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Abstract

The polycyclic aromatic hydrocarbon (PAH), dibenzo[def,p]chrysene (DBC; also known as
dibenzo[a,l]pyrene), is a potent carcinogen in animal models and a class 2A human carcinogen.
Recent investigations into DBC-mediated toxicity identified DBC as a potent immunosuppressive
agent similar to the well-studied immunotoxicant 7,12-dimethylbenz[a]anthracene (DMBA).
DBC, like DMBA, is bioactivated by cytochrome P450 (CYP) 1B1 and forms the reactive
metabolite DBC-11,12-diol-13,14-epoxide (DBCDE). DBCDE is largely responsible for the
genotoxicity associated with DBC exposure. The immunosuppressive properties of several PAHs
are also linked to genotoxic mechanisms. Therefore, this study was designed to identify DBCDE-
DNA adduct formation in the spleen and thymus of wild-type and cytochrome P450 1b1 (Cyplbl)
knockout (KO) mice using a highly sensitive stable-isotope dilution UHPLC-MS/MS method.
Stable-isotope dilution UHPLC-MS/MS identified the major DBC adducts (+)-anti-cis-DBCDE-
dA and (z)-anti-trans-DBCDE-dA in the lung, liver, and spleen of both WT and Cyplbl KO
mice. However, adduct formation in the thymus was below the level of quantitation for our
method. Additionally, adduct formation in Cyplbl KO mice was significantly reduced compared
to wild-type (WT) mice receiving DBC via oral gavage. In conclusion, the current study identifies

© 2015 Published by Elsevier B.V.

"Corresponding Author: Tod Harper Jr., tod.harper@oregonstate.edu, 541-737-6498, 307 LPSC, Corvallis, OR 97331.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harper et al. Page 2

for the first time DBCDE-dA adducts in the spleen of mice supporting the link between
genotoxicity and immunosuppression, in addition to supporting previous studies identifying
Cyplb1 as the primary CYP involved in DBC bioactivation to DBCDE. The high levels of DBC-
DNA adducts identified in the spleen, along with the known high levels of Cyplb1l expression in
this organ, supports further investigation into DBC-mediated immunotoxicity.
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1. Introduction

Dibenzo[def,p]chrysene (DBC; also know as dibenzo[a,l]pyrene) is a commonly identified
component of polycyclic aromatic hydrocarbon (PAH) mixtures associated with cigarette
smoke, coal smoke, and outdoor air pollution [1-3]. The International Agency for Research
on Cancer (IARC) classifies DBC as a class 2A probable human carcinogen [4]. In
laboratory animals DBC is 30 times more carcinogenic than the well studied benzo[a]pyrene
(BaP) [4]. Previous reports have shown wild-type (WT) mice orally gavaged with DBC
develop cancerous lesions in several tissues including ovaries, lymphoid tissue, and skin [5,
6]. The schematic in Figure 1 represents DBC bioactivation by cytochrome P450 (CYPY)
1B1 and epoxide hydrolase (EPHX1) to form the ultimate carcinogen DBCDE [7, 8].
CYP1B1 is primarily responsible for DBC bioactivation evidenced by several in vitro
studies [9, 10]. Using a Cyplbl knockout (KO) mouse model Buters et al. [5] reported oral
exposure to DBC in mice lacking Cyplb1 resulted in lower tumor formation and restriction
of carcinogenic lesions primarily to the lung. Additionally, DBC preferentially forms stable
(-)-anti-cis-DBCDE-dA and (-)-anti-trans-DBCDE-dA adducts at the N6 position of
deoxyadenosine (N®dA) rather than the N2 position on deoxyguanine (N2dG) as with BaP
due to the presence of a sterically hindered fjord region [11]. The preferential formation of
NBdA adducts contributes to DBC carcinogenicity as these DNA lesions are more resistant
to nucleotide excision repair than N2dG adducts [12].

PAH genotoxicity is not only associated with carcinogenesis, but also correlated with the
immunosuppressive properties of PAHs [13, 14]. Recently, DBC was reported to be strongly
immunosuppressive as measured by the T-cell dependent antibody response (TDAR) ex vivo
model at levels comparable to the proven immunotoxicant, 7,12,-dimethylbenz[a]anthracene
(DMBA) [15, 16]. Considering the established immunosuppressive properties of DBC this
study was designed to examine adduct formation in the spleen and thymus of WT and
Cyplbl KO mice using a highly sensitive stable-isotope dilution UHPLC-MS/MS method.

1cYP1B1 denotes human protein; Cyplbl denotes mouse protein; CYP1B1 and Cyplbl denotes human and mouse gene, respectively

Mutat Res Genet Toxicol Environ Mutagen. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harper et al.

Page 3

2. Materials and Methods

2.1 Animals

All animal work was performed with approval from the Institutional Animal and Care Use
Committee at Oregon State University. Eight to ten week old male WT (n = 4) (Jackson
Laboratories, Bar Harbor, ME) and Cyp1bl KO (n = 5) (Dr. Frank Gonzalez, NCI) mice on
the same C57BL/6J genetic background were maintained on a 12-hour light/dark cycle with
rodent chow and water ad libitum. Mice were dosed with 10 mg/kg DBC via oral gavage for
5 consecutive days. The mice were euthanized via CO asphyxiation 3 days after the final
exposure. Target tissues (spleen, thymus, lung, liver) were collected, snap-frozen in liquid
nitrogen, and stored at —80°C until analysis.

2.2 Reagents and Chemicals

Dibenzo[def,p]chrysene was purchased from Midwest Research Institute (Kansas City,
MO). Unlabeled (+)-anti-cis-DBCDE-dA and (z)-anti-trans-DBCDE-dA standards,

and 1°N-labeled (+)-anti-cis-DBCDE-dA and ()-anti-trans-DBCDE-dA standards were
synthesized by the laboratory of Dr. Shantu Amin at Penn State University.

2.3 Preparation of DNA

DNA was isolated from frozen tissue using Qiagen Genomic Tip 500/G (Qiagen,
Germantown, MD) or Roche DNA Isolation Kit for Cells and Tissues (Roche, Indianapolis,
IN) as described by the manufacturer. One hundred pg of DNA in a final volume of 450 pl
water with 10 mM MgCl, was submitted to a series of enzymatic steps to prepare individual
deoxynucleotides: 1) 375 units Dnase | (Life Technologies, Carlsbad, CA) at 37°C for 1.5
hours; 2) 7 units nuclease P1 (Sigma-Alrich, St. Louis, MO) at 37°C for 1.5 hours; 3) 30
units shrimp alkaline phosphatase (Thermo Scientific, Waltham, MA) at 37°C for 1 hours.
After DNA digestion, a 50 pl aliquot was set aside for HPLC base analysis. Forty pg of 15N-
labeled (x)-anti-cissDBCDE-dA and (+)-anti-trans-DBCDE-dA was spiked into each
sample to serve as an internal standard. One ml ethanol was added to each sample and the
sample was incubated at —20°C overnight. The following day the samples were centrifuged
at 14,000g for 10 minutes at 4°C. The supernatant was then transferred to a new 1.7 ml
microcentrifuge tube and evaporated under a nitrogen stream to concentrate the sample to 50
ul. Fifty ul of methanol was added to bring the samples to 100 ul (1 pg DNA/ul). The
samples were filtered through a costar-X spin tube before being transferred to an
autosampler vial.

2.4 HPLC Base Analysis

The aliquot of digested DNA reserved from sample preparation for adduct analysis was
subjected to HPLC analysis using an Alliance 2695 HPLC (Waters, Milford, MA) with a
2996 photodiode array detector (PDA), and a Luna 3 pm C4g, 150 x 3 mm column
(Phenomenex, Torrance, CA). Solvent A was 20 mM ammonium formate (pH 4.5), and
solvent B was acetonitrile. The flow rate was 0.4 ml per minute. The gradient used was 99%
A and 1% B for 3 minutes, followed by a 12 minute ramp from 99% A to 60% A and 1% B
to 40% B. The column and samples were kept at 30°C during the run. A wavelength of 254
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nm was chosen for sample detection. Deoxyguanosine (dG) and deoxyadenosine (dA)
standards eluted at 9.3 and 10.2 minutes respectively. A calibration curve for each standard
was constructed and sample base levels were calculated by interpolation of the curve using
Empower 2 software (Waters, Milford, MA). The number of dA calculated in each sample
was used to present the data as DBCDE-dA/1x108 dA.

2.5 Stable isotope dilution UHPLC-MS/MS

Adduct analysis was performed using a 4000 QTRAP hybrid triple quadrupole/linear ion
trap LC-MS/MS system (AB Sciex, Redwood City, CA) interfaced with a Flexar UHPLC
system (Perkin-Elmer, Waltham, MA) using an Acuity UPLC 1.7 um BEH Cyg, 100 x 2.1
mm column (Waters, Milford, MA). The UHPLC solvent method utilized a gradient of
solvent A (5 mM NH4OAc + 0.1% formic acid in HPLC grade water) and solvent B
(acetonitrile) at a flow rate of 500 pl/min. The 7.5 minute gradient was as follows: 1) 0.5
minute 80% A and 20% B; 2) 6 minutes to 10% A and 90% B; 3) 0.1 min 10% A and 90%
B; 4) 0.9 minute wash out 10% A and 90% B. The MS parameters were set as follows:
electrospray ionization — positive mode; electrospray source temperature — 600°C;
declustering potential — 60 eV; collision energy — 30 eV; entrance potential — 10 eV; cell
exit potential — 10 eV; collision activated dissociation gas — high; curtain gas — 20 psi.
Adducts were analyzed in multiple reaction monitoring (MRM) mode with the following
transitions 604.2/335.0, 604.2/317.0, 604.2/289.1 (targeted adducts) and 609.2/335.0,
609.2/317.0, 609.2/289.1 (internal standards). Peak integration was performed using Analyst
1.5.2 Software (AB Sciex, Redwood City, CA).

2.5.1 Method Validation—The UHPLC-MS/MS method was validated by spiking 100 pg
of control sample matrix with fixed amounts of ()-anti-cissDBCDE-dA internal standard
and increasing amounts of unlabeled (+)-anti-cis-DBCDE-dA (0.05, 0.12, 0.17, 0.50, 1.66
fmol/ul) and plotting the observed concentrations against the spiked concentrations.

2.5.2 Calibration Curve—A calibration curve for each adduct isomer was set up using
unlabeled (z)-anti-cissDBCDE-dA and (+)-anti-trans-DBCDE-dA adducts (0.1, 0.3, 3.0
pg/ul) mixed with 0.4 pg/ul 1°N-labeled adducts in a 100 pg DNA matrix.

2.6 Statistical Analysis

Statistical analysis was carried out using Prism 6.0 (Graphpad, La Jolla, CA). One-way
Analysis of Variance (Anova) with Tukey’s multiple comparisons test was carried out to
determine significant difference in adduct formation between tissues in treatments groups
and isomers within the same treatment. A p-value of < 0.05 was considered significant.
Percentage of adducts was calculated using the following equation: (Total Adducts WT) —
(Total Adducts KO)/(Total Adducts WT).

3. Results

3.1 UHPLC-MS/MS Method Validation

The UHPLC-MS/MS method was validated using a spiked control matrix (0.05, 0.12, 0.17,
0.50, 1.66 fmol/ul) and plotting the measured analyte concentrations against the spiked
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concentrations. Linear regression revealed an R2 of 0.999 with a slope of 0.997 indicating
accurate quantitation with the developed protocol (Figure 2). The limit of quantitation
(LOQ) was determined to be 0.12 fmol/ug DNA (10 times signal-to-noise ratio) using
standards prepared as described in Materials and Methods 2.5.1.

Although the (-)-anti-cisand (-)-anti-trans isomers are the major sterecisomers formed
after CYP 1B1 metabolism in mammalian systems, our 7.5 minute UHPLC-MS/MS method
did not separate the 1°N-labeled optically distinct (-)-anti-cis from the (+)-anti-cis, nor the
(-)-anti-trans from the (+)-anti-trans internal standards. As a result we are not able to
definitively distinguish the (=) and (+) stereoisomers, but are confident the overwhelming
majority of the adducts are (—)-anti isomers based on previous studies characterizing DBC
bioactivation and adduction [6, 17, 18].

3.2 Identification and Quantitation of DBCDE-dA adducts after oral exposure

Successful identification of the target (z)-anti-cissDBCDE-dA and (z)-anti-trans-DBCDE-
dA adduct isomers with co-elution of spiked internal standards is indicated by the two peaks
in the representative MRM chromatogram using liver DNA from a WT gavaged mouse
(Figure 3). Calibration curves for both isomers appear to be linear (Figure 3 inset).

Figure 4A represents adduct formation in the spleen of WT and Cyp1bl KO mice. Statistical
analysis indicates the formation of (+)-anti-cissDBCDE-dA and (z)-anti-trans-DBCDE-dA
adducts are significantly decreased in the spleen of Cyplbl KO mice compared to gavaged
WT mice (Figure 4A). Additionally, the ()-anti-trans adduct is formed preferentially over
the (x)-anti-cis adduct in the gavaged WT group. Adduct levels in the thymus of WT and
Cyplbl KO mice were below the LOQ, making meaningful interpretation unreliable.

Furthermore, we measured adduct formation in the liver and lung for both treatment groups
(Figure 4B and 4C). In gavaged WT mice the (x)-anti-trans adduct is formed at significantly
higher levels than the (z)-anti-cisadduct in both organs consistent with adduct formation in
the spleen. Cyplbl KO adducts in the liver and lung are significantly reduced in each tissue
as expected based on predominant DBCDE formation by Cyplbl [9, 20]. The (z)-anti-trans
isomer is preferentially formed in Cyplbl KO liver, whereas the (£)-anti-cisand (+)-anti-
transisomers in Cyplbl KO lung are formed at comparable levels.

4. Discussion

The primary mechanism for DBC induced carcinogenesis occurs through the formation of
covalently bound DBCDE-DNA adducts resulting in genotoxicity [21]. Additionally, PAH
genotoxicity is correlated with immunotoxicity [14]. This study provides the first evidence
of DBC-adduct formation in the spleen of mice treated orally with DBC (Figure 4). Adduct
identification provides mechanistic support for the immunosuppressive properties of DBC
established previously using T-cell dependent and independent antibody response assays
[15, 16]. Using a UHPLC-MS/MS method we are able to quantitate (+)-anti-cissDBCDE-dA
(45 DBCDE-dA/1x108 dA) and (#)-anti-trans-DBCDE-dA (58 DBCDE-dA/1x108 dA)
adducts in the spleen of WT mice euthanized 3 days after 5 consecutive days of oral gavage
with 10 mg/kg DBC. Identification of the (z)-anti-cisand (z)-anti-trans adducts is
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consistent with the stereoselectivity reported in other DBC target tissues (Figure 3) [6, 7, 11,
18]. Direct application of DBC to the oral cavity by Zhang et al. [18] resulted in high levels
of adduct formation surpassing the current study’s maximum measured level (116 (£)-anti-
trans-DBCDE-dA/1x108 dA). However, our route of administration (oral gavage) differs
significantly compared to direct application of the target tissue making direct comparison of
the two studies difficult.

In the current study DBCDE-dA adducts detected in the thymus were below the LOQ for the
method. Lauer et al. [15], reported DBC exposure results in a greater T-cell-dependent
antibody response than a T-cell-independent antibody response suggesting low level adduct
formation in the thymus may contribute to the T-cell dependent-immunosuppression
identified in the spleen. However, we do not know the level of adduct formation required for
DBC-mediated immunosuppression emphasizing the need for future studies investigating
DBC genotoxicity and immunosuppression. Furthermore, we provide the first evidence
using a highly sensitive UHPLC-MS/MS method that the loss of Cyplbl expression
significantly reduces adduct formation in the spleen, lung, and liver (Figure 4). Reduced
adduct formation in Cyplbl KO mice support earlier studies identifying Cyp1b1 as the
major Cyp responsible for DBCDE-dA adduct formation [5, 9, 11]. Cyp1bl is also critical
for DMBA-induced spleen cell immunotoxicity in mice [22]. The spleen is known for high
levels of constitutive Cyplbl expression, and as a result is susceptible to genotoxicity
through bioactivation [14, 23]. The reduced adduct formation identified in the spleen would
suggest Cyplbl KO mice should be less susceptible to DBC-mediated splenic
immunotoxicity.

DBC adduct formation in the liver of Cyplbl KO mice retained the cis:trans (2:5) ratio
identified in the liver of the gavaged WT group, whereas lung and spleen isomer formation
occurred at equal levels. Adduct formation in the lung of Cyplbl KO animals is lower than
expected based on a previous study using Cyplbl KO mice reporting oral treatment with
DBC reduces tumor incidence and restricts carcinogenic lesions to the lung [5]. Although
adduct formation was not examined, the high number of lung lesions found by Buters et al.
[5], were attributed to Cyplal bioactivation and DBCDE-adduct genotoxicity. Supporting
studies performed using V79 Chinese hamster cells stably expressing either human, rat, or
mouse CYP1AL or CYP1B1 indicate only mouse Cyplal is able to form the nonpolar
DBCDE-adducts associated with Cyp1bl bioactivation [5, 20]. Using Cyplbl KO mice, the
current study reports additional mouse Cyp enzymes (most likely 1al) are capable of
forming DBCDE-adducts, but at low levels suggesting other factors may be contributing
substantially to DBC carcinogenicity in the lung. Further investigation is necessary to fully
understand CYP1B1 and 1A1 mechanism(s) of carcinogenicity and immunotoxicity.

5. Conclusion

Using a highly sensitive UHPLC-MS/MS method we identified for the first time DBCDE-
dA adduct formation in the spleen of mice providing linkage between DBC exposure and
immunotoxicity. Furthermore, utilizing Cyplbl KO mice we show Cyplb1 is responsible
for 71% of DBCDE-dA adducts formed in the spleen. Taking Cyplb1 bioactivation into
account the current study suggests Cyplbl KO mice should be less susceptible to DBC-
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induced immunotoxicity. The high levels of DBC-DNA adducts identified in the spleen,
along with the known high levels of Cyplb1 expression in this organ, supports further
investigation into DBC-mediated immunotoxicity.
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Abbreviations

DBC dibenzo[def,p]chrysene
DBCDE dibenozo[def,p]chrysene-(%)-11,12-dihydrodiol-13,14-epoxide
PAH polycyclic aromatic hydrocarbon
BaP benzo[a]pyrene
DMBA 7,12,-dimethylbenz[a]anthracene
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TDAR T cell-dependent antibody response
UHPLC ultra-high performance liquid chromatography
MS/MS tandem mass spectrometry
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Figure 1. Schematic of DBC bioactivation to DBC-11,12-diol-13,14-epoxide (DBCDE) by
cytochrome P450 1B1 and EPHX1

In the presence of DNA DBCDE binds covalently to DNA preferentially at the N-position
of deoxyadenosine forming the major adducts (-)-anti-cissDBCDE-dA and (-)-anti-trans-
DBCDE-dA. Location of stable 15N isotopes incorporated into the internal standards are
shown in red.
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Figure 2. UHPLC-MS/MS method validation
The stable-isotope dilution UHPLC-MS/MS method was validated using 100 pg spiked

control matrix (0.05, 0.12, 0.17, 0.50, 1.66 fmol/ul (+)-anti-cissDBCDE-dA) and plotting the
measured analyte concentrations against the spiked concentrations. Linear regression
revealed an R2 of 0.999 with a slope of 0.997 indicating accurate quantitation with the
developed protocol. The limit of quantitation (LOQ) was determined to be 0.12 fmol/pg
DNA (10 times signal-to-noise ratio).

DBCDE-dA Observed (fmol/ul)
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Figure 3. Representative MRM chromatogram of (+)-anti-DBCDE-dA adducts obtained from
mice orally exposed to 10 mg/kg DBC for 5 days and euthanized 3 days after final exposure

The chromatogram shows separation of major adducts (z)-anti-cissDBCDE-dA and (£)-
anti-trans-DBCDE-dA using the 7.5-minute stable-isotope dilution UPLC-MS/MS method.
The blue peaks represent the target adducts (m/z 604.2 — m/z 335.0) detected in vivo, while
the red peaks represent the spiked 1°N-labeled ()-anti-cis-DBCDE-dA and ()-anti-trans-
DBCDE-dA internal standards (m/z609.2 — m/z 335.0). Figure insets represent linear
calibration curves for each (x)-anti-cissDBCDE-dA and (+)-anti-trans-DBCDE-dA adduct.
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Figure 4. DBCDE-dA Adduct Quantitation
Quantitation of (+)-anti-cissDBCDE-dA and (z)-anti-trans-DBCDE-dA adducts in spleen

(A), lung (B), and liver (C) of wild-type (n = 4) or Cyplbl KO (n = 5) mice exposed orally
to 10 mg/kg DBC daily for 5 days and euthanized 3 days after the final exposure. All tissue
from WT mice gavaged (white bars) had significantly higher levels of (z)-anti-trans-
DBCDE-dA adduct formation compared to (£)-anti-cissDBCDE-dA adducts consistent with
previous studies. Additionally, the loss of Cyp1b1 (light grey bars) significantly reduced
both adducts in all three tissues. One-way Analysis of Variance (Anova) with Tukey’s
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multiple comparisons test was carried out to determine significant difference in adduct
formation between tissues within different treatment groups and isomers within the same
treatment. A p-value of < 0.05 was considered significant. (X = significant difference
between (+)-anti-cissDBCDE-dA and (+)-anti-trans-DBCDE-dA adducts of the same tissue
and treatment group; ® = significant difference between indicated isomer for treatment and
Cyplbl KO group
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