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Reactive oxygen species (ROS), possibly produced during
the metabolic conversion of benzo(a)pyrene (B[a]P), could
be involved in B[a]P-induced genotoxicity and, eventually,
carcinogenicity. Therefore, ROS formation by rat lung and
liver microsomes was studied in vitro by electron spin
resonance (ESR/EPR) spectrometry. B[a]P-mediated gene-
ration of ROS was detected in incubations with rat lung,
but not with liver microsomes. Inhibition of cytochrome
P450 (CYP450) by the non isoform-specific inhibitor SKF-
525A resulted in a complete inhibition of B[a]P-dependent
ROS formation, whereas ROS formation was not affected
by inhibition of prostaglandin H synthase by indo-
methacin. Subsequently, bulky DNA adduct formation
and 8-oxo-dG levels after a single oral dose of B[a]P were
examined in vivo in rat lung and liver, in combination with
urinary excretion of 8-oxodG. B[a]P exposure resulted in
increased urinary 8-oxo-dG levels. On the contrary,
8-oxo-dG levels decreased in liver and lung after B[a]P
exposure. Bulky DNA adducts reached higher levels and
were more persistent in rat lung than in liver. These results
indicate that ROS are generated during the CYP450
dependent metabolism of B[a]P, particularly in the rat
lung, but this does not necessarily result in increased levels
of oxidative DNA damage in vivo, possibly by induction of
DNA repair mechanisms.
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Abbreviations: B[a]P, benzo(a)pyrene; CYP450, cytochrome P450;
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INTRODUCTION

Benzo[a]pyrene (B[a]P) is a well studied polycyclic
aromatic hydrocarbon (PAH), which is known to be
metabolized by cytochrome P450 (CYP450) to certain
reactive diol-epoxides that can interact with DNA.[1]

However, other metabolic routes have been
described, which might be of biological relevance.
For instance, B[a]P may be metabolized by the
peroxidative activity of CYP450 or other enzymes
(e.g. prostaglandin H synthase) via a one-electron
oxidation pathway to a B[a]P-radical cation[2] that
may covalently bind to DNA.[3] Additionally, B[a]P
radical-cations are thought to be precursors for the
labile phenol, 6-OH-B[a]P.[4] Auto-oxidation of this
derivative may ultimately result in the formation of
B[a]P quinones. B[a]P quinones are almost invariably
found after metabolism of B[a]P, sometimes account-
ing for more than 50% of the total metabolic yield.[5]

The B[a]P quinones formed are 6,12-, 1,6- and 3,6-
B[a]P dione, which can undergo redox-cycling to
their corresponding B[a]P diols and so may produce
superoxide[6] (ROS) (Fig. 1) that can be converted
into the more reactive hydroxyl radicals via the
Haber–Weiss reaction. In particular, hydroxyl free
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radicals preferentially reacts with guanine, exhibi-
ting the lowest ionization potential among nucleic
acid components, and may subsequently give rise to
oxidative DNA damage including its main product
7-hydro-8-oxo-20-deoxyguanosine (8-oxo-dG).[7 – 9]

Although it is generally accepted that exposure to
B[a]P may lead to ROS and subsequently 8-oxo-dG
formation, only few in vivo studies have actually
addressed this issue. In fact, some recent studies
from our group as well as from others showed that in
lympho- or leucocytes of humans exposed to PAH’s,
a reduction of 8-oxo-dG levels were found.[10 – 12] It
was therefore, the aim of this study to further
investigate the impact of in vitro and in vivo B[a]P
exposure on parameters of (oxidative) DNA damage.
In vitro, utilizing rat liver and lung microsomal
activation, B[a]P metabolism-dependent formation
of oxygen free radical formation was detected by
electron spin resonance (ESR or EPR) spectrometry.
Also, after oral administration of a single dose of
B[a]P to rats, in vivo formation of bulky DNA
adducts and 8-oxo-dG formation in liver and lung
were followed over time.

MATERIALS AND METHODS

Materials

Glass capillaries (100ml) were purchased from Brand
AG (Wertheim, Germany). NADP and Glucose-
6-phosphate were obtained from Boehringer
Mannheim (Mannheim, Germany). Glucose-6-phos-
phate dehydrogenase was from Roche (Mannheim,
Germany). All other chemicals, including spin traps,
were from Sigma (St Louis, MO). Solutions of
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in
nitrogen-flushed Milli-Q water were further purified
by charcoal treatment. Stock concentrations of

DMPO were determined spectrophotometrically by
using the extinction coefficient e ¼ 7700 M21 cm21 at
234 nm. S9 microsomal mixtures were prepared by
differential centrifugation using standard pro-
cedures,[13] from lung and liver of Lewis rats after
induction with phenobarbital/5,6-benzoflavone.

Electron Spin Resonance (ESR) Spectroscopy

ESR spectra were recorded at room temperature in
glass capillaries on a Bruker EMX 1273 spec-
trometer equipped with an ER 4119HS high
sensitivity cavity and 12 kW power supply oper-
ating at X band frequencies. The modulation
frequency of the spectrometer was 100 kHz. Instru-
mental conditions for the recorded spectra were as
follows: magnetic field, 3490 G; scan range, 60 G;
modulation amplitude, 1 G; receiver gain, 1 £ 105;

microwave frequency, 9.85 GHz; power, 50 mW;
time constant, 40.96 ms; scan time, 20.97 s; number
of scans, 50. Radical formation was followed by
performing incubations in duplicate with 10mM
B[a]P in Tris-buffer (40 mM, pH 8.0), 2 mM MgCl2,
100 mM spin trap, either 4.0 or 0.8 mg/ml rat liver
or rat lung microsomal fractions in the presence of a
NADPH-generating system containing 0.5 mM
NADP, 5 mM glucose-6-phosphate and 0.5 U
glucose-6-phosphate dehydrogenase for 1 h at
378C. In control experiments, B[a]P was replaced
by equal amounts of the vehicle DMSO or methanol
(1%). Where indicated, SKF-525A (1 mM), indo-
methacin (0.1 mM), mannitol (315 mM), superoxide
dismutase (SOD, 1000 U) or catalase (1000 U) were
added. Samples for ESR detection were taken from
the incubates at 0, 30 and 60 min after start of the
experiment. Quantitation of the spectra (in arbitrary
units) was performed by peak height measurements
using the WIN-EPR spectrum manipulation pro-
gram. The rate of radical formation was calculated
by performing linear regression of these data over
the 60 min time interval.

In Vivo Experiments by Exposure of Rats to B[a]P

Fifteen male Lewis rats (250–350 g bodyweight (bw))
were acutely exposed to a single dose of B[a]P (10 mg
B[a]P in tricapryline/kg bw) by oral administration.
Rats were housed individually in metabolic cages to
collect 24 h urine samples and they were provided
with food (diet no. RSM-A, Hope Farms, Woerden,
the Netherlands) and water ad libitum. Rats were
killed at 1, 2, 4, 11 and 21 days (3 rats per time-point)
after the treatment to study the time-course of
formation of 8-oxo-dG and B[a]P-DNA adducts.
Three control rats received vehicle only (tricapryline)
and were killed after 1, 2 and 4 days, respectively
after treatment. Liver, lung and heart tissue were
removed and frozen at 2208C until DNA isolation.

FIGURE 1 Mechanism for the formation of reactive oxygen
species (ROS) and 8-oxo-dG by redox-cycling of B[a]P-diones.
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Tissues were homogenized with a potter (1000 rpm)
in 1% SDS/1 mM EDTA and solutions thus obtained
were incubated overnight at 378C with 0.5 mg
Proteinase K. After the incubation period, DNA
was isolated, in the presence of 8-hydroxyquinoline
to prevent artificial 8-oxo-dG, by means of repetitive
extraction with phenol/chloroform/isoamyl alcohol
(25 : 24 : 1) and chloroform/isoamyl alcohol (24 : 1).
Subsequently, DNA was precipitated with two
volumes of 100% cold ethanol and 1/30 volume of
3 M sodium acetate (pH 5.3). Precipitated DNA was
rinsed with 70% ethanol, dissolved in 2 mM Tris (pH
7.4) and stored at 2208C until analysis. DNA
samples were analyzed for the presence of 8-oxo-
dG and B[a]P-DNA adducts by 32P-postlabeling as
described. Furthermore, 8-oxo-dG excretion in 24 h
urine was studied using a competitive ELISA
(obtained from the Japan Institute for the Control
of Aging, Fukuroi City, Japan)[14,15]. A standard
curve was used to calculate the level of 8-oxo-dG in
urine samples. Analysis of each sample was
performed in triplicate and the mean coefficient of
variation was 4:5 ^ 1:8%:

Determination of Oxidative DNA Damage
(8-oxo-dG)

HPLC-ECD analysis of 8-oxo-dG was done as
described earlier.[16] Briefly, after extraction, DNA
was digested into deoxyribonucleosides by treat-
ment with nuclease P1 [0.02 U/ml] and alkaline
phosphatase [0.014 U/ml]. The digest was then
injected into a Gynkotek 480 isocratic pump
(Gynkotek, Bremen, Germany) coupled with a
Midas injector (Spark Holland, Hendrik Ido
Ambacht, the Netherlands) and connected to a
Supelcosil TM LC-18S column ð250 £ 4:6 mmÞ

(Supelco Park, Bellefonte, PA) and an electrochemi-
cal detector (Antec, Leiden, the Netherlands). The
mobile phase consisted of 10% aqueous methanol
containing 94 mM KH2PO4, 13 mM K2HPO4, 26 mM
NaCl and 0.5 mM EDTA. Elution was performed at a
flow rate of 1.0 ml/min with a lower detection limit
of 40 fmol absolute for 8-oxo-dG, or 1.5 residues/106

20-deoxyguanosine (dG). dG was simultaneously
monitored at 260 nm.

Analysis of B[a]P-DNA Adducts
by 32P-postlabeling Assay

The 32P-postlabeling assay was performed as
described earlier.[17] Briefly, 10mg of DNA was
digested to deoxyribonucleoside 30-monophosphates
using calf spleen phosphodiesterase (2mg/ml) and
micrococcal endonuclease (0.25 U/ml). Half of the
digest was treated with NP1 (2.5 mg/ml) and
subsequently, labeled with [g-32P]-ATP in the
presence of T4-polynucleotide kinase. Radiolabeled

adducted nucleotide biphosphates were separated
by two-dimensional chromatography on polyethyl-
eneimine (PEI)-cellulose sheets (Macherey Nagel,
Düren, Germany) using the following solvent
systems: D1, 1 M NaH2PO4, pH 6.5; D2, 8.5 M Urea,
5.3 M Lithiumformate, pH 3.5; D3, 1.2 M
Lithiumchloride, 0.5 M Tris, 8.5 M Urea, pH 8.0,
and D4, 1.7 M NaH2PO4, pH 6.0. To ensure the
efficiency of NP1 treatment and ATP excess, an
aliquot of the digest was one-dimensionally
chromatographed on PEI-cellulose sheet (Merck,
Darmstadt, Germany) using a solvent system of
0.12 M NaH2PO4, pH 6.8. For quantification pur-
poses, two standards of [3H]BPDE modified
[1 adduct per 107 and 108 unmodified nucleotides]
were run parallel in all experiments. Quantification
was performed using a phosphor imager (Molecular
Dynamicse, Sunnyvale, CA). The detection limit
was estimated at 0.1 adduct per 108 nucleotides.
Nucleotides quantification was done by labeling the
remaining half of the digested DNA with [g-32P]-ATP
in the presence of T4-polynucleotide kinase, fol-
lowed by one-dimensional chromatography on PEI-
cellulose sheet using a solvent system of 0.12 M
NaH2PO4, pH 6.8. Results were expressed as
numbers of adducts per 105 nucleotides.

Statistics

Statistical significance between the intensities of spin
adducts, bulky DNA adduct and 8-oxo-dG levels
were calculated by performing the one-sided
Mann-Whitney U test. P values lesser than 0.05
were considered to be statistically relevant.

RESULTS

In Vitro Generation of Oxygen Free Radicals
by B[a]P

To explore oxygen radicals formation after rat lung
or liver microsomal activation of B[a]P, we made
use of ESR spectrometry in combination with spin
trapping techniques. At a protein concentration of
4 mg/ml, neither rat liver nor rat lung microsomal
B[a]P activation resulted in increased a-(1-oxy-4-
pyridyl)-N-tert-butylnitrone (POBN)-trapped rad-
ical formation (Fig. 2). However, when a lower
microsomal protein concentration was used
(i.e. 0.8 mg/ml), rat liver microsomes showed
higher radical formation that was significantly
decreased in the presence of B[a]P ðP ¼ 0:043Þ:
In contrast, in presence of rat lung microsomes
(0.8 or 2.0 mg/ml), B[a]P significantly (P ¼ 0:025 at
0.8 mg/ml) increased POBN-trapped free radical
formation. In experiments where the spin trap
POBN was replaced by DMPO, a six-line spectrum
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was detected (Fig. 3). The hyperfine splitting
constants in the DMPO (AN ¼ 16:2 G; AH ¼ 23:1 G)
and POBN (AN ¼ 15:9 G; AH ¼ 2:8 G) spin-trapped
free radical signal revealed that carbon-centered
radicals were formed, that most likely will be
derived from the reaction of DMSO with oxygen
radicals resulting in the formation of methyl
radicals. To prove that indeed oxygen radicals
were generated during activation of B[a]P by rat
lung microsomes, experiments were performed in
the presence of scavengers of ROS like mannitol,
superoxide dismutase and superoxide dismutase
in combination with catalase. For these experi-
ments, B[a]P was dissolved in methanol in order
to prevent a rapid reaction (scavenging) of oxygen
radicals with DMSO that would compete with

the possible inhibiting effect of scavengers for
ROS. All these scavengers inhibited POBN-trapped
radical formation (Table I). Furthermore, B[a]P
activation mediated ROS formation was almost
completely inhibited by the non isoform-specific
inhibitor of CYP450, SKF-525A[18] (Table II). No
influence on ROS formation was found in the case
where SKF-525A was replaced by indomethacin,
an inhibitor of prostaglandin H synthase activity.

Oxidative DNA Damage in Rats Exposed to B[a]P

In the control rats killed at day 1, 2 or 4, average
8-oxo-dG levels were respectively 1:5 ^ 0:3 per
105 dG in liver and 1:2 ^ 0:3 in lung DNA. One day
after a single oral dose of B[a]P, 8-oxo-dG levels were
0:8 ^ 0:3 per 105 dG in liver (P ¼ 0:04; a significant
decrease of 45%) and 1:0 ^ 0:1 in lung ðP ¼ 0:12Þ:
8-Oxo-dG levels further decreased in liver (0:6 ^ 0:1
at t ¼ 11 days, P ¼ 0:004) and lung (0:5 ^ 0:2 at t ¼
11 days, P ¼ 0:05; Fig. 4A,B). In contrast, 8-oxo-dG
levels in heart tissue was 0:9 ^ 0:1 after one day and
did not change (i.e. 1:0 ^ 0:4 and 1:0 ^ 0:2 per
105 dG, respectively at t ¼ 4 or 11 days after B[a]P
exposure). Simultaneously, excretion of 8-oxo-dG in
24 h urine of exposed rats increased from day 1
(1:1 ^ 0:4mg 8-oxo-dG per 24 h) to day 21
(2:0 ^ 0:5mg 8-oxo-dG per 24 h, P ¼ 0:002). Average
8-oxo-dG in 24 h urine of control rats that received
vehiculum only, was 0:7 ^ 0:2mg 8-oxo-dG per 24 h
(Fig. 5).

Bulky DNA Adducts in Rats Exposed to B[a]P

In control rats, no bulky DNA adducts could be
detected. In rats exposed to a single dose of B[a]P,
bulky DNA adducts predominantly consisting of
BPDE-adducts, were detected in liver and lung
(Fig. 4C,D). Rat lung total bulky DNA adduct
levels as well as BPDE adduct levels were
significantly higher at all time-points as compared
to this levels in rat liver (P , 0:01 for all time-
points). The levels in both organs showed a
comparable time-course in which the highest levels
were detected 2 days after acute oral exposure
(2:7 ^ 0:4 £ 1023 per 105 dG in rat liver and 6:9 ^

2:3 £ 1023 in lung DNA). However, the decline of
DNA adducts after day 2 was more pronounced in
rat liver than in rat lung.

DISCUSSION

Metabolic activation of B[a]P by CYP450 results in the
formation of reactive metabolites capable of reacting
with the encoding bases of DNA, finally resulting in
genetic alterations involved in the development
of pathologies e.g. carcinogenesis. One metabolic

FIGURE 2 Levels of POBN spin-trapped radical formation by
NADPH-supported rat liver or rat lung microsomes (protein
concentration 4.0, 2.0 or 0.8 mg/ml) in the presence or absence of
10mM B[a]P. All observations were from at least two experiments
except for the rat lung microsomal protein concentration of
2.0 mg/ml. ESR settings were as described in “Materials and
Methods”.

FIGURE 3 A typical example of an ESR spectrum detected after a
60 min incubation of NADPH-supported rat lung microsomes
(protein concentration 0.8 mg/ml) in the presence of 10mM B[a]P
and the spin trap DMPO (100 mM). ESR settings were as described
in “Materials and Methods” section.
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pathway results in the formation of B[a]P-7,8-
dihydrodiol-9,10-epoxide (BPDE), a major carcino-
gen that reacts with DNA into bulky BPDE-DNA
adducts. In addition, B[a]P can also undergo one-
electron oxidation, and via subsequent reactions, the
B[a]P quinones 6,12-, 1,6- and 3,6-B[a]P dione are
formed, which can undergo redox-cycling to their
corresponding B[a]P diols and so may produce
ROS.[6] This includes formation of different types of
oxygen radicals that are capable of oxidatively
damaging DNA by reacting with its bases.
In particular, the most reactive form of this type of
radicals, the hydroxyl radical (zOH), is known to
cause chemical modifications to DNA, resulting in
the formation of the major oxidative DNA product,
8-oxodG.[7] In previous in vitro studies, increased
levels of oxidatively damaged bases were observed in
cells treated with B[a]P with[19] or without[20]

additional exposure to light. However, these obser-
vations in cells did not distinguish between direct
B[a]P-induced, and thus metabolism independent,
and B[a]P metabolism dependent effects.

In order to elucidate the question whether B[a]P
metabolism may result in increased ROS for-
mation, we used ESR in combination with spin
trapping techniques to detect free radical formation.
Activation of B[a]P by rat lung microsomes at 2.0 and
0.8 mg/ml protein concentration resulted in signifi-
cantly increased spin-trapped free radical formation
that was partly inhibited by scavengers of ROS
including mannitol (zOH radical scavenger), catalase
(hydrogen peroxide scavenger) and superoxide

dismutase (superoxide radical scavenger) in combi-
nation with catalase. Thus, in the presence of rat lung
microsomal fraction and with ESR spectrometry, we
were able to demonstrate that B[a]P activation results
in increased formation of different types of ROS,
namely hydrogen peroxide, hydroxyl- and super-
oxide radicals. Additionally, at a higher rat lung
microsomal protein concentration (4.0 mg/ml), the
increased oxygen free radical formation by B[a]P
disappeared. As can be also seen in Fig. 2, spin-
trapped radical formation in both rat lung and liver
microsomes decreased at this higher microsomal
protein concentration, indicating that this disappear-
ance could most probably be attributed to rapid
radical scavenging by nucleophillic sites in proteins.

Increased ROS formation via rat lung microsomal
activation of B[a]P was completely inhibited by SKF-
525A, an inhibitor of different isoforms of
CYP450.[18] Other enzymes such as peroxidases
and prostaglandin H synthase have been reported
to be involved in activation of B[a]P via the one-
electron pathway[2] that ultimately results in ROS
formation via redox-cycling of B[a]P quinones. This
enzymatic activation could be important in organs
expressing relatively low levels of CYP450, like lung.
However, in our in vitro study, inhibition of
prostaglandin H synthase by indomethacin did not
result in lower ROS formation by B[a]P, so we only
found evidence for the involvement of CYP450 in
ROS formation by B[a]P after rat lung microsomal
activation. Furthermore, B[a]P activation by rat liver
microsomes resulted in decreased spin-trapped

TABLE II Effect of enzyme inhibitors on B[a]P-dependent oxygen free radical formation in NADPH-supported rat lung microsomes

Incubation conditions
with rat lung microsomes

Rate of radical formation
(increase in peak height/min)

Inhibition
(%)

DMSO 0.7 ^ 0.1
B[a]P (10mM) 1.3 ^ 0.3

þ SKF-525A (1 mM) 85 ^ 14
þ Indomethacin (0.1 mM) 0 ^ 20

Free radical formation was followed by ESR in incubations containing 0 or 10mM B[a]P in Tris-buffer (40 mM, pH 8.0), MgCl2, (2 mM), POBN (100 mM), rat
lung microsomes (protein concentration 0.8 mg/ml), NADP (0.5 mM), glucose-6-phosphate (5 mM), glucose-6-phosphate dehydrogenase (0.5 U) and DMSO
(1%) for 1 h at 378C. ESR measurements were performed on samples taken at 0, 30 and 60 min. ESR settings and spectra calculations were performed as
described in “Materials and Methods” section. Inhibition of oxygen free radical formation was expressed as percentage of B[a]P-dependent free radical
formation.

TABLE I Inhibition of free radical formation by different ROS scavengers in NADPH-supported rat lung microsomes in the presence
of B[a]P

Incubation conditions
with rat lung microsomes

Rate of radical formation
(increase in peak height/min)

Inhibition
(%)

Methanol 0.3 ^ 0.1
B[a]P (10mM) 0.8 ^ 0.1

þ Mannitol (315 mM) 42 ^ 1
þ Catalase (1000 U) 49 ^ 3
þ Catalase (1000 U) þsuperoxide dismutase (1000 U) 85 ^ 5

Free radical formation was followed by ESR in incubations containing 0 or 10mM B[a]P in Tris-buffer (40 mM, pH 8.0), MgCl2, (2 mM), POBN (100 mM), rat
lung microsomes (protein concentration 0.8 mg/ml), NADP (0.5 mM), glucose-6-phosphate (5 mM), glucose-6-phosphate dehydrogenase (0.5 U) and
methanol (1%) for 1 h at 378C. ESR measurements were performed on samples taken at 0, 30 and 60 min. ESR settings and spectra calculations were performed
as described in “Materials and Methods” section. Inhibition of oxygen free radical formation by different ROS scavengers was expressed as percentage of total
oxygen free radical formation.

B[A]P DNA DAMAGE IN RAT LUNG AND LIVER 999

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



radical formation. The only reasonable explanation
at this moment, is contribution of the previously
reported rat liver microsomal metabolic conversion
of the methyl radical adduct into ESR silent forms.[21]

In conclusion, combining our in vitro results,
activation of B[a]P by lung microsomes resulted in
the ESR detectable formation of ROS, whereas rat
liver microsomes did not. The question, to what
extent ROS formation is able to damage DNA or
other biological macromolecules, like proteins or
lipids, remains unanswered. Interestingly, in a recent
paper, it is shown that B[a]P treatment increased
lipid peroxidation and lowered antioxidant capacity
in the lung of a mouse model of lung cancer.[22]

To further address the issue of B[a]P-induced
DNA damage in vivo, we performed a study in

which rats were acutely exposed to an oral dose of
B[a]P. The formation of bulky DNA adduct and 8-
oxodG levels in rat liver and lung were followed
over time together with the urinary 8-oxo-dG
excretion. Kim et al.[23] reported in an in vivo study
that 8-oxo-dG levels were significantly increased in
liver DNA of female Sprague–Dawley rats at 6–12 h
after oral exposure to B[a]P. Subsequently, 8-oxo-dG
levels were reduced to baseline levels within
24 – 96 h, indicating that 8-oxo-dG is rapidly
removed from liver DNA. However, in their
experiment, 8-oxo-dG levels did not fall below
background levels as observed in the present study
in Lewis rats. Some major differences in experi-
mental conditions may explain this discrepancy. The
most important one being the dose of B[a]P, which
was 7.5 times higher in their experiment than in the
present study. This may result in other metabolic
routes and/or higher levels of ROS generation.
Furthermore, in the present work, male rats were
used which may differ in DNA-repair capacity as
compared to female rats.[24]

8-Oxo-dG levels in tissues are the result of the
balance between the rates of damage and repair.[25]

DNA repair enzymes remove 8-oxo-dG from DNA,
which is subsequently excreted in urine. In the
present study, higher urinary levels of 8-oxo-dG
were observed in B[a]P-exposed rats as compared to
controls, whereas in the organs a decrease was
observed. Changes in tissue levels of 8-oxo-dG were
in agreement with the reported ranking order of
DNA repair activities in different organs,[26] namely
liver, greater than lung. This organ-specific differ-
ence in DNA repair is also reflected in the higher and
sustained level of B[a]P-DNA adduct level in the rat
lung compared to liver. Although our in vitro
experiments with rat lung microsomes in combi-
nation with ESR spectroscopy clearly showed that in
this organ, ROS will be formed during the metabolic
conversion of B[a]P, it seems that in vivo the balance
was in favor of removal of 8-oxo-dG rather than its
formation. The maximal B[a]P-DNA adduct levels in
rat lung and liver is found in both organs at 2 days
after exposure, but this level is higher in rat lung.
This, as well as the much faster disappearance of
these adducts in liver compared to lung initiated
after day 2, were also in line with the reported higher
tissue specific DNA repair rates in the liver.[26] In rat
liver, lowering in B[a]P-DNA adduct and 8-oxo-dG
levels followed a similar pattern, while in rat lung
B[a]P-DNA adduct levels remains increased over 21
days, but 8-oxo-dG levels decreased much faster. As
indicated by our in vitro ESR experiments, ROS
formation by B[a]P metabolism in the rat lung is
much higher than that in rat liver, and this probably
also induces much faster 8-oxo-dG repair. Also, we
cannot exclude that in vivo B[a]P induced additional
processes including up regulation of different

FIGURE 4 Levels of 8-oxo-dG (per 105 dG) in rat liver (A) and
lung (B), and bulky DNA adducts (per 105 nucleotides) in rat liver
(C) or lung (D) at several time points after a single oral dose of
B[a]P (10 mg/ kg body weight). Black dots indicate 8-oxodG levels
in control rats treated with tricapryline (vehiculum for B[a]P) only.
Dotted line is the average 8-oxo-dG level in control rats. No bulky
DNA adducts were measured in liver and lung of control rats.
* P , 0:05 as compared with controls.

FIGURE 5 Total urinary excretion of 8-oxo-dG per 24 h (mg 8-oxo-
dG/24 h) after acute oral exposure to B[a]P. Black dots indicate the
total urinary excretion of 8-oxo-dG per 24 h levels in control rats
treated with tricapryline (vehiculum for B[a]P) only. Dotted line is
the average total urinary excretion of 8-oxo-dG per 24 h level in
control rats. * P , 0:05 as compared with controls.
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enzymes activities (e.g. CYP’s, peroxidases) resulting
in additive oxidative stress.

The removal of 8-oxo-dG from lung and liver
might be due to DNA repair mechanisms, which
were primarily induced to remove B[a]P-DNA
adducts, but may simultaneously repair endogen-
ously formed 8-oxo-dG. Bulky DNA adducts are
repaired by nucleotide excision repair (NER), which
has also been implicated in the removal of oxidative
DNA damage. NER removes bulky DNA adducts
with a half life time of about 24 h.[27] Base excision
repair (BER) is much faster with a half life time of
about 1 h[28] and is considered to be the main
pathway for the removal of 8-oxo-dG, but NER can
be considered as a back-up system.[29] By taking our
first time point at 24 h after B[a]P exposure, we
mainly focused on changes in DNA adduct levels
induced by NER including the simultaneous
removal of 8-oxodG during bulky adduct repair in
rat liver and lung. Also, increased levels of 8-oxo-dG
were detected in urine suggesting repair by NER,
because BER (i.e. specific DNA repair glycosylases)
will release 8-oxo-guanine rather than 8-oxo-dG.
However, the antibodies which were used to assess
urinary 8-oxo-dG may cross-react with 8-oxo-like
structures and therefore, this assay is presently too
unspecific to make firm conclusions on repair
pathways.[30]

Although our ESR data may indicate otherwise,
levels of oxidative DNA damage decreased in lung
and liver after acute exposure to B[a]P, whereas the
urinary excretion of 8-oxo-dG was found to be
increased. Our in vitro results indicate that especially
in rat lung, exposure to B[a]P favors ROS formation.
However, this will not automatically result in
increased levels of 8-oxo-dG, because the removal
of DNA oxidation products also seems to be
induced. Increased removal could probably not
only account for our results in rats after B[a]P
exposure, but also for the reduced 8-oxodG levels
found in humans after PAH exposure.[10 – 12] But the
question, to what extent the B[a]P metabolism-
induced increased ROS formation in the lung will
participate in pathologies as carcinogenesis e.g. lung
cancer development, remains unanswered.
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