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Abstract

Nitrogen mustards (NM) are an important class of chemotherapeutic drugs used in the treatment of 

malignant tumors. The accepted mechanism of action of NM is through the alkylation of DNA 

bases. NM-adducts block DNA replication in cancer cells by forming cytotoxic DNA interstrand 

cross-links. We previously characterized several adducts formed by reaction of bis(2-

chloroethyl)ethylamine (NM) with calf thymus (CT) DNA and the MDA-MB-231 mammary 

tumor cell line. The mono-alkylated N7-guanine (NM-G) adduct, and its cross-link (G-NM-G) 

were major lesions. The cationic NM-G undergoes a secondary reaction through depurination to 

form an apurinic (AP) site or reacts with hydroxide to yield the stable ring-opened N5-substituted 

formamidopyrimidine (NM-Fapy-G) adduct. Both of these lesions are mutagenic and may 

contribute to secondary tumor development, a major clinical limitation of NM chemotherapy. We 

established a kinetic model with NM-treated female mice and measured the rates of formation and 

removal of NM-DNA adducts and AP sites. We employed liquid chromatography-mass 

spectrometry (LC-MS) to measure NM-G, G-NM-G, and NM–Fapy-G adducts in liver, lung, and 

spleen over 168 hours. NM-G reached a maximum level within 6 h in all organs and then rapidly 

declined. The G-NM-G cross-link and NM-FapyG were more persistent with half-lives over three 
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times longer than NM-G. We quantified AP site lesions in the liver and showed that NM treatment 

increased AP site levels by 3.7-fold over the basal levels at 6 h. The kinetics of AP site repair 

closely followed the rate of removal of NM-G; however, AP sites remained 1.3-fold above basal 

levels 168 hours post-treatment with NM. Our data provide new insights into NM-induced DNA 

damage and biological processing in vivo. The quantitative measurement of the spectrum of NM 

adducts and AP sites can serve as biomarkers in the design and assessment of the efficacy of novel 

chemotherapeutic regimens.
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Introduction

Nitrogen mustards (NMs) possess a common bis(2-chloroethyl)amino group and represent 

the earliest employed anticancer chemotherapeutic agents.1–3 NMs undergo intramolecular 

cyclization to a highly electrophilic aziridinium ion, which alkylates DNA, most abundantly 

at the N7-position of deoxyguanosines (Scheme 1). NMs are bis-alkylating agents and can 

also react with a second deoxyguanosine to form inter- and intrastrand cross-links. 

Interstrand cross-links preferentially form in GNC sequences and are generally considered 

the most cytotoxic DNA adduct of NMs even though they are formed in low abundance.4,5 

DNA interstrand cross-links interfere with DNA replication, leading to cytotoxicity.6,7 The 
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third substituent of the nitrogen atom can attenuate the reactivity of the nitrogen mustard.1 

Nitrogen mustard derivatives, such as melphalan, chlorambucil, and cyclophosphamide 

(CPA) are currently used as clinical therapeutics for the treatment of many malignant 

diseases such as ovarian cancer, leukemia, lymphoma, and breast cancer.1

Cationic N7-dG adducts can undergo secondary reactions, most commonly depurination to 

an apurinic (AP) site (Scheme 1).8 The nature of the N7-group affects the rate of 

depurination. Masta et al. reported the t1/2 of 9.1 hr for NM-dG depurination from calf 

thymus DNA (pH 7.4, 37 °C) and we subsequently confirmed this result.8–10 AP sites are 

strong blocks to replication, which can cause double-stranded DNA breaks if not efficiently 

repaired.11–13 The AP site is non-coding and mutagenic when replicated.14 Some N7-dG 

adducts add hydroxide at the C8 atom to form the ring-opened N5-substituted 

formamidopyrimidine (Fapy) adduct.15 The Fapy-dG adduct derived from aflatoxin B1 

(AFB1-Fapy-dG) has been observed in vivo, while nitrogen mustard,10 mitomycin C,16 and 

butadiene epoxide Fapy-dG adducts17 were observed in vitro. The N5-methyl-Fapy-dG (Me-

Fapy-dG) adduct was observed from rodents treated with methylating agents;18,19 however, 

a related study did not observe the formation of Me-Fapy-dG adducts from treated rats.20 

The unsubstituted Fapy-dG adducts is a product of oxidative damage and has been observed 

in vivo.21,22

The methyl, aflatoxin B1, and NM Fapy-dG lesions are mutagenic in cultured cells.23,24 For 

example, NM-Fapy-dG gave a complex mutation spectrum in cultured COS7 (primate 

kidney) cells with a frequency of 11–12%; the predominant mutation was G to T 

transversions.25 An unusual feature of Fapy-dG lesions is they can isomerize to the non-

canonical α-anomer.26 Interestingly, the frequency of G to T transversion mutations 

decreased by ~50% when the α-anomer was selectively removed by pre-treatment with E. 
coli Endonuclease IV. The mutagenic effects of NM-Fapy-dG and AP sites may increase the 

risk of secondary malignancies, such as acute non-lymphocytic leukemia.27

AP sites have been exploited to increase drug cytotoxicity and therapeutic efficacy. AP sites 

exist partially as the ring-opened aldehyde and react with nucleophiles such as 

methoxyamine (TRC102), to form a stable oxime adduct. The methoxyamine-AP site oxime 

inhibits the base excision repair (BER) pathway28,29 and enhanced the cytotoxicity of 

temozolomide30,31 in cultured human breast,32–34 ovarian,35 and colon cancer cells.28,30 

Indeed, methoxyamine is part of seven ongoing or recently completed clinical trials.36–42 

The reactivity of the ring-opened aldehyde form has also been exploited to quantitate AP 

sites in DNA (Scheme 1) employing the aldehyde reactive probe43 or O-(pyridin-3-yl-

methyl)hydroxylamine (PMOA).44

The extent to which NMs cause DNA adducts and AP sites in vivo are unknown. In the 

present study, we measure the tissue distribution and concentration-time profile of NM-DNA 

adducts, and AP sites in female C57BL/6NJ mice by quantitative mass spectrometry-based 

methods. We measured the NM-adducts as their deglycosylated guanine derivatives. 

Abbreviations with dG refer to adducts still within DNA.
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Experimental Section

Caution:

N,N-bis(2-chloroethyl)ethylamine (NM) is a carcinogen and must be handled in a well-

ventilated fume hood with proper use of gloves and protective clothing.

Materials.

O-(Pyridin-3-yl-methyl)hydroxylamine (PMOA), butyraldehyde, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), tris(hydroxymethyl)aminomethane (Tris), EDTA, 

DNase I (type IV, bovine pancreas), alkaline phosphatase (Escherichia coli), nuclease P1 

(Penicillium citrinum), RNase A (bovine pancreas), RNase T1 (Aspergillus oryzae), and 

proteinase K (Tritirachium album) were purchased from Sigma-Aldrich (St. Louis, MO). 

Phosphodiesterase I (Crotalus adamanteus venom) and adenosine deaminase were purchased 

from Worthington Biochemical Corp. (Lakewood, NJ). LC-MS grade solvents were 

purchased from Fisher Chemical Co. (Pittsburgh, PA). Puregene protein precipitation (PP) 

solution and DNeasy Blood & Tissue kit were purchased from Qiagen (Germantown, MD). 

N,N-Bis(2-chloroethyl)ethylamine hydrochloride was purchased from Aaron Chemistry 

Gmbh (Mittenwald, Germany). Pall 10 kDa filter with omega membrane, MWCO 10 kDa, 

was purchased from Sigma Aldrich (St. Louis, MO) All other chemicals were ACS grade 

and purchased from Sigma-Aldrich unless otherwise stated. Strata-X 33 μm Polymeric 

Reversed Phase 30 mg solid-phase extraction (SPE) cartridge was purchased from 

Phenomenex (Torrance, CA). Sola SCX cartridges were purchased from Thermo Scientific 

(Bellafonte, PA). MicroLiter autosampler vials with silanized glass inserts were purchased 

from Wheaton (Millville, NJ).

Synthesis of standards.

NM-G, G-NM-G, NM-Fapy-G, and PMOA-dR (derivatized abasic site), and their 

isotopically labeled internal standards [2H5]-NM-G, [2H5]-G-NM-G, [15N5]-NM-FapyG, 

and [13C5]PMOA-dR, were synthesized according to reported protocols.10,44 Isotopic 

purities of the internal standards of the NM-DNA adducts exceeded 99.5%,10 and the 

isotopic purity of [13C5]PMOA-dR exceeded 99.8%.44

Animal studies.

All studies were reviewed and approved by the University of Minnesota Institutional Animal 

Care and Use Committee. Female C57BL/6NJ mice were 13 to 14 weeks old and a body 

weight ranging from 18−26 g (The Jackson Laboratories, Bar Harbor, ME). The animals 

were housed in groups of five per cage, acclimated for one week under standard housing 

conditions and given an AIN-76A diet and water ad libitum. Thereafter, the mice were 

injected intraperitoneally with NM (1 μg/μL in sterile 0.9% saline at a dose of 3 mg/kg body 

weight). The vehicle (100 µL saline) served as the negative control group (n = 5 per group). 

NM-treated mice were anesthetized with CO2, and sacrificed at 6, 24, 48, 72, and 168 h after 

dosing. Control mice were sacrificed T0 h after dosing. The liver, lung, and spleen tissues 

were immediately put on dry ice and frozen at –80 ºC until sample workup.
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DNA preparation for quantitation of NM-DNA adducts.

Tissues were thawed on ice and placed in a Petri dish, and cut into small pieces with a 

scalpel (60 – 100 mg of tissue per tube), followed by homogenization in 4 volumes of TE 

lysis buffer [Tris buffer (50 mM), EDTA (10 mM), freshly added 2-mercaptoethanol (10 

mM), pH 8.0] on ice using a PRO 200 homogenizer (PRO Scientific, Oxford, CT) with a 

sawtooth type generator (5 mm/7 mm).

DNA was processed as previously reported.10 Briefly, the liver, lung, and spleen tissue 

homogenates were centrifuged at 3000 g and the nuclear pellet was resuspended in 300 µL 

of TE buffer and treated with 15 µL RNase A (10 mg/mL) and 1 µL RNase T1 (1000 U/mL) 

for 90 min at 37 °C. Afterward, proteinase K (20 μL of 20 mg/mL in water) and 10% SDS 

(0.1 volume) were added and digestion proceeded for 2 h at 37 °C. Nuclear DNA was then 

extracted using a Qiagen DNeasy Blood & Tissue kit and quantitated with UV to obtain the 

concentration (assuming that 50 µg/mL of double-stranded DNA gave an absorbance of 1.0 

at 260 nm).

A portion of the DNA (10 μg) was digested with DNase I, nuclease P1, alkaline 

phosphatase, and phosphodiesterase as previously described to determine the extent of RNA 

contamination.45 The DNA hydrolysate (2.5 µg) was assayed with an Agilent 1260 Infinity 

HPLC system equipped with a diode array detector DAD (Palo Alto, CA), monitoring UV 

absorbance at 260 and 280 nm. The chromatographic conditions are reported with a 

representative HPLC-UV chromatogram of mouse liver DNA in Supporting Information 

(Figure S1). The % RNA contamination, based on Guo and Ado peak area relative to dG and 

dA, was less than 2% in all organs.

The DNA (220 µg on average) was assayed independently in duplicate for NM-DNA 

adducts in each organ. The isolated DNA was subjected to neutral thermal hydrolysis in 3 

mL of phosphate buffer (50 mM, pH 7.0) at 37 °C for 72 h in the presence of 350 pg of each 

internal standard [2H5]-NM-G (1.3 pmol), [15N5]-NM-Fapy-G (1.2 pmol), and [2H5]-G-NM-

G (0.88 pmol) corresponding to 2.2, 2.0, and 1.4 adducts per 106 nts, respectively, followed 

by heating at 95 °C for 4 h.10 The residual DNA backbone was removed with a Pall 10 kDa 

molecular weight cutoff filter pre-washed with 0.5 mL of H2O, 0.05 M NaOH, followed by 

H2O. The adducts were enriched by SPE using Sola SCX cartridges and reconstituted in 2 

mM ammonium acetate containing 5% CH3CN (50 μL) for LC-MS3 analysis.10

DNA preparation for quantitation of AP sites as the PMOA-dR derivative.

Sample preparation was conducted according to our reported protocol.44 Briefly, chilled HE 

buffer [1 mL, containing HEPES buffer (50 mM) and EDTA (10 mM), pH 8.0] was added to 

the liver tissue of each mouse (250 μL, 50 mg wet weight equivalent), homogenized, and 

centrifuged at 3,000 g at 4 ºC for 10 min. The nuclear pellet was resuspended in HE buffer 

(500 μL). Proteinase K (20 μL of 20 mg/mL in water) and 10% SDS (60 μL) were added and 

incubated at 37 ºC for 1.5 h. The AP sites were derivatized by incubation with PMOA (32 

μL of 100 mM stock solution) at 37 ºC for 1.5 h. Excess PMOA was quenched by adding 

butyraldehyde (30 μL, 1 M in 50% isopropanol/water), and the suspension was cooled on 

ice. Proteins were precipitated with Puregene PP solution (250 μL), and nucleic acids in the 
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supernatant were isolated by precipitation with NaCl/cold isopropanol, washed with 70% 

ethanol in 5 mM HEPES buffer (pH 8.0) and dried. The pellets were reconstituted with HE 

buffer (300 μL) and incubated with RNase A (150 μg) and RNase T1 (0.5 μg) at 37 ºC for 

1.5 h to remove RNA. The enzymes were precipitated with Puregene PP solution, and the 

supernatant was treated with NaCl/isopropanol to precipitate the DNA. The DNA pellet was 

dried and reconstituted in HEPES buffer (5 mM, pH 8.0), the concentration determined by 

UV, and digested with a cocktail of DNase I, nuclease P1, phosphodiesterase I, alkaline 

phosphatase, and adenosine deaminase in the presence of [13C5]-PMOA-dR spiked at 100 

fmol/30 μg of DNA (1.1 /106 nts) as the internal standard. The derivatized AP sites were 

enriched by SPE with a Strata-X polymeric cartridge and reconstituted in 2 mM ammonium 

bicarbonate for LC-MS2 analysis.44

Quantitation of NM-DNA adducts and AP sites by LC-MSn.

Quantitation was conducted on an LTQ Velos Pro ion-trap mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA) equipped with an UltiMate™ 3000 RSLCnano System 

(Thermo Fisher) and an Advance CaptiveSpray source (Michrom Bioresource Inc., Auburn, 

CA). Electrospray ionization (ESI) in the positive ion mode at the MS3 stage was used to 

detect NM-DNA adducts and the MS2 stage to detect the AP site derivative (PMOA-dR). 

Detailed MS parameters and MSn transitions were reported,10,44 and provided in Table S1 of 

the supporting information.

An Acclaim PA II C18 column (300 µm × 15 cm, 3 μm particle size, Thermo Scientific, 

Bellefonte, PA) was employed for chromatographic separation of NM-DNA adducts at a 

flow rate of 5 μL/min. The solvents of the mobile phases were (A) 2 mM ammonium acetate 

in 95% H2O and 5% CH3CN and (B) 2 mM ammonium acetate in 95% CH3CN. A linear 

gradient was employed to resolve the DNA adducts. The solvent was held at 95:5 A/B for 1 

min, and then increased to 5:95 A/B over 11 min and held at this solvent composition for 2 

min. The column was heated at 55 °C to optimize the peak shape and chromatographic 

resolution.

The analysis of AP sites was performed with a Magic C18AQ reversed-phase column (300 

µm × 15 cm, 3 μm particle size, NanoLC Solutions, Sacramento, CA) for chromatographic 

separation. The mobile phases were (A) 2 mM ammonium acetate in H2O and (B) 2 mM 

ammonium acetate in 95% CH3CN. The following gradient elution profile was used: 5 μL/

min, 1% B from 0 to 2 min; 5 – 2 μL/min, 1% B from 2 to 2.5 min; 2 μL/min, 1 to 95% B 

from 2.5 to 20 min; 2 − 5 μL/min, 95% B from 20 to 22 min; 5 μL/min, 95 to 1% B from 22 

to 24 min; 5 μL/min, 1% B from 24 to 30 min.

Data and statistical analyses.

The calibration curves of NM-DNA adducts and AP site derivatives (PMOA-dR) were 

constructed using seven calibrant levels for NM-DNA adducts and six calibrant levels of AP 

sites. The amount of NM internal standards added was 350 pg and the levels of unlabeled 

standard ranged from 0.0029 – 0.86 for NM-G; 0.0029 – 4.29 for G-NM-G; and 0.0029 – 

0.29 for NM-Fapy-G (pmol adduct/pmol internal standard), which were added to a matrix of 

calf thymus DNA (220 µg) and then subjected to neutral thermal hydrolysis, and enriched by 
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SPE.10 [13C5]-PMOA-dR was spiked at a level of 100 fmol in 30 μg DNA (1.1 per 106 nts), 

together with the synthesized PMOA-dR standard (1:1 isomeric mixture) at calibrant levels 

of 0, 0.022, 0.11, 0.55, 2.8, 11, 28 PMOA-dR per 106 nts.44 All calibrant levels were 

conducted in triplicate.

The limit of detection (LOD) and limit of quantification (LOQ) values were set at 3.3σ and 

10σ SD units above the background level signal of the DNA hydrolysate of each organ for 

NM-treated samples.46 Calf thymus DNA served as the background matrix for AP sites.44 

NM adducts were expressed as adducts per nucleotides (nts). The average LOD and LOQ 

values were NM-G (7.9 × 10−8 and 1.7 × 10−7 adducts/nts), G-NM-G (1.1 × 10−8 and 2.3 × 

10−8 adducts/nts), and NM-Fapy-G (2.5 × 10−8 and 5.4 × 10−8 adducts/nts), when 220 µg 

DNA was processed. The LOQ value of the AP site was 2.2 PMOA-dR sites/108 nts in 13.5 

μg of enzymatically digested calf thymus DNA. The calibration curves for NM-DNA 

adducts (amount ratio versus area of response ratio) and AP sites (AP site ratio versus area 

of response ratio) were fitted with linear least-squares regression analysis and the goodness-

of-fit linear regression values r2 are reported: NM-G (y = 0.8360x + 0.003944, r2 = 0.996); 

G-NM-G (y = 1.139x + 0.0124, r2 = 0.996); NM-Fapy-G (y = 1.151x + 0.006, r2 = 0.993); 

AP sites (y = 0.9590x + 0.03324, r2 = 0.998).

The kinetics of NM-DNA adduct removal and half-lives of the NM-DNA adducts and AP 

sites were estimated with a one-phase decay model for each lesion in each organ with the 

following equation: Y = (Y0 - Plateau)*exp(-K*t) + Plateau, in which Y is the level of the 

lesion. The plateau was constrained to the background level signals of the MS3 transitions of 

the NM-DNA adducts in the corresponding organs of the control mice. The one-phase decay 

model was fitted using the replicate assays (n = 5 animals per time point, 5 time points), 

with passing tests for normality (Shapiro-Wilk) and the replicates test for homogeneity. The 

extra sum-of-squares F test was employed to determine whether a one-phase decay rate 

curve or individual curves fitted all NM-DNA adducts. A Welch’s one-way ANOVA, 

followed by Dunnet’s T3 multiple comparisons post hoc test was employed to determine 

statistically significant differences between half-lives (t1/2’s) of the DNA adducts and the AP 

site. A Welch’s unpaired t-test was used to test the significance between time dependent AP 

site level abundances, and the Pearson correlation was employed to determine the strength 

(r) and significance (p value) of the relationship between NM-DNA adducts and AP site 

levels. A p < 0.05 was deemed significant for all tests. Data are presented as the mean ± 

standard error of the mean (SEM) or the standard deviation (SD). Statistical analysis was 

performed with the Prism software (Version 8.3, GraphPad, La Jolla, CA), and Microsoft 

Excel 2017 (Redmond, WA).

Results

NM-DNA adducts and AP site measurements.

We measured NM-DNA adducts and AP sites using two validated analytical methods. The 

NM-DNA base adducts (NM-G, NM-Fapy-G, G-NM-G) were recovered by a two-stage 

neutral thermal hydrolysis of the isolated DNA, which mitigates artifactual formation of the 

ring-opened NM-Fapy-G adduct.10 The creation of artifactual AP sites was mitigated by 

directly derivatizing DNA in the nuclear pellet as an oxime derivative with PMOA before 
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DNA isolation, followed by digestion of the DNA and enrichment of the AP site derivative 

(PMOA-dR) by SPE.44 The DNA adducts were analyzed by LC-MSn employing ESI in the 

positive ion mode at the MS3 scan stage for NM-DNA adducts, and the MS2 scan stage for 

PMOA-dR.10,44

NM-DNA adducts and kinetics of adduct removal.

We conducted a preliminary study to find a dose range where NM adducts could be 

identified and characterized in mouse livers. Female mice were dosed with NM at 0.1, 0.3, 

and 3 mg /kg body weight. The overall level of NM-DNA adduct formation was low, and the 

minor ring-opened NM-Fapy-G was detected above the LOD value only at the dose of 3 

mg/kg. We did not examine NM-DNA adduct formation at higher doses because a 3 mg/kg 

dose is near the LD50 value of NM reported in Swiss female mice.47 All treated animals 

survived the NM treatment at 3 mg/kg; however, the average body weight decreased by 14 

and 24% at 72 and 168 h, respectively.

A representative extracted ion chromatogram (EIC) of NM-DNA adducts in the liver of 

untreated and NM-treated mice (3 mg/kg) at 6 h post-treatment is shown in Figure 1. The 

impurities of the labeled adducts in the internal standards were responsible for a significant 

portion of the background signals. The signal to noise (S/N) of the response for NM-DNA 

adducts over the background signals of the untreated animals was 21 for NM-G, 173 for G-

NM-G, and 6.6 for NM-FapyG. The signals for NM-G and G-NM-G were above the LOQ 

values (background signal + 10σ SD units), whereas the signal of the response of NM-Fapy-

G hovered between the LOD (background signal + 3.3σ SD units) and the LOQ. The signal 

for the second NM cross-linked adduct containing a ring-opened Fapy moiety, G-NM-Fapy-

G (Scheme 1), was below the LOD and not reported. A guideline for quantitative 

measurements of analytes recommends that the internal standard amount be within the lower 

one-third range of the calibration curve.48 The amounts of [2H5]-NM-G and [2H5]-G-NM-G 

used for measurement fall within this working range (signal ratios of NM-G (0.27) and G-

NM-G (0.52) to their internal standards); however, the amount of NM-Fapy-G formed in the 

liver (and other organs) is ⁓10-folder lower than the amounts of NM-G and G-NM-G. Thus, 

the level [15N5]-NM-Fapy-G used for quantitation is elevated, and the signal ratio of the 

NM-Fapy-G to [15N5]-NM-Fapy-G (0.034) falls below the optimal working range of the 

calibration curve. The amount of [15N5]-NM-Fapy-G should be decreased by about 5 to 10-

fold, resulting in a lower background signal of the unlabeled NM-Fapy-G and improved 

LOD and LOQ values. However, multiple, broad peaks are observed when lower amounts of 

[15N5]-NM-Fapy-G are assayed on the column, even when heating the column at 55 °C 

(possibly due to interaction with active sites within the UPLC system). As a result, the 

integration of the peaks is inaccurate (R. Turesky, unpublished observations). The calibration 

curve of NM-Fapy-G is shown in Figure S2 of the Supporting Information. The linearity of 

the calibration curve is shown by the slope (y = 1.151*x + 0.0056), and the goodness-of-fit 

linear regression value (r2 = 0.993) over the calibrant range of 0.0029 – 0.29 pmol NM-

Fapy-G/pmol [15N5]-NM-Fapy-G used for quantitation. The lowest calibrant level is 5 to 10-

fold lower than the amounts of NM-Fapy-G measured over the time course of the study. 

Thus, we maintained the level of internal standard at 350 pg per DNA sample. The 
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calibration curve permitted a satisfactory estimate of NM-Fapy-G over the 168 h time course 

of the kinetic study.

Kinetics of NM-DNA adduct formation and removal.

The kinetics of NM-DNA adduct formation and removal were measured in the liver, lung, 

and spleen of female mice (Table 1 and Figure 2). The EICs of NM-DNA adducts from the 

lung at T 0, 6, and 168 h are shown in Figure S3 of the Supporting Information. The signals 

of NM-Fapy-G and NM-G-NM remained above the LOD and LOQ, respectively, throughout 

the study, whereas the signal of NM-G declined to basal levels at 168 h. The high trapping 

efficiency and sensitivity of the ion trap permitted identification of all NM-DNA adducts at 

the MS3 scan stage.10 The product ion spectra of NM-DNA adducts at the MS3 scan stage 

are shown in Figure S4 of the Supporting Information.

A one-phase decay curve was used to characterize adduct removal and the estimates of the 

t1/2’s of the NM-DNA adducts. The decay plateau was constrained at the basal level of the 

MS3 transition signal, representing the background signal for each adduct in the 

corresponding organs of the control mice (Figure 2). The NM-DNA adducts were already at 

their peak levels in most organs 6 h post-dosing. G-NM-G was the predominant NM-DNA 

adduct formed at 6 h post-treatment; however, the neutral thermal hydrolysis process does 

not allow the distinction between interstrand and intrastrand cross-links.49 NM-G was the 

second most abundant adduct in all organs, occurring at a level ranging between 58 – 94% of 

the G-NM-G cross-link. Though, the actual level of NM-G is about 30% greater than the 

level measured due to partial hydrolysis of the labile glycosidic linkage during the DNA 

isolation process.10 NM-Fapy-G was the least abundant adduct, and present at 10 – 20% of 

the NM-G level. These relative levels of NM adducts agree with our in vitro studies on NM-

DNA adducts formed with NM-treated calf thymus DNA.10

NM-G declined rapidly and was undetectable in all organs at 168 h. In contrast, the G-NM-

G cross-link and NM-Fapy-G were persistent, and approximately 30 – 50% of these adducts 

remained at 168 h relative to levels at 6 h post-treatment with NM (Figure 3 and Table 1). 

The decay curves for all NM-DNA adducts (Figure 2) were best fitted with independent 

equations (p < 0.0001). The estimated biological t1/2’s of NM-dG, dG-NM-dG, and NM-

Fapy-dG are reported in Table 2. The mean t1/2’s among the adducts were significantly 

different for spleen (F(2, 34) = 20.9, p < 0.0001), lung (F(2,32) = 7.6, p = 0.0019), and liver 

(F(3,40) = 8.2, p = 0.0002), when compared using an unequal variance F-test (Welch’s one-

way ANOVA). The level of significance between the mean t1/2’s between each adduct pair 

within each organ were determined Dunnet’s T3 multiple comparisons post hoc test (Table 

S2, Supporting Iinformation). The t1/2 of NM-dG was at least 3-fold lower than the t1/2
’s of 

NM-Fapy-dG and dG-NM-dG in all organs. In spleen, the t1/2’s were significantly different 

between NM-G and both G-NM-G (p < 0.0001) and NM-Fapy-G (p = 0.0022), and also 

significantly different between NM-G and both G-NM-G (p = 0.0351) and NM-Fapy-G (p = 

0.0242) in the lung. The t1/2’s were significantly different between NM-G and G-NM-G (p = 

0.00311), while the t1/2’s of NM-G and NM-Fapy-G were borderline significantly different 

in the liver (p = 0.0603). The relatively short t1/2 of NM-dG is attributed to the biochemical 

processing of the adduct, including chemical depurination, enzymatic repair of the lesion, 
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and ring-opening of NM-dG to NM-Fapy-dG. We did not observe a significant statistical 

difference between the t1/2’s of NM-Fapy-G and G-NM-G in any of the organs. Additional 

data points across the time course are required to fit the decay curves more accurately.

Quantification and Kinetics of Abasic Sites of NM-treated mice.

Chemical depurination and glycosylase-catalyzed BER of NM-DNA adducts leads to the 

generation of AP sites, which are cytotoxic and potentially mutagenic lesions.50,51 AP sites 

exist as the aldehyde form in equilibrium with the predominant cyclic acetal form (Scheme 

1).52 The aldehyde form can lead to strand breaks through β-elimination,53 or can react with 

primary amines to form covalent adducts. A recent study showed the mechlorethamine-

induced AP sites reacts with the N6-amino group of 2′-deoxyadenosine, resulting in a novel 

interstrand cross-link.54 We measured the level of AP sites in NM-treated mice to gain a 

better understanding of their kinetics of formation and repair.

AP sites are formed rapidly in liver DNA of mice treated with NM. NM-treatment increased 

the level of AP sites to 5.35 ± 0.52 per 107 nts (mean ± SD, n = 5), reaching a maximum at 6 

h post-treatment with the drug. The level of AP sites in liver was significantly higher than 

the basal level (1.44 ± 0.14 per 107 nts). The EIC of AP sites at basal level, T 6 and 168 h 

are shown in Figure 3A. Therefore, NM-DNA adduct formation was accompanied by a 

concurrent increase of AP sites through spontaneous depurination or base excision repair. 

The AP site level induced by NM treatment at 6 h (3.91 per 107 nts) is approximately 32% 

of the total NM-DNA adducts (12.1 per 107 nts) measured at 6 h and accounts for a large 

portion of total NM-induced DNA damage. The AP site is a BER intermediate, and 

efficiently repaired.55 The level of AP sites rapidly declined after 6 h with an estimated 

repair t1/2 of 19.3 ± 3.6 h (mean ± SEM) (Figure 3B). The t1/2 of the AP site was 

significantly different than the t1/2 of G-NM-G (p = 0.0066) but not significantly different 

for the t1/2’s of NM-G (p = 0.6208) and NM-Fapy-G (p = 0.1078) (Table S2, Supporting 

Information). The high variance of the NM-DNA adduct levels at the different time points 

results in a large standard error in the estimated t1/2’s obtained from the decay curve. 

However, the percent of each adduct remaining at T 168 h compared to T 6 h reveal 

signifcant differences in the rates of removal of NM-DNA adducts and AP sites. The relative 

fractions remaining for NM-Fapy-G (44.8 ± 17.1%) and G-NM-G (29.8 ± 7.8%) are 

significantly different than fractions remaining for the AP site (10.1 ± 4.3%) and NM-G 

(0%) ( p < 0.0001) at T 168 h.

The level of AP sites in livers of NM-treated mice remained above the control saline-treated 

group at T 168 h (Figure 3C). The AP site levels were significantly higher at T 6 h (p < 

0.0001 ) and T 168 h ( p = 0.0039) time points compared to the control group. The Pearson 

correlation (r) and p values (two-tailed) between AP site formation and NM-DNA adducts 

over the T 6 – 168 h time scale are: NM-G r = 0.99, (p = 0.0001); G-NM-G r = 0.97,( p = 

0.0278); and NM-Fapy-G r = 0.76, (p = 0.2370), underscoring the strong correlation 

between NM-G and G-NM-G with AP site formation. It is worth noting that isolated AP 

sites are repaired much faster than the clustered lesion, e.g., the ones generated by 

interstrand cross-links.56 Considering the greater persistence of dG-NM-dG cross-links and 

NM-Fapy-dG adducts (Figure 2), we surmise that most of the AP sites were derived from 
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NM-dG. Also, the dose of NM approached the LD50 value,47 and oxidative stress-mediated 

DNA damage probably contributed to AP site formation and may explain the levels of AP 

sites remaining above the basal levels at 168 h post-treatment with NM.47,57

Discussion

Our findings show that NM forms the mono-alkylated NM-dG adduct and its cross-link dG-

NM-dG as major lesions in liver, lung, and spleen of the female mouse. The NM-dG adduct 

is removed by spontaneous or BER-catalyzed hydrolysis of the glycosidic linkage to 

produce AP sites. In addition, hydroxide adds to NM-dG to form the ring-opened NM-Fapy-

dG as a minor adduct. Both AP sites and NM-Fapy-dG are mutagenic and may contribute to 

secondary tumor development, a major clinical limitation of NM chemotherapy.58,59 NM-

Fapy-dG is a persistent lesion in all organs studied with a t1/2 of 73 – 111 h. Several studies 

have reported the formation and kinetics of N7-Fapy-dG adducts of genotoxicants in 

rodents. The AFB1-N7-dG adduct is formed in rats and mice treated with aflatoxin B1 

(AFB1) after bioactivation to the reactive exo-8,9-epoxide of AFB1.60 This adduct 

underwent rapid removal with an apparent t1/2 of 7.5 h in the liver of rats,61 while its ring-

opened AFB1-Fapy-dG adduct persisted over 72 h in both species.61,62 Similarly, the ring-

opened Me-Fapy-dG, derived from N7-methyl-dG, persisted for three weeks in the bladder 

of rats treated with N-methylnitrosourea, while N7-methyl-dG, O6-methyl-dG, and other 

methylated DNA adducts were removed.18,19

The glycosidic linkage of NM-Fapy-dG is relatively stable and slowly undergoes 

depurination compared to NM-dG under physiological conditions, which contributes to the 

persistence of NM-Fapy-G in vivo and the toxicity and mutagenicity of NM.10 The reported 

t1/2’s of the structurally related N7-Me-dG and its ring-opened Me-Fapy-dG at neutral pH 

and 37 ºC are 105−150 h and 1500 h, respectively.8 DNA repair enzymes such as the 3-

methyladenine-DNA glycosylases can remove NM-dG,63 and bacterial 

formamidopyrimidine DNA glycosylase (FPG) or human NEIL1 and oxoguanine DNA 

glycosylases repair the N5-substituted Fapy-dG lesions.24,64 Fapy-dG lesions exist in a 

number of interconverting species. In addition to α- and β-anomers, there are geometric 

isomers of the formamide group, syn and anti conformations of the glycosidic bond, and 

atropisomers of C5-N5 bond. Six discrete species of the Me-Fapy-dG lesions in duplex DNA 

were observed by NMR.65 It is possible that glycosylases recognized and excise these 

various conformations with varying efficiencies. We also reported that Me-Fapy-dG and 

NM-Fapy-dG were substrates for FPG.10,26,66 Recently, human NEIL1 was reported to 

efficiently excise the highly mutagenic AFB1-Fapy-dG adduct.24,62 The β-NM-Fapy-dG 

anomer was excised by hNeil1 more efficiently than AFB1-Fapy-dG and the reported rates 

of several oxidative base lesions (5-hydroxycytosine, 5-hydroxyuracil, thymine glycol) in 
vitro.24 However, the non-canonical α-NM-Fapy-dG anomer was excised 30-fold less 

efficiently. This latter observation may explain the increased persistence of the more 

mutagenic NM-Fapy-dG lesion.23,25

The cytotoxic dG-NM-dG interstrand DNA cross-link requires adduct removal from both 

DNA strands and is more persistent than NM-dG. The cross-link is a mixture of inter- and 

intrastrand cross-links; however, the neutral thermal hydrolysis treatment does not allow us 
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to distinguish between interstrand and intrastrand cross-links. The interstrand cross-link 

accounted for 5 – 7% of the total DNA alkylation product from CHO B11 cells treated with 

the structurally related bis(2-chloroethy1)methylamine (mechlorethamine, HN2) as 

visualized by a gel electrophoresis assays.67 Mechlorethamine formed intrastrand cross-link 

in a GGC sequence in both single- (13%) and double-stranded DNA (28%) in vitro.68 The 

frequency of intrastrand cross-links was ~5.6-fold higher than interstrand cross-links in 

double-stranded DNA. In our mouse study, the levels of G-NM-G and NM-G are 

comparable at 6 h post-dosing, when accounting for the ~30% loss of NM-G during 

isolation and processing of DNA and the portion of the NM-G removed in vivo by 

hydrolysis and repair. The percent of G-NM-G ranged between 47 to 57% of the total 

adducts measured at T6 h, the G-NM-G is twice the level of NM-G (Table 1) at 24 h post-

dosing and was the most abundant NM-lesion in nuclear DNA.

We previously measured the levels of NM-DNA adducts formed in vitro using calf thymus 

DNA or human breast cancer cells (MDA-MB-231) treated with NM (100 μM). The level of 

G-NM-G was 3-fold greater than NM-G in the NM-treated calf thymus DNA, but the level 

of G-NM-G was 25% of the level of NM-G in MDA-MB-231 24 h after treatment. The 

relative level of G-NM-G formed in the breast cancer cells occurred at a much lower level 

relative to the total NM-DNA adducts formed in organs of our mouse model.10 This result 

suggests a faster enzymatic removal of the G-NM-G cross-links in the tumor cells compared 

to healthy organs of our mouse study. Consistent with this observation, the structurally 

related G-NM-G cross-link adduct of mechlorethamine was removed more rapidly than the 

NM-G adduct in Ehrlich cells, when determined by DNA renaturation assays.69 DNA cross-

links formed by the chemotherapeutic NM chlorambucil were also more rapidly removed in 

a drug-resistant strain of Yoshida ascites sarcoma cells compared to a drug-sensitive strain.70 

The accelerated repair of dG-NM-dG cross-links can significantly contribute to drug 

resistance to NM.71,72 Strategies that downregulate the cross-link repair activity in tumor 

cells or increase repair in healthy tissue could lead to more effective chemotherapy 

treatments with fewer side-effects.72

To our knowledge, there are no studies reported on the quantitative measurements and 

kinetics of NM-DNA adducts formed in vivo by mass spectrometry-based methods. A study 

conducted by Hemminki in 1985 measured DNA binding of tritium labeled-

cyclophosphamide ([3H]CPA) in NIH Swiss mice given a dose of 3.3 µmol (0.8 mg)/kg body 

weight,73 which is about 4-folder lower than that used in our study conducted with NM 

(14.5 µmol, 3 mg/kg body weight). CPA is a prodrug and must be metabolized to the 

reactive phosphoramide nitrogen intermediate to produce a panel of N7 nornitrogen mustard 

substituted guanine adducts similar to the NM adducts in our work. The level of DNA 

binding was low and peaked at ~4 adducts per 107 nts at 7 h post-treatment, with highest 

levels formed in lung, followed by kidney and liver. A portion of the radioactivity bound to 

lung DNA persisted and about 50% of the activity remained after 72 h, whereas 15 – 30% of 

the radioactivity remained bound to kidney and liver DNA at 72 h. The low level of binding 

precluded identification of the respective NM adducts by HPLC with radiometric detection. 

In comparison, the level of NM adduct formation in our study at 6 h post-dosing ranged 

from 6.7 – 12 adducts per 107 nts (NM-G + NM-Fapy-G + G-NM-G) in liver, lung, and 
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spleen: the total level of adducts remaining in these organs ranged between 35 – 40% and 19 

– 27%, respectively, at 72 and 168 h.

There is one report on the LC-MS measurement of bis-N7-guanine norNM cross-links in 

white blood cells of human cancer patients receiving CPA therapy. The patients received 

50-60 mg/kg of intravenous CPA, and very high levels of the adduct, up to 18 adducts per 

106 dG, were formed 4 – 8 h following CPA administration.74 The t1/2 of bis-N7-guanine 

norNM cross-link was approximately 4 – 6 h.75 The adduct level declined to background 

levels within 24 h. The short t1/2 of the adduct is due to the rapid turnover of white blood 

cells,76 in combination with adduct hydrolysis, DNA repair, and cell death. The t1/2 of bis-

N7-guanine norNM cross-link in human white blood cells is considerably less than the t1/2 

of NM-G-NM reported in the longer-lived cells in liver, lung, and spleen of NM-treated mice 

(Table 2). The levels and t1/2 of the norNM-G or ring-opened nor-NM-Fapy-G adduct were 

not reported in human patients.

The structurally related sulfur mustard (SM) analogue bis-(2-chloroethyl) sulphide, used in 

chemical warfare, is a powerful alkylating agent and also forms adducts at the N7 position of 

guanine (N7-hydroxyethylthioethylguanine, HETE-G), a cross-link between two guanines 

(bis(N7-guanine)-ethylthioethyl, G-ETE-G), and at N3 of adenine (N3-

hydroxyethylthioethyladenine, HETE-A).77,78 Male euthymic, hairless SKH-1 mice were 

dosed with SM (2 – 60 mg/kg), and the formation and persistence of SM adducts were 

measured.79 HETE-G formed the highest levels of adducts in the brain, followed by lung, 

spleen, and kidney. The levels of G-ETE-G cross-link were about 10-fold lower than HETE-

G, followed by lower levels of HETE-A.79 The level of the HETE-A adduct decreased 

significantly faster than that of HETE-G and G-ETE-G. No significant difference was 

observed between the half-lives of HETE-G and G-ETE-G, which ranged between 2.8 – 

10.8 h in the different organs. SM adducts were most persistent in the lung. A similar study 

was conducted in male Sprague-Dawley rats dosed percutaneously with SM (1 – 10 mg/kg).
80 The levels of three SM adducts peaked (tmax) in the different organs within 3 h. HETE-G 

was the predominant adduct formed in all organs. The t1/2 of all SM adducts was less than 

24 h. To our knowledge, ring-opened SM-Fapy-G adducts have not been identified. Our 

kinetics data suggest NM-G adducts are removed more slowly in mouse organs than SM 

adducts.

Conclusions

The risk for secondary malignancies after NM chemotherapies is well established, and is 

largely dependent on dose intensity and the length of treatment.58,59,81 One study examined 

over 19,000 patients with non-uroepithelial cancers and estimated that CPA increased the 

risk of bladder cancer 9-fold compared to those not treated with the drug.82 Our study shows 

that the secondary NM-induced DNA lesions G-NM-G and NM-Fapy-G are more resistant 

to DNA removal than NM-G, and they persist for more than 7 days in mouse organs. The 

dG-NM-dG interstrand cross-link is the putative cytotoxic lesion responsible for therapeutic 

efficacy of NM drugs. The dG-NM-dG and NM-Fapy-dG lesions may also play a role in the 

secondary cancer potential of NMs because of their persistence. These adducts could serve 

as biomarkers to assess secondary cancer risk. The levels of AP sites increased significantly 
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after NM treatment. The high level of AP sites is of interest not only due to its cytotoxicity 

and mutagenicity, but also for its potential to react with methyoxyamine and enhance NM 

cytotoxicity. With our quantitative LC-MS-based methods, studies on the biological 

processing of NM adducts and AP sites, and the potential for synergistic effect of NM with 

methoxyamine can be investigated in non-cancerous and cancer cell lines.
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Figure 1. 
EIC of NM-DNA adduct formation in the liver of female C57BL/6NJ mice injected i.p. with 

saline or NM (3 mg/kg). Animals were sacrified 6 h post-treatment.
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Figure 2. 
Time course of the NM-DNA adduct levels in mouse DNA after treatment of NM. Female 

C57BL/6NJ mice were injected i.p. with NM (3 mg/kg) and sacrificed after 6, 24, 48, 72, 

and 168 h. Control mice were injected i.p. with saline and sacrificed at T0 h. Adduct levels 

in liver, spleen, and lung DNA are expressed as adducts per nts (mean ± SEM, n = 5). The 

dashed lines represent the background signals of the MS3 transitions for NM-G and NM-

Fapy-G. The background signal for G-NM-G is below the background signal of NM-G and 

not presented.
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Figure 3. 
(A) EIC of AP site levels and internal standard in female mouse liver DNA after treatment of 

NM (3 mg/kg) at 6 h and 168 h. Control mice were injected i.p. with saline and sacrificed at 

T0 h. (B) One-phase decay model was applied to estimate the half-life of AP site removal 

(mean ± SD, n = 5 animals per data point). The decay plateau was constrained to the basal 

level of AP sites and shown as a dashed line. (C) Levels of AP sites in NM-treated mice at 6 

and 168 h versus control mice (mean ± SD, n = 5 animals per data point). A Welch’s t-test 
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for unequal variances was applied to compare the significant difference between the treated 

group at 6 and 168 h and the untreated control group. **** p < 0.0001 and ** p = 0.0039.
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Scheme 1. 
Mechanism of NM-DNA adduct and AP site formation.
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Table 1.

The levels and ranges of NM-DNA adducts per 108 nts in mice tissues (liver, spleen, and lung) after 

administration of NM.
a

Time (h) NM-G G-NM-G NM-Fapy-G

6 26.9-40.4 33.1-71.8 2.81-5.10

24 12.5-20.2 25.6-43.1 2.97-4.22

48 6.94-12.1 16.9-43.3 2.28-3.87

72 4.66-5.48 18.0-39.7 0.82-2.20

168 0.00-3.44 12.0-20.8 1.09-1.40

a
Background signals of the MS3 transitions obtained from the organs of the untreated mice were subtracted from the organs of treated mice.
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Table 2.

Estimated half-lives (h) with standard error (SE) of the mean of NM-DNA adducts in liver, spleen and lung of 

mice after administration of NM (3 mg/kg).
a

Adduct Liver Spleen Lung

NM-G 13.7 ± 1.3 22.2 ± 2.0 21.0 ± 2.3

G-NM-G 91.4 ± 19.4** 84.3 ± 11.4**** 89.3 ± 23.6*

NM-FapyG 76.0 ± 22.4* 74.0 ± 13.3** 111 ± 33.1*

a
One-way Welch’s ANOVA and Dunnet’s T3 multiple comparisons post hoc test on adduct half-lives in the respective organs; Liver: NM-G vs. 

NM-Fapy-G (p = 0.0603), NM-G vs. G-NM-G (p = 0.0031); Spleen: NM-G vs. NM-Fapy-G (p = 0.0022), NM-G vs. G-NM-G (p < 0.0001); Lung: 
NM-G vs. NM-Fapy-G (p = 0.0242), NM-G vs. G-NM-G (p = 0.0351).

*
p < 0.1,

**
p < 0.05,

***
p < 0.001,

****
p < 0.0001.
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