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ABSTRACT
Human exposure to the carcinogenic polycyclic aromatic hydrocarbons (PAHs)
benzo[a]pyrene (B[a]P) and dibenzo[a,l]pyrene (DB[a,l]P) is through environmental
complex mixtures, such as urban dust particulate matter (UDPM) and diesel exhaust
(DE), however the potency of these PAH within a mixture is not established. To
determine the effect of these mixtures on the carcinogenic potency of B[a]P and
DB[a,l]P, tumor initiation, CYP-mediated metabolic activation, PAH-DNA adduct
formation, oxidative DNA damage, and changes in gene expression were investigated.
In SENCAR mice, both UDPM and DE decreased the tumor-initiating potency of
B[a]P and DB[a,l]P, respectively. UDPM delayed the onset of B[a]P-induced tumor
initiation, and DE decreased the overall tumor and carcinoma burden by DB[a,l]P.
Short-term in vivo studies revealed decreased cytochrome P450 (CYP) induction and

PAH-DNA adduct levels. These results were closely associated with results obtained
in human breast epithelial cells in culture (MCF-10A), where UDPM and DE
decreased the carcinogenic potency of B[a]P and DB[a,l]P by inhibition of CYP
metabolic activity and PAH-DNA adduct levels. In vitro biochemical assays using
pure CYP1A1 and CYP1B1 microsomal protein revealed that the aromatic component
of UDPM and DE non-competitively inhibited CYP metabolic capacity. Quantitative
real-time PCR experiments revealed that the expression of aldo-keto reductase (AKR)
1C1, 1C2, and 1C3 genes significantly increased upon co-exposure to either UDPM or
DE plus PAH. Co-exposure to UDPM or DE plus PAH resulted in increased DNA
strand breaks and 8-hydroxy-2’-deoxyguanosine (8-OH-dGuo) adducts, compared
with PAH exposure alone.

These data indicate that CYP inhibition by complex

mixtures may result in the upregulation of the alternate, AKR-mediated PAH
metabolism pathway thereby resulting in an increased production of reactive oxygen
species (ROS). Taken together, the carcinogenic potency of PAH is dependent on the
induction of bioactivation enzymes, and environmental complex mixtures have the
ability to shift PAH metabolism pathways.
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Environmental Complex Mixtures Modify Benzo[a]pyrene and Dibenzo[a,l]pyreneInduced Carcinogenesis

CHAPTER I. INTRODUCTION

Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are a class of high molecular
weight, planar, aromatic compounds. The study of PAHs dates back nearly 250 years,
where Hill (1) and Pott (2) observed that exposure to tobacco and soots was associated
with adverse health effects and cancer incidence. In 1915, Yamagiwa and Ichikawa
were able to reproduce the human outcome in laboratory animals and induce
malignant epithelial tumors with repeated applications of coal tar on the ears of rabbits
(3). Then in 1933, Cook et al. succeeded in isolating benzo[a]pyrene (B[a]P) (Figure
1.1) from coal tar, which since has been a prototype in PAH carcinogenesis research
(4).
PAHs are ubiquitous environmental pollutants to which humans are exposed
through a variety of sources.

PAHs are released in the environment during the

combustion of residential heating, power and heat generation, incineration, open fires,
and combustion of gasoline and diesel fuels (5, 6). Occupational exposure to PAHs
occurs in several industries and occupations, including, but not limited, to aluminum
production, coal gasification, coke production, iron and steel foundries, fossil fuel
processing, wood impregnation, roofing, and road paving (7).

Exposures are

associated with elevated risk of lung, skin and bladder cancers. Due to their
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Bay Region

Benzo[a]pyrene

Fjord Region

Dibenzo[a,l]pyrene

Figure 1.1 Two structurally different carcinogenic PAH, demonstrating the position
of the bay- and fjord- region.
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environmental prevalence, associations with human cancer incidence, and concerns
surrounding the regulation of PAH emissions, research on PAH and complex mixtures
is necessary.

Molecular Mechanisms of PAH Metabolism and Activation
PAHs are metabolized by various enzymes resulting in bioactivation or
excretion of the parent compound. Phase I enzymes include oxidoreductases such as
cytochrome P450 (CYP), epoxide hydrolase (EH), aldo-ketoreductases (AKR), and
peroxidases. Activated intermediates are often enzymatically conjugated with highly
charged and polar functional groups or molecules, such as glutathione, glucuronic
acid, or sulfate to be detoxified and excreted. These conjugation reactions occur via
transferases, such as glutathione transferase (GST), UDP-glucuronosyltransferase
(UGT), and sulfotransferase (SULT).
The mechanism underlying PAH-induced chemical carcinogenesis was first
revealed by the Millers, who demonstrated that PAHs require metabolic activation to
generate reactive products that bind irreversibly to cellular macromolecules (8, 9).
Investigations into the biological effects of the most carcinogenic PAH revealed that
they must also possess specific structural features, such as the sterically-unhindered
bay region or the sterically-hindered fjord region (10, 11).
The mutagenic effects of PAH can be attributed to three distinct mechanistic
pathways in the metabolic activation of PAHs, involving the (i) diol epoxide path (1216), (ii) the quinone path (17-19), and (iii) the radical cation path (20, 21). The diol
epoxide path (Figures 1.2, 1.3) involves three enzyme-mediated reactions: first,

4

Figure 1.2 Metabolic Activation of Benzo[a]pyrene and its Resulting Four Possible
Stereoisomeric Diol Epoxides.

5

Figure 1.3 Metabolic Activation of Dibenzo[a,l]pyrene and its Resulting Four
Possible Stereoisomeric Diol Epoxides.
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oxidation of a double bond catalyzed by CYPs to an unstable arene oxide (epoxide);
secondly, hydrolysis of the epoxide by microsomal epoxide hydrolase (EH) to a transdihydrodiol; finally, a second CYP-catalyzed oxidation at the double bond adjacent to
the diol function to generate a vicinal diol-epoxide (Figure 1.2 and 1.3) (22, 23).
Covalent DNA adduct formation by these PAH-diol epoxides is correlated with tumor
formation and linked to carcinogenic risk (24, 25). The second pathway to PAH
bioactivation is the quinone path which involves dehydrogenation of the dihydrodiol
by aldo-keto reductase (AKR) enzymes to form a catechol that enters into a redox
cycle with O2 to form a PAH o-quinone (Figure 1.4). Thirdly, the one-electron
oxidation pathway of PAH bioactivation entails oxidation of PAH by peroxidases to
form radical cations which covalently bind to DNA, yielding apurinic sites (20).
Therefore, the metabolites generated from all three pathways are hypothesized to
contribute to the overall mutagenicity of PAH.
Historically, the K-region epoxide theory was thought to explain the
carcinogenic nature of bioactivated PAH due to the presence of an electronically dense
K-region (K for Krebs, German word for cancer) (26). The K-region oxide, B[a]P4,5-oxide, was found to be mutagenic (27-29). However, the 4,5-oxide was later
determined to be less carcinogenic than the parent PAH and to be hydrolyzed by EH to
an inactive B[a]P-4,5-diol (13). Baird et al. (30, 31) were the first to demonstrate that
the K-region epoxides were not responsible for the carcinogenic activity of PAH.
They

found

that

the

PAH-DNA

adducts

formed

in

B[a]P

and

7-

methylbenz[a]anthracene-treated cells in culture and mouse skin were more polar than
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Figure 1.4. Metabolic activation of PAH trans-dihydrodiols by AKR isoforms and
CYP1A1 and CYP1B1, adapted from Jiang et al. (32).

8

the K-region epoxide PAH-DNA adducts, suggesting that the ultimate carcinogenic
metabolite was a more highly oxidized form of the molecule. Subsequent examination
of several B[a]P metabolites led to the identification of B[a]P-7,8-diol-9,10-epoxides
to be the ultimate carcinogenic metabolite of B[a]P in cell culture (16) and mouse skin
(33). It was proposed that the high chemical reactivity of B[a]PDE was a result of the
epoxide moiety being adjacent to the bay-region of the hydrocarbon (34-37). Bayregion containing PAH diol epoxides are relatively resistant to enzymatic
detoxification by EH, compared with K-region epoxides; they readily react with DNA
to form stable, covalent adducts, and are resilient against DNA repair mechanisms.
These characteristics contribute to the overall carcinogenicity of bay-region PAH,
such as B[a]P.
The CYP-catalyzed metabolic pathway of B[a]P results in four possible bayregion diol epoxide stereoisomeric forms that can be classified as a pair of
enantiomeric anti- and syn-diastereomers, (±)-anti-B[a]P-7,8-diol-9,10-epoxide and
(±)-syn-B[a]P-7,8-diol-9,10-epoxide derived from (±)-B[a]P-7,8-dihydrodiol (Figure
1.2).

The ()-B[a]P-7,8-dihyrdodiol is stereoselectively metabolized to the most

mutagenic and potent tumor initiating optical isomer, the (+)-anti-(7R,8S,9S,10R)B[a]P-7,8-diol-9,10-epoxide [(+)-anti- B[a]PDE], as determined in mammalian cell
culture (28, 38) and rodent models (39, 40). The (+)-anti- B[a]PDE metabolite binds
predominantly to the N2 position of deoxyguanosine (dGuo) (41), and to a lesser
extent, the N6 position of deoxyadenosine (dAdo) (15, 42). These lesions induce G-toT transversions at high frequencies and target PAH hotspot regions of p53 and K-RAS,
which accounts for the tumor initiating activity of B[a]P (43, 44).
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CYPs are expressed in the endoplasmic reticulum of many tissues, and they are
also inducible by a variety of xenobiotics, such as PAH, through the aryl hydrocarbon
receptor (AHR) (Figure 1.5) (45).

PAH binds to the cytosolic AHR, which is

complexed with two Heat Shock Proteins (Hsp90) and p50. The complex dissociates
and the AHR-ligand complex translocates from the cytosol into the nuclear
compartment. Upon entering the nucleus, the ligand-bound receptor complexes with
the AHR nuclear translocator (ARNT). The resulting ligand-activated AHR-ARNT
heterodimer then binds to specific Ah- or xenobiotic response element (ARE or XRE,
respectively) sequences to drive transcription of various metabolism genes, including
CYP1A1 and CYP1B1, from adjacent target promoters (46).
CYP1A1 and CYP1B1 are the predominant CYP isoforms responsible for the
metabolism of B[a]P-7,8-dihydrodiol to its ultimate carcinogenic diol-epoxide
metabolite, (+)-anti-B[a]PDE (47). To a lesser extent, hepatic CYP1A2 and CYP3A4
are also involved in the oxidation of B[a]P (48-50). Using microsomal preparations of
human CYP proteins, Kim et al. (51) demonstrated that CYP1A1 primarily
contributed to the metabolism of both B[a]P and B[a]P-7,8-dihydrodiol, and that
CYP1B1, although exhibiting a slower rate of metabolism compared to CYP1A1, also
plays a significant role in B[a]P bioactivation.
Dibenzo[a,l]pyrene (DB[a,l]P) is a fjord-region containing PAH (Figure 1.3)
and has been detected in ambient air (52) and coal tar (53). Rodent bioassays have
shown DB[a,l]P to be one hundred times more potent than B[a]P, therefore it is the
most potent carcinogenic PAH identified to date (54-57). The sterically-hindered
fjord-region of DB[a,l]P causes repulsive interactions between two opposing hydrogen
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Figure 1.5 Aryl Hydrocarbon Receptor-Mediated CYP1A1 and CYP1B1 Induction,
Modified from Whitlock et al. (45)
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bonds, which distorts and renders the molecule out of plane. As a result, fjord-region
PAH intercalate into DNA, binding extensively to DNA thereby causing a greater
tumorigenic response in vivo (56, 58). DB[a,l]P is steroselectively metabolized by EH
to ()-anti-(11R,12S,13S,14R)- and (+)-syn-(11S,12R,13S,14R)-DB[a,l]PDE (59).
The ()-(11R,12S,13S,14R)-DB[a,l]P-11,12-dihydrodiol 13,14-epoxide [()-antiDB[a,l]PDE]

and the (+)-(11S,12R,13S,14R)-DB[a,l]P-11,12-dihydrodiol 13,14-

epoxide [(+)-syn-DB[a,l]PDE] are the metabolites attributed to stable DNA adduction,
mutagenic activity, and tumor initiation (60), which is stereoselectively transformed
via its ()-trans-11,12-dihydrodiol precursor (Figure 1.3).

Stable adducts of the

metabolite ()-anti-DB[a,l]PDE binds predominately to the N6 position of
deoxyadenosine (dAdo) residues (21, 60).

Depurinating adducts, derived from

DB[a,l]P and DB[a,l]P-11,12-dihydrodiol, have also been shown to contribute to the
initiation of tumors (61).
Two crucial oxidation steps are necessary in the activation of DB[a,l]P to its
carcinogenic metabolite, ()-anti-DB[a,l]PDE. Cell culture studies using a human
breast carcinoma-derived cell line (MCF-7) and Chinese hamster V79 cells overexpressing human CYP1A1 or CYP1B1 have shown that both isozymes are involved in
the bioactivation of DB[a,l]P (62). It has been demonstrated that human CYP1A1 and
CYP1B1 differ in their regio- and stereochemical selectivity of DB[a,l]P bioactivation
(62) and that both human and murine CYP1B1 is responsible for the formation of a
higher proportion of the highly carcinogenic ()-anti-DB[a,l]PDE metabolite (62, 63).
The PAH o-quinone bioactivation pathway is also hypothesized to contribute
to tumorigenesis. The AKR family of enzymes are soluble NAD(P)H oxidoreductases
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which reduce aldehydes and ketones to primary and secondary alcohols, respectively
[as reviewed in (64)]. AKRs activate PAH trans-dihydrodiols to yield reactive and
redox reactive o-quinones, specifically AKR1A1 and AKR1C1-AKR1C4 isoforms. In
the metabolism of B[a]P, the AKR pathway leads to the dehydrogenation of (–)B[a]P-7,8-diol to form the resultant ketol that rearranges to a catechol (Figure 1.4).
The catechol can then enter into a futile redox-cycle in the presence O2 to form B[a]P7,8-dione (BPQ). The redox-cycling produces superoxide anion radicals (O2-•) and
hydrogen peroxide (H2O2).

Subsequent reactions between O2-• and H2O2, in the

presence of transition metal ions, gives rise to hydroxyl radicals (HO•). These events
can produce a pro-oxidant state through the depletion of cellular reducing equivalents,
such as glutathione, and cause a variety of oxidative DNA lesions, such as 8-oxo-7,8dihydro-2’-deoxyguanosine (8-OH-dGuo) (Figure 1.6) (65).
PAH-induced carcinogenesis may also rely on the third bioactivation pathway,
the one-electron oxidation pathway. A radical cation is generated by this pathway
through the removal of a π-electron in an aromatic system. In addition, a one-πelectron oxidation of a phenol or amine can subsequently result in the loss of a proton
producing a radical (66).

Cellular peroxidases and CYPs (in the presence of

NAD(P)H) are responsible for the one-electron oxidation of PAH. Radical cations
have been shown to depurinate, and substantial evidence exists indicating that radical
cations serve as an intermediate in the formation of PAH o-quinones (66).
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Figure 1.6. Spectrum of Potential DNA Modifications that PAH o-quinones
Generate, adapted from Park et al. (65).
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Complex Mixtures and PAH Carcinogenicity
The carcinogenic risk associated with individual PAH exposure is well
characterized (67), therefore concern exists about the regulation of PAH emissions and
the effect of PAHs on human health. Although PAHs are typically found in complex
mixtures, the vast majority of toxicity studies and risk evaluations deal with single
PAH compounds. Toxicologic as well as genotoxic evaluations of complex mixtures
are complicated by the presence of biologically active components at low
concentrations, which may have additive, antagonistic or synergistic interactions (68).
These interactions may modify the mutagenic and/or carcinogenic effects of individual
compounds. In addition, evaluating the mechanisms of PAH-induced carcinogenesis
is difficult since humans are exposed to low levels of PAH over long-term exposure
intervals.
Limited research has been done on binary or artificial mixtures (69-74), and to
a lesser extent complex mixtures (75-77). These studies focused on the ability of PAH
to form PAH-DNA adducts in vitro and tumor initiation in vivo, following coexposure to a complex mixture (69, 71, 75-81). The results reported to date are
conflicting; in some cases, the carcinogenic activities and DNA binding capacities are
additive (69, 71, 82, 83). Studies by Van Duuren and Goldschmidt (83) demonstrated
that benzo[e]pyrene (B[e]P), pyrene and fluoranthene increased the carcinogenic
activity of B[a]P in the mouse epidermis. Similarly, DiGiovanni et al. (69) established
that B[e]P increased the tumor initiating activity of B[a]P, but decreased the activity
of 7,12-dimethylbenzo[a]anthracene (DMBA) in two-stage initiation-promotion
assays. Conversely, several studies have reported the carcinogenic activities of PAH
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to decrease when combined with a mixture (76, 77, 81-83). For example, Binkova and
Sram (81) demonstrated that human diploid fibroblasts exhibited a five-fold and tenfold decrease in the levels of B[a]P-diol epoxide DNA adducts upon exposure to an
artificial mixture and an environmentally relevant mixture respectively. In vivo work
by Marston et al. (76) revealed the tumor initiating capacity of DB[a,l]P decreased in
mouse epidermis following co-treatment with a coal tar-derived complex mixture,
which correlated with PAH-DNA adduct levels.

Both studies attributed their

observations to the competition for CYPs, their saturation, and/or inactivation by PAH
metabolites.
Mechanisms underlying chemical interactions of environmental complex
mixtures need to be established to define true human risk to PAH. Because most of
the PAHs present in our environment require metabolic activation by CYPs (and other
enzymes) to exert their carcinogenic potential the nature of enzyme inhibitors and
inducers have been studied extensively (50, 84-87). Recent studies by Shimada and
Guengerich (88) revealed that mixtures of PAHs resulted in the inhibition of CYP1A1,
1A2, and 1B1’s capacity to further metabolize PAH dihydrodiols. Such analyses of
PAHs and other chemicals acting as inhibitors or inducers on metabolizing enzymes
must be further investigated as they have the potential to modify the potency of a
given carcinogen.

Approach
To determine the modifying effects of mixtures on PAH-induced
carcinogenesis, two model systems were employed—the SENCAR mouse model and

16
MCF-10A cells in culture. One of the best characterized models of studying PAHinduced carcinogenesis is the two-stage SENCAR tumorigenesis mouse model. These
mice are genetically susceptible to chemical carcinogens and thus sensitive to tumor
initiation. They generally respond more rapidly and uniformly to the induction of
epithelial tumors compared with other available rodent strains or stocks. The initiation
and promotion stages are clearly distinguished, thus facilitating the study of
biochemical and molecular mechanisms involved in a particular stage of
carcinogenesis (89). The initiating stage of chemical carcinogenesis consists of an
irreversible change in the genetic code, converting cells to latent tumor cells.
Promotional stimulation is necessary for the outgrowth of initiated cells to result in the
clonal expansion of these altered cells, thus leading to tumor formation. Therefore, in
the SENCAR model, application of a tumor promoter (TPA, a croton oil derivative) is
required following PAH initiation for tumor production.
Common, quantifiable indicators of the carcinogenic risk posed by
hydrocarbons include the detection of PAH-DNA adducts and CYP protein induction.
Short-term studies using the SENCAR model for the detection of DNA adducts have
proven to be an effective indicator and predictor of the carcinogenic potential of a
given compound or complex mixture.

Covalent binding of PAHs to cellular

macromolecules is the first critical step in the multistage process leading to tumor
formation (9). Sensitive techniques such as the

32

P- and

33

P- postlabeling assays for

the detection of PAH-DNA adducts allows for the prediction of tumor outcome,
carcinogenicity and human cancer risk.

Changes in CYP protein induction and

metabolic activity, as measured by the 7-ethoxyresorufin-O-deethylase (EROD) assay,
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reveal how complex mixtures interact with enzymes responsible for the PAH
bioactivation.
To keep this work relevant to human biology we utilized a cell line derived
from normal breast epithelial cells (MCF-10A).

This model was also used to

determine if in vivo results were similar to responses observed in human cells. In
addition, carcinogenic PAHs have been detected in both normal human breast tissue
and breast tumor tissue (90-94), and have been implicated in breast tumorigenesis (9497). This cell-line proved to effectively bioactivate PAH. Employing this model in
the investigation of PAH-induced carcinogenesis is beneficial and it allows for the
focus on mechanistic details under controlled conditions.
The complexity of mixtures presents many problems for toxicological
assessment, including sampling and chemical analysis.

Many of the chemical

components within mixtures used in scientific studies are often unidentified due to the
difficulty in analysis and quantification. Further, biologically active species are rarely
characterized and standard mutagenicity testing is not accomplished prior to
toxicological assessments. Not only are the specific causative agents left unidentified,
but comparison of inter-laboratory studies of complex mixtures can be difficult as
mixtures and sampling techniques vary. To alleviate these issues, we utilized complex
mixtures obtained from the National Institute for Standards and Technology (NIST)
(Gaithersburg, MD).

These mixtures are standardized natural matrix reference

materials, where the chemical composition and concentrations were established and
certified

through

various

analytical

techniques,

chromatography with fluorescence detection.

including

gas

and

liquid
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The two mixtures that were employed in these studies were Standard
Reference Material (SRM) 1649a, urban dust particulate matter (UDPM), and SRM
1975, diesel exhaust (DE). SRM 1649a is air particulate matter sampled from various
sources in the greater Washington D.C. area and consists of various PAH, heavy
metals, pesticides and dioxins (Table 1.1). SRM 1975 is an extract of diesel exhaust
particulate matter (SRM 2975) derived from an industrial forklift engine, and it
contains various PAH and nitro-substituted PAH components (Table 1.2). Utilizing
such standard mixtures in PAH carcinogenesis studies is ideal, as they are readily
available to the scientific community and the concentrations of the constituents are
precisely determined.

Therefore, using these mixtures in PAH studies allow for

collaboration and inter-laboratory comparisons.

Hypothesis and Objectives
This thesis examines the influence of two complex mixtures, UDPM and DE, on the
genotoxic and carcinogenic effects of two well-studied PAH representing two broad
classes, bay-region (B[a]P) and fjord-region (DB[a,l]P). Based on the information
presented above, we hypothesize that complex mixtures modify PAH-induced
carcinogenesis by influencing critical bioactivation steps. Metabolic activation and
protein expression of CYP1A1 and CYP1B1, 8-OH-dGuo and PAH-DNA adduct
formation, and tumor induction were investigated to elucidate the mechanisms by
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Table 1.1 The Certified Concentrations of Selected Polycyclic Aromatic Compounds
in Standard Reference Material (SRM) 1649a, Urban Dust Particulate Matter
PAH Compound

a

Mass Fraction (mg/kg)a

Phenanthrene

4.14 ± 0.37

Anthracene

0.43 ± 0.08

Fluoranthene

6.45 ± 0.18

Pyrene

5.29 ± 0.25

Benz[a]anthracene

2.21 ± 0.07

Chrysene

3.05 ± 0.06

Triphenylene

1.36 ± 0.05

Benzo[b]fluoranthene

6.45 ± 0.64

Benzo[k]fluoranthene

1.91 ± 0.03

Benzo[a]fluoranthene

0.41 ± 0.04

Benzo[a]pyrene

2.51 ± 0.09

Benzo[e]pyrene

3.09 ± 0.19

Perylene

0.65 ± 0.08

Anthanthrene

0.45 ± 0.07

Benzo[ghi]perylene

4.01 ± 0.91

Indeno[1,2,3-cd]pyrene

3.18 ± 0.72

Dibenz[a,j]anthracene

0.31 ± 0.03

Dibenz[a,c]anthracene

0.20 ± 0.03

Dibenzo[a,h]anthracene

0.29 ± 0.02

Dibenzo[a,l]pyrene

0.05 ± 0.01

Pentaphene

0.15 ± 0.04

Benzo[b]chrysene

0.32 ± 0.01

Picene

0.43 ± 0.02

The values of the selected PAH present in SRM 1649a are adapted from the detailed
description available at http://patapsco.nist.gov/srmcatalog/certificates/1649a.pdf.
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Table 1.2. The Certified Concentrations of Selected Polycyclic Aromatic Compouds
in Standard Reference Material (SRM) 1975, Diesel Exhaust Extract from Industrial
Forklift
PAH Compound

a

Mass Fractions (mg/kg)

1-Nitronaphthalene

0.01 ± 0.01

2-Nitronaphthalene

0.04 ± 0.01

4-Nitrobiphenyl

0.05 ± 0.03

9-Nitroanthracene

1.36 ± 0.03

9-Nitrophenanthrene

0.27 ± 0.01

2-Nitrofluoranthene

0.06 ± 0.03

3-Nitrofluoranthene

1.47 ± 0.01

8-Nitrofluoranthene

0.25 ± 0.03

1-Nitropyrene

16.4 ± 0.20

4-Nitropyrene

0.07 ± 0.01

7-Nitrobenz[a]anthracene

1.62 ± 0.03

6-Nitrochrysene

0.78 ± 0.01

6-Nitrobenzo[a]pyrene

0.64 ± 0.01

1-Nitrobenzo[a]pyrene

0.73 ± 0.05

3-Nitrobenzo[e]pyrene

2.20 ± 0.20

1,3-Dinitropyrene

0.60 ± 0.01

1,6-Dinitropyrene

1.39 ± 0.04

1,8-Dinitropyrene

1.55 ± 0.02

Phenanthrene

8.00 ± 0.20

Fluoranthene

13.5 ± 0.60

Benz[a]antracene

0.09 ± 0.02

Chrysene

1.95 ± 0.07

Triphenylene

2.38 ± 0.10

Benzo[b]fluoranthene

3.20 ± 0.10

Benzo[k]fluoranthene

0.17 ± 0.05

Benzo[e]pyrene

0.27 ± 0.02

a

The values of the selected PAH present in SRM 1975 are adapted from the detailed
description available at http://patapsco.nist.gov/srmcatalog/certificates/1975.pdf.
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which environmental complex mixtures modify the potency of carcinogenic PAH. In
vitro biochemical kinetic assays evaluated the mechanistic effects of UDPM and DE
on CYP metabolic capacity and catalytic efficiency. Previous global gene expression
studies (75, 98) report transcriptional signatures associated with exposure to complex
mixtures, proving to be useful biomarkers of susceptibility. In addition, these studies
have also provided comprehensive information regarding modes and mechanisms of
action by complex mixtures, further allowing for the generation of hypotheses of
potential molecular pathways involved in PAH-induced carcinogenesis. Therefore,
quantitative expression analyses of candidate genes chosen from these previous
studies were carried out to gain insight into possible mechanisms and molecular
pathways influenced. Overall, the results obtained from these studies allow for the
prediction of the ability of complex mixtures to modify PAH-induced carcinogenesis,
and provides mechanistic insight into potential molecular pathways affected.
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ABSTRACT
The polycyclic aromatic hydrocarbons (PAHs) benzo[a]pyrene (B[a]P) and
dibenzo[a,l]pyrene (DB[a,l]P) are well-studied environmental carcinogens, however
their potency within a complex mixture is uncertain. We investigated the influence of
urban dust particulate matter (UDPM) on the bioactivation and tumor initiation of
B[a]P and DB[a,l]P in an initiation-promotion tumorigenesis model. SENCAR mice
were treated topically with UDPM or in combination with B[a]P or DB[a,l]P,
followed by weekly application of the promoter 12-O-tetradecanoylphorbol-13
acetate. UDPM exhibited weak tumor-initiating activity, but significantly delayed the
onset of B[a]P-induced tumor initiation by two-fold. When co-treated with UDPM,
DB[a,l]P treated animals displayed no significant difference in tumor initiating
activity, compared with DB[a,l]P alone. Tumor initiation correlated with PAH-DNA
adducts, as detected by
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P-postlabeling and reversed-phase HPLC. Induction of

cytochrome P450 (CYP)1A1 and 1B1 proteins were also detected following UDPM
treatment or co-treatment with B[a]P or DB[a,l]P, indicating PAH bioactivation.
Further genotoxicity analyses by the comet assay revealed that co-treatment of UDPM
plus B[a]P or DB[a,l]P resulted in increased DNA strand breaks, compared with PAH
treatment alone. The metabolizing activities of CYP1A1 and CYP1B1, as measured
by the 7-ethoxyresorufin O-deethylation (EROD) assay, revealed that UDPM noncompetitively inhibited CYP1A1 and CYP1B1 EROD activity in a dose-dependent
manner. Overall, these data suggest that components within complex mixtures can
alter PAH-induced carcinogenesis by inhibiting CYP bioactivation and influence other
genotoxic effects, such as oxidative DNA damage. These data further suggest that in
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addition to the levels of potent PAH, the effects of other mixture components must be
considered when predicting human cancer risk.

INTRODUCTION
Air pollution affects millions worldwide and its adverse effects on human health are a
serious concern. Previous studies report increased morbidity and mortality due to
ambient air pollution (1, 2), increased risk of lung cancer (3), genotoxicity in various
tissues (4-6), and heritable mutations in mice (7). Polycyclic aromatic hydrocarbons
(PAHs) are the products of the incomplete combustion of fossil fuels (8) and have
been detected on suspended particulate matter in ambient air in urban areas (9, 10).
Benzo[a]pyrene (B[a]P) and dibenzo[a,l]pyrene (DB[a,l]P) are well-studied
PAH found in many environmental complex mixtures, including tobacco smoke,
automobile exhaust, and air pollution (11). The mutagenic effects of such PAH can be
attributed to three distinct mechanistic pathways in the metabolic activation of PAHs,
involving the (i) diol epoxide path (12-16), (ii) the quinone path (17-19), and (iii) the
radical cation path (20, 21).

In the diol epoxide path, PAH are oxidized by

cytochrome P450 (CYP) enzymes to a trans-dihydrodiol which is then further
oxidized to highly mutagenic, electrophilic diol epoxides. The bay region-containing
PAH, B[a]P ((+)-anti-B[a]P-7,8-diol 9,10-epoxide) (B[a]PDE), preferentially binds to
deoxyguanosine residues (22), whereas the fjord region-containing PAH, DB[a,l]P
((+)-syn and (–)-anti-DB[a,l]P-11,12-dihydrodiol 13,14-epoxide) (DB[a,l]PDE)
primarily binds to deoxyadenosine residues in DNA (23). Covalent DNA adduct
formation by these PAH-diol epoxides is correlated with tumor formation and linked
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to carcinogenic risk (24, 25). The quinone path involves dehydrogenation of the
dihydrodiol by aldo-keto reductase (AKR) enzymes to form a catechol that enters into
a redox cycle with O2 to form a PAH o-quinone and reactive oxygen species. The
one-electron oxidation pathway entails oxidation of PAH by peroxidase enzymes to
form radical cations which react with DNA. It is suggested that all three pathways are
involved in the initiation or promotion stages of carcinogenesis (26, 27).
The carcinogenic risk associated with individual PAH exposure is well
characterized (28), therefore concern exists about the regulation of PAH emissions and
human risk assessment. Although PAHs are typically found in complex mixtures,
much of the PAH research has focused on the effects of individual compounds.
Because scientific evaluation is difficult, limited research has been done on binary or
artificial mixtures (29-34), and to a lesser extent complex mixtures (35-37). Results
from these studies vary; in some in vitro and in vivo studies, PAH-DNA binding
and/or tumor formation increased, while other studies have reported decreased
activities. Many of these reports primarily focus on induction of CYPs (34-36);
however, the mechanism by which the mixtures act on CYP metabolic activity has not
been investigated. Because PAHs require CYP-mediated bioactivation, it is useful to
investigate complex mixtures as a chemical inducer or inhibitor (38). We employed
the well-characterized two-stage SENCAR mouse model to determine the effect of
urban dust particulate matter (UDPM) on PAH-DNA adduct formation and tumor
initiation. Further, we investigated the effect of UDPM on the metabolic capacity of
CYP1A1 and CYP1B1 through biochemical kinetic assays.
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We tested the hypothesis that UDPM alters the carcinogenic potential of two
potent PAH, B[a]P and DB[a,l]P in SENCAR mice.

Three specific aims were

addressed: (1) to assess whether UDPM modifies B[a]P or DB[a,l]P tumor initiation,
(2) to determine if UDPM alters PAH-DNA adduct formation and DNA strand breaks
by B[a]P or DB[a,l]P, and (3) to determine whether UDPM acts as an inhibitor on
CYP-mediated bioactivation to contribute to altered PAH-induced carcinogenesis. We
report that the potency of carcinogenic PAH is influenced by other chemical
components present in UDPM, in part, through inhibition of CYP1A1 and CYP1B1.

MATERIALS AND METHODS
Caution:

B[a]P and

DB[a,l]P are potent carcinogens and should be handled

according to NCI guidelines. SRM 1649a (UDPM) is a known mutagen and should be
handled with the same precautions. Due to the instability of these compounds, PAHs
and SRM 1649a were not prepared and used under direct light.

Chemicals and Reagents
B[a]P and DB[a,l]P were purchased from Chemsyn Science Laboratories (Lenexa,
KS). Nuclease P1 (EC 3.1.30.1; from Penicillium citrinum), human prostatic acid
phosphatase (EC 3.1.3.2; from human semen), apyrase (EC 3.6.1.5; from Solanum
tuberosum), phosphodiesterase I (EC 3.1.4.1; from Crotalus atrox), and proteinase K
(EC 3.4.21.64; from Tritirachium album) were purchased from Sigma (St. Louis,
MO). RNase T1 (EC 3.1.21.3; from Asperigillus oryzae) and RNase (DNase free, a
heterogenous mixture of ribonucleases from bovine pancreas) were obtained from
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Boehringer Mannheim (Indianapolis, IN). Tris-equilibrated phenol and cloned T4
polynucleotide kinase were purchased from United States Biochemical (Cleveland,
OH). [γ-33P ATP (1 mCi) was purchased from Perkin Elmer (Boston, MA). Standard
Reference Material (SRM) 1649a was utilized in this study as UDPM. SRM 1649a
was obtained from the National Institute of Standards and Technology (NIST)
(Gaithersberg, MD) and one bottle unit of SRM 1649a contained 2.5 g of atmospheric
particulate material . The amount of B[a]P present in SRM 1649a was determined as
2.509 mg/kg and a detailed description of the composition of SRM 1649a is available
at http://patapsco.nist.gov/srmcatalog/certificates/1649a.pdf. DB[a,l]P (47.2 μg/kg)
has been recently detected in SRM 1649a (39).

Tumor initiation in mouse epidermis
This study used the SENCAR mouse two-stage skin tumorigenesis model.
These mice are genetically susceptible to chemical carcinogens and thus sensitive to
tumor initiation, and they generally respond more rapidly and uniformly to the
induction of skin tumors compared with other available rodent strains or stocks. The
initiation and promotion stages are clearly distinguished, thus facilitating the study of
biochemical and molecular mechanisms involved in a particular stage of
carcinogenesis (40). During the resting phase of their hair-growth cycle (at 6-7 weeks
of age), the dorsal area of the female SENCAR mice (NCI-Frederick Cancer Research
and Development Center, Frederick, MD) was shaved two days prior to treatment with
toluene (vehicle control) B[a]P or DB[a,l]P, UDPM, and UDPM plus B[a]P or
DB[a,l]P. There were six treatment groups with six mice per group. Mice were
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housed in polycarbonate cages (3 mice per cage) and fed Teklad rodent diet (No.
8604, Harlan) and water ad libitum. They were maintained at 72oF on a standard 12 h
light/dark cycle with 40-60% relative humidity. Animals were housed and cared for in
accordance with the Institute of Laboratory Animal Resources (ILAR, 1996),
Commission of Life Sciences, National Research Council document entitled, Guide
for the Care and Use of Laboratory Animals.
The concentrations of B[a]P and DB[a,l]P were chosen based on previous
studies (36, 41-43). Topical treatments with the PAH initiator were carried out 5 min
after the UDPM treatment and dosed as follows: 10 mice with 200 µl toluene, 35 mice
with 50.4 μg B[a]P, 35 mice with 0.6 μg DB[a,l]P, 35 mice with 1 mg UDPM, 35
mice with 1 mg UDPM plus 50.4 μg B[a]P, and 35 mice with 1 mg UDPM plus 0.6 μg
DB[a,l]P. Two weeks after initiation, TPA at 1 μg/200 μl acetone per mouse was
administered for 25 weeks. The mice were examined weekly for skin papillomas.
Following necropsy, tumors were confirmed by routine histopathology techniques by
the Tissue Analysis Core and Pathology Facilities and Services Core of the
Environmental Health Sciences Center at Oregon State University.

DNA isolation from PAH-treated mouse epidermis
Following acclimatization, mice were shaved and treated with PAH alone or
UDPM plus PAH.

Mice were killed by cervical dislocation 24 and 48 h after

exposure, and the epidermal cells were harvested by the method described by Slaga, et
al (44). Briefly, Nair® depilatory cream was applied to the shaven dorsal area to
remove residual fur, skin was rinsed off with cold water, harvested and placed in water
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on ice. The skins were then submerged in a 58oC water bath for 30 seconds and
placed in water on ice, followed by removal of the epidermal cells by scraping with a
razor blade. The epidermal cells from six mice per treatment group were pooled,
placed in 500 µl of 0.025 M EDTA/0.075 M NaCl buffer, and stored in -80oC for
DNA isolation or used immediately for microsome preparation.
The DNA was isolated as described by Beach and Gupta (45). Briefly, the
pooled mouse epidermal samples from each treatment group were homogenized in a
glass homogenizer containing EDTA, SDS buffer [10mM Tris, 1 mM Na2EDTA, 1%
(w/v) SDS, pH 8]. Homogenates were treated with 50 U/mL RNase, DNase-free and
1000 U/mL RNase T1 at 37oC for 1 h, followed by treatment with 500 µg/mL
proteinase

K

at

37oC

for

1

h.

DNA

was

extracted

with

25:24:1

phenol:chloroform:isoamyl alcohol, precipitated with 100% ethanol and dissolved in
sterile distilled water.
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P-Postlabeling of DNA Adducts
Postlabeling was carried out as described previously (36). Briefly, 10 µg DNA

was digested with nuclease P1 and prostatic acid phosphatase, postlabeled with [γ33P]ATP (3,000 Ci/mmol), cleaved to adducted mononucleotides with snake venom
phosphodiesterase I, treated with apyrase and pre-purified with a Sep-Pak C18
cartridge (Waters, Milford, MA), as previously described (46). Subsequent separation
by analytical high performance liquid chromatography (HPLC-Varian system
equipped with two pumps and an autosampler; Varian Systems, Walnut Creek, CA)
was carried out using a 5-μm Symmetry® C18 reverse-phase column (4.6 x 250 mm;
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Waters, Milford, MA). Adducts were resolved by elution at 1 mL/min with 0.1 M
ammonium phosphate, pH 5.5 (solvent A) and 100% HPLC-grade methanol (solvent
B). The elution gradient for B[a]P DNA adducts was: 44-55% solvent B over 5 min,
55-60% solvent B over 20 min, and elution at 100% solvent B over 5 min. The
DB[a,l]P-DNA adducts were resolved by elution at 1 mL/min with 0.1 M ammonium
phosphate, pH 5.5 (solvent A) and 90% HPLC grade methanol/10% acetonitrile
(solvent B). The elution gradient was as follows: 20-44% solvent B over 20 min, 4460% solvent B over 40 min, 60-80% solvent B over 15 min, and 80-20% solvent B
over 1 min.

The radiolabeled nucleotides were detected by an on-line dry cell

radioisotope flow-detector, BETA-RAM Model 3 (INUS, Tampa, FL), and the level of
PAH-DNA binding was calculated based on the labeling efficiency of a [3H] B[a]P7,8-dihydrodiol 9,10-epoxide standard (47).

Three independent sets of the

postlabeling reaction were carried out for every sample treated.

Single cell alkaline gel electrophoresis (Comet Assay)
Plain glass microscope slides were precoated by dipping in a solution of 1%
normal melting point agarose (NMPA) (Gibco BRL) in distilled water and dried.
Following 24 h PAH or UDPM treatment, blood samples were collected from
SENCAR mice and 4 µl of whole blood was diluted in 70 µl 0.5% low melting point
agarose (LMPA) at 37oC. A diluted cell suspension was placed on precoated slides
covered by a glass cover slip, and kept on ice for 30 min. The cover slip was then
removed and another layer of 70 µl 0.5% LMPA was added and maintained using a
cover slip on ice for 10 min. After removal of the cover slip, the slides were immersed
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in cold lysing solution [2.5 M NaCl, 0.1 M Na2EDTA, 10 mM Tris] brought to pH
10.0 with NaOH, and kept in 1% Triton X-100 and 10% DMSO overnight. Slides
were then placed in an electrophoresis tank and immersed in 0.3 M NaOH, 1 mM
Na2EDTA for 30 min, before electrophoresis at 25 V (0.8 V/cm) for 30 min at 4oC.
Following electrophoresis, slides were neutralized by drop wise addition of 0.4 M
Tris, pH 7.4 to neutralize the excess alkali. A Nikon E400 fluorescence microscope
and the Comet Assay Image Analysis System were utilized at the Cancer and
Chemoprotection Core Laboratory (The Linus Pauling Institute, Oregon State
University) was used to analyze and score comets after staining each slide with 60 µl
ethidium bromide. Three sets of 50 whole blood cell nuclei were randomly scored for
each of the treatment groups.

Microsome Preparation
Microsomes were prepared as previously described (48) with minor modifications.
The epidermal cells were harvested as similar to the protocol mentioned previously;
however, the heat treatment was carried out at 52oC. Mouse epidermal samples were
homogenized with a steel homogenizer containing microsomal homogenization buffer
[0.25

M

K2PO4,

0.15

M

KCl,

10mM

EDTA,

and

0.25

mM

phenylmethlysulfonylfluoride (PMSF)] and centrifuged at 15,000 g for 20 min at 4oC.
The supernatant was centrifuged at 100,000 g for 90 min at 4oC, and the pellet was
resuspended in microsome dilution buffer [0.1 M KPO4, 20% glycerol, 10 mM EDTA,
0.1 mM DTT and 0.25 mM PMSF]. Protein concentrations were determined by the
BCA protein assay (Pierce, Rockford, IL).
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Western Blot Analysis
Microsomal proteins were separated on a 7.5% Tris-HCl Ready Gel (BioRad,
Hercules, CA) according to Laemmli (42). Briefly, microsomal proteins (50 μg) were
diluted with 5X loading buffer [0.625 M Tris-base (pH 6.8), 2% SDS, 10% glycerol,
5% 2-mercaptoethanol, and 0.001% bromophenol blue]. Proteins were denatured by
boiling for 3 min followed by rapid cooling on ice. Following gel electrophoresis at
100V for 1 h, the microsomal proteins were transferred overnight to a PVDF
membrane in a MiniBlotter apparatus (BioRad, Hercules, CA) at 30 V.

The

membrane was washed 3 times with PBS-T [PBS with 0.3% (w/v) Tween-20] for 5
min each and blocked with 1:3 Nap-Sure blocker (Geno Technology, St. Louis, MO):
PBS-T for 1 h on a shaker. After 3 further washes with Nap-Sure:PBS-T (1:7), the
membrane was incubated with the primary antibody for 2 h and was washed again
with Nap-Sure blocker: PBS-T (1:7). CYP1A1 was detected by a goat polyclonal
CYP1A1/1A2 antibody (1:1000) prepared against purified recombinant rat CYP1A1
protein (BD Gentest, Woburn, MA). Dr. C. Marcus (Department of Pharmacology
and Toxicology, University of New Mexico, Albuquerque, NM) prepared and
provided the human CYP1B1 rabbit polyclonal antibody (1:1000).

The

immunoreactive proteins were detected by peroxidase-conjugated anti-rabbit IgG
(1:20,000) for 30 min. After 3 washes with Nap-Sure blocker: PBS-T (1:7), the
immunoreactive proteins were observed by enhanced chemiluminescence detection
method, as described by the manufacturer (Amersham Life Science, Arlington
Heights, IL).

Microsomal protein (2 μg) from Aroclor-induced rat liver (ICN

Pharmaceuticals, Inc., Aurora, OH) was used as a positive control in the immunoblots.
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Ethoxyresorufin O-Deethylase (EROD) Assay
Two hundred microliter EROD reactions consisted of 0.25 pmol human
CYP1A1 or 0.65 pmol CYP1B1 (Sigma, St. Louis, MO), 60 µM NADPH, 0.05-1.25
µM 7-ethoxyresorufin (ERES), and 0-200 µg of UDPM, in 0.1M Tris-HCl pH 7.8
buffer were aliquoted in a black 96 well plate (E&K Scientific, Campbell, CA), and
the reaction was carried out for 10 min. Fluorescence was measured on Spectra MAX
Gemini plate reader (Molecular Devices, Sunnyvale, CA) using 535 nm excitation and
585 emission filters. Experiments and reactions were assayed in triplicates and the
amount of resorufin produced was calculated from the fluorescence of a known
concentration of resorufin. The inhibitor (UDPM) was dissolved as a stock solution (1
mg/mL) in DMSO, and further diluted to working solutions.

Statistical Analysis
Mortality and final tumor incidences were compared between treatments with
two-sided Fisher’s exact tests (FET) utilizing the Exact statement in the SAS FREQ
procedure. Tumors/TBA were compared between treatments with the Wilcoxon rank
test (W) utilizing the Exact statement in the SAS NPAR1WAY procedure. Time until
tumor data were compared between treatments with survival analysis methods. The
Kaplan-Meier log rank (LR) test was used to compare treatments non-parametrically
utilizing the SAS LIFETEST procedure.

Treatments were also compared semi-

parametrically with Cox proportional hazard regression utilizing the SAS PHREG
procedure. For all of the analyses above, prior to treating the mouse as the individual
independent unit, it was first confirmed that there was little evidence of any cage
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effects. In each case, this was done by comparing cages within each treatment with
the analysis method appropriate for the response (FET, W, LR, or Cox regression).
For the comet assay, analysis of tail moment and tail intensity data treatments were
compared by Analysis of Variance utilizing the SAS MIXED procedure after
averaging over cells within each mouse (as responses for cells within each mouse were
not independent). Subsequent t-tests were used to make a priori comparisons between
a carcinogen treatment (B[a]P or DB[a,l]P) and the SRM 1649a plus carcinogen
treatment.

Dunnett’s procedure was used to adjust p-values for all pair-wise

comparisons to the toluene control.

Residuals were graphically examined and

revealed no problems with the model assumptions. All analyses were conducted
within version 9.1 of the SAS System for Windows (SAS Institute, Inc. (2003) Cary,
NC).

RESULTS
Effect of UDPM on PAH Tumor Initiation
In order to determine the effects of UDPM on B[a]P and DB[a,l]P tumor
initiating activity we used experimental parameters such as time-until-tumor
formation, tumor incidence, and the number of tumors per tumor-bearing animal
(TBA). Table 2.1 shows the tumor initiating activity by all PAH and PAH cotreatments after 25 weeks of promotion with TPA. The effect of UDPM on the tumor
initiating activity of B[a]P in mouse skin is illustrated in Fig. 2.1A and Table 2.1.
UDPM exhibited weak tumor initiating activity, where only 5.7% of UDPM treated
animals exhibited tumors (Table 2.1). All treatments involving B[a]P or DB[a,l]P
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with or without the addition of UDPM significantly induced greater final tumor
incidence than UDPM treatment alone (FET, P < 0.0001, all comparisons). Mice
initiated with UDPM alone developed papillomas at week 16, compared to weeks 5, 6,
5, and 4 for mice initiated with B[a]P alone, UDPM plus B[a]P, DB[a,l]P, and UDPM
plus DB[a,l]P, respectively (Fig. 2.1A, 2.1B).
UDPM significantly delayed the onset of tumor incidence by B[a]P, compared
with B[a]P treatment alone (LR, P = 0.0251) (Fig. 2.1A).

Mice in the UDPM and

B[a]P treatment group were estimated to have about half the hazard of developing
tumors compared to mice receiving B[a]P alone (point estimate for hazard ratio =
0.499, 95% CI (0.271, 0.920)). At 25 weeks, tumor incidence and tumors per TBA
were reduced in the group receiving both UDPM and B[a]P (51% incidence and 2.5
tumors per TBA), compared to the group receiving B[a]P alone (71% and 3.3 tumors
per TBA), but the reduction was not statistically significant (FET P = 0.1431, W P =
0.2431) (Table 2.1).

Both papillomas and carcinomas developed in B[a]P and

UDPM plus B[a]P treatments; however, no significant difference in papilloma (two
sided P = 0.2321) and carcinoma occurrence was observed between groups (Table
2.1).
Table 2.1 and Figure 2.1B illustrate the effects of UDPM on DB[a,l]P tumor
initiating activity. In DB[a,l]P and DB[a,l]P plus UDPM co-treated animals, no
significant difference in time until tumor incidence was observed (LR, P = 0.3946)
(Fig. 2.1B).

Mice receiving DB[a,l]P alone were estimated to have one fourth the

hazard of developing tumors compared to those receiving both UDPM plus DB[a,l]P
(point estimate for hazard ratio = 0.825, 95% CI (0.503, 1.354)) (Fig. 2.1B). At 25
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Figure 2.1. Time-until-tumor Kaplan-Meier curves showing the effect of UDPM on
the tumor-initiating activity of PAH. Mice were initiated with UDPM, PAH , UDPM
plus B[a]P, or toluene (vehicle control) followed by twice-weekly promotion with
TPA for 25 weeks (as described in Materials and Methods). Formation of skin tumors
(includes both papillomas and carcinomas) were checked weekly during the promotion
stage. (A) Time-until-tumor curves showing the effect of UDPM on the tumorinitiating activity of B[a]P, expressed as number of mice tumor-free. UDPM
significantly delayed tumor appearance with B[a]P co-treatment (P = 0.0251). (B)
Time-until-tumor curves showing the effect of UDPM on the tumor-initiating activity
of DB[a,l]P, expressed as number of mice tumor-free.

Table 2.1. Tumor Initiating Activity of UDPM, B[a]P, UDPM plus B[a]P, DB[a,l]P, and UDPM plus DB[a,l]P
Compound

Dose

Mice per

TBA (%)

Papillomas

Carcinomas

Treatment Group

a

Total No. of
Tumors

No. Tumorsa
per TBAb

Toluene (control)

200 µl

10

0.0

0

0

0

0

UDPM

1 mg

35

5.7

2

0

2

1.00

B[a]P

200 nmol

35

71.4

81

2

83

3.32

UDPM + B[a]P

1 mg + 200
nmol

35

51.4

46

2

48

2.53

DB[a,l]P

2 nmol

35

100.0

124

27

151

4.44

UDPM + DB[a,l]P

1 mg + 2 nmol

35

88.6

145

14

159

4.97

Skin papillomas and carcinomas were considered as “tumors.” bTBA, tumor-bearing animals.
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weeks, tumor incidence and tumors per TBA were higher in the group receiving both
UDPM and DB[a,l]P (88.6% tumor incidence, 4.97 tumors per TBA), compared to the
group receiving DB[a,l]P alone (100% tumor incidence, 4.44 tumors per TBA), but
the difference was not significant (FET, P = 0.2391, exact Monte Carlo estimate, P =
0.4651) (Table 2.1, Fig. 2.1B). No significant differences were observed between the
numbers of papillomas and carcinomas developed in DB[a,l]P and UDPM plus
DB[a,l]P treatments (Monte Carlo estimate, P = 0.2270, P = 0.5186, respectively)
(Table 2.1).

PAH-DNA Adducts Correlate with Tumor Initiation
The effect of UDPM on PAH-DNA adducts in the SENCAR epidermis was
investigated to determine if the observed tumorigenic activity correlated with PAHDNA adduct formation. Mice were treated in an identical method as done in the
initiation-promotion study, (see Materials and Methods). PAH-DNA adduct detection
at 24 h and 48 h after PAH exposure indicated no DNA adduct formation in toluene
(vehicle control) treated mice (data not shown). Adduct profiles for all treatment
groups were consistent between 24 and 48 h. Therefore, representative profiles of the
general PAH-DNA binding pattern in the mouse epidermis following 24 and 48 h
exposure are shown in Figure 2.2.
UDPM treatment exhibited low, but detectable B[a]PDE-DNA adducts at both
24 and 48 h (Fig. 2.2, bottom left panel). Adducts detected in SENCAR epidermal
DNA treated with UDPM, B[a]P, and UDPM plus B[a]P were primarily B[a]P diol
epoxide (B[a]PDE)-DNA adducts (verified by a B[a]PDE standard, representing the
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(+)-anti-B[a]PDE adduct eluting at 7 min, not shown) (Fig. 2.2A and 2.2B, top panel).
The peak representing the (+)-anti-B[a]PDE adduct is the stereoisomeric metabolite
responsible for the majority of the tumor initiating activity of B[a]P (49).
DB[a,l]P was actively metabolized to its fjord region diol epoxides. The four
major DB[a,l]PDE-DNA adducts eluted at 57, 69, 73, and 82 min, in addition to a
minor polar adduct eluting at 22 min. The DB[a,l]PDE-DNA adduct peaks labeled in
Fig. 2.2 (middle panel) are based on previously reported identification (50). Peak 4
represents the potent tumor initiating stereoisomer of DB[a,l]PDE, (–)-anti diol
epoxide bound to deoxyadenosine, and it was detected in DNA from mice treated with
DB[a,l]P and UDPM plus DB[a,l]P. The detection of PAH-DNA adducts correlated
with the observed tumor initiating activity of the PAH and UDPM plus PAH.

DNA Strand Breaks By UDPM
In addition to analyzing PAH-DNA adduct formation and tumor initiation as events
contributing to genotoxicity and carcinogenesis; we investigated the extent of DNA
strand breaks in whole blood cells from treated mice by the comet assay. The tail
intensity, or the mean percentage DNA (percent DNA) in the tail, is presented in Fig.
2.3A. Each of the treatment groups exhibited a significant increase in the mean
percent of DNA present in the comet tail (P < 0.05), compared to the control. Cotreatment of UDPM with B[a]P also exhibited a significant increase of percent DNA
in comet tail, compared with B[a]P alone (P = 0.0019).
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Figure 2.2. Representative chromatographs of reversed-phase HPLC elution profiles
of 33P-postlabeled SRM-, B[a]P-, UDPM plus B[a]P-, DB[a,l]P-, UDPM plus
DB[a,l]P-DNA adducts formed in mouse skin following 24 h and 48 h exposure to
PAH. The (+)-anti-B[a]PDE-dG standard adduct is represented within the B[a]P
chromatograph as an inset. The DB[a,l]PDE peaks were labeled as previously
reported (50). Peak 2b resulted from reactions of (+)-syn diol epoxide and peak 4
resulted from reactions of (–)-anti diol epoxide with deoxyadenosine.
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Tail moment is the product of tail length and percentage of DNA in tail; thus,
tail moment represents both the amount of DNA migrated into the tail and the distance
DNA migrated. The tail moment is commonly reported as a valid marker of singlestrand DNA breaks (51). We observed a significant increase in the tail moment in
cells from mice co-treated with UDPM and either B[a]P or DB[a,l]P, compared with
PAH treatment alone (P = 0.0477 and P = 0.0084) (Fig. 2.3B). A significant increase
in tail moment was also observed in mice treated with DB[a,l]P plus UDPM compared
to the control (P = 0.0007).

Cytochrome P450 Expression
Immunoblots using antibodies against CYP1A1 and CYP1B1 were used to determine
the effect of UDPM on CYP protein expression (Fig. 2.4A, B). Following 24 h PAH
exposure, microsomes were isolated from SENCAR mouse epidermal cells. Although
CYP1A1 protein expression was observed in all treatment groups, an additive increase
in expression was detected in co-treatments with UDPM, compared with B[a]P or
DB[a,l]P alone (Fig. 2.4A). CYP1B1 protein was expressed in mouse epidermis
treated with UDPM and B[a]P, however no CYP1B1 expression was observed in the
UDPM plus B[a]P treatment group. Conversely, CYP1B1 increased in expression
following co-treatment of UDPM plus DB[a,l]P, compared with DB[a,l]P treatment
alone (Fig. 2.4B).
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Figure 2.3. Influence of UDPM on DNA strand breaks, as measured by the alkaline
Comet assay. (A) Mean % DNA in comet tail (tail intensity) from 3 sets of generally
50 individual whole blood nuclei from each of N = 6 SENCAR mice treated topically
with UDPM (total cells (TC) = 899), B[a]P (TC = 900), UDPM plus B[a]P (TC =
900), DB[a,l]P (TC = 900), UDPM plus DB[a,l]P (TC = 900), or toluene (TC = 853)
at 24 h. The mean tail intensity ± standard error of the mean (SEM) was quantified
from observed variation between the 6 mouse means within each treatment (B) The
mean tail moment of comets analyzed, calculated as the product of tail length and
percentage of DNA in the comet tail. The mean tail moment ± SEM was quantified
(as described in Materials and Methods), and the resulting P-values are illustrated
within the graphic.
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UDPM Inhibits EROD Activity
To determine whether UDPM inhibited the metabolizing activity of CYP1A1
and CYP1B1, dealkylation of the substrate 7-ethoxyresorufin (ERES) to fluorescent
resorufin (RES) by supersomes expressing human recombinant CYP1A1 and CYP1B1
was assessed. When all three concentrations of UDPM were added to the reaction
mixture, kcat of CYP1A1 decreased in a dose-dependent manner (Fig. 2.5A, Table 2.2).
The Michaelis constant (Km), or the substrate concentration for half-maximal enzyme
activity, for CYP1A1 was [0.09 µM], and the kcat was 8.09 nmol RES/min/nmol of
CYP1A1 protein. With the addition of 2 and 20 µg UDPM, there was no significant
change in the Km (0.11 and 0.10 µM, respectively), but a decrease in the kcat (7.11 and
5.44 nmol RES/min/nmol CYP1A1, respectively) was observed. Addition of the
highest UPDM concentration (200 µg) caused an increase in the Km (0.36 µM), and no
change in kcat (5.93 nmol RES/min/ng CYP1A1) compared to kcat at 20 µg. The yintercept of the double reciprocal Lineweaver-Burk plot increased, yet the x-intercept
remained relatively constant for concentrations up to 20 µg (Fig. 2.5B). However,
addition of 200 µg UDPM increased the 1/[ERES] value.
The Michaelis constant (Km) for CYP1B1 was 0.67 µM and the kcat was 1.07
nmol RES/min/nmol (Fig. 2.5C, Table 2.2). The Km of CYP1B1 following addition of
20 and 200 µg UDPM remained relatively constant (0.47 and 0.64 nmol
RES/min/nmol CYP1B1, respectively), compared vehicle control; however, addition
of the lowest UDPM concentration caused an increase in the Km (1.62 µM) (Table
2.2). The kcat values decreased in a dose-dependent manner with the addition of 20
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Figure 2.4. CYP1A1 and CYP1B1 protein expression in SENCAR mouse epidermis
following Toluene (vehicle control), UDPM, B[a]P, UDPM plus B[a]P, DB[a,l]P,
UDPM plus DB[a,l]P treatment. Microsomal protein (50 µg) from each treatment
group was loaded on each lane, 20 µg was used for the positive controls (Aroclorinduced rat liver S9). (A) Detection of CYP1A1, and (B) CYP1B1 protein expression
following 24 h post PAH treatment.
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Table 2.2. Induction of EROD Activity by UDPM of CYP1A1 and CYP1B1a
EROD Activity

CYP1A1

CYP1B1

[UDPM]

KM

kcat

(µg)

(μM)

(nmol/min/nmol)

0

0.09 ± 0.02

8.09 ± 0.51

2

0.11 ± 0.05

7.11 ± 0.88

20

0.10 ± 0.04

5.44 ± 0.53

200

0.36 ± 0.06

5.93 ± 0.40

0

0.67 ± 0.32

1.07 ± 0.19

2

1.62 ± 1.10

1.44 ± 0.41

20

0.47 ± 0.30

0.69 ± 0.20

200

0.64 ± 0.45

0.17 ± 0.07

EROD activities were determined at substrate concentrations between 0.05 and 1.25 µM, and

a

kinetic parameters were determined. Results are presented as ± SEM estimated for Km and kcat
(as analyzed using GraphPad Prism Software).
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A.

C.

B.

D.

Figure 2.5. Inhibition of CYP1A1 and CYP1B1 EROD Activity by UDPM.
Supersomes expressing human CYP1A1 and CYP1B1 were treated with different
], 2 µg [
;
], 20 µg
concentrations of UDPM (DMSO, 0 µg [ ;
[
; ], and 200 µg UDPM [
;
]. The EROD activity of both enzymes
was measured with 0.05, 0.10, 0.20, 0.50, 0.75, and 1.25 µM of the substrate ERES as
described in the Materials and Methods. (A) Michaelis-Menten plot on the effect of
various concentrations of UDPM on the EROD activity of CYP1A1. (B) The doublereciprocal Lineweaver-Burk (LWB) plot of CYP1A1 kinetics. (C) Michaelis-Menten
plot on the effect of UDPM on CYP1B1 EROD activity. (D) The LWB plot of
CYP1B1 kinetics.
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and 200 µg (0.69 and 0.17 nmol RES/min/nmol CYP1B1), compared with vehicle
control (Table 2.2). In concordance with results obtained with CYP1A1, kinetics from
CYP1B1 activity increased the y-intercept, but the x-intercept remained constant as
the concentration of UDPM increased (Fig. 2.5D).

DISCUSSION
The toxicological assessment of complex mixtures is difficult (52), and although
the characterization of individual environmental carcinogens and their mechanisms of
genotoxicity are well established, limited toxicological information is available
regarding carcinogens within a complex mixture. Toxicologic as well as genotoxic
evaluations of complex mixtures are complicated by the presence of biologically
active components at low concentrations, which may have additive, antagonistic or
synergistic interactions. Therefore, known concentrations of PAH within a mixture
may not provide adequate representation of a complex mixture’s carcinogenic
potential. Here we report the effect of UDPM on the bioactivation, DNA adduct
formation, DNA strand breaks and tumor initiation of B[a]P (moderately potent PAH)
and DB[a,l]P (extremely potent) to contribute to the understanding of how the
carcinogenic potency of PAH can be altered within a complex mixture.
Although limited research has been done on complex mixtures and no standard
approach or protocol is established, the fundamental concepts of evaluation are the
same as those for single substances (53).

Studies involving artificial or binary

mixtures report PAH to alter tumor initiating activity in mouse skin. For example, an
additive effect was exhibited when B[a]P tumor initiation increased upon
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benzo[e]pyrene (B[e]P), pyrene and flouranthene co-exposure (54).

It was also

demonstrated that B[e]P increased B[a]P tumor initiating activity, but decreased tumor
initiation by DMBA (29). Recently, it was shown that a coal tar-derived complex
mixture significantly decreased DB[a,l]P tumor initiating activity (36). In our study,
UDPM exhibited weak tumor initiating activity, however it decreased the onset of
tumor initiation by B[a]P (Table 2.1, Fig. 2.1A). This is in concordance with previous
findings that components within a complex mixture can reduce the carcinogenic
potential of PAH by having an antagonistic effect on PAH induced tumor formation
(29, 33, 34).

UDPM co-exposure did not significantly modify DB[a,l]P-induced

tumor initiation (Table 2.1, Fig. 2.1B). However, tumor initiation by DB[a,l]P and
UDPM plus DB[a,l]P revealed a greater tumorigenic response than that of B[a]P and
UDPM plus B[a]P (Table 2.1, Fig. 2.1). This can be attributed to the potent ()-anti
and (+)-syn-DB[a,l]PDE adducts detected, which are known to be the most
tumorigenic stereoisomers of DB[a,l]PDE and exhibit a greater tumor initiating
potential compared with (+)-anti-B[a]PDE-dG (41, 42).
As seen in previous studies (36), we attribute the tumor initiation observed to
PAH-DNA adducts. HPLC profiles from both B[a]P and UDPM plus B[a]P treated
mice reveal the potent tumor-initiating (+)-anti-B[a]PDE-deoxyguanosine DNA
adducts (Fig. 2.2). DB[a,l]P and UDPM plus DB[a,l]P also exhibited the potent tumor
initiator (-)-anti-DB[a,l]PDE (Fig. 2.2).

These results are consistent with the

hypothesis that the formation of DNA adducts is essential for PAH-induced
tumorigenesis (24). Recent in vitro studies have shown that other components within
artificial mixtures can modify PAH-DNA adduct formation (34, 55) which can
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contribute to altered tumorigenic response.

Co-exposure to an artificial mixture

consisting of DB[a,l]P, dibenzo[a,e]pyrene (DB[a,e]P), and B[a]P resulted in
decreased PAH-DNA adduct formation in mouse skin, compared with a single PAH
treatment (33). However, a greater decrease in PAH-DNA adducts was found in mice
treated with a binary mixture of DB[a,e]P and B[a]P.

Marston et al (2001)

demonstrated that decreased tumor incidence in mice co-treated with coal tar and
B[a]P or DB[a,l]P, compared with PAH treatment alone, was attributed to decreased
PAH-DNA adduct formation.
Bioactivation of B[a]P and DB[a,l]P to its reactive diol epoxide metabolites can be
associated with both CYP1A1 and CYP1B1 expression (Fig. 2.3). An increase in
CYP1A1 protein expression was observed in mice co-treated with B[a]P plus UDPM,
compared with B[a]P alone. However, we investigated whether the delay in the onset
of tumor formation by B[a]P was attributed to enzyme inhibition by UDPM. With
increasing concentrations of UDPM, CYP1A1 and CYP1B1 kcat values generally
decreased while Km values remained relatively constant (Table 2.2). However, at 200
µg and 2 µg UDPM treatment CYP1A1 and CYP1B1 Km and kcat values increased
compared to values resulting from other UDPM concentrations, respectively. Our data
suggest that UDPM inhibits CYP metabolic capacity primarily through a noncompetitive inhibitory mechanism; thereby modifying PAH-DNA adduct formation
and tumor initiation. Through such a mechanism, components within UDPM may not
bind to the CYP active site; rather bind to sites distinct from substrate binding sites.
Recently, Shimada and Guengerich (2006) reported that PAH, including B[a]P and
DB[a,l]P, non-competitively inhibited the metabolic activation of pro-carcinogenic
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PAH-diols by CYP1A1, 1A2, and 1B1. Therefore, we hypothesize that the PAH
component within the mixture may contribute to the non-competitive inhibition
observed.
Bioactivation of PAHs by CYP also generate radical cations (20) and PAH oquinones (17, 18). PAH o-quinones can stimulate the metabolic generation of DNA
damaging reactive oxygen species (ROS) (56) which may produce DNA strand breaks
(57). Oxidative DNA lesions may lead to mutagenesis, and thus contribute to tumor
initiation. We observed a significant increase in DNA strand breaks with UDPM plus
B[a]P or DB[a,l]P treatment, compared with PAH treatment alone (Fig. 2.2). A
previous study determined DNA strand breaks detected in human fibroblasts to be
attributed to 8-oxo-2’-deoxyguanine formation by the particulate matter (PM) portion
of UDPM (58). Therefore, the significant increase in tail moment in mice co-treated
with UDPM, compared to mice treated with B[a]P or DB[a,l]P alone (Fig. 2.3B), may
indicate an increase in the production of ROS by PM. Mahadevan et al (2005)
reported an increase in the expression of AKR1C mRNA upon exposure to UDPM. In
addition to metabolism by CYP, oxidation of PAH dihydrodiols by aldo-keto
reductases (AKRs) can result in PAH o-quinone formation and redox-active PAH
metabolites (59, 60). Furthermore, these quinones can form abasic sites by forming
unstable lesions (61, 62). The observed DNA strand breaks by oxidative damage may
be the result of the PM component of the mixture, the production of PAH o-quinones,
or ROS.
In summary, we demonstrate that UDPM altered the carcinogenic potential of
B[a]P. Results from this study provide insight into the mechanisms by which complex
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mixtures can alter PAH carcinogenesis. Different mixture components of UDPM may
compete at CYP, thereby altering PAH bioactivation to its DNA binding metabolites.
As a result of CYP inhibition, other PAH metabolism pathways may compensate
bioactivation giving rise to metabolites causing other deleterious effects, such as
oxidative DNA damage. Although B[a]P is currently used as a carcinogenic indicator
of human risk to air pollution and other complex mixtures, it is necessary to take into
consideration the toxicological and mechanistic effects of other components within a
mixture.
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ABSTRACT
The carcinogenic polycyclic aromatic hydrocarbons (PAHs) benzo[a]pyrene (B[a]P)
and dibenzo[a,l]pyrene (DB[a,l]P) are widespread environmental pollutants, however
their effects within a mixture is uncertain. We investigated the influence of a complex
mixture, urban dust particulate matter (UDPM), on B[a]P and DB[a,l]P-induced
metabolic activation, DNA adduct formation and gene expression in human breast
epithelial cells (MCF-10A) in culture. Cells were exposed with B[a]P, DB[a,l]P,
B[a]PSRM (1.004 ng; exact amount of B[a]P in UDPM exposure) or UDPM plus PAH
for 24 and 48 h. Cytochrome P450 (CYP) enzyme activity, as measured by the
ethoxyresorufin O-deethylase (EROD) assay, significantly (P ≤ 0.01) increased with
co-exposure of UDPM plus B[a]PSRM or DB[a,l]P, compared with PAH or UDPM
alone. EROD activity levels were closely associated with PAH-DNA adduct levels, as
determined by

33

P-postlabeling combined with reversed-phase HPLC. A significant

reduction in DNA adducts and EROD activity was observed in UDPM plus B[a]P
exposed cells at 24 h (≈ 7 and 3-fold decrease, respectively). Expression levels of
genes involved in an alternate PAH metabolism pathway significantly increased in
cells exposed to UDPM plus PAH, including AKR1C3 and NQO1, as measured by
quantitative real-time PCR. In addition, genes known to be over-expressed in breast
tumors, including MCL1, and LGALS8, were also upregulated in response to UDPM
plus DB[a,l]P or UDPM plus B[a]P, compared with PAH alone, respectively. These
results suggest that complex mixtures modify the carcinogenic potency of PAH by
influencing pathways involved in metabolic activation. Further evaluation into the
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mechanisms surrounding such exposures and its role in the etiology of breast
tumorigenesis is therefore warranted.

INTRODUCTION (abbreviated from original manuscript)
Carcinogenic PAH metabolites have been detected in both normal and tumor
human breast tissue (1, 2), and have been implicated in breast tumorigenesis (3-6).
Although the mutagenicity implicated in B[a]P and DB[a,l]P associated tumorigenesis
is well established, their biological effects within a complex mixture are less
understood. Therefore, we investigated the influence of urban dust particulate matter
(UDPM) on the carcinogenic potency of these PAH through measurement of PAHDNA adducts, metabolic activity, and gene expression patterns in human breast
epithelial cells in culture. Our results are consistent with the hypotheses that complex
mixtures modify the potency of carcinogenic PAH by altering CYP-mediated
metabolic activation to their ultimate carcinogenic metabolites. Further, changes in
the expression of genes involved in PAH metabolism provides insight into potential
mechanisms of modification by UDPM.

MATERIALS AND METHODS
Caution: DB[a,l]P and B[a]P are potent carcinogenic agents and were handled
according to the NCI guidelines for the use of carcinogens. Standard Reference
Material (SRM) 1649a (UDPM) contains known mutagenic compounds and should be
handled with the same precautions. PAHs and UDPM were prepared and used under
yellow light to avoid photo-induced destabilization of PAH components.
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Chemicals and Reagents. Standard Reference Material (SRM) 1649a, referred as
urban dust particulate matter (UDPM) in this study, and was obtained from the
National Institute of Standards and Technology (NIST) (Gaithersberg, MD). A more
detailed description of the components of UDPM can be found at the following:
http://patapsco.nist.gov/srmcatalog/certificates/1649a.pdf. In addition, a more recent
analytical study has detected DB[a,l]P as a UDPM mixture component (0.047 mg/kg)
(7).

B[a]P and DB[a,l]P were purchased from Chemsyn Science Laboratories

(Lenexa, KS). Insulin, hydrocortisone, nuclease P1, prostatic acid phosphatase, potato
apyrase (Grade VII), proteinase K, 7-ethoxyresorufin, resorufin, and NADPH were
purchased from Sigma (St. Louis, MO). F12/DMEM cell growth media, horse serum,
and human recombinant epidermal growth factor were purchased from Invitrogen
(Carlsbad, CA). Tris-saturated phenol, RNase (DNase free), and RNase T1 were
purchased from Boehringer-Mannheim (Indianapolis, IN). Cloned T4 polynucleotide
kinase and snake venom phosphodiesterase were obtained from United States
Biochemical Corporation (Cleveland, OH). [γ-33P] ATP was purchased from PerkinElmer (Wellesley, MA).

Cell culture and exposure. MCF-10A cell line was kindly provided by Dr. Robert
Pauly (Barbara Ann Karmanos Cancer Institute, Detroit, MI). This spontaneously
immortalized cell line is derived from primary, normal mammary epithelial cells.
Cells were cultured in a 75 cm2 flask (Corning, Corning, NY) in a 1:1 mixture of F12/DMEM growth media. The medium was supplemented with 5% horse serum,
containing 10 mM HEPES buffer, 10 µg/ml insulin, 20 ng/ml epidermal growth factor,
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100 ng/ml cholera enterotoxin (Biomol, Plymouth Meeting, PA), 0.5 µg/ml
hydrocortisone.

Cells were cultured at 37°C with 5% CO2.

Cell cultures were

subcultured at a ratio of 1:4 when cells covered flasks at 80-90% confluency. Twentyfour hours prior to exposure, cells were replenished with growth media. The cells
were exposed with 75 μl DMSO (vehicle control), or suspensions of UDPM (400 (g),
B[a]P (20.2 µg), UDPM (400 µg) plus B[a]P (20.2 µg), B[a]PSRM (1.003 ng of B[a]P,
an exact amount found in UDPM dose), or UDPM plus B[a]PSRM, DB[a,l]P (0.2 µg),
or UDPM (400 µg) plus DB[a,l]P (0.2 µg). Cells were exposed to B[a]P and DB[a,l]P
based on previously published studies (8-11). The one nanogram concentration of
B[a]P (B[a]PSRM); concentration of B[a]P present in UDPM exposure) was chosen in
order to determine the influence of UDPM on B[a]P present in the mixture. The cells
were harvested 24 and 48 h after exposure, and stored at -80oC.

Quantitative Real-Time PCR (qPCR) Analysis. Relative qPCR was performed with
SYBR Green PCR Core Reagents and an ABI PRISM 7500 Sequence Detection
System (PE Applied Biosystems, Foster City, CA), using the Standard Method
according to manufacturer’s instructions. Primer oligonucleotides (Table 4.1) were
first purified using optimized PCR conditions with the Eppendorf Master Mix 2.5X
(Eppendorf North America Inc., Westbury NY) and agarose gel electrophoresis.
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Table 4.1. Primer sequences and parameters used for standards in quantitative real-time PCR using SYBR Green
Gene Symbol

GenBank Accession #

Primer Sequences (5’-3’)

Primer/MgCl2
Concentrations

Cycling Parameters

CYP1B1

NM_000104

150 nM/2.0 mM

95-1min; 95-30s, 66-30s, 72-30s; 72-7min

AKR1A1

NM_153326

150 nM/3.0 mM

95-1min; 95-30s, 60-30s, 72-30s; 72-7min

AKR1C1

NM_001353

150 nM/3.0 mM

95-1min; 95-30s, 58-30s, 72-30s; 72-7min

AKR1C2

U05598

150 nM/1.5 mM

95-30s; 95-5s, 55-30s, 72-30s; 72-5min

AKR1C3

NM_003739

150 nM/1.5 mM

95-30s; 95-5s, 55-30s, 72-30s; 72-5min

NQO1

NM_000903

F-agggaccgtctgccttgtatgg
R-gtgttggcagtggtggcatgag
F-gcggcttcctgtgttctact
R-cttccaggtacccagaccaa
F-aaagccaggtgaggaagtga
R-catgtggcacagagatccac
F-ggaggccatggagaagtgta
R-agcagcctgtggttgaagtt
F-agccaggtgaggaactttca
R-cctcccaggtggtacagaga
F-cctgcagtggtttggagtc
R-cggaagggtcctttgtcata
F-gggaactcagtggtcctcaa
R-tactgggggatgatggtagc
F-ttgtctgtgagctccctgtg
R-accgcacatcctcagtctct
F-cagctgaccaggactgtgaa
R-tgtagaagggaaacgctgct
F-tgggtttgtggagttcttcc
R-ccagctcctactccagcaac
F-cattaggtcctgctgggtgt
R-ggcagagtggctttaactgg
F-agaatccgaagggaaaggaa
R-tctccgcttggagtgtatca

150 nM/1.5 mM

95-1min; 95-30s, 58-30s, 72-30s; 72-7min

150 nM/1.5 mM

95-1min; 95-30s, 58-30s, 72-30s; 72-7min

150 nM/1.5 mM

95-30s; 95-5s, 55-30s, 72-30s; 72-5min

150 nM/2.0 mM

95-30s; 95-5s, 54-30s, 72-30s; 72-5min

150 nM/1.5 mM

95-30s; 95-5s, 54-30s, 72-30s; 72-5min

150 nM/1.5 mM

95-30s; 95-5s, 55-30s, 72-30s; 72-5min

150 nM/3.5 mM

95-1min; 95-30s, 58-30s, 72-30s; 72-7min

ALDH3A1

BC008892

TNFRSF21

BC010241

CYR61

NM_001554

MCL1

BF594446

LGALS8
FOS

NM_006499
BC004490
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Purified DNA was excised (MinElute gel extraction kit; Qiagen, Valencia, CA) and
amplified cDNA was quantified spectrophotometrically (Nanodrop ND-100; NanDrop
Technologies, Wilmington, DE). Reverse transcription was performed using 10 µg
RNA (Advantage RT-for-PCR Kit, Clontech-Takara Bio, Mountain View, CA). One
hundred micrograms cDNA was used as a template to perform qPCR in a 50 µl
reaction containing: SYBR Green PCR Master Mix (1X), MgCl2 (3 mM), dNTPs (1
mM), primers (100 pmol each) (Invitrogen, Carlsbad, CA), AmpliTaq Gold (1.25 U)
and Amp Erase UNG (0.25 U). qPCR consisted of initial denaturation (95oC, 10 min),
then 40 cycles of denaturation (95oC, 15 s) and annealing/extension (60oC, 1 min). A
standard curve of cycle number to threshold vs. cDNA copy number was generated for
each target gene. PCR conditions, and cycling parameters for the production of qPCR
standards are also represented in Table 4.1. Each sample was assayed in triplicate and
comparative threshold cycle (CT) method was used to quantify the relative differences
in PCR product.

MTT Cell Viability Assay. Cell viability and proliferation following PAH or UDPM
plus PAH exposures were measured by the reduction of yellow tetrazolium MTT (3[4, 5-dimethylthiazolyl-2]-2, 5-diphenyltetrazolium bromide) in MCF-10A cells for 24
and 48 h, according to the manufacturer’s instructions (ATCC, Manassas, VA).

DNA Isolation. A standard DNA isolation protocol was used as reported previously
(12). Briefly, frozen cell pellets were homogenized in a glass homogenizer with
EDTA-SDS buffer [10 mM Tris, 1 mM Na2EDTA, 1% SDS (w/v), pH 8]. The
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homogenates were exposed with DNase-free RNase, (50 U/ml) and RNase T1 (1000
U/ml) at 37°C for 1 h, followed by exposure with proteinase K (500 μg/ml) (Sigma,
St. Louis, MO) at 37°C for 1 h. The DNA was extracted with equal volumes of Trisequilibrated phenol (Boehringer-Mannheim, Indianapolis, IN), followed by extraction
with 1:1 volume of Tris-equilibrated phenol and chloroform:isoamyl alcohol (24:1)
and then with equal volumes of chloroform:isoamyl alcohol (24:1). The aqueous layer
was exposed with a 1/10 volume of 5 M NaCl and twice the volume of cold 100%
ethanol to precipitate the DNA which was then dissolved in double-distilled water.
The DNA quality was confirmed by at least a 1.7 260/280 nm UV absorbance, and
DNA concentration was based on the absorbance at 260 nm.
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P-Postlabeling of PAH-DNA Adducts.
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P-postlabeling was carried out as

described previously (13). Briefly, 10 µg DNA isolated from exposed MCF-10A cells
were digested with nuclease P1 and prostatic acid phosphatase, post-labeled with [γ33P]ATP (3,000 Ci/mmol), cleaved to adducted mononucleotides with snake venom
phosphodiesterase I, and pre-purified with a Sep-Pak C18 cartridge (Waters, Milford,
MA), as previously described (14).

Subsequent separation by analytical high

performance liquid chromatography (HPLC-Varian system equipped with two pumps
and an autosampler; Varian Systems, Walnut Creek, CA) was carried out using a 5μm Symmetry® C18 reverse-phase column (4.6 x 250 mm; Waters, Milford, MA).
DNA-adducts were resolved by elution at 1 ml/min with 0.1 M ammonium phosphate,
pH 5.5 (solvent A) and 100% HPLC-grade methanol (solvent B). The elution gradient
for B[a]P, B[a]PSRM, and UDPM samples was: 44-55% solvent B over 5 min, 55-60%
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solvent B over 20 min, and elution at 100% solvent B over 5 min. The DB[a,l]P-DNA
adducts were resolved by elution at 1 ml/min with 0.1 M ammonium phosphate, pH
5.5 (solvent A) and 90% HPLC grade methanol/10% acetonitrile (solvent B). The
elution gradient was as follows: 20-44% solvent B over 20 min, 44-60% solvent B
over 40 min, 60-80% solvent B over 15 min, and 80-20% solvent B over 1 min. The
radiolabeled nucleotides were detected by an on-line dry cell β-RAM® Model 3
(INUS, Tampa, FL) radioisotope detector, and the level of DNA binding was
calculated based on the labeling efficiency of a [3H]B[a]P-7,8-dihydrodiol 9,10epoxide standard (15).

To determine the total PAH-DNA adduct levels, three

independent sets of the postlabeling reactions were carried out for every sample
exposed.

Microsome isolation. Microsomes were prepared as described previously (16), with
minor modifications.

Briefly, cell pellets from different exposure groups were

homogenized with a steel homogenizer in microsomal homogenization buffer [0.25 M
K2HPO4, 0.15 M KCl, 10 mM EDTA, and 0.25 mM phenylmethylsulfonylfluoride
(PMSF)] and were centrifuged at 15,000 x g for 20 min at 4°C. The supernatant was
centrifuged at 100,000 x g for 90 min at 4°C, and the pellet was resuspended in
microsome dilution buffer (0.1 M KH2PO4, 20% glycerol, 10 mM EDTA, 0.1 mM
DTT and 0.25 mM PMSF). Protein concentrations were determined by the BCA
protein assay (Pierce, Rockford, IL).
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Ethoxyresorufin O-Deethylation (EROD) Assay. Thirty micrograms of microsomal
protein isolated from samples in each exposure group were added to 1 µM 7ethoxyresorufin (ERES) in 200 µl 0.1M Tris-HCl (pH 7.8) buffer per well in a black
96 well plate (E&K Scientific, Campbell, CA). NADPH was added to each well and
the fluorescence was measured on Spectra MAX Gemini plate reader (Molecular
Devices, Sunnyvale, CA). The excitation wavelength was 535 nm, emission 585 and
the kinetic assay was monitored over 15 min. Each sample was assayed in triplicate
and the amount of resorufin produced was calculated from the fluorescence of a
known concentration of resorufin.

Ten micrograms of microsomal protein from

Chinese Hamster Ovary (CHO) V79 cells overexpressing human CYP1A1 were used
as the positive control.

Statistical Analysis. DNA adducts (log transformed data) and EROD data from each
experiment were analyzed by Analysis of Variance (ANOVA). For DNA adduct data,
the model had three blocks (3 sets of 33P-postlabeling reactions for each sample) and a
two-by-two factorial exposure structure (exposure and time as factors). Duplicate or
triplicate measurements on each sample were first averaged prior to transformation
and analysis. For adduct data, the results for an equally weighted model are presented
(which were very similar to those for an unequally weighted model). In three cases
(out of a total of 30) for log-scale analysis, a zero mean for PAH-DNA adducts was
replaced with half of the smallest positive value within the same postlabeling reaction
for UDPM at 24 and 48 hours and B[a]PSRM (4.623, 0.5250 and 0.078, respectively).
No significant difference in PAH-DNA adduct levels were found between 24 and 48 h
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(p = 0.4145); hence, the results reported here represents the main effect of PAH-DNA
adduct levels averaged over both time points. For EROD data, the model had three
blocks (3 sets for each sample) and a three-by-three factorial exposure structure
(exposure and time as factors). The aforementioned analyses were conducted with the
Mixed procedure in SAS version 9.1 (SAS Statistical system, Cary, NC 2004). The
Unpaired Students t-Test was used to compare fold-changes in gene expression with
GraphPad Prism software 4.00 for Windows (GraphPad Software, San Diego, CA).

RESULTS
Cell Viability and Proliferation. The MTT assay was conducted to determine cell
viability and proliferation upon exposure to both PAH and UDPM plus PAH
exposures for 24 and 48 h. The vehicle control (DMSO) and PAH exposures did not
affect cell viability and proliferation (data not shown).

Total PAH-DNA Adducts. In order to determine the effects of UDPM on PAHDNA adduct formation, cells were co-exposed with UDPM plus B[a]P, B[a]PSRM, or
DB[a,l]P. PAH-DNA adduct levels were determined by
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P-postlabeling combined

with reversed-phase HPLC analysis. Total mean levels of PAH-DNA adducts formed
in MCF-10A cells following PAH exposure averaged over 24 and 48 h are graphically
represented in Figure 3.1. A significant increase (P ≤ 0.01) in B[a]PDE-DNA adducts
was detected in cells exposed with B[a]PSRM compared with cells exposed with
UDPM alone (4.73-fold increase). Although 2.80-fold more B[a]PDE-DNA adducts
were formed in cells exposed with UDPM plus B[a]PSRM, there was no significant
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difference in adduct levels, compared with B[a]PSRM exposure alone (P = 0.07). A
significant 7.29-fold decrease in B[a]PDE-DNA adduct levels were observed in cells
exposed with UDPM plus B[a]P, compared with B[a]P alone.

Conversely, a

significant increase in DB[a,l]PDE-DNA adducts was detected in cells co- exposed
with UDPM plus DB[a,l]P (3.86-fold increase), compared with DB[a,l]P exposure
alone.

Effect of UDPM on PAH EROD Activity.

The EROD activity assay was

conducted to determine the effect of UDPM on CYP-mediated metabolism of PAH
following 24 and 48 h exposure (Table 4.2). Overall, MCF-10A cells exposed for 24
h exhibited a 3.2-fold higher EROD activity compared with the 48 h exposure. EROD
activity significantly decreased in cells co-exposed with UDPM plus B[a]P (0.25
pmol/min/mg) for 24 h, compared with cells exposed with B[a]P alone (0.77
pmol/min/mg) (P < 0.01). This significant decrease was sustained in UDPM plus
B[a]P co-exposed cells at 48 h (0.10 pmol/min/mg), compared with B[a]P alone (0.46
pmol/min/mg).

Conversely, UDPM co- exposure with B[a]PSRM significantly

increased EROD activity (0.62 pmol/min/mg), compared with B[a]PSRM alone (0.16
pmol/min/mg) (P < 0.01). UDPM plus DB[a,l]P co- exposure (0.28 pmol/min/mg) led
to a significant increase in EROD activity, compared with DB[a,l]P alone (0.10
pmol/min/mg) (P ≤ 0.01). In contrast, UDPM exposure alone exhibited a significantly
lower EROD activity compared to the amount of B[a]P present in the mixture
(B[a]PSRM) (P ≤ 0.01).
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Figure 3.1. The effect of UDPM exposure on the levels of B[a]PDE- or DB[a,l]PDEDNA adducts in MCF-10A cells in culture. Isolated DNA was 33P-postlabeled and
analyzed by reversed-phase HPLC (as described in Materials and Methods). Data
points indicate means with standard error bars over n = 3 separate experiments. No
effect on adduct levels were found between time of exposure (P = 0.41). UDPM
significantly decreased the level of B[a]PDE-DNA adducts (P < 0.01). Whereas,
UDPM significantly increased the level of DB[a,l]PDE-DNA adducts (P = 0.01).
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Table 3.2. Effect of UDPM on CYP Enzyme Activity
EROD Activity
(pmol/min/mg)a
Exposure
24 h
48 h

a

DMSO (vehicle control)

0.01 ± 0.02

0.04 ± 0.02

UDPM

0.39 ± 0.17b

0.13 ± 0.13

B[a]P SRM

0.16 ± 0.03

0.06 ± 0.06

UDPM + B[a]PSRM

0.62 ± 0.31b

0.08 ± 0.02

B[a]P

0.77 ± 0.25

0.46 ± 0.10

UDPM + B[a]P

0.25 ± 0.12b

0.10 ± 0.01b

DB[a,l]P

0.10 ± 0.04

0.05 ± 0.03

UDPM + DB[a,l]P

0.28 ± 0.13b

0.09 ± 0.03

EROD activities were determined from isolated microsomes with a
substrate concentration of 1 µM 7-ethoxyresorufin (ERES), as described in
Materials and Methods. V79 Chinese Hamster Ovary cells overexpressing
human CYP1A1 was used as a positive control (data not shown; 1.82 ± 0.50
pmol/min/mg). An average of three individual experiments is presented as
a simple mean ± SD. bStatistically significant difference (P ≤ 0.01)
compared to B[a]P or DB[a,l]P, by ANOVA.
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Effect of UDPM on PAH-Induced Gene Expression. Gene expression changes in
response to PAH or UDPM plus PAH are represented in Table 4.3. Candidate genes
were chosen based on genes previously reported to be upregulated in a human breast
carcinoma cell line (MCF-7) upon exposure to the same conditions, as measured by
global gene expression analysis utilizing microarrays (9). Candidate genes involved in
PAH metabolism were also selected based on previous studies (CYP1B1, AKR1A1,
AKR1C1, AKR1C2, AKR1C3, NQO1, and ALDH3A1) and breast tumor metastasis
(CYR61, MCL1, LGALS8, and FOS) (17, 18).

CYP1B1 mRNA expression

significantly increased (P ≤ 0.01) in response to UDPM plus B[a]P and UDPM plus
DB[a,l]P, compared with B[a]P (4.24-fold increase) or DB[a,l]P exposure alone (3.67fold increase), respectively. A significant increase (P ≤ 0.01) in the expression of
AKR1C3 and NQO1 was observed in cells co-exposed to UDPM plus B[a]P (4.77 and
3.81-fold increase, respectively), compared with B[a]P exposure alone. Both MCL1
and LGALS8 genes, associated with cell migration and metastasis of breast tumors,
were also significantly upregulated in response to UDPM plus PAH (Table 4.3).
Specifically, MCL-1 mRNA expression significantly increased (P ≤ 0.05) in response
to UDPM plus DB[a,l]P co-exposure by 2.96-fold and UDPM by 3.05-fold, compared
with DB[a,l]P exposure or B[a]PSRM exposure alone, respectively.

A significant

increase (P ≤ 0.05) in the expression of LGALS8 was observed in cells co-exposed to
UDPM plus DB[a,l]P (4.17-fold increase), compared with DB[a,l]P alone.
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Table 3.3. Gene Expression (Fold-Change) in Response to PAH or PAH + UDPM Treatment (6 h) Compared to DMSO
PAH Treatment
Gene

Description

CYP1B1

Cytochrome P450, family 1, subfamily B,
polypeptide 1

AKR1A1

AKR1C1

AKR1C2

AKR1C3

NQO1

B[a]P

B[a]P + UDPM

DB[a,l]P

DB[a,l]P + UDPM

6.88 ± 0.81a

26.25 ± 0.49

23.57 ± 1.52b

1.21 ± 0.22

5.13 ± 0.96a

2.02 ± 0.23

7.41 ± 1.05b

1.09 ± 0.12

1.17 ± 0.14

-0.76 ± 0.10

-1.96 ± 0.16

0.76 ± 0.10a

-1.41 ± 0.04

-1.34 ± 0.04

1.77 ± 0.33

1.55 ± 0.22

2.03 ± 0.03b

2.26 ± 0.47

1.95 ± 0.11

2.08 ± 0.04

1.77 ± 0.07b

1.94 ± 0.29

2.14 ± 0.54

2.98 ± 0.41

-1.24 ± 0.20

2.29 ± 0.30b

2.17 ± 0.13

1.78 ± 0.37

1.18 ± 0.16

1.13 ± 0.15

3.48 ± 0.92b

-2.01 ± 0.16

2.76 ± 0.98a

1.50 ± 0.81

2.89 ± 0.77

6.21 ± 0.59

6.75 ± 0.50

12.09 ± 0.53

1.86 ± 0.22

7.09 ± 1.00a

3.89 ± 0.43

6.21 ± 0.18

1.22 ± 0.20a

3.90 ± 0.27

2.11 ±0.40b

1.30 ± 0.05

1.05 ± 0.10

1.02 ± 0.16

1.14 ± 0.21

1.16 ± 0.138

1.48 ± 0.39

1.89 ± 0.58

5.82 ± 3.38

2.04 ± 0.43b

1.95 ± 0.50

3.20 ± 1.06

1.02 ± 0.18b

-2.03 ± 0.02

-2.62 ± 0.31

n/d

-1.18 ± 0.49

-1.32 ± 0.29

1.64 ± 0.34b

-0.97 ± 0.09b

1.52 ± 0.10

2.57 ± 0.49

-2.84 ± 0.10

1.33 ± 0.15a

1.10 ± 0.04

1.41 ± 0.13b

-1.85 ± 0.16b

5.41 ± 2.43

4.62 ± 0.52

2.85 ± 0.94

1.60 ± 0.44b

2.77 ± 0.31

0.46 ± 0.06a

Aldo-keto reductase family 1, member C2
Aldo-keto reductase family 1, member C3
NADPH dehydrogenase, quinone

CYR61

Cysteine-rich, angiogenic inducer, 61

FOS

B[a]PSRM +
UDPM

Aldo-keto reductase family 1, member C1

Aldehyde dehydrogenase 3 family, member A1

LGALS8

B[a]PSRM

Aldo-keto reductase family 1, member A1

ALDH3A
1

MCL1

UDPM

Myeloid cell leukemia sequence 1 (BCL2-related)
Lectin galactoside-binding, soluble, 8 (galectin 8)
v-fos FJB murine osteosarcoma viral oncogene
homologue

The data represents mean fold-change ± SD where n = 3 replicates per treatment. aGenes that were significantly altered (P ≤ 0.01) compared to B[a]P or DB[a,l]P; b(P ≤ 0.05) as determined by Student’s tTest.
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DISCUSSION
Environmental complex mixtures such as urban air pollution, diesel exhaust, and
tobacco smoke condensates contain a variety of carcinogenic compounds, including
PAHs. The characterization of individual carcinogenic PAH and their mechanisms of
genotoxicity are well established; however, limited information is available regarding
the potency of carcinogens within a complex mixture.

Evaluations of complex

mixtures are difficult (19, 20) and complicated by the presence of biologically active
components at low concentrations. These components may have additive, synergistic
or antagonistic effects on metabolic processes thereby influencing the potency of
individual carcinogens (21, 22).

The mechanisms and effects surrounding such

interactions must be established in order to define true human risk to PAH exposure.
Assessing DNA damage by complex mixtures is not simple (20).

Although

several studies have indicated a summing-up method or using priority PAH as a
surrogate indicator of risk (23-26), it is necessary to determine the influence of a
mixture on the potency of the carcinogenic compound. Therefore, we evaluated the
influence of a complex mixture, UDPM, on B[a]P and DB[a,l]P PAH-DNA adduct
levels, CYP metabolic activity, and changes in the expression of genes involved in
PAH metabolism and genes known to be overexpressed in breast tumor cells. We
demonstrate that UDPM significantly reduces B[a]PDE-DNA adduct levels in human
breast epithelial cells in culture (MCF-10A) exposed to UDPM plus B[a]P, compared
with B[a]P alone (Figure 3.1).

In addition, B[a]PDE-DNA adduct levels were

significantly lower in cells exposed with UDPM, compared with B[a]P present in our
UDPM dose (B[a]PSRM). This observed antagonistic effect by UDPM on PAH-DNA
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adduct formation is similar to recent studies with complex mixtures in human breast
carcinoma-derived (MCF-7) cells (11) and human diploid fibroblasts (27). MusafiaJeknic et al reported that long-term exposure to UDPM plus B[a]P resulted in reduced
PAH-DNA adducts and CYP metabolic capacity (11).

Binkova and Sram (27)

observed both artificial and environmental complex mixtures exhibited strong
inhibitory effects on B[a]PDE-DNA adduct formation. In vitro and in vivo studies
examining the effects of coal-tar fractions on the mutagenicity of B[a]P demonstrated
that coal tar inhibited the bioactivation and DNA-binding ability of B[a]P (28-30).
The data reported here suggest that components within UDPM may influence the
carcinogenic potency of B[a]P through saturation or inhibition of metabolic activation
enzymes, such as CYP, thus influencing the potential of DNA-binding by PAH diolepoxides.
In contrast to inhibition described above, other studies have reported synergistic
interactions, where PAH-DNA binding and carcinogenic capacities were potentiated
within a mixture (31, 32). Here we report that DNA adduct levels significantly
increased upon UDPM plus DB[a,l]P co-exposure, compared with DB[a,l]P alone,
and moderately increased in response to UDPM plus B[a]PSRM, compared with
B[a]PSRM alone (Fig. 3.1).

These results suggest UDPM may have additive or

synergistic effects on CYP-mediated metabolism of PAH at low concentrations.
Recently, it was demonstrated that the predicted genotoxicity of PAHs in a complex
mixture was additive or slightly less than additive at low concentrations (0.5 µg/ml)
(20).
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It is well established that CYPs play a major role in PAH bioactivation to yield
reactive DNA binding diol-epoxides.

In this study, we observed a significant

reduction in CYP activity upon UDPM or UDPM plus B[a]P exposure, compared with
B[a]PSRM or B[a]P alone, respectively (Table 4.2).

The antagonistic interactions

evidenced by PAH-DNA adduct levels and EROD activity reported here may describe
a shift in metabolism from bioactivation to detoxification. Such an occurrence is
supported by studies published by Kawalek and Andrews (33) and Marshall et al (34),
where metabolism of aromatic compounds shifted from N-hydroxylation and
activation to ring hydroxylation and detoxification. Our results may also indicate a
shift in one bioactivation pathway to another. Shimada and Guengerich (35) reported
that mixtures of PAH non-competitively inhibited metabolic activation of PAH
dihydrodiols (including B[a]PDE and DB[a,l]PDE) by CYP1A1, 1A2, and 1B1. It
was further suggested that an alternate metabolism pathway may compensate for PAH
bioactivation, such as the AKR pathway.

We recently reported UDPM to non-

competitively inhibit both CYP1A1 and CYP1B1-mediated bioactivation using a pure
human CYP enzyme system (36). Overall, the results reported here suggest that
UPDM influences substrate bioactivation, accounting for the observed decrease in
CYP activity and subsequent DNA binding.

Studies are currently underway

investigating the influence of PAH adsorbed to UDPM on CYP metabolic capacity.
Aldo-ketoreductases (AKRs) play a competing role with CYPs in PAH metabolic
activation to produce chemically reactive and redox-active PAH o-quinones (37, 38).
In the metabolism of B[a]P, the AKR pathway leads to the oxidiation of (–)-BP-7,8diol to form the resultant ketol that rearranges to a catechol (Figure 3.2). The catechol
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enters into a redox cycle in the presence O2 to form a quinone (BPQ) and ROS.
Mahadevan et al reported that (9) AKR1C genes were upregulated in MCF-7 cells
upon co- exposure with UDPM plus PAH, compared to PAH alone (9). In the present
study, we observed a significant increase in AKR1C3 mRNA expression in UDPM
plus B[a]P co-exposed cells, compared with B[a]P alone (Table 4.3). In addition, the
expression of NQO1, a protein involved in the two electron reduction quinones (39),
significantly increased in response to UDPM plus B[a]P (Table 4.3). These results
suggest the upregulation of the AKR1C pathway. Such a result would render the cell
with higher levels of ROS (37), increased polar or depurinating adducts and depletion
of endogenous cellular reducing nucleophiles such as glutathione (40-43). Therefore,
such insults by this pathway may contribute to the etiology of cancer through G-to-T
transversions and change-in-function gene mutations in critical oncogenes and tumor
suppressor genes.
Mammary epithelial cells have a high capacity to activate B[a]P and DB[a,l]P
(44). Both PAH are well-established mammary carcinogens in rodent models (45, 46).
PAH exposure has been associated with human breast cancer incidence (2, 4, 5), and it
is suggested that PAH such as B[a]P may contribute to breast carcinogenesis through
the inhibition of the tumor suppressor gene BRCA-1 (47).

Among the PAH

metabolism genes analyzed by qPCR in our study, NQO1 expression increased in cells
co-exposed with UDPM plus B[a]P, compared with B[a]P alone (Table 4.3). In
addition to its role in quinone reduction, NQO1 overexpression has been demonstrated
in a variety of tumors, including breast tumors (48, 49). Further investigation of
genes, such as MCL1 and LGALS8, revealed a significant increase in gene expression
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Figure 3.2. Competing pathways for the metabolic activation of PAH by CYP,
cytochrome P450, and AKR, aldo-ketoreductase (adapted from T.M. Penning (50)).
Schematic also illustrates the effect of CYP inhibition by mixture components, as
suggested previously (35).
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when exposed with UDPM plus DB[a,l]P, compared to DB[a,l]P alone (Table 4.3).
MCL1 is a member of the Bcl-2 family, exhibiting anti-apoptotic properties, and is
found to be over-expressed in breast tumors (17). Also, in cells co- exposed with
UDPM plus DB[a,l]P, we observed an approximate 3-fold increase in MCL1
expression compared with DB[a,l]P exposure alone (Table 4.3). In addition, we
observed an approximate 4-fold increase in the expression of the galectin-8 gene,
LGALS8, in cells co-exposed with UDPM plus B[a]P, compared to B[a]P alone.
LGALS8 encodes the Gal8 carbohydrate-binding protein widely expressed in both
normal and tumor breast tissues, and has been shown to be involved in cell migration
and associated with tumor malignancy (18). Our data suggest that exposure to UDPM
may potentiate the ability of DB[a,l]P, and similar PAH, to the upregulate of MCL1
and LGALS8, thereby contributing to breast tumorigenesis.
Several in vitro and in vivo studies have reported the influence of complex
mixtures on CYP-mediated bioactivation and DNA binding of PAH (10, 28). Our
results support the hypothesis that complex mixtures, such as UDPM, alters the
carcinogenic potency of B[a]P and DB[a,l]P by influencing CYP metabolic capacity.
We are currently investigating the biochemical interactions of UDPM to determine the
mechanism by which this mixture may synergistically or antagonistically interact with
CYP metabolic capacity. We have also demonstrated that UDPM upregulates genes
involved in a competing PAH metabolism pathway and it may contribute to breast
tumorigenesis by affecting transcript levels of genes known to be over-expressed in
breast tumors. Therefore, the carcinogenic potency of PAH within complex mixtures
is dependent on both the induction of enzymes involved in metabolic pathways,
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including but not limited to CYPs. In addition, the results obtained in this study show
that simply taking the sum of the actual mutagenic hazard posed by compounds within
a mixture is not reasonable to determine risk. Further, using highly potent PAH, such
as B[a]P or DB[a,l]P, as a surrogate to estimate risk is not adequate, as bioactivation
or detoxification pathways may shift. Based on the results presented here, in vivo
studies evaluating the mutagenic and carcinogenic effects of PAH metabolites
generated from the AKR pathway and other metabolic pathways are therefore
warranted.
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ABSTRACT
Recent studies have demonstrated that urban dust particulate matter (UDPM)
decreases PAH-DNA adduct levels and cytochrome P450 (CYP) metabolic capacity in
the human mammary epithelial cell lines (Mahadevan et al. Environ Mol Mutagen,
2004; Musafia-Jeknic et al. Toxicological Sciences, 2005). The present study was
designed to further elucidate the biochemical mechanisms involved in this inhibition
process. We examined the effects of chemical components adsorbed to UDPM, its
aromatic components, and an organic extract of diesel exhaust particulate matter (DE)
on the metabolizing activities of human CYP1A1 and CYP1B1 enzymes, as analyzed
by the 7-ethoxyresorufin O-deethylation (EROD) assay. The data obtained indicate
that the aromatic component of UDPM, derived from a neutral aromatic fraction of a
dichloromethane extract, and DE inhibited the activity of CYP (no change in KM,
decrease in kcat/KM). Taken together, the decreases in the tumor initiating activity,
PAH-DNA adduct formation and CYP1A1 and CYP1B1 activity by UDPM observed
in vivo (Courter et al. Toxicological Sciences, 2007) can be attributed to a noncompetitive inhibitory mechanism by the PAH component. Therefore, PAHs within a
complex mixture could inhibit CYP metabolic capacity, thereby decreasing the
activation and potency of carcinogenic PAH within complex mixtures.

INTRODUCTION (abbreviated from original publication)
Previous studies have reported environmental complex mixtures, such as urban
dust particulate matter (UDPM) and coal tar, to decrease the carcinogenic potency of
PAH through inhibition of CYP metabolic capacity, thereby decreasing PAH
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bioactivation and PAH-DNA adduct levels (1-3). Recently, we have shown through
biochemical experiments that UDPM decreases the carcinogenic potency of two PAH,
benzo[a]pyrene (B[a]P) and dibenzo[a,l]pyrene (DB[a,l]P). In these studies, it was
observed that UDPM non-competitively inhibits CYP1A1 and CYP1B1 metabolic
capacity (4). Therefore, to determine the mechanism of this inhibition, in the present
study we investigated the influence of crude and neutral aromatic fractions of UDPM
and an organic extract of diesel exhaust particulate matter (DE) on the metabolic
capacity of CYP1A1 and CYP1B1.

MATERIALS AND METHODS
Caution: Standard Reference Material (SRM) 1649a (UDPM) and SRM 1975 (DE)
contains known mutagenic compounds and should be handled according to the
National Cancer Institute guidelines for the use of carcinogens. Due to the known
instability of these compounds, PAHs and UDPM were not prepared and used under
direct light.

Chemicals and Reagents
Dimethyl sulfoxide (DMSO), resorufin (RES), and ethoxyresorufin (ERES) were
purchased from Sigma (St. Louis, MO). NADPH was obtained from United States
Biological (Swampscott, MA). Standard Reference Material (SRM) 1649a and SRM
1975, referred as urban dust particulate matter (UDPM) and diesel exhaust (DE) in
this study, respectively, was obtained from the National Institute of Standards and
Technology (NIST) (Gaithersberg, MD).

A more detailed description of the
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components

of

UDPM

and

DE

can

be

found

at

the

following:

http://patapsco.nist.gov/srmcatalog/certificates/1649a.pdf
http://patapsco.nist.gov/srmcatalog/certificates/1975.pdf, respectively.

and
In addition,

Schubert et al. recently published an analytical study of SRM 1649a, providing a more
accurate account of its chemical components (5). SRM 1975 is an organic extract of a
previous standardized mixture of diesel exhaust particulate matter (SRM 2975).

UDPM Sample Extraction and Fractionation:
SRM 1649a (UDPM) (2.0 g) was extracted with dichloromethane (DCM) in a Soxtec
System HT (Tecator, Högänas, Sweden) for 2 h in the boiled solvent and 1 h in the
condensed vapors of solvent. One half of the DCM extracts was evaporated just to
dryness, re-dissolved in 0.5 ml of hexane and applied to the top of open silica gel
column. Silica gel (Silica gel 60, particle size 0.063-0.2 mm, Merck, Darmstadt,
Germany) was activated 1 hour at 200oC prior to its use. A column with dimensions
250 x 10 mm was dry-packed with 10 g of silica gel and washed with 10 ml of hexane
prior to application of extract. Samples were eluted with 20 ml of hexane to obtain an
aliphatic fraction (not collected) and followed by the elution by 20 ml of hexane/DCM
(1:1v/v); this neutral aromatic fraction was collected, evaporated to a minimal volume
and re-dissolved in 1 ml DMSO. Elution of PAHs in the neutral aromatic fraction was
checked by HPLC with a diode-array detector (Waters, Milford, MA, USA); the
recovery of 45 individual PAHs was > 90%. For the crude extract, one half of the
DCM extract was evaporated to dryness and re-dissolved in 1.0 ml of DMSO. Here
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we report biochemical studies conducted with both the crude extract (CE-UDPM) and
the neutral aromatic fraction (NE-UDPM).

Ethoxyresorufin O-Deethylase (EROD) Assay
Two hundred microliter EROD reactions consisted of 0.25 pmol human
CYP1A1 or 0.65 pmol CYP1B1 Supersomes® (Sigma, St. Louis, MO), 60 µM
NADPH, 0.05-1.25 µM ERES, and 0-200 µg of UDPM, in 0.1M Tris-HCl pH 7.8
buffer were aliquoted in a black 96 well plate (E&K Scientific, Campbell, CA), and
the reaction was carried out for 10 min. Fluorescence was measured on Spectra MAX
Gemini plate reader (Molecular Devices, Sunnyvale, CA) using 535 nm excitation and
585 emission filters. Experiments and reactions were assayed in triplicates and the
amount of resorufin (RES) produced was calculated from the fluorescence of a known
concentration of RES. The inhibitor (UDPM crude extract, UDPM neutral extract,
and DE) was dissolved as a stock solution (1 mg/ml) in DMSO, and further diluted to
working solutions.

RESULTS AND DISCUSSION
The characterization of individual environmental carcinogens and their
mechanisms of genotoxicity are well established. However the assessment of complex
mixtures is difficult (6), and limited information is available regarding the potency of
carcinogens within a complex mixture.

Evaluations of complex mixtures are

complicated by the presence of biologically active components at low concentrations,
which may have additive, antagonistic or synergistic interactions. We have recently
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shown that a complex mixture consisting of various metals, pesticides, and PAHs
(UDPM) decreased the carcinogenic potency of the carcinogenic PAH, B[a]P, and that
the mixture non-competitively inhibited CYP metabolic capacity (4). However, the
chemical components contributing to the observed effect were not identified.
Here we report the effect of a crude extract of UDPM on CYP1A1 and CYP1B1
metabolic capacity to evaluate the role of components adsorbed to particulate matter.
To identify whether the PAH component adsorbed to UDPM and diesel exhaust
particulate matter (DE) is responsible for the inhibition of CYP metabolic capacity, we
utilized organic extracts of the two complex mixtures.

Inhibition of CYP Activity by a Crude Extract of UDPM
To determine whether components adsorbed to UDPM influence CYPmediated bioactivation, we carried out the EROD activity assay using a crude fraction
of UDPM (CE-UDPM). With the addition of increasing concentrations of CE-UDPM
to the reaction mixture, the half-maximal enzyme activity of CYP1A1 (KM) increased
as the dose increased (0.08, 0.12, and 0.50 µM; Table 4.1 and Figure 4.1A). However,
the catalytic efficiency of CYP1A1, kcat/KM, decreased as the concentration of CEUDPM increased (53.50, 40.75, 7.44 [(µM)-1(nmol/min/nmol)]; Table 4.1). The yintercept (1/V) of the double reciprocal Lineweaver-Burk (LWB) plot remained
relatively constant for CYP1A1 as the concentration of the inhibitor increased.
However, the x-intercept (1/[ERE) decreased at 2 and 20 µg but significantly
increased in value compared to the vehicle control at the highest concentration, of 200
µg CE-UDPM (Figure 4.1B).
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Table 4.1. Induction of CYP1A1 and CYP1B1 EROD Activity by CE-UDPMa
EROD Activity

CYP1A1

CYP1B1

[UDPM]

KM

kcat

kcat/KM

(µg)

(µM)

(nmol/min/nmol)

[(µM)-1(nmol/min/nmol)]

0

0.33 ± 0.18

3.31 ± 0.68

10.03

2

0.08 ± 0.03

4.28 ± 0.34

53.50

20

0.12 ± 0.03

4.89 ± 0.37

40.75

200

0.50 ± 0.32

3.72 ± 1.02

7.44

0

0.27 ± 0.08

34.14 ± 3.55

126.44

2

0.32 ± 0.10

25.77 ± 2.82

80.53

20

0.26 ± 0.09

40.51 ± 4.71

155.81

200

0.49 ± 0.20

27.51 ± 4.84

56.14

a

EROD activities were determined at substrate concentrations between 0.05 and 1.25 µM, and

kinetic parameters were determined. Results are present as ± SE estimated for kcat and KM
(from GraphPad Prism)
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Figure 4.1. Inhibition of CYP1A1 and CYP1B1 EROD Activity by a crude extract of
UDPM (CE-UDPM). Supersomes® expressing human CYP1A1 and CYP1B1 were
treated with different concentrations of CE-UDPM (DMSO, 0 µg [ ; ], 2 µg
[
;
], 20 µg [
; ], and 200 µg [
;
]. The EROD activity of both
enzymes was measured with 0.05, 0.10, 0.20, 0.50, 0.75, and 1.25 µM of the substrate
ERES as described in the Materials and Methods. (A) Michaelis-Menten plot on the
effect of various concentrations of CE-UDPM on the EROD activity of CYP1A1. (B)
The double reciprocal Lineweaver-Burk (LWB) plot of CYP1A1 kinetics. (C)
Michaelis-Menten plot on the effect of CE-UDPM on CYP1B1 EROD activity. (D)
The LWB plot of CYP1B1 kinetics.
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The Michaelis constant, KM, of CYP1B1 generally increased with increasing
concentrations of CE-UDPM (0.32, 0.26, 0.49 µM; Figure 4.1C and Table 4.1).
However, CYP1B1 kcat/KM values decreased as concentrations of CE-UDPM increased
(80.53, 155.81, 56.14 [(µM)-1(nmol/min/nmol)]; Table 4.1). The y-intercept of the
LWB plot remained relatively constant for CYP1B1 upon addition of CE-UDPM to
the reaction mixture; however, the x-intercept increased from treatments of 0 to 20 µg
(Figure 4.1D).
Since KM increased and kcat/KM decreased with increasing concentrations and
the LWB plot results were inconsistent with inhibitor concentrations ranging from 2 to
200 µg, the mechanism underlying the inhibitory effects of CE-UDPM on both
CYP1A1 and CYP1B1 activity proved to be mixed in nature. The results reported
above reflect that components within this crude fraction exhibited both competitive
and non-competitive inhibition.

These results are likely caused by the various

components present in the extract, such as heavy metals, pesticides, dioxins, and
PAHs, which may have exhibited synergistic or antagonistic effects on the
components themselves or on CYP active sites.

Inhibition of CYP Activity by a Neutral Aromatic Extract of UDPM
In order to determine the influence of the PAH component of UDPM on CYP
metabolic capacity, we carried out the EROD activity assay using a neutral aromatic
fraction of UDPM (NE-UDPM). With the addition of increasing concentrations of
NE-UDPM to the reaction mixture, CYP1A1 KM remained relatively constant as the
dose increased (0.09, 0.09, and 0.14 µM; Table 4.2 and Figure 4.2A).
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Table 4.2. Induction of CYP1A1 and CYP1B1 EROD Activity by NE-UDPMa
EROD Activity

CYP1A1

CYP1B1

[UDPM]

KM

kcat

kcat/KM

(µg)

(µM)

(nmol/min/nmol)

[(µM)-1(nmol/min/nmol)]

0

0.33 ± 0.02

3.31 ± 0.68

10.03

2

0.09 ± 0.02

5.54 ± 0.14

65.56

20

0.09 ± 0.03

7.44 ± 0.51

82.67

200

0.14 ± 0.03

3.95 ± 0.23

28.21

0

0.17 ± 0.03

29.65 ± 1.45

174.41

2

6.90 ± 2.40

74.57 ± 22.71

10.81

20

1.58 ± 0.37

20.48 ± 3.02

12.96

200

1.23 ± 0.28

20.09 ± 2.76

16.33

a

EROD activities were determined at substrate concentrations between 0.05 and 1.25 µM, and

kinetic parameters were determined. Results are present as ± SE estimated for kcat and KM (as
analyzed using GraphPad Prism)
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Figure 4.2. Inhibition of CYP1A1 and CYP1B1 EROD Activity by a neutral
aromatic extract of UDPM (NE-UDPM). Supersomes® expressing human CYP1A1
and CYP1B1 were treated with different concentrations of NE-UDPM (DMSO, 0 µg
; ], 20 µg [
; ], and 200 µg [
; ]. The EROD
[ ; ], 2 µg [
activity of both enzymes was measured with 0.05, 0.10, 0.20, 0.50, 0.75, and 1.25 µM
of the substrate ERES as described in the Materials and Methods. (A) MichaelisMenten plot on the effect of various concentrations of NE-UDPM on the EROD
activity of CYP1A1. (B) The double reciprocal Lineweaver-Burk (LWB) plot of
CYP1A1 kinetics. (C) Michaelis-Menten plot on the effect of NE-UDPM on
CYP1B1 EROD activity. (D) The LWB plot of CYP1B1 kinetics.
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The catalytic efficiency of CYP1A1, kcat/KM, decreased as the concentration of NEUDPM increased (65.56, 82.67, 23.21 [(µM)-1(nmol/min/nmol)]; Table 4.2). The yintercept (1/V) of the LWB plot increased from 2 to 20 µg NE-UDPM, but decreased
with the addition of the highest concentration of the inhibitor, 200 µg (Figure 4.2B).
The x-intercept of the CYP1A1 LWB plot remained relatively constant with
increasing concentrations of NE-UDPM (Figure 4.2B). Since no changes in KM and
decreased catalytic efficiency (kcat/KM) was observed with increasing concentrations of
NE-UDPM, the

mechanism underlying the inhibitory effects of this mixture on

CYP1A1 activity proved to be non-competitive. These results are consistent with
observations from our previous study where we found UDPM to act in a noncompetitive inhibitory mechanism (4). It is also consistent with a study by Shimada
and Guengerich where PAHs were determined to be an efficient non-competitive
inhibitor of CYP1A1, 1A2 and 1B1 (7).
The Michaelis constant of CYP1B1, KM, decreased with increasing
concentrations of NE-UDPM (6.90, 1.58, 1.23 µM; Table 4.2 and Figure 4.2C).
Further, the kcat/KM values increased as concentrations of NE-UDPM increased (10.81,
12.96, 16.33 [(µM)-1(nmol/min/nmol)]; Table 4.2). The x- and y-intercepts of the
LWB plot remained relatively constant for CYP1B1 upon addition of NE-UDPM to
the reaction mixture; however, the slope of the line decreased from 2 to 20 µg, but
increased from 20 to 200 µg NE-UDPM (Figure 4.2D). Based on these results, it is
difficult to assign a single mechanism of NE-UDPM on CYP1B1 metabolic capacity.
The catalytic efficiency of CYP1B1 actually increased with increasing doses of NEUDPM, exhibiting a synergistic effect rather than an antagonistic rather than an
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antagonistic effect. It has been observed previously that mixtures of PAH also have
synergistic effects on the activities of carcinogenic PAH (8-11).

Inhibition of CYP1A1 Activity by a DE
DE significantly contributes to ambient air pollution, therefore many of its
chemical constituents are found in air pollution samples collected in urban areas. The
DE mixture obtained from NIST (SRM 1975) and used in these studies contain a
variety of PAH not identified in UDPM (SRM 1649a), including non- or weakly
carcinogenic PAH and nitro-substituted PAH (e.g. 1-nitropyrene, 1,6-dinitropyrene).
In order to determine the influence of an organic extract of diesel exhaust particulate
matter containing a more chemically diverse aromatic fraction on CYP1A1 metabolic
capacity, we carried out the EROD activity assay as described above.
With the addition of increasing concentrations of DE to the reaction mixture,
CYP1A1 KM remained relatively constant as the dose increased from 0-20 µg DE
(2.11, 1.44, and 1.11 µM; Table 4.3 and Figure 4.3). The catalytic efficiency of
CYP1A1, kcat/KM, generally decreased as the concentration of DE increased from 2200 µg (82.81, 75.06, 38.14 [(µM)-1(nmol/min/nmol)]; Table 4.3). The y-intercept
(1/V) of the LWB plot increased from 2 to 200 µg DE (y = 0.12, 1.10, and 2.1) (Figure
4.3B). The x-intercept of the CYP1A1 LWB plot remained relatively constant with
increasing concentrations from 2-200 µg DE (x = -2.37, -2.00, -2.12) (Figure 4.3B).
Non-competitive inhibition is classified with no changes in KM and decreased catalytic
efficiency (kcat/KM) increasing concentrations, which was observed in these studies
utilizing DE and CYP1A1. These results are consistent with previous observations
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Table 4.3. Influence of DE on CYP1A1 EROD Activitya
EROD Activity

CYP1A1

[DE]

KM

kcat

kcat/KM

(µg)

(µM)

(nmol/min/nmol)

[(µM)-1(nmol/min/nmol)]

0

2.11 ± 1.44

160.64 ± 77.28

76.13

2

1.44 ± 1.07

119.24 ± 55.92

82.81

20

1.11 ± 0.60

83.32 ± 26.12

75.06

200

40.54 ± 43.74

1546.80 ± 1627.60

38.14

a

EROD activities were determined at substrate concentrations between 0.05 and 1.25 µM, and

kinetic parameters were determined. Results are present as ± SE estimated for kcat and KM
(from GraphPad Prism)
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Figure 4.3. Inhibition of CYP1A1 EROD Activity by an organic extract of diesel
exhaust (DE) particulate matter. Supersomes® expressing human CYP1A1 were
; ],
treated with different concentrations of DE (DMSO, 0 µg [ ; ], 2 µg [
20 µg [
; ], and 200 µg [
; ]. The EROD activity of both enzymes was
measured with 0.05, 0.10, 0.20, 0.50, 0.75, and 1.25 µM of the substrate ERES as
described in the Materials and Methods. (A) Michaelis-Menten plot on the effect of
various concentrations of DE on the EROD activity of CYP1A1. (B) The double
reciprocal Lineweaver-Burk (LWB) plot of CYP1A1 kinetics.
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where it was determined that PAHs non-competitively inhibit the metabolic capacity
of CYP1A1, 1A2 and 1B1 (7).

CONCLUSION
Although CYP1A1 and CYP1B1 play key roles in the bioactivation of PAH to
their diol-epoxide metabolites, the activation rates vary between both enzymes (7, 12),
which may in part contribute to the difference in the effects of the UDPM extracts on
the CYP metabolic capacity. Specifically, the IC50 values (half maximal inhibitor
concentration) of various PAHs on CYP1A1 and CYP1B1metabolic capacity have
been shown to differ, where the IC50 values of PAH inhibitors on CYP1B1
metabolism were significantly less than that of CYP1A1 (7). Further, results obtained
from the same study revealed that PAHs are not only able to alter their metabolism by
CYPs, but as well as those of other environmental carcinogens, such as 5methylchrysene (7).
This study demonstrates that components adsorbed to UDPM inhibit the metabolic
capacity of CYP1A1 and CYP1B1. Specifically, inhibition of CYP1A1-mediated
bioactivation can be attributed to the PAH component adsorbed to UDPM, as
demonstrated by increasing doses of the neutral aromatic fraction (NE-UDPM) and
EROD activity assays utilizing DE, an organic extract of diesel exhaust particulate
matter.

The inhibitory effects of such environmental complex mixtures greatly

influence the genotoxic and carcinogenic potential of various PAH and thus the
capacity in various target organs. Our results further highlight the ability of the PAH
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component to alter the overall carcinogenic activity of environmental complex
mixtures through inhibition of CYP.

ACKNOWLEDGEMENTS
We wish to thank Dr. Brinda Mahadevan for critical review of this manuscript.
This work was supported by CA28825, Department of Health and Human Services,
from the National Cancer Institute, the National Institute of Environmental Health and
Safety Pre-doctoral Training Grant supported L.A.C. (T32 ES007060), and the Czech
Ministry of Agriculture, MZE 0002716201.

REFERENCES
1.

2.

3.

4.

5.

6.

Mahadevan, B., Keshava, C., Musafia-Jeknic, T., Pecaj, A., Weston, A., and
Baird, W. M. Altered gene expression patterns in MCF-7 cells induced by the
urban dust particulate complex mixture standard reference material 1649a.
Cancer Res, 65: 1251-1258, 2005.
Musafia-Jeknic, T., Mahadevan, B., Pereira, C., and Baird, W. M. Long term
effects of a standardized complex mixture of urban dust particulate matter on
the metabolic activation of carcinogenic polycyclic aromatic hydrocarbons in
human cells in culture. Toxicol Sci, 2005.
Mahadevan, B., Parsons, H., Musafia, T., Sharma, A. K., Amin, S., Pereira, C.,
and Baird, W. M. Effect of artificial mixtures of environmental polycyclic
aromatic hydrocarbons present in coal tar, urban dust, and diesel exhaust
particulates on MCF-7 cells in culture. Environ Mol Mutagen, 44: 99-107,
2004.
Courter, L., Musafia-Jeknic, T., Giovanini, J., Pereira, C., Fischer, K., Bildfell,
R., and Baird, W. M. Urban Dust Particulate Matter Alters PAH-Induced
Carcinogenesis by Inhibition of CYP1A1 and CYP1B1. Toxicol Sci in press,
2006.
Schubert, P., Schantz, M. M., Sander, L. C., and Wise, S. A. Determination of
polycyclic aromatic hydrocarbons with molecular weight 300 and 302 in
environmental-matrix
standard
reference
materials
by
gas
chromatography/mass spectrometry. Anal Chem, 75: 234-246, 2003.
Mauderly, J. L. Toxicological approaches to complex mixtures. Environ Health
Perspect, 101 Suppl 4: 155-165, 1993.

109
7.

8.

9.
10.

11.

12.

Shimada, T. and Guengerich, F. P. Inhibition of human cytochrome P450 1A1, 1A2-, and 1B1-mediated activation of procarcinogens to genotoxic
metabolites by polycyclic aromatic hydrocarbons. Chem Res Toxicol, 19: 288294, 2006.
DiGiovanni, J., Rymer, J., Slaga, T. J., and Boutwell, R. K. Anticarcinogenic
and cocarcinogenic effects of benzo[e]pyrene and dibenz[a,c]anthracene on
skin tumor initiation by polycyclic hydrocarbons. Carcinogenesis, 3: 371-375,
1982.
Van Duuren, B. L., Katz, C., and Goldschmidt, B. M. Cocarcinogenic agents in
tobacco carcinogenesis. J Natl Cancer Inst, 51: 703-705, 1973.
Van Duuren, B. L. and Goldschmidt, B. M. Cocarcinogenic and tumorpromoting agents in tobacco carcinogenesis. J Natl Cancer Inst, 56: 12371242, 1976.
Smolarek, T. A., Baird, W. M., Fisher, E. P., and DiGiovanni, J.
Benzo(e)pyrene-induced alterations in the binding of benzo(a)pyrene and 7,12dimethylbenz(a)anthracene to DNA in Sencar mouse epidermis. Cancer Res,
47: 3701-3706, 1987.
Shimada, T. and Fujii-Kuriyama, Y. Metabolic activation of polycyclic
aromatic hydrocarbons to carcinogens by cytochromes P450 1A1 and 1B1.
Cancer Sci, 95: 1-6, 2004.

110
CHAPTER V. DIESEL EXHAUST INFLUENCES CARCINOGENIC PAHINDUCED GENOTOXICIY AND GENE EXPRESSION IN HUMAN BREAST
EPITHELIAL CELLS

Lauren A. Courter†, Cliff Pereira§, and William M. Baird†

†

Department of Environmental and Molecular Toxicology, 1007 Agriculture and Life
Sciences Bldg., Oregon State University, Corvallis, OR 97331, USA.
§

Department of Statistics, Oregon State University, Corvallis, OR 97331, USA

Manuscript Submitted to Mutation Research

111
ABSTRACT
The carcinogenic polycyclic aromatic hydrocarbons (PAHs) benzo[a]pyrene (B[a]P)
and dibenzo[a,l]pyrene (DB[a,l]P) are widespread environmental pollutants, however
their toxicological effects within a mixture is not established. We investigated the
influence of diesel exhaust (DE) on B[a]P and DB[a,l]P-induced PAH-DNA adduct
formation, metabolic activation, gene expression and 8-oxo-dG adduct levels in
human breast epithelial cells (MCF-10A) in culture. Following 24 and 48 h, cells coexposed to DE plus B[a]P exhibited a significant (P ≤ 0.05) decrease in PAH-DNA
adduct levels, compared with B[a]P alone, as determined by

33

P-postlabeling

combined with reversed-phase high performance liquid chromatography (HPLC).
Cytochrome P450 (CYP) enzyme activity, as measured by the ethoxyresorufin Odeethylase (EROD) assay and CYP1B1 expression, significantly increased with coexposure of DE plus DB[a,l]P, compared with DB[a,l]P alone. Aldo keto-reductase
(AKR)1C1, AKR1C2, and AKR1C3 expression also significantly increased in cells
exposed to DE plus PAH, compared with PAH exposure alone. Cell populations
exhibiting 8-oxo-dG adducts significantly increased in response to exposure to B[a]P
or DE plus B[a]P for 24 h, compared with vehicle control, as quantified by flow
cytometry. These results suggest that complex mixtures modifies the carcinogenic
potency of PAH by shifting the metabolic activation pathway from the production of
PAH diol-epoxides to AKR pathway-derived metabolites.
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INTRODUCTION (abbreviated from original manuscript)
Diesel engine exhaust poses as an environmental risk factor to humans, as
epidemiological studies report increased morbidity and mortality due to air pollution
(1, 2), increased risk of lung cancer (3), and genotoxicity in various tissues (4-6).
Polycyclic aromatic hydrocarbons (PAHs) are high molecular weight, planar, aromatic
compounds that are the products of the incomplete combustion of fossil fuels and
make up a substantial component of ambient air pollution.

In addition to

heterocyclics, quinones and aldehydes, PAHs are found to be adsorbed to diesel
exhaust particulate matter (7).
Carcinogenic PAH metabolites have been detected in both normal and tumor
human breast tissue (8, 9), and have been implicated in breast tumorigenesis (10-13).
Although the mutagenicity implicated in B[a]P and DB[a,l]P associated tumorigenesis
is well established, their biological effects within a complex mixture are less
understood.

Therefore, we investigated the influence of DE on the carcinogenic

potency of these PAH through measurement of PAH-DNA adducts, metabolic activity
and oxidative DNA damage in human breast epithelial cells in culture (MCF-10A).
We further investigated changes in the expression of genes involved in PAH
metabolism provides insight into potential mechanisms of modification by DE. Our
results are consistent with the hypotheses that complex mixtures modify the potency
of PAH by altering metabolic activation pathways and subsequent carcinogenic
metabolites.
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MATERIALS AND METHODS
Caution: B[a]P and DB[a,l]P are potent carcinogenic agents and were handled
according to the NCI guidelines for the use of carcinogens. Standard Reference
Material (SRM) 1975 (DE) contains known mutagenic compounds and should be
handled with the same precautions. PAHs and DE were prepared and used under
yellow light.

Chemicals and Reagents. Standard Reference Material (SRM) 1975, referred as
diesel exhaust (DE) in this study, was obtained from the National Institute of
Standards and Technology (NIST) (Gaithersberg, MD). A more detailed description
of

the

components

of

SRM

1975

can

be

found

at

the

following:

https://srmors.nist.gov/certificates/1975.pdf. B[a]P (CAS registry number 50-32-8)
and DB[a,l]P (CAS registry number 191-30-0) were purchased from Chemsyn Science
Laboratories (Lenexa, KS).

Dimethylsulfoxide (DMSO), tricaprylin, insulin,

hydrocortisone, nuclease P1, prostatic acid phosphatase, potato apyrase (Grade VII),
proteinase K, 7-ethoxyresorufin (ERES), resorufin, and NADPH were purchased from
Sigma (St. Louis, MO). F12/DMEM cell growth media, horse serum, and human
recombinant epidermal growth factor were purchased from Invitrogen (Carlsbad, CA).
Tris-saturated phenol, RNase (DNase free), and RNase T1 were purchased from
Boehringer-Mannheim (Indianapolis, IN). Cloned T4 polynucleotide kinase and snake
venom phosphodiesterase were obtained from United States Biochemical Corporation
(Cleveland, OH). [γ-33P] ATP was purchased from Perkin-Elmer (Wellesley, MA).
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Cell culture and exposure. The MCF-10A cell line was kindly provided by Dr.
Robert Pauly (Barbara Ann Karmanos Cancer Institute, Detroit, MI).

This

spontaneously, immortalized cell line is derived from primary, normal mammary
epithelial cells. Cells were cultured in a 75 cm2 flask (Corning, Corning, NY) in a 1:1
mixture of F-12/DMEM growth media. The medium was supplemented with 5%
horse serum, containing 10 mM HEPES buffer, 10 µg/ml insulin, 20 ng/ml epidermal
growth factor, 100 ng/ml cholera enterotoxin (Biomol, Plymouth Meeting, PA), 0.5
µg/ml hydrocortisone. Cells were cultured at 37°C with 5% CO2. Cell cultures were
subcultured at a ratio of 1:4 when flasks were 80-90% confluent. Twenty-four hours
prior to exposure, cells were replenished with growth media. The cells were exposed
with 75 μl DMSO (vehicle control), DE (400 μg), B[a]P (20.2 µg), DE (400 µg) plus
B[a]P (20.2 µg), DB[a,l]P (0.2 µg), or DE (400 µg) plus DB[a,l]P (0.2 µg). The
exposure concentrations were chosen based on previous studies in our laboratory,
which indicated that these doses gave detectable levels of DNA binding (14-16). The
cells were harvested 24 and 48 h after exposure, and stored at -80oC until further
analysis.

MTT Cell Viability Assay. Cell viability and proliferation following PAH or DE plus
PAH exposures were measured by the reduction of yellow tetrazolium MTT (3-[4, 5dimethylthiazolyl-2]-2, 5-diphenyltetrazolium bromide) in MCF-10A cells for 24 and
48 h, according to the manufacturer’s instructions (ATCC, Manassas, VA).
DNA Isolation. A standard DNA isolation protocol was used, as reported previously
(17). Briefly, frozen cell pellets were homogenized in a glass homogenizer with
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EDTA-SDS buffer [10 mM Tris, 1 mM Na2EDTA, 1% SDS (w/v), pH 8]. The
homogenates were exposed with DNase-free RNase, (50 U/ml) and RNase T1 (1000
U/ml) at 37°C for 1 h, followed by exposure with proteinase K (500 μg/ml) (Sigma,
St. Louis, MO) at 37°C for 1 h. The DNA was extracted with equal volumes of Trisequilibrated phenol (Boehringer-Mannheim, Indianapolis, IN), followed by extraction
with 1:1 volume of Tris-equilibrated phenol and chloroform:isoamyl alcohol (24:1)
and then with equal volumes of chloroform:isoamyl alcohol (24:1). The aqueous layer
was exposed with one-tenth the volume of 5 M NaCl and twice the volume of cold
100% ethanol was added to precipitate the DNA which was then dissolved in doubledistilled water. The DNA quality was confirmed by at least a 1.7 260/280 nm UV
absorbance, and DNA concentration was based on the absorbance at 260 nm.

33

P-Postlabeling of PAH-DNA Adducts.

33

P-postlabeling was carried out as

described previously (18). Briefly, 10 µg DNA isolated from exposed MCF-10A cells
were digested with nuclease P1 and prostatic acid phosphatase, post-labeled with [γ33

P]ATP (3,000 Ci/mmol), cleaved to adducted mononucleotides with snake venom

phosphodiesterase I, and pre-purified with a Sep-Pak C18 cartridge (Waters, Milford,
MA). Subsequent separation by analytical high performance liquid chromatography
(HPLC-Varian system equipped with two pumps and an autosampler; Varian Systems,
Walnut Creek, CA) was carried out using a 5-μm Symmetry® C18 reverse-phase
column (4.6 x 250 mm; Waters, Milford, MA). DNA-adducts purified from unused
33

P-ATP were resolved by elution at 1 mL/min with 0.1 M ammonium phosphate, pH

5.5 (solvent A) and 100% HPLC-grade methanol (solvent B). The HPLC elution
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gradient for B[a]P and DE samples was: 44-55% solvent B over 5 min, 55-60%
solvent B over 20 min, and elution at 100% solvent B over 5 min. The DB[a,l]P-DNA
adducts were resolved by elution at 1 mL/min with 0.1 M ammonium phosphate, pH
5.5 (solvent A) and 90% HPLC grade methanol/10% acetonitrile (solvent B). The
elution gradient was as follows: 20-44% solvent B over 20 min, 44-60% solvent B
over 40 min, 60-80% solvent B over 15 min, and 80-20% solvent B over 1 min. The
radiolabeled nucleotides were detected by an on-line dry cell β-RAM® Model 3
(INUS, Tampa, FL) radioisotope detector, and the level of DNA binding was
calculated based on the labeling efficiency of a [3H]B[a]P-7,8-dihydrodiol 9,10epoxide standard (19).

To determine the total PAH-DNA adduct levels, three

independent sets of the postlabeling reactions were carried out for every sample.

Microsome isolation. Microsomes were prepared as described previously (20), with
minor modifications.

Briefly, cell pellets from different exposure groups were

homogenized with a steel homogenizer in microsomal homogenization buffer [0.25 M
K2HPO4, 0.15 M KCl, 10 mM EDTA, and 0.25 mM phenylmethylsulfonylfluoride
(PMSF)] and were centrifuged at 15,000 x g for 20 min at 4°C. The supernatant was
centrifuged at 100,000 x g for 90 min at 4°C, and the pellet was resuspended in
microsome dilution buffer (0.1 M KH2PO4, 20% glycerol, 10 mM EDTA, 0.1 mM
DTT and 0.25 mM PMSF). Protein concentrations were determined by the BCA
protein assay (Pierce, Rockford, IL).
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Ethoxyresorufin O-Deethylation (EROD) Assay. Thirty micrograms of microsomal
protein isolated from samples in each exposure group were added to 1 µM 7ethoxyresorufin (ERES) in 200 µl 0.1 M Tris-HCl (pH 7.8) buffer per well in a black
96 well plate (E&K Scientific, Campbell, CA). NADPH was added to each well and
the fluorescence was measured on Spectra MAX Gemini plate reader (Molecular
Devices, Sunnyvale, CA). The excitation wavelength was 535 nm, emission 585 and
the kinetic assay was monitored over 15 min. Each sample was assayed in triplicate
and the amount of resorufin produced was calculated from the fluorescence of a
known concentration of resorufin.

Ten micrograms of microsomal protein from

Chinese Hamster Ovary (CHO) V79 cells overexpressing human CYP1A1 were used
as the positive control.

Quantitative Real-Time PCR (qPCR) Analysis. Relative qPCR was performed with
SYBR Green PCR Core Reagents and an ABI PRISM 7500 Sequence Detection
System (PE Applied Biosystems, Foster City, CA), using the Standard Method
according to manufacturer’s instructions. PCR products (Table 5.1) were first purified
using the Eppendorf Master Mix 2.5X (Eppendorf North America Inc., Westbury NY)
and agarose gel electrophoresis. Purified DNA was excised (MinElute gel extraction
kit;

Qiagen,

Valencia,

CA)

and

amplified

cDNA

was

quantified

spectrophotometrically (Nanodrop ND-100; NanDrop Technologies, Wilmington,
DE). Reverse transcription was performed using 10 µg RNA (Advantage RT-for-PCR
Kit, Clontech-Takara Bio, Mountain View, CA). One hundred micrograms cDNA
was used as a template to perform qPCR in a 50 µl reaction containing: SYBR Green
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PCR Master Mix (1X), MgCl2 (3 mM), dNTPs (1 mM), primers (100 pmol each)
(Invitrogen, Carlsbad, CA), AmpliTaq Gold (1.25 U) and Amp Erase UNG (0.25 U).
qPCR consisted of initial denaturation (95oC, 10 min), then 40 cycles of denaturation
(95oC, 15 s) and annealing/extension (60oC, 1 min). A standard curve of cycle number
to threshold vs. cDNA copy number was generated for each target gene.

PCR

conditions, and cycling parameters for the production of qPCR standards are also
represented in Table 5.1. Each sample was assayed in triplicate and comparative
threshold cycle (CT) method was used to quantify the relative differences in PCR
product.

Detection of 8-oxo-dG Adducts. Measurement of 8-oxoguanine (8-oxo-dG) adduct
levels was carried out using the OxyFLOW™ system by HemoGenix, Inc (Colorado
Springs, CO), according to the manufacturer’s instructions. OxyFLOW™ is a flow
cytometric test to determine oxidative DNA damage using a fluorochrome (FITCconjugated protein binding reagent) against 8-oxo-dG adducts in fixed permeabilized
cells. Briefly, MCF-10A cells were exposed with PAH or PAH plus DE, as described
above with tricaprylin as the vehicle control (DMSO is a known hydroxyl radical
scavenger (21)).

After MCF-10A cells were exposed for 24 h trypsinized and

harvested, they were resuspended in 2 mL PBS, centrifuged at 500 x g for 5 min, and
the supernatant discarded.

The cells were resuspended in 500 µl OxyFLOW™

lysis/fix reagent and incubated for 15 min at room temperature. Samples were rinsed
with 3 mL PBS, mixed by inversion, centrifuged for 5 min at 500 x g, and supernatant
discarded. Cells from each exposure group were exposed with 200 µl ice-cold

Table 5.1. Primer sequences and parameteres used for standards in quantitative real-time PCR using SYBR Green
Gene Symbol

GenBank
Accession #

Primer Sequences
(5’-3’)

Primer/MgCl2
Concentrations

Cycling Parameters

CYP1B1

NM_000104

F-agggaccgtctgccttgtatgg
R-gtgttggcagtggtggcatgag

150 nM/2.0 mM

95-1min; 95-30s; 66-30s; 72-7min

AKR1A1

NM_153326

F-gcggcttcctgtgttctact
R-cttccaggtacccagaccaa

150 nM/3.0 mM

95-1min; 95-30s; 60-30s; 72-7min

AKR1C1

NM_001353

F-aaagccaggtgaggaagtga
R-catgtggcacagagatccac

150 nM/3.0 mM

95-1min; 95-30s; 58-30s; 72-7min

AKR1C2

UO5598

F-ggaggccatggagaagtgta
R-agcagcctgtggttgaagtt

150 nM/1.5 mM

95-30s; 95-5s; 55-30s; 72-7min

AKR1C3

NM_003739

F-agccaggtgaggaactttca
R-cctcccaggtggtacagaga

150 nM/1.5 mM

95-30s; 95-5s; 55-30s; 72-7min

NQO1

NM_000903

F-cctgcagtggtttggagtc
R-cggaagggtcctttgtcata

150 nM/1.5 mM

95-1min; 95-30s; 58-30s; 72-7min

ALDH3A1

BC008892

F-gggaactcagtggtcctcaa
R-tactggggatgatggtagc

150 nM/1.5 mM

95-1min; 95-30s; 58-30s; 72-7min

TNFRSF21

BC010241

F-ttgtctgtgagctccctgtg
R-accgcacatcctcagtctct

150 nM/1.5 mM

95-30s; 95-5s; 55-30s; 72-7min

CYR61

NM_001554

F-cagctgaccaggactgtgaa
R-ccagctcctactccagcaac

150 nM/2.0 mM

95-30s; 95-5s; 54-30s; 72-7min

MCL1

BF594446

F-tgggtttgtggagttcttcc
R-ccagctcctactccagcaac

150 nM/1.5 mM

95-30s; 95-5s; 54-30s; 72-7min

LGALS8

NM_006499

F-cattaggtcctgctgggtgt
R-ggcagagtggctttaactgg

150 nM/1.5 mM

95-30s; 95-5s; 55-30s; 72-7min

FOS

BC004490

F-agaatccgaagggaaaggaa
R-tctccgcttggagtgtatca

150 nM/3.0 mM

95-1min; 95-30s; 58-30s; 72-7min

OxyFLOW™ permeabilization reagent for 2 min on ice and rinsed with PBS. Three
milliliters of OxyFLOW™ Wash Buffer was added to each sample, mixed by
inversion and centrifuged for 10 min at 500 x g. After discarding the supernatant, 100
µl of OxyFLOW™ FITC-conjugated protein binding reagent was added to each
sample and incubated in the dark for 45 min.

Samples were then washed with

OxyFLOW™ Wash Buffer, centrifuged for 10 min at 500 x g.

Cells were

resuspended in 1 mL PBS and analyzed by flow cytometry. At least 10,000 events
were measured from unexposed controls, samples and methylene blue controls.

Statistical Analysis.

DNA adduct and EROD log-transformed data from each

experiment were analyzed using the Mixed procedure in SAS version 9.1 (SAS
Statistical system, Cary, NC, 2005. For DNA adduct data, duplicate or triplicate
measurements on each sample were first averaged prior to transformation and
analysis. A priori pairwise treatment comparisons were analyzed separately using all
sample sets with usable information on both treatments and with the distribution of the
data determining the analysis method. For the comparison of PAH and DE plus PAH
treatment groups, analysis of variance (ANOVA) was used with three replicate
complete blocks (3 or 4 sets of 33P-postlabeling reactions for each sample) and a twoby-two factorial treatment structure (time and exposure as factors). No significant
difference in PAH-DNA adduct levels were found between 24 and 48 h (P = 0.428);
hence, the results reported here represents the main effect of PAH-DNA adduct levels
averaged over both time points. For EROD data, the model had three blocks (3 sets
for each sample) and a three-by-three factorial exposure structure (exposure and time
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as factors). The EROD data were analyzed using a linear mixed model consistent with
a randomized complete block design (with replicates as random blocks). For log-scale
analysis of EROD data, the two zero measurements obtained from the raw data set
were replaced with one-half of the smallest observed positive response. The Unpaired
Students t-Test was used to compare fold-changes in gene expression and populations
with detectable levels of 8-oxo-dG with GraphPad Prism software 4.00 for Windows
(GraphPad Software, San Diego, CA).

RESULTS
Cell Viability and Proliferation. The MTT assay was conducted to determine
cell viability and proliferation upon exposure to both PAH and DE plus PAH
exposures for 24 and 48 h. The vehicle control (DMSO) and PAH exposures did not
affect cell viability and proliferation (data not shown).

Total PAH-DNA Adduct Levels. In order to determine the effects of DE on
PAH-DNA adduct formation, cells were co-exposed with DE plus B[a]P or DB[a,l]P.
PAH-DNA adduct levels were determined by

33

P-postlabeling with reversed-phase

HPLC analysis. No significant difference was observed between PAH-DNA adduct
levels observed at 24 and 48 h (P > 0.05), therefore results are reported as an average
of effects of each exposure group over time. Low levels of PAH-DNA adducts were
observed from cells exposed with DE (0.517 adducts) (Fig.5.1). Cells exposed with
DE plus B[a]P exhibited a significant decrease (P = 0.016) in DNA adduct levels
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Figure 5.1. The effect of DE exposure on the levels of B[a]P-diolepoxide- or
DB[a,l]P-diolepoxide DNA adducts in MCF-10A cells in culture. Isolated DNA was
33
P-postlabled and analyzed by reversed-phase HPLC (as described in Materials and
Methods). Data points indicate means ± SEM; n = 3 or 4 separate experiments. No
effect on adduct levels were found between time of exposure (P > 0.05). DE
significantly decreased the level of B[a]PDE-DNA adducts, compared with B[a]P
treatment alone (P = 0.016). Whereas, DE had no significant influence on the level of
DB[a,l]PDE-DNA adducts (P = 0.428).
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(8.692 ± 4.873 [SEM]), compared with B[a]P exposure alone (37.41 ± 10.69),
respectively (Fig. 5.1).

Conversely, no significant difference (P = 0.428) was

observed in cells co-exposed with DE plus DB[a,l]P (1.180 ± 1.750), compared with
DB[a,l]P alone (2.21 ± 0.692), respectively (Fig. 5.1).

Effect of DE on PAH-Induced CYP Metabolic Activity. The EROD activity
assay was conducted to determine the effect of DE on CYP-mediated metabolism of
PAH following 24 and 48 h exposure. Over 24 and 48 h time points, no significant
difference (P = 0.06) in EROD activity was observed between exposures; therefore,
results are reported as an average of effects from each exposure group over time and
on log-scale (Fig. 5.2). Cells exposed to DE exhibited a significant increase (P =
0.003) in EROD activity (0.52 ± 0.19 pmol/min/mg) compared with DMSO (vehicle
control) (0.19 ± 0.14 pmol/min/mg). EROD activity significantly increased (P =
0.002) in cells co-exposed with DE plus DB[a,l]P (0.83 ± 0.26 pmol/min/mg),
compared with DB[a,l]P exposure alone (0.24 ± 0.14 pmol/min/mg). No statistically
significant difference was observed in cells exposed to DE plus B[a]P (0.61 ± 0.19
pmol/min/mg), compared with B[a]P alone (0.51 ± 0.25 pmol/min/mg).

Effect of DE on PAH-Induced Gene Expression. Gene expression changes in
response to PAH or DE plus PAH are represented in Table 5.2. Candidate genes were
chosen based on genes previously reported to be differentially expressed upon
exposure to DE particulate matter in a human breast carcinoma cell line (MCF-7) upon
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Figure 5.2. The influence of DE on B[a]P or DB[a,l]P-induced EROD activity in
MCF-10A cells in culture. Data represents three individual experiments averaged
over 24 and 48 h, presented as a simple mean ± SEM on log-scale. A statistically
significant difference (P = 0.002) was observed in cells co-exposed to DE plus
DB[a,l]P, compared with DB[a,l]P alone.

Table 5.2. Gene Expression (Fold-Change) in Response to PAH or PAH + DE Exposure (24 h) Compared to DMSO
PAH Exposure
Gene

Description

DE

B[a]P

B[a]P + DE

DB[a,l]P

DB[a,l]P + DE

CYP1B1

Cytochrome P450 family 1, subfamily B, polypeptide 1

1.72 ± 0.40

1.94 ± 0.07

2.01 ± 0.23

-1.75 ± 0.33

2.39a ± 0.07

AKR1A1

Aldo-keto reductase family 1, member A1

-1.19 ± 0.07

-1.94 ± 0.63

-1.66 ± 0.10

-1.30 ± 0.11

-0.43 ± 1.37

AKR1C1

Aldo-keto reductase family 1, member C1

5.09 ± 0.30

1.00 ± 0.08

3.65a ± 0.18

-1.55 ± 0.25

7.66 a ± 2.00

AKR1C2

Aldo-keto reductase family 1, member C2

4.62 ± 0.32

1.57 ± 0.11

4.22 a ± 0.33

1.15 ± 0.01

5.87 a ± 2.40

AKR1C3

Aldo-keto reductase family 1, member C3

1.06 ± 1.07

-1.79 ± 0.94

3.36 a ± 0.14

-3.13 ± 1.19

7.15 a ±1.08

NQO1

NADPH dehydrogenase, quinone

1.06 ± 0.04

-1.55 ± 0.09

-1.19 ± 0.09

-2.25 ± 0.05

1.42 ± 0.10

ALDH3A1

Aldehyde dehydrogenase 3 family, member A1

1.53 ± 0.07

2.49 ± 0.38

2.80 ± 0.38

1.00 ± 0.19

5.21 a ± 0.43

CYR61

Cysteine-rich, angiogenic inducer, 61

549.55 ± 442.04

193.23 ± 72.07

7.37 ± 8.74 a

442.31 ± 365.46

1728.49 ± 1129.13

MCL1

Myeloid cell leukemia sequence 1 (BCL2-related)

123.75 ± 82.94

80.93 ± 80.92

20.12 ± 8.11

-1.57 ± 0.08

n/a

LGALS8

Lectin galactoside-binding, soluble 8 (galectin 8)

-1.25 ± 0.12

-2.00 ± 0.91

-2.77 ± 0.41

-3.11 ± 1.03

-2.43 ± 0.57

FOS

v-fos FJB murine osteosarcoma viral oncogene
homologue

-2.28 ± 0.08

-3.18 ± 1.38

-2.23 ± 0.40

-1.54 ± 0.55

-1.44 ± 0.28

The data represents mean fold-change ± SD where n = 3 replicates per exposure. aGenes that were significantly altered (P ≤ 0.01) compared to B[a]P or DB[a,l]P, as determined by Student’s t-Test.

exposure to the same conditions, as measured by global gene expression analysis
utilizing microarrays (22, 23). Candidate genes were also selected based on previous
studies reporting effects of mixtures on the expression of PAH metabolism genes
(CYP1B1, AKR1A1, AKR1C1, AKR1C2, AKR1C3, NQO1, and ALDH3A1), and those
known to be overexpressed in breast tumors. (CYR61, MCL1, LGALS8, and FOS) (24,
25). CYP1B1 mRNA expression significantly increased (P ≤ 0.05) in response to DE
plus DB[a,l]P, compared with DB[a,l]P alone (4.14-fold increase), respectively. Coexposure of B[a]P or DB[a,l]P plus DE resulted in a significant increase (P ≤ 0.05) in
the expression of AKR1C1, AKR1C2 and AKR1C3, compared with PAH exposure
alone (Fig. 5.3, Table 5.2). AKR1C1, AKR1C2 and AKR1C3 expression significantly
increased by 3.65, 2.68, and 5.15-fold, respectively, in response to B[a]P plus DE,
compared with B[a]P exposure alone. AKR1C1, AKR1C2 and AKR1C3 significantly
increased by 9.21, 5.10, and 10.28-fold, respectively, in cells co-exposed with
DB[a,l]P plus DE, compared with DB[a,l]P exposure alone.

8-oxo-dG Adduct Levels. In order to determine the effects of PAH and DE plus PAH
on oxidative damage, cell populations exhibiting 8-oxo-dG levels were quantified
using a fluorescent, FITC-conjugated antibody and flow cytometry. A significant
increase (P ≤ 0.01) in the population of cells with detectable 8-oxo-dG adducts was
observed in B[a]P and B[a]P plus DE exposed cells, compared with tricaprylin
exposure (vehicle control) (Fig. 5.4).
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Figure 5.3. Changes in expression of genes (as measured by quantitative real-time
PCR) involved in PAH metabolism following 24 h exposure to PAH or PAH plus DE,
compared with dimethyl sulfoxide (DMSO; vehicle control). Data represents mean ±
SD (n = 3 replicates per exposure). aGenes that were significantly altered (P ≤ 0.01)
compared to B[a]P or DB[a,l]P.
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Figure 5.4. Cell populations exhibiting 8-oxo-dG adducts, following 24 h exposure to
vehicle control (tricaprylin), PAH or PAH plus DE. Adduct levels were quantified by
fluorescence emitted by FITC-conjugated protein binding agent, measured by flow
cytometry using the OxyFLOW® platform (HemoGenix, Inc, Colorado Springs, CO).
Data represents mean ± SEM (n = 3 replicates per exposure).
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DISCUSSION
PAHs are found in many environmental complex mixtures such as urban air
pollution, diesel exhaust, and tobacco smoke condensates. The characterization of
benzo[a]pyrene (B[a]P) and dibenzo[a,l]pyrene (DB[a,l]P), and their mechanisms of
genotoxicity are well established; however limited information is available regarding
their carcinogenic potency within a complex mixture.

Evaluations of complex

mixtures are difficult, as mixture components may have additive, synergistic or
antagonistic effects on metabolic processes thereby influencing the potency of
individual carcinogens (26, 27).

The effects and mechanisms surrounding such

interactions must be established in order to define true risk.
The selection of a cell line derived from normal human breast epithelial cells
(MCF-10A) reflects our interest in the contributing role of PAH in breast cancer.
Carcinogenic PAH metabolites have been detected in both normal and tumor human
breast tissue (8, 9), and implicated in breast tumorigenesis (10-13). Our studies
focused on the influence of DE on PAH bioactivation pathways and the genotoxic
effects generated by carcinogenic metabolites in MCF-10A cells.
Bioactivation of PAHs adsorbed to the particle surface of DE results in the
formation of bulky DNA adducts, and previous studies have demonstrated increased
DNA adduct levels in rat lung following both short- and long-term inhalation exposure
to DE (28-30). Here we report the effect of an organic extract of DE particulate matter
on PAH-DNA adduct formation, CYP-mediated bioactivation, gene expression, and
oxidative DNA damage. Previous studies have detected PAH-DNA adducts following
exposure to a variety of DE mixtures (28, 31); however, we report DE exposure
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resulted in low PAH-DNA adduct levels. This could in part be attributed to the
absence of PAH commonly attributed to the mutagenicity of DE, such as 3nitrobenzanthrone (3-NBA) (32), B[a]P and DB[a,l]P. However, we demonstrated
that DE significantly decreased B[a]P-induced PAH-DNA adduct levels with no
change in CYP metabolic activity levels (Fig. 5.2), compared with B[a]P exposure
alone. These antagonistic effects may result from a reduction in the conversion of
mutagens into their reactive metabolites, which could be attributed to saturation of
bioactivation systems (26, 33). Conversely, no significant difference in PAH-DNA
adduct levels was observed between DB[a,l]P and DE plus DB[a,l]P exposed cells;
however, CYP metabolic activity and CYP1B1 expression significantly increased in
response to DE plus DB[a,l]P, compared with DB[a,l]P exposure alone (Fig. 5.1, Fig.
5.2, Table 5.2). These results may be attributed to an upregulation of CYP-medated
bioactivation of DB[a,l]P; however, DE may influence the region- and
stereoselectivity of CYP1B1 to produce less carcinogenic stereoisomers of
DB[a,l]PDE, or increase the metabolism of other PAH present in the mixture. In
addition, it was recently reported that such additive effects may occur at low
concentrations (0.5 µg/ml) (34). This sub-additive effect suggests that DE may have
additive or synergistic effects on CYP-mediated metabolism of PAH at low
concentrations.
Complex mixtures have the potential to shift metabolism from bioactivation to
detoxification or to another bioactivation pathway (35). Previous studies
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Figure 5.5. Competing pathways for the metabolic activation of PAH by CYP,
cytochrome P450, and AKR, aldo-ketoreductase (adapted from T.M. Penning (36)).
Schematic also illustrates the effect of CYP inhibition by mixture components, as
suggested previously (37).
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demonstrated that complex mixtures inhibited CYP-mediated bioactivation (14, 22,
37, 38), and suggested that alternate metabolism pathways compensate for the
bioactivation of PAH (37). The aldo keto-reductase (AKR) pathway is known to
compete with CYP1A1 and CYP1B1 for B[a]P-7,8-dihydrodiol metabolism (39, 40)
(Fig. 5.5). Previous studies have also reported increased expression of AKR1C genes
in human cells following exposure to urban dust particulate matter (UDPM) (22, 41),
DE (23), and cigarette smoke condensate (42).

We reveal that DE significantly

increased the expression of AKR1C1 and AKR1C2, compared with DMSO (vehicle
control) exposure.

We further observed that co-exposure to DE plus PAH

significantly increased the expression levels of AKR1C1, AKR1C2 and AKR1C3,
compared with PAH exposure alone.

Because CYP metabolic activity was not

diminished and an increase in the expression of AKR genes in response to DE plus
PAH was observed, it is possible that the metabolism of PAH-dihydrodiols could be
shifted to the production of PAH o-quinones by AKRs, rather than PAH-diol epoxides
by CYP enzymes (Fig. 5.5). This would further account for the significant decrease in
PAH-DNA adduct levels in DE plus B[a]P exposed cells, and no change in the total
PAH-DNA adduct levels resulting from DE plus DB[a,l]P exposure. These results
support the hypothesis that complex mixtures influence PAH-induced genotoxicity by
modulating a shift in metabolic pathways.
Under redox conditions, ROS is a by-product of the AKR metabolic pathway.
We observed a significant increase in the population of cells exhibiting 8-oxo-dG
adducts in response to B[a]P and DE plus B[a]P exposures, compared with vehicle
control (Fig. 5.4, Fig. 5.5).

Such ROS insults generated by this pathway may
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contribute to the etiology of cancer through change-in-function gene mutations in
critical oncogenes and tumor suppressor genes, such as p53. Yu et al (43) recently
demonstrated that B[a]P-7,8-dione (BPQ) was a potent mutagen, and that the
dominant G-to-T transversion mutations observed in p53 were abolished by ROS
scavengers, suggesting that the mutations were oxidatively generated.
Mammary epithelial cells have a high capacity to activate B[a]P and DB[a,l]P
(44), and both B[a]P and DB[a,l]P are well-established mammary carcinogens in
rodent models (45, 46). PAH exposure has been associated with human breast cancer
(9, 11, 12), and it is suggested that environmental PAH such as B[a]P may contribute
to breast carcinogenesis (47). Although the genes known to be over-expressed in
breast tumors were not altered in response to co-exposure of DE plus PAH, higher
levels of polar or depurinating adducts and oxidative metabolites may be implicated in
the various stages of breast cancer through mutagenesis.
This study and several in vitro and in vivo studies have examined the influence
of complex mixtures on CYP-mediated bioactivation, PAH-DNA binding and tumor
initiation (22, 48, 49). We demonstrated that DE upregulates PAH metabolism genes
specific to the AKR pathway, and is responsible for increased B[a]P-induced 8-oxodG adduct formation. Therefore, the carcinogenic potency of PAH within complex
mixtures is dependent on the induction of metabolic enzymes involved in different
PAH bioactivation pathways. These results support the idea that simply taking the
sum of the actual mutagenic hazard posed by mixture constituents is not reasonable to
determine human cancer risk. Further, using highly potent PAH, such as B[a]P or
DB[a,l]P, as surrogates to estimate risk to environmental complex mixtures is not
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adequate, as bioactivation or detoxification pathways may shift. Based on the results
presented here, in vivo carcinogenicity studies evaluating the effects of environmental
complex mixtures on competing bioactivation pathways (e.g. AKR or radical cation
pathways) and the genotoxic metabolites they produce are therefore warranted.
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ABSTRACT
The carcinogenic effects of individual PAH are well established; however, their
potency within an environmental complex mixture is uncertain. We evaluated the
influence of diesel exhaust (DE) on PAH-induced tumor initiation, DNA adduct
formation, cytochrome P450 (CYP) activity and the expression of candidate genes in
the two-stage SENCAR mouse model following exposure to DE, B[a]P, DE plus
B[a]P, DB[a,l]P or DE plus DB[a,l]P. DE significantly decreased the tumor initiating
potency of DB[a,l]P, where a decrease in overall tumor and carcinoma burden were
observed following 25 weeks of promotion with 12-O-tetradecanoylphorbol-13acetate (TPA), compared with DB[a,l]P exposure alone.

A moderate decrease in

overall tumor burden, PAH-DNA adduct levels, and CYP activity were observed in
mice co-exposed to DE plus B[a]P, compared with B[a]P alone. The expression of
three of the twelve candidate genes (Tnfrsf21, Lgals8, and Akr1c21) correlated with
results previously observed in a human mammary carcinoma cell line in response to
DE (Luch et al, 200x). Not only do these results suggest that DE modifies PAHinduced carcinogenesis, but that in vitro microarray data provides a transcriptional
signature and insight into molecular pathways affected following exposure to such
environmental complex mixtures. In vitro data may also allow for predictions into
mechanisms involved in PAH-induced carcinogenesis in vivo.

INTRODUCTION (abbreviated from original manuscript)
The carcinogenic risk associated with individual PAH exposure is well
characterized (1), therefore concern exists about the regulation of PAH emissions and
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human risk assessment. Although PAHs are typically found in complex mixtures,
much of the PAH research has focused on the effects of individual compounds.
Because scientific evaluation is difficult, limited research has been done on binary or
artificial mixtures (2-7), and to a lesser extent complex mixtures (8-10).

These

previous studies have focused primarily on the genotoxic effects of PAH (e.g. DNA
adduct formation) and metabolic activation by CYPs. However, recent studies have
focused on mechanistic investigations of environmental complex mixtures through the
use of high-density oligonucleotide microarray technology (10-13). Therefore, we
evaluated the influence of DE on PAH-induced tumor initiation and gene expression
changes in vivo. We compared in vitro results with that observed in vivo to predict
molecular pathways affected during PAH-induced carcinogenesis. We also examined
the effect of DE on PAH-DNA adduct formation and CYP-mediated metabolic
activation.

MATERIALS AND METHODS
Caution:

B[a]P and

DB[a,l]P are potent carcinogens and should be handled

according to National Cancer Institute (NCI) guidelines. SRM 1975 (DE) is a known
mutagen and should be handled with the same precautions. PAHs and DE were not
prepared and used under direct light.

Chemicals and Reagents. Standard Reference Material (SRM) 1975, referred as
diesel exhaust (DE) in this study, was obtained from the National Institute of
Standards and Technology (NIST) (Gaithersberg, MD). A more detailed description
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of

the

components

of

DE

can

be

found

at

the

following:

https://srmors.nist.gov/certificates/1975.pdf. B[a]P (CAS registry number 50-32-8)
and DB[a,l]P (CAS registry number 191-30-0) were purchased from Chemsyn Science
Laboratories (Lenexa, KS).

B[a]P and DB[a,l]P were purchased from Chemsyn

Science Laboratories (Lenexa, KS). Proteinase K (EC 3.4.21.64; from Tritirachium
album), 7-ethoxyresorufin (ERES), resorufin, and NADPH were purchased from
Sigma (St. Louis, MO).

Tris-equilibrated phenol, RNase T1 (EC 3.1.21.3; from

Asperigillus oryzae) and RNase (DNase free, a heterogenous mixture of ribonucleases
from bovine pancreas) were obtained from Boehringer Mannheim (Indianapolis, IN).

Tumor initiation in mouse epidermis. This study used the SENCAR mouse twostage skin tumorigenesis model. These mice are genetically susceptible to chemical
carcinogens and thus sensitive to tumor initiation. They generally respond more
rapidly and uniformly to the induction of skin tumors compared with other available
rodent strains or stocks. The initiation and promotion stages are clearly distinguished,
thus facilitating the study of biochemical and molecular mechanisms involved in a
particular stage of carcinogenesis (14). During the resting phase of their hair-growth
cycle (at 6-7 weeks of age), the dorsal area of the female SENCAR mice (NCIFrederick Cancer Research and Development Center, Frederick, MD) was shaved two
days prior to treatment with toluene (vehicle control) B[a]P, DE plus B[a]P, DB[a,l]P
or DE plus DB[a,l]P. There were six exposure groups with six mice per group. Mice
were housed in polycarbonate cages (3 mice per cage) and fed Teklad rodent diet (No.
8604, Harlan) and water ad libitum. They were maintained at 72ºF on a standard 12 h
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light/dark cycle with 40-60% relative humidity. Animals were housed and cared for in
accordance with the Institute of Laboratory Animal Resources (ILAR, 1996),
Commission of Life Sciences, National Research Council document entitled, Guide
for the Care and Use of Laboratory Animals.
Topical treatments were carried out as follows: 10 mice with 200 µl toluene,
35 mice with 50.4 μg B[a]P, 35 mice with 0.6 μg DB[a,l]P, 35 mice with 50 mg DE,
35 mice with 50 mg DE plus 50.4 μg B[a]P, and 35 mice with 50 mg DE plus 0.6 μg
DB[a,l]P. Previously published studies were the basis for the chosen doses of B[a]P
and DB[a,l]P (9, 15-17), and DE (18).

Two weeks after initiation, 12-O-

tetradecanoylphorbol-13-acetate (TPA) at 1 μg/200 μl acetone per mouse was
topically administered twice-weekly for 25 weeks, and mice were examined weekly
for skin papillomas.

Following necropsy, tumors were confirmed by routine

histopathology techniques by the Integrative Health Sciences Facilities and Service
Cores of the Environmental Health Sciences Center at Oregon State University (OSU).

DNA isolation from PAH-treated mouse epidermis. Following acclimatization, mice
were shaved and treated with PAH or DE plus PAH for 24 h.

Mice were killed by

cervical dislocation, and the epidermal cells were harvested as previously described by
Slaga et al (19). Briefly, Nair® depilatory cream was applied to the shaven dorsal area
to remove residual fur and skin was rinsed off with cold water. Harvested skins were
submerged in a 58ºC water bath for 30 s and placed in water on ice, followed by
removal of the epidermal cells by scraping with a razor blade. The epidermal cells
from six mice per treatment group were pooled, placed in 500 µl of 0.025 M
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EDTA/0.075 M NaCl buffer, and stored in -80ºC for DNA isolation or used
immediately for microsome preparation.
The DNA was isolated as described by Beach and Gupta (20). Briefly, the
pooled mouse epidermal samples from each treatment group were homogenized in a
glass homogenizer containing EDTA, SDS buffer [10mM Tris, 1 mM Na2EDTA, 1%
(w/v) SDS, pH 8]. Homogenates were treated with 50 U/mL RNase, DNase-free and
1000 U/mL RNase T1 at 37ºC for 1 h, followed by treatment with 500 µg/mL
proteinase

K

at

37oC

for

1

h.

DNA

was

extracted

with

25:24:1

phenol:chloroform:isoamyl alcohol, precipitated with 100% ethanol and dissolved in
sterile double-distilled water.

DNA Adduct Analysis Using 32P-Postlabeling. DNA adducts were measured for each
DNA sample using the

32

P-postlabelling method as described previously with minor

modifications (21). Briefly, DNA samples (4 μg) were digested with micrococcal
nuclease (120 mU, Sigma, UK) and calf spleen phosphodiesterase (40 mU,
Calbiochem, UK) in digestion buffer (16.6 mM sodium succinate, 8.3 mM CaCl2, pH
6.0) overnight at 37ºC in a total volume of 4.8 μl. Nuclease P1 enrichment digests
were incubated with 1.2 μg nuclease P1 (Sigma, UK) in 4.8 μl of buffer containing
125 mM sodium acetate, pH 5.0, 0.4 mM zinc chloride for 60 min at 37ºC. The
reaction was terminated by the addition of 1.9 μl Tris base (0.5 M).

Butanol

enrichment digests were diluted to 50 μl with water to which was then added 100 μl
extraction buffer (15 mM ammonium formate, 1.5 mM tetrabutyl-ammonium chloride,
pH 3.5) and the solution was immediately extracted with water-saturated 1-butanol

145
(250 μl). After a second extraction, the organic phases were combined, back-extracted
with butanol-saturated water (2x 400 μl), neutralized with 4 μl 200 mM Tris-HCl (pH
9.5) and evaporated to dryness. The residue was taken up in 11.5 μl water.
The DNA digests or extracted adducts were then 32P-labelled with carrier-free [γ32

P]-ATP (50 μCi, appr. 7000 Ci/mmol, MP Biomedicals, UK) in a mixture of 4 μl

consisting of 80 mM bicine pH 9.0, 40 μM magnesium chloride, 40 mM dithiotreitol,
4 mM spermidine and 6 U T4 polynucleotide kinase (USB, UK) for 30 min at 37ºC.
Resolution of

32

P-labelled adducts was carried out by chromatography on

polyethyleneimine-cellulose (PEI-cellulose) thin-layer chromatography (TLC) sheets
(10 x 20 cm, Macherey-Nagel, Düren, Germany) using the following solvents: D1, 1.0
M sodium phosphate, pH 6.0; D3, 4 M lithium-formate, 7 M urea, pH 3.5; D4, 0.8 M
lithium chloride, 0.5 M Tris, 8.5 M urea, pH 8.0.
TLC sheets were scanned using a Packard Instant Imager (Dowers Grove, IL,
USA) and DNA adduct levels (RAL, relative adduct labelling) were calculated from
the adduct cpm, the specific activity of [γ-32P]-ATP and the amount of DNA (pmol of
DNA-P) used. Results were expressed as DNA adducts/108 nucleotides. An external
B[a]PDE-DNA standard (22) was employed for identification of adducts in
experimental samples.

Microsome Preparation. Microsomes were prepared as previously described (23),
with minor modifications.

The epidermal cells were harvested as similar to the

aforementioned DNA isolation protocol; however, the heat treatment was carried out
at 52ºC. Mouse epidermal samples were homogenized with a steel homogenizer
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containing microsomal homogenization buffer [0.25 M K2PO4, 0.15 M KCl, 10mM
EDTA, and 0.25 mM phenylmethlysulfonylfluoride (PMSF)] and centrifuged at
15,000 x g for 20 min at 4ºC. The supernatant was centrifuged at 100,000 x g for 90
min at 4ºC, and the pellet was resuspended in microsome dilution buffer [0.1 M KPO4,
20% glycerol, 10 mM EDTA, 0.1 mM DTT and 0.25 mM PMSF].

Protein

concentrations were determined by the BCA protein assay (Pierce, Rockford, IL).

Ethoxyresorufin O-Deethylase (EROD) Assay.

Fifty micrograms of microsomal

protein isolated from samples in each exposure group were added to 1 µM 7ethoxyresorufin (ERES) in 200 µl 0.1M Tris-HCl (pH 7.8) buffer per well in a black
96 well plate (E&K Scientific, Campbell, CA). NADPH was added to each well and
the fluorescence was measured on Spectra MAX Gemini plate reader (Molecular
Devices, Sunnyvale, CA). The kinetic assay was monitored over 15 min with an
excitation wavelength of 535 nm and emission wavelength of 585 at 37ºC. Each
sample was assayed in triplicate wells over three separate experiments. The amount of
resorufin (RES) produced was calculated from the fluorescence of a known
concentration of RES. Ten micrograms of microsomal protein isolated from Chinese
Hamster Ovary (CHO) V79 cells over-expressing human CYP1A1 were used as the
positive control.

Quantitative Real-Time PCR Analysis. Relative quantitation with real-time, reversetranscriptase PCR (qPCR) was done using an ABI Prism 7000 Sequence Detection
System (PE Applied Biosystems, Foster City, CA), according to manufacturer’s
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instructions. RNA was isolated from tumors harvested from the SENCAR tumor
initiation-promotion study. Low-quality RNA was obtained from DB[a,l]P-induced
tumors; therefore, qPCR was not conducted in this exposure group. cDNA was
synthesized using reverse transcription of 10 µg RNA (Advantage RT-for-PCR Kit;
Clontech-Takara Bio, Mountain View, CA). The cDNA prepared was diluted 1:50
and 1.5 μl was used as template to perform qPCR in a 50 μl reaction using 20X
Assays-on-Demand gene expression primers and probes (PE Biosystems) for all genes
analyzed (assay identification number; GenBank accession number): CYP1A1
(Mm00487218_m1; NM_009992), CYP1B1 (Mm00487229_m1; NM_009994),
ALDH3A1

(Mm00839312_m1;

NM_008562),

AKR1C21

(Mm00472624_m1;

NM_029901), NQO1 (Mm00500821_m1; NM_008706), TFF1 (Mm00436945_m1;
NM_009362),

LGALS8

(Mm00487498_m1;
TNFRSF21

(Mm00497776_m1;

NM_010516),

(Mm00446361_m1;

MCL1

NM

_018886),

(Mm00725832_s1;

NM_178589),

FOS

CYR61

NM_008562),

(Mm00487425_m1;

NM_010234), MYB1 (Mm00485327_m1; NM_008651), and the house-keeping gene
GAPDH (Mm99999915_g1; NM_001001303).

qRT-PCR consisted of initial

denaturation for 10 min at 95ºC, 40 cylces of 95ºC for 15 sec, and 50ºC for 1 min.
Each sample was assayed in triplicate and the cycle threshold values were normalized
to GAPDH and the fold-change was calculated using 2-∆∆CT method (24).

Statistical Analysis. Mortality and final tumor incidences were compared between
treatments with two-sided Fisher’s exact tests (FET) utilizing the Exact statement in
the SAS FREQ procedure. Tumors/TBA were compared between treatments with the
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Wilcoxon rank test (W) utilizing the Exact statement in the SAS NPAR1WAY
procedure. Time until tumor data were compared between treatments with survival
analysis methods.

The Kaplan-Meier log rank (LR) test was used to compare

treatments non-parametrically utilizing the SAS LIFETEST procedure. Treatments
were also compared semi-parametrically with Cox proportional hazard regression
utilizing the SAS PHREG procedure. For all of the analyses above, prior to treating
the mouse as the individual independent unit, it was first confirmed that there was
little evidence of any cage effects (P = 0.33).

In each case, this was done by

comparing cages within each treatment with the analysis method appropriate for the
response (FET, W, LR, or Cox regression). Comparison of PAH-DNA adduct levels,
EROD and qPCR results between treatment groups were carried out using ANOVA.
Tumor analyses were conducted within version 9.1 of the SAS System for Windows
(SAS Institute, Inc. (2003) Cary, NC).

PAH-DNA adduct, EROD and qPCR

statistical analyses were carried out using GraphPad Prism software 4.00 for Windows
(GraphPad Software, San Diego, CA).

RESULTS
Effect of DE on PAH-Induced Tumor Initiation. In order to determine the effects of
DE on B[a]P and DB[a,l]P tumor initiating activity we used experimental parameters
such as time-until-tumor formation, tumor incidence, and the number of tumors per
tumor-bearing animal (TBA). Table 6.1 illustrates the tumor initiating activity by
PAH and DE plus PAH co-exposures following 25 weeks of promotion with TPA.
DE exhibited weak tumor initiating activity, where only 3.8% of animals exhibited

149
tumors at the end of 25 weeks (Table 6.1, Fig. 6.1). Mice initiated with DE alone
developed the first and only papilloma at week 25, compared to weeks 10, 4, 3, and 2
for mice initiated with B[a]P, DE plus B[a]P, DB[a,l]P, and DE plus DB[a,l]P,
respectively (Fig. 6.1A, 1B).
The effect of DE on the tumor initiating activity of B[a]P in mouse skin is
illustrated in Fig. 6.1A and Table 6.1. No statistically significant difference in time
until tumor formation was observed between animals receiving B[a]P and DE plus
B[a]P (LR, P = 0.22) (Fig. 6.1A). At 25 weeks, the overall percentage of tumor
bearing animals (TBAs) increased from 71.4% to 84.6% with B[a]P and DE plus
B[a]P co-exposure. However, no significant difference in tumor burden was observed
between B[a]P (1.71 tumors/TBA) and DE plus B[a]P (1.31 tumors/TBA) exposures
(FET, P = 0.58) (Table 6.1).
No significant difference in time until tumor formation was observed in
DB[a,l]P and DE plus DB[a,l]P treated animals (LR, P = 0.17).

However, DE

significantly decreased carcinoma incidence and overall tumor burden by DB[a,l]P,
compared with DB[a,l]P exposure alone (FET; P = 0.002 and P = 0.040, respectively)
(Table 6.1). No significant difference in papilloma incidence was observed between
DB[a,l]P and DE plus DB[a,l]P following 25 weeks (FET, P = 0.44) (Table 6.1).

Influence of DE on PAH-DNA Adduct Levels. The effect of DE on PAHDNA adducts in the SENCAR epidermis was investigated to determine
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Table 6.1. Tumor Initiating Activity of DE, B[a]P, DE plus B[a]P, DB[a,l]P, and UDPM plus DB[a,l]P
Compound

Dose

Mice/Treatment

TBA (%)

Papillomas

Carcinomas

Group (Mortality)

Toluene

Total No. of

No. Tumorsa

Tumors

per TBAb

200 µl

10 (4)

0.0

0

0

0

0

50 mg

35 (9)

3.8

1

0

1

0.04

200 nmol

10 (3)

71.4

11

1

12

1.71

50 mg + 200 nmol

35 (9)

84.6

58

6

64

1.31

2 nmol

10 (1)

100.0

14

9

23

2.56

50 mg + 2 nmol

35 (4)

61.3

37*

3

40

1.29*

(control)

DE

B[a]P

DE + B[a]P

DB[a,l]P

DE + DB[a,l]P

Skin papillomas and carcinomas were considered as “tumors.” bTBA, tumor-bearing animals. *Statistically significant decrease in papilloma

a

incidence (P = 0.002) and overall tumor incidence (P = 0.040), compared with DB[a,l]P exposure alone; Fisher’s Exact Test (FET).

Figure 6.1. Time-until-tumor Kaplan-Meier curves showing the effect of DE on the
tumor initiating activity of B[a]P and DB[a,l]P, expressed as percent of mice tumorfree. Mice were initiated with DE (n = 35), B[a]P (n = 10), DB[a,l]P (n = 10), DE
plus B[a]P or DB[a,l]P (n = 35), or toluene (vehicle control) (n = 10) followed by
twice-weekly promotion with TPA for 25 weeks (as described in Materials and
Methods). Formation of skin tumors (includes both papillomas and carcinomas) were
checked weekly. (A) Time until tumor curves showing the effect of DE on the tumor
initiating activity of B[a]P, expressed as survival distribution function. (B) Time
until tumor curves indicating the effect of DE on the tumor initiating activity of
DB[a,l]P.
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if the observed tumorigenic activity correlated with PAH-DNA adduct formation.
Representative TLC chromatographs are represented in Figure 2A, and total PAHDNA adduct levels using nuclease P1 digestion with or without butanol enrichment
are illustrated in Figure 2B. No significant difference was observed between adduct
levels in nuclease P1 and butanol enrichment groups (P > 0.05). Mice were exposed
to PAH or DE plus PAH in an identical method as done in the initiation-promotion
study, (see Materials and Methods).
DE exposure exhibited low levels DNA adducts at 24 h (Fig. 6.2, bottom left
panel). PAH-DNA adduct levels increased following DE plus B[a]P, compared with
B[a]P exposure alone; however, the difference was insignificant for both nuclease P1
and butanol enrichment groups (P = 0.23 and P = 0.71, respectively) (Fig. 6.2).
Similarly, no significant difference in the increase in adducts of DE plus DB[a,l]P
exposed animals was observed, compared with DB[a,l]P alone, for both the nuclease
P1 and butanol enrichment groups (P = 0.52 and P = 0.49, respectively) (Fig. 6.2).

Influence of DE on EROD Activity.

The EROD activity assay was conducted to

determine the effect of DE on CYP-mediated metabolism of PAH following 24 h
exposure in vivo (Table 6.2).

A moderate, but insignificant decrease in EROD

activity was observed in DE plus B[a]P treated animals (0.48 ± 0.41 pmol/min/mg),
compared with B[a]P exposure alone (1.33 ± 0.21 pmol/min/mg) (P = 0.14). No
significant difference in EROD activity was determined between animals receiving
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Figure 6.2. Autoradiographs and total PAH-DNA adducts of 32P-postlabeled
SENCAR epidermal DNA following treatment with DE, B[a]P-, DE plus B[a]P-,
DB[a,l]P-, DE plus DB[a,l]P-DNA. (A) Representative TLC chromatographs of PAHDNA adduct formation. (B) Relative adduct labeling (RAL); total PAH-DNA adduct
levels using the nuclease P1 or butanol enrichment version of the 32P-postlabeling
assay. Values represent mean ± SD of three separate experiments, each determined by
two separate postlabeling analyses. Statistical comparisons between PAH and DE plus
PAH treatment groups were performed by ANOVA, (no statistically significant
difference observed between groups, P > 0.05).
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Table 6.2. Effect of DE on CYP Enzyme Activity In
Vivo Following 24 h Topical Exposure
Exposure Group

EROD Activity
(pmol/min/mg)a

Toluene

0.65 ± 0.21

DE

0.69 ± 0.08

B[a]P

1.33 ± 0.21

DE + B[a]P

0.48 ± 0.41

DB[a,l]P

0.33 ± 0.27

DE + DB[a,l]P

0.66 ± 0.34

EROD activities were determined from microsomes isolated from
SENCAR epidermis. Microsomes isolated from V79 Chinese
Hamster Ovary cells over-expressing human recombinant CYP1A1
were used as the positive control (data not shown; 0.910 ± 0.20
pmol/min/mg). Microsomes from six mice were pooled per
exposure group, and the average of three individual experiments is
presented as a simple mean ± SEM. No statistically significant
difference was observed between DE plus PAH and PAH exposure
alone (ANOVA; P > 0.05).

a
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DE plus DB[a,l]P (0.66 ± 0.34 pmol/min/mg) and DB[a,l]P exposure alone (0.33 ±
0.27 pmol/min/mg) (P = 0.49).

Changes in the Expression of Candidate Genes. In order to determine the influence
of DE on PAH-induced gene expression in vivo, candidate genes were chosen based
on genes previously reported to be upregulated in a human breast carcinoma cell line
(MCF-7) upon exposure to DE plus PAH and PAH alone, as measured by global gene
expression analysis (13). Selected candidate genes involved in PAH metabolism were
Cyp1a1, Cyp1b1, Akr1c21, and Nqo1. Changes in genes previously found to be overexpressed in breast and pulmonary tumors were also investigated Tnfrsf21, Myb1,
Cyr61, Tff1, Mcl1, Lgals8, and Fos (25, 26). A significant increase in the expression
of Tnfrsf21 and Lgals8 was observed in tumors harvested from mice receiving DE plus
B[a]P, compared with B[a]P alone. Tumors derived from mice exposed to DE plus
DB[a,l]P, exhibited a significant increase in the expression of Tnfrsf21, Lgals8 and
Akr1c21, compared with vehicle control (toluene) (Fig. 6.3).

These results are

consistent with previously reported data in human cells exposed to similar conditions
(13).

DISCUSSION
PAHs are present in a variety of environmental complex mixtures such as
urban air pollution, diesel exhaust, and tobacco smoke. The characterization of B[a]P
and DB[a,l]P and their mechanisms of genotoxicity are well established; however
limited information is available regarding their potency within a complex mixture.
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Figure 6.3. Changes in the expression of selected candidate genes altered from tumors
isolated from SENCAR mice initiated with DE plus PAH or PAH exposure alone and
promoted twice-weekly with TPA for 25 weeks (as measured by quantitative real-time
PCR). Data represents mean ± SD (n = 3 replicates per exposure).
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Evaluations of complex mixtures are difficult (27, 28), as components may have
additive, synergistic or antagonistic effects on metabolic processes thereby influencing
carcinogenic potency (29, 30).

The effects and mechanisms surrounding such

interactions must be established in order to define true human risk. Here we report the
influence of an organic extract of DE particulate matter on tumor initiation, PAHDNA adduct formation, CYP metabolic activity, and gene expression in vivo. We also
compared gene expression results with in vitro observations (13) to gain mechanistic
insight into possible molecular pathways affected in vivo.
Bioactivation of PAHs adsorbed to the particle surface of DE results in the
formation of bulky DNA adducts, and previous studies have demonstrated DE
mixtures initiate tumors in rodents (31-33). Although NIST’s SRM 1975 (DE) proved
to be a weak tumor initiator, we demonstrated that DE significantly decreased the
number of carcinomas and the overall tumor burden in mice initiated with DE plus
DB[a,l]P, compared with DB[a,l]P alone, following 25 weeks of promotion with TPA
(Fig. 6.1; Table 6.1).

This is consistent with previous studies which reported

decreased carcinogenic activities of PAH in binary, tertiary or complex mixtures (2, 9,
34-37). Antagonistic interactions can be attributed to the alteration of metabolic
processes (37, 38) or a shift in metabolism from conversion to reactive metabolites to
detoxification (39). Although we report no change in total PAH-DNA adduct levels in
response to DE plus DB[a,l]P, it is possible that a shift in PAH metabolism could
yield the less carcinogenic stereoisomeric forms of DB[a,l]P (e.g. ()-syn-DB[a,l]Pdiolepoxide or (+)-anti-DB[a,l]P-diolepoxide). Representative TLC chromatographs
(Figure 6.2A) illustrate a shift in the migration of DNA adducts by DB[a,l]P in DE
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plus DB[a,l]P treated animals.

Further characterization of the stereoisoforms of

DB[a,l]P-diol epoxide adducts from animal co-exposed to DE are therefore warranted.
We observed no significant difference in EROD activity levels in mice coexposed to DE plus DB[a,l]P, compared with DB[a,l]P alone, which is consistent with
total DNA adduct levels observed (Table 6.2 and Figure 6.2, respectively). DB[a,l]P
is bioactivated by CYP1A1 and CYP1B1; however, CYP1A1 and CYP1B1 differ in
their regio- and stereoselectivity of DB[a,l]P activation. Luch et al (40) demonstrated
that CYP1B1-mediated metabolism of DB[a,l]P predominately resulted in the highly
carcinogenic ()-anti-DB[a,l]PDE and (+)-syn-DB[a,l]PDE metabolites, whereas
CYP1A1 additionally produced polar adducts. Taking into account that the specific
activity of CYP1A1 for ERES (EROD substrate) is nearly 7-fold higher than that for
CYP1B1 (41), it is possible that our EROD activity results are not fully representative
of DB[a,l]P bioactivation. Investigation into the effects of DE on CYP1B1-mediated
metabolism would be beneficial.
PAHs exert their carcinogenicity through bioactivation via CYPs to reactive
DNA-binding metabolites, and have an influential role in the transcription of tumorsuppressor genes and proto-oncogenes (42, 43).

With the advent of microarray

technology, it has been demonstrated that complex mixtures influence the transcription
of genes critical in maintaining cell cycle control, genome stability, DNA repair,
immune response, and cellular migration and adhesion in cultured rodent (11, 12) and
human cells (10, 13).

To determine whether the transcriptional responses observed

in human breast carcinoma cells in culture (MCF-7) correlate in vivo, we selected
candidate genes from a previous study (13) and investigated gene expression changes
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in tumors derived from mice exposed to a similar chemical regimen following
initiation and promotion. Here we discuss changes observed in three of these twelve
genes, Tnfrsf21, Lgals8, and Akr1c21 (Fig. 6.3).
Tnfrsf21 belongs to the tumor necrosis factor receptor superfamily, responsible
for inducing apoptosis through caspase activation (44) and cytochrome c release from
the mitochondria (45). We observed a dramatic increase in Tnfrsf21 expression in
mice exposed to DE plus DB[a,l]P, compared with vehicle control (Fig. 6.3). These
results compare with a significant increase (signal log ratio [SLR] ≥ 1) in TNFRSF21
expression observed in MCF-7 cells in response to DE plus DB[a,l]P (13) and in
human alveolar macrophages in response to DE particulate (46). Interestingly, these
results also correlate with overall tumor outcome, where a significant decrease in
carcinomas and the number of tumors per TBA in the DE plus DB[a,l]P exposed
group, compared with DB[a,l]P alone (Table 6.1). Thus, over-expression of Tnfrsf21
may promote increased receptor-mediated apoptosis, leading to decreased tumor and
carcinoma burden by DB[a,l]P when co-treated with DE.
Lgals8 encodes the Gal8 carbohydrate-binding protein has been shown to be
involved in cell migration and associated with tumor malignancy (26). We observed
an increase in the expression of Lgals8 following DE plus B[a]P exposure (compared
with B[a]P) and DE plus DB[a,l]P (compared with vehicle control). Taken together,
these results correlate with that previously observed in MCF-7 cells, where a ≥ 2-fold
increase in LGALS8 gene expression was observed in cells co-exposed to DE plus
B[a]P or DB[a,l]P, compared with PAH exposure alone (13).
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Aldo-ketoreductases (AKRs) oxidize PAH trans-dihydrodiols to DNA reactive
PAH o-quinones and reactive oxygen species as a by-product. Although no change in
Akr1c21 was observed between B[a]P and DE plus B[a]P exposure groups, we did
observe a dramatic increase in expression following DE plus DB[a,l]P, compared with
toluene.

These results correlate with

previous work by Luch et al (13), and

unpublished work by our group (Courter et al), where a significant increase in the
expression of AKR isoforms was observed in human cells in culture following shortterm exposure to urban dust particulate matter or DE plus B[a]P or DB[a,l]P. AKRs
are not regularly expressed in the human lung, and previous studies have demonstrated
overexpression of AKR isoforms in non-small cell lung carcinoma (47), providing a
potential prognostic marker for lung cancer.

Therefore, expression of AKR genes,

such as Akr1c21, may be a potential biomarker of cancers associated with
environmental exposure to complex mixtures, such as DE.
The lack of correlation with the other candidate genes could be attributed, in
part, to the marked heterogeneity of tumor cell populations. It would be beneficial to
identify cancer cells in these populations and assess the expression of these genes of
interest to verify gene expression.

Another possibility could be attributed to

differences in exposure regimens. MCF-7 cells were exposed for 24 h (13), whereas
tumors were analyzed following initiation and twenty-five weeks of promotion.
In conclusion, our results demonstrated that DE influences PAH-induced
carcinogenesis in an antagonistic manner, specifically tumor induction by DB[a,l]P. It
is noteworthy to recognize that the results reported herein were obtained following a
single application of PAH or DE plus PAH. Investigations into extended exposures of
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DE in vivo are warranted in order to represent long-term environmental human
exposures to such mixtures (sub-acute or chronic occupational or urban exposures). In
addition, further long-term, mechanistic studies are necessary to determine the effect
of DE on PAH-induced tumor promotion, as many PAH (e.g. B[a]P) are known to be
complete carcinogens.
Published in vitro and in vivo studies on the effects of complex mixtures on
PAH-induced carcinogenesis primarily concentrate on changes in PAH-DNA adduct
levels and CYP induction (7-9, 38). However, limited information is available on
mechanisms and specific pathways affected. Recent papers reporting global gene
expression changes in vitro through microarray technology help to provide a
transcriptional signature to PAH exposure, and identify possible molecular
mechanisms involved in PAH-induced carcinogenesis (10-12). This study validates
microarray data as a source to uncover potential molecular pathways involved in
cancer progression by PAH in vivo, and suggests that mining of these data will provide
a focus for future studies for elucidating mechanisms involved in carcinogenesis
induced by environmental complex mixtures.
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CHAPTER VII. CONCLUSIONS

As early as 1661, Evelyn and Graunt (1) recognized the negative effects of air
pollution. Almost a century later in 1775, Sir Percival Pott identified polycyclic
aromatic hydrocarbons (PAHs) as the carcinogenic component present in chimney
soot (2). In 1942, Leiter et al. (3, 4) demonstrated that organic extracts of airborne
particles collected from an urban area were carcinogenic to mice. More recently, the
mutagenicity of airborne particulate organics correlated significantly with lung cancer
mortality and not attributable to other causes (5). Currently, the major challenge in
determining the carcinogenic effects by complex mixtures containing PAH, such as air
pollution, is elucidating its effects on molecular mechanisms involved in initiation,
promotion and progression.
The carcinogenic risk of an environmental complex mixture is difficult to
evaluate and predict. Many PAH are identified as genotoxic and/or carcinogenic,
therefore compounds such as B[a]P are often classified as surrogate carcinogens to
predict overall human cancer risk (6-9).

Other techniques include summing-up

method or utilizing statistical models to evaluate the carcinogenic risk of mixture
components. However, the actual carcinogenicity often does not equal, or it far
exceeds what is calculated (10).

Risk assessment can also be achieved using a

standard chemical based procedure that estimates the incremental risk of each
substance at some reasonable exposure level (e.g. the chronic daily intake; CDI) (11).
Additive, synergistic and antagonistic interactions often exist between mixture
components (12); therefore, such component-based approaches may not adequately

167
reflect or characterize the toxicity of the mixture (13, 14). An alternative approach
includes evaluating the influence of a complex mixture on the known carcinogenic
potency of a given compound. The work presented in this thesis utilized this latter
approach to evaluate the influence of two complex mixtures on the carcinogenic
potency of B[a]P and DB[a,l]P, carcinogenic PAH representing the two major classes.
Chapter Two reports the influence of UDPM on PAH-induced tumor initiation,
DNA adduct formation, CYP induction, and DNA strand breaks. In Chapter Three,
we examined whether the genotoxic and enzymatic effects of UDPM observed in vivo
correlate with observations seen in human cells in culture (MCF-10A).

The

experiments outlined in Chapter Four investigated the biochemical mechanism
surrounding the antagonistic interactions of UDPM and DE on CYP metabolic
capacity. Chapter Five and Six compared the influence of DE on PAH-induced
tumorigenesis and genotoxicity in vivo and in vitro, and also investigated the effect of
DE on gene expression patterns using a candidate gene approach to identify potential
molecular pathways altered.
Tumor initiation studies revealed UDPM and DE were weak-tumor initiators in
the SENCAR mouse epidermis (Tables 2.1; Figure 2.1). However, UDPM delayed
the onset of B[a]P-induced tumor formation (Figure 2.1), decreased DNA adduct
formation (Figure 2.2) and CYP1B1 expression (Figure 2.4).

Similarly, DE

significantly decreased the number of carcinomas and the overall tumor burden
induced by DB[a,l]P following 25 weeks of promotion (Table 6.1; Figure 6.1). No
significant change in PAH-DNA adduct levels was observed between DE plus
DB[a,l]P and DB[a,l]P exposure groups (Figure 6.2B). However, Figure 6.2A clearly
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illustrates the adduct migration differences following DE plus DB[a,l]P, compared
with DB[a,l]P exposure alone. Although total adduct levels did not significantly differ
between treatment groups, a shift in metabolism may favor the production of less
carcinogenic stereoisomers of DB[a,l]PDE (e.g. ()-syn-DB[a,l]PDE, (+)-antiDB[a,l]PDE) or other PAH.

Similarly, we observed no significant difference in

EROD activity levels in mice co-exposed to DE plus DB[a,l]P, compared with
DB[a,l]P alone (Table 6.2 and Figure 6.2, respectively). DB[a,l]P is bioactivated by
CYP1A1 and CYP1B1; however, CYP1A1 and CYP1B1 differ in their regio- and
stereoselectivity of DB[a,l]P activation. Luch et al (15) demonstrated that CYP1B1mediated metabolism of DB[a,l]P predominately resulted in the highly carcinogenic
()-anti-DB[a,l]PDE and (+)-syn-DB[a,l]PDE metabolites, whereas CYP1A1
produced various DB[a,l]P stereoisomers.

Taking into account that the specific

activity of CYP1A1 for ERES (EROD substrate) is nearly 7-fold higher than that for
CYP1B1 (16), it is possible that our EROD activity results are not fully representative
of DB[a,l]P bioactivation. Due to the decrease in overall tumor burden by DE plus
DB[a,l]P, I would expect CYP1B1 activity and (+)-syn-DB[a,l]PDE and ()-antiDB[a,l]PDE-DNA adduct levels to significantly diminish, compared with DB[a,l]P
exposure alone. Future studies should be aimed at identifying the PAH-DNA adducts
and CYP1B1 metabolic activity produced following DE plus DB[a,l]P exposure.
Chapter Three demonstrates the antagonistic effects by complex mixtures in
vitro.

MCF-10A cells co-exposed to UDPM plus B[a]P displayed a significant

decrease in (+)-anti-B[a]PDE-dG adduct levels and CYP activity, compared with
B[a]P exposure alone (Figure 3.1 and Table 3.2).

However, results outlined in
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Chapter Five revealed no change in PAH-DNA adduct levels, but a significant
increase in EROD activity levels in response to DE plus DB[a,l]P, compared with
DB[a,l]P alone. The increase in EROD activity may indicate that DE potentiates
CYP-mediated metabolism of DB[a,l]P. However, with no change in PAH-DNA
adduct levels, these results may suggest that DE drives the metabolism of DB[a,l]P to
produce (±)-DB[a,l]P-11,12-dihydrodiol, but does not further oxidize (±)-DB[a,l]P11,12-dihydrodiol to its DNA-reactive diol epoxide metabolite.
Based on these in vivo and in vitro observations we hypothesized that UDPM
and DE interacted with PAH or CYPs in an antagonistic manner. The antagonistic
effects of mixtures (binary, tertiary, or complex mixtures) on PAH carcinogenic
activities have been reported in standard mutagenicity studies (17, 18), cell culture
systems (19, 20), and in vivo (21, 22). These previous studies commonly suggest that
such interactions can occur between its chemical components or at enzymes
responsible for bioactivation. Antagonistic interactions may be driven by a shift in
metabolic pathways, such as reduction in the conversion of mutagens into their
reactive metabolites by bioactivation systems (23, 24). Therefore, we examined the
biochemical

mechanism

surrounding

these

interactions

on

CYP-mediated

bioactivation. Our in vitro kinetic assays utilizing microsomes expressing pure human
CYP protein revealed that UDPM non-competitively inhibited CYP1A1 and CYP1B1
metabolic capacity as the concentrations of the substrate and inhibitor (UDPM)
increased (Table 2.2; Figure 2.5). A non-competitive inhibitory mechanism would
entail components within the mixture binding to sites present on the enzyme distinct
from substrate binding sites, thereby decreasing the catalytic efficiency of CYP.
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UDPM is comprised of many chemical components, metals and particulate
matter; therefore it is difficult to specifically identify the mixture constituent
responsible for inhibition. Shimada and Guengerich (23) demonstrated that PAHs in
artificial chemical mixtures modify the metabolic capacity of CYPs through noncompetitive inhibition. Here we demonstrated that organic extracts of UDPM and DE
particulate matter decreased the catalytic efficiency and non-competitively inhibited
CYP1A1 and CYP1B1 metabolic capacity. These results validate that the aromatic
PAH component of these mixtures is responsible for antagonistic effects through noncompetitive inhibition (Chapter Four). Taken together, these in vitro studies support
the hypothesis that induction of CYP is critical for carcinogenic PAH bioactivation.
Importantly, it establishes that the major determinant of the carcinogenic activity of
complex mixtures is the ability of PAH within that mixture to compete for enzymatic
bioactivation.
Future studies should be aimed at identifying the class (e.g. bay or fjord) of
PAH responsible for inhibition of CYP metabolic capacity. Such experiments would
include the use of artificial mixtures comprising of specific classes of PAH.

I

hypothesize that complex mixtures highly consisting of bay-region containing PAH
would preferentially compete for CYP1A1, as CYP1A1 primarily contributes to B[a]P
and B[a]P-7,8-dihydrodiol metabolism (25). Conversely, I would expect that complex
mixtures with a high fjord-region containing PAH content to would compete for
CYP1B1. Luch et al (15) demonstrated that stably expressing human CYP1B1 V79
Chinese Hamster cells exclusively produced ()-anti-DB[a,l]PDE-DNA adducts,
compared with CYP1A1-stably expressing cells which generated a mixture of polar
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and non-polar DNA adducts. Buters et al (26) also observed that Cyp1b1-/- mice
exposed to DB[a,l]P exhibited a reduction in the tumor rate and failed to
predominately generate the highly tumorigenic ()-anti-DB[a,l]PDE metabolite, as
observed in Cyp1b1-expressing mice.
Competing roles in the metabolic activation of PAH by CYP and AKR exist
(27, 28), and it is hypothesized that PAH metabolism pathways may shift to
compensate for CYP inhibition (23). This is supported by the fact that AKR isoforms
(AKR1C1-1C4) exhibit a high catalytic efficiency for PAH, and co-exist in tissues
co-expressing CYPs and EH (29) (Fig. 7.1).

In Chapters Three and Five, we

demonstrated that co-exposure of MCF-10A cells to UDPM or DE plus PAH resulted
in a significant increase AKR1C gene expression, compared to PAH exposure alone
(Table 3.3 and Figure 5.3). Given the gene expression data, we hypothesized that with
a shift from CYP to AKR-mediated PAH metabolism, an increase in AKR-specific
metabolites would occur.
AKR pathway-derived ROS (e.g. O2-•, H2O2, and HO•) are produced via one
electron redox cycling with their semi-quinone radicals in proximity to DNA (30, 31).
Experiments outlined in Chapter Five demonstrate that exposure of MCF-10A cells to
B[a]P or DE plus B[a]P resulted in increased 8-oxo-dGuo adducts, compared with
cells exposed to vehicle control (Figure 5.4). In vivo, a significant increase in DNA
strand breaks (a quantifiable product of AP sites) in whole mouse blood was also
observed, following 24 h exposure to UDPM plus B[a]P or DB[a,l]P, compared with
PAH exposure alone. BPQ reacts with guanine to form N7 depurinating adducts;
however the majority of AP sites generated by BPQ is attributed to 8-oxo-dGuo DNA
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Figure 7.1. PAH metabolites as bifunctional inducers of cytochrome P450 and aldo
keto-reductase, adapted from Burczynski and Penning (32).
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lesions (33). AP sites resulting from 8-OH-dGuo adducts leads to dATP preferentially
misincorporated, consequently resulting in G-to-T transversions (34). Taken together,
these results reveal that UDPM and DE may potentiate PAH-induced oxidative DNA
damage, possibly resulting from an upregulated AKR pathway. To further establish
that ROS is a by-product of an upregulated AKR pathway, it would be beneficial to
measure the levels of PAH o-quinones (e.g. BPQ), resulting quinone-adducts and O2-•,
following exposure to complex mixtures, as measured by HPLC or LC/MS. Our
results further substantiate the need to investigate the shifts in PAH metabolic
activation pathways to predict the genotoxic and carcinogenic consequences resulting
from complex mixture exposure.
Genotoxic consequences resulting from ROS generated by the AKR pathway
is well documented, and previous work indicates its role in PAH-induced
carcinogenesis. BPQ was found to be eighty-times more mutagenic than (±)-antiB[a]PDE in a p53 yeast reporter gene assay, with 8-oxo-dGuo adducts as the primary
lesions (35). In the same study, the mutational spectra of BPQ was more similar to the
mutational hotspot signature in p53 associated with tobacco-related cancers than that
of (±)-anti-B[a]PDE.

5-Hydroxy-cytosine, 5-hydroxy-uracil, and uracil glycol,

derived from oxidatively deaminated cytosines, induce C-to-T transitions (36), and
thymine glycol gives rise to T-to-C transitions (37).

ROS may also attack

polyunsaturated fatty acids (PUFA), leading to the formation of lipid peroxides which
decompose to electrophiles such as, 4-hydroxy-2-noneal and 4-oxo-2-noneal (38). It
has been demonstrated that these events can lead to the activation of protein kinase C
(PKC) and Ras [as reviewed in (39)]. Therefore, complex mixtures may directly or
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indirectly impact carcinogenesis through BPQ and ROS generated from the redox
cycling of the AKR pathway.
PAH o-quinones also alter multiple signal transduction pathways. Not only are
PAH o-quinones ligands for the AhR (Figure 7.1), but BPQ activates the ryanodine
receptor (RyR) (40), the phorbol-ester receptor, and protein kinase C (PKC) (41). For
example, submicromolar concentrations of BPQ selectively activated RyR (a
microsomal Ca2+ release channel) and consequently produced a significant increase in
intracellular microsomal Ca2+ (42, 43). Ca2+ is a known activator of catalytic PKC,
therefore the modulation of microsomal Ca2+ by BPQ may result in the inappropriate
activation of the PKC signal transduction pathway, which mimics the tumorpromoting effects of the phorbol ester, TPA (44). ROS signaling may also lead to the
enhancement of prosurvival pathways by inducing phosphorylation and activation of
growth factor receptors, including the insulin receptor (45) and the epidermal growth
factor receptor (EGFR) (46). In our studies, we demonstrated that both UDPM and
DE were weak tumor initiators following a single-application. However, long-term
exposure relevant to environmental human exposure (sub-acute or chronic exposure
associated with occupational or urban settings) may result in tumor-promoting effects
through activation of these signal transduction pathways.

Investigation into the

activation of these signal transduction pathways in long-term rodent carcinogenicity
assays would lend valuable insight into possible tumor-promoting effects of complex
mixtures.
Global genomic and proteomic technology allows toxicologists to acquire
transcriptional signatures and insight into molecular pathways affected in response to
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chemical exposures. Microarray analyses by Mahadevan et al. (47) and Luch et al.
(48) identified genes involved in PAH metabolism, cell cycle regulation, cell
migration and adhesion, and oxidative response were significantly altered in MCF-7
cells following exposure to UDPM and DE.

Portions of Chapters Three and Five

outline experiments examining whether candidate genes from these studies were also
differentially expressed in response to UDPM or DE in MCF-10A cells. In addition to
PAH metabolism genes (AKRs, CYPs), we also investigated genes involved in cell
migration and adhesion (CYR61, MCL-1, FOS, LGALS8). We demonstrated that the
expression of genes shown to be highly expressed in breast and lung tumors (CYR61,
MCL-1, LGALS8) significantly increased in response to UDPM, compared with PAH
treatment alone. We speculate that UDPM may contribute to breast carcinogenesis
through upregulation of these genes and its associated pathways. It would be of
considerable interest to perform in vivo experiments investigating these particular
pathways and their role in carcinogenesis by complex mixtures.
In Chapter Six, I reported three genes significantly upregulated in response to
DE plus PAH and closely associated with results observed in vitro (48): Lgals8,
Tnfrsf21, and Akr1c21. These results suggest that in vitro microarray experiments
may lend valuable insight into pathways affected in vivo. The remaining candidate
genes investigated were not found to be differentially expressed in response to DE.
These results could be attributed to the heterogeneous cell populations that are
characteristic of whole tumors. It would be beneficial to identify cancer cells in these
populations and assess the expression of these candidate genes following complex
mixture exposure. A second possibility for the lack of correlation for the majority of
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the candidate genes in vitro and in vivo is that tumors were harvested at the end of 25
weeks of promotion. Conversely, in vitro microarray studies reported changes in gene
expression following 24 h of complex mixture exposure (47, 48). Future studies could
focus on gene expression changes from initiation through promotion.
Taken together, the data obtained in Chapter Six provide support that in vitro
global gene expression studies could lend insight into molecular changes observed in
the whole animal. In addition, such investigations provide biomarkers specific to
mixture exposure that could potentially be extrapolated to predict risk in human
populations. Therefore, further mining of in vitro microarray data to reveal modes and
mechanisms of action surrounding carcinogenesis by complex mixtures in the whole
animal is warranted.
The focus of toxicology has remained on the effects of individual xenobiotics,
although humans are rarely affected by single agents. The future of PAH toxicology
must rely on in-depth assessments of complex mixtures in order to accurately predict
human cancer risk to environmental toxicants.

It will require mechanism-based

assessments, including the use of global “omic” technology to identify pathways
contributing to carcinogenesis by complex mixtures, and utilizing the acquired
information towards hypothesis-driven in vivo studies.

Because the carcinogenic

potency of PAH depends on bioactivation, research of environmental complex
mixtures must also continue to focus on investigations concerning changes in
metabolic pathways.
We demonstrated that UDPM and DE influence the carcinogenic potency of
PAH in an antagonistic manner, through a mechanism involving non-competitive
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inhibition of CYP-mediated bioactivation.

Through inhibition of CYP metabolic

capacity, complex mixtures have the ability to divert PAH metabolism and upregulate
the AKR pathway, thereby resulting in increased oxidative DNA damage. Future
studies should be aimed at (i) identifying the specific class of PAH (e.g. bay or fjord)
responsible for CYP inhibition; (ii) verifying the shift in PAH metabolism from CYP
to AKR; (iii) determining the role of the AKR pathway and its metabolically-derived
products (e.g. o-quinones, ROS) in disease and tumorigenesis; and, (iv) in-depth
mining of microarray and proteomic data to identify biomarkers of effect and uncover
molecular pathways altered during the initiation, promotion and progression stages of
cancer by complex mixtures. Addressing these objectives will help to alleviate the
daunting task of adequately determining toxicity and human carcinogenic risk to PAH
and the environmental complex mixtures to which they are found.
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