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Abstract
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants and
procarcinogens that require activation by host metabolism. Metabolic activation of PAHs by Aldo-
Keto-Reductases (AKRs) leads to formation of reactive and redox active o-quinones, which may
cause oxidatively generated DNA damage. Spectrophotometric assays showed that NADPH caused
PAH o-quinones to enter futile redox-cycles, which result in the depletion of excess cofactor. Copper
(II) amplified NADPH-dependent redox-cycling of the o-quinones. Concurrent with NADPH
oxidation, molecular oxygen was consumed, indicating the production of ROS. To determine whether
PAH o-quinones can cause 8-oxo-dGuo formation in salmon testis DNA, three pre-requisite
experimental conditions were satisfied. Quantitative complete enzymatic hydrolysis of DNA was
achieved, adventitious oxidation of dGuo was eliminated by the use of chelex and desferal, and basal
levels of less than 2.0 8-oxo-dGuo/105 dGuo were obtained. The HPLC-ECD analytical method was
validated by spiking the DNA with standard 8-oxo-dGuo and demonstrating quantitative recovery.
HPLC-ECD analysis revealed that in the presence of NADPH and Cu(II), submicromolar
concentrations of PAH o-quinones generated > 60.0 8-oxo-dGuo adducts/105 dGuo. The rank order
of 8-oxo-dGuo generated in isolated DNA was NP-1,2-dione > BA-3,4-dione > 7,12-DMBA-3,4-
dione > BP-7,8-dione. The formation of 8-oxo-dGuo by PAH o-quinones was concentration-
dependent. It was completely or partially inhibited when catalase, tiron or a Cu(I) specific chelator,
bathocuproine were added, indicating the requirement for H2O2, O2

− and Cu(I), respectively.
Methional which is a copper-hydroperoxo complex (Cu(I)OOH) scavenger also suppressed 8-oxo-
dGuo formation. By contrast, mannitol, sodium benzoate and sodium formate, which act as hydroxyl
radical scavengers, did not block its formation. Sodium azide which can act as both a hydroxyl radical
and 1O2 scavenger abolished the formation of 8-oxo-dGuo. These data showed that the production
of 8-oxo-dGuo was dependent on Cu(II) /Cu(I) catalyzed redox cycling of PAH o-quinones to
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produce ROS and that the immediate oxidant was not hydroxyl radical or Cu(I)OOH and that it is
more likely 1O2 which can produce a 4,8-endoperoxide-dGuo intermediate.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants and
procarcinogens (1,2). They are present in tobacco smoke and are candidate human lung
carcinogens (3). PAHs require activation by host xenobiotic metabolism to exert their harmful
effects. They are activated to their corresponding final reactive electrophiles via three proposed
enzymatic pathways.

The first pathway involves the formation of PAH-radical cations catalyzed by P450 peroxidases
(4). The second pathway involves initial epoxidation by P450 1A1/P450 1B1 to form an arene
oxide and subsequent hydrolysis by epoxide hydrolase yields the corresponding trans-
dihydrodiol, a proximate carcinogen (5). Once formed, the trans-dihydrodiol undergoes
secondary monooxygenation to yield a diol-epoxide by the same P450 isoforms. The third
pathway involves oxidation of PAH trans-dihydrodiols by aldo-keto reductases (AKRs) to
produce reactive and redox-active o-quinones (Scheme 1) (6-8). In this pathway, AKRs
catalyze the NADP+-dependent oxidation of a PAH trans-dihydrodiol to form a ketol that
spontaneously re-arranges to a catechol. The catechol is extraordinarily air-sensitive and
undergoes two sequential one-electron oxidations to yield an o-semiquinone radical anion and
subsequently the fully oxidized o-quinone.

The three classes of reactive PAH metabolites (radical cations, diol-epoxides and o-quinones)
can cause DNA adducts that may lead to mutation. For example, the BP radical cation can yield
N7 and C8 depurinating adducts with guanine and adenine that have resulted in H-ras mutation
in mouse skin (9,10). (±)-Anti-BP-7,8-diol-9,10-epoxide a representative diol-epoxide can
form stable N2-adducts with 2′-deoxyguanosine in vivo and in vitro (11–14) and leads to the
mutation of p53 and H-ras (3,15). BP-7,8-dione can produce a stable N2-adduct with 2′-
deoxyguanosine by either a 1,4-Michael addition to form a hydrated adduct or by a 1,6-Michael
addition to yield a hydrated cyclized adduct (16,17). BP-7,8-dione also forms depurinating N7
adducts with guanine (18) but which adduct dominates in DNA in vitro and in vivo remains to
be determined. BP-7,8-dione was also found to be a potent mutagen of p53 in vitro but only
under redox cycling conditions (19), leading to G to T transversions and a mutational pattern
reminiscent of that seen in lung cancer patients (20,21). The mutations were abolished by ROS
scavengers, suggesting that they were ROS-mediated.

Although formation of covalent PAH-DNA adducts is a widely accepted mechanism for the
initiation of PAH carcinogenesis, PAH-mediated oxidative DNA damage has been also linked
to carcinogenesis (22). Parent PAH and PAH trans-dihydrodiols have been shown to cause
oxidative DNA damage in vitro and in vivo (23–28). The AKR pathway of PAH activation
provides a route to ROS generation and ROS-mediated DNA lesions seen with PAH (Scheme
1).

PAH o-quinones produced from the AKR pathway can enter into futile redox cycles in the
presence of cellular reducing equivalents (e.g. NADPH and NADH) and amplify ROS e.g.
hydroxyl radical (•OH), superoxide anion (O2

•−) and hydrogen peroxide (H2O2) until the
reducing cofactor is depleted. Once formed, ROS can generate excess oxidative stress and
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overwhelm the cellular defense mechanisms. While ROS are short-lived species, PAH o-
quinones can be delivered to the nucleus since they are ligands for the aryl-hydrocarbon
receptor (29). This pathway could provide the explanation for oxidative DNA damage in PAH
exposed sites and cells.

In the present investigation, four PAH o-quinones including NP-1,2-dione, BP-7,8-dione,
BA-3,4-dione and 7,12-DMBA-3,4-dione have been examined for their ability to undergo
redox cycling in the presence of NADPH and to form 8-oxo-dGuo in salmon testis DNA in
vitro. It was found that sub-micromolar concentrations of PAH o-quinones produced
significant amounts of 8-oxo-dGuo provided NADPH and CuCl2 were both present. 8-Oxo-
dGuo formation was abolished by ROS scavengers and by methional which scavenges Cu(I)
OOH. However, 8-oxo-dGuo formation was not abolished by •OH scavengers but was
eliminated by sodium azide which is both a •OH radical and 1O2 scavenger. Our data are
consistent with a Cu(I)OOH acting as a source of 1O2 which would produce 8-oxo-dGuo via
a 4,8-endoperoxide-dGuo intermediate.

Experimental Procedures
Caution: All PAH o-quinones are potentially hazardous and should be handled in accordance
with “NIH Guidelines for the Laboratory Use of Chemical Carcinogens”.

Chemicals and Reagents.
NP-1,2-dione and BP-7,8-dione, BA-3,4-dione and 7,12-DMBA-3,4-dione were synthesized
according to published methods (30–32). All compounds were analyzed for purity and identity
by LC/MS before use. Standard 8-oxo-dGuo was purchased from Cayman Chemical Co. (Ann
Arbor, MI). 2′-deoxyguanosine, 2′-deoxyadenosine, 2′-deoxycytidine and thymidine were
obtained from ICN Biomedical Inc, (Irvine, CA). Salmon testis DNA, DNase I (type II),
alkaline phosphatase (type III from Escherichia coli), superoxide dismutase (4,980 units/mg
from bovine erythrocytes), catalase (17,600 units/mg from bovine liver), deferoxamine
mesylate (Desferal), 4,5-dihydroxy-1,3-benzene disulfonic acid (Tiron), Bathocuproine
disulfonic acid, 3-methylthiopropionaldehyde (Methional), sodium azide, cupric chloride,
cuprous chloride and hydrogen peroxide were acquired from Sigma-Aldrich Chemical Co. (St.
Louis, MO). Phosphodiesterase I (type II) from Crotalus adamanteus venom was obtained
from Worthington Biochemical Corp. (Lakewood, NJ). Mannitol, sodium formate and sodium
benzoate were purchased from Fischer Chemicals (Fairlawn, NJ). β-Nicotinamide adenine
dinucleotide phosphate, reduced form (NADPH) was obtained from Boehringer Manheim
Biochemicals (Indianapolis, IN). Chelex-100 resin was purchased from Bio-Rad Laboratories
(Hercules, CA). All other chemicals were of the highest grade available and all solvents were
HPLC grade.

Determination of Redox Cycling of PAH o-Quinones.
The assay was conducted on a Beckman DU-7 UV/VIS spectrophotometer at 26 °C. The
mixture contained 10 mM potassium phosphate (pH 6.0), 180 μM NADPH, increasing
concentrations (0.16 ~ 20 μM) of PAH o-quinones in 8% DMSO, 10 μM CuCl2 in a total
volume of 1.0 mL. The reaction was initiated by the addition of NADPH and monitored at 340
nm. The rate of NADPH oxidation was calculated using 6,270 M−1cm−1 as the molar extinction
coefficient.

Oxygen Consumption during Redox Cycling of PAH o-Quinones.
The consumption of molecular oxygen was measured using a computerized Instech oxygen
electrode under atmospheric pressure. The reaction mixture contained 10 mM potassium
phosphate (pH 6.0), 180 μM NADPH, 20 μM of PAH o-quinone, 8% DMSO, 10 μM CuCl2
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in a total volume of 600 μL. The output of the electrode was connected through an amplifier
(Instech) that allowed the simultaneous display of oxygen concentration and the rate of oxygen
consumption as a function of time. The data acquisition software allowed the recording of 1
to 1000 data points/min. Oxygen consumption by redox cycling of PAH o-quinones was
monitored over 100 min and data points were taken every 6 s. All oxygen consumption
measurements were performed at 26 °C, assuming that the amounts of oxygen in the reaction
chamber are 0.126 nmole at 26 °C at 760 mmHg.

Cu(I)-bathocuproine Complex Formation during Redox Cycling of Cu(II) to Cu(I).
The formation of Cu(I)-bathocuproine complex in the presence of CuCl2 and NADPH,
CuCl2 or CuCl alone was monitored on DU-7 UV/VIS spectrophotometer at 26 °C. The buffer
contained 10 mM potassium phosphate (pH 6.5) and 200 μM bathocuproine plus 8% DMSO
as co-solvent. The poor solubility of CuCl was overcome by using DMSO as solvent. The
reaction was initiated by the addition of either 180 μM NADPH and 20 μM CuCl2, 20 μM
CuCl2 or 20 μM CuCl alone. Complex formation was measured immediately and again at 5
and 60 min intervals using a molar extinction coefficient of ɛ = 12,900 M−1cm−1.

8-Oxo-dGuo Formation in Salmon Testis DNA in the Presence of PAH o-Quinones.
8-Oxo-dGuo formation in salmon testis DNA following PAH o-quinone treatment was
measured as follows. Briefly, a dried salmon testis DNA pellet was dissolved in 10 mM
potassium phosphate buffer (pH 6.5) containing 0.1 mM Desferal® overnight at 4 °C. The
concentration of the hydrated DNA was determined by measuring the absorbance at 260 nm
and the DNA solution was divided into 80 μg aliquots. The DNA was precipitated by adding
5 M NaCl to yield a final concentration of 1 M and two volumes of ice-cold 100% ethanol.
The samples were kept at –20 °C until use.

The precipitated DNA was recovered by centrifugation at 13,000 rpm for 15 min and rinsed
with 70% ethanol to remove excess salts. The pellets were dissolved in 250 μL of 10 mM
potassium phosphate buffer (pH 6.5) containing 0.16 ~ 10 μM PAH o-quinone, 180 μM
NADPH plus 8% DMSO as co-solvent. Other incubations contained 0 ~ 10 μM CuCl2. Samples
were incubated for 3 h at 37 °C. As negative controls, incubations were also performed with
DNA containing NADPH and CuCl2, or NADPH and CuCl2 alone. The effects of various
scavenging agents and transition metal chelators on the formation of 8-oxo-dGuo in PAH o-
quinone-treated salmon testis DNA were also measured. After incubation, the samples were
extracted twice with equal volumes of chloroform and isopropyl alcohol (24:1) to remove PAH
o-quinone. The resulting clear supernatant was collected by centrifugation at 13,000 for 5 min.
Then, 62.5 μL of 5 M NaCl and two volumes of ice-cold ethanol were added again to completely
precipitate DNA overnight at −20 °C. The samples were centrifuged at 13,000 rpm for 15 min
and the pellets were rinsed with 70% ethanol. The resulting DNA pellets were re-dissolved in
200 μL of 10 mM Tris-HCl buffer (pH 7.4) containing 100 mM MgCl2 and 0.1 mM
Desferal® for enzymatic digestion.

Digestion of Salmon Testis DNA.
Three enzymes were used to quantitatively digest the salmon testis DNA. The DNA pellet was
dissolved in 200 μL of 10 mM Tris-HCl buffer (pH 7.4) containing 100 mM MgCl2 and 0.1
mM Desferal® and digested with 1 unit DNase I for 1.5 h at 37 °C. The pH was adjusted to
9.0 with 0.2 M glycine-acetate buffer (pH 10.0) and the mixture was digested with 0.025 units
phosphodiesterase I for 1.5 h at 37 °C. Finally, the pH was adjusted to pH 8.6 with 50 mM
Tris-HCl buffer (pH 7.4) containing 50 mM MgCl2 and digested with 0.1 unit alkaline
phosphatase for 1.5 h at 37 °C. The digest was adjusted again to pH 5.5 with 0.5 M acetic acid
and stored −20 °C until for HPLC analysis.
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Elimination of Adventitious Oxidation of DNA.
To prevent the adventitious formation of 8-oxo-dGuo during the DNA work-up, all buffers
were treated with Chelex resin and contained Desferal (final concentration 0.1 mM). Optimal
suppression of the background level of 8-oxo-dGuo was achieved when the treated buffers
were used in the initial DNA solubilization step and during the DNA-digestion procedure.

RP-HPLC analysis of DNA Digest.
To confirm that complete digestion of the DNA sample was achieved, an aliquot of the digest
was analyzed on a Beckman UV-HPLC system. The HPLC column used was a Zorbax-ODS
(5 μm; 4.6 x 250 mm) and normal 2′-deoxyribonucleosides were resolved using a flow rate of
0.5 mL/min with 50 mM ammonium acetate buffer (pH 4.5) with a 8 to 30% MeOH gradient
and detected at 254 nm. In this system, the resulting retention times were observed at 9.9 min
dCyt, 23.1 min dGuo, 27.1 min Thd and 38.4 min dAdo. Digestion was considered complete
when the ratios of dGuo to dCyt and Thd to dAdo were 1:1, respectively. Because dGuo in
salmon testis DNA contains 22% dGuo (33), the amounts of dGuo and dCyt were less than the
observed with Thd and dAdo. All samples analyzed for 8-oxo-dGuo were checked for complete
DNA digestion and recovery of the four 2′-deoxyribonucleosides. 5.3 μg of DNA routinely
gave 3.3, 3.6, 4.6 and 5.1 nmol of dCyt, dGuo, Thd and dAdo, respectively (Fig. 1).

8-Oxo-dGuo Detection by HPLC-ECD.
8-Oxo-dGuo in DNA digests was measured by HPLC-ECD using a Coularray detector (ESA
Inc., Chelmsford, MA). The four channel electrochemical detector had potential settings of
200 ~ 300 to detect 8-oxo-dGuo, and 700 ~ 800 for the detection of dGuo. A mobile phase of
100 mM sodium acetate pH 5.2 containing 5% methanol (v/v) was used to develop a YMC
basic S column (3 μm; 4.6 x 150 mm). In this system, dGuo and 8-oxo-dGuo had retention
times of 7.9 and 11.0 min, respectively. Since 8-oxo-dGuo is a trace analyte, the sensitivity of
detection was optimized to be linear in the fmol range. Also, this method reports 8-oxo-dGuo
as 8-oxo-dGuo per 105 dGuo, therefore a standard curve was also developed for the internal
std dGuo. The dGuo standard curve was non-linear above the range of 1.0 nmol providing an
estimate of upper limit of the dynamic range that can be used, if 8-oxo-dGuo is to be quantified
relative to dGuo. Before each analysis, fresh standard curves for 8-oxo-dGuo and dGuo were
constructed to ensure that the detection limits were reproducible. In addition, the analytical
method was checked to ensure that the retention time of the analyte showed no difference and
that the potentials of the electrode were stable. Representative standard curves and HPLC-ECD
chromatograms are shown in Fig. 2.

Statistical Analysis of the Data.
Each experimental condition was replicated between two and 18 times, and the results were
tabulated with means and standard deviations. Statistical hypothesis testing was conducted via
regression analysis, using a two-sided significance level of 0.05. Each experimental condition
was assessed by comparing the condition with no PAH o-quinone added to the same condition
in which varying amounts of PAH o-quinone were added. The effect of the amount of PAH
o-quinone was assessed both as a linear function and using categorical indicator variables. To
make comparisons among all four PAHs used, F-tests with three degrees of freedom were
employed. We used a standard ANOVA F-test to compare the production of 8-oxo-dGuo with
and without various scavenging agents. We assessed the robustness of the F-test results by
applying the non-parametric Kruskal-Wallis test, which uses the ranks or ordering of the data
rather than the actual values, and confirmed the results in all or most cases. The F-test p-values
are reported. All statistical analyses were conducted using the SAS System, Version 8 (SAS,
Inc., Cary, NC).
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Results
Non-Enzymatic Redox Cycling of PAH o-quinones.

Our goal was to compare the redox-cycling capabilities of PAH o-quinones with their ability
to form oxidatively generated DNA damage. For our studies we chose four structurally different
PAH o-quinones: NP-1,2-dione (which is the simplest PAH o-quinone), BP-7,8-dione (a bay
region o-quinone), and BA-3,4-dione and 7,12-DMBA-3,4-dione (non-methylated and
methylated bay region quinones from the same structural series). Previously, we showed that
in the presence of a 9-fold molar excess of NADPH each of these o-quinones underwent non-
enzymatic redox-cycling (34). In each case the number of moles of NADPH oxidized to NADP
+ exceeded the total number of moles of quinone present. Furthermore, the reactions proceeded
until NADPH was depleted. Results reported here support these findings. Based on velocity
data, 20 nmoles of the four o-quinones tested would deplete a 9-fold molar excess of NADPH
within 40–100 min, but were not consumed themselves (Fig. 3A and Table 1). Assuming that
1 mole of NADPH is oxidized per mole of o-quinone, it would be anticipated that the quinones
would be depleted within 5–20 mins but this was not observed. The rank order of non-
enzymatic redox-cycling was NP-1,2-dione > 7,12-DMBA-3,4-dione > BA-3,4-dione >
BP-7,8-dione.

Previously, we showed that the presence of Cu(II) increased PAH o-quinone mediated DNA
strand scission and p53 mutation (19,35,36). We now show that Cu(II) increased the non-
enzymatic rate of o-quinone redox-cycling. Using a range of PAH o-quinone concentrations,
we found that the rates of redox-cycling observed with BA-3,4-dione and 7,12-DMBA-3,4-
dione were now curvilinear (Fig. 3B)

Reactions were also replicated so that the rate of oxygen consumption that occurred during the
redox-cycling of the PAH o-quinone could be monitored. Substantial rates of oxygen
consumption were observed provided the o-quinone, NADPH and Cu(II) were all present (Fig.
4). The moles of oxygen consumed per min were compared with the moles of NADPH
consumed per min and are shown in Table 1. We found that in the absence of Cu(II) there was
almost a stoichiometric relationship between the rate of NADPH consumed and the rate of
molecular oxygen consumed consistent with;

Q + NADPH + H+→ QH2 + NADP+(Q : quinones) (Eq. 1)

QH2 + O2 → Q + H2O2 (Eq. 2)

In the presence of Cu(II) the amount of NADPH consumed doubled while the amount of oxygen
consumed was one half of this value. This is consistent with:

Q + NADPH + H+→ QH2 + NADP+ (Eq. 1)

QH2 + O2 → Q + H2O2 (Eq. 2)

QH2 + Cu(II) → QH + Cu(I) + H• (Eq. 3)

NADPH + Cu(II)→ NADP• + Cu(I) (Eq. 4)

NADP• + Q → Q• + NADP+ (Eq. 5)
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Q• + NADP• → QH2 + NADP+ (Eq. 6)

Precautions in Measuring 8-oxo-dGuo as a Surrogate Marker of Oxidative DNA Damage.
To detect oxidatively generated DNA damage under conditions in which PAH o-quinones
redox-cycle, posses a challenge since the surrogate marker 8-oxo-dGuo is a notoriously
difficult analyte to measure accurately. Three major problems that exist with the detection of
this analyte are (i) variability in the digestion of the DNA sample; (ii) adventitious oxidation
of dGuo to 8-oxo-dGuo that can occur in sample work-up; and (iii) lack of validation of the
analytical HPLC-ECD method. In the experimental procedures section we demonstrate that
our DNA-digestion protocol is quantitative between samples.

Adventitious oxidation of dGuo could occur at three steps during our DNA handling procedure:
(i) DNA solubilization; (ii) PAH o-quinone treatment; and (iii) DNA digestion. We used
Chelex-treated buffers and desferal containing buffers to remove endogenous transition metals
(37) to suppress the adventitious formation of 8-oxo-dGuo in salmon testis DNA.

Without desferal present, the basal level of 8-oxo-dGuo was 3.17 ± 0.42 8-oxo-dGuo per 105

dGuo. This level was reduced to 2.14 ± 0.06 when desferal was included throughout the work-
up (Table 2). When desferal was used throughout the work-up except for the quinone treatment
step, the level of 8-oxo-dGuo was elevated to 4.00 ± 0.51 8-oxo-dGuo per 105 dGuo (Table
3). In subsequent experiments, desferal was not added to the PAH o-quinone treatment step
because of its ROS scavenging capability (37).

In the experimental procedure we describe the sensitivity of the HPLC-ECD method. Since
we are reporting 8-oxo-dGuo as a ratio of 8-oxo-dGuo to dGuo the linearity of the standard
curves for the two analytes was also established so that for the unknowns the ratio would be
reported using the linear range of both standard curves.

To validate the HPLC-ECD method we spiked three different amounts of the 8-oxo-dGuo
analyte into DNA-samples at the re-solubilization step and then used the analytical method to
determine whether we could quantitatively detect the spiked amount. Over a dynamic range
of 33.3 fmoles to 666.7 fmoles, we were able to recover > 96.8% of the spiked sample in the
8-oxo-dGuo peak (Table 4). This shows that our protocol does not result in a loss of the analyte
or an overestimation of 8-oxo-dGuo present.

Detection of 8-oxo-dGuo in Salmon Testis DNA treated with PAH o-Quinones.
Our redox-cycling experiments established the conditions under which 8-oxo-dGuo should be
detected in salmon testis DNA, the results of these experiments are shown in Fig. 5. The basal
level of 8-oxo-dGuo in untreated DNA was found to be 1.6 adducts per 105 dGuo. Other
treatment conditions slightly elevated the amount of 8-oxo-dGuo detected from 1.7 to 3.0
adducts per 105 dGuo. However, two treatment groups substantially increased the amount of
8-oxo-dGuo detected. One group was the DNA, NADPH and Cu(II) treatment which reached
a value of 36.0 adducts per 105 dGuo, and the other group was DNA, NADPH, Cu(II) plus an
o-quinone, where the amount of 8-oxo-dGuo detected ranged from 66.0 to 133.0 adducts per
105 dGuo. These amounts were observed in the presence of 160 nM o-quinone but were not
observed when Cu(II) was absent from the incubation. Concentration dependence of formation
of 8-oxo-dGuo was observed with each of the PAH o-quinones, as shown in Fig. 6. At the
highest concentrations of PAH o-quinones (2.5 ~ 10 μM) used the amount of 8-oxo-dGuo
increased to 500 ~ 1,000 adducts per 105 dGuo. The rank order of 8-oxo-dGuo observed was
NP-1,2-dione > BA-3,4-dione > 7,12-DMBA-3,4-dione > BP-7,8-dione. This rank order is
reminisecent of that observed for the oxygen uptake measurements described earlier.
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ROS Scavengers and 8-oxo-dGuo Formation.
To identify the ROS (superoxide anion, hydrogen peroxide, hydroxyl radical or 1O2)
responsible for 8-oxo-dGuo formation in salmon testis DNA treated with PAH o-quinones a
number of scavenging agents were used. Irrespective of the PAH o-quinone used, the pattern
of results observed was the same (Fig. 7). Superoxide dismutase did not inhibit 8-oxo-dGuo
formation, whereas catalase did, showing the dependence on hydrogen peroxide. Tiron a
superoxide anion scavenger also attenuated 8-oxo-dGuo formation. By contrast hydroxyl
radical scavengers including 1.0 mM sodium benzoate, 1.0 mM sodium formate and 1.0 mM
mannitol failed to block 8-oxo-dGuo formation. The Cu(I) chelator bathocuproine (200 μM)
also abolished 8-oxo-dGuo formation under all conditions. When 0.2 mM methional a copper-
hydroperoxo complex (Cu(I)OOH) scavenger was used 8-oxo-dGuo formation was not
suppressed. When these experiments were replicated using 0.1 M of each scavenging reagent
identical results were obtained except now methional abolished 8-oxo-dGuo formation. We
also used 0.1M sodium azide a known hydroxyl radical and 1O2 scavenger and found that 8-
oxo-dGuo formation was now eliminated. The ability of this scavenger to work when other
hydroxyl radical scavengers failed suggests that 1O2 is involved.

The Role of Hydrogen Peroxide, Cu(II) and Cu(I) on 8-oxo-dGuo Formation.
To determine the role of hydrogen peroxide, copper(I) and copper(II) on 8-oxo-dGuo formation
additional observations were made. First, hydrogen peroxide did not cause 8-oxo-dGuo
formation even at 500 μM H2O2 (Fig. 8A), showing that in the absence of any added transition
metal 8-oxo-dGuo formation could not occur. Cu(II) also failed to generate 8-oxo-dGuo
formation, irrespective of the concentration used (Fig. 8B). Whereas, when Cu(I) was used the
level of 8-oxo-dGuo formation increased in a concentration-dependent manner (Fig. 8C). The
addition of hydrogen peroxide stimulated the ability of Cu(II) to produce significant amounts
of 8-oxo-dGuo (Fig. 8D). Since the amount of 8-oxo-dGuo formed with H2O2 and Cu(II) was
much greater than seen with Cu(I), Cu(I) mediated Fenton chemistry was not occurring.

Formation of the Cu(I)-bathocuproine complex at λmax 475 nm offered additional clues to the
redox events occurring. Cu(II) failed to form a measurable bathocuproine complex as expected
(Fig. 9A). Surprisingly, Cu(I) produced a minimal complex with bathocuproine since it was
readily oxidized to Cu(II) with the formation of O2

•− (Fig. 9B). When Cu(II) and NADPH were
used a large complex was formed indicating reduction back to Cu(I) (Fig. 9C). These findings
support the redox-cycling of Cu(I) and Cu(II) during the incubations employed and the
formation of NADP•.

Together these data would be consistent with the following:

Cu(I) + O2 → Cu(II) + O2
•− (Eq. 7)

2H+ + O2
•−+ O2

•− → H2O2 (Eq. 8)

DNA + Cu(II) + H2O2 → DNA − Cu(I)OOH + H+ (Eq. 9)

DNA − Cu(I)OOH + HO2• → DNA − Cu(I) − OH + OH−+1 O2 (Eq. 10)

Discussion
Polycyclic aromatic hydrocarbons (PAH)s are known to cause oxidative DNA damage in
vitro and in vivo. The types of DNA damage detected upon PAH exposure were 8-oxo-dGuo,
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thymine glycol and etheno adducts (23–26). Irrespective of the final lesion the mechanism by
which PAH cause this oxidative damage is uncertain. We now show that PAH o-quinones
derived from AKR pathway of activation may account for the oxidatively generated DNA
damage caused by the parent PAHs. Furthermore, our recent findings have shown that BP-7,8-
dione mutated p53 cDNA, causing G to T transversions and that its mutagenicity was
completely abrogated by the combined use of SOD and catalase, suggesting a direct relation
between quinone mediated oxidatively generated DNA damage and these mutations (19).

The non-K region trans-dihydrodiol (BA-3,4-dihydrodiol) has been shown to mediate 8-oxo-
dGuo formation via BA-3,4-dihydro-2,3,4-triol. The amount of 8-oxo-dGuo formed was
dependent upon Cu(II) and NADPH and was greater when the dihydrodiol was used instead
of the o-quinone (BA-3,4-dione) (28). As BA-3,4-dihydrodiol is converted to the BA-3,4-dione
by the AKR pathway this would imply that the triol pathway is superior to the AKR pathway
in producing 8-oxo-dGuo. In these earlier studies either 50 μM trans-dihydrodiol or o-quinone
were used, yet we observe substantial 8-oxo-dGuo formation in the presence of 160 nM
BA-3,4-dione. The reason for this difference is not yet clear, but it may be related to the quality
of the synthetic PAH-metabolites used in the respective studies.

Subsequently, 8-oxo-dGuo formation was detected in DNA when 10 μM BA-1,2-trans-
dihydrodiol was incubated with murine AKR1C22 (mouse dihydrodiol dehydrogenase)
implicating AKR mediated quinone formation in the generation of this lesion (38). Even though
the more relevant reaction is the AKR mediated oxidation of the non-K region BA-3,4-diol to
BA-3,4-dione (7) and not the oxidation of BA-1,2-diol this observation supports the hypothesis
presented here. Unlike these earlier studies with trans-dihydrodiols of BA, we conclude that
Cu(I)OOH is not the oxidant responsible for 8-oxo-dGuo formation, and find that it was likely
caused by its decomposition to produce 1O2. This ROS has been hypothesized to form a 4,8-
endoperoxide-dGuo which acts as a precursor of 8-oxo-dGuo (39).

Redox-cycling of the PAH o-quinones in the presence of NADPH and CuCl2 was required
(Fig. 5) to observe significant amounts of 8-oxo-dGuo. Under these conditions, 160 nM PAH
o-quinones was sufficient to induce 8-oxo-dGuo formation (p < 0.05) and the levels increased
in a concentration dependent manner (Fig. 6). The rank order was NP-1,2-dione > BA-3,4-
dione > 7,12-DMBA-3,4-dione > BP-7,8-dione. The difference in the formation of 8-oxo-dGuo
among the PAH o-quinones was positively correlated to the consumption of both NADPH and
molecular oxygen during the redox cycling (Fig. 5 and Table 1). Thus, a high level of NADPH
and oxygen consumption led to the high level of 8-oxo-dGuo formation and vice versa.

8-oxo-dGuo formation by the o-quinones had a strict requirement for NADPH and Cu(II).
These reagents alone caused a significant amount of 8-oxo-dGuo formation but this value was
significantly lower than when o-quinones were added to the system. The detection of Cu(I)-
bathocuproine complex formation (Fig. 9) and the induction of 8-oxo-dGuo formation by Cu
(I) but not Cu(II) (Fig. 8), indicated that the redox-cycling of Cu(II) to Cu(I) played a critical
role in PAH o-quinone-mediated oxidative DNA damage.

PAH o-quinone-mediated 8-oxo-dGuo formation was completely inhibited by catalase and
bathocuproine (Fig. 7), confirming that H2O2 and Cu(I) were indispensable for the observed
8-oxo-dGuo formation (p < 0.0001 – < 0.001). Tiron, a O2

•− scavenger, also attenuated 8-oxo-
dGuo formation (p < 0.0001 – < 0.001), whereas superoxide dismutase slightly stimulated 8-
oxo-dGuo formation. The effect of SOD was expected since this will catalytically accelerate
the dismutation of O2

•− forming H2O2. By contrast, typical •OH scavengers such as mannitol,
sodium benzoate and sodium formate did not show any inhibitory effects on the quinone-
mediated 8-oxo-dGuo formation even at concentrations as high as 0.1M. H2O2 did not induce
any 8-oxo-dGuo formation until CuCl2 was added, showing a strict dependence on H2O2 and
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Cu(II) that was independent of •OH formation (Fig. 8). Methional, which is known as a copper-
hydroperoxo complex (Cu(I)OOH) chelator also blocked the quinone-mediated 8-oxo-dGuo
formation (p < 0.0001 – < 0.0015). Sodium azide, a known hydroxyl and 1O2 scavenger (40)
abolished 8-oxo-dGuo formation (p < 0.0001 – < 0.002). The ability of this scavenger to be
effective when other hydroxyl radical scavengers failed suggests that 1O2 is the reactive oxygen
species responsible for 8-oxo-dGuo formation as suggested by Cadet (39). In this mechanism
8-oxo-dGuo is derived from an unstable 4,8-endoperoxide intermediate.

Frelon et al (46) have shown that the dominant oxidant produced by Cu2+ and H2O2 is likely
singlet oxygen which almost exclusively forms 8-oxo-dGuo while the level of other hydroxyl
radical lesions are suppressed. This would explain our previous findings that DNA strand
scission can be observed with PAH o-quinones, CuCl2 and NADPH provided micromolar
concentrations of quinone are used (36). Under these conditions sufficient hydroxyl radical is
likely produced to attack 2′-deoxyribose (36).

Although oxidatively generated DNA damage from hydrogen peroxide with metals and redox
active organic compounds has been extensively reviewed, the exact identity of the DNA
damaging species has been disputed (41–44). Cu(I)OOH, singlet oxygen 1O2 and Cu(III) have
been proposed as the responsible agents (28,44–47). The Cu(I)OOH mechanism is based on a
site-specific DNA-Cu(I)-H2O2 complex that is believed to release •OH in close proximity to
sDNA and cause an oxidative lesion thus preventing intervention by hydroxyl radical
scavengers. This may account for why hydroxyl radical scavengers in our system did not have
effect on 8-oxo-dGuo formation. The inhibitory effect of methional suggests that Cu(I)OOH
is involved. However, the ability of sodium azide to abolish 8-oxo-dGuo in the absence of
effects from other hydroxyl radicals implicates 1O2. Unlike •OH radical which attacks
nucleobases indiscriminately 1O2 is specific for dGuo modification (39) and it has been
proposed that it is formed from the complexation of Cu(II) with DNA resulting in a Cu(I)OOH
complex (44–46).

Singlet oxygen is known to cause specific mutations in DNA. G to T transversion mutations
(50.8% of 61 base substitutions) predominated in a 1O2 treated-shuttle vector that was allowed
to replicate in COS7 cells (48). The same mutational pattern (G to T transversions, 63.0 % of
65 base substitutions) was obtained after transfection of 1O2-treated M13lacZ bacteriophage
DNA in Escherichia coli (49). Also, 8-oxo-dGuo is a frequent lesion detected in DNA exposed
to 1O2 (39,50–52). These findings suggest that 1O2 causes 8-oxo-dGuo formation and this
accounts for the G to T transversions. This would explain the mutational pattern observed with
BP-7,8-dione in p53 cDNA using yeast reporter system (19). G to T transversions (46.0 % of
63 base substitutions) predominated and these mutations were blocked by ROS scavengers.

Overall the mechanism of PAH o-quinone-mediated 8-oxo-dGuo formation in the presence of
NADPH and CuCl2 can be explained by Scheme 2 which accounts for all the observations: (a)
Cu2+ /Cu+ stimulated redox-cycling of o-quinones; (b) failure to block 8-oxo-dGuo formation
with hydroxyl radical scavengers; (c) the ability of methional to attenuate 8-oxo-dGuo
formation and (d) the ability to form 8-oxo-dGuo in the presence of Cu(II) and H2O2.

If Cu(II) is required for 8-oxo-dGuo formation by PAH o-quinones, is Cu(II) present in the
cellular environment? Cu(II) is protein bound and is present in higher concentrations in the
nucleus than in the cytosol (53). In the nucleus, copper exists in a nuclear histone protein
complex located at the base of DNA loops, where it maintains the nuclear matrix and DNA
folding (54,55). In DNA, it binds mostly to N7 position of purines, especially guanine (56).
The high prevalence of copper in the nucleus and DNA suggests that it plays a role in oxidative
damage in DNA mediated by redox-active compounds.
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In conclusion, we report that PAH o-quinones in the presence of NADPH and Cu(II) produced
significant levels of 8-oxo-dGuo, which leads to G to T transversion mutations. The 8-oxo-
dGuo formation was promoted by reactive species such as O2

•−, H2O2 and Cu(I). The most
plausible mechanism involves the formation of Cu(I)-hydroperoxy complex with DNA and
the resultant production of 1O2. This study suggests that PAH o-quinones derived by AKR
enzymes may contribute significantly to PAH-associated carcinogenesis and mutagenesis.
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Figure 1.
Quantitative enzymatic hydrolysis of 5.3 μg salmon testis DNA (A) and HPLC-UV
chromatogram of completely digested DNA (B).
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Figure 2.
Sensitivity and linearity of 8-oxo-dGuo and dGuo detection by HPLC-ECD analysis. Insets
show the working range of the respective std curves to permit the detection of 8-oxo-dGuo
relative to the internal standard dGuo. A) Standard curves of 8-oxo-dGuo and dGuo. B) Typical
HPLC-ECD chromatogram of completely digested DNA sample (equivalent to 1.8 μg DNA).
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Figure 3.
Non-enzymatic redox cycling of PAH o-quinones with and without copper chloride. See the
experimental procedures for details.
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Figure 4.
Consumption of molecular oxygen during the redox-cycling of PAH o-quinones in the presence
of NADPH and CuCl2. A) NP-1,2-dione. B) BP-7,8-dione. C) 7,12-DMBA-3,4-dione. D)
BA-3,4-dione treatment. See the experimental procedures for details.
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Figure 5.
8-Oxo-dGuo formation in salmon testis DNA treated with PAH o-quinones. Of the conditions
used, only those containing DNA + NADPH + CuCl2 (p < .0001) and those containing DNA
+ quinone + NADPH + CuCl2 (p < .0001 ) were significantly different. Irrespective of the
quinone the p value was the same. In addition, these two conditions were significantly different
from each other (p < .0001).
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Figure 6.
The formation of 8-oxo-dGuo in salmon testis DNA by PAH o-quinones is concentration-
dependent. It was found that there was a strong positive effect of dose on 8-oxo-dGuo formation
for each quinone tested where p < .0001 in each instance. The linear trend with dose was also
assessed for the four agents. To determine whether there were significant differences in the
linear trend for the four quinones as a whole a F-test with three degrees of freedom was
performed. BP-7,8-dione was set as the reference agent since it had the lowest production of
8-oxo-dGuo. It was found that NP-1,2-dione was significantly different from BP-7,8-dione
after adjusting for dose (p < .0001). By contrast BA-3,4-dione and DMBA-3,4-dione did not
appear to be significantly different from BP-7,8-dione in their linear trends. An F-test was also
performed to determine whether the four agents produced the same or different amounts of 8-
oxo-dGuo after adjusting for dose. A p-value of < .005 was obtained. Thus among the group
of four agents there were significant differences in the level of 8-oxo-dGuo production after
adjusting for dose.
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Figure 7.
The effects of ROS scavenging agents on the formation of 8-oxo-dGuo in PAH o-quinones
treated salmon testis DNA. A) NP-1,2-dione. B) BP-7,8-dione. C) 7,12-DMBA-3,4-dione. D)
BA-3,4-dione. The concentration of each scavenger or chelators was as follows. SOD and
catalase were added as 200 U/mL and 800 U/mL, respectively. Tiron, mannitol, sodium
benzoate, sodium formate, methional and sodium azide were added to achieve a final
concentration of 0.1 M. Bathocuproine was added to achieve a final concentration of 200 μM.
Identical results were obtained when the concentration of ROS scavengers were reduced from
0.1 M to 1.0 mM. However, in those experiments methional was ineffective at concentrations
of 0.2 mM. In the data presented the effect of each scavenger on the level of 8-oxo-dGuo was
compared with the level of 8-oxo-dGuo in the control group (complete system). Several
treatments significantly reduced the level of 8-oxo-dGuo across group and the significance was
scored using a standard ANOVA F-test as follows: p = < 0.05*, p = < 0.001**, p= < 0.0005***
and p = < 0.0001****.
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Figure 8.
8-oxo-dGuo formation in salmon testis DNA by hydrogen peroxide (A), Cu(II) (B), and Cu(I)
(C), and Cu(II) plus hydrogen peroxide (D).
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Figure 9.
Formation of the Cu(I)-bathocuproine complex and evidence for the redox-cycling of Cu(II)
to Cu(I). A) The effect of Cu(II) on the complex formation. The samples were treated as
follows: 1, CuCl2 only; 2, Bathocuproine only; 3, 9 s after mixing; 4, 5 min after mixing and
5, 60 min after mixing. B) The effect Cu(I) on the complex formation. 1, CuCl only; 2,
bathocuproine only; 3, 9 s after CuCl and bathocuproine were mixed; 4, 5 min after mixing
and 5, 60 min after mixing. C) The effect of Cu(II) and NADPH on the complex formation. 1,
NADPH only; 2, CuCl2 only; 3, bathocuproine only; 4, NADPH and CuCl2; 5, CuCl2 and
bathocuproine; 6, 8 s after CuCl2, NADPH and bathocuproine were mixed; 7, 5 min after
mixing and 8, 60 min after mixing.
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Scheme 1.
Metabolic activation of PAHs by Aldo-Keto Reductases and ROS formation
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Scheme 2.
Generation of reactive species during redox cycling of PAH o -quinones in the presence of
NADPH and copper(II) chloride and the formation of 8-oxo-dGuo
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Table 1
NADPH reduction and oxygen consumption during the redox cycling of PAH o-quinone with and without copper
chloride

Oxidized NADPH (nmol/min) Consumed oxygen (nmol/mim)

PAH o-quinones (20
nmole/mL)

− Cu(II) + Cu(II) − Cu(II) + Cu(II)

NP-1,2-dione 4.03 ± 0.21 7.53 ± 0.37 4.00 ± 0.43 5.67 ± 0.54
BP-7,8-dione 0.52 ± 0.05 1.00 ± 0.06 0.49 ± 0.09 0.45 ± 0.05
7,12-DMBA-3,4-dione 1.63 ± 0.13 3.83 ± 0.24 0.98 ± 0.07 2.23 ± 0.28
BA-3,4-dione 0.98 ± 0.07 4.72 ± 0.28 0.67 ± 0.05 2.83 ± 0.32
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Table 2
Effects of Desferal on the reduction of the adventitious formation of 8-oxo-dGuo in untreated salmon testis DNA
using Chelex-treated buffer

Treatment Analyzed DNA
digest (μg)

Detected 8-oxo-
dGuo (fmol)

Detected dGuo (nmol) 8-oxo-dGuo adduct/
105dGuo

No Desferal treatment 0.86 21.1 ± 2.4 0.66 ± 0.42 3.17 ± 0.42
Desferal treatment 0.86 13.0 ± 1.0 0.60 ± 0.03 2.14 ± 0.06*

50 μg of salmon testis DNA was used for this experiment and 0.86 μg of digest DNA was analyzed.

*
p<0.05.

Chem Res Toxicol. Author manuscript; available in PMC 2005 December 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Park et al. Page 28

Table 3
Effects of Desferal on DNA treated with NP-1,2-dione using Chelex-treated buffer

Treatment Analyzed DNA
digest (μg)

Detected 8-oxo-
dGuo (fmol)

Detected dGuo (nmol) 8-oxo-dGuo
adduct/105dGuo

Desferal treatment - except for PAH treatment
 Control 0.86 10.4 ± 0.3 0.44 ± 0.01 2.35 ± 0.02
 NP-1,2-
dione + NADPHa

0.86 20.2 ± 3.5 0.50 ± 0.05 4.00 ± 0.51

Desferal treatment - all incubations
 Control 0.86 12.9 ± 1.7 0.52 ± 0.03 2.47 ± 0.20
 NP-1,2-dione + NADPH 0.86 14.8 ± 0.8 0.52 ± 0.01 2.83 ± 0.15

a
0.625 μM of NP-1,2-dione and 180 μM of NADPH were used.

50 μg of salmon testis DNA was used for this experiment and 0.86 μg of digest DNA was analyzed.
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Table 4
Validation of the 8-oxo-dGuo detection method by spiking standard 8-oxo-dGuo into the DNA sample

Treatment /Analyzed amount Detected 8-oxo-
dGuo (fmol)a

Retention time (min) Recovery (%)

Standards, 8-oxo-dGuo (n=1, 3 times inj.)
 33.3 (fmol) 32.6 ± 0.5 9.57
 66.7 (fmol) 70.7 ± 2.0 9.61
666.7 (fmol) 744.5 ± 0.1 9.58
Spiked 8-oxo-dGuo (n=3, 2 times inj.)
1.8 μg of DNA digest only 50.9 ± 2.2 9.55 ± 0.01 -
1.8 μg of DNA digest + 33.3 (fmol) 85.2 ± 3.4 9.53 ± 0.01 105.1 ± 10.3
1.8 μg of DNA digest + 66.7 (fmol) 119.2 ± 1.8 9.52 ± 0.01 96.6 ± 2.6
1.8 μg of DNA digest + 666.7 (fmol) 771.3 ± 4.2 9.54 ± 0.01 96.8 ± 0.6

a
The mobile phase used for this experiment was 100 mM sodium acetate pH 5.2 with 6 % methanol.
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