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Table 4. Interday Precision for the Determination of ES-3'-C8-dG, ES-3'-N?-dG, and ES-3'-N°-dA Adduct Levels in the Rat Liver

DNA Samples on Five Different Days Using LC-MS/MS

repeat analysis of ES-3'-8- dG adduct (nM)

day 5

sample no. day 1 day2 day 3 day 4 mean (nmol/L) RSD (%)
6 0.510 0.518 0.491 0.506 0.509 0.507 & 0.010 196
7 0.431 0443 0.450 0432 0459 0.443+ 0012 2.68
8 0.462 0470 0.482 0.483 0445 0.468+ 0016 3.39
9 0.474 0.490 0.480 0.458 0476 0.476 £ 0011 2.39
10 0.484 0.483 0.483 0.511 0.447 0.482 % 0023 4.74
repeat analysis of ES-3'-N*-dG adduct (nM)
sample no. day1 day2 day 3 day 4 day$ mean (nmol/L) RSD (%)
6 0.701 0711 0.733 0.703 0.727 0715+ 0.014 197
7 0.522 0.597 0.597 0.586 0.546 0.569+ 0.034 591
8 0.590 0626 0.608 0.638 0.605 0613+ 0.019 3.06
9 0.711 0.706 0.705 0.678 0.661 0.692 £ 0.022 3.18
10 0.737 0.676 0.717 0.706 0718 0.711 £ 0.022 3.13
repeat analysis of ES-3'-N°-dA adduct (nM)
sample no. day1 day2 day 3 day4 day 5 mean (nmol/L) RSD (%)
6 3.100 2967 3.098 3.044 2.949 303240071 2.36
7 2.286 2.333 2236 2339 2250 2289+ 0.047 204
8 2.699 2617 2.738 2797 2.766 2.723+ 0069 2.55
9 2.444 2455 2.546 2.506 2.526 2.495 £0.044 1.77
10 2.736 2735 2.846 2.880 2.830 2.805 £ 0.066 2.36

IQL, respectively. The peak area ratio with respect to each
surrogate standard was plotted, and the response was found to
be linear (ES-3'-C8-dG, y = 1.9707x — 0.0096 and y = 2.0318x —
0.0989; ES-3-N*-dG, y = 0.6359x + 0.0048 and y = 0.6336x —
0.0263; and ES-3-N°-daA, y = 1.8567x + 0.012 and y = 1.8205x +
0.065 ) over the calibration range, from LOQto 1.0nM (low range)
and from 0.1 to 10 nM (high range), with a correlation coefficient
(r) of over 0.999. The average retention times of ES-3'-C8-dG, ES-
3'-N’-dG, and BS-3'-N°-dA standards were 11.8 (RSD = 0.08%,n =
5),12.7 (RSD = 0.12%, 7 = §), and 15.1 min (RSD = 0.06%, n = 5),
respectively. MRM chromatograms of the mixture of three adduct
and their corresponding surrogate standards in 50% methanol at
LOD and LOQ levels are shown in Figure 5.

As shown in Table 2, the average recoveries of ES-3'-C8-dG,
ES-3'-N%-dG, and ES-3'-N°-dA from DNA sample in the livers of
nontreated rats were 99.0, 100.1, and 101.7% for each adduct.

Analysis of ES-N>-dG, C8-dG, and N6-dA in the Livers DNA
Extracted from Rats Treated with ES. The potential formation
of ES adducts in livers of rats exposed to ES was assessed using
the isotope dilution LC-ESI/MS/MS method. Typical selected
ion recording {SIR) chromatograms are shown in Figure 6. No
peaks indicative of ES-3'-C8-dG, ES-3'-N*-dG, and ES-3'-N°®-dA
were observed in liver DNA extracted from control rats. In
contrast, ES-3'-C8-dG, ES-3-N-dG, and ES-3'-N°-dA were
detected at 11.8, 12.7, and 15.1 min in the liver DNA MRM
chromatograms extracted from rats treated with 600 mg/kg ES
for up to 4 weeks, respectively. Quantitative data are summarized
in Table 3. The ES-3'-C8-dG, ES-3'-N*-dG/10°dG, and ES-3"-
NS-dA/10°dA ratios were 3.5 & 0.4, 4.8 & 0.8, and 20.5 & 1.6,

respectively. The interday sample variation of ES-3'-C8-dG, ES-
3-N*-dG, and ES-3'-N°-dA adduct levels analyzed on different
days resulted in an average coefficient of variation {CV) of 3.0,
3.4, and 2.2% for different samples that were analyzed (Table 4).
All of these adducts were not detected in the control group.

I DISCUSSION

Phillips et al. have suggested the chemical structure of four ES-
specific DNA adducts, ES-3'-N*-dG, ES-3'-C8-dG, ES-1'-N*-dG,
and ES-3/-N°-d4, using radio isotope-labeled nucleosides. The
formation of these adducts in mouse liver treated with [**C]-
labeled ES was demonstrated by radioactive detection after
HPLC fractionation.® Subsequently, LC-MS analysis by Punt
et al. demonstrated the formation of three ES-dG adducts, ES-3'-
N2.dG, ES-3/-C8-dG, and ES-1'-N*-dG, after in vitro nucleoside
reaction.” However, the existence of the dA adduct reported
previously and its chemical structure have not been confirmed
using MS technique. In the present study, we examine dA adduct
formation using LC-ESI/MS by taking advantage of reactive
carbocation formation generated by acetylation of ES proposed
by Punt et al” In the reaction of dA with 1’-acetoxy-ES, two peaks
including ions characteristic for the ES-dA adduct were observed
by total ion chromatography. Subsequently, "H NMR analysis of
large-scale synthesized and HPLC purified samples led to the
conclusion that the major adduct was ES-3'-N°-dA, in line with
the previous report.® Although a minor and unknown ES-dA
adduct was also found, its precise chemical structure could not be
elucidated due to the low yield.

539 dx.doi.org/10.1021/tx100410y {Chem. Res. Toxicol. 2011, 24, 532-641



Chemical Research in Toxicology

ES has been reported to have genotoxicity and carcinogenicity
in the livers of mice of both sexes.” ES treatment at a dose of 600
mg/kg by gavage for 16 weeks induced significant developments
of glutathione S-transferase placenta form (GST-P) fodi in the
liver of rats (unpublished data). To examine the precise quantity
of ES-specific adducts in ES-hepatocarcinogenesis, we used
interim samples (4 weeks) for the carcinogenicity study men-
tioned above. On the basis of previous reports, we attempted to
detect ES-3'-N*-dG, ES-3'-C8-dG, and ES-3-N°-dA. Because
appropriate sample preparations and a highly sensitive analytical
method are necessary to detect modified DNA bases in genomic
DNA, we developed a new analytical method by an isotope
dilution LC-ESI/MS/MS method using SIR. *2P-postlabeling
analysis without internal standards for identifying the products
neither provides structural characterization of adducts nor has
sufficient selectivities. In addition, this assay requires radioactive
y-**P_labeled ATP in the analytical process, which raises the
necessity of rigorous handling. The LC-MS/MS technique using
stable isotope adducts as internal standards achieves accurate
quantification of DNA adducts along with structural character-
ization. The LOQs of ES-3'-N*-dG, ES-3-C8-dG, and ES-3'-N°-
dA in our method were determined to be 2—5 adducts/10°
unmodified dG or dA bases from a 150 mg liver sample. In
addition, the high recoveries of these adducts in the wide range
from LOQ level indicated that our new method enables precise
adduct determination with the use of surrogate standards and is
applicable to the detection of these compounds in animal tissue
samples. As a result, our method was able to quantify these three
adducts in liver DNA of rats treated with 600 mg/kg ES for 4
weeks, and we observed that the ES-3'-N°-dA adduct is pre-
dominant. Phillips et al. have suggested that ES-3-N*-dG was a
major adduct in the livers of mice treated with single dose of 1'-
hydroxy-ES (12 pmol/mouse), a metabolite of ES. Considering
that the present experiment was performed under carcinogenic
conditions, it is highly probable that the status of DNA adduct
formation observed in the present study may be reflected in the
ES carcinogenesis. The modification at the N®-position of dA has
been reported following treatment with other potent mutagens
including aristolochic acid,**** polyaromatic hydrocarbon,
benzo[c]phenanthrene,”’w and 5,6-(11'.mathylchrysene."'l It is
likely that the formation of various types of chemical-specific
base modifications is dependent on accessibility of the chemical
(or the proximate form) to the reactive amino group between dG
and dA in the DNA helical structure.** Those mutagens pre-
dominantly induce AT-TA transversion and AT-GC transition
mutations.*>*>** Therefore, our unpublished data that the AT-
GC transition mutation was predominant in ES-treated rat livers
allow us to hypothesize that N°-dA adducts might play a key role
in ES mutagenicity. Thus, information regarding the precise
concentrations of ES-specific DNA adducts discovered in the
present study would be very helpful for further research on ES
hepatocarcinogenesis.

Minor adduects of dG (ES-1'-N%-dG) and dA (not identified)
were hardly detected in in vivo samples even though such adducts
are detectable in the reaction of 1’-acetoxy-ES with deoxy-
nucleoside.” Dissociation of the ester group from an ester of
1-hydroxy-ES generates an electrophilic ion in which the positive
charge may reside on the double bond between the 2-, 3- and 1-,
2-positions on the allyl chain. Nucleophilic attack by the purine
bases of DNA at the 1'-position of ES would account for ES-1'-
N?-dG formation, while attack at the 3'-position would account
for ES-3'-N*-dG. Because dG modification at the 3'-position of

ES far from the benzene ring is predominant both in vivo and in
vitro, it is conceivable that the priority of these reactions is
determined by steric hindrance between DNA bases and ES. The
suggestion that unknown minor dA adducts also might result
from modification at the 1’-position of ES is in line with this
hypothesis. Therefore, the fact that genomic DNA possesses
more steric hindrance than nucleosides might explain the lack of
detection of these minor adducts in vivo.

In conclusion, dA modified by ES was determined to be EG-3'-
NE-dA as the major adduct. ES-3'-N*-dG, ES-3'-C8-dG, and ES-
3'-N®-dA adducts can be identified and quantified by this new
method, which may prove useful in other related studies.
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