Fig. 9 Representative MRM chromatograms of He-dG (A), He—dA (C), He-dC (E) and each
['°N]-labeled stable isotope (B, D, and F) in the kidneys of Alz-treated F344 gpt delta rats.
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Table 1 Final body and organ weights

Ttem/group Control ES MEG EG
No. of animals 5 5 3 3
Body weight (g) 2213 £ 147 1821 & 14.0%*F 21564+ 170 2145 £ 103
Absolute weight (g)
Liver 814 = 0.78 TAS £ 078 8.63 = 1.18 885 £ 0.75
Kidney 1.46 & (.08 1.31 &= 0.05% 1.52 &£ 0.11 1.58 &+ 0.04
Relative weight (g/100g b.w))
Liver 3.67 £ 0.18 4.09 & 0.13%* 3.99 + 0.25 412 &£ 0.18%%
Kidney 0.66 + 0.02 0.72 £+ 0.04% 0.71 = 0.01 74 £ 0.05%¥

ko (3.05,0.01 vs, Control group
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Table 2 Summary of DNA adductome analysis

Compound Organ PeakNo. m/iz Rete?gci);;‘ﬁme Peak area Putative adducts Iat?;z:d
ES Liver I 436 15.9 4309287 ES-3°-N-dG [M+Nal”
1w 436 15.6 1037915 ES-1"-N-dG [M+Na]™
I 414 15.9 4309287 ES-3°-N-dG [M+HT
I 414 15.6 1037515 ES-1"-N-dG [MAHT™
11X 414 153 27796 ES-3"-C8-dG [M+H}"
v 414 12.9 27796 ES-modified dG [MHH}
v 398 17.7 2234616 ES-3-Nt-dA [M+HT
VI 374 15.2 28487 ES-modified dC [M+H] -
Kidney r 436 159 4193 ES-3'-N-dG [MA+Na]™
I 436 15.6 2898 ES-1"-M-dG [M+Na}*
I 414 15.9 23402 ES-3’-N-dG [M+H}
II 414 15.6 36289 ES-1"-N-dG [M+H]
11 414 153 3393 ES-3°-C8-dG [M+H]
v 414 12.9 1309 ES-modified dG [M+H}™
Y 398 17.7 13859 ES-3"-M-dA [MAHT
VI 374 15.2 1977 ES-modified dC [M+H]
MEG Liver r 466 14.6 2273268 MEG-modified dG  {M+Na]”
I 444 14.6 2273268 MEG-3"-N2-dG [M+H]
II 428 16.3 354471 MEG-3"-N¢-dA [M+HYT
II1 404 13.8 11962 MEG-modified dC  [M+H]"
Kidney I 444 14.6 16384 MEG-3"-A-dG [M+H]"
iI 428 16.3 4299 MEG-3"-M-dA [M+H}"
EG Liver N.D
Kidney N.D
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Table 3 gpt MFs in the livers of gpt delta rats treated with ES, MEG and EG for 4 weeks

Animal No CmR 6-TGR and Mutant
Treatment  ~ T colonies Cm® frequency Mean=®SD
(x 10%) colonies (x 10%)
1 1.13 8 0.71
2 64 9 1.41
Control 3 12.2 9 0.74 095 4+ 028
4 8.7 8 0.92
s 61 6 0.98
6 7.0 43 6.16
7 34 22 6.52
ES 8 1.3 10 7.94 6.70 = 0.86™*
g 2.8 16 5.73
10 4.8 34 7.13
11 54 16 294
12 2. 14 6.62 *
MEG 13 33 11 335 331 £2.02
14 4.1 10 2.47
15 59 7 120
16 8.3 6 0.71
17 2.4 4 1.63
EG 18 29 3 1.04 0.95 + 0.47
19 7.8 3 0.38
20 7.2 7 0.97

7 p < 0.05, 0.01 vs. Control group
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Table 4 Spi” MFs in the livers of gpt delta rats treated with ES, MEG and EG for 4 weeks

Plaques within

Animal <11 Plaques Mutant
Treatment - N N . within WL95 frequency Mean+£SD
No. Blue MRA (P2) (x 10°)
(x 109 < X

1 15.7 5 0.72
2 <135 8 0.49

Control 3 12.1 6 0.53 0.62 = 0.13
4 10.9 5 0.60
A LAA8 A 0.78
6 6.1 47 1.59
7 6.0 36 1.31

ES 8 8.6 51 1.98 132 + 048
9 58 53 1.01
10 5.0 41 0.74
11 6.7 3 222
12 95 16 1.67

MEG 13 8.4 4 0.22 1.30 =+ 0.76
14 4.3 3 1.45

..... 15 3.9 3 0.93

16 8.1 7 0.58
17 9.8 N 0.33

! 18 9.1 5 0.64 32 + 2

EG 19 9.5 4 0.56 0 0.1

20 13.3 2 051
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Table 5 gpt MFs in the kidneys of gpt delta rats treated with ES, MEG and EG for 4 weeks

Animal No Cm® 6-TG? and Mutant
Treatment " colonies Cm® frequency Mean=£SD
(x 10%) colonies (x 109

74 1.08
8.2 0.73
8.0 1.75 1.07 = 0.40
23 0.85

4.6 218

51 0.59
02 055 085 £077

3.7 0.71 |

4.6 0.22

11 111 0.63

12 36 028
MEG 13 95 0.63 0.67 £ 0.67

14 12.6 0.56

--------- LR S 125

16 1.8

2.05

17
EG is 1.44 145 £ 0.54
1.81

19
20 0.65

Control

e el DD e
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1
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{0 oo i
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Table 6 Spi” MFs in the kidneys of gpt delta rats treated with ES, MEG and EG for 4 weeks

Plagues within

. , Plaques Mutant
Treatment An%mdi XL-1 within WL95  frequency Meanz5D
No. Blue MRA " e
(% 109 ®Pn (x 10%)
1 127 4 0.32
2 151 9 0.60
Control 3 115 11 0.95 053 + 032
4 7.7 1 0.13
5 4.6 3 0.65
6 53 1 0.19
7 ~10.7 4 0.37
ES 8 12.0 2 0.17 028 = 0.11
9 7.5 2 0.27
10 7.1 3 0.42
11 14.9 7 0.47
12 5.6 4 0.72
MEG 13 10.7 9 0.84 0.52 + 027
14 13.1 2 0.15
15 7.5 3 0.40
16 7.8 7 0.32
17 9.6 s 0.60
EG 18 6.5 3 0.95 052 + 031
19 5.0 3 0.13
20 8.2 2 0.60
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Abstract DNA adductome analysis using liquid chromatog-
raphy—tandem mass spectrometry is a promising tool to ex-
haustively search DNA modifications. Given that the molec-
ular weight of chemical-specific adducts is determined by the
total molecular weights of the active form and nucleotide
bases, we developed a new method of comprehensive analysis
for chemical-specific DNA adducts based on the principle of
adductome analysis. The actual analytical mass range was 50
mass units up or down from the average molecular weight of
the four DNA bases plus the molecular weight of the expected
active form of the chemical. Using lucidin-3-O-primeveroside
(LuP), lucidin-modified bases formed by its active form were
exhaustively searched using this new method. Various DNA
adducts, including Luc-M-dG and Luc-N°-dA, were identified
in the kidneys of rats given LuP. Together with measurement
of 8-hydroxydeoxyguanosine (8-OHdG) levels, the combined
application of this new method with a reporter gene mutation
assay was performed to clarify renal carcinogenesis induced
by madder color (MC) that includes LuP and alizarin (Alz) as
constituent agents. A DNA adductome map derived from
MC-treated rats was almost identical to that of LuP-treated
rats, but not Alz-treated rats. Although 8-OHdG levels were
elevated in MC- and Alz-treated rats, significant increases in

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-014-7621-2) contains supplementary material,
which is available to authorized users.
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gptand Spi~ mutant frequencies were observed only in MC-
and LuP-treated rats. In addition, the spectrum of gpf mutants
in MC-treated rats showed almost the same pattem as those in
LuP-treated rats. The overall data suggest that LuP may be
responsible for MC-induced carcinogenicity and that the pro-
posed methodology is appropriate for exploring and under-
standing mechanisms of chemical carcinogenesis.

| Keywords DNA adduct - Oxidative DNA damage - gptdelta -

In vivo mutagenicity - Madder color

Introduction

Chemical carcinogenesis is believed to occur through multi-
stage processes that occur in response to the sequential accu-
mulation of gene mutations [1]. Therefore, clarification of
gene mutations that arise during the early stages of
chemical-induced carcinogenesis would be a promising strat-
egy for understanding the primary effects of a given chemical.
Recently, an in vivo mutation assay using gpt delta rodents
was developed that takes into account the absorption, distri-
bution, metabolism, and excretion of exogenous chemicals
[2]. This method represents a promising tool for estimating
the status of gene mutations that occur during the early stages
of carcinogenesis [3—5]. While gene mutations are caused by
several events such as topoisomerase inhibition [6] and dis-
ruption of DNA repair systems [7, 8], modification of nucle-
otide bases, such as chemical-specific bulky adducts [9, 10]
and oxidized and alkylated DNA bases [11-14], have been
considered to be main causes. Thus, in addition to data from
reporter gene mutations, global information concerning
chemical-specific DNA modifications is necessary for a better
understanding of chemical carcinogenesis.
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Reactive metabolites of genotoxic carcinogens are gen-
erally able to bind to any DNA base at several positions.
In the case of the heterocyclic amine 2-amino-3-methyl-
imidazo[4,5-f]quinoline (IQ), an IQ-dG adduct at the C8
position is a well-known major DNA modification [15],
while 1Q-dG adducts at the N*- or N7-positions [16, 17]
and IQ-dA adducts at the N°-position [17] have also been
found. Recently, Kanaly et al. [18] proposed a new ap-
proach to complete an exhaustive survey of DNA adducts
using liquid chromatography—tandem mass spectrometry
(LC-MS/MS), i.e., DNA adductome analysis. This meth-
od was developed based on the principle that DNA ad-
ducts are prone to lose deoxyribose during the fragmen-
tation process. Consequently, fragment ion peaks showing
a loss of deoxyribose [M+H-116]" from the precursor ion
[M+H]" in the MS spectrum may be presumed to be
derived from DNA adducts. We therefore attempted to
apply this principle to a comprehensive analysis of
chemical-specific DNA adducts. In our new method, we
performed a limited comprehensive analysis within a
range around the mean value (247.0) of the four DNA
base molecular weights plus the molecular weight. of the
active form of the corresponding chemical. The constitu-
tive DNA base of each adduct can then be identified by
further MS spectrum analysis. Given that mutations such
as base substitutions and deletions in a gpt mutant colony
can also be identified, this information may define a clear
relationship between DNA base modifications and
resulting gene mutations.

Madder color (MC), a dye and a food additive used in
a variety of foods and drinks, is a potent carcinogen that
in rats targets the kidneys and livers [19]. MC is com-
posed of naturally occurring anthraquinone compounds

such as alizarin (Alz) and lucidin-3-O-primeveroside

(LuP) [20]. However, whether genotoxic mechanisms are
involved in MC carcinogenesis and whether these constit-
uents are responsible for MC-induced carcinogenicity re-
main unclear. We previously demonstrated that LuP was
capable of forming Luc-specific DNA adducts in the
kidneys and livers of rats and identified the precise chem-
ical structures of two Luc-specific DNA adducts, Luc-N-
dG and Luc-N°-dA [21]. In addition, Alz treatment ele-
vated levels of 8-hydroxydeoxyguanosine (8-OHdG), a
marker of oxidatively damaged DNA, in rat kidney [22].
Here, a comprehensive analysis of chemical-specific DNA
adducts was applied to kidneys of gpr delta rats treated
with LuP, which confirmed that the Luc-specific DNA
adducts described above were detectable. A comparison
of data concerning DNA adducts, 8-OHAG levels, and
reporter gene mutations in kidneys of gpt delta rats treated
with MC to those treated with LuP or Alz was then
performed to clarify the mechanisms of MC
carcinogenesis.

@ Springer

Materials and methods
Chemicals and reagents

MC prepared according to the voluntary specification for
preparation of MC as a food additive was obtained from the
Japan Food Additives Association (Tokyo, Japan). In brief,
MC was prepared from powdered madder root by extraction
with 50 % ethanol, followed by concentration, filtration, ad-
dition of dextrin (30 % in total), spray-drying, mixing, and
pulverization. LuP was extracted from MC (powder of Rubia
tinctorum L. roots) used in Japan as a food coloring (San-Ei
Gen. FF.L, Inc., Osaka, Japan). Alz and alkaline phosphatase
were purchased from Sigma-Aldrich Japan (St. Louis, MO,
USA). Nuclease P1 was obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The purities of Alz and LuP
were 97 and 90.5 %, respectively, and their chemical struc-
tures are shown in Fig. 1.

Animal and treatments

The protocol for this study was approved by the Animal Care
and Utilization Committee of the National Institute of Health
Sciences (Tokyo). Five-week-old male F344 gpt delta rats
carrying approximately 10 tandem copies of the transgene
lambda EG10 per haploid genome were obtained from Japan
SLC (Shizuoka, Japan). Twenty gpt delta rats were housed in
polycarbonate cages (five rats per cage) with hardwood chips
for bedding. The cages were maintained at a conventional
temperature (23+2 °C), humidity (55%5 %), air change (12
times/h), and lighting (12 h light/dark cycle) and were given
free access to a CRF-1 basal diet (Oriental Yeast Co., Ltd,
Tokyo, Japan) and tap water. Starting at 6 weeks of age, the
rats were fed for 8 weeks a diet containing 5.0 % (w/w) MC,
0.08 % (ww) Alz, or 0.3 % (ww) LuP or maintained as
untreated controls. The dose of MC used was reported to be
carcinogenic in an 18-month carcinogenicity study [19]. The
Alz and LuP doses were calculated based on their concentra-
tion in MC. All rats were sacrificed at 8 weeks by exsangui-
nation under isoflurane anesthesia, and the kidneys were
immediately removed and weighed. The kidneys were frozen
with liquid nitrogen and stored at —80 °C until measurement
of chemical-specific DNA adducts and 8-OHdG in nuclear
DNA, or evaluation in in vivo mutation assays.

o OH o] OH
! I I OH l I I
e} e}

Alz LuP
Fig. 1 Chemical structure of MC components
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DNA extraction and digestion for comprehensive analysis
of chemical-specific DNA adducts

DNA extraction and digestion was performed using a method
that was slightly modified from that described in our previous
report [23]. The samples were homogenized with lysis buffer
included in the DNA Extractor® WB kit (Wako Pure
Chemicals Industries, L.td.). The mixture was centrifuged at
10,000xg for 1 min at 4 °C, and the pellet was dissolved in
200 pL enzyme reaction buffer. After treatment with RNase
and protease K, the DNA pellet was obtained by washing with
2-propanol and ethanol, and centrifugation. The dried DNA
pellet was dissolved in 100 uL. water. The DNA concentration
was analyzed using a NanoDrop ND-1000 UV—Vis spectro-
photometer (Thermo Fisher Scientific Inc., Sunnyvale, CA,
USA) and adjusted to 300 pg/450 ul. Then, 60 uL sodium
acetate buffer, pH 4.8, was added and incubated with nuclease
P1 (2,000 U/mL) at 37 °C for 3 h. After incubation, 60 pL
1.0 M Tris—HCl buffer, pH 8.2, was added and incubated with
alkaline phosphatase (2,500 U/mL) at 37 °C for 3 h. The
digested samples were passed through a 100,000 NMWL
filter Millipore, Bedford, MA, USA) and evaporated in a test
tube. Methanol (1 mL) was then added to the test tube and the
insoluble materials removed by centrifugation. After evapo-
ration, the dried samples were stored at —80 °C and
redissolved in 150 pL 30 % DMSO before LC-MS/MS
analysis.

Comprehensive analysis of chemical-specific DNA adducts

LC-electron spray ionization (ESI)/MS/MS analyses were
performed using a Quattro Ultima (Micromass, Beverly,
MA, USA) coupled to a Hewlett Packard 1100 series
(G1322A, degasser; G1312A, Bin Pump; G1316A, Colcom;
G1329A, ALS; Agilent Technologies, Palo Alto, CA, USA).
An aliquot (10 pL) of the sample was injected into a Wakosil-
I C18 column (2.0x150 mm, 5 pm; Wako Pure Chemicals,
Tokyo, Japan) that was maintained at 40 °C. Solvent A was
0.001 % formic acid, and solvent B was 0.001 % formic acid

containing acetonitrile. The column was equilibrated with a-

mixture of solvent A/solvent B (95:5, wv). A linear gradient
was applied from 5 to 90 % acetonitrile over 0 to 30 min, kept
at 90 % for 10 min, lowered to 5 % over 1 min, and equili-
brated to the initial conditions for 14 min. The total run time
was 45 min.

The mass spectrometer was operated using an ESI source
in the positive ion mode (EST") for multiple reaction monitor-
ing (MRM). The cone voltage was 35 V, and the collision
energy was 15 eV. The source block and desolvation temper-
atures were 150 and 400 °C, respectively. The cone gas flow
rate was set at 200 L/h, and the desolvation gas was 600 L/h.
According to the molecular weight of the expected active form
of the chemicals and analytical mass range for the control,

LuP, Alz, and MC-treated groups were set at m/z437>321 to
567>451, m/z 467>351 to 567>451, m/z 437>321 to 537>
421, and m/z 467>351 to 567>451, respectively.

Quantification of Luc-N?-dG and Luc-N°-dA adducts

The levels of Luc-N-dG and N°-dA in the kidneys were
quantified with our newly established isotope dilution method
using LC-MS/MS [23]. LC-MS/MS analysis was performed
using a Quattro Ultima coupled to a HEWLETT PACKARD
1100 series HPLC system. The mass spectrometer was oper-
ated using an ESI source in the positive ion mode (ES™) for
MRM. In the assay for Luc-N-dG, the precursorion [M+H]"
had a mass of m/z 520, and the selected product ion [M+H-
glycoside-252]" had a mass of m/z 152. Correspondingly for
Y Ns-Luc-N?-dG, the precursor jon had a mass of m/z 525 and
the selected product ion a mass of m/z 157. The cone voltage
used was 14 V, and the collision energy was 14 eV. In the
assay for Luc-N°-dA, the precursor ion [M+H]" had a mass of
m/z 509, and the selected product ion [M+H-glycoside]” had a
mass of m/z 388. For '>Ns-Luc-N°-dA, the precursor ion had a
mass of m/z 509 and the selected product ion a mass of m/z
393. The cone voltage used was 12 V, and the collision energy
was 18 ¢V. The amount of Luc-N?-dG and Luc-N-dA was
calculated as Luc-N*-dG/10°dG and Luc-N-dA/10%dA,
respectively.

DNA extraction and digestion for 8-OHAG analysis

DNA extraction was performed as described in the previous
section. DNA digestion was performed according to the meth-
od of Tasaki et al. [24]. The dried DNA pellets were digested
by an 8-OHAG assay preparation reagent set (Wako Pure
Chemical Industries, Ltd.). Briefly, DNA pellets were dis-
solved in 150 ulL DEPC water. After addition of 20 pL
sodium acetate buffer, samples were incubated with nuclease
P1 (2,000 U/mL) at 37 °C for 30 min. Then, 20 uL. 1.0 M
Tris~HCI buffer, pH 8.2, was added and incubated with alka-
line phosphatase (2,500 U/mL) at 37 °C for 30 min. The
digested samples were passed through a 100,000 NMWL
filter (Millipore, Bedford, MA, USA) and stored at —80 °C
until LC-ECD analysis.

Measurement of nuclear 8-OHdG

8-OHdG and dG were determined according to the method of
Tasaki et al. [24]. Briefly, an aliquot (50 pL) of the sample was
injected into a Wakosil-Il C18 column (2.0% 150 mm, 5 wm;
Wako Pure Chemical Industries, Ltd.) maintained at 30 °C.
The column was equilibrated with a mixture of 10 mM sodi-
um phosphate/methanol (92:8, v/v). The compounds were
eluted isocratically at a flow rate of 1.0 mL/min. The wave-
length of the UV detector was set at 250 nm for dG detection.
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The electrochemical detector ESA Coulochem II
(Chelmsford, MA, USA) was used with a guard cell (Model
5020; 350 mV) and an analytical cell (Model 5011; electrode
1, 150 mV; electrode 2; 300 mV). The amount of 8-OHdG
was calculated as 8-OHAG/10° dG.

In vivo mutation assays

6-Thioguanine (6-TG) and Spi~ selections were performed
using the method of Nohmi et al. [2]. Briefly, genomic DNA
was extracted from the kidneys and livers of gpt delta rats in
each group, and lambda EG10 DNA (48 kb) was rescued as
phages by in vitro packaging. For 6-TG selection, packaging
phages were incubated with Escherichia coli Y G6020, which
expresses Cre recombinase, and converted to plasmids carry-
ing genes encoding gpt and chloramphenicol acetyltransfer-
ase. Infected cells were mixed with molten soft agar and
poured onto agar plates containing chloramphenicol and 6-
TG. The plates were then incubated at 37 °C for selection of 6-
TG-resistant colonies, and gpt mutation frequency (MF) was
calculated by dividing the number of gpf mutants after clonal
correction with the number of rescued phages. Gpt mutations
were characterized by amplifying a 739-bp DNA fragment
containing the 456-bp coding region of the gpt gene and
sequencing the PCR products with an Applied Biosystems
3730x1 DNA Analyzer. For Spi~ selection, packaged phages
were incubated with E. coli XI-1 Blue MRA for survival
titration and E. coli XI-1 Blue MRA P2 for mutant selection.
Infected cells were mixed with molten lambda-trypticase agar
plates. The next day, plaques (Spi~ candidates) were punched
out with sterilized glass pipettes and the agar plugs suspended
in SM buffer. The Spi~ phenotype was confirmed by spotting
the suspensions on three types of plates where XL-1 Blue
MRA, XI-1 Blue MRA P2, or the WL95 P2 strain was spread
with soft agar. Spi~ mutants, which produced clear plaques on
every plate, were counted. Positive DNA samples (controls)
were simultaneously applied in all in vivo mutation assays.

Statistical evaluation

The significance of differences in the results for body and
kidney weight, 8-OHdG levels, and gpt and Spi~ MFs was
evaluated with Tukey’s test.

Results

Body and kidney weights

Data for final body and kidney weights in gpt delta rats given
MC, Alz, and LuP are shown in Table S1, electronic supple-

mentary material. The body weights of rats in the MC- and
Alz-treated groups were significantly lower than those fed the
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basal diet. Although changes in kidney weights of the treated
rats were not observed, the relative kidney weights of rats in
the MC-, LuP-, and Alz-treated group were significantly in-
creased as compared to those fed the basal diet,

Confirmation of comprehensive analysis
for chemical-specific DNA adducts detected by LC-MS/MS

To confirm the usefulness of a limited comprehensive analysis
for chemical-specific DNA adducts, DNA adduct formation in
the kidneys ofrats treated with LuP was examined in the range
of m/z 467 to 567, which was selected from the mean value of
the molecular weight of the four DNA bases (247.0) plus that
of Luc (270.2). The results from this comprehensive DNA
adduct analysis are shown in Fig. 2. Several spots indicating
putative DNA adducts derived from LuP-treatment were de-
tected at m/z 520, 504, 502, and 480. Representative MRM
chromatograms at m/z 520>404, 504>398, 502>396, and
480>364 of kidneys from LuP-treated rats are shown in
Fig. 3. To examine the details of the adduct chemical structure,
mass spectrum analyses were performed using the same sam-
ples. The product ion spectra of the #/z 520 and 504 of peaks I
and IV when the collision energy was set at 5 and 20 eV are
shown in Fig. S1 (electronic supplementary material).
Characteristic product ions corresponding to glycoside bond
cleavage, 1, 3-dihydroxy-2-methylanthraquinone, and nucleo-
tides were clearly observed. In addition, the retention times
(tR) of peaks I and IV corresponded to those of Luc-N-dG (m/z
520, tR 18.4 min) and Luc-N>-dA (m/z 504, R 22.6 min)
standards, respectively, which were previously identified

(m/z)
567 o
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°® ® °
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o ® @@%
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504 |---------- e 2 6 1/ SRR T &) SR
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Fig. 2 DNA adductome map of kidneys from F344 gptdelta rats in the
control and LuP-treated groups. The X-axis indicates peak retention time
while the ¥axis indicates the mass-to-charge ratio. The spot size repre-
sents the peak area of the MRM chromatogram at [M+H]">[M+H-116]"
in the mass range from m/z 467 to 567. The peaks detected in control and
LuP-treated rats are represented as black and blue spots, respectively
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Fig.3 Representative MRM chromatograms at m/z 520>404 (a), 504>398 (b), 502>396 (c), and 480>364 (d) in kidneys from F344 gptdelta rats in the
control (leff) and LuP-treated (righi) groups. Eight putative DNA adduct peaks (I~VIII) were detected in LuP-treated rats

Luc-specific DNA adducts [21]. In the product ion spectra of
[M+H]" ions, m/z 520, peak II, some product ions were
observed, namely those at m/z 404 and 152, which could be
attributed to a Luc-guanine adduct that arises following glyco-
side bond cleavage and guanine (Fig. S2, electronic supple-
mentary material). Correspondingly, in the product ion spectra
of the [M+H]" ions (m/z 504) of peaks I1I and V, some product
ions, m/z 388, 252, and 136, were attributable to Luc-adenine
adducts formed following glycoside bond cleavage, while 1 3-
dihydroxy-2-methylanthraquinone and adenine were also .ob-
served (Fig. S3, electronic supplementary material). Therefore,
these results indicate that these three peaks were Luc-modified
dG and dA adducts, which are isomers of Luc-N-dG and A°-
dA. In addition, peaks VII and VIII detected at m/z 480
corresponded to the molecular ion of Luc-modified dC. In
the product ion spectra of the [M+H]" ions (m/z 480), charac-
teristic product ions m/z 364, 252, and 228 arose from Luc-
cytosine adducts produced following glycoside bond cleavage,
with 1, 3-dihydroxy-2-methylanthraquinone and
deoxycytidine also observed (Fig. S4, electronic supplementa-
ry material). Although peak VI detected at m/z 502 did not
correspond to molecular ions of representative Luc-modified
bases, the product ions, m/z 386, were observable and could be
attributed to modified bases formed following glycoside bond
cleavage (Fig. S5, electronic supplementary material). Thus,
peak VI is also considered to be one of the specific adducts
derived from LuP treatment. The detected peak molecular ion
(m/z), tRs, normalized peak areas, and identified or presumed

DNA adducts obtained from the DNA adductome maps are
summarized in Table 1.

Comprehensive analysis of chemical-specific DNA adducts
in kidneys from MC- or Alz-treated rats

Chemical-specific DNA adduct formation in the kidneys of
rats treated with Alz was examined in the range of m/z 437 to
537, which was selected from the mean value of the four DNA
base molecular weights (247.0) plus that of Alz(240.2). The
results from the comprehensive DNA adduct analysis are
summarized in Fig. 4a. Kidneys from Alz-treated rats pro-
duced a DNA adductome map where the distribution and size
of the spots were almost identical to those obtained with the

Table 1 Summary of putative DNA adducts detected in kidneys from
F344 gpt delta rats treated with LuP for 8 weeks

Peak no. m/z Retention time (min) Peak area Presumed adducts

I 520 184 7,134 Lue-M-dG

I 520 194 2,488 Luc-modified dG
1 504 193 2,488 Luc-modified dA
v 504 226 2,352 Luc-M-dA

v 504 27.8 6,774 Luc-modified dA
VI 502 215 4,083 Unknown adduct
v 480 200 2,243 Luc-modified dC
VIIL 480 242 841 Luc-modified dC
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Fig. 4 DNA adductome map of kidneys from F344 gpt delta rats in the Alz- (a) and MC- (b) treated groups. The peaks detected in the control are
represented as black spots, and the peaks detected in LuP- or MC-treated rats are represented as blue spots

control such that characteristic spots derived from Alz treat-
ment were not observed. To confirm whether Luc-specific
DNA adduct formation occurred, a comprehensive analysis
of kidneys from MC-treated rats was performed in the range
of m/z 467 to 567. In this DNA adductome map, some spots
indicating DNA adduct formation were indeed detected
(Fig. 4b). Meanwhile, the distribution and size of spots ob-
tained from kidneys of rats treated with MC were almost
identical to those treated with its genotoxic component LuP.

Quantitative analysis of Luc-specific DNA adducts

The quantitative levels of Luc-N"-dG and Luc-M-dA indicat-
ed in peaks I and IV arising from kidneys from rats treated
with LuP for 8 weeks are shown in Fig. S6 (electronic sup-
plementary material). The Luc-N*-dG/10%dG ratios in the
LuP- and MC-treated rats were 55.4 and 21.0, respectively,
while the Luc-N°-dA/108dA ratios were 3.9 and 2.6, respec-
tively. These adducts were not detected in rats from the control
and Alz-treated groups.

Oxidative DNA damage in kidneys

The 8-OHdG levels in kidneys after 8 weeks of MC, LuP, and
Alz exposure are shown in Fig. S7 (electronic supplementary
material). Significant increases (p<0.01) in 8-OHdG levels
were observed in kidneys (1.66+0.68) from the Alz-treated
group compared to the control group (0.32+£0.07) and were
three-fold higher (1.03+0.69) than the control in the MC-
treated group. In contrast, there were no changes in 8-OHdG
levels for the LuP-treated group. k
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In vivo mutation assays in kidneys

Data for gpt and Spi~ MFs in the kidneys of gpt delta rats
treated for 8 weeks with MC, LuP, or Alz are summarized in
Tables 2, 3, and 4. Significant differences (p<0.01) in gpt MF
were observed in MC- and LuP-treated groups (MC 2.72+
0.52, LuP 2.97+0.55) compared with the control group (0.37
+0.21) (Table 2). To characterize the gpt mutations due to MC
and LuP exposure, mutant colonies were analyzed by DNA
sequencing (Table 3). In MC- and LuP-treated rats, A/T
mutations predominated and accounted for 50.8 % (94/185)
and 52.9 % (72/136) of the mutations, respectively. The
specific mutation frequencies of AT-TA transversions
(p<0.01), AT-GC transitions (p<0.01), and GC-TA
transversions (p<0.05) in MC- and LuP-treated groups were
significantly higher than for the control group. As shown in
Table 4, Spi~- MFs also significantly increased in the MC- and
LuP-treated groups (MC 1.72+0.38, LuP 1.69+0.75) com-
pared with the control group (0.58+0.17). However, there
were no significant differences in either gpt or Spi~ MFs in
Alz-treated rats.

Discussion

Taking advantage of the fact that glycoside bonds are subject
to cleavage when DNA bases are modified with bulky ad-
ducts, we developed a new method for comprehensively an-
alyzing for chemical-induced bulky DNA adducts. According
to a DNA adductome analysis established by Kanaly et al.
[18], fragment ions with loss of deoxyribose from the precur-
sor ion on a MS spectrum are likely derived from DNA
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Table 2 Gpt mutation frequencies in kidneys from gpt delta rats treated

for 8 weeks with MC, LuP, and Alz

Site Kidney
Treatment Animalno. Cm® 6-TG®  Mutant  Mean+SD
colonies and Cm®  frequency
(x10%)  colonies (x107)
Basal diet 1 10.5 1 0.10 0.37£0.21
2 7.4 5 0.68
3 74 3 0.41
4 11.2 3 0.27
5 10.5 4 0.38
MC 6 14.2 27 1.90 2.72+0.52*
7 12.2 40 3.29
8 14.9 45 3.01
9 14.9 40 2.69
10 12.1 33 2.74
LuP 11 7.6 23 3.04 2.97£0.55*
12 8.0 27 3.37
13 118 24 2.03
14 9.0 30 335
15 10.4 32 3.08
Alz 16 6.4 9 1.40 0.69+0.54
17 12.7 5 0.39
18 19.1 3 0.16
19 9.9 8 0.81
20 13.0 8 0.62

*p<0.01 vs. basal diet

weight of the expected active form of the chemical where the
fragment ion lost the deoxyribose from the precursor ion may
originate from chemical-specific DNA adducts. In the present
study, we confirmed adduct formation using LuP wherein
DNA adducts were identified as N’-guanine and M-adenine
substitutions [21]. Since the average molecular weights of the
four DNA bases and Luc were 247.0 and 270.2, respectively,
the fragment ion [M+H-116]" from the precursorion [M+H]"
was detected as eight spots of varying sizes in the mass range
from m/z 467 to 567. Qualitative analysis using chemically
synthesized standards led to the conclusion that two spots
detected at m/z 520 at 17 min and m/z 504 at 22 min were
Luc-M-dG and Luc-N°-dA, respectively. Subsequently, to
confirm whether the remaining six spots were derived from
Luc-specific DNA adducts, analyses of the product ion spec-
trum were performed at m/z 520 (one spot), 504 (two spots),
502 (one spot), and 480 (two spots). The spectrum showed
that five of six spots detected at m/z 520, 504, and 480
originated from Luc-modified dG, dA, and dC, respectively.
With respect to the remaining spot at m/z 502, no DNA base
could be identified due to the low product ion yield. Thus, the

. overall data suggest that our new method based on the concept

Table 4 Spi” mutant frequencies in kidneys from F344 gps delta rats
treated for 8 weeks with MC, LuP, or Alz

Treatment Animal Plagues Plagues Mutant Mean£SD
no. within XL-1 within  frequency
Blue MRA  WL95 (x107)

adducts. We therefore expected that precursor ions having a
mass either 50 mass units higher or lower than the average
molecular weight of the four DNA bases plus the molecular

Table 3 Mutation spectra in the kidneys of gpt delta rats treated for
8 weeks with MC, LuP, or Alz

Control MC LuP Alz

Base substitution

Transversion
GC-TA - 0.40+£0.09%  0.37+0.25* 0.13+0.12
GC-CG - 0.15+0.07 0.33+0.28 0.03+£0.07

AT-TA 0.07+0.07 0.83+£0.18*%* 0.91+0.19** 0.08+0.14
AT-CG 0.03+0.06 0.09+0.09 0.12+0.19 0.02+0.03
Transition
GC-AT 0.14+£0.10 0.36+0.26 0.30+0.21 0.19+0.16
AT-GC 0.04+0.06 0.45+0.19%* 0.53+£0.16** 0.07+0.06
Deletion .
Singlebp  0.04+0.05 0.14%0.14 0.11£0.08 0.15+0.15
Over2 bp 0.03+0.06 0.05+0.07 0.05+0.17 -
Insertion - 0.07+0.08 0.13+0.11 -
Complex 0.02+0.04 0.19£0.09 0.12+0.15 -

#p<0.05 vs. control group; **p<0.01 vs. control group

(X10% ®2)
Basal diet 1 133 10 0.75 0.75+0.03
2 14.9 11 0.74
3 114 9 079
4 - - -
5 14.0 10 0.71
MC 6 16.4 24 147 1.72+0.38*
7 12.4 17 137
8 17.1 29 1.70
9 12.2 21 173
10 6.4 15 2.35
LuP 11 7.7 17 220 1.69%0.75%
12 8.6 7 0.81
13 7.6 11 146
14 8.5 11 130
15 9.3 25 2.70
Alz 16 9.3 4 0.43 0.58+0.17
17 102 6 0.59
18 4.8 2 0.42
19 9.4 6 0.64
20 9.6 8 0.83

#The data were excluded for the calculation of the MF because of no

detection of gpt mutant colony on the plate

*p<0.05 vs. control group
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of adductome analysis would be a useful tool for making
comprehensive surveys of chemical-specific DNA adducts.

To compare the adductome maps derived from MC- or Alz-
induced DNA adducts with that of Luc-specific adducts, a
comprehensive analysis for chemical-induced DNA adducts
was performed on kidney DNA from rats treated for 8 weeks
with diets supplemented with MC or Alz at concentrations of
5.0 and 0.8 %, respectively. The distribution and size of spots
in the adductome map of MC-treated animals were almost
identical to those of LuP. While the sizes of the spots do not
always represent the amount of the comparable DNA adducts
due to the lack of cone voltage optimization for each DNA
adduct, in so far as DNA adductome maps are compared under
the same conditions, the distribution and spot sizes do reflect
characteristics of the DNA adducts. Quantitative analysis by
an isotope dilution LC-ESI-MS/MS method using SIR for
presumably the same spots derived from Luc-N*-dG and Luc-
N°-dA adducts in the maps of MC-treated and LuP-treated
animals was performed. The putative two spots in MC-treated
animals almost certainly have a respective Luc-N-dG and
Luc-N°-dA derivation, and their amounts were equivalent to
those of LuP-treated rats. On the other hand, some spots
detected in the adductome map of Alz-treated animals were
almost identical to those of the control, which is in line with
previous data showing that Alz had neither direct DNA dam-
age nor mutagenicity potential [25, 26]. Thus, the comparison
among the adduct maps allowed us to conclude that LuP is a
potential candidate to contribute to MC-induced direct DNA
damage. With respect to MC-induced oxidative stress, partic-
ipation of the catechol structure in the Alz anthragquinone ring
has been proposed. Inoue et al. [22] found that levels of 8-
OHAG were increased in the kidney DNA of rats treated with
MC or Alz. In the present study, exposure of gpt delta rats to
Alz also clearly elevated 8-OHdG levels in the kidney DNA.
Elevated 8-OHdG levels were also observed in MC-treated
rats, albeit without statistical significance. Thus, our data
suggest that Alz is a potential candidate agent to promote
MC-induced DNA oxidation.

In the reporter gene mutation assay, gptand Spi~ MFs were
significantly increased in kidneys of rats given MC for
8 weeks. This is the first report showing MC-induced
in vivo mutagenicity. In addition to the data from the compre-
hensive survey for MC-induced bulky DNA adducts, the
increased MF induced by MC strongly suggests involvement
of genotoxic mechanisms in MC-induced renal carcinogene-
sis. Analysis of the mutation spectra in gpt mutants induced by
MC treatment revealed significant increases in specific muta-
tion frequencies of GC-TA, AT-TA transversions, and AT-GC
transitions. Given that 8-OHdG primarily causes GC-TA
transversion by causing A base mispairing during DNA rep-
lication [11], oxidative DNA damage might also play a key
role in MC carcinogenicity. However, exposure of gpt delta
rats to Alz, a possible contributor to MC-induced oxidative

2} Springer

stress, did not elevate gpt and Spi~ MFs, despite the ability of
Alz to markedly increase 8-OHdAG levels. Significant in-
creases in GC-TA transversions were also observed in LuP-
treated rats despite the finding that LuP had no potential for
inducing oxidative DNA damage. Instead, in addition to well-
matched DNA adductome maps between LuP- and MC-
treated animals, the mutation frequencies of gptand Spi~ and
spectra of gpt mutations in the kidneys of LuP-treated rats
were almost identical to those produced by MC. Therefore, it
is likely that the mechanisms underlying MC-induced muta-
genicity might involve LuP-induced direct DNA damage, but
not Alz-induced oxidative stress. Increases in A/T site muta-
tions, including AT-TA transversions and AT-GC transitions,
were prominent in LuP- and MC-treated groups along with a
rise in G/C site mutations to a certain extent. The present
comprehensive analysis for LuP- or MC-induced bulky ad-
ducts demonstrated the existence of two unknown isomers of
Luc-modified dA adducts in addition to M-dA adducts.
Accordingly, theses dA adducts might mainly confribute to
MC-induced mutagenicity, although further examination will
be necessary to clarify their genotoxic potential.

In conclusion, this new method for comprehensive analysis
of chemical-induced bulky DNA adducts based on the princi-
ple of adductome analysis was established and validated by
assessing LuP-modified bases as reported in our previous
study. Applying this method together with a reporter gene
mutation assay produced results that indicate that LuP may
be the substance responsible for MC-induced carcinogenicity.
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