Cancer Letters 292 (2010) 254-260

journal homepage: www.elsevier.com/locate/canlet

Contents lists available at ScienceDirect

Cancer Letters

CYP1A1 and CYP1B1 gene expression and DNA adduct formation
in normal human mammary epithelial cells exposed
to benzo[a]pyrene in the absence or presence of chlorophyllin

Kaarthik John®P, Rao L. Divi ¢, Channa KeshavaP, Christine C. Orozco ¢, Marie E. Schockley ¢,

Diana L. Richardson ®, Miriam C. Poirier ¢, Joginder Nath?, Ainsley Weston

a,b,*

4 Genetics and Developmental Biology Program, West Virginia University, Morgantown, WV, United States
b Toxicology and Molecular Biology Branch, National Institute for Occupational Safety and Health, CDC, Morgantown, WV, United States
€ Carcinogen-DNA Interactions Section, Laboratory of Cancer Biology and Genetics, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, MD,

United States

ARTICLE INFO

ABSTRACT

Article history:

Received 23 October 2009

Received in revised form 9 December 2009
Accepted 11 December 2009

Keywords:

Real-time-PCR

BPDE-DNA chemiluminescence
immunoassay

Chemoprevention

Chlorophyllin

Polycyclic aromatic hydrocarbons
DNA adducts

Benzo[a]pyrene (BP) is a potent pro-carcinogen and ubiquitous environmental pollutant.
Here, we examined the induction and modulation of CYP1A1 and CYP1B1 and 10-(deoxy-
guanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPdG) adduct for-
mation in DNA from 20 primary normal human mammary epithelial cell (NHMEC)
strains exposed to BP (4 uM) in the absence or presence of chlorophyllin (5 ptM). Real-time
polymerase chain reaction (RT-PCR) analysis revealed strong induction of both CYP1A1 and
CYP1B1 by BP, with high levels of inter-individual variability. Variable BPdG formation was
found in all strains by r7, t8-dihydroxy-t-9, 10 epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene
(BPDE)-DNA chemiluminescence assay (CIA). Chlorophyllin mitigated BP-induced CYP1A1
and CYP1B1 gene expression in all 20 strains when administered with BP. Chlorophyllin,
administered prior to BP-exposure, mitigated CYP1A1 expression in 18/20 NHMEC strains
(p <0.005) and CYP1B1 expression in 17/20 NHMEC strains (p < 0.005). Maximum percent
reductions of CYP1A1 and CYP1B1 gene expression and BPdG adduct formation were
observed when cells were pre-dosed with chlorophyllin followed by administration of
the carcinogen with chlorophyllin (p <0.005 for CYP1Al1 and CYPIBI expression and
p <0.0005 for BPAG adducts). Therefore, chlorophyllin is likely to be a good chemoprotec-
tive agent for a large proportion of the human population.

© 2010 Published by Elsevier Ireland Ltd.

1. Introduction

tal pollutant formed from the incomplete combustion of
fossil fuels, food (notably char-broiled meat and fish),

Humans are constantly exposed to an array of poten-
tially genotoxic xenobiotics, either through the environ-
ment, lifestyle or diet. Benzo[a]pyrene (BP), a polycyclic
aromatic hydrocarbon (PAH), is a ubiquitous environmen-
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tobacco, and other vegetable material [1]. Exposure can
occur through ingestion, inhalation or dermal absorption.

BP, a procarcinogen, is bioactivated by BP inducible
cytochrome P450s (CYP1A1 and CYP1B1) to reactive,
DNA binding electrophiles [2]. Among the various metabo-
lites formed, r7, t8-dihydroxy-t-9, 10 epoxy-7,8,9,10-tetra-
hydrobenzo[a]pyrene (BPDE) is highly reactive and capable
of binding to deoxyguanosine in DNA to form 10-(deoxy-
guanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydroben-
zo[a]pyrene (BPdG) adducts [3].
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Given the ubiquitous nature of PAHs, complete avoid-
ance of exposure is impossible, thus creating a need for
intervention strategies to reduce genotoxicity. Chemopre-
vention, involving the selective modulation of metabolic
enzyme pathways, may help to reduce carcinogenic risk.
Chlorophyllin, a water soluble copper-sodium metallopor-
phyrin, derived by treatment of a methanolic solution of
the natural pigment chlorophyll with sodium hydroxide
or potassium hydroxide [4], is currently used as a food col-
orant and deodorizer. It has been found to be a safe and
effective chemopreventive agent when used in human
populations in Africa and China which ingest aflatoxins
and are therefore at risk of hepatocarcinoma induction
[5,6]. Given its multiple modes of action, which include
its role as a cell cycle modulator, Phase Il enzyme inducer,
antioxidant, carcinogen transport modulator, interceptor
molecule and a modulator of Phase I inducers [7-9], we
hypothesized that chlorophyllin might be a useful chemo-
preventive agent for a broad spectrum of the human
population.

Normal human mammary epithelial cells (NHMECs)
have previously been used as a model for human inter-
individual variability in studies examining the metabolism
and activation of BP [10]. Normal human breast tissue ta-
ken at reduction mammoplasty was used to establish the
panel of 20 cell strains used here. In these experiments
we examined the induction and inter-individual variability
of CYP1A1 and CYP1B1 expression, and BPdG adduct forma-
tion upon exposure of NHMECs to BP, in the absence or
presence of the chemopreventive agent chlorophyllin.

2. Materials and methods
2.1. Cell strains

Primary NHMEC strains were developed from breast tissues discarded
at reduction mammoplasty and obtained through the Cooperative Human
Tissue Network (CHTN sponsored by the National Cancer Institute (NCI)
and National Disease Research Interchange). The isolation of mammary
epithelial cells from breast tissue involved a combination of mechanical
disruption and enzymatic digestion and has been described in detail else-
where [11]. The National Institute for Occupational Safety and Health
(NIOSH) Human Studies Review Board (HSRB) was informed about this
work, but since no personally identifiable data were collected it was
not judged to be in the perview of the HSRB. Information on age and eth-
nicity of donors, as well as the corresponding deidentified pathology re-
port, were provided by the CHTN.

2.2. Chemicals, media and NHMEC exposures

BP was obtained from the NCI Chemical Carcinogen Reference Stan-
dard Repository (Kansas City, MO). Chlorophyllin was purchased from
Sigma-Aldrich (St. Louis, MO).

Serum free mammary epithelial basal medium (MEBM medium) was
purchased from Clonetics™ (Walkersville, MD). Cells, maintained at 37 °C,
5% CO, and 95% relative humidity, were grown in MEBM supplemented
with Singlequots™ (gentamycin sulfate-amphotericin B, recombinant hu-
man epidermal growth factor, bovine insulin, bovine pituitary extract and
hydrocortisone) according to the manufacturer’s instructions. All treat-
ments were carried out using 70% confluent cells at passage 6.

The exposure regimens used were as follows: T1-BP (4 uM) for 24 h;
T2-BP (4 uM) plus chlorophyllin (5 pM) co-treatment for 24 h; T3-24 h
pre-treatment with chlorophyllin (5 uM) followed by BP (4 uM) for
24 h; and T4-24 h pre-treatment with chlorophyllin (5 uM) followed
co-treatment for 24 h with chlorophyllin plus BP (4 pM). In preliminary
studies chlorophyllin alone (5 uM) was used in addition to the above
treatments. All exposures were carried out in duplicate.

2.3. Expression analysis of CYP1A1 and CYP1B1

Total RNA isolated from all treatment groups (RNeasy kit, Qiagen,
Valencia, CA) and 1 pg was reverse transcribed to single stranded cDNA
(Advantage RT for PCR kit, BD Biosciences, Palo Alto, CA). Transcribed
RNA was used for the quantitation of CYP1A1 and CYP1B1 gene expression
using an ABI7700 Sequence Detection System, and Tagman® Gene
Expression Assays, with Tagman® Universal PCR Master Mix (Applied Bio-
systems, Foster City, CA). The expression levels of CYP1A1 and CYP1B1
were normalized to that of GAPDH and the fold-change expressed using
the 2-24¢T method [12].

2.4. DNA isolation

Following exposure, adherent cells at ~90% confluency were washed
once with 1x PBS and incubated in lysis buffer (100 mM Tris pH 8.5,
5mM EDTA, 0.2% SDS, 200 mM NaCl and 100 pg/ml Proteinase K) at
37 °C for 3 h. DNA from the lysed cells was precipitated directly, using
an equal volume of isopropanol, washed twice with 70% ethanol, and dis-
solved in an appropriate volume of nuclease free water [13].

2.5. BPdG adduct analysis by chemiluminescence immunoassay (CIA)

Antiserum elicited against DNA modified with BPDE [14] was used to
measure BPdG adducts in isolated DNA by competitive BPDE-DNA CIA.
Briefly, 96-well high-binding LIA plates (Greiner Labortechnik, FRG)
coated for 48 h with 1 fmol of sonicated BPDE-DNA (modified to about
1.0%), or calf thymus DNA, were blocked of non-specific binding by incu-
bation with 0.25% casein in phosphate buffered saline containing 0.05%
Tween-20 (PBST) for 60 min. Subsequently, serially diluted, heat dena-
tured (95 °C, 4 min) BPDE-DNA standard (1.0 BPdG adduct/10° nucleo-
tides), or sample DNA from treatment groups, were mixed with an
equal volume of rabbit anti-BPDE-DNA antibody (diluted to 1:3,000,000
in 0.25% casein), incubated for 15 min at 37 °C, and added to the LIA plate
wells. The final mixture was incubated at 37 °C for 90 min. At the end of
the incubation, the plates were washed with PBST, incubated with biotin-
ylated anti-rabbit IgG (1:3000 dilution in 0.25% casein in PBST) for 90 min
at room temperature and washed again with PBST. The plates were then
incubated for 60 min with streptavidin alkaline phosphatase (diluted
1:3000 using 0.25% casein in PBST), washed again with PBST and Tris buf-
fer, and finally incubated with CDP-Star containing Emerald II enhancer
(4 °C, overnight). The luminescence was read at 542 nm both at the end
of the incubation and on the following day. The limit of detection was
0.3 adducts/10° nucleotides.

2.6. Statistical analysis

Pearson correlation coefficients were used to compare the effects of
BP and chlorophyllin treatments in the Excel program [15]. Paired, 2-
tailed Student’s t test was used to compare the adducts formed in the
T1 group to the adducts formed in the T2, T3 and T4 groups.

3. Results

3.1. CYP1A1 and CYP1B1 gene expression in NHMECs exposed
to BP

The NHMEC strains used in this study, derived from 20
donors between 18 and 51 years of age whose pathology
reports all indicated normal breast tissues, were exposed
(as described in Section 2.2) and examined by RT-PCR for
expression of CYP1A1 and CYP1B1. Preliminary studies with
exposure to chlorophyllin alone showed no change in the
expression of CYP1A1 and CYP1B1 (data not shown). In cells
exposed to BP alone (T1 group), induction of CYP1A1 was
3.6- to 95.8-fold (Table 1), and induction of CYP1B1 was
3.5- to 43.4-fold (Table 2). CYP1A1 induction was moder-
ately, but significantly, correlated with CYP1B1 induction
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Table 1
CYP1A1 induction (fold-change measured by RT-PCR) in NHMEC strains by
BP in the absence (T1?) and presence (T2, T3, T4) of chlorophyllin.

Cell Strain  T1 T2 T3 T4

M98014 46+1.5° 28+03 83+1.9 59+0.9
M98015 50.0 + 6.6 448+12.1 426105 47494
M98011 54+2.0 51+1.0 5.5+0.6 5.0%26
M99003 143 5.0 10223 11.5+1.6 13.0+£4.0
M99015 359+4.7 20.8 +3.0 31.8+2.7 299+9.7
M98019 3.6+1.0 1.9+0.5 3.0+0.6 24+0.8
M98025 11.2+£3.2 6.0+2.6 9.8+1.6 6.9+0.7
M99021 59+1.5 3.7+1.6 3.8+04 3.6+05
MO00012 17.1+£29 11.0+£1.7 12.2+2.8 9.8+2.7
M98026 527129 39.0£102 313£11.5 303£6.0
M99004 203 +£2.1 10.8 £4.0 10.5+3.4 11.6+1.6
M99016 95.8+9.9 62.4+208 624148 53.5+5.4
M99006 6.5+1.5 42+1.0 5306 3.5+0.8
MO00004 7125 4.0+0.5 4.4+0.8 3814
M98035 13.8+29 12.8+2.0 9.7+1.9 53+1.6
M98030 443+124 185%13 255+2.1 16.0+4.1
M99005 13.7+14 79+1.7 8.1+1.1 41+14
M99025 6.6+2.9 41+1.6 26+05 1.7+0.5
M98016 325+34 10023 132+14 6.1+2.0
M98013 66.7 £12.1 16.4+20.8 14.7+6.9 8.0+5.0

2 T =Treatment groups as defined in Section 2.
b Numbers represent fold-change +SD (n = 2).

Table 2
CYP1B1 induction (fold-change measured by RT-PCR) in NHMEC strains by
BP in the absence (T1?) and presence (T2, T3, T4) of chlorophyllin.

Cell Strain ~ T1° T2 T3 T4

M98014 3.5+0.6° 29+09 79+1.0 6.8+1.8
M98015 43.4+48 359+33 39.7+9.3 39.3+6.9
M98011 47+09 3.7+15 57+1.5 63+1.5
M99003 19.7+£19 13.0£1.2 153+1.0 16.5+£5.2
M99015 339+1.7 13.5+23 226+11.2 19.9+3.7
M98019 6.1+04 44+04 79+1.0 6.8+1.8
M98025 84+22 44+1.8 48+15 39+05
M99021 88+14 58+1.0 63+1.2 55+0.9
MO00012 17.5+31 103 +£1.7 146+44 119+33
M98026 31.7+33 211217 242 +84 23.6+6.4
M99004 12113 77+13 7.0+£0.7 6.9+0.8
M99016 89+14 8.6+1.6 83+1.1 69+1.3
M99006 8.9+1.6 55104 99136 48+0.8
MO00004 79+2.6 5.1+0.5 73129 45+20
M98035 95+1.9 8.0+1.8 73+1.8 33+04
M98030 16.0+4.1 7.0+1.4 6.5+1.0 49+1.8
M99005 92+18 7.5+04 58+1.7 3513
M99025 229+3.9 114+3.1 92+12 6.5+1.3
M98016 14.7£3.0 6.2+0.6 10.0+5.9 39+1.1
M98013 42.0+£6.9 140+1.5 11.5£19 7.0+3.2

¢ T =Treatment groups as defined in Section 2.
> Numbers represent fold-change #SD (n =2).

(r=0.530, p<0.01), replicating data observed previously
[12].

In all cells treated with chlorophyllin (exposure groups
T2, T3, T4) in addition to BP, there were generalized reduc-
tions in induction of both CYP1A1 and CYP1B1 (Tables 1 and
2, respectively), compared to the T1 group. Of the three dif-
ferent chlorophyllin treatment regimens, T4 was most
effective in mitigating induction of both cytochrome
P450s. Induction of CYP1A1 was reduced between 5.1%
and 87.9% by chlorophyllin, with the exception of strain
M98014, in which induction was increased by 29.1% in
the presence of chlorophyllin (Fig. 1A). Similarly, CYP1B1

induction was generally reduced (9.6-83.3%), although it
was increased by 11.2% and 33.3% in cell strains M98019
and M98011, respectively (Fig. 1B). Fig. 2 shows a high de-
gree of correlation in the chlorophyllin-mediated reduc-
tion of CYP1A1 and CYP1B1 induction by BP (r=0.657,
p=0.0013).

3.2. DNA adduct levels induced by BP

In NHMEC strains exposed to BP alone (T1 group), BPdG
adducts were measured by BPDE-DNA CIA and ranged
from 2.5 to 57.5 adducts/10® nucleotides (Table 3). The
addition of chlorophyllin resulted in reduced BPdG adduct
levels in all three groups (T2, T3, and T4) for all 20 of the
NHMEC strains studied, with the greatest decrease in the
T4 group (see Table 3 and Fig. 3). Mitigation of BPdG ad-
duct levels was by 25-87% to 1.3-35.4 adducts/108 nucle-
otides in the T4 group (see last column in Table 3). There
was a wide inter-individual variation in response to chlo-
rophyllin, and the 20 cell strains could be divided into
three groups: 10 cell strains showing adduct level reduc-
tions of 25-50%, 6 cell strains showing adduct level reduc-
tions of 50-75%; and, 4 cell strains showing adduct
reductions of >75% (Fig. 3).

3.3. Correlations between CYP450 expression and BPdG
adducts

In this study, in cells exposed to BP alone (T1 group),
neither CYP1A1 nor CYP1B1 expression correlated with
BPdG adduct formation (r=0.437 for CYP1A1 and
r=0.306 for CYP1B1, p > 0.10 for both). This result has been
observed previously [12]. In addition, in cells exposed to BP
with chlorophyllin (T4 group) there were poor correlations
for the percentage reduction of BP-induced cytochrome
P450 induction with the corresponding percentage reduc-
tion in BPAG adduct levels (r = 0.249, p = 0.096 for CYP1A1;
and r=0.409, p=0.070 for CYP1B1). Similar trends were
observed for the other chlorophyllin treatments as well
(data not shown). There were good correlations between
the numbers of adducts formed by comparison of cells
treated with BP alone (T1 group) with cells treated in the
presence of chlorophyllin [r=0.947, p=0.0008 for T1 vs.
T2; r=0.945, p=0.0017 for T1 vs. T3 and r=0.826,
p =0.0004 for T1 vs. T4].

Overall, the cell strained showed wide inter-individual
variability in CYP1A1 and CYP1B1 induction, BPdG adduct
formation, reduction in CYP1A1 and CYP1B1 induction by
chlorophyllin treatment and mitigation of BP-DNA adduct
levels by chlorophyllin treatment. Fig. 4 depicts the consis-
tent pattern of reduction in percent CYP1IA1 and CYP1B1
gene expression and BPdG adduct formation across most
of the 20 NHMEC strains in response to chlorophyllin treat-
ment in group T4 (p < 0.005, p <0.005 and p <0.0005 for
CYP1A1, CYP1B1 and BPdG adducts, respectively).

4. Discussion

In this study we found that exposure of 20 NHMEC
strains, from 20 individual donors, to BP resulted in up-
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Fig. 1. (A and B) Bar graphs showing percent reduction of expression (by RT-PCR) of CYP1A1 (A) and CYP1B1 (B) in each primary NHMEC strain when
treatment group T1 (BP alone) was compared with treatment group T4 (24 h chlorophyllin followed by 24 h of BP plus chlorophyllin). The magnitude of the
bar represents the extent to which chlorophyllin reduced the BP-induced gene expression.
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Fig. 2. Strain-wise correlation for the percent reduction in expression of
CYP1A1 and CYP1B1 in T4 cells compared to T1 cells (r=0.637,
p=0.0013); the graph shows data for all 20 NHMEC strains.

regulation of CYP1A1 and CYP1B1 in almost all of the
strains, and produced measurable BPdG adducts in all of
the strains. The addition of chlorophyllin resulted in lower-
ing almost all the BP-induced increases in CYP1A1 and
CYP1B1 expression, and was effective in reducing BPdG lev-
els in all 20 NHMEC strains. The lack of any exceptions to
the chlorophyllin-modulated reduction in DNA damage
suggests that chlorophyllin may be a useful chemopreven-

tive agent for the human population because most individ-
uals should respond to chlorophyllin treatment with
decreased PAH activation although the magnitude may
vary.

The gene expression experiments presented here ex-
pand our previous work using DNA microarrays in a single
NHMEC strain, M98013 [16]. M98013 was used in this
study and values for BP-induced CYP1A1 and CYP1B1
expression were similar to those found previously [16],
however, the addition of 19 new NHMEC strains revealed
considerable variation in levels of BP-induced CYP1A1 and
CYP1B1 expression. This wide inter-individual variation
might be explained, at least in part by polymorphisms in
the genes coding for cytochrome P450s and other Phase |
enzymes, as well as genes coding for Phase II or detoxica-
tion enzymes and DNA repair functions [11]. Other factors
may also be relevant. For example, we found a poor corre-
lation between CYP1 gene expression and donor age (data
not shown), in agreement with a previous study showing
age-independent variation in CYP1A1 expression in normal
breast tissue samples (n = 58) obtained from breast cancer
patients as well as individuals with no diagnosis of cancer
[17]. In our study, the magnitude of CYP1B1 induction was
much less than that found for CYP1A1. CYP1B1 is a dioxin
inducible cytochrome P450 isoform thats expressed consti-
tutively in various extrahepatic tissues, including the
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Table 3

BPdG adducts formed in NMECs exposed to BP in the absence (T1%) or presence (T2, T3, T4) of chlorophyllin.

Cell Strain T1 T2 T3 T4 % Reduction
T1 vs. T4¢

M98014 47+0.6° 22+04 29+0.2 2.1+0.7 55.1¢
M98015 83+5.0 55+3.3 55+4.0 43+4.1 48.2
M98011 20.8+13.0 153 +£13.1 17.8+9.2 11.7+£93 43.7
M99003 73+15 33+03 35+1.2 1.3+04 82.1
M99015 57.5+16.2 35.0+15.9 51.4+12.1 354+10.8 38.4
M98019 51+09 3.1+13 32+08 36+1.1 29.5
M98025 15.1+24 51+06 50+1.8 3.7+34 75.5
M99021 13.7+3.2 143+1.5 15.3+3.8 102+54 25.2
MO00012 21.0+4.5 147+1.8 16.4+3.5 109+3.3 48.3
M98026 54.5+29.7 47.3+26.0 425+214 32.5+18.2 40.3
M99004 48+0.5 28+06 23+1.0 1.9+0.9 60.0
M99016 340+3.4 23.9+3.6 25.5+2.6 125+14 63.2
M99006 17.3+£3.7 13.6+£3.3 155+5.8 12.6 £4.1 27.5
M00004 33.4+6.1 27.1+13.7 283+9.6 19.8+12.3 40.7
M98035 59+3.9 27+1.1 57+1.6 27+13 54.7
M98030 95+15 8.1+33 55+1.8 40+1.6 57.7
M99005 25+13 13+1.2 22+23 1.5+1.7 38.8
M99025 3.2+0.6 3.2+0.2 25+13 1.4+0.1 57.1
M98016 534+25 26.1+2.3 25.6+7.0 70+14 86.8
M98013 23.1+2.0 145+2.8 122+1.2 3.0£09 87.0

¢ T =Treatment groups as described in Section 2.
b Number of adducts per 10® nucleotides.

€ Percentage (%) reduction in number of adducts in the T4 group compared to the T1 group.

breast., It exhibits weak induction by aryl-hydrocarbon
receptor (AhR) ligands. This may explain the relatively
lower induction of CYP1B1 compared to CYP1A1 in our
study, and may contribute to the inter-individual variabil-
ity in inducible expression levels observed [18].

In this study, chlorophyllin suppressed the BP-mediated
induction of both CYP1A1 and CYP1B1 expression in almost
all 20 of the NHMEC strains. Inhibition was observed in the
group of cells co-treated with BP and chlorophyllin (group
T2), as well as when cells were pre-treated with chloro-
phyllin alone, washed and subsequently treated with BP
(group T3). Other in vivo studies also found highly effective
inhibition when chlorophyllin was co-administered with
the carcinogen [19]. These data suggest that chlorophyllin
might be acting by at least two different mechanisms. In
previous studies, chlorophyllin has been found to form
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Fig. 3. Pairwise BPdG adduct values (per 10® nucleotides) for 20 NHMEC
strains exposed to either BP alone (T1 group, ®) and or BP plus
chlorophyllin (T4 group, O). Adduct values for each strain are ranked in
order of extent of BPdG formation in the T1 group.

tight molecular complexes with planar aromatic hydrocar-
bons, possessing at least partial ring structure, when a
large molar excess of chlorophyllin was added simulta-
neously with the carcinogen [20]. In addition, complex for-
mation between BPDE and chlorophyllin facilitates BP
tetrol foramtion limiting the amount of BPDE [21], contrib-
uting to the reduction of BPdG adducts as well as BP-in-
duced CYP1A1 and CYP1B1 expression when chlorophyllin
was given simultaneously with BP. A reduction in expres-
sion in most NHMEC strains upon treatment with chloro-
phyllin prior to carcinogen exposure (treatment group
T3) suggests mitigation of cytochrome P450 expression
by mechanisms other than just carcinogen sequestration.
Chlorophyllin-induced modulation of CYP1 expression via
mechanisms independent of “carcinogen sequestration”
might occur through inhibition or reduction of the basal
levels of NADPH-cytochrome c reductase [21], or modula-
tion of the levels of Phase I enzymes directly or indirectly
by altering expression of genes involved in the AHR path-
way. These mechanisms could occur as a result of chloro-
phyllin exposure and continue to be active even after
chlorophyllin is removed from the medium and BP is
added (as in group T3). Therefore, the reduction of BP-in-
duced CYP1 expression in NHMEC treatment group T4 is
consistent with the role of chlorophyllin as an interceptor
molecule as well as a possible indirect modulator of CYP1
enzymes.

In conclusion, the lack of correlation between the sup-
pression of CYP1A1 and CYP1B1 induction and reduction
in DNA adduct levels suggests that the modulation of hu-
man DNA adduct levels may be partially mediated inde-
pendently of cytochrome P450 induction. Additionally,
the extent of adduct formation and sensitivity of detection
of adducts may be different from that of CYP1 gene
expression thereby at least partially contributing to the
discrepancy. In this study, in every single cell strain,
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Fig. 4. Percentage reduction in CYP1A1 and CYP1B1 expression levels and
benzo[a]pyrene-diol-epoxide-DNA adduct (BPdG) levels in the presence
of chlorophyllin for normal human mammary epithelial cells from 20
individual donors that were exposed to benzo[a]pyrene in vitro. This box
and whisker plot indicates the median percentage and 25% and 75%
percentage changes, and outliers are indicated by the whiskers. The mean
values are indicated by arrows marked M, these values are 41.1 (6.5 SE)
for CYP1A1, 41.0 (6.7 SE) for CYP1B1, and 53% (+4.2 SE) for BPdG. These
changes were statistically significant p <0.005 for CYP1A1, p <0.005 for
CYP1B1 and p < 0.0005 for BPdG adducts.

chlorophyllin protected against BPdG adduct formation to
some degree (25-87%). Therefore, chlorophyllin is likely
to be an effective chemoprotective agent for a large pro-
portion of the human population.
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