
Induction of ovarian cancer and DNA adducts by
dibenzo[a,l]pyrene in the mouse

Kun-Ming Chen1, Shang-Min Zhang1, Cesar Aliaga1, Yuan-Wan Sun1, Timothy Cooper2,
Krishnegowda Gowdahalli3, Junjia Zhu4, Shantu Amin3, and Karam El-Bayoumy1

1Dept. of Biochemistry and Molecular Biology, Penn State College of Medicine, Hershey, PA
17033
2Dept. of Comparative Medicine, Penn State College of Medicine, Hershey, PA 17033
3Dept. of Pharmacology, Penn State College of Medicine, Hershey, PA 17033
4Dept. of Public Health Sciences, Penn State College of Medicine, Hershey, PA 17033

Abstract
Tobacco smoking is an etiological factor of ovarian cacner; however, the mechanisms remain
largely undefined. Therefore, as an initial investigation we examined the carcinogenicity and DNA
adducts formation in the ovary of mice treated with DB[a,l]P, a tobacco smoke constituent and
environmental pollutant. Ovarian tumors in B6C3F1 mice were induced by direct application of
DB[a,l]P (24, 12, 6, and 3 nmol/mouse, 3 times a week for 38 weeks) into the oral cavity of mice.
At 6 nmol, DB[a,l]P induced the highest total ovarian tumor incidence (79%), but the incidence of
malignancy was only 15%. However, at the dose of 12 nmol, the total ovarian tumor incidence
was 75%, and the incidence of malignancy was 65%. In addition to ovarian tumors, at the dose of
24 nmol, DB[a,l]P induced lesions in sites distal from the ovaries including the skin, mammary,
lung, and oral tissues which were rare at doses lower than 24 nmol. Another bioassay was
conducted to detect and quantify DNA-adducts induced by DB[a,l]P (24 nmol, 3 times a week for
5 weeks) in the ovary at 48 h, 1, 2 and 4 weeks after the last administration of DB[a,l]P. DNA was
isolated, and the dibenzo[a,l]pyrene-11,12-dihydrodiol-13,14-epoxide (DB[a,l]PDE)-DNA
adducts were analyzed by a LC-MS/MS method. DB[a,l]P resulted in the formation of (−)-anti-
cis-DB[a,l]PDE-dA and (−)-anti-trans-DB[a,l]PDE-dA adducts, which were 0.8 and 1.6 fmol/106

dA respectively in ovaries of mice within 48 h, and the level of adducts decreased over a week.
Our results indicated that DB[a,l]P can be metabolized to form (−)-anti-DB[a,l]PDE; the latter
may, in part, account for DB[a,l]P-induced ovarian cancer. This animal model should assist to
better understand the mechanisms, account for the induction of ovarian cancer by tobacco
carcinogens, and facilitate the development of chemopreventive agents against ovarian cancer.
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Introduction
Ovarian cancer causes more deaths than any other cancer of the female reproductive system;
15,460 deaths are expected in the US in 2011,1 and ovarian cancer is the fifth leading cause
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of cancer deaths among women2,3. There are usually no obvious symptoms of early ovarian
cancer; therefore, only 15% of ovarian cancers are diagnosed in the localized stage.
Although the death rates for ovarian cancer have been decreasing by 1.4% per year since
2002, the five-year survival rate for ovarian cancer patients is 46%.1,2

The etiology of ovarian cancer is multifactorial and remains largely undefined; furthermore,
the mechanisms by which this disease progresses to more malignant phenotype are poorly
understood.4 The most important risk factor is family history of breast or ovarian cancer.1,5

Women had breast cancer or have tested positive for inherited mutations in BRCA1 or
BRCA2 genes are also at increased risk.1,6 Other risk factors include hereditary
nonpolyposis colon cancer, use of hormones, obesity, nutrition and lifestyles.1,7 Recent
epidemiologic studies also showed sufficient evidence that tobacco smoking causes cancer
of the ovary.1,6,8–10 Epithelial ovarian cancer are divided into several histological subtypes,
including serous, mucinous, endometrioid, clear cell, and other less common forms.11

Among them, advanced-stage mucinous ovarian cancer patients had a worse prognosis than
women with non-mucinous epithelial ovarian cancers.12,13 There is a positive relationship
between mucinous tumors and tobacco smoking;8,9,14–16 based on a large population-based
study, this association is increased for current smokers and with increasing number of pack-
years.8 An association between mucinous ovarian cancer with ex-smoker has also been
reported.16 Interestingly, consumption of alcohol is also considered a risk factor for
mucinous but not nonmucinous epithelial ovarian cancer.7,17 Therefore, animal models
using agents relevant to etiological factors of the disease would provide valuable tools to
better understand the mechanisms that can account for the induction of ovarian cancer and
develop suitable approaches for cancer prevention.

The induction of ovarian cancer in laboratory animals by the synthetic carcinogen, 7,12-
dimethyl-benz[a]anthracene (DMBA), in rodents has served as in vivo models to examine
the etiology of the disease and to identify agents that can suppress ovarian
carcinogenesis.18–20 Literature data suggests that diol-epoxide metabolites of polycyclic
aromatic hydrocarbon (PAH), such as dibenzo[a,l]pyrene DB[a,l]P) and benzo[a]pyrene
(B[a]P), can covalently bind to DNA of ovarian cells from human exposed to cigarette
smoke.21 Although the levels of DB[a,l]P are lower than B[a]P in samples derived from
environmental sources,22 the fjord region DB[a,l]P is the most potent carcinogenic PAH
found in tobacco smoke to date in rodent model systems.23 DB[a,l]P is generated from
incomplete combustion and has been identified in mainstream cigarette smoke, soil and
diesel exhaust particulate matter.24–26 Consistent with its carcinogenicity, DB[a,l]P was also
found to induce 6- and 9-fold greater DNA adduct levels than B[a]P or DMBA in rat
mammary glands at equimolar dose.27 In addition, Buters et al. found DB[a,l]P administered
intragastrically induced ovarian tumors in over 70% of the mice, which is the highest among
all targeted organs;28 however, the design of this study was limited to a single dose.

In the current dose-response study, we further confirmed that the ovary is the main target
organ of DB[a,l]P in the mouse. This model will allow the development of better methods
for the early detection and novel chemopreventive agents. We also demonstrated that the
tobacco smoke component, DB[a,l]P, is involved in the carcinogenesis of ovarian cancer, at
least in part, through the formation of DB[a,l]PDE-DNA adducts, which were detected for
the first time in the ovaries of mice treated with DB[a,l]P using a stable isotope dilution LC-
MS/MS method that was recently developed in our laboratory.29
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Materials and Methods
Caution

DB[a,l]P and DB[a,l]PDE are mutagenic and carcinogenic. They should be handled with
extreme care, following safety guidelines.

Chemicals
DB[a,l]P and (±)-anti-DB[a,l]PDE were prepared according to a published method by our
group.30 These chemicals were characterized on the basis of NMR and high-resolution mass
spectral data and their purity (≥99%) was determined by HPLC.

(±)-anti-DB[a,l]PDE-N6-dA adducts as well as its 15N-labeled counterpart were prepared
according to our previously published method.29 In brief, they were synthesized by reacting
10 µmol of ±)-anti-DB[a,l]PDE in dry DMF (400 µL) under N2 with 152 µmol of unlabeled
or 15N-labeled dA Spectra Stable Isotopes, Columbia, MD), at 100 °C for 30 min. The
resulting mixture was then dried in vacuo, and then dissolved in DMSO/CH3OH (1:1). The
adducts were purified on a reversed-phase YMC ODS-AQ 5 µm, 120 Å column (6.0 mm ×
250 mm) (YMC, Wilmington, NC), using a CH3CN/H2O gradient on an Agilent series 1100
HPLC system (Agilent Technologies, Palo Alto, CA).29 The resulting fractions were further
purified isocratically with 70% CH3OH/H2O. The structure and stereochemistry of adducts
were confirmed by a combination of UV, MS, 1H NMR and CD spectra analysis. The
concentration of each purified stereoisomer was determined by UV spectroscopy, ε=43000
cm−1 Beckman Coulter DU 640 spectrophotometer).20 Solvents, other chemicals and
enzymes used in the present study were obtained from Sigma-Aldrich (St. Louis, MO).

Animals
Female B6C3F1 (Jackson Laboratories, Bar Harbor, ME) 6 weeks of age, were used in
carcinogenesis study. Mice were quarantined for 1 week; then they were transferred to the
bioassay laboratory. All mice were kept on a 12-h light:12-h dark cycle, maintained at 50%
relative humidity and 21 ± 2°C, and were fed a semi-purified, modified AIN-93M diet (5%
corn oil), and water ad libitum. The bioassay was carried out in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and was approved by Institutional
Animal Care and Use Committee.

Animal Treatment
In the carcinogenesis bioassay, female B6C3F1 mice (20/group) at the age of 8 weeks old
received DB[a,l]P in DMSO, or DMSO alone administered into the oral cavity 3 times a
week for 38 weeks or left untreated. The doses used were 24, 12, 6, 3 and 0 nmol/mice each
application, and they are equal to 0.29, 0.15, 0.073, 0.035 and 0 mg/kg body weight. Mice
were weighed weekly until termination at 47 weeks after the first carcinogen administration.
During the progress of the bioassay, mice were culled from the group and sacrificed if we
observed a sudden weight loss of more than 20 % or a tumor size exceeding 2 cm in
diameter. At termination, mice were sacrificed by carbon dioxide asphyxiation and ovaries
were collected and fixed in 10% neutral buffered formalin. Tissues were processed in an
automated Tissue-Tek VIP processor and paraffin-embedded with a Tissue-Tek TEC
embedding station. Sections were cut at 6 µm for routine hematoxylin and eosin (H&E)
staining. All tissues were examined by an ACVP diplomate pathologist blinded to
treatments.

In the bioassay for the DNA adducts formation and disappearance, we carried out a time-
course study, in which mice were administered with 24 nmol DB[a,l]P into the oral cavity 3
times per week for 5 weeks. Six animals per group were sacrificed at 48 h, 1, 2 and 4 weeks
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after the last administration of DB[a,l]P. At termination, mice were sacrificed by CO2
asphyxiation and ovarian tissues were collected for DNA adduct analysis.

DNA isolation
DNA was isolated from tissues using the Qiagen genomic DNA isolation procedure.
Homogenized tissues were incubated with RNase A and proteinase K for 2h. The DNA was
purified with Qiagen genomic tips (500/G). DNA was dissolved in TE buffer (pH=8.0). The
concentration was determined by the absorbance at 260 nm using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE).

DNA hydrolysis and solid phase extraction
Prior to enzymatic digestion, 200 pg of each [15N5]-anti-trans- and [15N5]-anti-cis-
DB[a,l]PDE-dA adducts were added to 200 µg DNA. To the resulted solution, 1M MgCl2
(10 µL/mg DNA) and DNase I (0.2 mg/mg DNA) were added and incubated at 37 °C for 1.5
h. Immediately, nuclease P1 (20 µg/mg DNA) was added and the mixture was incubated at
37 °C for another 1.5 h. After adjusting the pH to 9 using 0.1 M tris buffer (pH=9.0), snake
venom phosphodiesterase (0.08 unit/mg DNA) and alkaline phosphatase (2 units/mg DNA)
were then added. The mixture was incubated at 37 °C overnight (~ 18 h).21 The DNA
hydrolysate was centrifuged at 14000 rpm for 10 min. Aliquot of the supernatant was
subjected to dA base analysis by HPLC. The remaining supernatant was partially purified by
solid phase extraction using an Oasis HLB column (1 cm3, 30 mg, Waters Ltd.). The column
was initially conditioned with 1.0 ml of methanol followed by 1.0 ml of HPLC grade water.
The digested DNA sample was then loaded onto the column and washed with 1.0 ml of
methanol: water (5:95 v/v).22 The fractions containing DB[a,l]PDE-dA adducts were eluted
from the column with methanol, then concentrated under mild N2 stream.

LC-MS/MS analysis
The method used for the detection of DB[a,l]PDE-dA adducts by LC-MS/MS is identical to
our previously published procedure.29 In brief, the analysis was carried out on an API
3200™ LC/MS/MS triple quadrupole mass spectrometer interfaced with an Agilent 1200
series HPLC using an Agilent extend-c18 5 µm 4.6 × 150 mm column. The electrospray
ionization (ESI) was performed in the positive mode. The MS parameters were set as
follows: electrospray source temperature and voltage were 400°C and 5.5 kV, respectively;
the declustering potential (DP), collision energy (CE), entrance potential (EP), and cell exit
potential (CXP) were optimized as 56, 33, 7.5 and 8 ev, respectively; the collision activated
dissociation (CAD) gas was set at 5 psi, while the curtain gas was set at 20 psi. The elution
solvent program was 200 ul/min gradient using solvent A (methanol containing 0.1% formic
acid) and solvent B (water containing 0.1% formic acid). The gradient was 10% A to 70% A
in 5 min, followed by 70% A in 10 min, continued to 90% A in 30 min, and 90% A was held
for another 5 min. Adducts were monitored in multiple reaction monitoring (MRM) mode.
The MS/MS transitions of m/z 604→ m/z 335, and m/z 609→ m/z 335 were monitored for
targeted adducts and internal standards, respectively.

Statistics
Significant pairwise differences in tumor incidence between treated groups and controls
were determined using Fisher’s Exact test followed by adjusted post-hoc testing.
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Results
Carcinogenesis study

In the carcinogenesis bioassay (Table 1), several groups of mice were treated with various
doses of DB[a,l]P (3, 6,12, and 24 nmol/mouse) 3 times per week for 38 weeks. These
treatments led to no apparent toxicity as judged by body weight gain (data not shown) and
physical observation. The tumor incidences in the ovarian tissues are shown in Figure 1. The
ovarian tumors observed are mainly granulosa cell type including both benign (GCT) and
malignant tumors (MGCT) (Table 1). At the dose of 3 nmol, the incidence of ovarian tumors
was only 25%. Although at the dose of 6 nmol we observed the highest total ovarian tumor
incidence (79%), the incidence of malignancy was only 16%. However, at a dose of 12 nmol
DB[a,l]P induced 75% of the total tumor incidence, and the incidence of MGCT was 65%.
The dose of 24 nmol DB[a,l]P treatment resulted in the formation of ovarian tumors in 53%
of the mice including 47% of MGCT and 6% of GCT; it also resulted in neoplasia in
mammary (53%), oral (31%), skin (29%) and lung (12%) tissues of mice.

DB[a,l]PDE-DNA adducts formation
In an attempt to demonstrate that the observed ovarian tumors could be resulted from
DB[a,l]P-induced DNA damage, we detected both (−)-anti-cis-DB[a,l]PDE-dA and (−)-
anti-trans-DB[a,l]PDE-dA in ovaries of mice orally treated with DB[a,l]P using a recently
developed LC-MS/MS method (Figure 2).29 In this bioassay, mice were administered orally
(24 nmol) 3 times a week for 5 weeks; DNA were isolated from pooled ovaries (n = 6),
which were removed from mice 2, 8, 14, and 28 days after the last administration. We
clearly demonstrated that treatment of mice with DB[a,l]P resulted in the formation of (−)-
anti-cis-DB[a,l]PDE-dA and (−)-anti-trans-DB[a,l]PDE-dA adducts in mouse ovary with
the trans form predominant (Figure 3). The level of adducts were found to decrease
dramatically over a week (from 1.6 to 0.84 fmol/106 dA for the trans adduct, and from 0.8 to
0.15 fmol/106 dA for the cis adduct), but still detectable 4 weeks (0.72 for the trans adduct,
and 0.21 for the cis adduct) after the last administration. The level of (−)-anti-trans-
DB[a,l]PDE-dA was higher than (−)-anti-cis-DB[a,l]PDE-dA throughout the entire course
of this study.

Discussions
In this study we clearly showed the remarkable carcinogenicity of fjord region DB[a,l]P in
mouse ovary in a dose-response manner. Based on our results we showed that at doses of 6
and 12 nmol, DB[a,l]P predominately induced granulosa cell ovarian tumors in the mouse.
At a dose of 24 nmol, DB[a,l]P induced ovarian tumors (53%), as well as tumors in
mammary gland (53%), oral cavity (31%), skin (29)%, and lung (12%). Our results are
consistent with Buters et al, who had reported that following a single dose administered
intragastrically to mice, DB[a,l]P induced mainly ovarian tumors (71%) and tumors of other
sites (less than 47%).28 Our finding together with previous reports demonstrating the
detection of B[a]P-DNA adducts and cotinine in ovarian granulose-lutein cells from women
exposed to cigarette smoke support the potential role of environmental carcinogens in the
development of ovarian cancer.14,21,31

DNA-adducts were detected by LC-MS/MS in this study. Mass-spectrometry is able to
identify adducts based on their molecular weight and fragmentation patterns; therefore, it is
considered the “gold standard” for DNA-adduct identification.32 The detection of (−)-anti-
cis-DB[a,l]PDE- dA and (−)-anti-trans-DB[a,l]PDE-dA adducts in ovaries of DB[a,l]P-
treated mice provides direct evidence that DB[a,l]P can be metabolized to its (−)-anti-diol
epoxide, and this diol epoxide subsequently react with DNA bases to result in DNA
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damages in mouse ovary. PAHs that are tumorigenic are considered as procarcinogens
because they require metabolic activation to biologically reactive intermediates that can lead
to the formation of DNA adducts, which will eventually cause mutation.33 Although levels
of DNA adducts in various organs of rodents treated with various chemical carcinogens do
not always correlate with their carcinogenicity;34 measurement of these adducts provides a
method for biomonitoring carcinogen exposure and can provide a risk assessment for
susceptibility to carcinogenesis.33

Three different pathways have been proposed to be involved in the activation of DB[a,l]P;
these pathways include: (1) the radical cation pathway (mediated by P450 peroxidases and
other peroxidases) to yield depurinating adducts; (2) the diol epoxides pathway (mediated by
cytochromes P4501A1/1A2 and 1B1) to yield stable bulky diol epoxide-DNA adducts; and
(3) the PAH ortho-quinone pathway (mediated by aldo-keto reductases) which results in
bulky stable DNA adducts, depurinating adducts, and oxidatively modified DNA lesions.
The redox cycling of ortho-quinone derivatives of DB[a,l]PDE can give rise to reactive
oxygen species leading to the formation of the mutagenic lesion, 8-hydroxy-2’-
deoxyguanosine (8-oxo-dG).35 The diol epoxides pathway is the most widely accepted
pathway of PAH activation to yield DNA adducts;33 however, we will aim at examining the
possible formation of 8-oxo-dG in the ovary of mice treated with DB[a,l]P in the future.

Our results also support the notion that DB[a,l]P exerts its biological effects mainly through
the diol-epoxides pathway rather than depurinating DNA adducts obtained from radical
cation pathway.36,37 In fact, there is significant evidence that the tumorigenic activity of
DB[a,l]P is mediated through metabolic acitivation by cytochromes P450 1A1 and 1B138 to
highly reactive and tumorigenic fjord region diol-epoxides (e.g. DB[a,l]PDE)39 that react
strongly with adenine and guanine in cellular DNA (Figure 4),29,40 especially 1B1-catalyzed
formation of DNA-adducts is more critical.28 In addition, both constituted and inducible
forms of 1B1 mRNA was observed in rodents ovary (highest), testis, kidney, heart, brain,
thymus, intestine, uterus, and adrenal, but 1A1 mRNA expression in ovary was low before
induction.41,42 Therefore, the capacity of phase I and II enzymes to metabolize DB[a,l]P to
certain diol epoxides, and level of adduct formation and repair may be involved in its
carcinogenic effects in mouse ovary.

The most important electrophilic and reactive DNA-binding diol epoxides specific derived
from DB[a,l]P are the (+)-syn-(11S,12R,13S,14R)- and the (−)-anti-(11R,12S,13S,14R)-
DB[a,l]PDE.39,43 The carcinogenic activities of these DB[a,l]PDEs were linked to the
formation of stable DNA adducts36 that include primarily N6-dA and to a lesser extent N2-
dG adducts rather than unstable depurinating DNA adducts in native DNA (44). In addition,
the metabolic activation of DB[a,l]P in vitro and in vivo results in the predominant
formation of (−)-anti-DB[a,l]PDE-DNA adducts.29 Furthermore, the (−)-anti-DB[a,l]PDE
stereoisomer is 3 – 4 times more active than the (+)-syn-DB[a,l]PDE45 indicating that the
(−)-anti-isomer is biologically the most significant diol epoxide derived from DB[a,l]P.
Taken together the above mentioned information, we focused initially on the detection of
(−)-anti-DB[a,l]PDE-dA in this study.

The mutagenic activities of the DB[a,l]PDE stereoisomers have been extensively studied
and reviewed by Luch.44 Overall, as expected from the higher reactivity of the fjord region
diol epoxide with adenine in DNA, dA → dT transversions were dominant in the
DB[a,l]PDE-treated cells, while in the cells treated with the bay region B[a]PDE, dG → dT
base substitutions predominated.46,47 Here, we further postulate that (−)-anti-trans-
DB[a,l]PDE-dA may be more important than (−)-anti-cis-DB[a,l]PDE-dA because the level
of trans-adduct is consistently higher than cis-adducts throughout 4 weeks after cessation of
DB[a,l]P treatment.
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In soil and sediment samples, the levels of DB[a,l]P contents were determined to be in the
range of tens to hundreds ppb for samples with different level of pollution, and they are
roughly more than 2 orders of magnitude lower than those of B[a]P, the gap is reduced by a
40-fold difference in the case of strong contamination.22 Although DB[a,l]P has been
detected in cigarette smoke, but has never been quantified. Human exposure to DB[a,l]P has
been reported.48 In the case of cigarette smoke, the level of B[a]P is ranging from 0.2 to
12.2 µg per 100 cigarettes; therefore, our results suggest that the lifetime exposure of
women to PAH, including DB[a,l]P via cigarette smoke and environment pollutant, may be
at the risk of developing ovarian cancer. In conclusion, our study indicates that ovary is the
main target organ in mice treated orally with DB[a,l]P; (−)-anti-tans-DB[a,l]PDE-dA may,
in part, account for the carcinogenic activity of DB[a,l]P. This animal model can be
employed to better understand the mechanisms at the cellular and molecular levels that can
account for the induction of ovarian cancer by tobacco carcinogens such as DB[a,l]P.
Furthermore, it can facilitate the development of novel chemopreventive agents against the
development of ovarian cancer.

List of abbreviations

DB[a,l]P dibenzo[a,l]pyrene

DB[a,l]PDE dibenzo[a,l]pyrene-11,12-dihydrodiol-13,14-epoxide

DMBA 7,12-dimethylbenz[a]anthracene

PAH polycyclic aromatic hydrocarbon

dA deoxyadenosine

dG deoxyguanosine

CYP cytochrome P450 enzymes

MGCT malignant granulosa cell tumor

GCT granulosa cell tumor
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Figure 1.
Incidence of ovarian tumors induced by oral administration of DB[a,l]P in mouse. *, p <
0.01.
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Figure 2.
A representative chromatogram of (−)-anti-DB[a,l]PDE-dA adducts was isolated from the
ovary of mice treated with DB[a,l]P and then analyzed by stable isotope dilution HPLC-MS/
MS. Chromatogram in red represents the added internal standards (−)-[15N5]-anti-
DB[a,l]PDE-dA (A), and chromatogram in blue shows hydrolyzed DNA (B) obtained from
mouse ovary.
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Figure 3.
Levels of (−)-anti-DB[a,l]PDE-dA in ovary of mice at 2 days, and 1, 2, and 4 weeks after
cessation of DB[a,l]P treatment (24 nmol, 3 times/week, for 5 weeks).
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Figure 4.
Structures of DNA adducts derived from DB[a,l]P found in mammalian cells.
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