Chapter 18

Mass Spectrometric DNA Adduct
Quantification by Multiple Reaction
Monitoring and Its Future Use

for the Molecular Epidemiology of Cancer

Bernhard H. Monien

Abstract The formation of DNA adducts is considered essential for tumor initiation.
Quantification of DNA adducts may be achieved by various techniques of which
LC-MS/MS-based multiple reaction monitoring has become the most prominent in
the past decade. Adducts of single nucleosides are analyzed following enzymatic
break-down of a DNA sample following adduct enrichment usually by solid-phase
extraction. LC-MS/MS quantification is carried out using stable isotope-labeled
internal reference substances. An upcoming challenge is the use of DNA adducts as
biomarkers either for internal exposure to electrophilic genotoxins or for the approxi-
mation of cancer risk. Here we review recent studies in which DNA adducts were
quantified by LC-MS/MS in DNA samples from human matrices. We outline a pos-
sible way for future research to aim at the development of an “adductome” approach
for the characterization of DNA adduct spectra in human tissues. The DNA adduct
spectrum reflects the inner exposure of an individual’s tissue to electrophilic metabo-
lites and, therefore, should replace the conventional and inaccurate external exposure
in epidemiological studies in the future.
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dA 2'-Deoxyadenosine

dC 2'-Deoxycytidine

dG 2'-Deoxyguanosine

HAA Heterocyclic aromatic amine

LC-MS/MS  Liquid chromatography—tandem mass spectrometry
MP 1-Methylpyrene

MRM Multiple reaction monitoring

PAH Polycyclic aromatic hydrocarbon

PhIP 2-Amino- 1-methyl-6-phenylimidazo[4,5-b]pyridine
TLC Thin-layer chromatography

18.1 Introduction

Chemical carcinogens cause different DNA lesions, such as adducts, strand breaks,
and cross-linked DNA strands. If not fixed by DNA repair mechanisms the damage
can lead to mutation events. If this occurs in genes involved in the regulation of the
cell cycle, differentiation, or cell—cell interaction, autonomous growth and meta-
static potential could be achieved [21]. The vast majority of chemical carcinogens,
e.g., heterocyclic aromatic amines (HAA) [24], polycyclic aromatic hydrocarbons
(PAHs) [25], N-nitrosamines [23], and halogenated hydrocarbons [19, 22] are rela-
tively inert. Enzyme-catalyzed oxidation and conjugation reactions can convert pro-
carcinogens into electrophilic metabolites that can react via nucleophilic
substitutions with proteins, RNA or DNA. Cytochrome P450 (CYP) is primarily
involved in oxidation reactions. For example, the epoxidation of aflatoxin B1 to
aflatoxin B1 exo-8,9-oxide is catalyzed primarily by CYP3A4 [20]. CYP1AI and
1B1 substantially contribute to the bioactivation of benzo[a]pyrene (BaP) generat-
ing two enantiomers of trans-7,8-diols that can be further epoxidized to the ultimate
carcinogen BaP-7R,8S-diol-9S,10R-epoxide by CYP1A1, 1A2, 1B1, and 2C9 [26,
50]. But also conjugation reactions catalyzed by sulfotransferases, glutathione
S-transferases, and N-acetyl transferases play critical roles in metabolic activation
of procarcinogens resulting in covalent modifications of the DNA [48].

Formation of DNA adducts is considered the initial event in cancer development.
Studies of animals exposed to common carcinogenic compounds showed that
increasing concentrations of DNA adducts were usually associated with growing
tumor numbers; however, the correlations were not necessarily linear [36, 42]. Also,
DNA adducts can be found in organs that do not develop tumors indicating that
other factors, e.g., the tissue-specific capacity of cell-proliferation, co-determine the
risk for tumor induction. As tumors do not form in the absence of DNA adducts in
animal models, DNA adduct formation is considered a “necessary but not suffi-
cient” requirement for cancer development.

Concentrations of DNA adducts in a particular tissue of an animal treated with a
test substance or of human origin may be quantified by different techniques, such as
32P-postlabeling [46] or LC-MS/MS multiple reaction monitoring (MRM) [12, 27].
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Since its introduction in 1981 ¥*P-postlabeling was the gold standard of DNA adduct
quantification at the end of the last century due to its superior sensitivity. The appli-
cability of the method resulted in a multitude of studies intending to establish cor-
relations between concentrations of DNA adducts in particular tissues of tumor
patients vs. control subjects. Various reviews summarize exemplary data in the field
[1, 15, 39, 56]. However, many attempts to correlate DNA adducts and tumor inci-
dence were inconclusive and the value of the data recorded by **P-postlabeling is
questioned today due to the insufficient specificity of the method. Technical details
are explained in the next paragraph. In the last decade LC-MS/MS-based techniques
were used increasingly for the highly sensitive and specific quantification of DNA
adducts via monitoring of analyte-specific molecular fragmentation reactions [27].
We present the results of several recent studies describing the application of LC-MS/
MS analytical techniques for the quantification of DNA adducts from human bio-
logical matrices. Future research will be directed towards monitoring of multiple
DNA adducts in order to characterize the inner exposure of the human genome to
electrophilic substances. This “adductome” approach may greatly improve the
interpretation of epidemiological data related to cancer development.

18.2 Quantification of DNA Adducts: Technical Details

A variety of analytical methods for the quantification of DNA adducts are available.
Until 1981, radioactively labeled carcinogens were used to calculate DNA adduct
levels. Later, alternative methods have been used, such as **P-postlabeling [46],
immunofluorescent detection [43], a competitive radioimmunoassay [54], and
LC-MS/MS MRM. Table 18.1 provides a brief overview of the techniques. The
choice of methods depends on various factors such as the amount of DNA available,
the chemical nature of DNA adducts (hydrophobicity), and the scientific question
(for example, the search for genotoxins of yet unknown identity in a complex mix-
ture of compounds or quantification of well-defined DNA adducts). *?P-postlabeling
was introduced in 1981 and is still attractive because of the sensitivity in the detec-
tion of adducts formed from large hydrophobic substances such as PAHs. The
method combines the insertion of a radioactive [**P]phosphoryl group at the
5’-hydroxy position of the 3’-mononucleotide adducts after DNA cleavage with sub-
sequent separation of labeled adducts by thin-layer chromatography (TLC). Sensitive
autoradiography is used to visualize the chromatographic pattern of DNA adducts
on the TLC plate. **P-postlabeling is still a valuable tool in DNA adduct analyses,
especially when molecular adduct structures are unidentified. Thus, 3?P-postlabeling
is advantageous for the detection of DNA adducts of genotoxic substances in mix-
tures of environmental xenobiotics of unknown composition, for example, in food
plants [2]. The sensitive technique enables the detection of adduct levels in the range
of 1 adduct/10'° nucleotides using only 10 micrograms DNA [11]. However, the pat-
tern on the TLC plate often shows a number of spots of unknown origin, whose
identities can only be conjectured by co-chromatography of standard substances.
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Table 18.1 Common techniques for the quantification of DNA adducts

Method Procedure Advantages Drawbacks
¥P-postlabeling — Enzymatic hydrolysis — Requires only — Radioactive labeling
of DNA into 1-10 pg DNA — Unspecific detection
3’-mononucleotides — Sensitive — Underestimation of
— Nucleotide adducts - Knowledge of adduct levels
are labeled with DNA-adduct
32P-phosphate at the structures is not
5’-end required

— Separation of adducts
over TLC and detection
by scintillation counting

LC-MS/MS — Enzymatic hydrolysis of — Specific detection — Requires >10 pg DNA
DNA into nucleosides — Sensitive — Isotope-labeled
— Enrichment of adducts quantification reference substances
by extraction methods are desirable
— LC-MS/MS
Immunoassays — Use of antiserum — Inexpensive — Unspecific detection
for a DNA adduct — Immunohisto- (crossreactions)
in competitive chemistry allows — Requires 50-100 pg
immunoassay, endpoints,  studying localization =~ DNA
e.g., radioactivity or of adducts — Opverestimation of
fluorescence adduct levels

In the past decade, LC-MS/MS techniques have become more important for the
quantification of DNA adducts, even though standard substances are indispensable.
The LC-MS/MS techniques are characterized by several advantages, including high
specificity for the detected DNA adducts, straightforward quantification by isotope-
labeled internal reference compounds, and high-throughput capability. The specific
detection of nucleoside adducts is based on collision-induced fragmentation of
recurring structural motifs. Usually, the adducts are formed by nucleophilic substi-
tution of reactive metabolites and atoms of 2’-deoxyadenosine (dA), 2'-deoxy-
guanosine (dG), and 2'-deoxycytidine (dC). Figure 18.1a shows the dG adduct of
1-methylpyrene (MP), N>-((pyren-1-yl)methyl)-dG (N>-MP-dG). MP is a common
carcinogenic food contaminant [33]. It can be bioactivated by CYP-catalyzed
hydroxylation at the exocyclic methyl group and subsequent sulfo conjugation
resulting in a highly reactive sulfate ester, which undergoes nucleophilic substitu-
tions with exocyclic nitrogens of dA, dG, or dC [33].

Figure 18.1b shows the dG adduct of 2-amino-1-methyl-6- phenylimidazo[4,5-b]
pyridine (PhIP), a highly carcinogenic HAA isolated from well-done meat [13].
Similar to MP, PhIP is bioactivated by CYP-catalyzed hydroxylation at the
exocyclic nitrogen and subsequent sulfo conjugation [14]. The sulfate ester of
N?-hydroxy-PhIP causes the formation of an adduct of dG on C8, C8-(2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine-N?-y1)-dG (C8-PhIP-dG) (Fig. 18.1b).
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Fig. 18.1 Molecular fragmentation of DNA adducts in the collision cell of a triple quadrupole
mass spectrometer. Fragmentation patterns of (a) N>-((pyren-1-yl)methyl)-dG (N*>-MP-dG) and (b)
C8-(2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine-N*-y1)-dG (C8-PhIP-dG). The fragment
spectrum of N>-MP-dG (a) recorded by collision-induced dissociation showed ions at m/z=366.1
(the aglycone of N>-MP-dG), m/z=215.1 (the MP-cation), and m/z=164.0 (protonated
N2-methylguanine). The collision-induced dissociation of C8-PhIP-dG (b) generated fragments of
m/z=374.1 (the aglycone of C8-PhIP-dG) with a collision energy of 20 eV (solid line in the mass
spectrum) and a group of fragments at a collision energy of 50 eV (dashed line in the mass spec-
trum) with a dominating signal at m/z=250.0

The molecular structures of the adducts determine the fragmentation reactions in
the collision cell of the mass spectrometer, which allows their specific detection and
quantification. The breakage of the glycosidic bond in the protonated nucleoside
adduct [M+H]* leads to the neutral loss of 2’-deoxyribose with a mass of 116 Da
and the formation of the base adduct [B + H]* (Fig. 18.1). Another route of collision-
induced dissociation of the precursor ion [M + H]* leads to the release of a positively
charged fragment of adduct molecules, which can be observed for numerous differ-
ent N%-adducts of dA and N*-adducts of dG [30-32, 44]. However, the adduct C8-
PhIP-dG breaks at higher collision energies in many different fragments that cannot
be assigned unambiguously to particular molecular structures (see mass spectrum in
Fig. 18.1b). Figure 18.2 shows four chromatograms resulting from the collision-
induced fragmentation analysis of another common exemplary DNA adduct formed
after the uptake of the rodent carcinogen furfuryl alcohol which is a food contami-
nant present at high levels in the human diet [31]. The upper panel shows the neutral
loss of the 2'-deoxyribose (332.1 — 216.1), which is used as a quantifier signal. The
chromatogram of the second panel results from the cleavage of the positively
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Fig. 18.2 LC-MS/MS analytical quantification of N°-((furan-2-yl)methyl)-2’-deoxyadenosine
(N°*-MFdA) formed by the rodent carcinogen furfuryl alcohol. The chromatograms are LC-MS/MS
MRM traces of N.-MFdA in a digest of DNA isolated from the liver of furfuryl alcohol-treated
mice. The fragmentations 332.1 —216.1 (first panel) and 332.1 — 81 (second panel) allowed
detecting N°-MFdA and were monitored together with the transitions 337.1 — 221.1 (third panel)
and 337.1 — 81 (fourth panel) of the internal isotope-labeled standard ['*Ns]N°-MFdA (38.0 fmol/
injection). The ratio of peak areas for the transition 332.1 = 216.1 (N°-MFdA) and for the transi-
tion 337.1 - 221.1 ([""N5]N°-MFdA) was used to calculate the N>-MFdA content of the DNA.
Details of the method are outlined in [31]

charged methylfuran fragment (332.1 — 81). These traces are monitored together
with two additional MRM signals from the transitions 337.1 —221.1 (third panel)
and 337.1 - 81 (fourth panel) of the internal isotope-labeled standard ['5Ns]N®-
MFdA. The ratio of peak areas for the transition 332.1 - 216.1 (N-MFdA) and for
the transition 337.1 — 221.1 ([*Ns]N5-MFdA) is used for the quantification of the
NS-MFdA in the sample.

The main advantage of this procedure is the specificity of detection. The identity
of a particular nucleoside adduct is confirmed by a specific retention time of the chro-
matography and the MS/MS-monitoring of several selected fragmentation reactions.
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In return, the scientist accepts that other possible adducts remain unobserved. Further,
the sensitivity of LC-MS/MS detection with detection limits in the range 1-10
adducts/10° nucleotides using 100 pg DNA is somewhat lower compared to that of
32P-postlabeling [12, 27]. However, the quantification of the adducts by LC-MS/MS
provides more accurate results in comparison with **P-postlabeling and immunoas-
says: Beland et al. determined adduct levels by LC-MS/MS, *?P-postlabeling, and a
fluoroimmunoassay in liver DNA of mice treated with [2,2’-*H]-4-aminobipheny]l
(4-ABP) and compared the results with the quantification by the *H-labeled DNA.
The result of the LC-MS/MS method agreed best to the adduct concentration deter-
mined by scintillation counting, while 3?P-postlabeling and the fluoroimmunoassay
grossly under- or overestimated the correct adduct concentration [4]. This is consis-
tent with other comparative studies. For a methodological comparison between
LC-MS/MS and *?P-postlabeling, we determined the adduct concentrations in hepatic
DNA of rats treated with the active metabolite of MP. The concentrations of N*-
MP-dG as determined by LC-MS/MS were on average 3.4 times higher compared to
the amounts determined by **P-postlabeling. Also in the case of adducts of BaP [51]
and PhIP [16] LC-MS/MS methods reported 3.7- and 20-fold higher adduct levels
compared to **P-postlabeling, respectively. Factors that may contribute to the under-
estimation of DNA adduct concentration by *P-postlabeling are the incomplete
digestion of the sample DNA as well as a partial phosphorylation of the modified
nucleotides [4, 40, 47]. We showed that an over-digestion of the MP adducts leading
to an unintentional loss of the 3’-phosphate also contributes to the adduct loss. The
N?-MP-dG-3'-phosphate proved not to be entirely resistant to dephosphorylation in
the presence of micrococcus nuclease, spleen phosphodiesterase, and nuclease P1.
About 20 % of the N>-MP-dG-3’-phosphate was hydrolyzed to N>MP-dG and was
thus lost to the **P-postlabeling by T4 polynucleotide kinase [33].

In summary, the advantages of the LC-MS/MS MRM prevail. There are no dif-
ficulties resulting from nonspecific enzymatic reactions as in **P-postlabeling
because the DNA samples are digested completely to nucleosides in preparation for
LC-MS/MS analysis. An effective solid-phase extraction for enrichment of the
adducts allows for almost total isolation of modified nucleosides. The use of stable
isotope-labeled standard substances ensures compensation of the analyte losses dur-
ing the workup for a highly specific detection and ultimately for a convenient quan-
tification of the analytes. In addition, the use of radioactivity is avoided and the time
for sample preparation is shorter compared to *?P-postlabeling, which allows the
daily processing of 100 samples and the future application of LC-MS/MS tech-
niques in routine analyses of DNA adducts.

18.3 The Scope of DNA Adducts as Human Biomarkers

DNA adducts are considered a prerequisite for the development of tumors. Otteneder
et al. established a tentative correlation of hepatic DNA adduct concentrations and
the incidence of liver tumors after chronic exposure of common carcinogens in mice
and rats [36]. The calculated adduct concentrations at the TDs, (dose that caused a
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50 % increase of tumors in the treated animals over the controls) ranged from 53
adducts/10® nucleosides for aflatoxin B1 to 2,083 adducts/10® nucleosides for
N-nitrosodimethylamine in rats. In mice, the adduct concentrations at the TDs,
ranged from 812 adducts/108 nucleosides for ethylene up to 5,543 adducts/103 nucle-
osides for 2-AAF. This vague correlations between adduct levels and tumorigenic
effect of the substances pointed out that the carcinogenic potency of individual DNA
adducts may differ greatly [36]. Nevertheless, due to the application of LC-MS/MS
for the specific quantification of single DNA adducts it should be theoretically pos-
sible to predict the hepatic cancer risk. However, there are several reasons arguing
against the prediction of tumor incidences from DNA adduct levels [37]: (1) Usually,
the carcinogenicity of a particular genotoxin does not increase in a linear fashion
with increasing DNA adduct levels but depends on the species, the gender, and the
tissue [42]. This is in part due to tissue-specific differences in DNA repair and cell
proliferation, both of which influence the effects of DNA adducts [37]. For example,
male mice are twice as sensitive with respect to the hepatocarcinogenic effect of the
adducts of N-nitrosodimethylamine compared to male rats [36]. (2) Tissue samples
from healthy persons are usually not accessible. Non-invasive studies are restricted
to the adduct analysis of DNA samples from leukocytes, cells of the sputum, breast
milk, and from urine. This restricts the prospect of the possible future DNA adduct
analyses for the prediction of a tissue-specific cancer risk in humans.

Although DNA adducts may not be used as biomarkers of effect, they may offer
a superior tool for the characterization of the inner exposure to electrophilic com-
pounds. Epidemiological studies investigating the association between exposure to
complex mixtures of compounds, e.g., food, and tumor incidences, are greatly ham-
pered by the modeling of the exposure. The subject’s exposure, for example, food
uptake, is usually deduced from questionnaires which are recognized as a source of
inaccuracy (“recall bias). Moreover, the “external” exposure of a subject to a com-
pound does not necessarily reflect the internal effect of a bioactive metabolite to the
individual’s genome. The sequence of events between uptake of genotoxic carcino-
gens and a mutation includes the following steps: (1) absorption and bioactivation
of the genotoxin, (2) possible detoxification of the reactive metabolite, (3) reaction
with proteins, RNA or DNA (only the latter case is of importance for tumor initia-
tion), (4) persistence of the DNA adduct or removal by repair mechanisms, and (5)
proliferation of the cell containing the DNA adduct. This sequence of steps varies
greatly between individuals. Further, factors of life style, e.g., alcohol consumption
and permanent drug medication, were shown to exert considerable effects on tissue-
specific concentrations of DNA adducts [28, 32]. And finally, there are carcinogens
in complex mixtures for which the actual exposure is very difficult to calculate
because accurate concentrations of the compounds cannot be determined. For
example, the accurate intake of methyleugenol remains elusive due to variations of
its content in food plants and spices [53]. Therefore, characterization of the “adduc-
tome,” the pattern of an individual’s inner exposure towards electrophilic com-
pounds, would incorporate all interindividual differences in absorption, bioactivation,
detoxification, and other parameters, such as life style and medication, that would
influence the formation of DNA adducts. The replacement of the external exposure
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with the characterization of the adduct-load of human DNA samples (the “adduc-
tome”) may increase the scope of interpretation in future epidemiological studies
targeted at the origins of tumor development.

18.4 DNA Adduct Analyses in Human Biological Matrices:
Current Research

Numerous studies were published recently, in which LC-MS/MS MRM was used
for the analysis of DNA adducts from different environmental carcinogens in human
samples, e.g., from 4-ABP in pancreas tissue from smokers [49], from acrolein [57]
or acetaldehyde [8] in leukocytes of smokers, from estrogen in breast tumor tissue
[10], from PhIP and 4-ABP in saliva samples [6], or from tamoxifen in colon tissue
[7]. All reports describe pilot studies with less than 50 persons using different kinds
of biological matrices including saliva, pancreatic tissue, leukocytes, or breast tis-
sue. The outcomes of the studies varied. Chen et al. showed that acetaldehyde
adducts in DNA of leukocytes of 25 smokers decreased within several weeks of
smoking abstinence [8]. The concentration of C8-PhIP-dG in the DNA of epithelial
buccal cells did not correlate to consumption of grilled meat or smoking in 37 per-
sons [6], and there was also no association between the 4-ABP adduct of dG in
pancreatic tissue samples and smoker status of twelve participants [49]. The empha-
ses of these works were on the description of the LC-MS/MS techniques demon-
strating the feasibility of the studies [6-8, 10, 49, 57].

More recently, levels of C8-PhIP-dG were determined in adjacent tissue of mam-
mary tumors from 70 patients using a sensitive LC-MS/MS method. The adduct was
detectable in merely one sample, at a level of three molecules C8-PhIP-dG/10°
nucleotides [18]. This result is in conflict with previous studies using immunohisto-
chemistry and *?P-postlabeling analytical methods. Zhu et al. reported elevated dG-
PhIP adduct concentrations in normal breast tissue of 87 from 106 mammary tumor
patients using immunohistochemistry (limit of detection ~1 adduct/10” nucleotides)
[58]. Gorlewska-Roberts described the detection of dG-PhIP in 30 DNA samples
from exfoliated ductal epithelial cells isolated from milk samples of 64 lactating
women (mean value 4.7 adducts/107 nucleotides, no limit of detection reported)
[17]. The discrepancies between results from studies using either highly specific
LC-MS/MS MRM or the less selective immunohistochemistry and *?P-postlabeling
suggest critical revisions of many older biomarker studies that found correlations
between tumor incidence and occurrence of DNA adducts [38, 39, 55]. The elabo-
rate method of accelerator mass spectrometry was used by Brown et al. to detect
dG-N?*-tamoxifen in colon DNA of women who were treated with a single dose of
20 mg ['*C]-labeled tamoxifen [7]. This supported the hypothesis of a causal rela-
tionship between tamoxifen therapy and the increased risk for the incidence of
colorectal tumors in tamoxifen-treated women [35]. Taken together, these studies
show that progressing development of LC-MS/MS technical equipment allows
adductanalyses at sensitivities that were reported previously only for *P-postlabeling.
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There are only few studies focusing on the correlation of increased DNA adduct
levels and cancer risk in which specific LC-MS/MS was used to assess DNA dam-
age. A Chinese cohort of 18,000 men were enrolled in a study in order to clarify the
consequences of aflatoxin B1 intake and hepatitis B viral infection on the develop-
ment of hepatic cancer. Samples of urine were analyzed for the adduct aflatoxin
B1-N"-guanine, which originates from hydrolysis of the N-glycosidic bond in the
DNA adduct aflatoxin B1-N’-dG. Men without hepatitis B infection but with mea-
surable urine concentrations of aflatoxin B1-N’-guanine faced a three-fold higher
risk for the development of hepatic tumors compared to subjects of the control
group. The relative risk was even increased in individuals infected with hepatitis
(RR=59.4, CI=16.6, 212.0) [45].

Various studies presented correlations between concentrations of DNA adducts
from the lipid peroxidation products malon dialdehyde and 4-hydroxy-2-nonenal as
biomarkers for oxidative stress. The latter was shown to generate etheno-adducts,
e.g., 1,N®-etheno-dA (edA) and N?,3-etheno-dG (edG). Increases of hepatic etheno-
adducts were found in patients with either Wilson’s disease or primary hemochro-
matosis, both of which induce hepatic oxidative stress [34]. Elevated urinary edA
concentrations were found in patients with alcoholic liver disease, chronic hepatitis,
and liver cirrhosis, all of which are precancerous illnesses [3]. Bartsch et al. sug-
gested that etheno-adducts in urine and needle liver biopsies may be explored as
putative risk markers and to evaluate chemopreventive and therapeutic intervention
strategies. However, laborious validation is required for the application of DNA
adducts as biomarkers of cancer risk, in case a specific cancer incidence can be
attributed to a particular DNA adduct. The validation of a tumor-DNA adduct cor-
relation requires a prospective nested case-control study, in which a large group of
participants have to be monitored over many years until cancer develops [41].

18.5 ‘‘Adductomics”: Monitoring of Multiple DNA Adducts

Recently, many reports were published about DNA adduct quantification using
LC-MS/MS-based techniques. Usually, the scientists focused on DNA adducts
derived from single carcinogens. However, the association between the exposure to
a single carcinogen and the development of a specific tumor as observed for afla-
toxin B1 and hepatic cancer is not a common observation. Humans are exposed to
complex mixtures of carcinogens. For example, food uptake confronts the organism
with a plethora of mutagenic and carcinogenic compounds including mycotoxins,
HAA, PAH, heavy metals, N-nitrosoalkylamines, substituted furans, etc. Most
reports presented in the preceding paragraph were proof-of-concept studies show-
ing the applicability of a novel analytical method for the quantification of DNA
adducts of single genotoxins. However, single genotoxins only contribute to the
overall cancer risk, which should be better described by the sum of all DNA lesions.
Apart from the efforts to further increase the sensitivities of LC-MS/MS-based
methods future research will be aimed at simultaneous analyses of different DNA
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adducts reflecting the exposure to many of carcinogens. Singh et al. described a
method for the quantification of multiple DNA adducts by LC-MS/MS neutral loss
of 2’-deoxyribose in a digest of calf thymus DNA incubated with a mixture of
dihydrodiol-epoxides of different PAHs [52]. More recently, human autopsy tissue
samples were analyzed for 16 different DNA adducts originating from lipid peroxi-
dation demonstrating that the “adductomic” strategy is transferable to studies with
human samples for the assessment of internal exposure to electrophilic substances
[9]. This approach was further used to analyze samples of gastric mucosa from
Japanese and Chinese cancer patients who underwent gastrectomy [29]. These stud-
ies were initial steps on the way to develop techniques for the quantification of
multiple DNA adducts in human biomatrices. Two further hurdles should be men-
tioned that determine the progress in this field. Since tissue samples of living human
subjects are usually not available (except from cancer patients undergoing surgery),
the future use of the methods requires adaption to the analysis of (small amounts of)
DNA samples obtained from noninvasive procedures, e.g., from leukocytes. Thus,
the progress depends in part on the continuous instrumental advance yielding opti-
mized chromatographic and mass spectrometric equipment. Second, future predic-
tion of cancer risk from assessment of multiple DNA adduct levels, i.e., the
application of the DNA adduct spectrum as human biomarker, requires a validation
in prospective molecular epidemiology studies. This will be a time-consuming
endeavor. However, future analyses of DNA adduct spectra may greatly amplify the
significance of human biomonitoring and may extend the scope of interpretations in
epidemiological studies.

18.6 Conclusions

The number of reports on sensitive LC-MS/MS analytical techniques for quantifica-
tion of adducts in DNA samples of human origin is constantly increasing. This is, in
part, due to the continuous instrumental advance yielding optimized chromato-
graphic and mass spectrometric equipment, which allows compensating the sensi-
tivity advantage of **P-postlabeling. As a result, LC-MS/MS MRM is currently the
method of choice for DNA adduct analyses. **P-postlabeling is still attractive for
screening purposes if target DNA adducts are not yet characterized or if facilities for
organic synthesis of standard substances are lacking.

The assessment of DNA adducts as biomarkers for the definition of internal
exposure to environmental carcinogens has several advantages over traditional
exposure estimation. Most importantly, DNA adducts account for interindividual
differences in uptake, elimination, distribution, metabolism, and repair among
exposed individuals as well as for different uptake routes. Consequently, DNA
adducts may be helpful tools for the establishment of biologically plausible associa-
tions between exposure and disease in epidemiological studies. For example, appli-
cation of DNA adducts as biomarkers of exposure, e.g., to reactive metabolites in
common food carcinogens, such as furfuryl alcohol or methyleugenol, could be
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very helpful because the external exposure of these substances resulting from many
sources is very difficult to determine [5, 31]. Further, DNA adducts may serve as
valuable endpoints in intervention studies. However, the association between tissue
concentrations of single adducts and the outcome of a cancer study does not seem
plausible. We believe that future analyses of multiple DNA adducts providing an
overview of genomic damage due to reactive electrophiles of exogenous or endog-
enous origin will serve as a valid parameter for molecular epidemiology of cancer.

Acknowledgments The author gratefully acknowledges financial support from the German
Research Foundation (MO 2520/1-1) and the German Institute of Human Nutrition (DIfE).

References

1. Angerer J, Ewers U, Wilhelm M (2007) Human biomonitoring: state of the art. Int J Hyg
Environ Health 210:201-228
2. Baasanjav-Gerber C, Monien BH, Mewis I, Schreiner M, Barillari J, Iori R et al (2011)
Identification of glucosinolate congeners able to form DNA adducts and to induce mutations
upon activation by myrosinase. Mol Nutr Food Res 55:783-792
3. Bartsch H, Arab K, Nair J (2011) Biomarkers for hazard identification in humans. Environ
Health 10 suppl 1:S11
4. Beland FA, Doerge DR, Churchwell MI, Poirier MC, Schoket B, Marques MM (1999)
Synthesis, characterization, and quantitation of a 4-aminobiphenyl-DNA adduct standard.
Chem Res Toxicol 12:68-77
5. Benford D, Bolger PM, Carthew P, Coulet M, DiNovi M, Leblanc JC et al (2010) Application
of the margin of exposure (MOE) approach to substances in food that are genotoxic and carci-
nogenic. Food Chem Toxicol 48(suppl 1):S2-S24
6. Bessette EE, Spivack SD, Goodenough AK, Wang T, Pinto S, Kadlubar FF et al (2010)
Identification of carcinogen DNA adducts in human saliva by linear quadrupole ion trap/mul-
tistage tandem mass spectrometry. Chem Res Toxicol 23:1234-1244
7. Brown K, Tompkins EM, Boocock DJ, Martin EA, Farmer PB, Turteltaub KW et al (2007)
Tamoxifen forms DNA adducts in human colon after administration of a single ['*C]-labeled
therapeutic dose. Cancer Res 67:6995-7002
8. Chen L, Wang M, Villalta PW, Luo X, Feuer R, Jensen J et al (2007) Quantitation of an acet-
aldehyde adduct in human leukocyte DNA and the effect of smoking cessation. Chem Res
Toxicol 20:108-113
9. Chou PH, Kageyama S, Matsuda S, Kanemoto K, Sasada Y, Oka M et al (2010) Detection of
lipid peroxidation-induced DNA adducts caused by 4-oxo-2(E)-nonenal and 4-oxo-2(E)-hex-
enal in human autopsy tissues. Chem Res Toxicol 23:1442-1448
10. Embrechts J, Lemiere F, Van Dongen W, Esmans EL, Buytaert P, Van Marck E et al (2003)
Detection of estrogen DNA-adducts in human breast tumor tissue and healthy tissue by com-
bined nano LC-nano ES tandem mass spectrometry. J Am Soc Mass Spectrom 14:482-491
11. Farmer PB, Brown K, Tompkins E, Emms VL, Jones DJ, Singh R et al (2005) DNA adducts:
mass spectrometry methods and future prospects. Toxicol Appl Pharmacol 207:293-301
12. Farmer PB, Singh R (2008) Use of DNA adducts to identify human health risk from exposure
to hazardous environmental pollutants: the increasing role of mass spectrometry in assessing
biologically effective doses of genotoxic carcinogens. Mutat Res 659:68-76
13. Felton JS, Knize MG, Shen NH, Lewis PR, Andresen BD, Happe J et al (1986) The isolation
and identification of a new mutagen from fried ground beef: 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP). Carcinogenesis 7:1081-1086



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mass Spectrometric DNA Adduct Quantification by Multiple Reaction Monitoring... 395

Glatt HR (2006) Metabolic factors affecting the mutagenicity of heterocyclic amines. In: Skog
K, Alexander J (eds) Acrylamide and Other Health Hazardous Compounds in Heat-treated
Foods. Woodhead Publishing, Cambridge, pp 358—404

Godschalk RW, Van Schooten FJ, Bartsch H (2003) A critical evaluation of DNA adducts as
biological markers for human exposure to polycyclic aromatic compounds. J Biochem Mol
Biol 36:1-11

Goodenough AK, Schut HA, Turesky RJ (2007) Novel LC-ESI/MS/MS(n) method for the
characterization and quantification of 2’-deoxyguanosine adducts of the dietary carcinogen
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine by 2-D linear quadrupole ion trap mass
spectrometry. Chem Res Toxicol 20:263-276

Gorlewska-Roberts K, Green B, Fares M, Ambrosone CB, Kadlubar FF (2002) Carcinogen-
DNA adducts in human breast epithelial cells. Environ Mol Mutagen 39:184-192

Gu D, Turesky RJ, Tao Y, Langouet SA, Nauwelaers GC, Yuan JM et al (2012) DNA adducts
of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine and 4-aminobiphenyl are infrequently
detected in human mammary tissue by liquid chromatography/tandem mass spectrometry.
Carcinogenesis 33:124-130

Guengerich FP (2003) Activation of dihaloalkanes by thiol-dependent mechanisms. J Biochem
Mol Biol 36:20-27

Guengerich FP, Johnson WW, Shimada T, Ueng YF, Yamazaki H, Langouet S (1998)
Activation and detoxification of aflatoxin B1. Mutat Res 402:121-128

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57-70

International Agency for Research on Cancer (2008) 1,3-butadiene, ethylene oxide and vinyl
halides (vinyl fluoride, vinyl chloride and vinyl bromide), vol 97. International Agency for
Research on Cancer, Lyon

International Agency for Research on Cancer (2007) Smokeless tobacco and some tobacco-
specific N-nitrosamines, vol 89. International Agency for Research on Cancer, Lyon
International Agency for Research on Cancer (2010) Some aromatic amines, organic dyes, and
related exposures, vol 99. International Agency for Research on Cancer, Lyon

International Agency for Research on Cancer (2010) Some non-heterocyclic polycyclic aro-
matic hydrocarbons and some related exposures, vol 92. International Agency for Research on
Cancer, Lyon

Kim JH, Stansbury KH, Walker NJ, Trush MA, Strickland PT, Sutter TR (1998) Metabolism
of benzo[a]pyrene and benzo[a]pyrene-7,8-diol by human cytochrome P450 1BI.
Carcinogenesis 19:1847-1853

Klaene JJ, Sharma VK, Glick J, Vouros P (2012) The analysis of DNA adducts: the transition
from *?P-postlabeling to mass spectrometry. Cancer Lett 334:10-19

Ma L, Kuhlow A, Glatt HR (2002) Ethanol enhances the activation of 1-hydroxymethylpyrene
to DNA adduct-forming species in the rat. Polycycl Aromat Comp 22:933-946

Matsuda T, Tao H, Goto M, Yamada H, Suzuki M, Wu Y et al (2013) Lipid peroxidation-
induced DNA adducts in human gastric mucosa. Carcinogenesis 34:121-127

Monien BH, Engst W, Barknowitz G, Seidel A, Glatt HR (2012) Mutagenicity of
5-hydroxymethylfurfural in V79 cells expressing human SULT1A1l: identification and
mass spectrometric quantification of DNA adducts formed. Chem Res Toxicol 25:
1484-1492

Monien BH, Herrmann K, Florian S, Glatt HR (2011) Metabolic activation of furfuryl alcohol:
formation of 2-methylfuranyl DNA adducts in Salmonella typhimurium strains expressing
human sulfotransferase 1A1 and in FVB/N mice. Carcinogenesis 32:1533-1539

Monien BH, Miiller C, Bakhiya N, Donath C, Frank H, Seidel A et al (2009) Probenecid, an
inhibitor of transmembrane organic anion transporters, alters tissue distribution of DNA
adducts in 1-hydroxymethylpyrene-treated rats. Toxicology 262:80-85

Monien BH, Miiller C, Engst W, Frank H, Seidel A, Glatt HR (2008) Time course of hepatic
1-methylpyrene DNA adducts in rats determined by isotope dilution LC-MS/MS and
32P-postlabeling. Chem Res Toxicol 21:2017-2025



396 B.H. Monien

34. Nair J, Carmichael PL, Fernando RC, Phillips DH, Strain AJ, Bartsch H (1998) Lipid
peroxidation-induced etheno-DNA adducts in the liver of patients with the genetic metal stor-
age disorders Wilson’s disease and primary hemochromatosis. Cancer Epidemiol Biomarkers
Prev 7:435-440

35. Newcomb PA, Solomon C, White E (1999) Tamoxifen and risk of large bowel cancer in
women with breast cancer. Breast Cancer Res Treat 53:271-277

36. Otteneder M, Lutz WK (1999) Correlation of DNA adduct levels with tumor incidence: carci-
nogenic potency of DNA adducts. Mutat Res 424:237-247

37. Paini A, Scholz G, Marin-Kuan M, Schilter B, O’Brien J, van Bladeren PJ et al (2011)
Quantitative comparison between in vivo DNA adduct formation from exposure to selected
DNA-reactive carcinogens, natural background levels of DNA adduct formation and tumour
incidence in rodent bioassays. Mutagenesis 26:605-618

38. Perera F, Mayer J, Jaretzki A, Hearne S, Brenner D, Young TL et al (1989) Comparison of
DNA adducts and sister chromatid exchange in lung cancer cases and controls. Cancer Res
49:4446-4451

39. Phillips DH (2002) Smoking-related DNA and protein adducts in human tissues. Carcinogenesis
23:1979-2004

40. Phillips DH, Castegnaro M (1999) Standardization and validation of DNA adduct postlabel-
ling methods: report of interlaboratory trials and production of recommended protocols.
Mutagenesis 14:301-315

41. Poirier MC (2004) Chemical-induced DNA damage and human cancer risk. Nat Rev Cancer
4:630-637

42. Poirier MC, Beland FA (1992) DNA adduct measurements and tumor incidence during chronic
carcinogen exposure in animal models: implications for DNA adduct-based human cancer risk
assessment. Chem Res Toxicol 5:749-755

43. Poirier MC, Stanley JR, Beckwith JB, Weinstein IB, Yuspa SH (1982) Indirect immunofluo-
rescent localization of benzo[a]pyrene adducted to nucleic acids in cultured mouse keratino-
cyte nuclei. Carcinogenesis 3:345-348

44. Punt A, Delatour T, Scholz G, Schilter B, van Bladeren PJ, Rietjens IM (2007) Tandem mass
spectrometry analysis of N>-(trans-isoestragol-3’-yl)-2'-deoxyguanosine as a strategy to study
species differences in sulfotransferase conversion of the proximate carcinogen
1’-hydroxyestragole. Chem Res Toxicol 20:991-998

45. Qian GS, Ross RK, Yu MC, Yuan JM, Gao YT, Henderson BE et al (1994) A follow-up study
of urinary markers of aflatoxin exposure and liver cancer risk in Shanghai, People’s Republic
of China. Cancer Epidemiol Biomarkers Prev 3:3-10

46. Randerath K, Reddy MV, Gupta RC (1981) **P-labeling test for DNA damage. Proc Natl Acad
SciU S A 78:6126-6129

47. Reddy MV (2000) Methods for testing compounds for DNA adduct formation. Regul Toxicol
Pharmacol 32:256-263

48. Rendic S, Guengerich FP (2012) Contributions of human enzymes in carcinogen metabolism.
Chem Res Toxicol 25:1316-1383

49. Ricicki EM, Soglia JR, Teitel C, Kane R, Kadlubar F, Vouros P (2005) Detection and quantification
of N-(deoxyguanosin-8-yl)-4-aminobiphenyl adducts in human pancreas tissue using capillary lig-
uid chromatography-microelectrospray mass spectrometry. Chem Res Toxicol 18:692—-699

50. Shou M, Korzekwa KR, Crespi CL, Gonzalez FJ, Gelboin HV (1994) The role of 12 cDNA-
expressed human, rodent, and rabbit cytochromes P450 in the metabolism of benzo[a]pyrene
and benzo[a]pyrene trans-7,8-dihydrodiol. Mol Carcinog 10:159-168

51. Singh R, Gaskell M, Le Pla RC, Kaur B, Azim-Araghi A, Roach J et al (2006) Detection and
quantitation of benzo[a]pyrene-derived DNA adducts in mouse liver by liquid chromatography-
tandem mass spectrometry: comparison with **P-postlabeling. Chem Res Toxicol 19:868-878

52. Singh R, Teichert F, Seidel A, Roach J, Cordell R, Cheng MK et al (2010) Development of a
targeted adductomic method for the determination of polycyclic aromatic hydrocarbon DNA
adducts using online column-switching liquid chromatography/tandem mass spectrometry.
Rapid Commun Mass Spectrom 24:2329-2340



53.

54.

55.

56.

57.

58.

Mass Spectrometric DNA Adduct Quantification by Multiple Reaction Monitoring... 397

Smith B, Cadby P, Leblanc JC, Setzer RW (2010) Application of the margin of exposure
(MoE) approach to substances in food that are genotoxic and carcinogenic: example: methy-
leugenol, CASRN: 93-15-2. Food Chem Toxicol 48(suppl 1):S89-S97

Spodheim-Maurizot M, Saint-Ruf G, Leng M (1980) Antibodies to N-hydroxy-2-aminofluorene
modified DNA as probes in the study of DNA reacted with derivatives of 2-acetylaminofluorene.
Carcinogenesis 1:807-812

Tang D, Phillips DH, Stampfer M, Mooney LA, Hsu Y, Cho S et al (2001) Association between
carcinogen-DNA adducts in white blood cells and lung cancer risk in the physicians health
study. Cancer Res 61:6708-6712

Vineis P, Husgafvel-Pursiainen K (2005) Air pollution and cancer: biomarker studies in human
populations. Carcinogenesis 26:1846—1855

Zhang S, Balbo S, Wang M, Hecht SS (2010) Analysis of acrolein-derived 1,
N2-propanodeoxyguanosine adducts in human leukocyte DNA from smokers and nonsmok-
ers. Chem Res Toxicol 24:119-124

Zhu J, Chang P, Bondy ML, Sahin AA, Singletary SE, Takahashi S et al (2003) Detection of
2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine-DNA adducts in normal breast tissues
and risk of breast cancer. Cancer Epidemiol Biomarkers Prev 12:830-837



	Chapter 18: Mass Spectrometric DNA Adduct Quantification by Multiple Reaction Monitoring and Its Future Use for the Molecular Epidemiology of Cancer
	18.1 Introduction
	18.2 Quantification of DNA Adducts: Technical Details
	18.3 The Scope of DNA Adducts as Human Biomarkers
	18.4 DNA Adduct Analyses in Human Biological Matrices: Current Research
	18.5 “Adductomics”: Monitoring of Multiple DNA Adducts
	18.6 Conclusions
	References


