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Abstract

We hypothesized that chlorophyllin (CHLN) would reduce BP-DNA adduct levels. Using NHMECs
exposed to 4 uM BP for 24 hr in the presence or absence of 5 uM CHLN, we measured BP-DNA
adducts by chemiluminescence immunoassay (CIA). The protocol included the following
experimental groups: BP alone, BP given simultaneously with CHLN (BP+CHLN) for 24 hr, CHLN
given for 24 hr followed by BP for 24 hr (preCHLN, postBP), and CHLN given for 48 hr with BP
added for the last 24 hr (preCHLN, postBP+CHLN). Incubation with CHLN decreased BPdG levels
in all groups, with 87 % inhibition in the preCHLN, postBP+CHLN group. To examine metabolic
mechanisms, we monitored expression by Affymetrix microarray (U133A), and found BP-induced
up-regulation of CYP1A1 and CYP1B1 expression, as well as up-regulation of groups of interferon-
inducible, inflammation and signal transduction genes. Incubation of cells with CHLN and BP in
any combination decreased expression of many of these genes. Using real time PCR (RT-PCR) the
maximal inhibition of BP-induced gene expression, >85% for CYP1A1 and >70% for CYP1B1, was
observed in the preCHLN, postBP+CHLN group. To explore the relationship between transcription
and enzyme activity, the ethoxyresorufin-O-deethylase (EROD) assay was used to measure the
combined CYP1A1 and CYP1B1 activities. BP exposure caused the EROD levels to double,
compared to the unexposed controls. The CHLN-exposed groups all showed EROD levels similar
to the unexposed controls. Therefore, the addition of CHLN to BP-exposed cells reduced BPdG
formation and CYP1A1 and CYP1B1 expression, but EROD activity was not significantly reduced.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHSs), ubiquitously present in the environment, are
products of incomplete combustion of coal, wood, oil, gasoline, and organic substances
(Phillips 1999; Sinha et al., 2005a; Sinha et al., 2005b). In the ambient environment PAHSs are
present as complex mixtures of chemicals that are a source of human exposure through
inhalation of polluted air (e.g., tobacco smoke and diesel exhaust), and through ingestion of
cooked food (Reeves et al., 2001; Rodgman et al., 2000). Firefighters, coke oven workers,
aluminum and foundry workers and others may have occupational exposure to high levels of
PAHSs (Armstrong et al., 2004; Assennato et al., 1993; Boers et al., 2005; Caux et al., 2002;
Ovrebo et al., 1995). These compounds are not mutagenic or carcinogenic until bioactivated
by enzymes of the cytochrome P450 family (Mollerup et al., 2006; Whitlock et al., 1996) and
epoxide hydrolases (Wood et al., 1976). Once metabolized, they become converted to highly
reactive diol-epoxides that modify macromolecules. The covalent binding of activated PAHs
to DNA, and subsequent DNA replication, may result in mutagenesis and tumorigenesis (Baird
et al., 2005; Chakravarti et al., 1998; DeMarini et al., 2001; Denissenko et al., 1996; Gray et
al., 2001; Hughes and Phillips 1990; Hughes and Phillips 1993; Pratt et al., 2007; Peltonen and
Dipple 1995; Phillips et al., 1979).

The cytochrome P450 (CYP450) isozymes 1A1 and 1B1 are major CYP family enzymes
responsible for metabolism of several PAHSs, including BP, to DNA-reactive metabolites
(Guengerich and Shimada 1991; Shimada and Fujii-Kuriyama 2004). CYP1Al and 1B1 are
expressed in many tissues, including liver, lung, kidney, breast, and blood leukocytes. CYP1B1
is constitutively expressed in several steroidogenic and steroid responsive tissues, including
breast, while CYP1AL1 is mostly inducible (Berge et al., 2004; Keshava et al., 2005; Shimada
etal., 2003; Spink et al., 1998; Whyatt et al., 1998). Both these enzymes are highly induced in
tissues of experimental animals that are exposed to dioxins or PAHs (Shimada and Fujii-
Kuriyama 2004; Whitlock et al., 1989; Whyatt et al., 1998) through the aryl-hydrocarbon
receptor (AhR) pathway (Tsuchiya et al., 2003). In addition, BP significantly induces CYP
gene expression in normal human mammary epithelial cells (NHMECs) used in this study
(Keshava et al., 2005).

Chlorophyllin (CHLN) is a semi-synthetic sodium/copper derivative of chlorophyll. Unlike
chlorophyll, it is water-soluble, and like chlorophyll it has deodorizing activity. Chlorophy!ll
and CHLN are antimutagenic in vitro in cultured cells exposed to mutagens such as BP, dibenzo
(a,1) pyrene (DBP), 3-methylcholanthrene, N-methyl-N’-nitro-N’-nitrosoguanidine (MNNG),
and aflatoxin B1 (AFB1) (Arimoto et al., 1993; Mata et al., 2004). Chlorophyll and CHLN
also have anticarcinogenic effects in animal models exposed to carcinogens such as AFB1,
1,2-dimethylhydrazine, and DBP (Breinholt et al., 1995a; Breinholt et al., 1995b; Dashwood
et al., 1998; Harttig and Bailey 1998; Hayashi et al., 1999). In China, where dietary AFB1
exposures are high and hepatocellular carcinoma is widespread, CHLN dietary
supplementation was reported to substantially decrease AFB1-induced DNA damage (Egner
etal., 2003). Therefore, we hypothesized that inhibition of PAH-DNA adduct formation would
occur in human cells exposed simultaneously to BP and CHLN. In the current study we chose
to use a strain of normal human mammary epithelial cells (NHMECSs), reflecting a normal
human, hormone-responsive tissue. We compared BPdG adduct formation, alterations in
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overall gene expression, alterations in CYP1A1 and 1B1 expression, and levels of EROD
activity in NHMECs exposed to BP in the absence or presence of CHLN.

MATERIALS AND METHODS

Human cells and chemicals

NHMECs were isolated from normal breast tissue, collected at reduction mammoplasty, by a
process involving mechanical and enzymatic disruption (Stampfer et al., 1980). The tissue was
obtained through the Cooperative Human Tissue Network, which is sponsored by the National
Cancer Institute and the National Disease Research Interchange. Human Studies Review Board
approval was sought at NIOSH, and a waiver was granted as no unique identifiers accompanied
the tissues obtained. BP (99 % purity) was purchased from the National Cancer Institute
Chemical Carcinogen Reference Standard Repository, Midwest Research Institute (Kansas
City, MO). Commercial grade CHLN, copper trisodium salt was obtained from Sigma-Aldrich
(St. Louis, MO), and used without further purification or analysis to identify different copper
chlorins. The manufacturer reported 4.0 % copper, and 6.0 % sodium in CHLN preparation.
In a previous study, the CHLN from Sigma was reported to have ~72 % copper chlorin e6 and
~10 % copper chlorin e4, with little or no chlorin ethyl esters (Pratt et al., 2007). We made
concentrated aqueous stock solutions of CHLN, diluted with medium, and included CHLN in
cell culture studies at a final concentration of 5.0 uM CHLN.

Chemical Exposure and DNA preparation

To obtain a uniform culture of epithelial cells, NHMECs (strain 98013) were grown to passage
6 in serum free media (Clonetics™, Walkersville, MD). For all these experiments 4.0 uM BP
and 5.0 uM CHLN were used. Based on previous experience with NHMECs (Keshava et al.,
personal communication), the doses of BP and CHLN were chosen because they were non-
toxic but sufficiently high to give measurable DNA adduct levels. The exposure groups were
as follows: (1) BP alone for 24 h; (2) BP+CHLN for 24 h; (3) preCHLN for 24 h, thorough
washing and postBP for 24 h; (4) 24 h of preCHLN, and postBP + CHLN for an additional 24
h; (5) CHLN alone for 24 h; (6) CHLN alone for 48 h. A solvent only (acetone:ethanol, 1:22.5,
final concentration <0.1 %) group was maintained throughout the experiment as the unexposed
control. In the group exposed to preCHLN, postBP cell monolayers were washed 3 or more
times with 20 ml of 1X PBS per T-75 flask to remove all of the green color. Experiments were
performed twice, each time in duplicate, and specific assays were performed on each sample
6 times.

For DNA preparation, two of the replicates were washed with PBS, lysed with 5 ml lysis buffer
(100 mM Tris pH 8.5, 5 mM EDTA, 0.2 % SDS, 200 mM NaCl) and incubated with RNase
A (250 ng, Qiagen, Valencia, CA) for 20 min at 37 °C followed by proteinase K (500 pg,
Qiagen, Valencia, CA) for 3 h at 37 °C. At the end of proteinase K digestion, an equal volume
of isopropanol was added to each sample to precipitate DNA. The DNA precipitate was washed
twice with ethanol (70 %), dissolved in 200 ul of molecular biology grade water (Laird et al.,
1991), and stored at -70 °C for BPdG adduct analysis.

Cytotoxicity

NHMEC strain 98013 cells at passage 6 were exposed on two separate occasions, and cell
survival was evaluated using the Cell Titer Glo Luminescent Cell Viability Assay (Promega,
Madison, WI). In brief, cells were seeded in 12-well plates (75,000 cells/well) in triplicate.
After attaching, cells were exposed to 4 uM BP and 5 uM CHLN in the same exposure groups
1-6 as described above. Following exposure, 1x RIPA Lysis Buffer (Upstate Cell Signaling,
Temecula, CA) was added to lyse the cells. A diluted sample of homogeneous cell lysate was
transferred to a 96-well plate and combined with an equivalent volume of Cell Titer Glo.
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Luminescence was measured using Tropix 717 Luminometer (Applied Biosystems, Foster
City, CA). Cells exposed to the vehicle (acetone: ethanol [1:22.5]) constituted the 100 % viable
control, and cell viability was expressed as a percentage of this control.

Preparation of RNA and High Density Oligonucleotide Array Expression Analysis

The total RNA was isolated from the remaining two replicates using the RNeasy kit (Qiagen,
Valencia, CA) as per manufacturer’s protocol. The RNA was resuspended in 50 pl of nuclease-
free water, and the concentration, purity, and quality were measured by spectrophotometry and
gel electrophoresis, respectively. The RNA was converted to cRNA for the purpose of
microarray analyses as per the manufacturer’s (Affymetrix, Santa Clara, CA) protocol. Briefly,
total RNA (12 pg) was used for the preparation of double stranded cDNA using an
oligonucleotide (dT),4 primer with a T7 RNA polymerase promoter sequence at its 5" end. A
labeled cRNA transcript was generated from the cDNA in an in vitro transcription reaction
using the Enzo BioArray high yield RNA transcript labeling kit (Enzo Diagnostics Inc.,
Farmingdale, NY). The labeled antisense cRNA was purified using RNeasy kit (Qiagen) and
each cRNA sample (20 pg) was fragmented (94 °C for 35 min) in a buffer containing Tris-
acetate (40 mM, pH 8.1), potassium acetate (100 mM), and magnesium acetate (30 mM).

The fragmented cRNA samples (15 pg) were mixed with eukaryotic hybridization control
oligonucleotides (20X; BioB, BioC, BioD, cre at 1.5, 5, 25, 100 pM, respectively), control
oligonucleotide B2, herring sperm DNA (10 mg/ml), acetylated BSA (50 mg/ml), and
hybridization buffer (2X) to form the hybridization mix. The hybridization mix was heated (99
°C for 5 min; and 45 °C for 5 min) prior to hybridization to the U133A human genome
microarrays. Hybridization was allowed to proceed (45 °C in a rotary hybridization oven set
at60 rpm) for 16 h, and subsequently the arrays were washed and stained using the GeneChip™
fluidics station protocol EuKGE-WS2 V4. Following washing and staining, probe arrays were
scanned using GeneArray® 2500 scanner (Affymetrix). All experiments were performed in
duplicate.

Data Analysis Using Affymetrix Software

Global gene expression profiles in response to BP and/or CHLN exposures were generated
using the Affymetrix human genome U133A microarray. Each array was examined
individually for quality of hybridization prior to comparative analysis. For pairwise
comparison, increases or decreases in transcription of >2.0-fold with p<0.05 were reported.
Image files obtained from the scanner were analyzed with the Affymetrix Microarray Suite
(MAS) 5.0 software and normalized by global scaling to 1500 and to the average fluorescence
intensity for the entire microarray. Absolute analysis was performed for each array prior to
comparative analysis. To identify differentially expressed transcripts, pairwise comparison
analyses were carried out with MAS 5.0 (Affymetrix). Statistical significance (p-values) were
determined by the Wilcoxon’s signed rank test and denoted as increase, decrease, or no change.
A transcript was considered significantly altered in relative abundance when p<0.05. Analysis
using MAS 5.0 provides a signal log ratio (SLR), which estimates the magnitude and direction
of change of a transcript when two arrays are compared (experimental versus control). The
SLR output was converted into fold-change as recommended by Affymetrix. Furthermore,
stringent criteria that were used to identify robust signals included a software call of ‘present’
and >2.0-fold change or SLR 1.0 in both replicates. Average and standard deviations were
calculated for all the fold-change values. In general, only transcripts induced or suppressed by
>2 fold were considered as differentially expressed.

Reverse Transcription Real-time PCR (RT-PCR)

Relative quantitation of gene transcripts was performed by RT-PCR using Tag-Man™ probe
technology (Applied Biosystems). The cDNA obtained from the total RNA for microarray
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analysis was used as a template to perform real-time PCR after dilution (1:50) in a 50 ul reaction
mixture containing 2X Tag-Man Universal PCR Master Mix and 20X Assays-on-Demand
Gene Expression Primers and Probes for both CYP1A1 (Hs00153120_m1/X02612),
CYP1B1 (Hs00164383_m1/U03688) and GAPDH (Hs99999905_m1/NM002046) (Applied
Biosystems/GenBank). A two step PCR reaction was performed using the ABI 7700 Sequence
Detection System. Each sample was assayed in duplicate, Cycle Threshold (Ct) values were
normalized to the housekeeping gene GAPDH and the fold change was calculated using the
2-AACL method (Livak and Schmittgen 2001).

Quantification of BP-DNA adducts

The BPDE-DNA chemiluminescence immunoassay (BPDE-CIA) was performed as described
(Divi etal., 2002) with minor modifications. The ClIA-specific reagents, including streptavidin-
alkaline phosphatase, 1 block (casein), and CDP-Star with Emerald I1, were obtained from PE
Applied Biosystems (Foster City, CA). Biotinylated anti-IgG was from Jackson
ImmunoResearch Laboratories, Inc., (West Grove, PA). Reacti-Bind DNA coating solution
(Pierce Biotechnology, Inc., Rockford, L) was used to coat opaque 96-well high binding
polystyrene microtiter plates (Greiner Bio-one, Longwood, FL). Unless otherwise indicated,
incubations were for 90 min at 37 °C and washes were conducted with PBS-Tween 20 (PBST)
using an automated plate washer (Ultrawash Plus, Dynex Technologies, Guernsey, UK).

Microtiter plates, coated with 100 pg of sonicated calf-thymus DNA, either unmodified or
containing 0.33 % BPdG, were stored frozen until use. Thawed plates were washed, incubated
with I-block (0.25 %) and washed again. Unknown sample DNA, or standard DNA modified
with BPdG to 0.3 adducts/108 nucleotides, was sonicated (20 sec, 20 % amplitude, Ultrasonic
Processor, Sonics & Materials, Inc., Newtown, CT), denatured (4 min at 95 °C), and cooled
(20 min on ice) before being mixed with an equal volume of anti-BPDE-DNA antiserum (rabbit
# 31, bleed 8/16/1978) diluted 1:3,000,000 in I-block. Serial dilutions of DNA containing
BPdG, plus carrier calf-thymus DNA, were prepared such that each well contained an equal
quantity of total DNA and 0-5 fmol BPdG adduct/well. After incubation, plates were washed
and incubated with biotinylated anti-rabbit antibody (1:2,500; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) in I-block solution. Plates were subsequently incubated
with streptavidin alkaline phosphatase in I-block at room temperature (60 min) and washed
with PBST, distilled water, and Tris buffer (20 mM Tris, 1 mM MgCl», pH 9.5), before adding
CDP Star-Emerald and incubating at room temperature for 20 min and at 4 °C overnight.
Luminescence was measured using a TR717 Microplate Luminometer (PE Applied
Biosystems, Foster City, CA). The lower limit of detection in assays that used 10 ug DNA was
0.3 adducts/108 nucleotides. DNA isolated from BP-unexposed NHMEC strains and BP-
exposed (4.0 pM) human lymphoblastoid cells (MCL-5) served as negative and positive
controls, respectively. The BPDE-DNA standard curve in the CIA showed 50 % inhibition at
0.60 £ 0.08 fmol BPdG (mean £ SE, n=30).

CYP1A1 and 1B1 activity determined in intact cells by EROD assay

EROD assays were conducted on cells cultured in 12-well plates with 1 ml medium/well.
Confluent cells were exposed to BP and/or CHLN for 24-48 hr as described above, and after
incubation the medium was removed and the wells were washed three times with Dulbecco’s
Phosphate-Buffered Saline (DPBS). EROD activity was measured as previously described
(Ciolino and Yeh, 1999) with slight modifications (Radenac et al., 2004). Intact cells were
incubated in 250 pl of DPBS containing 5 uM ethoxyresorufin and 1.5 mM salicylamide for
20 min at 37 °C. At the end of incubation, duplicate aliquots of 100 pl were transferred to wells
of an opaque 96 well plate. The resorufin formed was measured using an Infinite 200
fluorescence reader (Teacan, Mannedorf, Switzerland) set at excitation and emission
wavelengths of 560 nm and 592 nm, respectively. Values (fmol/min/mg protein) for exposure
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groups were calculated using a resorufin standard curve generated using the same 96 well
plates. Protein was measured in each well of the 12-well plate by Bicinchoninic Acid protein
assay as per the manufacturers’ protocol (Thermo Scientific, Rockford, IL).

Statistical Analysis

The statistical significance of the resulting changes was analyzed using SigmaStat 3.11 (Systat
Software Inc., San Jose, CA). Results from the different exposure groups were compared to
data from the unexposed controls and when the equality of the variance and the normality of
the data were confirmed, they were further analyzed by ANOVA. Comparison of the group
exposed to BP alone with the other groups, and pairwise multiple comparisons, were performed
using the Holm-Sidak test (statistical significance at p< 0.05). In addition, correlation of adduct
level reduction with fold decrease in CYP1Al and CYP1B1 expression in the presence or
absence of CHLN was determined using the Pearson product moment correlation with
correlation coefficient values of (-1) to (+1). The pair of variables with positive correlation
coefficients and p<0.05 increased together. For analysis of the EROD assay, groups were
compared by Student’s t test.

RESULTS

Cell survival

Cells exposed according to the protocol outlined for exposure groups 1-5 were harvested at the
appropriate time points and subjected to analysis by Cell Titer Glo cytotoxicity test. Cell
survival, expressed as percent of the solvent control (mean + range for 2 experiments), was
96.7+7.6,85.2+15,81.4+0.2,73.2+0.3and 96.7 + 8.4 for groups 1, 2, 3, 4, and 5,
respectively.

BPdG adduct levels were reduced in the presence of chlorophyllin

The BPDE-DNA CIA was used to examine the effect of CHLN on BP-induced DNA adduct
formation in NHMECs. The data showed a CHLN-mediated reduction in BPdG levels (Figure
1). Exposure of NHMECs to BP alone resulted in formation 23 BPdG adducts/108 nucleotides.
Co-incubation of BP with CHLN resulted in formation of 14 adducts/108 nucleotides (p< 0.001
compared to BP alone). Similarly, the preCHLN group, that was washed thoroughly and
subsequently exposed to BP had 12 adducts/108 nucleotides (p< 0.001 compared to BP alone).
Finally, a further decrease in BPdG formation was observed in the preCHLN, postBP+CHLN
group, with a level of 3 adducts/108 nucleotides, 87% lower than for BP alone.

Gene expression profiles determined by microarray analysis

In order to explore mechanisms that might contribute to the CHLN-modulation of BPdG levels,
we subjected RNA from each exposure group to Affymetrix microarray. Of the 22,283 probe
sets on the array, about 45 % were detected, and overall analysis indicated significant, >2
signal-log ratio (SLR) alteration of 111 genes. We were primarily interested in examining a
subset of genes that was significantly increased in response to BP exposure and reduced by
coexposure to CHLN and BP (Tables I, 11, I11). These are grouped as: genes related to interferon
production or activity (Table I), genes related to inflammation and signal transduction (Table
I1), and genes related to xenobiotic metabolism (Table I11).

Table I shows changes in interferon-inducible genes that were up-regulated (2- to 7-fold) in
the presence of BP alone and substantially reduced in the groups containing BP plus CHLN.
Table Il shows a group of inflammatory and signal transduction genes that were up-regulated
2- to 21-fold in response to BP, and decreased in the cells exposed to both BP and CHLN. For
example, the expression of tumor necrosis factor superfamily member 13 (TNFSF13) was up-
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regulated 21-fold with BP alone, 7-fold with BP+CHLN or preCHLN, post-BP, and only 5-
fold in the preCHLN, postBP+CHLN group (Table II).

Significant gene expression changes in enzymes related to xenobiotic metabolism are presented
in Table I11. Microarray analysis revealed that CYP1A1 was induced ~12-fold in cells exposed
to BP alone, and in the presence of CHLN the BP-mediated CYP1A1 induction was 5.1- t0 6.3-
fold, a reduction of 40-58 % (Table I11). Similarly, CYP1B1 expression was induced ~16 fold
in cells exposed to BP alone, but only 6.4- to 9.3-fold in any group of cells exposed to CHLN
and BP, a reduction of 44-62 %. Therefore, CHLN mitigates BP-related induction of
CYP1A1 and CYP1B1 expression.

Microarray analysis also showed that expression of NAD(P)H dehydrogenase (quinonel)
(NQOL), a Phase Il enzyme, was induced 3-fold in cells exposed to BP alone, and that
incubation of cells with BP and CHLN in any combination reduced the BP-induced expression
of NQOL1 (Table IlI). In addition, expression levels of other metabolism genes, such as
mannosyl-transferase (SMP3), al,4-galactosyltransferase (A4GALT), and oligoadenylate
synthetase 1 and 2 (OAS1, OAS2) were significantly increased in the presence of BP alone and
mitigated by exposure to BP in the presence of CHLN.

Confirmation of microarray data by RT-PCR

Because CYP1Aland CYP1B1 are directly involved in the metabolism of BP on the pathway
to DNA adduct formation, and because the microarray data indicated that induction of these
genes is reduced in the presence of CHLN, it was of interest to confirm the microarray data
using RT-PCR. For the RT-PCR experiment, but not the microarray, we included two groups
with CHLN alone, one taken at 24 hr and one taken at 48 hr, as controls for the BP-exposed
groups. For CYP1AL, at 24 hr of CHLN exposure there was no change from the unexposed
control, but at 48 hr there was a significant 2.4-fold increase. For CYP1B1, at 24 hr of CHLN
exposure there was no change from the unexposed control, but at 48 hr there was a significant
1.7-fold increase. Figure 2A shows RT-PCR for CYP1Alexpression for each exposure group.
CYP1A1 was up-regulated 66-fold in cells exposed to BP alone, and reductions of 76-88 %
were found in groups exposed to BP plus CHLN. The microarray data (Table I11) correlated
well with the RT-PCR CYP1A1 expression data (Figure 2A) (r = 0.99, P<0.01). By RT-PCR,
CYP1B1 was up-regulated approximately 40-fold in cells exposed to BP alone, and reductions
of 55-70 % were found in groups exposed to BP plus CHLN (Figure 2B). For CYP1B1, the
data from RT-PCR and microarray analysis were also highly correlated (r = 1.00, P<0.01).

BPdG levels correlated with CHLN-modulation of CYP1A1 and 1B1 expression

Correlation of BPdG adduct values, determined by BPDE-DNA CIA, with expression levels
of CYP1Aland CYP1B1, determined by RT-PCR, are shown in Figures 3A and B, respectively.
Figure 3 shows excellent correlations between the CHLN-modulated reduction in BPdG adduct
levels and decreases in expression levels of CYP1A1 (Figure 3A; r = 0.882, p< 0.05) and
CYP1B1 (Figure 3B; r = 0.948, p< 0.014). Therefore, BPdG levels decreased in direct
correlation with the CYP1A1 and CYP1B1 expression levels in the CHLN-exposed groups.

Enzyme activity of combined CYP1A1 and CYP1B1 (EROD) in NHMECs

Whereas the CHLN-modulated decreases in BP-induced CYP1A1 and CYP1B1 expression
levels correlated well with BPdG values, the only functional indicator of actual enzyme activity
is the EROD assay, which cannot distinguish between activity of CYP1Al and CYP1B1 but
measures both together. This precludes a fine analysis of differential modulation, but allows
for an overall indication of enzyme activity. In these experiments EROD activity was 204.1
fmol/min/mg protein in the presence of BP, and 124.0 fmol/min/mg protein in the unexposed
control. EROD activity, in the groups exposed to CHLN alone, was 121.0 and 137.0 fmol/min/
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mg protein at 24 and 48 hr, respectively. These values are similar to the 119.8 and 126.0 fmol/
min/mg protein found in the unexposed controls. Though EROD values appeared higher in the
group exposed to BP alone (204.2 fmol/min/mg protein), the differences were not statistically
significant. By Student’s t test, p values for reduction in EROD activity in the preCHL, post
BP group, and the preCHL, postBP+CHL group, compared to the BP group, were 0.090 and
0.066, respectively. The data suggest that, in spite of the strong correlation between CYP1Al
and CYP1B1 gene expression and DNA adducts, the enzyme activity, measured at this time
point, does not correlate tightly with BPdG adduct formation.

DISCUSSION

In this study we showed that in NHMEC strain 98013 the soluble chlorophyll derivative CHLN
effectively reduced BPdG adduct formation and the expression of the BP-metabolizing genes
CYP1A1 and CYP1B1. However, specific activity of EROD, a measure of the combined
CYP1A1l and CYP1B1 enzyme activities, was not correlated with adduct formation. The
CHLN inhibition of BPdG and gene expression suggest that there may be direct and indirect
mechanisms involved, because in cells exposed first to CHLN, then washed extensively and
exposed to BP, both BPdG adducts and CYP1A1 and CYP1B1 expression were reduced. This
set of pilot studies indicates that further exploration of the mechanisms by which these events
occur is warranted. These studies were not designed to address the finer points of mechanism
with regard to CHLN activity, but rather to determine if we could correlate DNA damage,
expression changes and protein levels in a relevant biological system. As it turns out, the
enzyme activities were not significantly inhibited at the same time point as the DNA adducts
and expression changes, but it is possible that kinetics play a role here, and future experiments
should examine the time course for EROD activity in order to obtain a better evaluation of the
correlation between transcript level and enzyme level. In short, the experiments presented here
are preliminary and limited, but these results can be used to design studies that will elucidate
mechanisms underlying CHLN activity in this relevant biologically system.

In the literature a number of mechanisms have been proposed for the chemopreventive activity
of CHLN. Scavenging of reactive oxygen species (Hernaez et al., 1997; Kumar et al., 2001),
induction of phase 2 cytoprotective enzymes (Fahey et al., 2005) and inhibition of xenobiotic
transport (Guo and Dashwood 1994; Mata et al., 2004) are possible mechanisms. Furthermore,
formation of direct complexes between the xenobiotic and chlorophyll or CHLN through
interactions between their planar unsaturated cyclic rings would decrease the bioavailability
of the xenobiotic agent (Breinholt et al., 1995b). CHLN-mediated down regulation of CYP
gene expression may be accomplished through several mechanisms. CHLN may sequester BP
(Tachino et al., 1994), and thereby reduce bioavailability and subsequent AhR-mediated
CYP gene expression. CHLN binds to RNA (Marty et al., 2004), and may inhibit translation
or alter the stability of the transcript. CHLN binds to DNA through intercalation into G-C and
A-T rich regions (Tajmir-Riahi et al., 2004), and may perturb DNA structure via binding to
CYP genes, XRE elements upstream of CYP genes, or transcription factor binding sites having
G-C rich sequences. The end result would be interference in the AhR pathway and reduction
of CYP gene expression, presumably reducing levels of active CYP enzymes.

In spite of strong correlations between the CHLN-modulated decrease in CYP1A1 and

CYP1B1 expression and BPdG adducts, the EROD activities did not correlate well with DNA
adduct levels. EROD levels in groups exposed to CHLN were all numerically lower than the
EROD activity in the BP-alone group, but the differences were not statistically significant at
the p<0.05 level. A comparison of EROD values between cells exposed to BP alone, and the
preCHLN, postBP+CHLN group, yielded marginal significance (p=0.066). The documented
coordinate regulation of CYP1A1 and CYP1B1 enzymes suggests that measuring EROD is a
reasonable approach, but the EROD assay cannot specifically measure the activities of
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CYP1ALl or CYP1B1. Therefore, if activity of one or the other of these enzymes was altered
preferentially in the presence of CHLN it could account for the lack of complete correlation
between the gene expression data and the enzyme assays. In addition, it is possible that in these
normal human breast cells intermediates of the estrogen metabolism pathway may also induce
CYP1ALl or CYP1B1 and confound these correlations (Singhal et al., 2008). Part of the design
of future studies using these cells will include analysis of steroid hormone metabolites to
specifically measure the individual CYP450s.

Several xenobiotic metabolism genes were up-regulated in BP exposed cells, and the extent of
up-regulation was reduced in the groups exposed to BP and CHLN in any combination.
Arguably the most important of these are CYP1A1 and CYP1B1. The increased expression of
these genes in response to PAH exposure may result in increased DNA damage both directly
and indirectly through activation of estradiol (Belous et al., 2007; Hayes et al., 1996; Spink et
al., 1998; Spink et al., 1997). In this study we intentionally excluded estradiol from the medium
to avoid hormonal activation. However, in vivo it is possible that both mechanisms may occur.
An additional up-regulated xenobiotic metabolism gene was NQO1, a Phase Il enzyme, that
decreases the formation of the BP-3,6-quinone-induced DNA adduct (Joseph and Jaiswal
1994). In this study, BP induced NQO1 expression by 3-fold, but incubation with BP plus
CHLN in any combination produced less NQO1 induction than incubation with BP alone.

A second important aspect of this study is the survey of gene expression changes conducted
by Affymetrix microarray, indicating that BP-exposure alone induces up-regulation of 8 genes
involved in interferon and inflammation-related pathways, and that all of these genes are down-
regulated during exposure to CHLN plus BP. One of the functions of interferons is inhibition
of cell growth, and therefore, up-regulation of interferon-inducible genes may constitute a
general protective response with cell cycle arrest taking place to allow for genome repair. In
addition, 15 inflammatory and signal transduction genes were up-regulated by BP, and 14 of
these were down-regulated in the groups exposed to BP plus CHLN. These genes may be
considered to participate in cellular stress-response pathways, and as such may provide specific
elucidation of the CHLN effect observed here.

These investigations were performed largely because of previous studies in which CHLN
supplementation was reported to reduce AFB;-DNA adduct formation (Breinholt et al.,
1995a; Breinholt et al., 1995b; Dashwood et al., 1998), and to decrease excreted AFB;-DNA
adduct levels in human urine (Egner et al., 2003). We hypothesized that CHLN might reduce
BP-DNA adduct formation in NHMECs, and indeed, we found a reduction in BPdG formation
accompanied by down-regulation of CYP1A1 and CYP1B1 gene expression levels. Incubation
of BP-exposed cells in the presence of CHLN reduced the formation of BPdG adducts in direct
correlation with the reduction in CYP1A1 and CYP1B1 gene expression, but the concomitant
reduction in EROD activity was lower in magnitude and not statistically significant. As an
attempt to elucidate factors responsible for BP-induced DNA adduct formation, this study
reveals that many events may contribute. The fact that BPdG adducts were substantially
lowered by CHLN, even though EROD was only partially affected, suggests a number of
possibilities. Among other things, CHLN may be: inhibiting xenobiotic transport (Guo and
Dashwood 1994; Mata et al., 2004); complexing with BP (Breinholt et al., 1995b); binding to
RNA (Marty et al., 2004) to alter the stability of the transcript; or, binding to DNA causing
perturbation of transcription factor binding sites (Tajmir-Riahi et al., 2004). In addition, longer
incubation of NHMECs with CHLN might be necessary for EROD levels to drop to
significance as a consequence of the drop in expression. Also, levels of detoxification enzyme
activity might be altered by CHLN such that adduct removal by that mechanism is enhanced.
All of these possibilities would not be reflected in enzyme levels as measured by EROD, and
will be the subject of future investigations in this area.
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AhR, aryl hydrocarbon receptor
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CIA, chemiluminescence immunoassay
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CYP1B1, cytochrome P450 1B1

DBP, dibenzo[a,l]pyrene

DPBS, Dulbecco’s Phosphate Buffered Saline

EROD, ethoxyresorufin-O-deethylase

MNNG, N-methyl-N’-nitro-N’-nitrosoguanidine

NQOL1, NAD(P)H:Quinone Oxidoreductase 1

NHMEC, normal human mammary epithelial cell

OA, oligonucleotide array

PAH, polycyclic aromatic hydrocarbon

PBST, 1x Phosphate buffered saline containing 0.05% Tween 20
RT-PCR, reverse transcription real-time polymerase chain reaction
SLR, signal-log ratio
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Figure 1.

Reduction of BPdG levels in NHMECs exposed to BP with and without CHLN. Cells were
exposed on 2 separate occasions with 2 replicates for each exposure, and each replicate was
assayed 6 times by BPDE-DNA CIA. Bars show mean + range for 2 experiments and asterisks
indicate values that are significantly different from the group exposed to BP alone (p < 0.05).
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Figure 2.

A and B. Reduction in BP-induced CYP1A1 expression (A) and CYP1B1 expression (B)
determined by RT-PCR in primary NHMECs exposed to CHLN. Results are expressed as mean
+ range of 2 experiments, each with replicate samples, where every replicate was assayed 6
times. Asterisks indicate expression levels that are significantly different from the group
exposed to BP alone (p < 0.05).
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Figure 3.

A and B. Correlation of CYP1A1 expression (A) and CYP1B1 expression (B) determined by
RT-PCR, and BPdG level determined by BPDE-DNA CIA, in NHMECs. Points represent
mean + range of 2 experiments, each with replicates exposures, where every replicate was
assayed 6 times. The exposure groups are as follows: (A) Solvent alone (Control); (4) BP
alone; (o) BP + CHLN; (m) preCHLN, post BP; and (e) preCHLN, postBP+CHLN. (A) The
CHLN-mediated decrease in BP-induced CYP1A1 expression is associated with reduction in
BPdG level (r = 0.868, p< 0.001). (B) The CHLN-mediated decrease in BP-induced
CYP1B1 expression is associated with reduction in BPdG level (r = 0.913, p< 0.001).
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Figure 4.

EROD (combined CYP1A1 and CYP1B1) activity. Each bar represents mean + range from 2
separate exposures with 2 replicates each, from which each replicate was assayed 6 times.
Statistical significance for comparison between: the BP alone group vs. the preCHLN, postBP
group, p=0.090; and the BP alone group vs. the preCHLN, postBP+CHLN group, p=0.066.
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