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Abstract

Tobacco smoking contributes to about 50% of the bladder cancer (BC) cases in the United States. 

Some aromatic amines in tobacco smoke are bladder carcinogens; however, other causal agents of 

BC are uncertain. Exfoliated urinary cells (EUCs) are a promising noninvasive biospecimen to 

screen for DNA adducts of chemicals that damage the bladder genome. Though, the analysis of 

DNA adducts in EUCs is technically challenging because of the low number of EUCs and limiting 

quantity of cellular DNA. Moreover, EUCs and their DNA adducts must remain viable during the 

time of collection and storage of urine, to develop robust screening methods. We employed RT4 

cells, well-differentiated transitional epithelial bladder cell line, as a cell model system in urine to 

investigate cell viability and the chemical stability of DNA adducts of two prototypical bladder 

carcinogens: 4-aminobiphenyl (4-ABP), an aromatic amine found in tobacco smoke, and 

aristolochic acid (AA-I) a nitrophenanthrene found in Aristolochia herbaceous plants used for 

medicinal purposes world-wide. The cell viability of RT4 cells pretreated with 4-ABP or AA-I in 

urine exceeded 80%, and the major DNA adducts of 4-ABP and AA-I, quantified by liquid 

chromatography-mass spectrometry, were stable for 24 hours. Thereafter, we successfully 

screened EUCs of mice treated with AA-I to measure DNA adducts of AA-I, which were still 

detected 25 days following treatment of the carcinogen. EUCs are promising biospecimens that 

can be employed for the screening of DNA adducts of environmental and dietary genotoxicants 

that may contribute to the development of BC.
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INTRODUCTION

Bladder cancer (BC) is the sixth most common cancer in the United States and almost 

80,000 new cases are reported each year.1 Smoking is estimated to account for 50% of all 

bladder cancer cases.2 Some aromatic amines present in tobacco smoke, including 4-

aminobiphenyl (4-ABP) and 2-naphthylamine, are believed to contribute to BC risk based on 

elevated BC among factory workers in the textile dye and rubber tire industries who were 

exposed to these chemicals.2–4 Aristolochic acids (AA-I) are potent upper urinary tract 

carcinogens found in Aristolochia plant species, which have been used in traditional Chinese 

herbal medicines world-wide.5,6 Recently, AA-I has also been implicated in BC.7 However, 

other major causative agents of BC remain undefined.

The measurement of biomarkers in urine is a useful approach to obtain important 

information about tobacco, diet and occupational exposures in BC risk.8 For example, the 

urine of smokers and meat-eaters have elevated levels of mutagenicity, which has been 

attributed to aromatic amines or structurally related heterocyclic aromatic amines (HAAs).
9–12 Several aromatic amines and HAAs have been identified in urine of smokers and 

omnivores.13,14 These chemicals bathe the urothelium and can undergo bioactivation by 

cytochrome P450s expressed in the bladder and damage DNA.15

DNA adducts of genotoxicants are a measure an internal exposure to chemicals and can 

provide clues about exposures that can contribute to cancer risk.16 A DNA adduct of 4-ABP 

was detected in human bladder by the 32P-postlabeling method.17 More recently, DNA 

adducts of acrolein, a by-product of lipid peroxidation and a toxicant present in tobacco 

smoke, were also detected in bladder, by 32P-postlabeling.18 However, 32P-postlabeling 

methods do not provide spectral data and the chemical identities of these lesions were not 

confirmed by unambiguous mass spectrometry methods. Moreover, other putative DNA 

adducts were detected by 32P-postlabeling in bladder, but the identities of these presumed 

lesions remain unknown.

The employment of exfoliated urinary cells (EUCs) is a promising non-invasive biospecimen 

to screen for DNA adducts and to identify chemicals that may contribute to BC. The 
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exfoliation of cells is a main mechanism involved in the homeostatic control of epithelium 

cell population size.19 EUCs are a heterogeneous mixture of cell types that include urothelial 

cells shed from the upper and lower urinary tracts, tubular epithelial cells from the kidney, 

squamous cells from the vagina and urethra; and inflammatory cells (with infection).20,21 

The urothelium has a very low rate of cell turnover, but a high regenerative capacity, 

showing rapid cell proliferation during development and in response to damage or injury.22 

Thus, EUCs can serve as specimens to screen for DNA damage of the urinary system. For 

example, micronuclei formation in EUCs are elevated in smokers compared to non-smokers,
23 factory workers exposed to nitrite and N-phenyl-1-naphthylamine,24 and for individuals 

who chronically drink water contaminated with arsenic.25

Relatively few studies have attempted to measure DNA adducts in human EUCs.26 Talaska 

and co-workers screened EUC of smokers and factory workers exposed to aromatic amines 

and detected putative DNA adducts of 4-ABP, benzidine, and 4,4′-methylenebis-2-

chloroaniline, by 32P-postlabeling.27–29 The Vouros laboratory used liquid chromatography-

mass spectrometry (LC-MS) to screen for DNA adducts of 4-ABP in human EUCs.30 Even 

though a very low limit of quantification (LOQ) of 2 adducts per 108 bases was achieved, 4-

ABP adducts were not detected in EUCs of nonsmokers. In a pilot study, we showed that 

EUCs obtained from subjects with compromised renal function who were exposed to AA-I 

through ingestion of Chinese herbal medicines could be used to screen for DNA adducts of 

AA-I by ultraperformance liquid chromatography–electrospray ionization/multistage mass 

spectrometry (UPLC-ESI/MS3).31 Our pilot study demonstrated the feasibility of employing 

human EUCs to screen for DNA adducts by LC-MS methods. Nevertheless, systematic 

studies examining the viability of EUCs during collection and storage of urine, and the 

stability of DNA adducts have not been reported. Such studies are required to validate the 

use of EUCs in biomonitoring of DNA adducts in humans. In this investigation, we 

employed RT4 cells, a well-differentiated human urinary bladder cell line,32 which 

bioactivates AA-I and 4-ABP to reactive intermediates that bind to DNA (vide infra), as an 

in vitro cell model in urine. We pretreated RT4 cells with AA-I and 4-ABP and then 

examined cell viability, DNA recovery, and the stability of DNA adducts of RT4 cells 

incubated in human urine for 24 h. Thereafter, we demonstrated that DNA adducts of AA-I 

can be screened in EUCs of mice four weeks following treatment with AA-I.

EXPERIMENTAL SECTION

Caution:

AA-I and 4-ABP are human carcinogens. These chemicals should be handled with caution 

in a well-ventilated fume hood with appropriate personal protective equipment.

Materials

4-ABP, calf thymus DNA (CT-DNA), Dimethyl sulfoxide (DMSO), Proteinase K 

(Tritirachium album), DNase I (type IV, bovine pancreas), alkaline phosphatase (Escherichia 
coli), nuclease P1 (Penicillium citrinum, RNase A (bovine pancreas), and RNase T1 

(Aspergillus oryzae) were purchased from Sigma-Aldrich (St. Louis, MO). 

Phosphodiesterase I (Crotalus adamanteus venom) was purchased from Worthington 

Yun et al. Page 3

Anal Chem. Author manuscript; available in PMC 2019 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biochemical Corp. (Newark, NJ). Isopore™ membrane filter (10 µm) and Sterifil® Aseptic 

filter holder (500 mL) were purchased from Millipore-Sigma (Bedford, MA). 8-Methoxy-6-

nitrophenanthro-[3,4-d]-1,3-dioxole-5-carboxylic (aristolochic acid, AA-I) was provided by 

Dr. H. Priestap, Department of Biological Sciences, Florida International University. The 

DNA adducts 7-(2′-deoxyadenosin-N6-yl)aristolactam-I (dA-AL-I) and [15N5]-dA-AL-I,33 

N-(2′-deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8–4-ABP), and [13C10]-dG-C8–4-ABP 

were synthesized as described.34 DNeasy blood/tissue kit was purchased from Qiagen 

(Germantown, MD). Microliter CapLC vials with silanized inserts were purchased from 

Wheaton (Millville, NJ).

Methods.

Cell culture, treatment with 4-ABP and AA-I, cell harvesting, and cell viability.
—The human bladder epithelial cell line RT4 (American Type Culture Collection, 

Manassas, VA), was maintained in McCoy’s 5A (ATCC, Manassas, VA) supplemented with 

10% fetal bovine serum (FBS) (Sigma Aldrich) and antibiotics (100 units/mL penicillin and 

100 mg/mL streptomycin) (Gibco, ThermoFisher Scientific, Carlsbad, CA) at 37 ºC in a 

humidified atmosphere of 5% CO2. For DNA adducts experiments, cells were seeded at 10 × 

106 cells/plate on 10 cm diameter plates in in McCoy’s 5A 10% FBS and allowed to reach 

90% confluence. The cells were washed with pre-warmed phosphate-buffered saline (PBS) 

(Gibco) at 37 °C, and the media was renewed with fresh media containing 4-ABP (1 µM or 

10 µM) or AA-I (0.1 µM or 0.5 μM) or DMSO (0.1% v/v) as a solvent control. After 24 h of 

treatment, the cells were washed 3 times with pre-warmed PBS and detached from the cell 

culture dish using 2 mL of 0.25% Trypsin-EDTA (Gibco) for 3 min at 37 °C, followed by 

dilution with 7 mL of pre-warmed culture media. After centrifugation at 200 × g for 7 min, 

the media was removed and the cell pellets were resuspended in 10 mL PBS. The cell 

viability and density were evaluated using the trypan blue exclusion assay with a TC20™ 

automated cell counter (BioRad, Hercules, CA). The recovery of viable RT4 cells following 

treatment of carcinogens exceeded 90%.

The effect of urine and duration of collection on the viability of RT4 cells.—De-

identified fresh urine specimens were collected over 6 h from three healthy male volunteers 

(200 to 600 mL and stored at 4 ºC). The pH values of urine specimens were measured with 

pH strip indicators and the values ranged between pH 6 to 7. The RT4 cells (one million 

cells per mL PBS) were spiked into 5 mL urine to achieve a count of 2 × 105 cells/mL and 

incubated for 24 h at 4 ºC or room temperature. Cell viability was measured over time (T=0, 

3, 6, and 24 h), by mixing 10 µL of the urine with 10 µL of trypan blue (0.4%).

Optimization of conditions for collection of urinary cells: filtration versus 
centrifugation.—Studies on urinary cell collection and recovery of DNA were conducted 

with urine (40 mL) containing 1 million non-treated RT4 cells. The efficacy of cell recovery 

was based on the yield of DNA. The RT4 cells in urine were collected using a two-step 

centrifugation procedure or by vacuum filtration. The centrifugation of urine was performed 

at 4 ºC unless stated otherwise. The urine specimens containing RT4 cells were centrifuged 

at three different centrifugal forces (600, 1500, or 3000 × g) for 10 min. The cell pellets 

were reconstituted in 1.8 mL of cold PBS buffer and transferred into a new 2 mL tube for 
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high-speed centrifugation at 14,000 × g for 10 min. The cell pellets were stored at −80 ºC 

until analyzed. Non-spiked urine samples (control urine) containing endogenous EUCs were 

collected by the two-step centrifugation. In the vacuum filtration procedure, a polycarbonate 

membrane filter (10 µm pore size) was placed on the filter holder (500 mL) that was 

connected to a 1-liter vacuum filter flask. The RT4 cells were collected on the membrane 

filter by gentle vacuum pressure (~500 mm Hg) to preserve the morphology of cells. The 

urinary cells collected on the membrane filter were recovered by repeatedly washing the 

membrane with 1.8 mL chilled PBS using a transfer pipette. Thereafter, the PBS containing 

RT4 cells was transferred to a new 2 mL tube for high-speed centrifugation. The cell pellets 

were stored at −80 ºC until analyzed.

Isolation of DNA.—Cell pellets were resuspended in 200 µL of 50 mM TE lysis buffer 

containing 10 mM ßME and lysed in an ultrasonic water bath (40 kHz, Bransonic 

CPX3800H, Branson Ultrasonics Corp, Danbury, CT) for 15 min at ambient temperature. 

The urinary cell DNA was isolated by DNeasy blood/tissue kit with minor modifications as 

reported in supporting information (Protocol S-1). The quantities of urinary cell DNA d 

were determined by UV spectroscopy.

The effect of the urine matrix and duration of urine collection on the stability 
of DNA adducts in RT4 cells.—The effects of urine and duration of collection on the 

stability of DNA adducts in RT4 cells were examined using urine (40 mL) or PBS buffer (40 

mL) containing one million RT4 cells pretreated with 4-ABP or AA-I. After 24 h, the treated 

RT4 cells were trypsinized. The RT4 cells were recovered and incubated at room 

temperature with urine or PBS for up to 24 h. Cells were collected by the two-step 

centrifugation step (vide supra). DNA (5 µg) modified with 4-ABP or AA-I was spiked with 

respective internal standards and incubated with nucleases (vide infra).

Effect of cell population on the stability of DNA adducts of RT4 cells in urine.
—The stability of DNA adducts of 4-ABP and AA-I in RT4 cells spiked in urine was tested 

at three different concentrations of RT4 cells (1 × 104, 2 × 104, and 4 × 104 cells per 40 mL 

of urine). The samples were incubated at room temperature for up to 24 h, and the levels of 

DNA adducts were measured over time (T 0, 10, and 24 h). The control samples of RT4 

cells pretreated with carcinogens were harvested and stored at – 80 °C prior to DNA workup 

and adduct measurements.

Analysis of dA-AL-I adduct in the urinary exfoliated cells of mice dosed with 
AA-I.—The animal studies followed the guidelines of the National Institutes of Health 

Office of Laboratory Animal Welfare. Five male C57BL/6J mice aged 8–10 weeks old 

(Jackson Laboratories, Bar Harbor, ME) were dosed (i.p.) with AA-I (1 mg/kg in PBS). The 

mice were placed in metabolic cages for overnight collection of urine at room temperature 

during the following days: day 0, 4, 11, and day 25 post-dosing. The volume of urine 

collected per mouse was approximately 1 mL at each timepoint. The exfoliated urinary cells 

were centrifuged at 1500 x g and cellular pellets were washed once with 1 mL of cold PBS. 

The cells were lysed with TE buffer (vide supra), and the DNA was isolated with the 

DNeasy blood/tissue kit. The concentration of mouse urine DNA was measured by Qubit 
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fluorometric quantitation employing Quant-iT™ dsDNA HS assay kit, which is specific for 

double-stranded DNA measurements (Invitrogen, Waltham, MA). The amount of DNA 

ranged from 9 to 122 ng after pooling DNA per collection of each time point. Then, DNA 

samples were mixed 20 µg of carrier CT DNA, and precipitated with isopropanol, to remove 

residual salts and buffer that interfered with the UPLC-ESI/MS3 assay (B-H Yun, 

unpublished observation) The carrier CT DNA was added to minimize losses of DNA from 

EUCs during the precipitation step and for nuclease digestion of AA-I-modified DNA, 

which had been optimized with 10 to 20 μg DNA.33 Due to limited quantity of DNA, the 

dA-AL-I adduct measurements were conducted in singlicate by UPLC-MS3 (vide infra).

Enzymatic digestion of carcinogen modified DNA.—The protocol of DNA digestion 

was reported previously.33,35 In brief, RT4 cell DNA (2 – 5 µg) was spiked with isotopically 

labeled internal standards, [15N5]-dA-AL-I or [13C10]-dG-C8–4-ABP, at a level of 1 adduct 

per 107 bases prior to DNA digestion. For mouse EUC DNA, 0.42 pg of [15N5]-dA-AL-I 

was added to the EUC DNA, corresponding to a level of internal standard ranging from 2 to 

28 adducts per 106 bases. DNA samples were incubated with DNase I, nuclease P1, 

phosphodiesterase I, and alkaline phosphatase for 18 h at 37 ºC. The DNA digests were 

dried by vacuum centrifugation and resuspended in 40 µL (for RT4 cells) and 20 µL (for 

mouse EUCs) of 1:1 DMSO:H2O, and centrifuged at 21,000 × g for 10 min. The 

supernatants were carefully transferred to a silanized vial insert for subsequent analyses. 

Calf thymus (CT) DNA was spiked with internal standards and served as a negative control. 

The completion of enzymatic digestion and the purity of DNA were assessed by HPLC 

analysis of 2′-deoxynucleosides.33,35

Measurement of dG-C8–4-ABP and dA-AL-I by UPLC-ESI-Ion Trap-MS3.—
Analyses were conducted with a nanoAcquity UPLC system (Waters Corp., Milford, MA) or 

Dionex Ultimate™ 3000 RSLCnano system (Thermo Fisher Scientific, Waltham, MA) 

interfaced with an Advanced CaptiveSpray source (Michrom Bioresources, Auburn, CA) 

and Velos Pro Ion Trap Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA). An 

Acclaim PepMap C18 µ-precolumn (0.3 × 5 mm, 5 µm, 100 Å) was used for online sample 

enrichment of DNA adducts. A Magic C18 AQ column (Michrom Bioresources, 0.3 × 150 

mm, 5 µm, 100 Å) was employed for chromatographic analyses. The LC mobile phases were 

(A) 0.01% formic acid and (B) 95% acetonitrile containing 0.01% formic acid. The DNA 

digest was injected onto the trapping column and washed with mobile phase A for 4 min at a 

flow rate of 12 µL/min. Then the adducts were back-flushed onto the Magic C18 AQ column 

at a flow rate of 5 µL/min. A linear gradient of 1–99% B over 10 min was applied for the 

separation, followed by 3 min of washing at 99% B.

DNA adducts were measured in positive-ion mode at the MS3 scan stage. The MS 

parameters were described previously.33,35 The following transitions employed were: dA-

AL-I at m/z 543.3 → 427.2 → 292.1, 293.1, and 412.1; [15N5]-dA-AL-I at m/z 548.3 → 
432.2 → 292.1, 293.1, and 417.1; dG-C8–4-ABP at m/z 435.2 → 319.1 → 277.1 and 

302.1; [13C10]-dG-C8–4-ABP at m/z 445.2 → 324.1 → 281.1 and 307.1. Mass 

spectrometry data acquisition and analysis were conducted with Xcalibur version 3.0.63.
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RESULTS AND DISCUSSION

We examined the feasibility of employing urinary cells as a non-invasive biospecimen to 

monitor DNA adducts by LC-MS methods. We selected 4-ABP and AA-I as prototypes of 

bladder carcinogens for study (Scheme 1).3,4,36 However, the limiting number of EUCs and 

low quantity of DNA in urine of healthy individuals37 precludes multiple analyses on the 

kinetics of cell viability and DNA adduct stability in human urine. Therefore, we employed 

RT4 cells, a well-differentiated human urinary bladder cell line,32 pretreated with these 

carcinogens, as a urinary cell model. RT4 cells retain many morphological and metabolic 

features of bladder epithelial cells, including membrane rigidity, expression of xenobiotic 

metabolism enzymes, and biological responses to carcinogens.32,38–41 Moreover, RT4 cells 

carry the normal p53,42 a key gene in the repair of ABP-induced genomic DNA damage in 

human bladder cells.40 We employed our validated UPLC-ESI/MS3 methods to measure 

DNA adducts of 4-ABP and AA-I.33,43

The DNA recovery from RT4 cells: centrifugation versus filtration.

We examined the recovery of urinary cells by comparing the yield of DNA recovered from 

RT4 cells using centrifugation or vacuum filtration (Figure 1). The Isopore™ membrane 

filter is made of polycarbonate and it is track-etched screen filter with pore size 10 µm. The 

reported diameters of cells in human urine are: erythrocytes (~ 7 µm), leukocytes (10 −12 

µm), and epithelial cells (20– 65 µm).44,45 Thus, filtration is a rapid means to concentrate 

EUCs from urine and remove many other cell types. However, the filtration of urine resulted 

in nearly a 90% loss of RT4 cells compared to the control sample containing RT4 cells 

processed by centrifugation. Most of the RT4 cells adhered to the surface of the membrane 

filter and were not efficiently recovered by washing the membrane with PBS buffer. The 

optimum recovery of DNA from RT4 cells in urine was obtained when the urine was 

centrifuged at 1500 × g, and the yield of DNA was similar to that of the control sample. 

However, the centrifugation of RT4 cells (or EUCs) at the higher 3000 × g can rupture the 

cell membrane and cause cell lysis, resulting in the loss of some cellular DNA.46

The effect of urine matrix and duration of urine collection on the viability of RT4 cells.

A time interval of 12 to 24 h may be required to obtain a sufficient amount of EUCs and 

cellular DNA for MS analysis of DNA adducts (Figure 2). Depending upon the diet and 

water consumption, urine can be isotonic or otherwise hypertonic or hypotonic, which can 

deform and rupture the cell membrane of EUCs.44 The viability of RT4 cells in urine stored 

at room temperature or 4 ºC was examined with the trypan blue exclusion test. Our findings 

show that the viability of RT4 cells in urine stored for up to 24 h exceeded 80%, regardless 

of the urine donor or the temperature of urine storage (Figure 2).

The effect of urine and duration of urine collection on the stability of DNA adducts in RT4 
cells.

The stabilities of DNA adducts of 4-ABP and AA-I in RT4 cells pretreated with both 

carcinogens were examined by adding the pretreated cells to urine of three donors and 

incubated at room temperature for 24 h (Figure 3). The DNA adducts of RT4 cells diluted in 

urine or PBS were stable over time and comparable to those values measured at T0. 
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Representative extracted- ion chromatogram at MS3 scan stage and the product ion spectra 

of dA-AL-I and dG-C8–4-ABP in pretreated RT4 cells with and without incubation in urine 

are shown in Figure 4.

The effect of the cell number on the stability of DNA adducts in RT4 cells in urine over 
time.

The levels of EUCs in urine of healthy male subjects can range from < 5,000 up to 600,000 

cells per 40 mL urine.37 The population of EUCs in urine can be influenced by the diet and 

consumption of water, urine osmality, the pH of urine, and urination frequency.44,47 We 

observed that the levels of dG-C8–4-ABP and dA-AL-I adducts were comparable for all 

populations of RT4 cells studied in urine (1 × 104 - 4 × 104 cells per 40 mL of urine). 

(Figure 5).

Monitoring DNA adducts of AA in EUCs of the mouse model.

The UPLC/MS3 chromatograms and the kinetics of dA-AL-I elimination in EUCs of mice 

following a single dose of AA-I (1 mg/kg) are shown in Figure 6. dA-AL-I in EUCs was 

successfully measured with <5 mL of pooled mouse urine. The product ion spectrum of dA-

AL-I acquired from DNA of EUCs at day 25 post-dosing is shown in supporting information 

(Figure S-1). The dA-AL-I adduct was detected in EUCs of mice four days post-treatment of 

AA-I, and the levels of dA-AL-I in EUCs continued to increase over the 25 days post-dosing 

period. The dA-AL-I adduct is likely derived from urothelial cells shed from the upper and 

lower urinary tracts and tubular epithelial cells from the kidney.20,21 The kinetics and the 

time course of appearance of EUCs harboring dA-AL-I adducts are consistent with the 

kinetics of urinary biomarkers of kidney injury following a single dose of AA-I in mice.48 

Urinary biomarkers of kidney injury and dysfunction have been examined in AA-I-sensitive 

and AA-I resistant mouse strains.48 In the AA-sensitive mouse strain, such markers appear 

in urine two to four days after treatment with a single dose of AA-I and return to pre-

treatment levels over the following week. However, for the C57Bl/6J mouse, a resistant 

strain, renal injury biomarkers are difficult to detect.48 The appearance of dA-AL-I adducts 

in the urine of the C57Bl/6J mouse four days post-treatment is consistent with the 

appearance of renal-specific injury markers, but dA-AL-I adducts levels continue to rise and 

remain detectable four weeks after treatment with AA-I (Figure 6). Thus, the dA-AL-I in 

EUCs is a superior biomarker revealing exposure, even for the C57Bl/6J mouse normally 

resistant to AA-induced injury, for a much longer time interval than conventional renal 

injury biomarkers. These findings recapitulate our pilot study in humans, where the dA-AL-I 

was detected in EUCs up to 3 months after the discontinued use of herbal medicines.31 Our 

analytical method and level of sensitivity are vastly superior to that previously reported, 

where 3 liters of pooled urine from rats dosed daily at 10 mg of AA-I /kg/day for a month 

was required to detect dA-AL-I in EUCs.36

CONCLUSIONS

The employment of EUCs as biospecimens to noninvasively screen for DNA adducts formed 

by renal and bladder carcinogens in rodents and humans using specific and quantitative LC-

MS methods is highly promising. Our data show that RT4 cells collected in urine are viable 
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and that DNA adducts of two important urinary carcinogens in RT4 cells are stable for 24 

hours. Two recent studies have reported that EUCs of healthy adults are viable in urine 

stored at room temperature for at least 24 hours49,50 Thus, urine collected for 8 to 24 hours 

can be employed to recover sufficient number of EUCs for DNA adduct measurements. We 

previously showed in a pilot study that dA-AL-I could be measured in EUCs of patients with 

renal disease, who had ingested traditional Chinese herbs containing AA-I.31 The LOQ 

value of dA-AL-I approached 3 adducts per 109 bases when assaying 2 µg of DNA per 

injection.31,33 UPLC-ESI/MS3 was performed with a capillary column at a flow rate of 5 

μL/min and employed a CaptiveSpray ion source. The same UPLC-MS configuration was 

used in this current study. If necessary, our level of sensitivity can be further improved by 

employing nano-flow chromatography and a nanoESI source as described by the Vouros 

laboratory.30 With improved sensitivity, the time period of urine collection can be reduced 

and lower amounts of EUC37 may be used for screening DNA adducts in humans. As a first 

approach, we will extend our studies to EUCs of mice exposed to 4-ABP and other aromatic 

amine bladder carcinogens found in tobacco smoke, and then conduct analyses of EUCs in 

urine of smokers to determine if such DNA adducts are detected by UPLC-ESI/MS3. The 

success of these measurements can pave the way to screen EUCs for DNA adducts of other 

chemicals that may contribute to BC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The recovery of DNA from RT4 cells spiked in urine of a subject by centrifugation (g-forces 

indicated) or vacuum filtration with a membrane filter (pore size 10 µm). The yield of DNA 

was obtained from 40 mL of urine in the absence and presence of one million RT4 cells. The 

RT4 cell control sample was processed in PBS and centrifuged at 1500 g. All measurements 

were reported as the mean ± SD. One-way analysis of variation with Sidak’s multiple 

comparisons test was performed against the control sample (Prism 6, San Diego, CA); *p 
<0.05 and ****p<0.0001.
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Figure 2. 
The viability of RT4 cells incubated in urine of three donors at 4 ºC or 25 ºC over 24 h. Cell 

viability was determined by the trypan blue exclusion assay. All measurements were 

performed in triplicate and reported as the mean ± SD.
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Figure 3. 
Effect of urine matrix and duration of urine collection on the levels of DNA adducts in RT4 

cells. (A and B) Urine from a single subject or PBS (40 mL) were spiked with 1 million RT4 

cells pretreated with 4-ABP or AA-I at variable concentrations. (C) Urine from three 

subjects were incubated with 4-ABP (10 µM) or AA-I (0.1 µM) over T0, 10 or 24 h. N = 3 

or 4 independent analyses for each subject. All measurements were reported as the mean ± 

SD.
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Figure 4. 
Extracted ion chromatograms at the MS3 scan stage and product ion spectra of dA-AL-I of 

DNA adducts of 4-ABP and AA-I isolated from RT4 cells incubated in urine of a donor at 

room temperature for 24 h. [13C10]-dG-C8–4-ABP and [15N5]-dA-AL-I were spiked into 5 

µg DNA at a level of one adduct per 107 bases. The amount of DNA injected was ~1.6 µg.
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Figure 5. The effect of cell number on the stability of DNA adducts of RT4 cells in urine.
RT4 cells pretreated with 4-ABP and AA-I were spiked in urine of a single donor at cell 

counts ranging between 1 × 104 and 4 × 104 cells per mL of urine. The pretreated RT4 cells 

were incubated at room temperature and DNA adduct levels were measured at T 0, 10, and 

24 h. All measurements were reported as the mean ± SD.
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Figure 6. The level of dA-AL-I recovered from exfoliated urinary cells of mice treated with AA-I.
The UPLC/MS33 total ion chromatogram and the kinetics of dA-AL-I recovered in EUCs of 

the mouse following a single dose of AA-I (1 mg/kg). Urine was collected on days 0, 4, 11, 

and 25 after dosing.
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Scheme 1. Metabolic activation of 4-aminobiphenyl and aristolochic acid I and DNA adduct 
formation.
The bioactivation of 4-ABP by cytochrome P450 (P450) and the bioactivation of AA-I 

occurs by several enzymes, including P450 or NAD(P)H dehydrogenase [quinone] 1. N-

acetylransferases (NATs) or sulfotransferases activate the hydroxylamine metabolites to 

reactive intermediates that bind to DNA.
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