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Abstract

Dietary exposure to aflatoxin B1 (AFB1) is a significant contributor to the incidence of 

hepatocellular carcinomas globally. AFB1 exposure leads to the formation of AFB1-N7-guanine 

(AFB1-N7-Gua) and two diastereomers of the imidazole ring-opened 8,9-dihydro-8-(2,6-

diamino-4-oxo-3,4-dihydropyrimid-5-yl-formamido)-9-hydroxyaflatoxin B1 (AFB1-FapyGua) in 

DNA. These adducts lead to G → T transversion mutations with the ring-opened adduct being 

more mutagenic than the cationic species. Accurate measurement of these three adducts as 

biomarkers in DNA and urine will help identify dietary exposure to AFB1 as a risk factor in the 

development of hepatocellular carcinoma worldwide. Herein, we report an improved methodology 

for the measurement of AFB1-N7-Gua and the two diastereomers of AFB1-FapyGua using liquid 

chromatography-tandem mass spectrometry with isotope dilution. We measured the levels of these 

compounds in liver DNA of six control mice and six AFB1-treated mice. Levels varying from 1.5 

to 45 lesions/106 DNA bases in AFB1-treated mice were detected depending on the compound and 

animal. No background levels of these adducts were detected in control mice. We also tested 

whether the AFB1 treatment caused oxidatively induced DNA base damage using gas 

chromatography-tandem mass spectrometry with isotope dilution. Although background levels of 

several pyrimidine- and purine-derived lesions were detected, no increases in these levels were 
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found upon AFB1 treatment of mice. On the other hand, significantly increased levels of (5′R)- 

and (5′S)-8,5′-cyclo-2′-deoxyadenosines were observed in liver DNA of AFB1-treated mice. The 

impact of this work is expected to achieve the accurate measurement of three AFB1-DNA adducts 

and oxidatively induced DNA lesions as biomarkers of AFB1 exposure as germane to 

investigations designed for the prevention of aflatoxin-related hepatocellular carcinomas and for 

determining the effects of genetic deficiencies in human populations.

Graphical Abstract

INTRODUCTION

Hepatocellular carcinomas (HCCs) are a major cause of worldwide cancer deaths affecting 

upward of 800,000 people each year.1–4 The incidence of these cancers is concentrated in 

economically developing regions including Eastern and Southeastern Asia, Central America, 

and sub-Saharan Africa, in which there are dietary exposures to aflatoxin from the molds 

Aspergillus flavus and Aspergillus parasiticus that frequently contaminate staple grains and 

nuts. The relationship of the prevalence of these molds in staple food products and cancer is 

supported by epidemiological studies where the highest levels of aflatoxin contamination of 

food products lead to a large shift in not only the age of onset of HCCs, but also in the 

incidence rate.5 Although the aflatoxins constitute a family of closely related structures, 

aflatoxin B1 (AFB1) has been shown to be the most potent hepatocarcinogen.6–8 Following 

ingestion, AFB1 is activated primarily in the liver by microsomal cytochrome P450 enzymes 

to produce AFB1-exo-8,9-epoxide, which forms a covalently bound cationic adduct at N7 of 

guanine in DNA, that is, 8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B1 (AFB1-N7-

Gua)9–13 (Figure 1). Under physiological conditions or by acid treatment, the glycosidic 

bond of AFB1-N7-Gua in DNA is hydrolyzed, releasing AFB1-N7-Gua.14 Moreover, AFB1-

N7-Gua in DNA readily undergoes imidazole ring opening at physiological pH, due to the 

positive charge on the imidazole ring, leading to the formation of the highly persistent 8,9-

dihydro-8-(2,6-diamino-4-oxo-3,4-dihy-dropyrimid-5-yl-formamido)-9-hydroxyaflatoxin B1 

(AFB1-FapyGua) in DNA (Figure 1).13–15 AFB1-FapyGua in DNA exists in the α- and β-

anomers of its 2′-deoxynucleoside, that is, α-AFB1-FapydG (major) and β-AFB1-FapydG 

(minor), which are distinguished by the orientation of the glycosidic bond relative to the 2′-

deoxyribose moiety.13
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Under acidic conditions, AFB1-N7-Gua and AFB1-FapyGua are released from DNA by 

hydrolysis of the glycosidic bond, with the latter existing in the cis-form (minor) and the 

transform (major) (Figure 1).12,13 Replication of aflatoxin-modified DNAs generates a 

distinct mutational signature, dominated by G → T transversions with a small amount of G 

→ A transitions (≈12%),6,12,16–20 underscoring a causal link between these adducts and 

genetic alterations in HCCs. In primate cells, AFB1-FapyGua has been shown to be at least 

6-fold more mutagenic than AFB1-N7-Gua with dominating G → T transversions in both 

mutagenic spectra.12,21,22 In terms of the anomeric forms of its 2′-deoxynudeoside, β-

AFB1FapydG is a major contributor to mutagenesis, while α-AFB1-FapydG strongly blocks 

replication.12

There is evidence that both AFB1-N7-Gua and AFB1-FapyGua are repaired by nucleotide 

excision repair (NER).23,24 This is supported by the fact that AFB1N7-Gua accumulates in 

NER-deficient XPA cells when compared to controls and that Xpa−/− mice are more 

susceptible to HCC than wild-type mice.23,25 The role of base excision repair (BER) in the 

repair of AFB1-N7-Gua and AFB1-FapyGua has also been investigated. The data suggested 

that AFB1-FapyGua may be a substrate of E. coli Fpg.26 However, another study using Fpg-

deficient E. coli cells did not support the role of Fpg in the repair of AFB1-FapyGua.23,25 

Recently, it has been hypothesized that DNA glycosylase NEIL1 may play a major role in 

the repair of AFB1-FapyGua.27 Indeed, increased accumulation of AFB1-FapyGua has been 

observed in Neil1−/− mice when compared to wild-type mice.27 Furthermore, Neil1−/− mice 

were significantly more susceptible to AFB1-induced HCCs than wild-type mice. These data 

unequivocally implicated NEIL1 as the major DNA glycosylase in BER for the repair of 

AFB1-FapyGua.

In addition to the formation of AFB1-N7-Gua and AFB1-FapyGua, cells exposed to AFB1 

have been shown to form free radicals and other oxygen-derived species.28,29 Moreover, 

oxidatively induced DNA damage has been investigated in both animals and humans, and 

the formation of 8-hydroxy-2′-deoxyguanosine (8-OH-dG) [the nucleoside form of 8-

hydroxyguanine (8-OH-Gua)] in DNA has been observed.30–33 However, no other 

oxidatively induced DNA base damage has been reported. 8-OH-Gua is known to cause G 

→ T transversions,34,35 potentially contributing to this type of mutations caused by AFB1 

treatment. A recent study showed an increase in the BER activity and OGG1 expression in 

lung extracts of mice following acute exposure to AFB1; however, no increase in BER 

activity was observed in liver extracts.36 Taken together, these findings suggest that AFB1-

induced oxidative stress may be an important mechanism, contributing to the mutagenicity 

and carcinogenicity of AFB1 in vivo. On the other hand, some other studies showed that 

chronic low-dose exposure to AFB1 did not affect BER and OGG1 expression in lungs or 

livers of heterozygous p53 knockout mice.37 Furthermore, the OGG1 status had no 

significant effect on AFB1-induced oxidatively damaged DNA or carcinogenicity.38

Here, we report on the development of an improved methodology using liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) with isotope dilution for the 

simultaneous measurement of AFB1-N7-Gua, cis-AFB1-FapyGua, and trans-AFB1-FapyGua 

in liver DNA of AFB1-treated mice. Furthermore, we present the evidence for oxidatively 

induced DNA damage in livers of mice upon AFB1 treatment.
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EXPERIMENTAL PROCEDURES

Ethics Statement

The breeding and care of the Neil1−/− C57BL/6J mice were in accordance with the protocols 

approved by the Animal Care and Use Committee of Oregon Health & Science University, 

Portland, Oregon (Protocol number IS00002316-A967). Mice were euthanized by CO2 

inhalation, followed by cervical dislocation. All efforts were made to minimize any 

discomfort to the mice, in accordance with approved animal care protocols.

Exposure of Mice to AFB1

To obtain experimental mice for AFB1 exposure that would maximize AFB1-induced DNA 

adducts, breeding pairs were set up using Neil1−/− mice that have been backcrossed into the 

C57Bl6 background through 17 generations. Neil1−/− mice were chosen for these 

investigations because, in the absence of NEIL1-initiated BER of AFB1-FapyGua, this 

lesion accumulates to ≈3-fold greater levels than observed in mice that are wild-type for 

NEIL1.27 A total of 6 mice (5 days old) were injected intraperitoneally with 7.5 mg/kg of 

AFB1 in dimethyl sulfoxide (DMSO) using 100 μL Hamilton syringe with 30X1/2 needle. 

The volume of injected solution was 10 μL per mouse. In addition to AFB1-injected mice, 6 

control 5 day old mice were each injected with 10 μL of DMSO. Animals were euthanized 

by CO2 affixation, followed by cervical dislocation 48 h post-injection. Livers were isolated, 

and DNA extracted using a previously described method.15 No phenol was used to avoid 

artificial oxidation of DNA bases during DNA isolation. Furthermore, isolated DNA was 

washed twice in 70% ethanol and stored at −80 °C under 100% ethanol until use to avoid 

oxidation of DNA bases.

Preparation of AFB1-N7-Gua and AFB1-FapyGua and Their 15N5-Labeled Analogues

AFB1N7-Gua was prepared by reacting calf thymus DNA dissolved in water (1 mg/mL) with 

AFB1-exo-8,9-epoxide in acetone, as described previously.14,39,40 After 10 min, the residual 

acetone was removed by nitrogen, and 2 volumes of ice-cold ethanol were added to 

precipitate the DNA. The resulting mixture was centrifuged at 10,000 g for 10 min to 

precipitate the DNA. The pellet was hydrolyzed with 0.1 mol/L HCl by heating at 99 °C for 

10 min, followed by neutralization with 1 mol/L ammonium formate. AFB1-N7-Gua was 

isolated and purified by high-performance liquid chromatography (HPLC) as described.40 

Purified aliquots of the AFB1-N7-Gua were concentrated under nitrogen and quantified by 

absorbance at 360 nm with the extinction coefficient of 18,000 L mol−1 cm−1. AFB1N7-

Gua-15N5 was similarly prepared using a uniformly 15N-labeled DNA isolated from algae 

grown in a pure 15N-environment.40 Further characterization of the purified standards was 

performed by LC-MS/MS. AFB1-FapyGua and AFB1-FapyGua-15N5 were prepared from 

AFB1-N7-Gua and AFB1-N7-Gua-15N5, respectively, by treatment with 0.1 mol/L NaOH for 

10 min. The solution was readjusted to pH 5 prior to further purification as outlined above. 

Purified AFB1-FapyGua and AFB1-FapyGua-15N5 were quantified by absorbance at 362 nm 

with the extinction coefficient of 18,000 L mol−1 cm−1. Each compound contained both cis- 
and trans-isomers in a ratio of 1 to 3.
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Measurement of AFB1-Adducts by Liquid Chromatography-Tandem Mass Spectrometry

Ethanol was removed from the DNA samples in a SpeedVac under vacuum. Dried DNA 

samples were dissolved in water overnight at 4 °C. The quality and quantity of DNA in 

water were determined through absorption spectrophotometry between 200 and 350 nm. The 

absorbance at 260 nm was used to measure the DNA concentration (absorbance of 1 

corresponds to 50 μg of DNA/mL). Subsequently, three replicates of 50 μg aliquots of DNA 

samples from each mouse were dried in a SpeedVac under vacuum. For the measurement of 

the AFB1-adducts, 1.8 pmol of AFB1N7-Gua-15N5, and 0.6 pmol of AFB1-FapyGua-15N5 as 

internal standards were added to each dried DNA sample. The samples were dissolved in 

100 μL of 0.1 mol/L HCl in Teflon-capped glass vials and then heated at 95 °C for 1 h. After 

cooling, the samples were frozen in liquid nitrogen and lyophilized for 18 h. The dried 

samples were dissolved in 100 μL of water prior to LC-MS/MS analysis.

Hydrolyzed DNA samples were analyzed by LC-MS/MS using a Thermo-Scientific 

Finnigan TSQ Quantum Ultra AM triple quadrupole MS/MS system with an installed heated 

electrospray-ionization source. Analysis of AFB1-N7-Gua, cis-AFB1-FapyGua, and trans-

AFB1-FapyGua was performed using a Zorbax Extend C18 narrow-bore LC column (2.1 

mm × 100 mm, 1.8 μm particle size) (Agilent Technologies, Wilmington, DE) with an 

attached Agilent Eclipse XDB-C8 guard column (2.1 mm × 12.5 mm, 5 μm particle size). In 

all instances, the autosampler and column temperature were kept at 5 and 40 °C, 

respectively. Mobile phase A was a mixture of water (98%) and acetonitrile (2%), and 

mobile phase B was acetonitrile, both containing 0.1% formic acid (v/v). A gradient analysis 

of 4% of B/min starting from 100% A was used with a flow rate of 0.3 mL/min. After 10 

min, B was increased to 90% in 0.5 min and kept at this level for 5 min and then another 15 

min at 8% to equilibrate the column. The total analysis time was 25 min. The following 

MS/MS parameters were used for all measurements: spray voltage = 3.5 kV; tube lens 

offsets = 89 V for Q1 and Q3; vaporizer temperature = 250 °C; capillary temperature = 

340 °C; sheath gas (nitrogen) pressure = 50 (arbitrary units); auxiliary gas (nitrogen) 

pressure = 30 (arbitrary units); collision gas (argon) pressure = 6.67 × 10−5 Pa (5 mTorr). 

Selected reaction monitoring (SRM) data were acquired in the positive ionization mode at a 

mass range of m/z 100 to m/z 1500 with scan width m/z 2.000 and scan time 0.10 s.

The limit of quantification (LOQ) (at least 10-fold over the background level) of both AFB1-

N7-Gua and AFB1-FapyGua was determined to be 0.036 fmol injected on column. The 

recovery of AFB1-N7-Gua and AFB1-FapyGua from the column was determined by 

injecting a mixture of these compounds on column and measuring the peak areas of their 

mass spectral responses. Subsequently, a similar injection was made, and the effluents were 

collected. The collected effluents were then analyzed, and their mass spectral responses were 

determined. These measurements were repeated 6 times. The recovery of both AFB1-N7-

Gua and AFB1-FapyGua was found to be 80 ± 5%. The within-day reproducibility was 

determined by analyzing the triplicates of mixtures of AFB1-N7-Gua and AFB1-FapyGua 3 

times per day with 4 h increments. This experiment was repeated over a 3 day period to 

determine the between-day reproducibility. On the basis of the first triplicate analyses of the 

first day, both the within-day reproducibility and the between-day reproducibility were 

100%.
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Measurement of R-cdA and S-cdA by Liquid Chromatography-Tandem Mass Spectrometry

Internal standards (5′R)-8,5′-cyclo-2′-deoxyadenosine-15N5 (R-cdA-15N5) and (5′S)-8,5′-

cyclo-2′-deoxyadenosine-15N5 (S-cdA-15N5) were synthesized and isolated as described.
41,42 Aliquots of R-cdA-15N5 and S-cdA-15N5 were added to each of the 50 μg DNA 

samples. Subsequently, the samples were dissolved in 50 μL of 10 mmol/L Tris-HCl buffer 

(pH 7.5) containing 45 mmol/L ZnCl2, supplemented with 2.5 μL of 1 mol/L sodium acetate 

(final pH 6.0), and then hydrolyzed with nuclease P1, snake venom phosphodiesterase, and 

alkaline phosphatase as described previously.43 After hydrolysis, the samples were filtered 

using ultrafiltration membranes with a molecular mass cutoff of 3 kDa by centrifugation at 

12,000 g for 30 min. Separations were performed using a Zorbax SB-Aq rapid resolution 

narrow-bore LC column (2.1 mm × 150 mm, 3.5 μm particle size) (Agilent Technologies, 

Wilmington, DE) with an attached Agilent Eclipse XDB-C8 guard column (2.1 mm × 12.5 

mm, 5 μm particle size). Mobile phase A was a mixture of water (98%) and acetonitrile 

(2%), and mobile phase B was acetonitrile, both containing 0.1% formic acid (v/v). A 

gradient analysis of 3% of B/min starting from 100% A was used with a flow rate of 0.5 mL/

min. After 10 min, B was increased to 95% in 0.1 min and kept at this level for 5 min and 

then another 15 min at 100% A to equilibrate the column. The total analysis time was 30 

min. The conditions of the MS/MS system were as previously described.44 The SRM mass 

transitions were m/z 250 → m/z 164 for R-cdA and S-cdA and m/z 255 → m/z 169 for R-

cdA-15N5 and S-cdA15N5.

Measurement of Oxidatively Induced DNA Bases by Gas Chromatography-Tandem Mass 
Spectrometry

Another set of DNA samples isolated from livers of AFB1-treated mice was used to identify 

and quantify 5-hydroxy-5-methylhydantoin (5-OH-5-MeHyd), 5-hydroxycytosine (5-OH-

Cyt), thymine glycol (ThyGly), 4,6-diamino-5-formamidopyrimidine (FapyAde), 8-

hydroxyadenine (8-OH-Ade), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), 

and 8-OH-Gua. DNA samples (50 μg each) were supplemented with the aliquots of the 

stable isotope-labeled analogues of these compounds, that is, 5-OH-5-MeHyd-13C,15N2, 5-

OH-Cyt-13C,15N2, ThyGly-2H4, FapyAde-13C,15N2, FapyGua-13C,15N2, 8-OH-Ade-13C,
15N2 and 8-OH-Gua-15N5 as internal standards, which are a part of the National Institute of 

Standards and Technology (NIST) Standard Reference Material 2396 Oxidative DNA 

Damage Mass Spectrometry Standards (for details see refs 45 and 46). The samples were 

dried in a SpeedVac under vacuum and then dissolved in 50 μL of an incubation buffer 

consisting of 50 mmol/L phosphate buffer (pH 7.4), 100 mmol/L KCl, 1 mmol/L EDTA, and 

0.1 mmol/L dithiothreitol. Subsequently, they were incubated with 2 μg of E. coli Fpg 

protein and 2 μg of E. coli Nth protein at 37 °C for 1 h to release the modified DNA bases 

from DNA. This procedure has been shown to quantitatively release the modified bases from 

DNA at the levels observed with acidic hydrolysis.47,48 An aliquot of 100 μL ethanol was 

added to precipitate DNA. After centrifugation, the supernatant fractions were separated, 

lyophilized, trimethylsilylated,49 and then analyzed by GC-MS/MS using multiple reaction 

monitoring as described.43
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Statistical Analysis

The statistical analysis of the data was performed using the GraphPad Prism 6 software (La 

Jolla, CA, USA) and unpaired, two-tailed nonparametric Mann-Whitney test with Gaussian 

approximation and confidence level of 99%.

RESULTS

The aim of this work was to develop an improved LC-MS/MS methodology with isotope 

dilution for the measurement of AFB1-N7-Gua, cis-AFB1-FapyGua, and trans-AFB1-

FapyGua in vivo and to demonstrate the applicability of this methodology to the in vivo 
measurement of these DNA adducts. We also investigated whether AFB1 treatment leads to 

the in vivo formation of oxidatively induced DNA lesions. Figure 2 illustrates the 

fragmentation patterns of AFB1-N7-Gua and AFB1-FapyGua and their 15N5-labeled 

analogues as previously described.9,40,50 The cleavage of the bond between Gua and AFB1 

moieties of AFB1-N7-Gua gives rise to the m/z 152 and m/z 329 product ions. AFB1-N7-

Gua-15N5 yields the m/z 157 and m/z 329 product ions, because the Gua moiety contains 

five 15N atoms, whereas there is no labeling on the AFB1 moiety. The loss of H2O from 

AFB1-FapyGua and AFB1-FapyGua-15N5 yields the m/z 480 and m/z 485 product ions, 

respectively. Further loss of CO from these ions results in the formation of the m/z 452 and 

m/z 457 ions, respectively.

To achieve the highest measurement sensitivity, the optimum collision energies were 

determined for the two mass transitions of AFB1-N7-Gua and AFB1-FapyGua. The collision 

energies were varied from 5 to 50 V in 5 V increments. Supporting Information Figure 1 

illustrates the measured intensity versus the collision energy for the two mass transitions of 

each compound. The collision energy for the m/z 480 → m/z 152 transition of AFB1-N7-

Gua reached a plateau after 20 V, whereas 20 V was the optimum collision energy for the 

m/z 480 → m/z 329 transition (Supporting Information Figure 1A). The former mass 

transition had a greater intensity than the latter. Hence, the m/z 480 → m/z 152 transition 

would provide a greater sensitivity for the measurement of AFB1-N7-Gua. However, the 

simultaneous monitoring of the m/z 480 → m/z 329 transition would serve as validation. 

The m/z 498 → m/z 452 transition of both cis-AFB1-FapyGua and trans-AFB1-FapyGua 

had a maximum collision energy of 20 V, whereas 15 V provided the highest intensity for 

the m/z 498 → m/z 480 transition of both compounds (Supporting Information Figure 1B). 

The m/z 498 → m/z 452 transition was almost 2-fold more intense than the m/z 498 → m/z 
480 transition, meaning that the former would provide greater sensitivity than the latter for 

the measurement of both cis- and trans-isomers of AFB1-FapyGua. However, the 

simultaneous monitoring of both transitions would validate the identification. Supporting 

Information Figure 2 illustrates the ion-current profiles of both mass transitions of the 

standards AFB1-N7-Gua and cis- and trans-isomers of AFB1-FapyGua. A baseline 

separation and excellent peak shapes of the signals of all three compounds were achieved.

The LOQ with a signal-to-noise ratio of 10 for both AFB1-N7-Gua and AFB1-FapyGua was 

determined to be 0.036 fmol injected on column. This LOQ is very similar to the value 

published previously [0.02 pg on-column (0.042 fmol on-column)],40 with 0.036 fmol 

corresponding to approximately 2.2 lesions/1010 DNA bases. Thus, with the LOQ being 
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0.036 fmol, at least 2.2 lesions/1010 DNA bases can be detected with the methodology 

described in this work. We used 50 μg of DNA for all analyses. However, as the mass 

spectral responses (Figure 3) along with the very low LOQ indicate, lower amounts of DNA 

could be used to facilitate the measurement of AFB1-N7-Gua and AFB1-FapyGua. It should 

also be pointed out that 0.1 mol/L HCl (100 μL per 50 μg of DNA) at 95 °C for 1 h was used 

for the hydrolysis of DNA, which may not quantitatively release AFB1-N7-Gua and AFB1-

FapyGua from DNA. Considering the weak nature of the glycosidic bond and the fact that 

these hydrolysis conditions were previously used in the literature,14,27 a strong acid such as 

HCl at the concentration used in this work is expected to quantitatively remove these adducts 

from DNA.

The recovery of both AFB1-N7-Gua and AFB1-FapyGua from the column was found to be 

80 ± 5%. The within-day reproducibility and the between-day reproducibility varied from 

95% to 115%. To test the accuracy, the ratios of the peak areas of the MS/MS response 

versus the ratios of the unlabeled and labeled forms of AFB1-N7-Gua and AFB1-FapyGua 

were generated. The amount of their labeled analogues was kept constant. Within the 

amount ratios ranging from 0.1 to 20.0, a linear response was observed with the coefficient 

of determination R2 = 0.9985.

Measurement of AFB1-N7-Gua and cis- and trans-Isomers of AFB1-FapyGua in Liver DNA 
of Mice

The developed methodology was applied to identify and quantify AFB1-N7-Gua and cis- and 

trans-isomers of AFB1-FapyGua in DNA of livers of control mice and AFB1-treated mice. In 

each set, six mice were used, and DNA was isolated from the livers of untreated mice and 

AFB1-treated mice. The experiment was performed in a double-blind fashion. The codes of 

the DNA samples were not known until after the LC-MS/MS analysis. Three DNA samples 

were isolated from each liver. Hydrolyzed DNA samples were analyzed by SRM using 

corresponding mass transitions of the analytes. As an example of the measurements, the data 

in Figure 3 illustrate the ion-current profiles of each of the two mass transitions of AFB1-N7-

Gua, AFB1-N7-Gua-15N5, AFB1-FapyGua, and AFB1-FapyGua-15N5 as recorded during the 

analysis of DNA samples from a control mouse and an AFB1-treated mouse. The arrows in 

Figure 3A show the absence of the signals of the mass transitions of both AFB1-N7-Gua and 

AFB1-FapyGua in contrast to the signals of their 15N5-labeled analogues, indicating neither 

of these two adducts were detected in liver DNA of control mice. In contrast, the data in 

Figure 3B show the discernible signals of the two mass transitions of both AFB1-N7-Gua 

and AFB1-FapyGua, unequivocally identifying them in liver DNA of AFB1-treated mice. 

The quantification of AFB1-N7-Gua and cis- and trans-isomers of AFB1-FapyGua is shown 

in Figure 4. DNA samples with the numbers 1–6 were isolated from control mice, whereas 

those with the numbers 7–12 were from AFB1-treated mice. As was mentioned above, no 

AFB1-N7-Gua, cis-AFB1-FapyGua, or trans-AFB1-FapyGua was detected in control 

samples. In DNA samples isolated from AFB1-treated mice, these adducts were readily 

detectable. The level of AFB1-N7-Gua in liver DNA of treated mice varied from 15 to 25 

lesions/106 DNA bases (Figure 4A). One animal had a significantly greater level of AFB1-

N7-Gua than the other animals. The level of cis-AFB1-FapyGua varied among the animals 

from 1.5 to 6 lesions/106 DNA bases (Figure 4B). trans-AFB1-FapyGua had significantly 
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greater levels than cis-AFB1-FapyGua, varying from 20 to 45 lesions/106 DNA bases 

(Figure 4C).

Measurement of Oxidatively Induced DNA Base Lesions

Seven modified DNA bases were identified and quantified: 5-OH-5-MeHyd, 5-OH-Cyt, 

ThyGly, FapyAde, 8-OH-Ade, FapyGua, and 8-OH-Gua. However, the DNA samples 

collected 48 h post-AFB1 injection showed no increase in the levels of these modified DNA 

bases in their liver DNA when compared to their levels in liver DNA of control mice. 

Supporting Information Figure 3 shows the levels of FapyGua and 8-OH-Gua in control and 

AFB1-treated mice, with no statistically significant differences between the two groups. The 

levels of the DNA lesions varied between animals.

We also tested whether the AFB1 treatment would cause the formation of 8,5′-cyclo-2′-

deoxynucleosides in mouse liver. Supporting Information Figure 4 shows the ion-current 

profiles of the mass transitions of R-cdA and S-cdA and their 15N5-labeled analogues 

recorded during the LC-MS/MS analysis of a liver DNA sample from an AFB1-treated 

mouse. The quantification of R-cdA and S-cdA in control and AFB1-treated mice is shown 

Figure 5. When compared to control mice, a statistically significant increase in the levels of 

these modified nucleosides was observed in liver DNA of AFB1-treated mice.

DISCUSSION

To better understand the effect of aflatoxin toxicity on humans and the development of 

HCCs, robust assays are essential for the accurate measurement of aflatoxin adducts in DNA 

and urine of humans. Such assays would also help understand cellular repair of aflatoxin 

adducts and, consequently, the effect of genetic variants and polymorphisms in DNA repair 

mechanisms on the occurrence of HCCs. Various analytical methodologies have been 

developed for the measurement of aflatoxin adducts in biological samples with different 

sensitivities, advantages, and drawbacks.9,11,51–54 Most of these assays lack the detection of 

AFB1-FapyGua diastereomers and the positive identification of analytes with insufficient 

sensitivity and accuracy of quantification. Mass spectrometric assays and stable isotope-

labeled standards have been developed and applied in the past for the measurement of 

aflatoxin-DNA adducts in urine and DNA.27,40,50 Oxidatively induced DNA damage caused 

by aflatoxin treatment has also been investigated. However, this was limited to the 

measurement of 8-OH-dG only by various methodologies, which resulted in conflicting 

conclusions.30–33 No other DNA lesions were measured.

In this work, we developed an improved methodology for the simultaneous measurement in 
vivo of AFB1-N7-Gua, cis-AFB1-FapyGua, and trans-AFB1-FapyGua by LC-MS/MS with 

isotope dilution. This paper marks the first time that an isotopically labeled internal standard 

for the AFB1-FapyGua adducts has been utilized in a quantitative study. These 15N-labeled 

standards have not been reported in prior publications from our laboratory or any other 

laboratory. Furthermore, proper LC separations of AFB1-N7-Gua and AFB1-FapyGua 

adducts and their isotopically labeled analogues were demonstrated for the first time in this 

work. LC-MS/MS conditions provided a baseline separation of AFB1-N7-Gua, cis-AFB1-

FapyGua, and trans-AFB1-FapyGua from one another with excellent peak profiles. Two 
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mass transitions of each compound were used to validate the identification. We also 

determined, for the first time, the optimal collision energy for each compound and mass 

transition to achieve the highest sensitivity. No background levels of AFB1-N7-Gua, cis-

AFB1-FapyGua, and trans-AFB1-FapyGua were detected in control mice. However, these 

adducts were readily identified and quantified in liver DNA of mice treated with AFB1. 

Detected levels varied from 1 lesion/106 DNA bases to 45 lesions/106 DNA bases depending 

on the lesion and the animal. The limit of quantification (at least 10-fold over the 

background level) was 0.036 fmol on-column for all three AFB1 adducts. This is also 

reported, for the first time, in this work. Moreover, the recovery of AFB1-N7-Gua and AFB1-

FapyGua from the LC column was determined to be ≈80%. In this context, it should be 

emphasized that there are many factors that can affect the operational measurement of 

molecules such as DNA adducts. All DNA adducts measured in this study had isotopically 

labeled internal standards to control for individual recovery. Thus, the data reported in this 

manuscript are normalized to the recovery of the individual isotopically labeled standard. In 

future applications of this technology, the sample amount needed for an analysis will be 

largely driven by the level of environmental exposure which can vary a lot across 

populations. These factors will then have to be accounted for to ensure the measurement of 

these adducts can be achieved. In our experience that has included many experimental 

studies and human epidemiological investigations, this is the critical factor for measuring 

DNA adducts. The within-day reproducibility and the between-day reproducibility with 

triplicate analysis did not significantly differ between measurements.

We also determined whether oxidatively induced DNA damage occurs in liver DNA of mice 

upon AFB1 treatment. No significant elevation of the background levels of DNA base 

lesions was observed in liver DNA of AFB1-treated mice when compared to control mice. In 

the case of each lesion, some animals had high levels compared to the others, possibly 

indicating the individual susceptibility to AFB1 treatment. In contrast, we found greater 

levels of R-cdA and S-cdA in liver DNA of AFB1-treated mice than in control mice. This 

was surprising because both types of lesions are formed by the attack of hydroxyl radical on 

DNA. However, there is a stark difference between the mechanisms of formation of DNA 

base lesions and 8,5′-cyclo-2′-deoxynucleosides. It is not clear whether the difference 

between the formation mechanisms plays a role in the detection of higher levels of R-cdA 

and S-cdA in AFB1-treated mice than in control mice. Additionally, the DNA repair 

mechanisms that are responsible for repair of these DNA lesions are different, with NER 

responsible for the removal of the R-cdA and S-cdA, while the ring-fragmented and ring-

saturated bases are repaired by BER. Since DNAs were harvested 48 h post-AFB1 injection, 

it is possible that the differential kinetics of BER and NER could account for these 

differences. On the other hand, the high background levels of DNA base lesions in control 

mice may prevent the detection of minor increases in the levels of these DNA lesions upon 

AFB1 treatment of mice.

AFB1-N7-Gua and AFB1-FapyGua cause G → T transversions with a small amount of G → 
A transitions as discussed above. Mutagenic effects of 8,5′-cyclo-2′-deoxynucleosides have 

been extensively investigated. S-cdA blocks both RNA transcription and some DNA 

polymerases, causing transcriptional mutagenesis, and A → T transversions and A → G 

transitions.55–60 R-cdA is expected to have a similar effect. Since G → T transversions are 

Coskun et al. Page 10

Chem Res Toxicol. Author manuscript; available in PMC 2020 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the main mutations caused by AFB1, it is not known whether A → T transversions and A 

→ G transitions play a significant role in the mutagenicity of AFB1. However, since the in 
vivo levels of AFB1-N7-Gua and AFB1-FapyGua are significantly greater than those of R-

cdA and S-cdA, deciphering the relative importance of the R-cdA and S-cdA adducts may 

be biologically challenging. Future mutagenicity studies may shed light on the role of 8,5′-

cyclo-2′-deoxynucleosides on the mutagenic effect of AFB1.

Cellular repair of AFB1-N7-Gua and AFB1-FapyGua and genetic variants that increase 

carcinogenic susceptibility, both from in utero exposures and dietary ingestion throughout an 

individual’s lifespan, are poorly understood. A recent study presented the evidence that, in a 

murine model, DNA glycosylase NEIL1-initiated BER was several-fold more critical in the 

removal of AFB1-FapyGua from DNA.27 The steady-state level of this lesion was found to 

be greater in liver DNA of Neil1−/− mice than those in wild-type mice. Increased 

susceptibility to AFB1-induced HCCs in Neil1−/− mice was also observed. However, no 

distinction between the two diastereomers of AFB1-FapyGua was reported. Polymorphic 

variants of NEIL1 such as G83D-NEIL1 and C136R-NEIL1, which are devoid of DNA 

glycosylase activity, exist in humans.61,62 It is possible that humans carrying such inactive 

NEIL1 variants may be more prone to AFB1-induced HCCs than those with wild-type 

NEIL1.

The robust methodology presented in the present work will help positively identify and 

accurately quantify three AFB1-DNA adducts as biomarkers of AFB1 exposure and HCCs in 

a variety of biological samples including urine. This may also contribute to the elucidation 

of cellular repair mechanisms of these adducts including DNA repair enzymes and to the 

understanding of the role of genetic deficiencies in human population that increase 

susceptibility to AFB1-associated carcinogenesis.
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ABBREVIATIONS

HCCs hepatocellular carcinomas

AFB1 aflatoxin B1

AFB1-N7-Gua 8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B1
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AFB1-FapyGua 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-

yl-formamido)-9-hydroxyaflatoxin B1

dG 2′-deoxyguanosine

BER base excision repair

8-OH-dG 8-hydroxy-2′-deoxyguanosine

8-OH-Gua 8-hydroxyguanine

LC-MS/MS liquid chromatography-tandem mass spectrometry

R-cdA R-8,5′-cyclo-2′-deoxyadenosine

S-cdA S-8,5′-cyclo-2′-deoxyadenosine

GC-MS/MS gas chromatography-tandem mass spectrometry

5-OH-5-MeHyd 5-hydroxy-5-methylhydantoin

5-OH-Cyt 5-hydroxycytosine

ThyGly thymine glycol

FapyAde 4,6-diamino-5-formamidopyrimidine

FapyGua 2,6-diamino-4-hydroxy-5-formamidopyrimidine

8-OH-Ade 8-hydroxyadenine
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Figure 1. 
Mechanism of formation in DNA of AFB1-N7-Gua, cis-AFB1-FapyGua and trans-AFB1-

FapyGua.
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Figure 2. 
Fragmentation mechanisms of AFB1-N7-Gua and AFB1-FapyGua and their 15N5-labeled 

analogues, leading to product ions. Protonated molecular ions (MH+), product ions, and 

mass transitions are shown.
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Figure 3. 
Ion-current profiles of the mass transitions of AFB1-N7-Gua, cis-AFB1-FapyGua, and trans-

AFB1-FapyGua and their 15N5-labeled analogues recorded during the LC-MS/MS analysis 

of a liver DNA sample from a control mouse (A) and an AFB1-treated mouse (B). For each 

of the three adducts, two mass transitions shown in Figure 2 were used. The arrows in (A) 

show the elution positions of AFB1-N7-Gua, cis-AFB1-FapyGua, and trans-AFB1-FapyGua 

and indicate their absence in liver DNA of control mice.
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Figure 4. 
Levels of AFB1-N7-Gua (A), cis-AFB1-FapyGua (B), and trans-AFB1-FapyGua (C) in liver 

DNA of control mice (1–6) and AFB1-treated mice (7–12). Uncertainties are standard 

deviations (n = 3).
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Figure 5. 
Levels of R-cdA (A) and S-cdA (B) in liver DNA of control mice and AFB1-treated mice. 

Uncertainties are standard deviations.
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