/6 mice were treated once orally with 25
mg/kg/bw B[a]P. Animals were killed after 4 days and
DNA adducts were measured by 32P-postlabeling.

Tissue Handling

On euthanasia, �0.5 ml of blood was drawn from the
inferior caval vein. The arterial tree was perfused in situ for
3 minutes with 0.9% NaCl containing 20% nitroprusside
(3 minutes) and subsequently with 1% phosphate-buff-
ered paraformaldehyde (pH 7.4; 3 minutes) via a catheter
in the left ventricular apex. The arterial tree was excised
and fixed overnight in 1% phosphate-buffered parafor-
maldehyde (pH 7.4). The aortic arch (including the bra-

chiocephalic trunk, left carotid artery, and left subclavian
artery), thoracic and abdominal aorta (TA and AA, re-
spectively) were longitudinally embedded in paraffin, and
subsequently serial 4-�m sections were cut. Pieces of
lung and liver tissue of all animals (n � 50) as well as the
entire aorta (aortic arch and the descending aorta until
the iliac artery bifurcations) of 22 animals from the 12-
week group (11 B[a]P versus 11 controls) were used for
DNA adduct measurement. Furthermore, �20 organs
were investigated macroscopically for abnormalities. He-
matoxylin and eosin (H&E)-stained sections of lung, liver,
and spleen were also microscopically evaluated.

Lipid Measurement

Lipid levels were measured using standard enzymatic
techniques, automated on the Cobas Fara centrifugal
analyzer (Hoffmann-La Roche, Basel, Switzerland). Total
plasma cholesterol and high-density lipoprotein were
measured using kit no. 0736635 and no. 543004 (Hoff-
mann-La Roche), total glycerol using kit no. 337-40A/337-
10B (Sigma) and free glycerol using kit no. 0148270
(Hoffmann-La Roche). Precipath (standardized serum)
was used as an internal standard. Low-density lipopro-
tein was calculated using the formula: low-density li-
poprotein cholesterol (mmol/L) � total cholesterol � (trig-
lycerides/2.2) � high-density lipoprotein cholesterol.

DNA Isolation and 32P-Postlabeling

DNA was isolated from lung, liver, and aorta using a
traditional phenol extraction procedure and dissolved in
2 mmol/L of Tris (2 mg/ml).17 Subsequently, 10 �g of DNA
was digested into nucleotide monophosphates and
treated with nuclease P1 for 40 minutes at 37°C. Then,
nucleotides were 5�-labeled with 32P using T4-polynucle-
otide kinase (5.0 U) for 30 minutes at 37°C. Radiolabeled
adduct nucleotide biphosphates were separated by chro-
matography on polyethyleneimine (PEI)-cellulose sheets
(Macherey Nagel, Düren, Germany) using solvents as de-
scribed previously.17 In each experiment, two standards of
[3H]BPDE-modified DNA with known modification levels (1
per 107, 108 nucleotides) were included. Adduct quantifi-
cation, by means of phosphor-imaging technology (Molec-
ular Dynamics, Sunnyvale, CA, USA), was performed by
calibrating toward the BPDE-DNA adduct standards.

Histological and Morphometrical Analysis

Of the aortic arch, the thoracic aorta, and the abdominal
aorta, four H&E-stained sections, each separated by 20
�m, were used for histological analysis. Lesions were
classified as initial or advanced based on the guidelines
given by the American Heart Association.18 The absence
or presence of a lipid core and the cell density (number
of cells per �m2) of the plaques were also determined.
For morphometrical analysis, four sections consecutive to
the H&E-stained sections, were stained according to
Lawson (a modified elastica von Giesson staining). Sirius
Red staining was performed for the detection of collagen.
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The relative collagen content was calculated by dividing the
Sirius Red-positive plaque area by the total plaque area.
Morphometrical parameters such as plaque area, lipid core
area, and plaque layering were measured using a comput-
erized morphometry system (Quantimet 570; Leica).19

Immunohistochemical Analysis

Several immunohistochemical markers (cell proliferation,
DNA repair, and apoptosis) generally used in cancer
biology were applied on aortic sections. Cell proliferation
was detected with the Zymed PCNA staining kit (Zymed
Laboratories Inc., San Francisco, CA, USA) and p53
nuclear protein accumulation by using the antibody CM5
(1:500; Novocastra Laboratories Ltd., Newcastle-upon-
Tyne, UK). terminal dUTP nick-end labeling staining (us-
ing the ApopTag kit; Oncor, Gaithersburg, MD, USA) for
the detection of apoptotic cells was performed in the
laboratory of Dr. M. Kockx (Antwerp, Belgium).

Moreover, immunohistochemical techniques were ap-
plied to classify specific cell types in the atherosclerotic
plaques; smooth muscle cells were stained using an
�-smooth muscle actin antibody (ASMAFITC, 1:3000, Sigma
F-3777); T-cells were labeled with anti-CD3 (1:200, A0452;
DAKO, Glostrup, Denmark) and macrophages with Mac 3
(1:30; Pharmingen, San Jose, CA, USA). Factor VIII (1:2000;
Eurodiagnostics, Malmö, Sweden) was used for the detec-
tion of endothelial cells. Quantification of all immunohisto-
chemical stainings was performed by counting the respec-
tive positive stained cells per plaque divided by the total
number of cells in the plaque.

Statistical Analysis

Results are presented as mean � SEM. All plaque pa-
rameters as well as DNA adduct levels and plasma lipid
levels were compared by a nonparametric Mann-Whitney
U-test. P � 0.05 was considered statistically significant.
Two independent observers who were blinded for the
exposure treatment performed the analyses. Inter- and
intra-observer variation was �10%.

Results

General

Treatment with B[a]P resulted in growth retardation of the
mice at both 12 and 24 weeks (P � 0.01, n � 31, and P �
0.01, n � 19, respectively; Table 1). Macroscopic and
microscopic evaluations of internal organs showed no
tumor development or signs of inflammation in B[a]P-
exposed and control mice (data not shown).

Plasma Cholesterol and Glycerol Levels

B[a]P treatment did not affect total glycerol, high-density
lipoprotein cholesterol, and free glycerol levels at both
time points (Table 1). The influence of B[a]P on total
cholesterol and low-density lipoprotein cholesterol was
not consistent: total cholesterol and concomitant low-
density lipoprotein cholesterol levels were raised after 12
weeks of B[a]P exposure (P � 0.05 versus control), but
lowered after 24 weeks of B[a]P exposure (P � 0.05
versus controls). Total glycerol levels increased with age
regardless of B[a]P treatment.

DNA Adducts

In aorta, lung, and liver of the B[a]P-exposed animals the
predominant adduct spot co-migrated with the BPDE-
DNA-adduct standard (Figure 1). In lung and liver minor
additional adduct spots were observed. DNA adduct
quantification was performed based on the major adduct
spot that co-migrated with the BPDE-DNA-adduct stan-
dards. Inclusion of the minor additional adduct spots did
not change the results significantly. After 12 weeks of
exposure, adduct levels were ranked aorta � lung � liver
(Table 1). At 24 weeks, no DNA adducts were measured
in the aorta because all aortic segments were used for
histological purposes. However, DNA adduct levels were
determined in lung and liver and were comparable with
the adduct levels found after 12 weeks of exposure. In the
pilot study in which wild-type C57BL6 mice were treated

Table 1. Weight Gain, DNA Adducts, and Lipoprotein Levels

12 weeks 24 weeks

Control B[a]P Control B[a]P

Weight gain (g) (n � 15) (n � 16) (n � 9) (n � 10)
11.3 � 0.6 9.8 � 0.6† 13.9 � 0.3 10.7 � 0.4†

DNA adducts (per 108 nucleotides) (n � 15) (n � 16) (n � 9) (n � 10)
Aorta �0.01� 34.6 � 2.8‡ �0.01 —*
Lung �0.01 15.8 � 1.6‡ �0.01 16.1 � 1.0‡

Liver �0.01 5.2 � 0.3‡ �0.01 5.5 � 0.5
Lipoprotein levels (mmol/L) (n � 9) (n � 9) (n � 9) (n � 8)

Total cholesterol 9.5 � 0.7¶ 11.3 � 0.6*‡§ 11.4 � 0.5 9.5 � 0.5†§

Total glycerol 0.8 � 0.04¶ 0.7 � 0.06§ 1.4 � 0.1 1.5 � 0.08
HDL cholesterol 0.2 � 0.06 0.2 � 0.01 0.3 � 0.03 0.1 � 0.03
Free glycerol 0.4 � 0.02 0.3 � 0.02 0.3 � 0.06 0.2 � 0.05
LDL cholesterol 9.0 � 0.7¶ 10.9 � 0.6‡§ 10.6 � 0.5 8.8 � 0.5‡

Values are mean � SEM.
*No arterial tissue available for DNA-adduct measurement.
†P � 0.01 versus control group; ‡P � 0.05 versus control group; §P � 0.05 versus B[a]P group 24 weeks; ¶P � 0.05 versus control 24 weeks; �n �

11.
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acutely with B[a]P, DNA adduct distribution was compa-
rable to the 12 and 24 weeks study in ApoE-KO mouse.
High adduct levels were found in aorta (16.0 � 1.1 ad-
ducts/108 nucleotides) and lung (14.5 � 0.8 adducts/108

nucleotides) and lower levels were found in the liver
(6.0 � 0.6 adducts/108 nucleotides).

Plaque Characteristics

Plaque Burden

After 12 weeks, 24 lesions in the aortic arch of B[a]P
mice (n � 5) and 14 lesions in controls (n � 4) were
analyzed. After 24 weeks, analysis included 45 lesions in
the aortic arch of B[a]P-treated mice (n � 10) and 41
lesions of the control group (n � 9). In both B[a]P-ex-
posed and control animals lesions were mainly present in
the inner curve of the aortic arch and its main branch
points the brachiocephalic trunk, the left common carotid
artery, and left subclavian artery (Figure 2, a and b). After
12 weeks, all mice had developed mild atherosclerosis
with predominantly initial lesions, but after 24 weeks all
animals exhibited severe atherosclerosis characterized
by a high number of advanced lesions and large lesion
areas. There were no differences in location and number
of lesions per arch between groups at both time points
(Figure 3a). Initial lesion area per arch was significantly
smaller than the advanced lesion area within B[a]P and
control animals (Figure 3b; P � 0.01). Advanced lesions
occupied a significantly larger area per aortic arch in
B[a]P animals than in controls at both end points (P �
0.05; Figure 3b).

Plaque Initiation

Because TA and AA are less sensitive to spontaneous
plaque development, we used them to further investigate

whether B[a]P treatment had any effect on plaque initia-
tion. At 12 weeks, TA and AA showed no or few plaques
and were not further used for analysis. At 24 weeks a total
of 42 initial lesions in the TA of the B[a]P group and 35
initial lesions in the controls were analyzed. In the AA a
total of 42 and 35 initial lesions were analyzed, respec-
tively. Both TA and AA showed no significant differences
between B[a]P and control animals in the mean number
of initial lesions (4.2 � 0.8 versus 4.8 � 0.6 and 4.2 � 0.8
versus 5.8 � 0.7, respectively) or the mean initial lesion
size (59,784 � 16,711 �m2 versus 124,895 � 49,996 �m2

and 122,368 � 35,687 �m2 versus 152,676 � 48,039
�m2, respectively), indicating no effects of B[a]P treat-
ment on initiation of lesions.

P53, Proliferation, and Apoptosis

Because B[a]P is a carcinogen capable of inducing
and promoting tumor formation, we were interested in its
effect on the p53 protein, a very important cell-cycle
regulatory protein. Very low staining of p53 nuclear pro-
tein was observed in the normal vessel wall (� 2%). In the
plaques, however, percentages of cells positive for the
p53 nuclear protein staining were high (69.9 � 3.1%), but
these levels were not further induced by the 24 weeks of
B[a]P treatment (68.2 � 3.2%). Moreover, B[a]P expo-
sure did not result in enhanced proliferation as measured
by the number of PCNA-positive cells in both initial and
advanced plaques after 24 weeks (1.9 � 0.8% versus
3.9 � 2.0% and 4.0 � 0.7% versus 2.7 � 0.6%). Finally,
the number of terminal dUTP nick-end labeling positive
cells in plaques of the B[a]P-exposed animals was not
significantly raised after 24 weeks (1.25 � 0.17% versus
0.74 � 0.12%; P � 0.13).

Figure 1. DNA adduct profiles in apoE-knockout mice after 12 weeks of chronic B[a]P exposure. Top row: Chromatograms of aorta, lung, and liver (a, b, and
c, respectively) of control animals. Bottom row: Results of aorta, lung, and liver (e, f, and g, respectively) of B[a]P-exposed animals. d and h: MQ sample and
a BPDE-DNA adduct standard (1 adduct per 107 nucleotides), respectively. Differences in chromatography are because of interassay variations. In the B[a]P-treated
mice a clear DNA adduct spot was found that migrated at the same position as the BPDE-DNA adduct standard (as indicated by the circles). Additional spots
were not used for quantification purposes.
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Plaque Phenotype

To investigate the effects of B[a]P exposure on plaque
formation, we studied atherosclerotic plaque composition in
more depth. After 24 weeks of exposure, advanced lesions
in B[a]P-treated animals exhibited more often plaque layer-
ing than advanced lesions of the control group (Figure 2, e
and f; 30 of 36 lesions versus 13 of 30 lesions, respectively).
The cell density of these layers, which consisted mainly of
macrophages, was significantly higher in the B[a]P-ex-
posed animals (P � 0.05; Figure 3c). Furthermore, in the
B[a]P-exposed group advanced lesions were more prone
to lipid core development (P � 0.05; Figure 3d). Both lipid
core area and layering area did not differ between B[a]P

and control animals (lipid core, 20.0% versus 21.3%; layers,
19.3% versus 21.9%, respectively). Total cell density of ini-
tial and advanced lesions was not influenced by B[a]P
exposure at 12 and 24 weeks (data not shown).

T-lymphocyte content, measured as the number of CD3-
positive cells, was higher in lesions of the B[a]P-treated
animals at both time points compared to the control animals
(Figure 2, c and d). Analysis of lesions in TA and AA showed
no difference in T-lymphocyte content between plaques of
exposed and control animals (3.0 � 0.8% versus 2.1 �
0.5% and 1.9 � 0.5% versus 1.7 � 0.5%; Figure 3e). Initial
atherosclerotic lesions showed no differences in macro-
phage content, but a significant increase in macrophages

Figure 2. Representative longitudinal sections of the aortic arch of a B[a]P mouse (a) and a control apoE-KO mouse (b) after 24 weeks of exposure.
Atherosclerotic plaques of the B[a]P animals contained more CD3-positive cells than plaques of the controls (c versus d). As highlighted by the boxes, advanced
plaques of the B[a]P-exposed mice were more often marked by the presence of plaque layers (e) than advanced plaques of the control mice (f).
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was seen in advanced atherosclerotic lesions of the B[a]P
groups at both 12 and 24 weeks (P � 0.05; Figure 3f).

Levels of collagen in initial and advanced lesions were
not changed on B[a]P treatment (12 weeks, 4.2 � 2.8%
versus 4.1 � 2.1% and 29.4 � 4.7% versus 34.5 � 1.0%;
24 weeks, 13.3 � 4.8% versus 16.3 � 9.4% and 38.1 �
2.2% versus 37.5 � 2.3%, respectively).

Finally, no differences were observed in �-smooth
muscle actin-positive SMCs in initial and advanced le-
sions of B[a]P and control animals after 12 (2.1 � 1.7%
versus 2.3 � 2.3% and 7.7 � 2.2% versus 8.8 � 0.1%)
and 24 weeks (8.2 � 3.9% versus 2.8 � 1.6% and 7.4 �
1.5% versus 6.0 � 1.0%).

Discussion

The present study has focused on atherosclerotic plaque
morphology and phenotype after chronic B[a]P exposure
using genetic identically apoE-KO mice. First, we con-
firmed that B[a]P causes very high levels of DNA damage
in the vessel wall. Because these levels were even higher
than in lung, which is the normal target organ, this indi-
cates that the vessel wall is extra vulnerable for this
chemical. Furthermore, we showed that the observed
effects of B[a]P on the atherosclerotic plaques could not
be because of the induction of plasma lipids, because
there was no consistent effect of B[a]P on these levels. In
B[a]P-treated ApoE�/� mice larger advanced plaque
development was observed. These plaques were more

prone to lipid core development and high cell-densed
plaque layering. Interestingly, B[a]P treatment did not
result in the induction of p53 nuclear protein or prolifera-
tion, but in a higher plaque macrophage and T-lympho-
cyte content, whereas no signs of systemic inflammation
were present in spleen or liver. This suggests a local,
plaque-specific, inflammatory response.

The effects of chemicals on atherogenesis were stud-
ied as early as the 1970s when Albert and colleagues20

demonstrated that chronic exposure to the PAH 7,12-
dimethylbenz(a)anthracene (DMBA) resulted in large, fo-
cal, fibromuscular lesions in the abdominal aorta of chick-
ens. They showed not only an increased induction, but
also larger lesions in the carcinogen-treated animals as
compared to the controls. Although later studies con-
firmed the dose-dependent increase of the plaque size,
no further studies have described the induction of new
plaques.21–23 Our data also show an increase in lesion
size but not in number of lesions. Another observation
from our study was that carcinogen exposure did not alter
the location of the lesions, which is in line with observa-
tions from others.21,23 The fact that B[a]P increased le-
sion size, but had no influence on the number and the
location of the lesions, leads to the suggestion that this
environmental carcinogen accelerates the process of
atherosclerosis, rather than initiating it.

The main route of PAH exposure is via dietary intake of
contaminated foodstuffs. For example, the B[a]P content of
charcoal-broiled and smoked foods has been reported to

Figure 3. Plaque characteristics of the apoE-KO mice after 12 and 24 weeks of B[a]P exposure. a: Number of lesions per aortic arch; b: mean plaque area; c:
cell density of the plaque layers; d: number of lesions with a lipid core; e: T-lymphocyte content; f: macrophage content. *, P � 0.05.
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be as high as 50 �g/kg. Furthermore, PAHs are detected in
a wide range of fresh meat, fish, vegetables, and fruits; high
levels were found in leafy green vegetables as a result of the
deposition from the PAH-polluted atmosphere.24 A Dutch
total diet study calculated that the daily PAH intake ranged
up to 1.4 �g/kg.25 Specific groups that are more frequently
exposed to PAH via inhalation are cigarette smokers and
workers in industries that produce as asphalt, steel, and
aluminum. Epidemiological studies showed that smokers
and workers in PAH-producing industries are at increased
risk for cardiovascular disease.26 Actually, several cross-
sectional studies have shown a relationship between both
active and passive smoking and carotid artery atheroscle-
rosis.27,28

It is suggested that B[a]P is transported through the
blood via lipoproteins and may therefore preferentially be
delivered to the arterial wall.29 Metabolites of carcino-
gens such as B[a]P are able to covalently bind to the
DNA. These BPDE-DNA adducts can lead to the forma-
tion of mutations that can subsequently result in uncon-
trolled cell growth and possibly cancer.3 In humans,
BPDE-DNA adducts have been detected in aorta by both
32P-postlabeling as well as by specific fluorimetric as-
says.10 Moreover, several animal studies have shown
that independently of the exposure route, PAHs lead to
very high adduct levels in lung and heart but also in
aorta.9,30 In our study, B[a]P exposure resulted in DNA
damage, which was most pronounced in the aorta. After
24 weeks of exposure, DNA-adduct levels in aorta, lung,
and liver showed no increase compared to 12 weeks of
exposure, which suggests that adduct levels had
reached steady-state levels. Because the DNA adducts
were similarly distributed in wild-type C57BL6 mouse
acutely exposed to B[a]P and the chronically exposed
atherosclerotic apoE-KO mouse, B[a]P-induced DNA
damage proved not to be specific for the atherosclerotic
vessel nor the result of metabolic changes associated
with the diseased vessel wall. It can therefore be con-
cluded that arterial DNA damage precedes plaque for-
mation. The lung, which is considered to be a target
organ for B[a]P-induced carcinogenicity, showed adduct
levels 50% lower than those in the aorta. Comparable
results were seen in smokers, having the highest DNA
damage in organs such as heart and aorta.4

Although the pathophysiological mechanism of chem-
ical atherogenesis is unknown, several theories have
been postulated. One of the theories is the monoclonal
hypothesis.6 Benditt and Benditt6 suggested that a so-
matic mutational event in a single smooth muscle cell
gives a proliferative advantage that initiates the athero-
sclerotic process. Studies from Bond and colleagues21

showed that proliferation rates of medial and lesion cells
were mainly because of increasing body weight because
of maturing, whereas varying duration of exposure to the
carcinogenic PAH DMBA in cockerels had no effect. On
the other hand, Batastini and Penn23 described that
DMBA enhanced proliferation of plaque cells, beyond
levels normally seen in plaques. This enhanced prolifer-
ation was seen in pre-existing lesions, suggesting that
chemical carcinogens act as promotors of plaque devel-
opment rather than as initiators. In parallel, in our study

proliferation levels in the atherosclerotic plaque were not
raised on B[a]P exposure, thereby suggesting that the
monoclonal theory does not explain the mechanism of
chemical atherogenesis. Furthermore, we did not ob-
serve any differences in the levels of p53 nuclear protein
in plaques of B[a]P-exposed and control animals. Data
from a human study also suggested that p53 was not
involved in atherogenesis.31 However, in this study p53
nuclear staining was not measured in the atherosclerotic
plaque but in the medium layer underlying the plaque.
Elevated levels of p53 lead to anti-proliferative and pro-
apoptotic responses.32 Although it is suggested that the
absence of p53 accelerates atherosclerosis by causing
increased proliferation, the effect of p53 on apoptosis in
the atherosclerotic plaque is less clear. For instance, van
Vlijmen and colleagues32 showed that p53 deficiency
resulted in a slight decrease in apoptosis, whereas Gue-
vara and colleagues33 reported a nonsignificant increase
suggesting that apoptosis could be p53-independent. In
our study levels of apoptosis were slightly higher in
B[a]P-exposed animals without differences in levels of
p53. Although B[a]P is known to induce p53, one might
speculate that the already elevated p53 levels in the
atherosclerotic lesions might have masked a stimulatory
effect of B[a]P.

The current view on atherosclerosis postulates that
atherosclerosis is a chronic inflammatory process.34 It
states that the process of atherosclerosis begins as an
inflammatory response in the arterial wall as a response
to the accumulation of toxic products.35 Interestingly,
B[a]P is not only known because of its mutagenic and
carcinogenic capacity, but also because of its immuno-
modulating effects.36 For example, B[a]P is capable of
oxidizing low-density lipoprotein, which has proven to be
a trigger for an inflammatory response.37,38 Furthermore,
in rodents it is shown that B[a]P suppresses T-cell-de-
pendent antibody formation.39 In vitro studies have sug-
gested that BPDE might be the ultimate immunotoxic
B[a]P metabolite, because inhibition of the aryl hydrocar-
bon (Ah)-receptor, necessary for the metabolism of B[a]P
to BPDE, inhibited this suppression.36 In our study, we
proved BPDE levels to be high in the arterial wall, which
is accompanied by increased T-lymphocyte levels in
both initial and advanced plaques of B[a]P-exposed
mice. Furthermore, advanced lesions of the B[a]P ani-
mals contained a higher macrophage content and were
more prone to develop lipid cores. Although detailed
studies are necessary to further dissect the molecular
pathway of immunomodulation by B[a]P on plaque for-
mation, it seems that an inflammatory response plays an
important role in chemical atherogenesis.

In conclusion, in the present study we showed that
B[a]P was a potent promotor of the atherosclerotic pro-
cess although no signs of initiation of new plaques could
be observed. Although substantial aortic DNA damage
was caused by B[a]P, this was not accompanied by
increased levels of proliferation or p53 accumulation in
the plaques. Importantly however, our data demonstrated
B[a]P-related changes in plaque phenotype illustrated by
an increased plaque layering and number of lipid cores,
but mostly by the increased levels of inflammatory cells in
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the atherosclerotic plaques after B[a]P exposure. This
suggests that B[a]P-related progression of atherosclero-
sis involves a local inflammatory response.
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