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Table 4. The contribution of each polycyclic aromatic compound (PAC) to aryl hydrocarbon receptor (AhR) activity in airborne particulates by
using the chemical-activated luciferase expression (CALUX) assay

Concentration in

Contribution of

Compound 1EF- aerosol® (ng/mg) 1EQ* each PACY
Anthracene NI° 1.6-0.8
Phenanthrene NI 24.3-13.9
Fluoranthene ur 45.0-21.4
Pyrene NI 52.5-25.8
Benz[alanthracene 0.26 23.9-12.2 6.2 0.083%
Chrysene 0.35 47.2-24 8¢ 17 0.23%
Triphenylene U 47.2-24.8¢
Benzo[b]fluorine 0.046 6.0-3.4 0.28 0.0038%
Benzo[b]fAuoranthene 4.7 71.5-17.7 336 4.5%
Benzo[k}fluoranthene 84 76.7-17.0 6,443 86%
Benzo[a]pyrene 1 33.9-7.9 34 0.46%
Dibenz[a, h]anthracene 9.0 41.9-3.7 377 51%
Indeno(1,2,3-cd]pyrene 2.5 87.9-11.9 220 3.0%
Benzo[ghi]perylene u 193.4-28.4
Phenalenone <0.0027 183.6-93.8 0.50 0.0067%
7H-Benz[de)anthracen-7-one u 87.4-53.7
Fluorenone NI 57.6-12.3
Xanthone NI 8.2-1.8
11H-Benzo[alfluoren-11-one 0.37 31.9-17.0 12 0.16%
11H-Benzo[b]fluoren-11-one 0.072 62.7-36.3 1.6 0.060%
Cyclopenta[cd]pyren-3(4H)-one 0.0038 2.4-2.2 0.0091 0.00012%
6H-Benzo[cd]pyren-6-one u 134.2-65.9
Anthraquinone NI ) 31.9-12.9
7,12-benz[a]anthracenequinone 0.028 39.9-14.0 1.1 0.015%
5,12-Naphthacenequinone 0.13 13.2-4.8 1.7 0.023%
Naphthalic anhydride U 195.5

* Induction equivalency factor (IEF) relative to benzo[a]pyrene (mouse hepatoma cell system).
¥ ng/mg equivalent organic carbon (1993, South California; data from Hannigan et al. [1]).
¢ Induction equivalent (1IEQ) relative to benzo[a]pyrene (concentration multiplied by IEF). The maximum concentration in the mass concentration

range of each compound was used for the calculation of TEQ.
4 Percentage 1EQ in the sum of calculated IEQs.
¢ NI = not induced.

U = less than 25% of the maximal response to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
2 This value is the sum of chrysene and triphenylene. The TEQ of chrysene is calculated by assuming this value as the total amount of chrysene.

Contribution ratio to the total AhR activity in
environmental samples

The CALUX assay using HIL1 cells is more suitable than
the yeast assay when comparing AhR ligand activity of in-
dividual compound for the evaluation of exposure effect to
wildlife and humans, because compounds are thought to be
absorbed and metabolized more easily in mammalian cells than
in yeast cells and the handling of CALUX assay is simple
(Table 1). By using the result of the CALUX assay and ana-
lytical data from other researchers, it was expected that in
gasoline exhaust particulates [3], the contribution of B[k]JFA
in the total concentration of multiplied IEF of each PAC ex-
amined in this research (this is called induction equivalent
[TEQ] relative to B[a]P) was very high (88%), followed by
B[b]FA and 1dP (4.9 and 2.3%, respectively) (Table 3) [6,12].
It was predicted that PAKs such as B[¢]FO and B[b]JFO oc-
cupied 1.3 and 0.26%, respectively, of the total, and each
contribution matched the contribution of PAHs such as B[a]P,
Chr, and B[a]A, in gasoline exhaust particulates (1.0, 1.2, and
0.80%, respectively) (Table 3) [1,3]. It also was expected that
in airborne particulates [1], the contribution of several PAHs
in the total TEQs of each PAC examined in the present research
was high for B[k]JFA, DB[a,h]A, B[b]FA, and IdP (86, 5.1,
4.5, and 3.0%, respectively) [6,12], and the contribution of
PAKSs such as B[a]FO and B{b]FO matched that of PAHs such
as B[a]P, Chr, and Bla]JA (0.16, 0.060, 0.46, 0.23, and
0.083%, respectively) (Table 4) [1]. Machala et al. [6] found that
other five-ring PAHs, such as benzo[jlfluoranthene and di-

benz[a,jlanthracene, also contributed, to some extent, to the
total AhR activity in river sediments.

CONCLUSION

This manuscript proposed that the CALUX assay is more
suitable for evaluation of AhR ligand activities of PACs than
the yeast assay from experimental data. Reports about AhR
activities of PAKs and PAQs are few, but in the present study,
NCQ, BAQ, B[a]FO, and B[b]FO showed strong AhR activ-
ities. In addition, it is predicted that these compounds con-
tribute, to some extent, to the total AhR activities of atmo-
spheric environmental samples. It was predicted that PAKs
such as B[a]FO and B[b]FO occupied 0.06 to 1.3%, of the
total IEQs of each PAC examined in the present research, and
each contribution matched the contribution of PAHs such as
B[a]P, Chr, and Bl«]A in gasoline exhaust particulates and
airborne particulates using data from the CALUX assay.
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N2-ethylidene-2'-deoxyguanosine (NV2-ethylidene-dG) is a major
DNA adduct induced by acetaldehyde. Although it is unstable in
the nucleoside form, it is relatively stable when present in DNA. In
this study, we analyzed three acetaldehyde-derived DNA adducts,
N2-ethylidene-dG, N2-ethyl-2'-deoxyguanosine (N2-Et-dG) and
a-methyl-y-hydroxy-1,N2-propano-2’ -deoxyguanosine (a-Me-y-
OH-PAG) in the liver DNA of aldehyde dehydrogenase (Aldh)-2-
knockout mice to determine the influence of alcohol consumption
and the Aldh2 genotype on the levels of DNA damage. In control
Aldh2+/+ mice, the level of N2-ethylidene-dG adduct in liver
DNA was 1.9 + 0.7 adducts per 107 bases and was not significantly
different than that of Aldh2+/— and —/— mice. In alcohol-fed
mice (20% ethanol for 5 weeks), the adduct levels of Aldh2+/+,
+/— and —/— mice were 7.9 + 1.8, 23.3 + 4.0 and 79.9 + 14.2
adducts per 107 bases, respectively, and indicated that adduct
level was alcohol and Aldh2 genotype dependent. In contrast, an
alcohol- or Aldh2 genotype-dependent increase was not observed
for a-Me-y-OH-PdG, and N2-Et-dG was not detected in any of
the analyzed samples. In conclusion, the risk of formation of N2-
ethylidene-dG in model animal liver in vivo is significantly higher
in the Aldh2-deficient population and these results may contribute
to our understanding of in vivo adduct formation in humans.

Introduction

Alcohol consumption is a risk factor for hepatocellular carcinoma and
acetaldehyde, a carcinogenic intermediate of ethanol, has been sug-
gested to be involved in the occurrence of hepatocellular carcinoma.
Two large-scale epidemiological studies revealed that habitual alco-
hol drinking was probably lead to an increased risk of hepatocellular
carcinoma and that a lack of acetaldehyde-metabolizing enzyme ac-
tivity [aldehyde dehydrogenase (ALDH)-2] was associated with this
increased risk (1,2).

There are several enzymes responsible for metabolizing alcohol in
the liver. The first step is oxidization of ethanol to acetaldehyde by

Abbreviations: ADH, alcohol dehydrogenase; ALDH, aldehyde dehydroge-
nase; edA, 1,N%-etheno-2'-deoxyadenosine; LC/MS/MS, liquid chromatogra-
phy tandem mass spectrometry; a-Me-y-OH-PdG, a-methyl-y-hydroxy-1,
N2-propano-2’-deoxyguanosine; N>-Et-dG, N%-ethyl-2’-deoxyguanosine; N*-
ethylidene-dG, N*-ethylidene-2’-deoxyguanosine.

alcohol dehydrogenase (ADH) and the ADH holoenzyme may exist as
either a homodimer or heterodimer of a, B and y subunits, encoded by
ADH1, ADH2 and ADH3, respectively. The second step is oxidation
of acetaldehyde to acetic acid by ALDH or inducible cytochrome
P450 2E1. Human ALDH isozymes are divided into two groups de-
termined by their Michaelis constant values for acetaldehyde: the low
K., ALDH (ALDH! and ALDH2) and high K, ALDH (ALDH3 and
ALDH4). The K, values of ALDH3 and ALDH4 are on the order of
millimolar (5-83 mM) (3), cytosolic ALDHI1 is on the order of mi-
cromolar (180 pM) and mitochondrial ALDH2 is on the order of
nanomolar (200 nM) (4), suggesting that ALDH?2 is a key enzyme
responsible for catalyzing oxidation acetaldehyde in human liver.
Approximately 40% of Japanese have a mutation in the ALDH2 gene
whereas most Caucasians and Africans do not (5). ALDH2 is a homo-
tetrameric enzyme and the mutant ALDH2*2 allele (Glu487Lys)
encodes for a catalytically inactive subunit (6). It is predicted that
individuals who possess the ALDH2*1/2*2 genotype will have only
6.25% of the normal ALDH2 protein and that other tetramers con-
taining one or more of the ALDH2*2 subunits are mostly inactive.
However, when taken together, the overall measured activity of the
five possible tetramer combinations of the ALDH2*1/2*2 genotype is
~13% (7,8). Lastly, individuals who are ALDH2*2/2*2 homozygous
have little ALDH?2 activity.

Acetaldehyde itself is a carcinogen that induced nasal tumors in
experimental animals by inhalation (9), and is thought to be a tumor
initiator because of its mutagenic and DNA-damaging properties
(10-13). Recently, we developed an analytical method for acetalde-
hyde-derived stable DNA adducts, N?-ethyl-2’-deoxyguanosine
(N?-Et-dG), a-S- and o-R-methyl-y-hydroxy-1,N2-propano-2’ -deoxy-
guanosine (a-S-Me-y-OH-PdG and a-R-Me-y-OH-PdG) by using
sensitive liquid chromatography tandem mass spectrometry (LC/
MS/MS) (14). Other than these stable DNA adducts, the reaction of
acetaldehyde with deoxyguanosine results in the formation of
an unstable Schiff base at the N? position of deoxyguanosine [N>-
ethylidene-2’-deoxyguanosine (N2-ethylidene-dG)] (Figure 1). Wang
et al. (15) showed that N2-ethylidene-dG in human liver DNA is
relatively stable and that the presence of this adduct could be con-
firmed by detection of N?-Et-dG after reduction of DNA during iso-
lation and enzymatic hydrolysis. They showed that when the
reduction step was included during these steps that approximately
a few 100 times more N2-Et-dG was detected in some cases. In this
study, we analyzed these acetaldehyde-derived DNA adducts in the
liver DNA of Aldh2-knockout mice that were exposed to alcohol to
determine the effects of alcohol consumption and the Aldh2 genotype
on the levels of DNA damage in the target organ.

Materials and methods

Aldh2-knockout mice

Aldh2-knockout mice, which had been backcrossed with C57BL6, were ob-
tained from the Department of Environmental Health, University of Occupa-
tional and Environmental Health, Japan. Male mice, aged 10~11 weeks old,
were used in conformity with the regulations of the committee on animal
experiments of Saga University, Japan. The genomic DNA of all subjects
was extracted twice—from a small part of the ear and the lung-—and the
genotype of Aldh2 was determined by polymerase chain reaction according
to the method of Kitagawa et al. (16).

Alcohol feeding

Male mice were fed an ethanol solution (20%) and standard hard feed CR-LPF
(348 kcal/100 g) (Charles River Japan, Yokohama, Japan) for 5 weeks. The
number of mice ranged from four to six per group. After 5 weeks, the mice
were killed and liver tissue specimens were removed immediately after blood
collection, and then parts of the tissue specimens were frozen in liquid nitrogen
and stored at —80°C until they were analyzed.
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Fig. 1. Formation of acetaldehyde-deoxyguanosine adducts.
1, N2-ethylidene-dG; 2, N*Et-dG and 3, a-Me-y-OH-PdG.

DNA isolation from mouse liver

For quantification of M-Et-dG, a-methyl-y-hydroxy-1,N?-propano-2’-deoxy-
guanosine (0-Me-y-OH-PdG) and 1,NS-etheno-2’-deoxyadenosine (edA),
DNA was purified from mouse liver (~50 mg amounts) by using Puregene™
DNA Purification System Cell and Tissue kit. The protocol was performed
basically as described according to the manufacturer except that desferrox-
amine (final concentration: 0.1 mM) was added to all solutions to avoid for-
mation of oxidative adducts during the purification step.

For quantification of N%-ethylidene-dG, DNA was isolated from mouse liver
(~50 mg amounts) as described by Wang et al. (15). The Puregene™ DNA
Purification System Cell and Tissue kit was used. The protocol was basically as
described according to the manufacturer except that NaBH;CN was added to
the Puregene cell lysis solution (final concentration was 150 mM) and other
solutions (2-propanol, Tris—ethylenediaminetetraacetic acid, ethanol and 70%
ethanol; final concentration was 100 mM). After the purification step, DNA
was dissolved in 10 mM Tris-HCI/5 mM ethylenediaminetetraacetic acid

" buffer (pH 7), extracted with chloroform and precipitated with ethanol also
as described by Wang et al. (15).

DNA adduct standards and their stable isotopes

N2-Et-dG, a-Me-y-OH-PdG and their [U-'5N;)-labeled standards were synthe-
sized as described previously (14). edA was purchased from Sigma-Aldrich
Japan, Tokyo, Japan and [U-!*N;] edA was prepared from [U-'*N5] dA (Cam-
bridge Isotope Laboratory, Andover, MA, USA) following a method as de-
scribed previously (17).

DNA digestion

DNA samples (20 pg) were digested to their corresponding 2'-deoxyribo-
nucleoside-3’-monophosphates by the addition of 15 pl of 17 mM citrate plus
8 mM CaCl, buffer that contained micrococcal nuclease (22.5 U) and spleen
phosphodiesterase (0.075 U) plus internal standards. Solutions were mixed and
incubated for 3 h at 37°C, after which alkaline phosphatase (3 U), 10 ul of 0.5
M Tris—HCI (pH 8.5), 5 ul of 20 mM ZnSO4 and 67 pl of distilled water were
added and incubated further for 3 h at 37°C. The digested sample was extracted
twice with methanol. The methanol fractions were evaporated to dryness, re-
suspended in 100 pl of distilled water and subjected to LC/MS/MS.

2364

Instrumentation

LC/MS/MS analyses were performed using a Shimadzu LC system (Shimadzu,
Kyoto, Japan) interfaced with a Quattro Ultima triple stage quadrupole MS
(Waters—Micromass, Manchester, UK). The L.C column was eluted over a gra-
dient that began at a ratio of 2% methanol to 98% water and was changed to
40% methanol over a period of 40 min, changed to 80% methanol from 40 to
45 min and finally returned to the original starting conditions, 2:98, for the
remaining 15 min. The total run time was 60 min. Sample injection volumes of
50 pl each were separated on a Shim-pack FC-ODS column (4.6 x 150 mm;
Shimadzu) and eluted at a flow rate of 0.4 ml/min. Mass spectral analyses were
carried out in positive ion mode with nitrogen as the nebulizing gas. The ion
source temperature was 130°C, the desolvation gas temperature was 380°C and
the cone voltage was operated at a constant 35 V. Nitrogen gas was also used as
the desolvation gas (700 L/h) and cone gas (35 /h) and argon was used as the
collision gas at a collision cell pressure of 1.5 x 1073 mbar. Positive ions were
acquired in multiple reaction monitoring (MRM) mode. The MRM transitions
monitored were as follows: ['5Ns]-a-Me-y-OH-PdG, m/z 343 — 227; a-Me-y-
OH-PdG, m/z 338 — 222; ['*Ns}-N*-Et-dG, m/z 301 — 185; N>-Et-dG, m/z
296 — 180; {"*Ns)-edA, m/z 281 — 165 and edA, m/z 276 — 160. The
amount of each DNA adduct was quantified by the ratio of the peak area of
the target adducts and of its stable isotope. QuanLynx (version 4.0) software
(Waters—Micromass) was used to create standard curves and to calculate the
adduct concentrations. The amount of deoxyguanosine was monitored by a Shi-
madzu SPD-10A UV-Visible detector that was in place before the tandem MS.

Results

Ethanol and food intake by male mice

The male mice were fed with water or 20% ethanol and standard hard
feed for 5 weeks. Feed intake was slightly decreased in the 20%
ethanol group, but not significantly different between Aldh2 geno-
types. The average ethanol intake in the case of the 20% ethanol group
was not significantly different between Aldh2 genotypes (~23 g/day/
kg body wt) whereas significant losses in body weight were observed
only in the Aldh2—/— mice (data not shown).

DNA adduct levels in the liver of control and alcohol-treated mice

After 5 weeks, mice were Killed and their liver DNA was purified to
detect DNA adduct levels. The acetaldehyde-inducible stable DNA
adducts, N?-Et-dG and a-Me-y-OH-PdG, were analyzed and edA,
a DNA adduct induced by lipid peroxidation, was also analyzed for
comparative purposes. The LC/MS/MS instrument employed for an-
alyzing these adducts was sensitive enough to detect at least one
adduct per 10% bases in this experimental protocol (14). How-
ever, N2-Et-dG was not detected in any liver DNA samples for both
alcohol-treated and non-treated mice for any Aldh2 genotype.
a-Me-y-OH-PdG and edA were detected in all the samples analyzed
but neither alcohol-dependent nor Aldh2 genotype-dependent in-
creases in adduct levels were observed (Figure 2).

Detection of hepatic N?-ethylidene-dG adduct in Aldh2-knockout
mice

To measure N2-ethylidene-dG in DNA, liver samples were homoge-
nized in lysis buffer containing the strong reducing agent NaBH;CN,
followed by DNA purification in the presence of NaBH;CN. During
the purification step, it was expected that N2-ethylidene-dG would be
converted to stable N2-Et-dG. The average N?-ethylidene-dG level in
liver DNA from untreated Aldh2+/4+ mice was 1.9 + 0.7 adducts per
107 bases. Both Aldh2 hetero- and homo-deficient genotypes did not
affect N2-ethylidene-dG levels in untreated mice. However, in the
20% ethanol-consuming mice, significant increases in the levels of
N2-ethylidene-dG in the liver DNA of Aldh2+/+ mice (7.9 = 1.8
adducts per 107 bases) and Aldh2+/— and Aldh2—/— mice were ob-
served; levels were 23.3 4.0 and 79.9 + 14.2 adducts per 107 bases in
Aldh2+/— and Aldh2—/— mouse liver DNA, respectively (Figure 3).
These data indicated an Aldh2 genotype-dependent increase in the
levels of N?-ethylidene-dG in liver DNA.
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Fig. 2. DNA adductlevels in control and alcohol-treated mice having different
Aldh2 genotypes. Mice were fed with water (Aldh2+/+:n =5, +/—:n=17
and —/—: n = 5) or 20% ethanol (Aldh2+/+:n = 6, +/—:n = 5 and —/—:
n = 2) for 5 weeks. Liver DNA samples were purified without addition of
reducing agent NaBH;CN. (A) The levels of a-Me-y-OH-PdG (open bar:
a-S-Me-y-OH-PdG and closed bar: a-R-Me-y-OH-PdG). (B) The levels of
edA. The error bars represent the standard deviation.

Discussion

The ALDH2-knockout mouse developed by Kitagawa et al. (16) has a
portion of the phosphoglycerate kinase (PGK) gene promoter contain-
ing an in frame termination codon inserted immediately downstream
of exon 3. The Aldh2—/— mouse has null mRNA of Aldh2, null
ALDH2 protein and null mitochondrial aldehyde oxidation activity
in the liver, but maintains a normal level of cytosolic aldehyde oxi-
dation activity. In the mouse model, no ALDH?2 protein is expressed
from the Aldh2-knockout gene due to the stop codon present in the
inserted PGK promoter gene. In the Aldh2+-/— mice liver, half of the
activity for metabolizing acetaldehyde remains compared with the
Aldh2+/+ mouse. On the other hand, human ALDH2*1/2*2 hetero-
zygotes have only 13% of the native activity because the heterote-
tramers of the ALDH2*] and ALDH2*2 subunits do not function
properly (8). Thus, ALDH2 activity in a human ALDH2*2/2*1 het-
erozygote corresponds with that of the homozygous knockout
(Aldh2—/-) mouse rather than the heterozygous (Aldh2+/—) mice.
Isse et al. (18) reported that the blood acetaldehyde concentration
after gavage of ethanol (1 g/kg body wt) of Aldh2—/— mice was ~18
MM and that was 9.3 times higher than that of Aldh2+4-/+ mice. Our
observations show that the N?-ethylidene-dG levels in the liver DNA
of the ethanol-fed Aldh2—/~ mice was 10 times higher than that of
Aldh2+/+ mice, and these data are consistent with data of acetalde-
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Fig. 3. Alcohol- and Aldh2 genotype-dependent increases in N*-ethylidene-
dG levels in mice liver DNA. Mice with various Aldh2 genotypes were fed
with water (Aldh2+/4:n =5, +/—:n =7 and —/—: n = 5) or 20% ethanol
(Aldh2+4-/+: n = 6, +/—: n = 5 and —/—: n = 4) for S weeks and the liver
DNA was purified under the presence of NaBH;CN to reduce unstable
N2-ethylidene-dG to stable N?-Et-dG. N2-ethylidene-dG was detected as
N?-Et-dG by using LC/MS/MS. (A) A representative LC/MS/MS
chromatogram of transition m/z 301 — 185 for [U-'*N;] N?-Et-dG as an
internal standard. (B-D) Representative LC/MS/MS chromatograms of
transition m/z 296 — 180 for N>-Et-dG in Aldh2+/+ (B), +/— (C) and —/—
(D) mice. (E) The levels of N*-ethylidene-dG in mice liver DNA. The error
bars represent the standard deviation. *Significantly increased from water
control (+/+); **significantly increased from water control (4/-) or ethanol-
treated Aldh24-/+ mice and ***significantly increased from water control
(—/-) or ethanol-treated Aldh2-+/+ and +/— mice (P < 0.01).

hyde burden. Human alcohol challenge tests have shown that after
drinking a moderate amount of ethanol (0.8 g/kg body wt), the aver-
age peak in blood acetaldehyde concentrations in ALDH2°1/2*2 in-
dividuals was 23 pM and that was 7.5 times greater than that of active
ALDH?2*1/2*1 homozygotes (19). Thus, it is possible that higher
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N2-ethylidene-dG levels in liver DNA exist in drinkers having
ALDH2*1/2*2 genotypes more than in ALDH2*1/2*1 genotypes.

On the other hand, N2-Et-dG, a reduced product of N?-ethylidene-
dG, was not detected in any of the liver DNA samples analyzed. Since
our LC/MS/MS method can detect at least one N2-Et-dG adduct in 108
nucleotides, the adduct level should be at least 18—-800 times lower
than in the case of N?-ethylidene-dG in mouse liver DNA. a-Me-y-
OH-PdG, another acetaldehyde-induced DNA adduct, was detected at
the level of 4.5-8.1 adducts per 108 nucleotides, however, neither
significant alcohol-dependent nor Aldh2 genotype-dependent in-
creases in adduct levels were observed. Previously, we determined
the DNA adducts in the blood of 44 DNA samples from Japanese
alcoholic patients who consumed an average of 116 g of ethanol every
day for 25 years, and the levels of N2-Et-dG and a-Me-y-OH-PdG
were significantly higher in alcoholics with the ALDH2*1/2*2
genotype as compared with those with the ALDH2*1/2*1 genotype
(14). Since many lymphoid cells are long-lived and may persist as
memory cells for several years (20), N?-Et-dG may accumulate in the
lymphoid cells of such subjects. In this study, mice were fed alcohol
for only 5 weeks and that may not have been enough time for these
adducts to accumulate to detectable levels in the liver, although we
should consider species-specific differences and tissue-specific differ-
ences with respect to endogenous reduction of N>-ethylidene-dG and
DNA repair activity. From our data in this study at least, we can
clearly say that N2-ethylidene-dG, rather than N2-Et-dG and o-Me-
v-OH-PdG, is a sensitive biomarker for acetaldehyde exposure
in vivo.

There have been several studies in regard to the mutagenicity of
N2-Et-dG and o-Me-y-OH-PdG. N2-Et-dG adducts induce G to C
mutations during DNA synthesis catalyzed by the Escherichia coli
DNA polymerase I Klenow fragment (21) and G to T mutations
during gap-filling DNA synthesis in E.coli cells (22). N?-ethyl-2'-
deoxyguanosine triphosphate (N2-Et-dGTP) was effectively utilized
during DNA synthesis catalyzed by mammalian DNA polymerases
o and § (23). Additionally, it has been shown that N2-Et-dG strongly
blocks replicative DNA polymerization, which leads to frameshift
deletion mutations (24,25). When a single-strand shuttle vector con-
taining a single diastereoisomer of a-Me-y-OH-PdG was propagated
in a mammalian cell line, the mutational frequency was 5—6%; G to T
transversions were detected as the dominant form of damage (26). In
addition, a-Me-y-OH-PdG adducts are thought to be the precursor
lesions to DNA-DNA or DNA-protein cross-links (27,28). Taken
together, these observations suggest that N2-Et-dG and a-Me-y-OH-
PdG adducts are mutagenic DNA lesions that may cause human can-
cers, however, in regard to N2-ethylidene-dG, little information is yet
available about its biological significance.

In closing, although the biological significance of N*-ethylidene-
dG is not clear, it was clearly shown that the adduct levels in liver
DNA were relatively high and significantly increased after alcohol
uptake. It will be essential to study the mutagenicity and repair prop-
erties of this sensitive and abundant alcohol- and Aldh2 genotype-
dependent biomarker in the near future.
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Abstract

Methods for determining the differential susceptibility of human organs to DNA damage have not yet been explored to any
large extent due to technical constraints. The development of comprehensive analytical approaches by which to detect intertissue
variations in DNA damage susceptibility may advance our understanding of the roles of DNA adducts in cancer etiology and as
exposure biomarkers at least. A strategy designed for the detection and comparison of multiple DNA adducts from different tissue
samples was applied to assess esophageal and peripherally- and centrally-located lung tissue DNA obtained from the same person.
This adductome approach utilized LC/ESI-MS/MS analysis methods designed to detect the neutral loss of 2'-deoxyribose from
positively ionized 2’-deoxynucleoside adducts transmitting the [M+H]* > [M+H—116]* transition over 374 transitions. In the final
analyses, adductome maps were produced which facilitated the visualization of putative DNA adducts and their relative levels of
occurrence and allowed for comprehensive comparisons between samples, including a calf thymus DNA negative control. The
largest putative adducts were distributed similarly across the samples, however, differences in the relative amounts of putative
adducts in lung and esophagus tissue were also revealed. The largest-occurring lung tissue DNA putative adducts were 90% similar
(n=>50), while putative adducts in esophagus tissue DNA were shown to be 80 and 84% similar to central and peripheral lung tissue
DNA respectively. Seven DNA adducts, N*-ethyl-2’-deoxyguanosine (N*-ethyl-dG), 1,N®-etheno-2'-deoxyadenosine (edA), -
S- and a-R-methyl-y-hydroxy-1,N2-propano-2'-deoxyguanosine (1,N2-PdG,, 1,N?-PdG,), 3-(2'-deoxyribosyl)-5.6,7,8-tetrahydro-
8-hydroxy-pyrimido{1,2-a]purine-(3H)-one (8-OH-PdG) and the two stereoisomers of 3-(2'-deoxyribosyl)-5,6,7,8-tetrahydro-6-
hydroxypyrimido{1,2-a]purine-(3H)-one (6-OH-PdG) were unambiguously detected in all tissue DNA samples by comparison to
authentic adduct standards and stable isotope dilution and their identities were matched to putative adducts detected in the adductome
maps.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Xenobiotics from the environment and endoge-
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fax_(i%rlreigt;rg'ﬁ:;{ or. Tel.: +81 75753 517 nously-produced oxidants may damage DNA by the pro-
E-mail address: matsuda@z05.mbox.media.kyoto-u.ac.jp duction of DNA adducts and this vulnerability of cellular
(T. Matsuda). DNA to modification occurs continuously [1,2]. Consid-
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ering that the initiating event in chemical carcinogenesis
is the binding of a reactive compound to DNA to form
a DNA adduct, DNA adducts have become the focus of
intensive research over the last 30 years and are the sub-
ject of recent excellent reviews [3-8]. Generally, DNA
adducts are repaired with high efficiency in the cells
of the body, however, when adducts are unrepaired or
misrepaired they may result in a variety of potentially
deleterious consequences such as mutagenesis, carcino-
genesis, accelerated aging or neurological syndromes
such as Alzheimer’s disease. To understand more clearly
the roles of DNA adducts in (1) the etiology of these pro-
cesses, (2) as biomarkers of exposure and (3) as potential
markers of cancer risk — as has been called for recently
[9-11] - are matters of much interest and the develop-
ment of new methods to monitor adducts in human DNA
may advance our understanding of these roles.

Liquid chromatography coupled with electrospray
ionization tandem mass spectrometry (LC/ESI-MS/MS)
is a powerful technique that allows for sensitive DNA
adduct detection in the picogram range as low as approx-
imately 1 adduct per to 10° bases and through the tandem
MS, powerful selectivity options are available by utiliz-
ing one stage of mass analysis to preselect an ion of
interest and a second stage to analyze the induced frag-
- ments. Indeed, the future of LC/ESI-MS/MS as a reliable
method for analyzing DNA adducts may have strong
potential [12-14]. Exploiting these positive aspects of
LC/ESI-MS/MS, various groups have developed meth-
ods for measuring different DNA adduct types, from
different tissues, and from different organisms [15-19]
for example and reviewed in [13]. Additionally, multi-
ple DNA adduct monitoring by LC/ESI-MS/MS or by
other techniques has also been conducted in some cir-
cumstances and sometimes with the aim to compare

correlations between different adduct types and/or tissue

types [20-23].

The development of techniques that allow for simul-
taneous monitoring of multiple types of DNA adducts
that are complementary to DNA adduct identification
processes shall expand our capabilities to analyze DNA
damage across a wide spectrum of potential experimental
designs. These may include the examination of differ-
ences among individuals based upon variables such as
occupational exposure, lifestyle, age, sex and genotype.
Specifically, comparisons may be performed by analyz-
ing DNA from the same organs of different individuals
for example, or comparisons may be performed by ana-
lyzing DNA obtained from different locations within
the same tissue, or from among different tissues but
from within the same individual for example. Currently,
although the number of studies may be limited, exam-

ination of intratissue and intertissue variations to DNA
damage susceptibility may provide insights on a number
of issues related to DNA adduct formation in humans.
Examples include the capability to compare the rela-
tive repair potential or cell turnover of a specific tissue
with adduct formation, or the capability to determine
the specific susceptibilities of different tissue types or
regions of tissue to specific types of DNA damage. In this
report, an assessment of intertissue DNA adduct varia-
tion from peripherally- and centrally-located lung tissue
and esophagus tissue obtained from the same individual
is presented and the potential of the adductome approach
[24] is discussed.

2. Materials and methods

2.1. Biochemicals and chemicals

The enzymes micrococcal nuclease (MN) and bovine
spleen phosphodiesterase I (SPD) were purchased from
Worthington - Biochemical Corp., (Lakewood, NJ, USA).
Bacterial alkaline phosphatase Type III (E. coli) and calf
thymus DNA were purchased from Sigma Co., (St. Louis,
MO, USA). Acrolein monomer was purchased from Tokyo
Chemical Industry Co., Ltd. (TCI, Tokyo, Japan) and [U-
15N;]-2'-deoxyguanosine ([U-'SNs}-dG, 98% purity) was from
Cambridge Isotope Laboratories, Inc., Andover, MA, USA.

Analytical standards of the following DNA adducts,
N2-ethyl-2'-deoxyguanosine (N2-ethyl-dG), the stereoisomers
a-S- and a-R-methyl-y-hydroxy-1,N?-propano-2'-deoxygua-
nosine (1,N*-PdG,, 1,N*-PdG,), 3-(2'-deoxyribosyl)-5,6,7,
8-tetrahydro-8-hydroxy-pyrimido[1,2-g]purine-(3H)-one (8-
OH-PdG) and the two stereoisomers 3-(2'-deoxyribosyl)-
5,6,7,8-tetrahydro-6-hydroxypyrimido|[1,2-a]purine-(3 H)-one
(6-OH-PdG) were synthesized as described below, while
standards of 1,V%-etheno-2’-deoxyadenosine (edA) and
dideoxyinosine (ddI) were purchased from Sigma. Acetalde-
hyde (AA), formaldehyde, trans-2-butenal (crotonaldehyde),
sodium cyanoborohydride (NaBH3;CN), dimethyl sulfoxide
(DMSO0) and methanol, HPLC grade, were purchased from
Wako Chemical (Osaka, Japan).

2.2. Preparation of DNA adduct internal siandards

Preparation of 2’-deoxyguanosine-acrolein adducts, 6-OH-
PdG and 8-OH-PdG, was carried out by reacting 10mg of
2'-deoxyguanosine with 6 pl of acrolein in 12ml of 0.025 M
phosphate buffer (pH 7.5). The incubation proceeded for
five days in the dark in a 37°C water bath with recipro-
cal shaking at 150 rpm. The resulting reaction mixture was
subjected to reverse phase column chromatography by appli-
cation to Sep-Pak C18 cartridges (Waters Corp., Milford, MA,
USA) whereby the columns were preconditioned with 10ml
methanol and 5 ml distilled water, and the sample was applied
and eluted with approximately 5ml of methanol. The result-
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ing solutions were each concentrated en vacuo, recombined
and redissolved in a total of 600 .l of DMSO. Fifty microliter
aliquots of sample were subjected to preparative HPLC using a
Shimadzu LC10-ATVP model pump (Shimadzu, Kyoto, Japan)
equipped with a Rheodyne model 7725i injector (Rheodyne,
Cotati, CA, USA) and a C18 reverse phase column (Shim-pack
FC-0ODS, 150 mm x 4.6 mm, Shimadzu) and the fractions were
collected. The mobile phase consisted of a water and methanol
gradient, whereby water was increased to 40% over a period of
40min at a flow rate of 1 ml/min. [U-*N;}-6-OH-PdG and
[U-"N5]-8-OH-PdG were prepared in the same manner as
their unlabeled counterparts, but on a smailer scale by react-
ing 100 pg of [U-"*N5]-dG with 2 pl of acrolein in 400 pul of
0.025 M phosphate buffer.

[U-!5N;]-N?-ethyl-dG was prepared using a modification
of a previous method [25] by reacting 100 ul of AA with a
1 mg/m] solution of [U-**N;]-dG in a total reaction volume
of 1 ml at 37°C in the dark for 12 h. Afterwards, NaBH;CN,
approximately 20 mg, was added to the mixture in 30 min inter-
vals over a period of 2h while the reaction was continued at
37°C. The resulting solution was subjected to reverse phase
column chromatography as described in the clean-up of the
acrolein reaction products, vacuum concentrated, redissolved
in 200 uI of DMSO and purified also as described above.
[U-Y"N;]-1,NM2-PdG, and [U-*N;s]-1,N>-PdG, were prepared
by adding 20 ul of crotonaldehyde to 1 ml of [U-Ns}-dG
(1 mg/ml) for areaction time of 12hat 37 °C and [U-"Ns]-edA
was synthesized from [U-'3N;]-dA according to a previously
published method [26]. Purification of the diastereomers [U-
15N;])-1,N?-PdG, and [U-'*N5]-1,N?-PdG,, and [U-'°Ns]-edA
was carried out in the same manner as described in the prepara-
tion of [U-"N;s]-N?-ethyl-dG. Unlabeled authentic standards
of N’-ethyl-dG, 1,N*-PdG, and 1,N*-PdG, were prepared
in the same manner as described for each, but with unla-
beled deoxyguanosine. Purities of all adduct standards were
confirmed by measuring absorbance in a GeneSpec V ultravio-
let (UV)-vis spectrophotometer with accompanying software
(Hitachi Naka Instruments, Co., Ltd., Tokyo, Japan) and the
quantity of each purified standard was measured.

2.3. Esophagus and lung tissue DNA extraction and
digestion

Human lung and esophagus tissue were obtained post-
mortem from a Japanese female aged 78 years and were
stored in ethanol at —80 °C until DNA purification. DNA was
purified with the Puregene DNA Purification System (Gentra
Systems, Minneapolis, MN, USA) according to the manu-
facturer’s instructions and desferroxamine was included in
the extraction solutions (final concentration 0.1 mM). DNA
was obtained from (1) centrally-located lung tissue, from
the region of the right middle lobar bronchus bifurcation,
(2) peripherally-located lung tissue, from the distal edge of
the right inferior lobe and (3) esophagus tissue, obtained
mid-region, approximately equidistant from the pharynx and
the cardia. Purified DNA was suspended in 500 pl of dis-
tilled water and quantification was carried out by measuring

absorbance at 260 and 280 nm in a 50 pl volume quartz cell
with a UV-vis spectrophotometer. Based upon DNA concen-
tration, aliquots containing 100 pg of DNA were transferred
to 1.5 ml Eppendorf mbes and subjected to vacuum concen-
tration (model CC-105 centrifugal concentrator, Tomy Seiko
Co., Tokyo, Japan). Following water removal, lung DNA sam-
ples were enzymatically hydrolyzed to their corresponding
2'-deoxyribonucleoside-3’-monophosphates by the addition of
100 w1l of MN/SPD buffer (200mM citrate buffer, 100 mM
CaCl,, pH 6.0), plus 10l each of MN (15U/ul) and SPD
(0.05U/l). Solutions were gently mixed by hand and incu-
bated for 2h at 37 °C. After incubation, 30 units of alkaline
phosphatase, 100l of 0.5M Tris—HCl (pH 8.5), 50l of
20mM ZnSO, and 700 pl of distilled water were added.
The solution was again gently mixed and incubated further
for 3h at 37°C. After incubation the sample volume was
reduced to approximately 40pl by centrifugal concentra-
tion and the tube contents were extracted twice with chilled
methanol. To each tube, 300l of methanol were added,
the tubes were shaken for approximately 3 min at 2500 rpm
on an Eyela model CM-100 mixer (Tokyo, Japan) and fol-
lowed by centrifugation at 15,000 x g at 4°C for S5min in a
Tomy MTX-150 refrigerated centrifuge (Tomy Seiko Co.).
The supernatant extract was removed to a new tube, and
the pellet was extracted again with methanol and combined
with the previous methanol extract for a total volume of
600 wl. Lastly, the methanol was removed by centrifugal
concentration and the remaining 2'-deoxynucleosides were
resuspended in 1ml of a 2ng/ml solution of ddl internal
standard in distilled water. In addition to the esophagus and
lung tissue DNA, unreacted calf thymus DNA, 100 pg, was
treated in an identical manner prior to LC/ESI-MS/MS analy-
ses.

2.4. Instrumentation

LC/ESI-MS/MS analyses were performed using a Shi-
madzu HPLC system (Shimadzu) consisting of dual
LC-10ADVP pumps and equipped with an SPD-10ADVP
UV-vis detector interfaced with a Quattro Ultima triple stage
quadrupole mass spectrometer (Micromass, Manchester, UK).
The LC column was eluted over a gradient that began at a
ratio of 15% methanol to 85% water and was changed to
80% methanol to 20% water over a period of 10min. The
80:20 conditions were held for 10min and then returned to
the original starting conditions, 15:85, which was held for
the remaining 8 min. The total run time was 28 min during
which the sample components were delivered to the mass spec-
trometer by electrospray. Sample injection volumes of 50 pl
each were injected by a Shimadzu SIL-10ADVP autoinjec-
tor, separated on a Shim-pack FC-ODS, 150 mm x 4.6 mm
column (Shimadzu) and eluted at a flow rate of 0.5 ml/min.
Mass spectral analyses were carried out in positive ion mode
with nitrogen as the nebulizing gas. The ion source temper-
ature was 130°C, the desolvation temperature was 380 °C,
and the cone voltage was operated at a constant 35 V. Nitro-
gen gas was also used as the desolvation gas (7001/h) and
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cone gas (35V/h) and argon was used as the collision gas
at a collision cell pressure of 1.5 x 10~3 mBar. Positive ions
were acquired in MRM mode and the strategy was designed
to detect the neutral loss of 2'-deoxyribose- from positively
ionized 2'-deoxynucleoside adducts by monitoring the sam-
ples transmitting their [M+H]* > [M+H~116]* transitions. For
each tissue DNA sample, from centrally- and peripherally-
located lung tissue and esophagus tissue DNA, 374 MRM
transitions were monitored over the m/z range from transi-
tion m/z 228.8>112.8 through transition m/z 602.8>486.8.
For each 50 ul sample injection (5 pg of digested DNA on
column), a total of 32 channels were monitored simultane-
ously, with one channel for each injection reserved to monitor
the ddl internal standard at transition m/z 236.8 >136.8. By
using this strategy, each sample was injected 12 times to
complete the monitoring of transitions from ri/z 228.8 to
602.8. X

The unambiguous identification of specific target adducts
N’-ethyl-dG, edA, 1,N?-PdG,, 1,N?-PdG,, 8-OH-PdG and
two isomers of 6-OH-PdG was performed by comparison
to authentic adduct standards and by stable isotope dilu-
tion under the same LC/ESI-MS/MS conditions as explained
above except that the flow rate was 0.4ml/min and the
mobile phase was 98% water and 2% methanol, increased
linearly to 60% water and 40% methanol for 40 min, fur-
ther increased to 20% water and 80% methanol for 5min
and then returned to the original starting conditions of
98% water and 2% methanol for a total run time of
60 min. MRM transitions for each adduct type were moni-
tored as follows: [U-!>Ns}-1,N?-PdG,, [U-'*N5}-1,N?>-PdG,,
m/z 342.8>226.8; 1,N?-PdG;, 1,N*-PdG,, m/z 337.8 >221.8;
[U-¥N;]-6-OH-PdG, [U-*N;s]-8-OH-PdG, 329.0>213.0; 6-
OH-PdG, 8-OH-PdG, 324.0>208.0; [U-1*N;]-N?-ethyl-dG,
mlz 300.9>184.9; N?-ethyl-dG m/z 295.9>179.9; [U-""Ns]-
edA, m/z280.9>164.9; edA, m/z 275.9> 1599,

2.5. Data processing

Data processing was performed in stages as described pre-
viously [24]. First putative DNA adduct peaks were integrated
using MassLynx 4.0 Global Mass-Informatics Software, sec-
ondly, peak integration data were transferred to a spreadsheet
- and normalized based upon the quantity of ddl internal stan-
dard detected for each injection, thirdly, manual screening for
2'-deoxynucleoside artifacts was carried out as summarized in
Table 1. In the final stage of data processing, chromatograms
for each [M+H]* > [M+H—116]" transition, from m/z 228.8 to
602.8, were analyzed to identify and eliminate DNA adduct
“ghost” isotope peaks and data were organized to produce the
adductome maps. In the final analysis, bubble-type charts were
created whereby the LC column retention time of the putative
adduct is indicated on the x-axis, the mass to charge ratio of
the putative adduct is indicated on the y-axis, and the bubble
size represents the putative adduct peak integration area nor-
malized by the internal standard peak integration area, and is
referred to as the area response.

Table 1

Positively jonized 2-deoxynucleoside artifacts

Base® +H* +NHs*  +Na* +K* Dimer+H*
dC 228.09 245.09 250.09 266.09 455.18

dT 243.09 26009 265.09 281.09 485.09

dA 252.10 269.10 274.10 °290.10 503.20

dG 268.10 28510 290.10 306.10 53520

5-Methyl-dC  242.11 259.11 264.11 280.11 483.11

Values are given as m/z.
2 2'-Deoxycytidine; 2'-deoxythymidine; 2’'-deoxyadenosine; 2'-
deoxyguanosine.

3. Results and discussion

3.1. Adductome maps of lung, esophagus and calf
thymus negative control

Figs. 1 and 2 graphically represent the final analy-
ses for centrally- and peripherally-located lung tissue
DNA samples (Fig. 1A and 1B respectively), for esoph-
agus tissue DNA (Fig. 2A) and for negative control
calf thymus DNA (Fig. 2B) all organized as adduc-

(A) 800
550
500+

miz
F-Y
Q
o

B

m/z

25

Retention time (min)

Fig. 1. Two adductome maps of putative DNA adducts detected in

central (A) and peripheral (B) human lung tissue DNA from the same
individual. The neutral loss of 2’-deoxyribose from positively ionized

2'-deoxynucleoside putative adducts was analyzed by LC/ESI-MS/MS

in MRM mode transmitting the [M+H]* > [M+H~116]* transition

over a total of 374 transitions in the mass range from m/z 228.8 to

602.8. The active zone is indicated by the box and putative adducts a

through ¢ are labeled in the figure and discussed in the text. The black-

ened bubble (referred to as putative adduct 4 in the text) indicates a.
putative adduct that was detected at high levels in the DNA of both lung

tissue samples but that was detected at a level more than two orders of
magnitude lower in esophagus tissue DNA.
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Fig. 2. Adductome maps of putative DNA adducts detected in human
esophagus tissue DNA (A) and negative control calf thymus DNA (B).
The active zone is indicated by the box and putative adducts a through
S are labeled in the figure and discussed in the text.

tome maps. Putative DNA adducts were more or less
detected over the entire m/z range in all cases and based
upon the observed putative adduct bubble sizes and pat-
tern formations in each adductome map, a high degree
of similarity among the two lung tissue DNA samples
and the esophagus tissue DNA sample was revealed
(Fig. 1A and B and Fig. 2A). These results are in strong
contrast to the adductome map of a negative control pro-
duced as a result of DNA digestion, LC/ESI-MS/MS
analysis .and data processing of calf thymus DNA
(Fig. 2B).

In lung and esophagus tissue DNA samples, adduc-
tome mapping revealed that the most abundant putative
adducts occurred similarly in many cases and with sim-
ilar area rcspdnse values, but clear differences were also
revealed. In all three samples, the highest zone of activity
was detected between 5 and 20 min for putative adducts
that possessed m/z values approximately less than 400
and this zone is indicated in Figs. 1 and 2 by the rectan-
gular box. This active zone, defined by large numbers of
putative adducts that possessed the highest area response
values, is similar to that which was shown to occur pre-
viously in lung tissue DNA taken from a smoker and
non-smoker [24]. However, when these data are com-
pared to previous adductome analyses of lung tissue
DNA, the most abundant putative adducts detected in
this study were markedly different compared to the most
abundant putative adducts detected prior, and in addition,

these new putative adducts possessed area response val-
ues that were up to two orders of magnitude greater than
the most abundant putative adducts detected before. Con-
sidering these limited data sets, for now it may simply
be concluded that such differences reflect the exposure
profiles and metabolism of the individuals from whom
the DNA was obtained. Of particular interest in regard
to the above sitmation was that the seven maost abun-
dant putative adducts detected in lung in the previous
study [24] were also detected in the two lung adduc-
tome analyses performed in this study. Additionally, a
comparison of the average area response values of the
putative adducts from these two separate studies indi-
cated that the average area response values did not differ
by any order of magnitude, but were in fact found to
be quite similar as shown in Table 2. For this analysis,
the most abundant putative adducts in the previous study
were defined whereby at least one putative adduct of
a putative adduct pair possessed an area response value
greater than 10; seven putative adducts qualified. Indeed,
as indicated in Table 2, after matching putative adducts
from the two different studies by retention time and m/z,
the similarities between the average area response val-
ues of previously analyzed lung tissue DNA samples and
lung tissue DNA samples from this study ranged from
almost equal to approximately only six times different
(in one case, m/z 323.8) and no differences occurred by
an order of magnitude. These data indicate that these
putative adducts may be relatively conserved at these
levels in lung tissue and may lend support to data set
validation by indicating that the most abundant putative
adducts detected in this study were a result of a more
specific exposure or circumstances. Of course, further
adductome analyses of lung tissue DNA samples are
necessary and as such analyses are performed, a clearer
pattern may emerge.

3.2. Comparison of putative adducts

From all three tissue DNA samples, the 50 most abun-
dant adducts, based upon area response, were aligned by
mi/z and retention time and compared (n=50). The two
lung samples shared 90% similarity, while esophagus
DNA was 84 and 80% similar to peripheral lung DNA
and central lung DNA respectively. The area response
values of the most abundant 50 putative adducts rep-
resented approximately 85% of the total area response
values of all putative adducts detected in each of the
three samples (85.6 +0.4%, n=3) while the largest 20,
30 and 100 putative adducts represented approximately
the 76th, 81st and 90th percentiles respectively with little
standard deviation among the three samples: 76.8 £ 0.8,
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Table 2 ‘

Similarity of the average area response values of the most abundant putative adducts in lung tissue DNA from a previous sfudy (n=7) and the
corresponding identical putative adducts observed in lung tissue DNA in this study

mlz Lung tissue DNA from previous study® Lung tissue DNA from this study
RIT (min)® Area response® " RIT (min) Area response

257.8 4.43-4.47 249+ 05 441443 287 +£173
278.8 8.68-8.72 176 £ 43 8.66-8.73 310+ 52
283.8 11.46-11.50 51.1 £ 15.9 11.44-11.48 256 £ 1.6
289.8 8.68-8.70 172+ 238 8.64-8.73 20.7 £ 34
323.8 11.25-11.27 122 + 49 11.19-11.23 74.2 £ 13.0
337.8 13.08-13.12 121+ 79 13.10 13.7 £ 0.7
383.8 6.89-6.91 255+ 30 6.81-6.87 189 £ 0.2

8 Kanaly et al. [24].

b LC retention time, based upon putative adduct peak height maxima and indicated as a range. In one instance where the putative adduct peak

maxima were identical, no range is indicated.

¢ Average area response values of lung DNA putative adduct pairs with the range indicated. The area fesponse value is equal to the putative DNA
adduct LC chromatogram peak integration area normalized by the internal standard LC chromatogram peak integration area, ddI.

81.320.7 and 90.0 £ 0.3% respectively, n=3 in each
case. Considering that over 1000 putative adducts were
detected in each of the three tissue samples, and that
the most abundant 20-100 putative adducts represented
76-90% of the total number of adducts by aréa response
value, it seems prudent to focus our investigative atten-
tion on these putative adducts which occur in the most
abundant 20-100 putative adducts at this time in the early
development of the technique. Study continuation with
multiple samples from the same tissues of the same indi-
vidual and coupled with comparisons to other individuals
shall increase our understanding in regard to the range of
intratissue, intertissue and interindividual DNA adduct
variation.

3.3. Intertissue variation revealed by the final
analyses

By organizing the final analyses as adductome maps,
similarities and some differences were revealed between
the three tissue samples. In Fig. 1, attention is drawn to
the presence of four putative adducts that were detected
with relatively similar area response values in the active
zone of the two lung DNA samples. These four uniden-
tified putative adducts are designated in the adductome
maps by letters a through ¢ with a fourth putative adduct
bubble blackened for the purpose of reducing any con-
fusion in regard to the putative adduct designations and
is hereafter referred to as putative adduct d. As men-
tioned, these four putative adducts: (a) m/z 307.8, R/T
11.46-11.48 (where R/T is retention time); (b) m/z 285.8,
R/T 11.48; (c) m/z 265.8, R/IT 13.36-13.40 and (d) m/z
283.8, R/T 11.44-11.48 all possessed relatively similar

area response values in lung tissue but were found to be.

different when compared to esophagus tissue (Fig. 2A).
Although the reasons for these differences are not clear
now, such differences may represent differential DNA
adduct susceptibility between the lungs and esophagus.
For example, putative adduct a was detected at nearly
equal high levels in both lung tissue DNA samples
(area response=388.4 4 13.8; difference=13.6%) but
was more than an order of magnitude lower in esopha-
gus DNA (area response = 27.3; approximately 14 times
lower). As shown in Figs. 1 and 2 Figs. 1A, 1B and 2A,
although putative adduct b was detected at relatively high
levels in all three samples — the average area response
value was equal to 131.0 1 17.8 in lung tissue DNA — it
was detected at more than twice that level in esophagus
tissue DNA (area response =296.0). Adductome map-
ping also revealed that putative adducts ¢ and d occurred
to larger extents and at relatively equal levels in lung tis-
sue DNA but occurred to a lesser extent (putative adduct
¢) or did not appear at all in the adductome map of
esophagus tissue DNA (putative adduct d). The utility
of representing the final analyses as adductome maps
for comparing intertissue variation is adequately illus-
trated in the case of putative adduct d. Map comparisons
(Figs. 1 and 2) clearly indicate the similarities and dif-
ferences among the four DNA samples. After attention
was drawn to putative adduct d, it was later determined
that it was indeed detected in esophagus tissue DNA but
to an extent that was too small to appear in maps of this
scale. The area response value of putative adduct d in
esophagus tissue DNA was 0.14, a level that was more
than two orders of magnitude lower than that detected in
lung tissue DNA.

Additionally, adductome mapping revealed at least
two cases whereby putative adducts were detected at rel-
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atively high levels in esophagus tissue DNA (Fig. 2A)
but not in lung tissue DNA (Fig. 1A and B). As shown in
Fig. 2A, putative adducts e and f were detected in esoph-
agus tissue DNA (area response values=11.3 and 21.8
respectively) but were detected at greater than 7- and
10-fold lower levels in lung tissue DNA (average area
response values=1.630.1 and 1.9+ 0.1 respectively)
and did not appear in the adductome maps from lung tis-
sue DNA. As shown in the adductome map in Fig. 2B,
putative adduct e was detected at the highest level over-
all in calf thymus DNA, area response equal to 35.1,
which was three times higher than the level detected in
esophagus tissue DNA. Clearly indicated in Fig. 2B was
that application of the adductome mapping technique to
calf thymus DNA revealed low numbers of adducts that
possessed high area response values. Although these data
lend support to the validity of the technique, more sample
analyses are required, including the assessment of other
DNA samples that may serve as appropriate negative
controls. For example, salmon testes, human placenta
and bacterial DNA have been useful for this purpose in
the past [16].

3.4. Unambiguous adduct identification in tissue
samples and assignment of adduct identities in
.adductome maps

Fig. 3 shows identical areas of an expansion of the
active zone of the.adductome maps created for cen-
tral lung tissue DNA and esophagus tissue DNA in
Figs. 1A and 2A respectively. The retention time ranges
from 5 to 20 min and the mass to charge ratio ranges

from m/z 250 to 375 in these expansion charts. Indeed,

included in this m/z range and retention time range are all
putative adducts previously discussed in Figs. 1 and 2 and
they are indicated in Fig. 3 for reference. Noteworthy are
that the presence of putative adducts e and fwere revealed
in lung tissue DNA by this expansion, but that the level of
putative adduct d was still too low to be detected. Indeed,
the area response value of putative adduct d differed by
more than order of magnitude from putative adducts e
and f.

A major issue for expanding the power of the final
analyses and validating the adductome mapping tech-
nique is the unambiguous assignment of identities to the
putative adducts that appear in the maps. This process
is paramount to the usefulness of the technique in the
future. Considering this, four DNA adduct standards,
1,N2-PdGj, 1,N?-PdG;, N?-ethyl-dG and edA, and their
[U-15Ns]-stable isotope analogues were synthesized and
used to assay for the presence of these adducts in lung
tissue and esophagus tissue DNA by LC/ESI-MS/MS.
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Fig. 3. Expansion of identical areas’ of the active zone from central
lung tissue DNA (A) and esophagus tissue DNA (B) taken from the
adductome maps in Figs. 1A and 2A. The exact positions of four
DNA adducts whose identities were initially confirmed: 1,N2-PdG;,
1,N2-PdG,, N?-ethyl-dG and edA are indicated directly in the fig-
ure. They were identified by comparison to authentic standards and
by radioisotope dilution LC-ESI/MS/MS. Putative adducts x; through
xs and putative ‘adducts a through f are indicated in the figure and
discussed in detail in the text.

These adducts were unambiguously detected in all three
tissue DNA samples and their exact positions in the
adductome maps were determined as indicated in Fig. 3.
Identification of each adduct was made by comparison
to authentic standards using an identical LC elution gra-
dient as used for adductome map analyses (as shown for
1,N2-PdG, and 1,N2-PdG; in lung tissue DNA in Fig. 4A
and B for example) and in conjunction with unambigu-
ous identification by spiking of [U-!>Ns]-stable isotope
standards into lung tissue and esophagus tissue samples
post-digestion followed by LC/ESI-MS/MS re-analysis
utilizing higher resolution LC conditions (as shown for
£dA in lung tissue DNA in Fig. 4C and D for example).
Based upon our understanding that the most abundant
100 putative adducts detected in this study represented
90% of the number of putative adducts by area response
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Fig. 4. LC/ESI-MS/MS detection of adducts in DNA obtained from
centrally-located human lung tissue by comparison to authentic stan-
dards and by stable isotope dilution.. (A) Lung tissue sample DNA
compared to (B) 1,N2-PdG, and 1,N?-PdG, authentic standards (m/z
337.8>221.8); (C) lung tissue DNA (m/z 275.8 > 159.8) compared to
(D) [U-15Ns]-edA (m/z 280.8 > 164.8). The LC retention times are
indicated above the peaks in minutes.

in these samples, it was notable that three of the four
positively identified adducts fell into this range. edA was
detected with relatively high area response values overall
and represented the 20th most abundant adduct detected
in esophagus tissue for example. N?-ethyl-dG was the
exception and did not occur within the most abundant
100 putative adducts for any sample, but was detecied
-within the most abundant 150 putative adducts in all three
cases. Identification of adduct map positions contributes
to our overall view of the adductome maps and repre-
sents the beginning of the process of attaching identities
to putative adducts revealed by the adductome mapping
technique. Clearly, the adductome maps revealed the
presence of many unidentified abundant putative adducts
over a wide molecular weight range and it shall be a chal-
lenge to either attach identities to these putative adducts
or re-adjust the final analyses based upon the results of
future research.

3.5. Refining the process of adductome map
creation

In addition to putative adducts a through f and the
unambiguously identified adducts discussed above, five
further putative adduct designations (x; through xs) are
indicated in the adductome maps in Fig. 3. Putative
adduct x; (m/z 337.8) was revealed in a previous study
to be one of the most abundant putative adducts in
the lung tissue DNA of a smoker [24]. Based upon its
mass to charge ratio it was.hypothesized that it might
be 1,N2-PdG; or 1,N2-PdG,. Synthesis of stable iso-
topes of 1,N2-PdG; and 1,N2-PdG, followed by stable
isotope dilution analyses showed that this was not to
be the case although 1,N2-PdG; and 1,N?-PdG; were
identified in the sample. When putative adduct x; was
analyzed under higher resolution LC conditions, five
smaller peaks were further resolved to elute with x; and
based upon the literature it was discussed that these peaks
may have represented isomers of the DNA adducts of
1,N2-propano-dG [24]. In this study, this putative adduct
was detected again in lung and esophagus tissues sam-
ples except that the area response values for each putative
adduct x; were all more than half of the value encoun-
tered for the smoker in the previous study.

The most abundant putative adduct in both lung tis-
sue samples as indicated in the adductome maps in
Figs. 1-3 was putative adduct x, which possessed an
m/z value of 323.8, retention time range of 12.39-12.41
and an area response value equal to 681.8+11.9. In
esophagus tissue DNA, putative adduct x; occurred sim-
ilarly and was the second most abundant putative adduct;
retention time=12.39, area response=686.7. Due to
its large area response value, the identity of this puta-
tive adduct was checked by synthesizing and purifying
three DNA adduct standards of acrolein (8-OH-PdG and
two isomers of 6-OH-PdG) which all possess molecu-
lar weights of approximately 323. Acrolein was reacted
with dG and the '’N-stable isotope analogue of dG
as explained in the Section 2, HPLC profiles simi-
lar to that shown to, occur in previous studies were .
observed [27,28] and reaction products were purified as
8-OH-PdG and the two stereosiomers of 6-OH-PdG. Uti-
lization of these acrolein-derived DNA adduct standards
in further LC/ESI-MS/MS analyses allowed for the iden-
tification of these adducts in all three tissue samples and
their locations were identified on the adductome maps in
Fig. 3A and B; large putative adduct x3 was identified as
8-OH-PdG and putative adducts x4 and x5 were identified
as stereoisomers of 6-OH-PdG. Although these analy-
ses confirmed the presence of acrolein-derived adducts
in the three samples, the identity of putative adduct x;
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Fig. 5. 6-OH-PdG and 8-OH-PdG adduct detection by LC/ESI-MS/MS in human lung and esophagus tissue DNA by comparison to authentic
standards of 6-OH-PdG and 8-OH-PdG (m/z 324 > 208). The LC retention times are indicated above the peaks in minutes. .

remained unknown. Fig. 5 shows the confirmation of 6-
OH-PdG and 8-OH-PdG in all lung and esophagus tissue
DNA samples by comparison to authentic 6-OH-PdG
and 8-OH-PdG standards.

Overall, a total of seven DNA adducts, N?-ethyl-dG
plus six potentially endogenously- and/or exogenously-
produced oxidative adducts, 1,N2-PdG;, 1,N2-PdG,,
edA, 8-OH-PdG, and two isomers of 6-OH-PdG were
unambiguously detected in all tissue DNA samples in
this study and their positions in the adductome maps
were located. Indeed, all of these adducts have been
detected in humans in different studies and at vari-
ous levels before [22,29-31]. Exposure to bifunctional
electrophilic enals (o,-unsaturated aldehydes) such as
acrolein and crotonaldehyde, through cigarette smoke
for example, or through endogenous metabolism via
lipid peroxidation may result in the propano adducts
identified in this study. Through DNA exposure to exoge-
nous chemicals like urethane, or if enals are converted
to more DNA-reactive epoxyaldehydes through cellular
oxidative processes, etheno adducts such as edA may
result [1]. Additionally, exposure to acetaldehyde from
the environment or through alcohol or tobacco consump-
tion may result in the formation of N2-ethyl-dG adducts
{32].

3.6. Conclusions

Application of the adductome approach for the assess-
ment of intertissue DNA adduct variation was presented
for the first time. Assessment of human lung and
esophagus tissue DNA revealed many similarities and
some distinct differences in the types and abundances
of putative adducts detected in the three tissue DNA
samples. This assessment demonstrated the utility of
the adductome mapping: technique by facilitating the
visualization of putative adduct detection patterns and
their relative levels of occurrence. Application of the
adductome approach to calf thymus DNA as a nega-
tive control revealed that few putative adducts occurred
with high area response values and provided further val-
idation of the technique when compared to tissue DNA
samples.

Through the mapping technique, clear similarities

-and clear differences between the tissue samples were
.revealed and these allowed for further exploration of

those putative adducts of interest. Putative adducts in
lung tissue DNA were shown to be 90% similar by
this technique while putative adducts in esophagus tis-
sue DNA were shown to be only 80 and 84% similar
to central and peripheral lung tissue DNA respectively.
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Although over 1000 putative adducts were detected in
each of the three tissue DNA samples, analysis indi-
cated that the largest-occurring 100 putative adducts
represented 90% of all putative adducts detected in
each sample. Unambiguous identification of seven DNA
adducts by comparison to authentic adduct standards and
stable isotope dilution was performed for all three sam-
ples and DNA adduct identities were attached to putative
adducts detected by the adductome mapping technique.
In terms of technique feasibility, further refinement
shall be required such that (1) LC peak resolution is
confirmed as adequate, (2) the time required per sam-
ple injection is reasonable for the processing of high
pumbers of samples, (3) data analyses can be com-
pleted in a manageable period of time and (4) further
validation of reproducibility in terms of adduct type
detection and adduct abundance are resolved. Indeed,
the attainment of a more appropriate balance of these
variables represents one of the challenges in refining
the adductome approach for analyzing large numbers of
. samples.

In closing, the creation of adductome maps from dif-
ferent tissue DNA samples facilitated the visualization
~ of putative DNA adducts and allowed for comprehen-
sive comparisons between samples that would otherwise
prove to be difficult. As we continue to assign identities
to the putative adducts that are revealed by this method-
ology, tissue-specific or exposure-specific patterns may
continue to emerge and provide further insight on DNA
adduct formation in humans.
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Abstract

To ascertain whether measurement of possible contributing factors to carcinogenesis concurrently with the transgenic mutation
assay is useful to understand the mode of action underlying tumorigenesis of non-genotoxic carcinogens, male and female gpr
delta mice were given dicyclanil (DC), a mouse hepatocarcinogen showing all negative results in various genotoxicity tests, at,
a carcinogenic dose for 13 weeks. Together with gpr and Spi~ mutations, thiobarbituric acid-reactive substances (TBARS), 8-
hydroxydeoxyguanosine (8-OHdG) and bromodeoxyuridine labeling indices (BrdU-LlIs) in the livers were examined. Whereas
there were no changes in TBARS levels among the groups, significant increases in 8-OHdG levels and centrilobular hepatocyte
hypertrophy were observed in the treated mice of both genders. In contrast, BrdU-LIs and liver weights for the treated females, but
not the males were significantly higher than those for the controls. Likewise, the gpt mutant frequencies (MFs) in the treated females
were significantly elevated, GC:TA transversion mutations being predominant. No significant alterations were found in the gpt MFs
of the males and the Spi— MFs of both sexes. The results for the transgenic mutation assays were consistent with DC carcinogenicity
in terms of the sex specificity for females. Considering that 8-OHdG induces GC:TA transversion mutations by mispairing with A
bases, it is likely that cells with high proliferation rates and a large amounts of 8-OHdG come to harbor mutations at high incidence.
This is.the first report demonstrating DC-induced genotoxicity, the results implying that examination of carcinogenic parameters
concomitantly with reporter gene mutation assays is able to provide crucial information to comprehend the underlying mechanisms
of so-called non-genotoxic carcinogenicity.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
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mutations in mammalian cells and an in vivo test for
chromosomal damage in rodent hematopoietic cells is
usually applied in order to identify genotoxicity of envi-
ronmental chemicals such as pesticides, food additives
and pharmaceuticals [1]. However, the existence of dis-
crepancies between genotoxicity and in vivo long-term
‘carcinogenicity is well known [2]. There are several rea-
sons which may explain the occurrence of false negative
or positive results. For instance, although most carcino-
gens require biotransformation to DNA reactive species
for the purpose of exerting genotoxic effects, the enzyme
systems to metabolize xenobiotics in both bacteria and
mammalian cells using in vitro assays are lacking or are
expressed to Only a limited extent [3]. Likewise, in in
vivo short-term assays, it is doubtful whether target cells

are exposed to test chemicals at adequate doses for a’

sufficient period of time, partly because of test chem-
ical toxicity and/or a low biotransformation capacity
in hematopoietic cells [3]. Thus, it is a natural con-
sequence that alternative batteries of in vitro and/or in
vivo genotoxicity tests do not fully make up the gap [4],
which means we must focus our attention on the mode of
action in terms of the risk assessment for environmental
agents.

In this respect, reporter gene-transgenic rodents

may be useful tools to predict carcinogenicity because
studies can be performed with similar protocols as
for the long-term bioassay [5]. Transgenic mutation
assays also have the advantage of allowing a battery
of ‘other in vivo mutation assays such as micronu-
cleus tests in the same animals [6]. Additionally,
various proposed mechanisms underlying the actions
-of direct genotoxic carcinogens (e g. generation of
DNA adducts) [7], indirect genotoxic carcinogens (e.g.
aneugenicity or oxidative DNA damage) [8] and non-
genotoxic carcinogens (e.g. methylation, mitogenicity
or cytotoxicity-associated cell proliferation) [9-11]
are able to be investigated concurrently with trans-
genic mutation assays. In fact, we have reported that
simultaneous analysis of glutathione S-transferase pla-
cental form (GST-P) immunohistochemistry in the livers
of gpt delta rats provided crucial information for
understanding the chemical carcinogenesis of 2-amino-
3-methylimidazo[4,5-flquinoline, N-nitrosopyrrolidine
and di(2-ethylhexyl)phthalate [12]. Also, finding of
increases in hepatocyte proliferation together with a lack
of the transgene mutations in gpt delta mice given flume-
quine, an anti-bacterial quinolone agent, helped us to
define this mouse liver carcinogen as a genuine promoter
[13]. :
Dicyclanil (4,6-diamino-2-cyclopropylaminopyrimi-
dine-5-carbonaitrite; DC), a pyrimidine-derived insect

growth regulator, has given all negative results for
in vitro reverse mutations, gene mutations, chromoso-
mal aberrations, unscheduled DNA synthesis, in vivo
micronucleus formation [14] and alkaline single cell
electrophoretic change [15]. However, DC has been
reported to be a hepatocarcinogen in female mice [14]
and recent studies revealed a possible involvement of
oxidative stress [16]. In the present study, to explore
the mode of action underlying DC hepatocarcino-
genesis, lipid peroxidation, 8-hydroxydeoxyguanosine
(8-OHdG) and hepatocyte proliferation in the livers of

. male and female gpt deltarats given DC ata carcinogenic

dose were examined a]ong w1th the transgenic mutation

assay.

2. Materials and methods
2.1. Chemicals

Dicyclanil was kindly provided by Novartis Animal Health
Co., Ltd. (Basel, Switzerland) (Fig. 1). Alkaline phosphatase
and bromodeoxyuridine (BrdU) were obtained from Sigma
Chemical Co. (St. Louis, MO, USA) and nuclease P1 from
Yamasa Co. (Chiba, Japan).

2.2. Animals and treatments

The protocol for this study was approved by the Animal
Care and Utilization Committee of the National Institute of
Health Sciences. Male and female B6C3F1 gpt delta mice
carrying 80 tandem copies of the transgene lambda EG10 in
a haploid genome status were raised by mating of C57BL/6
gpt delta and non-transgenic C3H/He mice (Japan SLC, Inc.,
Shizuoka, Japan). Ten male and 10 female B6C3F1 gpt delta
mice were each randomized by weight into two groups. They

* were housed in a room with a barrier system, and main-

taincd under the following constant conditions: temperature
of 23+ 2°C, relative humidity of 554 5%, ventilation fre-
quency of 18 times/h and a 12-h light:12-h dark cycle, with free
access to CRF-1 basal diet (Oriental Yeast Co., Ltd., Tokyo,
Japan) and tap water. Starting at 8 weeks of age the mice were

o
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Fig. 1. Chemical structure of dicyclanil (DC).
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fed diet containing 0.15% DC or maintained as non-treatment
controls for 13 weeks. The dose of DC was a reported carcino-
genic dose in a 18-month carcinogenicity study [14]. All mice
received BrdU (100 mg/kg) by i.p. injection once a day for the
final 2 days of exposure and once on the final day, 2 h before
killing, as previous described [17]. All mice were killed at
week 13 by exsanguination under ether anesthesia and the liv-
ers were immediately removed and weighed; slices were fixed
in buffered formalin for hematoxylin and eosin (H&E) stain-
ing or BrdU immunochistochemistry. Remaining pieces of liver
were frozen with liquid nitrogen and stored at —80°C until
measurement of 8-OHdG in nuclear DNA, and levels of thio-
barbituric acid-reactive substances (TBARS) and performance
of mutation assays.

2.3. Measurement of nuclear 8-OHdG

In order to prevent 8-OHdG formation as a byproduct during
DNA isolation [ 18], liver DNA was extracted by a slight modifi-
cation of the method of Nakae et al. [19]. Briefly, nuclear DNA

was extracted with a commercially available DNA Extracter ,

WB Kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
containing an antioxidant Nal solution to dissolve cellular
components. For further prevention of autooxidation in the
cell lysis step, deferoxamine mesylate (Sigma Chemical Co.)
was added to the lysis buffer [20]. DNA was digested to
deoxynucleotides with nuclease P1 and alkaline phosphatase
and levels of 8-OHdG (8-OHdG/10° deoxyguanosine) were
assessed by high-performance liquid chromatography (HPLC)
with an electrochemical detection system (Coulochem IT, ESA,
Bedford, MA, US.A)). :

2.4. Measurement of TBARS

Malondialdehyde (MDA, nmol/g) was assessed as an
index of lipid peroxidation by the method of Uchiyama and
Mihara [21]. In brief, a 0.15 g portion of liver was homog-
enized with 1.35mL of 1.15% KCI solution. To 0.0SmL
of this homogenate, 0.2mL 8.1% SDS and 3.0mL 04%
2-thiobarbituric acid in 10% acetic acid solution (pH 3.5)
were added, followed by heating in a water bath at 95°C
for 60 min. After cooling, 5.0 mL of rn-butanol and pyridine
(15:1, v/v) and 1.0 mL distilled water were added and the mix-
ture was centrifuged at 1870 x g for 10 min. TBARS were
measured with a Hitachi F-2500 fluorescence spectrophotome-
ter (Hitachi High-Technologies Co., Tokyo, Japan) at 515 nm
(excitation) and 553 nm (emission) in the butanol/pyridine
phase.

2.5. Immunohistochemical procedures

For immunohistochemical staining of BrdU, sections were
treated sequentially with normal horse serum, monoclonal
mouse anti-BrdU (1:80), biotin-labeled horse anti-mouse
IgG (1:400) and avidin-biotin—peroxidase complex (ABC)
after denaturation of DNA with 4N HCIl. The sites of
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peroxidase binding were demonstrated by-incubation with 3,3-
diaminobenzidine tetrahydrochloride (Sigma Chemical Co.).

‘The immunostained sections were lightly counterstained with

hematoxylin for microscopic examination. -

2.6. Cell proliferation quantification

For each animal at least 3000 hepatocytes were counted.
The labeling index (BrdU-LI) was calculated as a percentage
value derived from the number of labeled cells divided by the
total number of cells counted.

2.7. Invivo mutation assays

6-TG and Spi~ selections were performed as previously
described [5]. Briefly, genomic DNA was extracted from the
livers, and lambda EG10 DNA (48kb) was rescued as the
lambda phage by in vitro packaging. For 6-TG selection, the
packaged phage was incubated with Escherichia coli YG6020,
which expresses Cre recombinase, and converted to a plasmid
carrying gpt and chloramphenicol acetyltransferase. Infected
cells were mixed with molten soft agar and poured onto agar
plates containing chloramphenicol and 6-TG. In order to deter-
mine the total number of rescued plasmids, 3000-fold diluted
phages were used to infect YG6020, and poured on the plates
containing chloramphenicol without 6-TG. The plates were
then incubated at 37 °C for selection of 6-TG-resistant colonies.
Positively selected colonies were counted on day 3 and col-
lected on day 4. The mutant frequency (MF) was calculated by
dividing the number of gpt mutants by the number of rescued
phages.

For the Spi~ selection, the packaged phage was incubated
with E. coli XL-1 Blue MRA for survival titration and E. coli
XL-1 Blue MRA P2 for mutant selection. Infected cells were
mixed with molten lambda-trypticase agar plates. Next day,
plaques (Spi~ candidates) were punched out with sterilized
glass pipetters and the agar plugs were suspended in SM buffer.
In order to confirm the Spi~ phenotype. of candidates, the sus-
pensions were spotted on three types of plates where XL-1 Blue
MRA, XL-1 Blue MRA P2 or WL95 P2 strains were spread
with soft agar. Real Spi~ mutants, which made clear plaques
on every plate, were counted.

For characterizing the mutation spectra of gpt mutants, a
739 bp DNA fragment containing the 456 bp coding region of
the gpt gene was amplified by PCR as described previously [5].
DNA sequencing was performed with Big Dye™ Terminater
Cycle Sequencing Ready Reaction (Applied Biosystems, Fos-
ter City, CA, USA) on an ABI PRISM™ 310 Genetic Analyzer
(Applied Biosystems). ’

2.8. Statistical evaluation

For statistical analysis, the Student’s r-test was used to
compare body and liver weights, as well as quantitative
data for BrdU-LIs, TBARS, 8-OHdG and MFs between
groups. :



