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Fig. 3. DNA adductome maps of MN test positive carcinogens. CHL/IU cells were
treated with Group A chemicals (carcinogens causing DNA alkylation) or Group B
chemicals (carcinogens producing bulky DNA adducts), and the extracted DNA was
digested by the MCN/SPD method (MNNG, EMS, B[a]P, DMBA) or nuclease P1 method
(4-NQO and PhIP). The size of each bubble represents the “normalized peak area”
shown in Table 2. Group A chemicals: EMS, pink; MNNG, brown. Group B chemi-
cals: PhIP, blue; B[a]P, red; DMBA, yellow; 4-NQO, green. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

sively, (2) the structures of the detected adducts can be identified-

from theirm/zand their analytical standards, and (3)various exper-
imental designs can be applied to both in vitro and in vivo samples.
These experimental features resolve some limitations of the exist-
ing methods for analyzing DNA adduct formation.
This study is a pilot experiment to confirm the use-
" fulness of the adductome approach to detect DNA adduct
s produced by the compounds showing positive results in the MN
test with different MOA. This approach enables detection of various
types of DNA adducts formed by typical carcinogens, and does not
enable detection of any adducts for non-carcinogens. We conclude
that the adductome approach would be applicable to assess the
DNA-damaging capability of many types of in vitro MN test-positive
compourds, and also be useful for understanding MOA of the test
compounds.
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DNA adducts are produced both exogenously and endogenously via exposure to various DNA-damaging
agents. Two lipid peroxidation (LPO) products, 4-ox0-2(E)-nonenal (4-ONE) and 4-oxo-2(E)-hexenal
(4-OHE), induce substituted etheno-DNA adducts in cells and chemically treated animals, but the adduct
levels in humans have never been reported. It is important to investigate the occurrence of 4-ONE- and
4-OHE-derived DNA adducts in humans to further understand their potential impact on human health.
In this study, we conducted DNA adductome analysis of several human specimens of pulmonary DNA
as well as various LPO-mduced DNA adducts in 68 human autopsy tissues, including colon, heart, kidney,
liver, lung, pancreas, small intestine, and spleen, by liquid chromatography tandem mass spectrometry.
In the adductome analysis, DNA adducts derived from 4-ONE and 4-OHE, namely, heptanone-etheno-
2'-deoxycytidine (HedC), heptanone-etheno-2’-deoxyadenosine (HedA), and butanone-etheno-2’-deoxy-
cytidine (BedC), were identified as major adducts in one human pulmonary DNA. Quantitative analysis
revealed 4-ONE-derived HedC, HedA, and heptanone-etheno-2'-deoxyguanosine (HedG) to be ubiquitous
in various human tissues at median values of 10, 15, and 8.6 adducts per 10® bases, respectively. More
1mportantly, an extremely high level (more than 100 per 108 bases) of these DNA adducts was observed
in several cases. The level of 4-OHE-derived BedC was highly correlated with that of HedC (R? = 0.94),
although BedC was present at about a 7-fold lower concentration than HedC. These results suggest that
4-ONE- and 4-OHE-derived DNA adducts are likely to be significant DNA adducts in human tissues,
with potential for deleterious effects on human health.

Introduction

Lipid peroxidation (LPO') is a major source of DNA-
damaging agents. Decomposition products generated from the
LPO of polyunsaturated fatty acids (PUFAS) are highly DNA-
reactive, including acrolein, crotonaldehyde, malondialdehyde,
and other o,f-unsaturated aldehydes (1-3). These electrophilic
aldehydes may modify nucleic acid bases to form DNA adducts
implicated in mutagenesis, carcinogenesis, accelerated aging,
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or neurological deterioration (4-6). Thus, investigation into the
levels and tissue distributions of LPO-derived DNA adducts in
humans is important to further understand their possible impact
on human health.

LPO-related DNA adducts identified in human tissues are
mainly exocyclic etheno and propano adducts such as 1,N°-
etheno-2’-deoxyadenosine (edA); 3,N*-etheno-2’-deoxycytidine
(edC); 1, N*-propano-2’-deoxyguanosines generated from ac-
rolein, crotonaldehyde, and 4-hydroxy-2(E)-nonenal (4-HNE);
and malondialdehyde-derived 3-(2-deoxy-f-D-erythro-pento-
furanosyl)pyrimido[1,2-o]purin-10(3H)-one (7-9). The long-
chain aldehyde 4-HNE is an w-6 PUFA-peroxidation product
that reacts with- DNA and protein (10-12); furthermore, 4-HNE-
related DNA adducts have been reported to be associated with
carcinogenesis and Alzheimer’s disease (13-15). 4-Oxo0-2(E)-
nonenal (4-ONE), another decomposition product of w-6
PUFAS, has also been shown to induce the formation of etheno
DNA adducts carrying aliphatic side chains both in cells and
in mouse models, including heptanone-etheno-2'-deoxycytidine
(HedC), heptanone-etheno-2'-deoxyguanosine (HedG), and hep-
tanone-etheno-2'-deoxyadenosine (HedA) (16-18). 4-Oxo0-2(E)-
hexenal (4-OHE); an w-3 PUFA-peroxidation product having
a chemical structure similar to that of 4-ONE, was recently
reported to be able to produce etheno DNA adducts as well,
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such as butanone-etheno-2’-deoxycytidine (BedC), butanone-
etheno-2'-deoxy-5-methyl-cytidine (BemedC), butanone-etheno-
2’-deoxyguanosine (BedG) (19-21), and butanone-etheno-2’-
deoxyadenosine (BedA) (22). The levels of 4-ONE- and 4-OHE-
related DNA adducts in humans are currently unknown because
such adducts were discovered only very recently.

In addition to LPO-derived DNA adducts, various other types
of DNA lesions are frequently formed in humans as a
consequence of exposure to environmental carcinogens or
endogenous DNA-reactive agents. Because a variety of DNA
adducts are present in human tissues, comprehensive investiga-
tion of these base modifications is necessary to identify the ones
most critical to mutagenesis and carcinogenesis in humans.
Recently, we developed a novel technique to detect multiple
known or unknown DNA adducts simultaneously by using LC-
MS/MS (23, 24). This approach, named the DNA adductome
approach, monitors the neutral loss of 2'-deoxyribose from
positively ionized 2’-deoxynucleoside adducts over a certain
range of transitions. A variety of DNA adducts detected in DNA
samples can be presented and compared by creating an adduc-
tome map showing LC retention time, mass-to-charge ratio (m/
), and relative peak intensity of each potential DNA adduct.
In this study, we applied the DNA adductome approach to
several human pulmonary DNA specimens and identified major
DNA adducts on the adductome maps. Interestingly, 4-ONE-
and 4-OHE-related DNA adducts were found to be major
adducts in at least one pulmonary DNA sample, and they were
also detected in other DNA samples. We also analyzed the levels
of 4-ONE- and 4-OHE-related DNA adducts in various organs
of different individuals by using LC-MS/MS. The lesions were
found to be widely distributed, with some being present in
significant amounts, suggesting that they could be important
causative factors in human disease.

Experimental Procedures

Human Autopsy Tissues. Human autopsy tissue samples were
collected at Hamamatsu University School of Medicine, Japan, and
the study design was approved by the Institutional Review Board
of Hamamatsu University School of Medicine (18—4). Sixty-eight
samples were obtained from organs of 26 deceased persons,
including the colon (# = 6), liver (n = 19), lung (n = 12), pancreas
(n =9), spleen (n = 9), kidney (n = 9), heart (n = 2), and small
intestine (# = 2). The samples were taken within 24 h after death
and frozen at —80 °C until DNA extraction. The ages of the subjects
(17 males and 9 females) ranged from 26 to 90. Seventeen of them
had malignancies as backgrounds, and final remarkable circulatory
failures (shock, massive hemorrhage, and sepsis) were validated
both clinically and pathologically in 6 cases. Detailed properties
of the patients are listed in Supporting Information, Table S-1.

DNA Adduct Standards and Stable Isotope Standards.
4-ONE- and 4-OHE-related DNA adducts (HedC, HedA, HedG,
BedC, BemedC, BedA, and BedG) were synthesized according to
previously published methods (/6-20). The stereoisomers o-S- and
0-R-methyl-y-hydroxy-1,N?-propano-2’-deoxyguanosine (CdGy,
CdG), 8-hydroxy-1,N*-propanodeoxyguanosine (8-OH-AdG), and
the two stereoisomers of 6-hydroxy-1,N>-propanodeoxyguanosine
(6-OH-AdG; and 6-OH-AdG,) were prepared as previously de-
scribed (24). 8-OxodG and edA were obtained from Sigma Aldrich
Japan (Japan). [U-Ns]-8-0x0dG was kindly provided by Dr. Shinya
Shibutani, State University of New York, Stony Brook, NY, [1*Ns,
13C10]-2-(2"-deoxyguanosine-8-yl)-3-aminobenzanthrone ([*Ns, 2Cyo}-
C8-C2-ABA) was kindly provided by Dr. Takeji Takamura,
Kanagawa Institute of Technology, Japan, and other DNA adduct
stable isotope standards were synthesized according to previously
described methods using [U-'*Ns]- or [U-1"N;]-deoxynucleosides
purchased from Cambridge Isotope Laboratories (Andover, MA).
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DNA Purification and Hydrolysis. Genomic DNA was isolated
and purified from human autopsy samples by using a Gentra
Puregene Tissue Kit (QIAGEN, Valencia, CA). DNA extraction
was undertaken according to the protocol provided by the manu-
facturer, with the addition of desferroxamine to all solutions to a
final concentration of 0.1 mM.

For DNA adductome analysis, isolated DNA was enzymatically
digested as follows: each DNA sample (100 xg) was mixed with
54 uL of digestion buffer (17 mM sodium succinate and 8 mM
calcium chloride, pH 6.0) containing 67.5 units of micrococcal
nuclease (Worthington, Lakewood, NJ) and 0.255 units of spleen
phosphodiesterase (Worthington, Lakewood, NJ). After 3 h of
incubation at 37 °C, 3 units of alkaline phosphatase (Sigma-Aldrich,
St. Louis, MO), 30 uL of 0.5 M Tris-HCI (pH 8.5), 15 L of 20
mM zinc sulfate, and 101 uL of Milli-Q water were added, and
the mixture were incubated for another 3 h at 37 °C. After this
incubation, the mixture was concentrated to 10—20 uL by a Speed-
Vac concentrator, and 100 4L of methanol was added to precipitate
the protein. After centrifugation, the methanol fraction (supernatant)
was transferred to a new Eppendorf tube. The precipitate was
extracted with 100 uL of methanol, and the methanol fractions were
combined and evaporated to dryness.

For adduct quantification analysis, the DNA sample (50 ug) was
mixed with 18 uL of digestion buffer (17 mM sodium succinate
and 8 mM calcium chloride, pH 6.0) containing 22.5 units of
micrococcal nuclease (Worthington, Lakewood, NT) and 0.075 units
of spleen phosphodiesterase (Worthington, Lakewood, NJ) and 10
units of stable isotope-labeled DNA adduct internal standards mix,
including 27.8 nM [U-13N;]-8-0x0dG, and 1.1 nM [U-'5Ns]-edA,
[U-PN5]-CdG;, [U-"*N5)-CdG,, [U-N;s]-8-OH-AdG, [U-Ns]-
HedC, [U-PN;s]-HedA, [U-"N;]-HedG, [U-N3]-BedC, and [U-"Ns]-
BedA. After 3 h of incubation at 37 °C, 3 units of alkaline
phosphatase (Sigma-Aldrich, St. Louis, MO), 10 uL of 0.5 M Tris-
HCI (pH 8.5), 5 uL of 20 mM zinc sulfate, and 67 uL of Milli-Q
water were added, and the mixture were incubated for another 3 h
at 37 °C. After this incubation, the mixture was concentrated to
10-20 uL by a Speed-Vac concentrator, and 100 uL of methanol
was added to precipitate the protein. After centrifugation, the
methanol fraction (supernatant) was transferred to a new Eppendorf
tube. The precipitate was extracted with 100 4L of methanol, and
the methanol fractions were combined and evaporated to dryness.

DNA Adductome Analysis. Digested DNA used for adductome
analysis was redissolved in 120 uL of 30% dimethyl sulfoxide
containing 23 nM ['*Ni, 1°C;0]-C8-C2-ABA as the internal standard
and then subjected to DNA adductome analysis similar to that
described by Kanaly et al. (24). Briefly, adductome analysis was
carried out using a Quattro Ultima Pt triple stage quadrupole mass
spectrometer (Waters-Micromass, Milford, MA) equipped with a
Shimadzu LC system (Shimadzu, Japan). An aliquot of digested
DNA sample (10 uL) was injected and separated by a Shim-pack
XR-ODS column (3.0 mm x 75 mm, Shimadzu, Japan). The
column was eluted in a linear gradient of 5% to 80% methanol in
water from 0 to 40 min and kept in 80% methanol in water from
40 to 45 min at a flow rate of 0.2 mL/min. Multi-reaction monitoring
(MRM) was performed in positive jon mode using nitrogen as the
nebulizing gas. Experimental conditions were set as follows: ion
source temperature, 130 °C; desolvation temperature, 380 °C; cone
voltage, 35 V; collision energy, 15 eV; desolvation gas flow rate,
700 L/h; cone gas flow rate, 35 L/h; collision gas, argon. The
strategy was designed to detect the neutral loss of 2’-deoxyribose
from positively ionized 2’-deoxynucleoside adducts by monitoring
the samples transmitting their [M + H]* — [M + H — 116]*
transitions. For each DNA sample, 241 MRM transitions were
monitored over the m/z range from transition m/z 250 — 134 to
transition 492 — 376. For each sample injection, a total of 31
channels were monitored simultaneously with one channel for each
injection reserved to monitor the internal standard ['Ns, 3Cjo]-
C8-C2-ABA at transition m/z 526 — 405. Each sample was injected
8 times to complete the monitoring of 241 MRM transitions.
Transitions of normal deoxynucleosides, including 252 — 136 ([dA
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-+ HI™) and 268 — 152 ([dG + H]"), were not monitored in the
adductome analysis.

Relative peak intensity of each potential DNA adduct was
calculated as follows: (the peak area of the potential DNA adduct)/
(the peak area of the internal standard)/(the amount of 2’-
deoxyguanosine (dG)). The amount of dG in each DNA sample
was estimated by monitoring the dG peak area at 254 nm using
the Shimazu SPD-10Avp UV—visible detector connected in series
with the LC/MS/MS. The relative peak intensity was plotted as a
bubble chart in which the horizontal axis was retention time and
the vertical axis is m/z. Sodium and potassium adducts of normal
deoxynucleosides or other corresponding peaks, such as those
detected in the retention times of 9.3—9.5 min (dC), 10.2—10.4
min (dG), 11.2—11.4 min (dT), and 14.0—14.2 min (dA), were not
included in the plot.

DNA Adduct Quantification. The digested DNA sample used
for quantification was resuspended in 50 uL of 30% dimethyl
sulfoxide before LC-MS/MS analysis. An aliquot (20 uL) was
mJected and separated by the Shim-pack XR-ODS column, eluted
in a linear gradient of 5% to 30% methanol in water from 0 to 27
min, 30% to 80% from 27 to 35 min, then kept in 80% from 35 to
40 min at a flow rate of 0.2 mL/min. For the quantification of
4-ONE-derived DNA adducts, HedC, HedG, and HedA, another
HPLC-gradient condition was employed because of the high
hydrophobicity of these compounds. A remaining aliquot (20 uL)
was injected and separated by the same column, eluted in a linear
gradient of 45% to 90% methanol in water from 0 to 20 min at a
flow rate of 0.2 mL/min. Experimental conditions were identical
to those set for adductome analysis except that the cone voltage
and collision energy were different for different DNA adducts. The
collision energies and characteristic reactions monitored for the
different DNA adducts are as follows (cone voltage (V), collision
energy (eV), base ionS — product ion): [U-"*N;]-8-ox0dG (40, 12,
288.8 — 172.8), [U-"Ns]-edA (35, 14, 280.9 — 164.9), [U-PN;]-
CdG; and [U-"N;s]-CdG; (35, 10, 343.0 — 227.0), [U-"N;]-8-OH-
AdG (35, 10, 329.3 — 213.3), [U-"N;]-HedC (35, 10, 367.0 —
251.0), [U-PN;]-HedA (35, 10, 393.0 — 277.0), [U-15Ns]-HedG
(35, 10, 409.0 — 293.0), [U-PN3]-BedC (35, 10, 324.8 — 208.6),
and [U-PN;s]-BedA (35, 10, 351.0 — 234.8), 8-0x0dG (40, 12, 283.8
- 167.8), edA (35, 14, 275.9 — 159.9), CdG, and CdG, (35, 10,
338.0 — 222.0), 8-OH-AdG, 6-OH-AdG,, and 6-OH-AdG, (35,
10, 324.3 — 208.3), HedC (35, 10, 364.0 — 248.0), HedA (35, 10,
388.0 — 272.0), HedG (35, 10, 404.0 — 288.0), BedC (35, 10,
321.8 — 205.6), BemedC (35, 20, 335.9 — 220.0), and BedA (35,
10, 351.0 — 234.8) and BedG (35, 20, 362.0 — 245.9).

The amount of each DNA-adduct was quantified by calculating
the peak area ratio of the target DNA adduct and its specific internal
standard ([U-""N;3]-BedC was used for BedC and BemedC, and
[U-Ns]-BedA was used for BedA and BedG). Calibration curves
were obtained by using authentic standards spiked with isotope
internal standards. The concentration of dG in each DNA sample
was also monitored as described in the DNA Adductome Analysis
section. The number of DNA adducts per 10° bases was calculated
by the following equation: number of DNA adducts per 10% bases
= adduct level (fmol/umol dG) x 0.218(umol dG/umol dN) x
1071, as described previously (25).

Results

Adductome Analysis of DNA Extracted from Human
Lung Autopsy Tissues. We applied adductome analysis to DNA
extracted from four human lung autopsy samples to simulta-
neously detect a variety of known and unknown DNA adducts
in human pulmonary DNA. Although adductome analysis is
semiquantitative, this analysis would help to grasp a complete
picture of the DNA adducts in human samples. Several peaks
were identified as corresponding to known DNA adducts by
showing identical m/z and LC retention times to DNA adduct
standards. Figure 1 shows the adductome maps of two human
pulmonary DNA samples having different patterns of DNA

Chou et al.
A
400 - e o
3754 . ** BedG
o A t
350 {GxdG~ BFA~ag
N " * @b O
€327 *° ‘O T e
o]
300 A ;5@ . 0e..
275 ° w0
4 g(;lA-/"G . .
250 : . . . : . 4
5 10 15 20 25 30 35 40
Retention Time (min)
B 400
. e
375 . )
. 0o’ "
350 A G)idG
N .
€ 3254 - ’ /
Q o
301 o e '
2754 o o . S
5 A7 o
250 s r , . . \
5 W 15 20 25 30 35 40
e Retention Time (min) N
C 400 &~ v ;
-]
HedA”™
375 ° o
0]
dDL o
HedC ™"
€ 350
325
300

17 22 27 32 37
Retention Time (min)

Figure 1. A and B show the DNA adductome maps of two human
pulmonary DNA samples from different individuals, and C is a close-
up of a selected area in B. Each circle represents one DNA adduct
candidate detected by adductome analysis using LC-MS/MS. HPLC
retention time, mass to charge ratio (im/z), and relative intensity (shown
by the size of each circle, which is proportional to the peak area of
each DNA adduct candidate divided by the peak area of the internal
standard and the amount of 2’-deoxyguanosine) of each DNA adduct
candidate can be found on the maps. Blue circles represent correspond-
ing peaks of 4-ONE-related DNA adducts, while orange circles
represent 4-OHE-related DNA adducts. Green circles are the other lipid-
peroxidation derived DNA adducts, and yellow circles represent
unidentified peaks. GXdG: 1 N2-glyoxya1 dG. *: heptanone-ethano-2'-
deoxycytidine,

adduct composition. Numerous DNA adducts can be seen in
Figure 1A, and LPO-induced DNA adducts were detected as
major peaks, mcludmg HedC, HedA, BedC, BedA, BemedC,
BedG, edA, and 1,N2-glyoxal-dG. Although fewer DNA adducts
were found in the sample represented in Figure 1B, LPO-
induced DNA adducts derived from 4-ONE and 4-OHE (i.e.,
HedC, HedA, and BedC) were nonetheless detected. Adductome
maps of two other human pulmonary DNA samples have
patterns similar to that shown in Figure 1B (data not shown),
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Figure 2. Level of LPO-induced DNA adducts in human tissues. (A) Chemical structure of DNA adducts detected in human tissues and the
chemical structure of 4-OHE and 4-ONE. (B) Box-whisker plot of the levels of DNA adducts detected in human autopsy tissues, including the
colon, liver, lung, pancreas, spleen, kidney, heart, and small intestine (n = 68). The boxes indicate the 75th percentlle the median, and the 25th
percentile. The ends of the whiskers indicate the minimum and maximum data values unless outliers are present, in which case the whiskers extend
to a maximum of 1.5 times the interquartile range. Circles above the whisker indicate outliers. Although crotonaldehyde-induced CdG, and acrolein-
induced 6-OH-AdG; and 6-OH-AdG, were also monitored, we could not detect those adducts. Detected rate and median are shown under each
DNA adduct. UD: under the detection limit. a, 75th percentile was UD; b, minimum was UD; ¢, median was UD; d, 25th percentile was UD.

indicating that DNA adducts induced by 4-ONE and 4-OHE Detection of 4-ONE- and 4-OHE-Induced DNA Adducts in
are often formed in human lungs. Human Autopsy Tissues. To elucidate whether the levels of
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Figure 3 DNA adduct levels of HedC and BedC detected in various human autopsy tissues. Data from the DNA of 6 colons, 2 hearts, 9 kidneys,
19 livers, 12 lungs, 9 pancreases, 2 small intestines, and 9 spleens were plotted as circles, and the blue bars indicate the median values. NC: not
calculated because the sample number was only 2. UD: median was under the detection limit.

4-ONE- and 4-OHE-related DNA adducts are comparable to
those of other DNA adducts frequently found in human tissues,
we measured the levels of various DNA adducts by using LC-
MS/MS in 68 human autopsy specimens obtained from 26
persons, including samples of colon (n = 6), liver (n = 19),
lung (n = 12), pancreas (n = 9), spleen (n = 9), kidney (n =
9), heart (n = 2), and small intestine (n = 2). The approximate
detection limit of the DNA adducts (in the case that 50 ug of
DNA was digested and 40% of the portion was mjected to the
LC/MS/MS) were as follows: 8-0x0dG (1.65 adduct per 10°
bases), edA (0.17), CdG; and CdG;, (0.17), 8-OH-AdG (0.05),
6-OH-AdG, and 6-OH-AdG, (O 08), HedC (0.33), HedA (1.65),
HedG (1.65), BedC (0.17), BemedC (0.17), and BedA (0.83)
and BedG (0.83) (Supportmg Information Figures S-2 and S-3,
Table S-8), and the calibration curves of each DNA adducts
are shown in Supporting Information, Figure S-4. We could
detect the target DNA adducts in several human tissue samples
(the representative chromatographs are shown in Supportmg
Information, Figures S-5, S-6, and S-7). The results revealed
that the levels of target DNA adducts varied considerably among
individuals or organs (Figure 2 and Supporting Information,
Table S-8). Figure 2 shows the DNA adduct levels of the
oxidative lesion 8-0x0dG as well as the LPO-related lesions
CdG,, 8-OH-AdG, edA, BedC, BedG, BedA, BemedC, HedC,
HedG, and HedA. 8-Ox0dG was detected in all autopsy tissues,
and high detection rates were also found for edA (93%) and
8-OH-AdG (82%). 4-ONE-related DNA adducts were also
frequently detected in various tissue samples: total detection
rates for HedC, HedG, and HedA were 97%, 93%, and 63%,
respectively. 4-OHE-related BedC, having a total detection rate
of 41%, was commonly found in the colon, liver, and lung,
with detection rates higher than 50%. However, the other
4-OHE-related adducts, BedG, BedA, and BemedC, showed
lower detection rates of 6%, 9%, and 6%, respectively. The
detection rate of the crotonaldehyde-derived DNA adduct CdG,
was 12%. Although crotonaldehyde-induced CdG; and acrolein-
induced 6-OH-AdG; and 6-OH-AdG, were also monitored, we
could not detect those adducts in any sample. The level of each
DNA adduct per 10° bases ranged as follows: 8-oxo-dG,
41.6—837 (median 93.2); CdG,, not detected (ND) to 8.98

(median was under the detection limit); 8-OH-AdG, ND to 3.04
(median 1.14); £dA, ND to 259 (median 4.83); BedC, ND to
1186 (median was under the detection limit); BedG, ND to 0.99
(median was under the detection limit; BedA, ND to 254
(median was under the detection limit); BemedC, ND to 63.8
(median was under the detection limit); HedC, ND-8204 (median
10.3); HedG, ND to 377 (median 15 0); and HedA, ND to 4186
(median 8.63).

Adduct Levels of HedC and Bst in Different Organs.
As shown in Figure 3, DNA adduct levels of HedC and BedC
range broadly in different organs. HedC was detected in all tissue
samples except for two liver specimens, whereas BedC was
detected in the colon; kidney; liver, lung, spleen, and pancreas.
The median level of HedC in different organs ranged from 6.4
(kidney) to 23 (colon) adducts per 10 bases, whereas the median
of BedC was 1 or 2 orders of magnitude lower. However, an
extremely high level of HedC (more than 100 adducts per 108
bases) was found in one colon, one lung, one pancreas and two
spleen DNA samples, all from different individuals. Also, an
extremely high level of BedC was observed in one lung DNA
sample, the same one that showed a high HedC level as
described above. The results suggest that 4-ONE- and 4-OHE-
related DNA adducts are widely distributed in various tissues.

Figure 4 shows the correlations of BedC, edA, and 8-oxodG
with HedC in human tissue antopsy samples. The DNA. adduct
level of HedC was strongly correlated to LPO-induced BedC
(R? = 0.94) and edA (R? = 0.70), but no correlation could be
seen between HedC and the oxidative damage-related lesion
8-0x0dG (R?* = 0.02).

Discussion

In this study, we clearly demonstrated that DNA- adducts
derived from 4-ONE and 4-OHE occur commonly in human
tissues. The levels of the 4-ONE-related DNA adducts HedC,
HedA, and HedG in human tissue samples were similar to each
other (Supporting Information, Figure S-9), and their median
values were 2- to 3-fold higher than that of edA. However, the
4-OHE-related adducts BedC, BemedC, BedA, and BedG were
detected at lower levels and frequencies; in most samples, their
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Figure 4. Correlations among DNA adduct levels of HedC vs BedC,
edA, and 8-oxodG. R% coefficient of determination. For the R?
calculation, not detected data was treated as 0.

levels were similar to that of crotonaldehyde-derived CdG, or
acrolein-derived 8-OH-AdG. Importantly, in some cases, the
levels of these 4-ONE- and 4-OHE-derived DNA adducts were
comparable to or even higher than that of the most abundant
DNA adduct, 8-0xo-dG. Thus, these recently recognized DNA
adducts may be an important source of somatic mutations and
could significantly contribute to cancer formation in humans.

The tissues adjacent to those taken for adductome analysis
were microscopically examined for the absence of tumor cells.
The histological findings varied in terms of inflammation, not
otherwise specified. Details of histological characteristics and
their relationship to the DNA adducts level are under investigation.

Mutagenic properties of HedC have been demonstrated in
mammalian cell lines and Escherichia coli (26, 27). Pollack et
al. (26) reported that in human cell lines HedC blocked DNA
synthesis and also miscoded markedly during the replication
of a shuttle vector site-specifically modified with HedC. The
miscoding frequency was higher than 90%, and dT and dA were
preferentially inserted opposite the lesion in human cells. HedC
was also shown to be genotoxic in a similar host-vector system
consisting of mouse fibroblasts and a replicating plasmid bearing
a site-specific HedC (25). Moreover, the results indicated that
the Y family DNA polymerases #, k, and ¢ preferentially
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catalyzed the insertion of dT opposite HedC, whereas an
unidentified DNA polymerase was suggested to catalyze the
insertion of dA opposite HedC (27). Information about the
potential mutagenic properties of the other 4-ONE- and 4-OHE-
derived DNA adducts found in human autopsy tissues is still
unavailable; thus, further studies concerning the mutagenicity
and DNA repair pathways of these newly identified DNA
adducts are necessary.

Human tissues could be exposed to 4-ONE and 4-OHE
endogenously and exogenously. The endogenous formation of
4-ONE and 4-OHE is via the oxidation of w6- and w3-PUFAs
in tissues. Because all bodily tissues contain both w6- and @3-
PUFAs, 4-ONE and 4-OHE could be produced simultaneously
under oxidative stress conditions. The near-perfect correlation
between the levels of HedC and BedC (R? = 0.94) shown in
Figure 4 strongly suggests that there is endogenous and
simultaneous formation of 4-ONE- and 4-OHE-derived DNA
adducts. According to the slope of the regression curve, the level
of HedC was about 7 times greater than that of BedC. This
also supports the endogenous-formation hypothesis because in
all tissues except the brain, the total concentration of w6- PUFAs
is several times higher than that of w3-PUFAs (28, 29).

However, no correlation was observed between the level of
HedC and the level of the oxidative DNA lesion 8-oxo0-dG
(Figure 4). This discrepancy may be explained by the contribu-
tion of enzymatic formation pathways to 4-ONE. For example,
Blair’s group demonstrated that overexpression of cyclooxy-
genase-2 (COX-2) increased the level of 4-ONE-derived DNA
adducts in both rat intestinal epithelial cells (30) and the small
intestine of C57BL/6] APC™" mice (31). COX-2 is an enzyme
that is responsible for the formation of the important biological
mediator prostaglandin H2. COX-2 can also convert arachidonic
acid into 15(S)-hydroperoxy-5Z,8Z7,11Z,13E-eicosatetracnoic
acid (15-HPETE), which undergoes homolytic decomposition
to the DNA-reactive bifunctional electrophiles 4-hydroperoxy-
2(E)-nonenal (HPNE), 4,5-epoxy-2(E)-decenal (EDE), 4-HNE,
and 4-ONE (31). 4-ONE is also produced enzymatically from
arachidonic acid by the 5-lipoxygenase (5-LO)-related pathway
(32). 5-LO is an enzyme that is responsible for the formation
of leukotriene A4 The precursor of leukotriene A, 5(S)-
hydroperoxy-6FE,8Z,11Z,14Z-eicosatetraenoic ~ acid  (5(S)-
HPETE), generated from arachidonic acid by 5-LO, decomposes
to form 4-ONE and HPNE (32). The considerably good
correlation between the DNA adduct levels of HedC and edA,
as described in Figure 4 (R* = 0.70), also suggests the
involvement of this metabolic pathway, because £dA is known
to be produced by HPNE and EDE (3)). If 4-OHE is also
produced enzymatically from abundant w3-PUFAs such as
docosahexaenoic acid, this would help to explain why the level
of BedC nearly perfectly correlates with the level of HedC but
the level of 8-oxo-dG does not. Further study is needed to
elucidate this point.

The exogenous sources of 4-ONE and 4-OHE are foods and
cooking vapor. Kasai and Kawai reported that several types of
cooked fishes and cooking oils contain 4-OHE in the range of
a few to tens of micrograms per gram (21). They further reported
that the cooking vapor emitted during fish broiling also contains
4-OHE (21). In an animal experiment, orally administered
4-OHE resulted in the formation of BedC, BedG, and BemedC
in cells of the gastrointestinal tract, but no increase in the level
of DNA adducts was observed in the liver and kidney (19),
indicating that, except for the gastrointestinal tract, the oral route
is probably not a significant source of 4-OHE. However, the
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impact of cooking vapor in terms of the formation of DNA
adducts in pulmonary tissues remains to be resolved.

In conclusion, DNA adducts caused by 4-ONE and 4-OHE
are ubiquitous in various human tissues, and even predominant
in some cases. It is very likely that these DNA adducts cause
somatic mutations and cancers, contribute to aging, and have
other adverse cffects related to DNA damage. Further studies
of their exposure routes and biological properties should be
carried out to elucidate the impact of these DNA lesions on
human health.
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I describe here an anticipated mutation assay which
estimates the frequency and spectrum of somatic point
mutations in any genes of any samples by using SMRT™
(Single Molecule Real Time) DNA sequencing technology,
which will be released in 2010. The basic concept of the
mutation assay is very simple: just prepare the target tem-
plate and sequence it accurately. In this paper, | propose
ideas on how to make the template and how to eliminate
artifactual mutations caused by damage to the DNA tem-
plate.

Key words: DNA sequencer, single molecule real time
(SMRT™), mutation assay, DNA adducts

Introduction

To evaluate the cancer risk of chemicals, many muta-
tion assays have been developed, most using sophisticat-
ed genetic technologies. However, ideally, researchers
want to estimate mutation frequencies in the most
relevant genes such as p53 or APC rather than the cur-
rently used mutational target genes such as Aprt, tk,
lacZ etc. Researchers want to analyze mutation spectra
in clinically relevant samples such as human blood or
tissues rather than in genetically engineered special cell
lines or transgenic animals that offer convenience. The
ultimate genotoxicity test would measure mutation fre-
quencies and spectra in any gene of any sample directly.
Is this possible?

Recently, second-generation DNA sequencers using
DNA sequencing-by-synthesis technology have been de-
veloped, leading to dramatic increases in speed of analy-
sis. For example, we can now access a service which can
read up to 10° bases per day by using Roche’s GS FLX
DNA sequencer. Assuming that the spontaneous muta-
tion frequency is around 10~% (although nobody knows
the real level), such a platform would, in principle, per-
mit detection of point mutations at the spontaneous lev-
el. The idea of using DNA sequencers for mutation as-
says is now becoming a real possibility. However, it still
remains difficult to realize this idea, especially in terms
of accuracy and read length per single read (on average
350-450 bases).
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In the mean time, development of a third-generation
DNA sequencer has steadily advanced. On February 23,
2010, Pacific Biosciences, a private company developing
a Single Molecule Real Time (SMRT™) DNA sequen-
cer, finally announced that they will release the first
shipments of their SMRT™ DNA sequencer to 10 insti-
tutions in the United States in the first half of 2010 (1).
The company claims that the SMRT™ DNA sequencer
is able to read 100 Gigabases per hour, which is at least
100 times faster than the fastest second-generation DNA
sequencers. I think that this third-generation DNA se-
quencer will enable us to detect somatic mutations in
any gene of any sample.

Overview of SMRT™ Technology

The principle of this amazing SMRT™ DNA sequen-
cer is described on PACIFIC BIOSCIENCES’s home
page (www.pacficbiosciences.com) with an animated
video (please see the movie before reading the following
part) and in review papers (2-4). DNA sequencing is
performed on SMRT™ chips, each containing thou-
sands of ‘zero-mode waveguides’ (ZMWs), which are
holes tens of nanometers in diameter, 20 zeptoliters in
volume. In this ZMW, a single DNA polymerase mole-
cule is immobilized at the bottom. A template single-
strand DNA molecule is introduced into the ZMW and
the DNA synthesis reaction is initiated with fluorescen-
ce-labeled deoxynucleotides. The deoxynucleotides
(dATP, dGTP, dCTP, dTTP), each type labeled with a
different colored fluorophore in their triphosphate
chains, is held by the DNA polymerase molecule for
tens of milliseconds, producing a bright flash of light
when it is incorporated into the elongating DNA strand.
The sequencer detects the light in real time at a speed of
tens of incorporations per second. Since the fluorophore
is attached to the terminal phosphate of the
triphosphate chain of each deoxynucleotide rather than

ICorrespondence to: Tomonari Matsuda, Research Center for En-
vironmental Quality Management, Kyoto University, 1-2 Yumihama,
Otsu, Shiga 520-0811, Japan. Tel: +81-77-527-6224, FAX:
077-524-9869, E-mail: matsuda@z05.mbox.media.kyoto-u.ac.jp
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Fig. 1. Template preparation strategy of the mutation assay.

to the base, the DNA polymerase consecutively incor-
porates unmodified nucleotides, producing a long,
natural DNA. This makes it possible to read thousands
of bases in a single processive step.

Strategy for Applying SMRT™ Technology as a
Mutation Assay

SMRT™’s ‘single molecule real time’ platform and
the tremendous sequencing speed of 100 Gigabases per
hour, together with the capability of long reads, should
enable us to detect point mutations in any gene of any
sample. The basic concept of the mutation assay is very
simple: just prepare target template and sequence it ac-
curately. To ensure accuracy of sequencing, ‘circular
single-stranded DNA template’ is provided to conduct
DNA sequencing repeatedly on the same template.

Template preparation: A target gene can be select-
ed as one chooses. The length of the target will be
around 1000 bases. As shown in Fig. 1, DNA extracted
from tissues or cells of interest is digested by a restric-
tion endonuclease. The DNA fragment containing the
target sequence is concentrated by a solid-phase reagent
(e.g., Dynabeads etc.), attaching the target’s com-
plementary single-strand DNA. Then an adaptor for the
restriction endonuclease is annealed, followed by diges-

tion by the restriction endonuclease. The released DNA

fragment is self-ligated to form a circular single-strand-
ed DNA with primer. The necessary amount of the
starting DNA sample will depend on recovery rate of the
target sequence through template preparation. Ten
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Newly synthesized DNA -

.

Template DNA

DNA polymerase

Fig. 2. Repeated sequencing by the SMRT™ DNA sequencer. The
long-read property of SMRT™ enables repeated sequencing. Se-
quence in the circular DNA template can be read several times to en-
sure accuracy.

microgram of DNA will be fine if the recovery is almost
100%, because 10 microgram of DNA prepared from
human cells contains 6 X 10° copies of the target se-
quence. Assuming that the length of the target is 1000
bases, denominator for mutation frequency will be 6 x
10° bases which will be enough to discuss spontaneous
mutation frequency.

Repeated-sequencing and mutation identification:
SMRT™ sequencing will enable repeated-sequencing
applications. If a circular template is applied to the
SMRT™ chip, the template will be read repeatedly.
This will increase the accuracy of the sequence data
(Fig. 2). The circular single-strand DNA template pre-
pared as above is sequenced three or more times and a
putative mutation is considered genuine only if the same
mutation appears at the same position during the
repeated analysis.

Effects of Abundant DNA Adducts on the Muta-
tion Detection Strategy

Although it is an attractive strategy to detect point
mutations directly using the SMRT™ DNA sequencer,
it is difficult to distinguish a ‘real mutation’ from an ar-
tifact generated during the sequencing process. Simple
polymerase errors will occur at a frequency of at least 1
error per 10° bases even though a high-fidelity DNA
polymerase is used (3). However, this kind of error can
be excluded by the repeated-sequencing strategy as de-
scribed above. Assuming that the spontaneous mutation
frequency is around 1078, and the fidelity of the DNA
polymerase is approximately 107*, repeating the se-
quencing three times might be enough to eliminate this
kind of artifact.

However, in the template DNA there are likely to be
many DNA adducts of sample origin or produced dur-
ing DNA isolation and template preparation, which
could dramatically increase misincorporation rates at
the damaged position. Table 1 lists abundant DNA ad-
ducts which may affect polymerase fidelity. For exam-



Table 1. Abundant DNA adducts which may cause sequencing
artifacts
Bases
Adducts  Precursor Adduct incorporated References
level/ p
108 bases opposite
the lesion
8-0x0-dG G 1 C A ®)
AP site  Any bases 4 A 6,7
du C 50 A 8)
dI A 1 C 3,9
dxX G 0.5 C, T 8, 10)

ple, in an in vitro trans-lesion DNA synthesis experi-
ment, both dA and dC were incorporated opposite to 8-
o0x0-dG in a synthetic oligonucleotide template. The in-
corporation profile varies depending on the kind of
polymerase used (5). Although information about
which DNA polymerase is employed on the SMRT™
chip has not been disclosed, let us assume that the poly-
merase will incorporate dA opposite 8-0x0-dG in the
template strand with a probability of 30%; therefore,
the probability that we will misread dG as dT at the 8-
ox0-dG site will be 2.7% (=0.3%0.3 X 0.3) after tripli-
cate sequencing of the template. If the level of 8-0x0-dG
in DNA is 1 adduct per 10° bases, then 2.7 artifactual
mutations per 108 bases will occur caused by 8-oxo0-dG.
A similar situation is expected in the case of other abun-
dant DNA adducts such as the apurinic/apyrimidinic
(AP) site, deoxyinosine (dI) and deoxyxanthosine (dX).

Taking an optimistic view, SMRT™’s real-time de-
tection should allow us to minimize this difficulty. DNA
synthesis will be slowed down when the DNA poly-
merase encounters a DNA adduct. This should permit
us to distinguish between a normal base site and a DNA-
adducted site by monitoring the speed of DNA synthesis
(Fig. 3). However, this limitation may still exist in the
case of deoxyuridine (dU), which is produced by deami-
nation of dC or incorporated into DNA opposite dA
during DNA replication. Because the base-pairing prop-
erties of dU resemble those of dT, it might not be possi-
ble to distinguish dU from normal bases by the DNA
synthetic speed. If this is the case, we would have to
pretreat the template DNA with uracil DNA glycosidase
to convert dU to an AP site before subjecting it to
SMRT™ DNA sequencing.

Conclusion

As described above, applying the SMRT™ DNA se-
quencer to a mutation assay is very promising. Of
course, there may be various technical difficulties lying
in the way of development. However, in principle, this
technology can shed light on somatic mutations in any
genes of interest for the first time in history, which will
significantly enhance our understanding of mutagenesis,
tumorigenesis and aging. Also, this strategy should be
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Fig. 3. Expected signal patterns of the SMRT™ DNA sequencer
when the template contains 8-0x0-dG. (a) Undamaged DNA was used
as a template; sequence reaction proceeds at a speed of tens of bases
per second. (b) Template contains 8-0xo-dG; sequence reaction will be
retarded opposite 8-0xo-dG. In this case, dA is incorporated opposite
8-0x0-dG. (c) In the case where dC is incorporated opposite 8-0x0-dG,
the retardation time will be different from that in the case of dA.

very useful for risk evaluation of chemicals, because we
might be able to detect mutations in oncogenes and
tumor suppressor genes directly. I am looking forward
to my chance to access the SMRT™ DNA sequencer to
develop this mutation assay in the near future.
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ABSTRACT

Cytochrome P450 (CYP) 1 families including CYP1A1, 1A2 and 1B1 are well known to be deeply involved in
the initiation of several cancers, due to the fact that they activate environmental pro-carcinogens to form
ultimate carcinogens. Benzo[a]pyrene (BaP) is one of the major classes of prototypical pro-carcinogen. It is
activated by the CYP1 family to its ultimate carcinogenic forms, mainly BaP-7,8-diol-9,10-epoxide (BPDE),
and it forms adducts with DNA. This has been recognized to be a major initiation pathway for cancer. Our
previous study demonstrated that chrysoeriol, which is a dietary methoxyflavonoid, selectively inhibited
CYP1B1 enzymatic activity and might protect the CYP1B1 related-diseases such as breast cancer. In the
present study, we furtherexamined the effects of chrysoeriol on the other initiation pathway of cancer
relating to the CYP1 family with BaP in human breast cancer MCF-7 cells. The effects of chrysoeriol on the
formation of BPDE-DNA adducts were analyzed specifically using the liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method. When MCF-7 cells were incubated with 2 uM BaP for 24 h,
three types of BPDE-dG adducts, especially (+)-trans-BPDE-dG as the dominant adduct, were detected.
Co-treatment of MCF-7 cells with 10 wM chrysoeriol and BaP remarkably reduced (+)-trans-BPDE-dG for-
mation. Chrysoeriol (1-10 uM) dose-dependently inhibited both EROD activity and the gene expressions
of CYP1A1, 1B1 and 1A2 stimulated by treatment with BaP. In addition, the same amounts of chrysoeriol
significantly inhibited the binding of BaP to the aryl hydrocarbon receptor (AhR), which is the key factor
concerning the induction of the CYP1 families. In conclusion, our results clearly indicate that chrysoeriol
inhibited the formation of BPDE-DNA adducts via regulation of the AhR pathway stimulated by BaP. As
a consequence chrysoeriol may be involved in the chemoprevention of environmental pro-carcinogens
such as BaP. )

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

port for the role of PAHs as mammary carcinogens (Cavalieri et
al,, 1991; el-Bayoumy et al., 1995; Hecht, 2002). When PAHs are

Polycyclic aromatic hydrocarbons (PAHs) are an environmen-
tally ubiquitous class of compounds that are formed during
incomplete combustion of organic substances. Several PAHs have
been classified as probable human carcinogens (Boffetta et al.,
1997; Shimada, 2006). Animal studies have provided further sup-

Abbreviations: AhR, aryl hydrocarbon receptor; BaP, benzo[a]pyrene; BPDE,
7.8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene; CYP,
cytochrome P450; EROD, 7-ethoxyresorufin-O-deethylation; LC-MS/MS,
liquid chromatography-tandem mass spectrometry.
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fax: +81 54 264 5787.
E-mail address: shimoi@u-shizuoka-ken.acjp (K. Shimoi).

0300-483X/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.tox.2010.05.009

absorbed into the body they reach some organs, such as the liver,
lung and mammary glands. After activation in tissues by metab-
olizing enzymes such as the cytochrome P450 (CYP) 1 family,
PAHs reacts with DNA and forms adducts, the so-called PAH-DNA
adducts. This step has been recognized to be a major initiation path-
way for carcinogenesis induced by PAHs (Levin et al.,, 1977; Conney,
1982; Pelkonen and Nebert, 1982). On the contrary, PAHs them-
selves are basically inactive. Therefore, intact PAHs and activated
PAHs are termed as pro-carcinogens and ultimate carcinogens,
respectively. The Long Island Breast Cancer Study Project (LIBCSP),
a large population-based case-control study, reported that blood
levels of PAH-DNA adduct were associated with a modest 29-35%
elevation in breast cancer risk among women (Gammon et al.,
2004). :
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. Benzo[a]pyrene (BaP), a typical pro-carcinogenic PAH, is a ubig-
uitous environmental pollutant and is also present in tobacco
smoke, coal tar, automobile exhaust emissions and charred food.
It is categorized in Group 1 (carcinogenic to humans) in the
list published by the International Agency for Research on Can-
cer (see: http://monographs.iarc.fr/ENG/Classiﬁcation/index.php).
However, BaP itself has no carcinogenic effect. When BaP reaches
the target organ it activates the aryl hydrocarbon receptor
(AhR), which forms an active transcription factor heterodimer
with the AhR nuclear translocator (ARNT), and consequently
induces the CYP1 family, such as CYP1A1, 1A2 and 1B1 (Nebert
et al, 2000). Subsequently, BaP is metabolized to its ultimate
carcinogenic forms, mainly 7,8-dihydroxy-9,10-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (BPDE), by the CYP1 family induced by
BaP itself. BPDE is a biologically active metabolite and immedi-
ately makes several kinds of adducts with DNA (Conney, 1982).
Some researchers have reported that BPDE-DNA adduct formation
induces DNA miss-replication and mutation, and as a conse-
quence initiates the carcinogenic process (Kapitulnik et &l., 1977;
Shimada et al., 2001). Actually, animal studies in rats treated with
orally administered BaP confirm its mammary carcinogenicity (el-
Bayoumy et al., 1995). These findings suggest that protection of
BPDE-DNA adduct formation will lead to anticarcinogenesis.

BPDE has been reported to form the stereoselective metabo-
lite, 7B,8x~dihydroxy-9a, 1 Oo-epoxy-7,8,9,10-tetrahydrobenzo[a]
pyrene [(£)-anti-BPDE]. It has also been reported to react covalently
with the guanine residues of DNA to form N?-deoxyguanosine
(dG) adducts (Grollman and Shibutani, 1994; Suzuki et al., 2002),
adopting either trans and cis stereoisomeric configurations, i.e.,
(#)-trans-BPDE-dG and (+)-cis-BPDE-dG. Striking differencesin the
biological activities of these four sterecisomeric BPDE-dG adducts
havebeenreported (Sundbergetal;, 2002; Dongetal.,2004; Ruan et
al.,, 2007). The (+)-anti-BPDE is the most tumorigenic adduct, caus-
ing pulmonary adenomas in mice (Buening et al,, 1978; Kapitulnik
et al, 1978; Chang et al, 1987). The (+)-trans type of adduct is
reported to be the most abundant BPDE-dG adduct among the four
stereoisomeric dG adducts, and thus is the most influential adduct
for carcinogenic potency as compared with the other adducts (Ruan
et al., 2007; Feng et al., 2009). Therefore, it is important to qualita-
tively and quantitatively evaluate stereocisomeric BPDE-dG adducts
in DNA to understand the mutagenic and carcinogenic effects
of BaP. ‘ :
Anumber of methods have been developed for the characteriza-
tionand/or detection of BPDE-DNA adducts. A32P-postlabelling and
spectroscopic analysis have been classically used as sensitive meth-
ods for the determination of BPDE-DNA adducts. However, few
methods demonstrate the capability of resolving the stereoisomers
of BPDE-DNA adducts. Recently, liquid chromatography-tandem
mass spectrometry (LC-MS/MS) methods have been described for
the detection and quantitation of the four stereoisomeric BPDE-dG
adducts (Feng et al., 2008), and have been reported to be a useful
method for detection of BaP-derived DNA adducts in human lung
cells (Feng et al,, 2009). Therefore, the LC-MS/MS technique might
offer a precise method to evaluate BPDE-dG adduct formation.

‘In an in vitro study we previously investigated the effects
of chrysoeriol (3’-methoxy—4’,5,7—trihydroxyﬂavone), which is a
methoxy flavone that exists in botanical foods (Choi et al., 2005;
Khan and Gilani, 2006; Lin et al., 2007; Snijman et al., 2007), on the
metabolism of endogenous estrogen and 17 B-estradiol (E;), stimu-
lated by recombinant human CYP1A1 and CYP1B1 (Takemura et al.,
2010). Like BaP, E; is a pro-carcinogen and is metabolized mainly
by CYP1B1 to its ultimate carcinogen, 4-hydroxyl-E;. Chryso-
eriol selectively inhibits human recombinant CYP1B1-mediated
7-ethoxyresorufin-O-deethylation (EROD) activity five times more
effectively than CYP1A1-mediated activity at a concentration of
0.1 wM. Additionally, chrysoeriol significantly inhibits the forma-

tion of 4-methoxy-E,, which is a metabolite of 4-hydroxy-E;, in
MCF-7 cells, one of the major human breast cancer cell lines, These
findings led us to hypothesize that chrysoeriol might have chemo-
preventive effects against environmental pro-carcinogens, such as
BaP activated by the CYP1 family.

In the present study, we investigated the inhibitory effects of
chrysoeriol on BaP-induced DNA adduct formation in human MCF-
7 breast cancer cells using LC-MS/MS analysis. Additionally, in
order to clarify the inhibition mechanism, we evaluated the effects
of chrysoeriol on BaP-induced CYP1s activations, and CYP1 mRNA
induction in MCF-7 cells. Furthermore, we verified the antagonis-
tic activity of chrysoeriol against BaP-induced activation of AhR
using an AhR-based bioassay. This is the first report concerning
the inhibitory effects of chrysoeriol on the formation of specific
stereoisomeric BPDE-dG adducts using the LC-MS/MS method.

2. Materials and methods
2.1. Chemicals

HPLC grade chrysoeriol was purchased from Extrasynthése (Genay, France).
Chrysoeriol was dissolved in dimethyl sulfoxide (DMSO) at a concentration
20mM and stored at —20°C in the dark for up to 3 months. Ethoxyresorufin, 4-
hydroxycoumarin and RNase T1 were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). RNase A and protease K were sourced from Qiagen Inc. (Valencia, CA,
USA). [U-15Ns] 2-deoxyguanosine was purchased from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA, USA). (+)BPDE was a kind gift from Dr. Nicholas E.
Geacintov. of New York University (New York, NY, USA). [U~'5N5]-BPDE-dG as an
internal standard for LC-MS/MS was synthesized by mixing (+)BPDE and [U-15Ns]
2'-deoxyguanosine, and fractionated using HPLC according to the method reported
by Singh et al. (Singh et al., 2006). The oligodeoxynucleotide containing a single
(+)-trans-BPDE-dG was provided from Dr. Shibutani, State University of New York
at Stony Brook (Terashima et al.,, 2002). The Ah-immunoassay (Ah-1) was obtained
from Entest Japan, Inc. (Tokyo, Japan). All the other chemicals and reagents used in
the study were of the highest grade available,

2.2, Cell culture

Human breast cancer MCF-7 cells that were kindly provided by Dr. H. Hagen-
maier (University of Tuebingen, Baden-Wuerttember; , Germany) were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum, 0.1 mg/mL penicillin and 0.1 mg/mL streptomycin at 37 °C under 5% CO,. We
examined ahead effects of BaP and chrysoeriol on cell viability, and obtained the
results that existence of BaP and/or chrysoeriol were not exert any affects on the
cell survivals up to 2 and 10 WM, respectively, until 48 h of incubations (data not
shown).

2.3. DNA isolation

When cells were sub-confluent in @100 mm dishes, the medium was changed
to estrogen free DMEM including 2 \LM BaP and/or 5-10 uM chrysoeriol. Dimethyl
sulfoxide (DMSO; 0.1% of final volume) was used as a vehicle control ini the exper-
iment. After incubation for 24 h, cells were replaced from dishes and immediately
progressed to DNA isolation as described below. The Nal method was used for DNA
isolation from cells as previously described with slight modifications (Ravanat et
al., 2002). Briefly, the cells were homogenized in 1.0 mL of lysis buffer A at pH 75
(320 mM sucrose, 5 mM MgCly, 10 mM Tris and 0.1 mM desferrioxamine) with 1%
Triton X-100. The nuclei were collected by centrifugation at 1500 x g for 5 min at
4°C. The nuclear pellet was resuspended in 200 wL buffer B at PpH 8.0 (10 mM Tris,
5mM EDTA and 0.15 mM desferrioxamine) and was then mixed with 10% SDS. To
the solution were added 8 L of RNase A (1mg/mL) and 16 pL of RNase T1 (1U/uL
in RNase buffer; 10mM Tris, 1 mM EDTA and 2.5 mM desferrioxamine at pH 7.4)
and were incubated at 50 °C for 15 min. Then, the samples were treated with 40 L
of protease K (20 mg/mL in distilled water) and incubated at 55°C for 1h. Sam-
ples were centrifuged at 5000 x g for 5min at room temperature, The supernatant
was collected and mixed with 400 WL of the Nal solution (7.6 M Nal, 40 mM Tris,
20mM EDTA and 0.3 mM desferrioxamine at PH 8.0)and 670 pL of 2-propanol was
added. DNA precipitation was achieved by gently inverting the tube several times.
After centrifugation at 5000 x g for 15 min at 4°C, DNA was washed twice with 1mL
of 40% 2-propanol. The DNA pellet was washed again using 1 mL of 70% ethanol.
Finally, DNA was recovered by centrifugation and dissolved in distilled water. The
DNA concentrations were determined by measuring the absorbance at 260 nm.

2.4. DNA digestion

Fifty microgram aliquots of DNA were digested into their constituent 2'-
deoxyribonucleoside units by the addition of 15 kL of 17 mM succinate and 8 mM
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CaCl; buffer (pH 6.0) that contained micrococcal nuclease (7.5 U), spleen phosphodi-
esterase (0.025 U) and [U-15N5 ]-BPDE-dG as internal standards. The solutions were
mixed and incubated for 3 h at 37 °C, then which alkaline phosphatase (3U), 10 uL
of 0.5M Tris-HCl (pH 8.5), 5 w.L of 20mM ZnS0O4 and 67 pLL of distilled water were
added, and incubated for further 3h at 37°C. The digested sample was extracted
twice with methanol. The methanol fractions were evaporated to dryness, resus-
pended in 50 pL of 30% DMSO solution and subjected to LC-MS/MS.

2.5. LC-MS/MS analysis of BPDE-dG

LC-MS/MS analysis was performed using a Shimadzu LC system (Shimadzu

Co., Kyoto, Japan) interfaced with a Waters Micromass Quattro Ultima triple stage

quadrupole mass spectrometer (Waters, Manchester, UK). Each sample was sepa-

rated on a Shim-pack XR-ODS column (#3.0 mm x 75 mm, 2.2 m, Shimadzu Co.,

Kyoto, Japan) at a flow rate of 0.2 ml/min. The elution was carried out using 55%

methanol isocratic for 20 min. The multiple reaction monitoring (MRM) mode was

used to monitor mfz 575 >459 (for the internal standard) and mfz 570>454 (for

BPDE-dG). The standard curve of (+)-trans-BPDE-dG was obtained by digesting 50 j.g

_ of calf thymus DNA spiked with various amounts of 24-mer oligonucleotide contain-
ing single (+)-trans-BPDE-dG and [U-'°Ns]-BPDE-dG.

2.6. EROD assay in MCF-7 cells

The EROD assay was employed as a method for the evaluation of CYP1 activity
in cells with slight modifications (Ciolino and Yeh, 1999). In brief, subconfluent
MCF-7 cells in 24-well plates were treated with 1mL of phenol red-free DMEM
containing 2 .M BaP and/or 0.5-10 WM chrysoeriol. DMSO was used as a vehicle
control in the experiment. After incubation for 48 h, the medium was removed and
the wells were washed twice with phenol red-free DMEM, and the media were
replaced with 1.8 mL of medium containing 2.5 LM ethoxyresorufin and 0.2 mM
dicumarol. It was then incubated at 37°C for 20min. The formation of resorufin
was determined fluorometrically (530 nm excitation and 590 nm emission) with a
spectrofluorometer (Thermo Fisher Scientific Inc,, Worcester, MA, USA).

2.7. Real-time quantitative RT-PCR analysis

Total RNA was isolated from MCF-7 cells treated with 2 M BaP and/or 1-10 uM
chrysoeriol for 12 h using the RNA Protect Cell Reagent (Qiagen Inc., Valencia, CA,
USA) and the RNeasy Plus Mini Kit (Qiagen Inc.) according to the protocol included.
DMSO was used as a vehicle control in the experiment. Following isolation, RNA
quantity, purity and concentration were determined using a Gene Quant pro spec-
trophotometer (Amersham Biosciences, Foster City, CA, USA).

The RNA sample (300 ng) was added to 20 L of reaction mixture containing
random hexamers, MuLv Reverse Transcriptase, RNase inhibitors, 25 mM MgCly,

10 x PCR Buffer Il (Applied Biosystems, Foster City, CA, USA), and 10mM dNTP mix’

(Promega Co., Madison, W1, USA). Synthesis of cDNA was performed at 42°C for
60 min and the reverse transcription ‘re'action was stopped by heating to 95°C for
7 min, followed by cHilling on ice. The cDNA was stored at —20 :C until further use.
A total of 2 pL of cDNA was added to the 18 L of PCR mixture containing 10 puL
Taq Man Gene Expression Master Mix (Applied Biosystems), 6 jLL distilled water
DNase RNase Free (Invitrogen Co., Carlsbad, CA, USA), 1L house-keeping gene
solution(glyceraldehyde-3-phosphate dehydrogenase; GAPDH), and 1 L individual
target gene expression reagents (cytochrome P450, family 1, subfamily A, polypep-
tide 1 (CYP1AT), Assay ID, Hs00153120.m1; cytochrome P450, family 1, subfamily
A, polypeptide 2 (CYP1AZ2), Assay ID, Hs01070374.m1; cytochrome P450, family 1,
subfamily B, polypeptide 1 (CYP1B1), Assay ID, Hs00164383.m1). Real-time quan-
titative PCR was performed on a 7500 Real-Time PCR System (Applied Biosystems)
as described previously (Ohura et al,, 2010). The samples were amplified by incuba-
tion for 2 min at 50°C, then 10 min at 95°C, followed by 40 cycles at 95°C for 15s
and 60°C for 1 min. The relative expression level of the target gene product was
calculated by the comparative automatic threshold cycles method, using the house-
keeping gene, GAPDH, as a calibrator. The threshold cycle va‘h,jés for each sample
were set up at constant 0.2, The relative differences in expression between groups
were expressed using cycle time values and the relative differences between groups
were expressed as relative increases, setting the control as 100%.

2.8. AhR antagonistic activity in Ah-immunoassay

To evaluate AhR-based activities, Ah-Immunoassay (Ah-1) was carried out as
described previously (Amakura et al., 2003). The Ah-1 method is a receptor-binding
assay using cytosol containing AhR extracted from mammalian liver cells and
immunologically measures the dioxin level utilizing an antigen-antibody reac-
tion. Briefly, the cytosol (200 L) was added to chrysoeriol, or to DMSO alone
as the control. The mixture was preincubated for 20min and then incubated
with 0.1uM BaP for 2h at 30:C. After incubation, the formation of the AhR-
BaP complex was determined using an Ah-I kit. AhR activity was calculated as
{1-[(A~B)—(C-D)]/(A—B)} x 100, where A is the absorbance of the control with
BaP added, B is the absorbance of the control with DMSO added, C is the absorbance
of chrysoeriol with BaP added, and D is the absorbance of chrysoeriol with DMSO
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Fig. 1. Typical HPLC chromatogram of stereoisomers of BPDE-dG adducts formed
in MCF-7 cells treated with 2 uM BaP. Peak 1 and Peak 2 might be (+)-cis-BPDE-dG
and syn-BPDE-dG, respectively, as referred to in previous reports (Ruan et al., 2007;
Feng et al., 2008, 2009).

added. All experiments were carried out in triplicate. The values obtained with BaP
alone were considered as 100% of the control value,

2.9. Statistical analysis

.
Results were expressed as the mean = standard deviation (SD) for experiments

performed in at least triplicate. Statistical significance of differences was evaluated

using Tukey’s multiple comparison tests using Pharmaco Analysis Il Software.

3. Results

3.1. Effects of chrysoeriol on BPDE-dG adducts formation in
MCF-7 cells

The three BPDE-dG isomers were detected in BaP-treated
cells on LC-MS/MS analysis (Fig. 1). Predominant peak elucidated
at 14.0min of retention time was identified as (+)-anti-trans-
BPDE-N2-dG [(+)-trans-BPDE-dG] because its retention time was
confirmed to that of the standard compound used in this study. The
other peaks could not be identified exactly, but it was considered
that peak 1 might be (+)-anti-cis-BPDE-N?-dG [(+)-cis-BPDE-dG],
and peak 2 might be syn-BPDE-N2-dG [syn-BPDE-dG] as referred to
in the report by Feng et al. (2009). The average abundance of these
three adducts in BaP-treated cells were 4.29+0.62, 41.46 +8.63,
2.37 £0.87 adducts/107 bases, respectively. Co-treatments of 5 and
10 uM of chrysoeriol with BaP dose-dependently inhibited the
formation of (+)-cis-BPDE-dG and (+)-trans-BPDE-dG, as com-
pared with BaP in cells without chrysoeriol treatment, respectively
(Fig. 2). At higher concentrations (10 wM) both formations were
decreased significantly by 21% and 65%, respectively. On the other
hand, 5 and 10 uM of chrysoeriol had no effect on the formation
of syn-BPDE-dG as minor adducts. Consequently, the sum total of
the formation of three BPDE-dG adducts was diminished dose-
dependently as compared with BaP in cells without chrysoeriol
treatment (Fig. 2).

3.2. Effects of chrysoeriol on EROD activity of BaP-treated MCF-7
cells .

EROD activity after exposure to 2 uM BaP for 48 h was signif-
icantly increased and was 3.9 £ 0.14-fold higher than the vehicle
control (Fig. 3). Both 5 and 10 uM of chrysoeriol significantly and
dose-dependently inhibited this increase in EROD activity due to
treatment with BaP, 2.14+0.14- and 1.3 £0.05-fold than vehicle
control (P<0.01 versus group treated with BaP), respectively. On
the other hand, less than 1 uM of chrysoeriol did not induce any
inhibitory effect.
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Fig.2. Inhibitory effects of chrysoeriol on BPDE-dG adduct formation in MCF-7 cells,
Each adduct corresponded to the chromatogram in Fig. 1. Data are presented as the
mean = SD (n=3), Statistical analysis for multiple comparison was performed using
Tukey'stest(**P<0.01 versus group treated with BaP only). Closed bar, BaP treatment
without chrysoeriol; slash lined bar, BaP and 5 WM chrysoeriol treatment; dotted
bar, BaP and 10 uM chrysoeriol treatment,

3.3. Effects of chrysoeriol on CYP1 mRNA expression of
BaP-treated MCF-7 cells

BaP treatment (2 uM) of MCF-7 cells for 12 h resulted in signif-
icant increases in the CYP1A1, CYP1A2 and CYP1B1 mRNA levels
which were approximately 80+ 6.6-, 17 +3.0- and 5.8 + 0.81-fold
higher than the vehicle control, respectively (Fig.4).Inthe presence
of chrysoeriol, all three CYP1 mRNA levels were inhibited in a dose-
dependent manner. In particular, the expressions of CYP1A1 and
1A2 genes were significantly inhibited even at 1 WM of chrysoeriol
(P<0.05), 5, 10 uM of chrysoeriol (P<0.01), respectively.

3.4. AhR antagonistic activity of chrysoeriol

We used the AhR-based bioassay in order to evaluate the
influence of chrysoeriol on the AhR pathway stimulated by
BaP. As shown in Fig. 5, chrysoeriol exhibited appreciable dose-
dependent inhibition, ranging from 0.1 to 10 M when activated
by 0.1 .M of BaP treatment in this assay system. The inhibitory
effects of chrysoeriol at 0.1, 1 and 10uM were significant,
56.6+9.1%, 37.3£6.3% and 35.6+2.8% (P<0.01), respectively.
On the other hand, chrysoeriol itself did not have any effects
on AhR activation at concentrations of up to 10 uM (data not
shown). .
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Fig. 3. Inhibitory effects of chrysoeriol on BaP-induced EROD activity in MCF-7 cells.
Data are presented as the mean+SD (n=4). Statistical analysis for multiple com-
parison was performed using Tukey’s test (*P<0.05, **P<0.,01 versus control group
treated with BaP without chrysoeriol).
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Fig.4. Inhibitory effects of chrysoeriol on BaP-induced CYP1A1,CYP1A2 and CYP1B1
expression in MCF-7 cells. Data are presented as the mean+SD (n=3). Statisti-
cal analysis for multiple comparison was performed using Tukey’s test (*P<0.05,
**P<0.01 versus control group treated with BaP without chrysoeriol).

4. Discussion

In the present study, we demonstrated that chrysoeriol had a
preventive effect on stereoisomeric BPDE-dG formation in human
MCF-7 breast cancer cells treated with BaP using the LC-MS/MS
technique. When MCF-7 cells were incubated with 2 WM of BaP for
24 h, three types of BPDE-dG adducts were detected. Predominant
peak was identified as (+)-trans-BPDE-dG, because its retention
time was confirmed to that of the standard compound used in
our study. The (+)-trans-BPDE-dG was the dominant adduct in
MCF-7 cells treated with BaP. This finding was consistent with
two other studies which involved human bronchoalveolar H385
cells exposed to 2 WM BaP or 2 M (#)-BaP-7,8-dihydroxydiol
(Ruan et al,, 2007) and human lung A549 cells exposed to 5 uM
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Fig. 5. Inhibitory effects of chrysoeriol on the AhR activation induced by BaP. The
values obtained with BaP alone were considered to be 100% of the control value.Data
are presented as the mean = SD (n=3). Statistical analysis for muitiple comparison
was performed using Tukey’s test (**P<0.01 versus vehicle controls treated with BaP
alone).
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Fig. 6. Putative inhibitory mechanisms of chrysoeriol on BPDE-dG adduct formations in MCF-7 cells. HSP90, heat shock protein 90; AhR, arylhydrocarbon receptor; Arnt,
AhR nuclear translocator; XRE, xenobiotic responsive element; BPDE, BaP-7,8-diol-9,10-epoxide (BPDE).

BaP (Feng et al., 2009). The (+)-trans-BPDE-dG adducts from (-)-
BaP-7,8-dihydrodiol were detected in approximately twice the
amount observed for (+)-BaP-7,8-dihydroxydiol-exposed H385
cells. In contrast, (+)-trans-BPDE-dG was not observed in (+)-BaP-
7,8-dihydroxydiol-exposed cells. Therefore, the major adduct was
(+)-trans-BPDE-dG, which means that the (—)-BaP-7,8-dihydrodiol-
derived metabolite (+)-anti-BPDE was mainly responsible for DNA
adduct formation (Cheng et al., 1989; Geacintov et al., 1997; Ruan
et al., 2007). Three BPDE-dG adducts, in which (+)-trans-BPDE-dG
was dominant and (+)-cis-BPDE-dG and syn-BPDE-dG were minors,
were detected in A549 cells and H358 cells treated with BaP (Ruan
et al., 2007; Feng et al., 2009), although four adducts appeared in
A549 cells treated with BPDE (Feng et al., 2009). Hence, in common
with human A549 lung cells and human bronchoalveolar H358 cells
our results indicated that human MCF-7 breast cancer cells treated
with BaP also generated three BPDE-dG adducts, Additionally, with
the exception of (+)-trans-BPDE-dG, other peaks in our results could
not be precisely identified. However, it was considered that peak
1 might be (+)-cis-BPDE-dG, and peak 2 might be syn-BPDE-dG, as
referred to in previous reports (Ruan et al., 2007; Feng et al., 2008,
2009). Further studies are needed for the identification of these two
adducts.

Co-treatment involving 1-10 uM chrysoeriol in combination
with BaP inhibited the sum total formation of BPDE-dG adducts
in MCF-7 cells in a dose-dependant manner (Fig. 2). In particu-
lar, among the three adducts (+)-trans-BPDE-dG formation was
incredibly diminished in the presence of chrysoeriol. (+)-trans-
BPDE-dG is considered to be highly mutagenic in mammalian cells
(Fernandes et al., 1998; Huang et al., 2003) and to be respon-
sible for the observed tumorigenic effects in mouse skin (Levin
et al, 1977) and mouse lung (Buening et al., 1978). Therefore,
our results clearly indicate that chrysoeriol might be an effective
food ingredient that could prevent DNA adduct formation with
pro-carcinogens such as BaP. Chrysoeriol also inhibited the for-
mation of Peak 1 ((+)-cis-BPDE-dG generated in MCF-7 cells by
treatment with BaP) butdid not inhibit the formation of Peak 2 (syn-
BPDE-dG). Human breast cells are also known to express the other
CYP families, such as CYP2C6, 2D6, 2E1, 3A4 and 3A5 (Williams

and Phillips, 2000). CYP3A5 catalyzes the metabolism of (- )-BaP-
7,8-dihydrodiol to (+)-anti-BPDE (Roberts-Thomson et al., 1993),
whereas little is known about the stereoselective metabolism of
BaP-7,8-dihydrodiol by the other CYPs. syn-BPDE-dG might be pro-
duced by the other CYPs that are present in breast cells.

We further extended the investigation in order to elucidate the
mechanisms involved in the prevention of BPDE-dG formation by
chrysoeriol. BaP itself is not a mutagenic or carcinogenic com-
pound until bioactivated by xenobiotic-metabolizing enzymes such
as those in the CYP1 family and epoxide hydrolase (Conney, 1982;
Pelkonen and Nebert, 1982; Hecht, 2002; Shimada, 2006). Addition-
ally, of special note in relation to the CYP1 family and BaP is that BaP
itself induces CYP1s (Nebert et al.,, 2000, 2004 ). Chrysoeriol clearly
inhibited BaP-induced EROD activity in MCF-7 cells by roughly
the same magnitude as observed in the experiment above (Fig. 3).
Moreover, chrysoeriol significantly inhibited the gene expression of
individual CYP1A1, 1A2 and 1B1 mRNA stimulated by BaP in MCF-7
cells (Fig. 4). It is well recognized that the expression of the CYP1
family genes are regulated by AhR, a ligand activated transcription
factor (Whitlock, 1999; Nebert et al., 2004). Hence, in the final part
of our study, using an AhR-based bioassay, we evaluated the antag-
onistic activity of chrysoeriol against BaP-induced activation of
AhR.We found that BaP powerfully stimulated AhR activity, but the
co-existence of chrysoeriol diminished this stimulation-in a dose-
dependent manner (Fig. 5). Many researchers have demonstrated
the AhR antagonistic activities of substituted 3’-methoxyflavones
in MCF-7 cells (Lu et al,, 1995), human MCF-10A breast epithe-
lial cells (Reiners et al., 1998) and mouse Hepa-1c1c7 hepatoma
cells (Gasiewicz et al.,, 1996; Henry et al., 1999). In addition, 3',4/-
methoxyflavone inhibited both AhR-mediated CYP1A1 induction
and antiestrogenic activity in both MCF-7 and T47D breast cancer
cell lines by blocking the transformation of the cytosolic AhR com-
plex and the formation of the nuclear AhR complex (Lee and Safe,
2000). In the present study, chrysoeriol exhibited inhibitory effects
on the formation of BPDE-dG adducts via the regulation of the AhR
pathway, including activation of the CYP1 family stimulated by BaP,
This finding indicated that 3'-methoxy-substituted flavones such as
chrysoeriol might be potent AhR antagonists in breast cancer cells.
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In conclusion, the present study is the first to report to demon-
strate that chrysoeriol has preventive effects on BPDE-dG adduct
formation in MCF-7 cells treated with BaP and evaluated using
the LC~-MS/MS technique. As shown in Fig. 6, pro-carcinogen
BaP activates AhR pathway, and induces CYP1A1, 1A2 and 1B1
expression. Furthermore, BaP itself is metabolized to BPDE, mainly
(+)-trans-BPDE, by induced CYP1s. Following, BPDE reacts with
deoxyguanosine (dG), and forms BPDE-dG adducts, in which
(+)-trans-BPDE-dG is dominant. In this study, the formation of
(+)-trans-BPDE-dG was dramatically diminished by a 10 M con-
centration of chrysoeriol. One of the inhibitory mechanisms is
considered as inhibition of CYP1s’ gene expressions (Fig. 6, path-~
way 1), via blocking the formation of the AhR-BaP complex (Fig. 6,
pathway 2). As a consequence, chrysoeriol may be involved in the
chemoprevention of environmental pro-carcinogens such as BaP.
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Lipid Peroxidation Generates Body Odor Component
trans-2-Nonenal Covalently Bound to Protein in Vivo™
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trans-2-Nonenal is an unsaturated aldehyde with an un-
pleasant greasy and grassy odor endogenously generated during
the peroxidation of polyunsaturated fatty acids. 2-Nonenal
covalently modified human serum albumin through a reaction
in which the aldehyde preferentially reacted with the lysine res-
idues. Modified proteins were immunogenic, and a specific
monoclonal antibody (mAb) 27Q4 that cross-reacted with the
protein covalently modified with 2-nonenal was raised from
mouse. To verify the presence of the protein-bound 2-nonenal
in vivo, the mAb 27Q4 against the 2-nonenal-modified keyhole
limpet hemocyanin was raised. It was found that a novel 2-non-
enal-lysine adduct, cis- and trans-N=-3-
pyridinium]lysine (HHP-lysine), constitutes an epitope of the
antibody. The iminunoreaptive materials with mAb 27Q4 were
detected in the kidney of rats exposed to ferric nitrilotriacetate,

an iron chelate that induces free radical-mediated oxidative tis-

sue damage. Using high performance liquid chromatography
with on-line electrosprayionization tandem mass spectrometry,
we also established a highly sensitive method for detection of the
cis- and trans—HHP-ly’sine and confirmed that the 2-nonenal-
lysine adducts were indeed formed during the lipid peroxida-
tion-mediated modification of protein in vitro and in vivo. Fur-
thermore, we examined the involvement of the scavenger
receptor lectin-like oxidized low density lipoprotein receptor-1
in the recognition of 2-nonenal-modified proteins and estab-
lished that the receptor recognized the HHP -lysine adducts as a
ligand.

'Lipid peroxidation in tissue and in tissue fractions represents
a degradative process, which is the consequence of the produc-
tion and propagation of free radical reactions primarily involv-
ing membrane polyunsaturated fatty acids, and has been impli-
cated in the pathogenesis of numerous diseases, including
atherosclerosis, diabetes, cancer, and rheumatoid arthritis, as
well as in drug-associated toxicity, postischemic reoxygenation
injury, and aging (1). The peroxidative breakdown of polyun-
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supplemental Figs. S1-522.

"To whom correspondence should be addressed. Fax: 81-52-789-5741; -

E-mail: uchidak@agr.nagoya-u.ac.jp.

15302 JOURNAL OF BIOLOGICAL CHEMISTRY

[(hept-1-enyl)-4-hexyl- '

saturated fatty acids has also been implicated in the pathogen-
esis of many types of liver injuries and especially in the hepatic
damage induced by several toxic substances. The lipid peroxi-
dation leads to the formation of a broad array of different prod-
ucts with diverse and powerful biological activities. Among
them are a variety of different aldehydes (2). The primary prod-
ucts of lipid peroxidation, lipid hydroperoxides, can undergo
carbon-carbon bond cleavage via alkoxyl radicals in the pres-
ence of transition metals giving rise to the formation of short-
chain, unesterified aldehydes or a second class of aldehydes still
esterified to the parent lipid. These reactive aldehydic interme-
diates readily form covalent adducts with cellular macromole-
cules, including protein, leading to the disruption of important
cellular functions. The important agents that give rise to the
modification of protein may be represented by ¢,8-unsaturated
aldehydic intermediates, such as 2-alkenals, 4-hydroxy-2-
alkenals, and 4-oxo-2-alkenals (3, 4).

2-Alkenals represent a group of highly reactive aldehydes
containing two electrophilic reaction centers. A partially posi-
tive carbon 1 or 3 in such molecules can attack nucleophiles,
such as protein. It has been suggested that these aldehydes pri-
marily react with the sulfhydryl group of cysteine, the e-amino
group of lysine, and the imidazole group of histidine in the
proteins (2, 3). Among the 2-alkenals, 2-nonenal (Fig, 14) has a
characteristically unpleasant greasy and grassy odor. It is also a
major contributor to the unpleasant cardboard flavor in aged
beer. It was previously shown that 2-nonenal could be formed
through lipid peroxidation as a minor product in peroxide-
mediated oxidation of high concentrations of linoleic acid
hydroperoxide or from liver microsomes treated with ADP/
iron in vitro (2). Toyokuni et al. (5) also reported the production
of C2-C12 saturated and unsaturated aldehydes, mcludlng
2-nonenal, in the kidney of rats exposed to Fe**-NTA.? More

2 The abbreviations used are: Fe**-NTA, ferric nitrilotriacetate; AcLDL, acetylated
LDL; BSA, bovine serum albumin; DiD, 1,1'-dioctadecyl-3, 3,3',3'-tetramethyl-
indodicarbocyanine perchlorate; ELISA, enzyme-linked immunosorbent
assay; HHP-lysine, N<3-[(hept-1-enyl)-4-hexylpyridinium]lysine; HMBC,
"H-detected multiple-bond connectivity; KLH, keyhole limpet hemocya-
nin; LDL, low density lipoprotein; LOX-1, lectin-like oxidized LDL receptor;
HSA, human serum albumin; LC/ESI/MS/MS, high performance liquid chro-
matography with on-line electrospray ionization tandem mass spectrome-
try; mAb, monoclonal antibody; MRM, multiple reaction monitoring; PBS,
phosphate-buffered saline; HPLC, high pressure liquid chromatography; CFP,
cyan fluorescent protein; CHO, Chinese hamster ovary; Fmoc, N-9-fluorenyl)-
methoxycarbonyl; HSA, human serum albumin.
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