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Abstract

Occupational and tobacco exposure to aromatic amines (AAs) including 4-aminobiphenyl (4-

ABP) and 2-naphthylamine (2-NA) are associated with bladder cancer (BC) risk. Several 

epidemiological studies have also reported a possible role for structurally related heterocyclic 

aromatic amines (HAAs) formed in tobacco smoke or cooked meats with BC risk. We had 

screened for DNA adducts of 4-ABP, 2-NA, and several prominent HAAs formed in tobacco 

smoke or grilled meats including 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), 2-

amino-3,8-dimethylmidazo[4,5-f]quinoxaline (MeIQx), and 2-amino-9H-pyrido[2,3-b]indole 

(AαC) in the bladder DNA of BC patients, using liquid chromatography/mass spectrometry. We 

detected DNA adducts of 4-ABP, but not of adducts the other carcinogens. In this study, we have 

examined the capacity of RT4 cells, an epithelial human bladder cell line, to bioactivate AAs and 

HAAs to DNA damaging agents, which may contribute to BC. 4-ABP and AαC formed DNA 

adducts, but DNA adducts of 2-NA, PhIP and MeIQx were not detected. 4-ABP DNA adducts 

were formed at 10-fold higher levels than AαC adducts. Pretreatment of RT4 cells with α-

naphthoflavone (1–10 μM), a specific cytochrome P450 1 (CYP1) inhibitor, decreased AαC 

adduct formation by 50 percent but did not affect the level of 4-ABP adducts. However, cell 

pretreatment with 8-methoxypsoralen (0.1–1 μM), a potent inhibitor of CYP2A, resulted in a 90 

percent decrease of 4-ABP DNA adducts levels. These data signify that CYP2A and CYP1A 

isoforms expressed in the target urothelium bioactivate 4-ABP and AαC and may be a critical 
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feature of aromatic amine-induced urinary bladder carcinogenesis. The bioactivation of other 

tobacco and environmental AAs by bladder CYPs and their ensuing bladder DNA damage 

warrants further study.
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Introduction

Bladder cancer (BC) is the fourth most common cancer in men in the United States and the 

most lethal cancer malignancy of the urinary system (Siegel et al. 2017). Genetic 

susceptibility such as slow N-acetyltransferase 2 (NAT2) and glutathione S-transferase mu 1 

(GSTM1) null genotypes, chronic infection, and occupational and environmental exposures 

to chemicals including arsenic and aromatic amines (AAs) are major risk factors for BC 

(Burger et al. 2013). Occupational exposure to AAs including 4-aminobiphenyl (4-ABP) and 

2-naphthylamine (2-NA) has been linked to the elevated BC risk in factory workers (Jemal et 

al. 2011). Cigarette smoking is a well-known risk factor for BC (Burger et al. 2013). 4-ABP 

and 2-NA are assumed to contribute to the pathogenesis of BC of smokers based on 

occupational exposure data and BC risk. Smokers excrete elevated levels of mutagenic 

compounds in urine compared to non-smokers. A high portion of this mutagenicity is 

associated with AAs and structurally related heterocyclic aromatic amines (HAAs) 

(DeMarini 2004; Peters et al. 2003). 4-ABP and 2-NA were detected in the urine of smokers 

and nonsmokers (Riedel et al. 2006). 2-Amino-9H-pyrido[2,3-b]indole (AαC) is the most 

abundant HAA formed in tobacco smoke, occurring at levels ranging from 25 to 260 ng per 

cigarette (Hoffmann et al. 2001). These amounts are up to 100-fold higher than the levels of 

4-ABP, 2-NA, or benzo[a]pyrene (B[a]P) present in tobacco smoke (Hoffmann et al. 2001). 

AαC was detected in the urine of smokers, and the concentrations were positively correlated 

to the number of cigarettes smoked per day (Fu et al. 2014; Turesky et al. 2007). Other 

HAAs including 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 2-

amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) were also detected in the urine of 

smokers or omnivores (Turesky and Le Marchand 2011). Well-done cooked meats contain 

AαC and more than 20 other HAAs including PhIP and MeIQx (Sugimura et al. 2004). AAs 

and HAAs are multisite rodent carcinogens (IARC. 2004; Sugimura et al. 2004). Notably, 

several epidemiological studies have identified consumption of well done-cooked meats as a 

risk factor for BC (Balbi et al. 2001; Ferrucci et al. 2010; Lin et al. 2012; Lumbreras et al. 

2008; Michaud et al. 2006).

AAs and HAAs require bioactivation by cytochrome P450 (CYP)-catalyzed N-oxidation of 

the exocyclic amine groups to form N-hydroxylated AAs and HAAs metabolites. 

Conjugation enzymes, such as NAT or sulfotransferases (SULT), catalyze the conversion of 

the N-hydroxylated metabolites to unstable esters, which undergo heterolytic cleavage to 

form the short-lived nitrenium ions that covalently adduct to DNA (Turesky and Le 

Marchand 2011). CYP1A2-mediated N-hydroxylation of AAs in the liver is considered one 
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major bioactivation pathway involved in aromatic amine bladder carcinogenesis (IARC. 

2004). The N-hydroxy-AA and N-hydroxy-HAA intermediates can reach extrahepatic 

tissues including the bladder through the bloodstream to form DNA adducts (Kaderlik et al. 

1994; Radomski and Brill 1970). Alternatively, AAs and HAAs can reach the bladder and 

undergo bioactivation by CYPs expressed in bladder epithelium (Nakajima et al. 2006).

We recently identified DNA adducts of 4-ABP in the genome of some BC patients (Guo et 

al. 2018). Thus, we sought to characterize the DNA adducts of 4-ABP, 2-NA and several 

prototypical HAAs, including AαC, PhIP, and MeIQx, formed in RT4 cells, a well-

characterized human bladder epithelial cell line (O’Toole et al. 1983), to better understand 

the capacity of bladder cells to bioactivate these procarcinogens. Our findings show that 4-

ABP and AαC are bioactivated in RT4 cells and form DNA adducts, whereas the other 

compounds are inactive. The levels of 4-ABP DNA adducts were significantly higher than 

those of AαC, supporting the role of 4-ABP in BC etiology. We demonstrated that 4-ABP 

and AαC are bioactivated by CYP2A and CYP1 enzyme families, respectively, using 

selective CYP inhibitors and recombinant human enzymes. The chemicals in tobacco smoke, 

diet, and environment that damage the genome of the bladder are largely unknown. Further 

studies on the capacity of CYPs in bladder to bioactivate tobacco-associated and 

environmental AAs may help to identify other potential bladder carcinogens.

Materials and methods

Chemicals

HAAs were purchased from Toronto Research Chemicals, Inc. (Toronto, Canada). 4-

Hydroxyaminobiphenyl (HONH-4-ABP) and HONH-HAAs were prepared as described 

(Pathak et al. 2016). N-Hydroxy-2-naphthylamine (HONH-2-NA) was provided by the late 

Dr. Fred F. Kadlubar (National Center for Toxicological Research, Jefferson, AR). Dimethyl 

sulfoxide (DMSO), 4-ABP, 2-NA, ethoxyresorufin, α-naphtoflavone (α-NF), 8-

methoxypsoralen (8-MOP), 7-hydroxycoumarin, coumarin, dilauroyl-l-α-

phosphatidylcholine (DLPC), NADPH, ethylenediaminetetraacetic acid (EDTA), β-

mercaptoethanol (BME), calf thymus DNA (CT-DNA), RNase A (bovine pancreas), RNase 

T1 (Aspergillus oryzae), proteinase K (Tritirachium album), sodium dodecyl sulfate (SDS), 

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

(Penicillium citrinum) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Phosphodiesterase I (Crotalus adamanteus venom) was purchased from Worthington 

Biochemical Corp. (Newark, NJ). E. Coli expressed and purified human CYP2A6, 

CYP2A13, and NADPH-P450 oxidoreductase were kindly provided by Dr. L. B. Von 

Weymarn (University of Minnesota). N-(2′-Deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8–

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

[13C10]-dG-C8-AαC, N-(2′-deoxyguanosin-8-yl)-MeIQx (dG-C8-MeIQx), [2H3C]-dG-C8-

MeIQx, N-(2′-deoxyguanosin-8-yl)-PhIP (dG-C8-PhIP), and [13C10]-dG-C8-PhIP were 

synthesized as described (Bessette et al. 2009; Guo et al. 2018). N-(2′-Deoxyguanosin-8-

yl)-2-NA (dG-C8–2-NA), 1-(2′-deoxyguanosin-N2-yl)-2-NA (dG-N2-2-NA), and 1-(2′-
deoxyadenosin-N6-yl)-2-NA dA-N6-2-NA) were synthesized as reported (Guo et al. 2018).
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Cell culture and treatment

RT4 cell (ATCC, Manassas, VA) were cultured in McCoy’s 5A medium (ATCC, Manassas, 

VA) containing 10% fetal calf serum (Sigma Aldrich, St. Louis, MO, USA), penicillin (100 

IU/ml) (Gibco, Life Technologies, Carlsbad, CA, USA), and streptomycin (100 μg/ml) 

(Gibco, Life Technologies, Carlsbad, CA, USA) at 37 °C in a humidified atmosphere of 5% 

CO2 in air. For DNA adduct experiments, 1.5 × 106 cells were seeded in 6-well plates. At 

80–90% confluence, the cells were washed with pre-warmed phosphate-buffered saline 

(PBS), and fresh media containing AAs, HAAs, HONH-AAs, or HONH-HAAs (1 μM or 10 

μM) or DMSO (0.1% v/v) as a solvent control were added. For CYPs enzyme inhibition 

experiments, cells were pre-treated with either α-NF, 8-MOP, or DMSO (0.1% v/v) for 1 h, 

followed by 4-ABP, AαC or DMSO (0.1%) treatment. After 24 h, the cells were washed 

three times with cold PBS and scraped into 1 ml of cold PBS. After centrifugation at 200 x g 

for 10 min at 4 °C, the PBS was removed, and the cell pellets were stored at −80 °C until 

further analysis. For all the cell experiments, no cytotoxicity was observed at the used 

concentrations of chemicals assayed

DNA isolation and enzymatic digestion

Cell pellets (1.5 – 2 × 106) were homogenized in TE buffer (300 μL, 50 mM Tris-HCl 

containing 10 mM EDTA, and 10 mM BME, pH 8.0) and DNA was purified with the Gentra 

Puregene kit (Qiagen, Valencia, CA) (Cai et al. 2017). The DNA was washed with 70%, 

ethanol and reconstituted in LC/MS grade water. The concentration of DNA was determined 

using an Agilent 8453 UV/vis spectrophotometer (Agilent Technologies, Santa Clara, CA). 

Ten μg of DNA were spiked with isotopically labeled internal standards ([13C10]-dG-C8–4-

ABP, [13C10]-dG-C8-PhIP, [13C10]-dG-C8-AαC, [2H3C]-dG-C8-MeIQx, each at a level of 1 

adducts per 107 nucleotides) and were digested with a cocktail of enzymes in 5 mM Bis-

Tris-HCl buffer (pH 7.1) as previously described (Goodenough et al. 2007; Nauwelaers et al. 

2011). Isotopically labeled 2-NA DNA adducts were not available, and [13C10]-dG-C8–4-

ABP was used as a surrogate internal standard assuming similar ionization efficiencies for 

all adducts.

Ultraperformance liquid chromatography-electrospray ionization multistage scan mass 
spectrometry (UPLC-ESI/MS3) of DNA adducts

The DNA adducts were measured by UPLC-ESI/MS3 employing a Dionex Ultimate 3000 

LC (Thermo Fisher, San Jose, CA) equipped with a Thermo Acclaim PepMap trap cartridge 

RP C18 (0.3mm × 5 mm, 5 μm particle size, 100 Å), a Michrom Magic C18 AQ column (0.3 

mm×150 mm, 3 μm particle size), and a Michrom Captive Spray source (Auburn, CA) 

interfaced with a linear ion trap mass spectrometer Velos Pro (Thermo Scientific, San Jose, 

CA). The chromatography conditions, MS parameters and the MS3 transitions used to 

monitor the DNA adducts in the positive ionization mode are reported in supporting 

information (Nauwelaers et al. 2011). External calibration curves were constructed for 

quantification (Goodenough et al. 2007).
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CYP activities

Ethoxyresorufin O-deethylase (EROD) and methoxyresorufin O-demethylase (MROD) 

activity associated with CYP1 and CYP1A2, respectively (Burke and Mayer 1983) were 

measured in RT4 cells. Intact cells were incubated in phosphate-buffered saline, pH 7.4, 

containing 5 μM ethoxyresorufin and 1.5 mM salicyclamide as an inhibitor UGTs and 

SULTs enzymes. Resorufin formation was monitored by fluorescence employing a Synergy 

H1 plate reader (Biotek, Winooski, VT) with excitation at 530 nm and emission at 585 nm, 

over 5 min intervals for 30 minutes of reaction. Coumarin 7-hydroxylation associated with 

CYP2A activity was measured in RT4 cells cytosols. The reaction mixture consisted of 50 

mM Tris buffer, pH 7.4 containing cytosolic proteins (1 mg/ml), NADPH (1 mM) and 

coumarin (50 μM). After incubation for 30 min at 37 °C, the samples were diluted (1:2) in 

0.1 M Tris, pH 9.0, and 7-hydroxycoumarin formation was quantified by fluorimetry using 

the Synergy H1 plate reader, with an excitation at 355 nm and emission at 460 nm. The 

reaction rates were linear over time and proportional to protein concentration.

4-ABP and AαC bioactivation by CYP2A6 and CYP2A13 and DNA binding assays

CYP2A6 and CYP2A13 (10 pmol) were reconstituted with NADPH-P450 oxidoreductase 

(20 pmol) for 5 min on ice, and then mixed with DLPC (2 μg), and incubated on ice for 45 

min. Therafter, 50 mM Tris buffer, pH 7.4 containing; 1 mM NADPH and 10 μM of 4-ABP, 

or AαC were added to attain a final volume of 100 μl and incubated at 37 °C for 15 min. 

The reactive HONH-4-ABP and HONH-AαC intermediates were trapped with CT DNA (1 

mg/ml) in argon-purged 50 mM citric acid buffer (pH 5.0) in a final volume of 200 μl and 

incubated at 37 °C for 30 min. The acidic pH was used to maximize DNA binding (Tang et 

al. 2012). The reactions were terminated and DNA was precipitated as discribed (Bellamri et 

al. 2017). DNA adducts were measured (vide supra).

Statistics

Statistics were performed with Prism 5.03 (GraphPad Software, La Jolla, CA). The 

statistical significance was determined by the Student’s t-test. The data are presented as the 

mean ± SD (* P< 0.05; **P < 0.01, ***P < 0.005 versus control). All experiments were 

conducted at least with three independent experiments on different days, and three different 

passages of the cell line.

Results

AAs and HAA-DNA adduct formation in RT4 cells

DNA adducts formed in RT4 cells by 4-ABP, 2-NA, PhIP, MeIQx, and AαC, or their N-

hydroxy metabolites were measured after 24 h of cell treatment with 1 or 10 μM of each 

compound. As shown in Fig. 1a, only 4-ABP, and AαC underwent appreciable bioactivation 

and formed DNA adducts. The levels of both 4-ABP and AαC DNA adducts increased in a 

concentration-dependent manner; however; the levels of 4-ABP adducts were 10-fold higher. 

In contrast to the parent compounds, all the N-hydroxy AAs and N-hydroxy HAAs 

metabolites formed DNA adducts (Fig. 1b). While the levels of DNA adducts formed by, 

HONH-MeIQx, and HONH-AαC were comparable; those formed by HONH-4-ABP, 
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HONH-2-NA and HONH-PhIP were significantly higher. UPLC-ESI/MS3 chromatograms 

of DNA adducts and their MS3 product ion spectra are shown in Supporting Information 

(Supplemental Fig. 1 and 2).

4-ABP DNA adduct formation in RT4 cells

We previously identified dG-C8–4-ABP in bladder DNA of BC patients but also detected its 

proposed isomer, the dG-N2-N4-4-ABP, and the dA-C8–4-ABP adduct (Guo et al. 2018). 

The extracted ion chromatograms of the dG-N2-N4-4-ABP and dA-C8–4-ABP adducts are 

shown in Supplemental Fig. 3 with the product ion spectra of the adducts at the MS3 scan 

stage (Guo et al. 2018). The DNA adduct data of 4-ABP generated in RT4 cells recapitulate 

our DNA adduct biomarker data in the genome of BC patients and serve to validate the 

usage of RT4 cells as an in vitro cell culture model for characterization of 4-ABP 

bioactivation in human bladder.

Time and concentration-dependent formation of 4-ABP and AαC adducts in RT4 cells

The kinetics of 4-ABP and AαC DNA adduct formation was characterized in RT4 cells after 

treatment with 4-ABP (1 μM) or AαC (10 μM). As shown in Fig. 2a, 4-ABP and AαC DNA 

adducts were formed within 3 h of treatment and reached their maximum levels at 24 h and 

6 h respectively. DNA adduct formation was also determined as a function of 4-ABP and 

AαC concentration (Fig. 2b), showing DNA adduct formation occurred in a concentration-

dependent manner.

Role of CYP1 enzyme in 4-ABP and AαC bioactivation in RT4 cells

We characterized the activities of CYP1A1, CYP1A2 and CYP1B1 enzymes that are 

involved in the bioactivation of 4-ABP and AαC in humans (Turesky and Le Marchand 

2011). EROD activity, attributed to CYP1A1 and CYP1B1, was detected at an average of 

2.46 ± 0.22 pmol/min/mg protein, while CYP1A2 activity was not detected (<0.2 

pmol/min/mg protein). α-NF a well-known CYP1 inhibitor (Tassaneeyakul et al. 1993), led 

to a significant concentration-dependent decrease in EROD activity (Fig. 3a), and a 

substantial reduction in the levels of AαC adducts. Thus, CYP1A1 and CYP1B1 are 

involved in the bioactivation of AαC in RT4 cells. In contrast, α-NF did not affect the levels 

of 4-ABP adducts, signifying that either other CYPs or non-CYP oxidases bioactivate 4-

ABP (Fig. 3b).

Role of CYP2 enzyme in 4-ABP and AαC bioactivation in RT4 cells

Nakajima reported that human recombinant CYP2A13, a CYP expressed in human bladder, 

can bioactivate 4-ABP (Nakajima et al. 2006). The human CYP2A gene subfamily consists 

of two functional genes, CYP2A6 and CYP2A13 (Fernandez-Salguero et al. 1995) 

Coumarin was used as a selective substrate for CYP2A isoform activities in RT4 cells. 

Based on the formation of 7-hydroxycoumarin, our data showed a functional expression of 

CYP2A activity at levels reaching 5.28 ± 0.5 pmol/min/mg protein. 8-MOP, a potent 

inhibitor of CYP2A family (Maenpaa et al. 1993), resulted in a complete inhibition of 

CYP2A activity (Fig. 3c) and a decrease of 4-ABP adducts (Fig. 3d). Thus, the CYP2A 

family bioactivates 4-ABP. 8-MOP also resulted in a significant decrease of AαC adducts 
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(Fig 3d), which is attributed to the inhibition of CYP1A1 and CYP1B1 activity by 8-MOP 

(Fig. 3c).

Bioactivation of 4-ABP by human recombinant CYP2A6 and CYP2A13

We examined the capacities of human recombinant CYP2A6 and CYP2A13 to catalyze 4-

ABP and AαC bioactivation. As shown in Fig. 4, the rate of CYP2A13 catalyzed 

bioactivation of 4-ABP, as measured by 4-ABP adducts, was significantly higher than for 

CYP2A6. In contrast, AαC did not undergo bioactivation by either CYP2A6 and CYP2A13.

Discussion

4-ABP arises in tobacco smoke at several ng per cigarette (Hoffmann et al. 2001). In a 

commentary, Poirier and Beland suggested that these low levels of 4-ABP may be 

insufficient to contribute to BC etiology significantly (Poirier and Beland 1997). 

Nevertheless, we detected 4-ABP DNA adducts in the bladder genome of some BC patients 

by high-resolution mass spectrometry (Guo et al. 2018). An earlier study employing triple 

quadrupole mass spectrometry also reported the occurrence of 4-ABP DNA adducts in the 

bladder of some BC patients (Zayas et al. 2007). These biomarker data provide support for 

the paradigm of 4-ABP as an etiological agent in human BC. However, there are many other 

carcinogenic AAs and HAAs excreted in the urine of smokers and omnivores (DeMarini 

2004; Peluso et al. 1991; Peters et al. 2003; Smith et al. 1996; Turesky and Le Marchand 

2011). A portion of these compounds may undergo bioactivation by CYPs expressed in the 

liver or bladder epithelium to form genotoxicants capable of forming DNA adducts which 

contribute to BC etiology (Scheme 1).

We characterized the capacity of human RT4 bladder cells to bioactivate 4-ABP, 2-NA, and 

the prototypical HAAs, PhIP, MeIQx, and AαC, by the measurement of their DNA adducts. 

Among all, only 4-ABP and AαC underwent bioactivation in RT4 cells to form DNA 

adducts. All of the N-hydroxylated AAs and HAAs formed DNA adducts in RT4 cells, 

signifying that CYPs expressed in RT4 cells do not mediate the N-oxidation of 2-NA, PhIP, 

and MeIQx.

The N-oxidation of many AAs and HAAs is efficiently catalyzed by CYP1A2 expressed in 

the liver but also by CYP1A1 and CYP1B1 in extra-hepatic tissues (Turesky and Le 

Marchand 2011). CYP1A1 and CYP1B1 activities, but not CYP1A2 activity, were detected 

in RT4 cells. These data are in agreement with previous reports on CYP1A1 and CYP1B1 

protein (Plottner et al. 2016), and enzyme activity (Baker et al. 2018; Reshetnikova et al. 

2016) in RT4 cells. The complete inhibition of CYP1A1 and CYP1B1 by α-NF resulted in a 

50% decrease in the levels of AαC DNA adducts in RT4 cells, signifying that these isoforms 

prominently carry out the bioactivation of AαC in RT4 cells. Previous studies also reported 

AαC bioactivation by CYP1A1, CYP1B1, and CYP1A2 (Bellamri et al. 2016; Raza et al. 

1996). Other CYPs or non-CYP oxidases, such as peroxidases, are likely to contribute to 

bioactivation of AαC in RT4 cells (Danon et al. 1986; Turesky et al. 2015). In contrast, α-

NF did not diminish the levels of 4-ABP adducts, signifying that other CYPs or phase I 

enzymes are involved in the bioactivation of 4-ABP in RT4 cells.
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There are two functional genes in the human CYP2A enzyme family (Fernandez-Salguero et 

al. 1995). CYP2A6 prominently expressed in the liver (Yun et al. 1991) and CYP2A13 

expressed in extrahepatic tissues including the lung and bladder (Nakajima et al. 2006; Su et 

al. 2000). CYP2A6 and CYP2A13 mRNA transcripts have been detected in RT4 cells 

(Kanemoto et al. 2016). We showed that RT4 cells express CYP2A by the 7-hydroxylation 

of the coumarin, a selective substrate for CYP2A (Pelkonen et al. 2000; Von Weymarn and 

Murphy 2003). 8-MOP, a potent inhibitor of CYP2A (Maenpaa et al. 1993), resulted in 

complete inhibition of CYP2A activity correlated to a decrease in the level of 4-ABP 

adducts. Thus, the CYP2A family enzymes appear to catalyze the bioactivation of 4-ABP in 

RT4 cells prominently. However, it is possible that CYP isoform(s) other than CYP2A13, 

which can be inhibited by 8-MOP, may also contribute to ABP N-oxidation in RT4 cells. 1-

Hydroxypyrene and 1-acetylpyrene are selective and potent inhibitors of bacterial membrane 

expressed CYP2A6 and CYP2A13, respectively (Shimada et al. 2013). However, the 

pretreatment of RT4 cells with these inhibitors did not diminish CYP2A activity nor 4-ABP 

DNA adduct formation (data not shown), perhaps due to their metabolism in RT4 cells. 

Therefore, human recombinant CYP2A6 and CYP2A13 enzymes were employed to assess 

their potential roles in the bioactivation of 4-APB. Both isoforms catalyzed 4-ABP DNA 

adduct formation. However, CYP2A13-catalyzed bioactivation of 4-ABP was 20-fold higher 

than the level catalyzed by CYP2A6. These findings are consistent with the previous report 

on the capacity of CYP2A13 to N-oxidize 4-ABP (Nakajima et al. 2006), and show for the 

first time the ability of CYP2A6 to bioactivate 4-ABP.

The relative contributions of CYP enzymes expressed in the liver versus bladder to induce 

DNA damage in the bladder by environmental carcinogens requires further study (Radomski 

and Brill 1970) (Scheme 1). Although AαC occurs at up 100-fold higher levels than 4-ABP 

in tobacco smoke (Hoffmann et al. 2001), AαC DNA adducts were below the limit of 

quantification (3 adducts per 109 bases) (Guo et al. 2018). AαC is far more efficiently 

bioactivated by CYP1A2 expressed in primary human hepatocytes than in bladder cells 

(Nauwelaers et al. 2011); however, the ability of the reactive HONH-AαC metabolite to 

reach the bladder through the blood stream is not known

2-NA is classified as a human bladder carcinogen (IARC. 2004). However, 2-NA did not 

undergo bioactivation by RT4 cells (Fig. 2a), and we did not detect DNA adducts of 2-NA in 

the bladder DNA of BC patients (Guo et al. 2018). Our study with RT4 cells suggests that 

CYP activity expressed in bladder cells may be a critical factor in the bioactivation, and 

induction of bladder DNA damage by aromatic amine-carcinogens.

In summary, our findings show that CYP2A13 expressed in the bladder efficiently 

bioactivates 4-ABP to form DNA adducts. These data are consistent with human data 

showing the occurrence of 4-ABP DNA adducts, but not DNA adducts of 2-NA or HAAs, in 

the bladder. Further studies are required to better characterize other Phase I and II enzymes 

involved in the bioactivation of 4-ABP, other AAs, and HAAs in human bladder. The 

employment of biomarkers to assess recent exposures to tobacco smoke and cooked meat in 

conjunction with DNA adduct screening of the bladder is required to identify AAs, HAAs, 

and other environmental genotoxicants that may contribute to DNA damage and the risk of 

BC.
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Fig. 1: AAs, HONH-AAs, HAAs, HONH-HAAs DNA adducts formation in RT4 cells.
(a) 4-ABP, 2-NA, PhIP, MeIQx, and AαC, and (b) HONH-4-ABP, HONH-2-NA, HONH-

PhIP, HONH-MeIQx, and HONH-AαC. DNA adducts were measured after 24 h of 

carcinogen treatment by UPLC-ESI/MS3. (Three independent experiments,*P <0.05; **P 

<0.01, ***P < 0.005). ND: not detected.

Bellamri et al. Page 12

Arch Toxicol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Kinetic and dose effect formation of 4-ABP and AαC DNA adducts in RT4 cells.
(a) After 3, 6, 12, and 24 h of treatment with 1 μM of 4-ABP or 10 μM AαC DNA adducts 

were measured by UPLC-ESI/MS3, and (b) After 24 h of treatment with 4-ABP or AαC (10 

nM – 10 μM), DNA adducts were measured by UPLC-ESI/MS3. (Three independent 

experiments,*P <0.05; **P <0.01, ***P <0.005).
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Fig. 3: α-NF and 8-MOP inhibition of CYP1, CYP2A, and 4-ABP and AαC DNA adducts 
formation in RT4 cells.
(a) Following pretreatment with α-NF (1 – 10 μM), CYP1 and CYP2A activity, and (b) 

DNA adducts formed by 4-ABP (1 μM) and AαC (10μM) RT4 cells were measured. (c) 

Following pretreatment with 8-MOP (0.1 – 1 μM), CYP1 and CYP2A activity, and (d) DNA 

adducts formed by 4-ABP (1 μM) and AαC (10 μM) in RT4 cells were measured (Three 

independent experiments,*P <0.05; **P <0.01, ***P <0.005 versus Ctrl).

Bellamri et al. Page 14

Arch Toxicol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4: 4-ABP and AαC bioactivation by CYP2A6 and CYP2A13.
4-ABP and AαC (10 μM) were incubated with human recombinant CYP2A6 and CYP2A13 

for 30 min at 37 °C. The formed HONH-4-ABP and HONH-AαC or the synthetic HONH-4-

ABP and HONH-AαC were then incubated with CT-DNA at pH 5, for 30 min. 4-ABP and 

AαC DNA adducts were measured by UPLC-ESI/MS3. (Three independent experiments,*P 

<0.05; **P <0.01, ***P <0.005). ND: not detected.
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Scheme 1: Bioactivation of 4-ABP leading to DNA adduct formation in bladder.
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