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Aristolochic acids are potent human carcinogens; the role of 
phase II metabolism in their bioactivation is unclear. Accordingly, 
we tested the ability of the partially reduced metabolites, 
N-hydroxyaristolactams (AL-NOHs), and their N-O-sulfonated and 
N-O-acetylated derivatives to react with DNA to form aristolactam–
DNA adducts. AL-NOHs displayed little or no activity in this regard 
while the sulfo- and acetyl compounds readily form DNA adducts, 
as detected by 32P-post-labeling analysis. Mouse hepatic and renal 
cytosols stimulated binding of AL-NOHs to DNA in the presence of 
adenosine 3'-phosphate 5'-phosphosulfate (PAPS) but not of acetyl-
CoA. Using Time of Flight liquid chromatography/mass spec-
trometry, N-hydroxyaristolactam I formed the sulfated compound 
in the presence of PAPS and certain human sulfotransferases, 
SULT1B1 >>> SULT1A2 > SULT1A1 >>> SULT1A3. The same pat-
tern of SULT reactivity was observed when N-hydroxyaristolactam 
I  was incubated with these enzymes and PAPS and the reaction 
was monitored by formation of aristolactam–DNA adducts. In the 
presence of human NAD(P)H:quinone oxidoreductase, the ability 
of aristolochic acid I to bind DNA covalently was increased signifi-
cantly by addition of PAPS and SULT1B1. We conclude from these 
studies that AL-NOHs, formed following partial nitroreduction 
of aristolochic acids, serve as substrates for SULT1B1, producing 
N-sulfated esters, which, in turn, are converted to highly active spe-
cies that react with DNA and, potentially, cellular proteins, resulting 
in the genotoxicity and nephrotoxicity associated with ingestion of 
aristolochic acids by humans.

Introduction

Aristolochic acids (AAs) are naturally occurring nitropolyaromatic 
compounds found in Aristolochia plants, which are used as herbal 
remedies in countries throughout the world (1). Serious toxic effects 
including progressive renal fibrosis and cancer have been associated 
with prolonged intake of Aristolochia herbs (2). A similar nephropa-
thy affects residents of rural villages in the Danube river basin where 
ingestion of bread prepared with flour contaminated with Aristolochia 
clematitis proved to be the causative agent of the so-called Balkan 
endemic nephropathy (3,4). Both syndromes are termed aristolochic 
acid nephropathy, which now is recognized as a global disease (5). 

A striking feature of long-term exposure to AAs is the development 
of otherwise rare carcinomas of the upper urinary tract in approxi-
mately half of the cases of Balkan endemic nephropathy (6). The prin-
cipal toxic components of Aristolochia species are aristolochic acid 
I, AA-I, and its 8-demethoxylated form, AA-II (Figure 1) (7). Both 
compounds are carcinogenic; however, in rodents, only AA-I induces 
nephrotoxicity (8,9).

Following metabolic activation, AA-I and AA-II react with DNA 
to form covalent aristolactam (AL)-DNA adducts (10). The deoxy-
guanosine and deoxyadenosine adducts, dG-AL and dA-AL, are 
mutagenic and block DNA replication (11,12). In human tumors, 
7-(deoxyadenosin-N6-yl)-aristolactam I  (dA-AL-I) adducts induce 
A:T transversions on the non-transcribed strand of the TP53 gene, 
thereby serving as biomarkers of exposure to AAs and reflecting their 
role in the carcinogenicity of AAs (4,13,14).

Nitroreduction is necessary for the formation of reactive interme-
diates of AAs (Figure 1) (15). It has been proposed that an interme-
diate containing the reactive, delocalized nitrenium ion (Figure  1) 
is the direct precursor of AL-adducts in DNA (15). In the case of 
analogous nitroaromatic compounds, such as 3-nitrobenzanthrone 
and its derivatives, acetylation or sulfonation of reduced metabo-
lites increases their electrophilic properties and reactivity with cel-
lular nucleophiles (16,17). The cyclic aristolactam–nitrenium-ion 
intermediate is proposed to arise from a reduced metabolite of AA, 
N-hydroxyaristolactam (AL-NOH), the aristolactam-N-acetoxy ester 
(AL-N-OAc) or aristolactam-N-sulfate (AL-N-OSO3H) (Figure 1).

Several mammalian enzymes capable of nitroreduction are reported 
to be associated, some only under hypoxic conditions, with the forma-
tion of DNA adducts in vitro. These include NAD(P)H:quinone oxi-
doreductase 1 (NQO1), xanthine oxidase, prostaglandin H synthase, 
NADPH:CYP reductase and CYP1A1/2 (18). Recently, AA-I was 
shown to increase expression of mouse NQO1 protein in liver and kid-
ney (19). Mice treated with dicoumarol, an inhibitor of NQO1, exhibited 
attenuated nephrotoxocity and higher levels of the non-toxic demeth-
oxylated metabolite, AA-Ia, compared with other reduced metabolites in 
urine (20). Thus, NQO1, with other enzymes as backup, has been con-
sidered to be the main cytosolic enzyme involved in AA-I bioactivation.

Formation of aristolactam-N-oxyesters represents a plausible 
pathway to increase reactivity of nitroreduction intermediates of 
AAs (Figure  1). However, published data regarding the potential 
involvement of phase II metabolites in AAs toxicity have been con-
flicting. In humans, 13 sulfotransferases (SULTs) (21,22) and two 
N-acetyltransferases (NAT1 and NAT2) have been described(23). 
These enzymes catalyze the transfer of sulfo and acetoxy groups from 
3'-phosphoadenosine-5'-phosphosulfate (PAPS) and acetyl-CoA, 
respectively. The increased mutagenicity of AA-I has been described 
in bacterial and mammalian cells harboring human SULTs, SULT1A1 
or SULT1B1 (24). In contrast to these findings, Stiborova et al., using 
somewhat different methods, reported that SULT1A enzymes do ‘not’ 
stimulate reactivity of AAs with DNA in the presence of NQO1 (25).

Our studies are designed to resolve this apparent discrepancy. We 
provide evidence of the direct involvement of SULTs in converting 
AL-NOHs into forms that bind efficiently to DNA. In addition, these 
studies demonstrate that sulfonation following nitroreduction further 
increases the mutagenic and cytotoxic potential of AAs.

Materials and methods

Ethics statement
Animal protocols were reviewed and approved by the Stony Brook Institutional 
Animal Care and Use Committee.

Chemicals
γ-32P-ATP (6000 Ci/mmol) was obtained from PerkinElmer (Boston, MA). 
liquid chromatography/mass spectrometry (LC/MS) grade acetonitrile and 

Abbreviations:  AA-I, aristolochic acid I; AA-II, aristolochic acid II; AAs, 
collective term describing both AA-I and AA-II; AL, aristolactam; AL-DNA, 
aristolactam–DNA; AL-II-N-OAc, aristolactam-II-N-acetoxy ester; AL-II-
NOH, N-hydroxyaristolactam II; AL-I-N-OAc, aristolactam-I-N-acetoxy ester; 
AL-I-NOH, N-hydroxyaristolactam I; AL-I-N-OSO3H, aristolactam-I-N-sul-
fate; AL-NOHs, collective term describing both, N-hydroxyaristolactam-I and 
N-hydroxyaristolactam-II; dA-AL-I, 7-(deoxyadenosin-N6-yl)-aristolactam 
I; dA-AL-II, 7-(deoxyadenosin-N6-yl)-aristolactam II; dG-AL-I, 7-(deoxy-
guanosin-N2-yl)-aristolactam I; dG-AL-II, 7-(deoxyguanosin-N2-yl)-aristo-
lactam II; HPLC, high-performance liquid chromatography; LC/MS, liquid 
chromatography/mass spectrometry; NATs, N-acetyltransferases NAT1 and 
NAT2; NQO1, NAD(P)H:quinone oxidoreductase 1; PAPS, 3'-phosphoadeno-
sine-5'-phosphosulfate; ssDNA, salmon sperm DNA; SULT, sulfotransferase.
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aqueous ammonium hydroxide (28%) were purchased from Fisher Scientific. 
AA-I, AA-II, N-hydroxyaristolactam I (AL-I-NOH) and N-hydroxyaristolactam 
II (AL-II-NOH) and its sulfated and acetylated analogs, with a purity of 
>97%, were synthesized in our laboratory (Attaluri, unpublished data). AAs 
and their metabolites were dissolved, at 5–40 mM, in dimethyl sulfoxide and 
stored at −20°C. Concentrations of AAs were established by UV absorption at 
250 nm (26). Enzymes used for 32P-post-labeling analysis were obtained from 
Worthington (Newark, NJ) and Sigma–Aldrich (St Louis, MO). Zinc powder, 
dimethyl sulfoxide, salmon sperm DNA (ssDNA), PAPS (>60% purity) and 
acetyl-CoA were purchased from Sigma–Aldrich. 7-(deoxyguanosin-N2-yl)-
aristolactam II (dG-AL-II) and dA-AL-II containing oligonucleotides were 
synthesized as described earlier (12).

Human histidine-tagged SULT1A1, SULT1A2 and SULT1A3, expressed 
in Escherichia coli and purified with the specific activity of 15 pmoles/min/
μg, as defined by transfer of sulfonate groups from PAPS to 1-naphtol, were 
purchased from US Biological (Swampscott, MA). Recombinant human 
SULT1B1 was purchased from MyBioSource (San Diego, CA). Cytosols 
from insect cells infected with NAT1 and NAT2 baculovirus expressing vec-
tors were obtained from BD Biosciences (Woburn, MA). Human NQO1 was 
purchased from Sigma–Aldrich.

Stability of AA-I metabolites
AL-I-NOH, aristolactam-I-N-acetoxy ester (AL-I-N-OAc) and aristolactam-I-
N-sulfate (AL-I-N-OSO3H) (50 μM) were prepared in 50 mM Tris-HCl buffer 
(pH 7.5) and incubated for various periods of time at 37°C. Aliquots (100 µL) 
were withdrawn from the reaction at intervals for analysis on a Waters 
high-performance liquid chromatography (HPLC) system equipped with an 
XTerra™ MS C18 column (5 µm, 4.6 × 250 mm), a 2996 Photodiode Array 
detector and Waters Empower software. Samples were eluted over 40 min at 
1 ml/min with a linear gradient starting at 20% solvent B and 80% solvent 
A and ending with 100% solvent B. Solvent A was 5 mM ammonium acetate 
dissolved in a 1:9 acetonitrile/water mixture; solvent B was 5 mM ammonium 
acetate in 9:1 acetonitrile/water. A chromatogram for each injection was pro-
duced by monitoring UV absorption at 254 nm, and peak areas used to deter-
mine the concentration of each compound.

Cell culture and chemical exposures
The GM00637 human fibroblast cell line was obtained from the Coriell Institute 
for Medical Research in Camden, NJ. Authenticated cells were grown in 75 cm2 
flasks as described previously (27). Briefly, cells were passed in a 1:6 ratio 
and 0.5 ml of the culture media maintained on 24-well plates for cytotoxic-
ity assays. Also, 5 ml of the culture media was grown to confluence on 60 mm 
plates. Before treatment with the DNA-damaging agents, cultures were washed 
thoroughly with Dulbecco’s phosphate buffered saline without CaCl2 and 
MgCl2. Then, 1–50 µM of AAs or their derivatives, diluted in Dulbecco's modi-
fied Eagle's medium without the aforementioned supplements, were added and 
the cell culture incubated under standard conditions. Cells were treated with 
the chemicals for 24 h for adduct analyses and for 48 h for cytotoxicity studies.

Cell viability assay
Cell viability assay were performed as described previously (27). Briefly, 
cells, distributed in 24-well plates, were treated with various compounds for 
48 h, then washed with phosphate buffered saline and lysed. Cytotoxicity was 
defined as the ratio of adenosine triphosphate in treated cells to adenosine 
triphosphate in the untreated control. Three different wells were used for each 
exposure.

Mouse hepatic and renal cytosolic extracts
Four, 8-week-old male C3H/HeJ mice were killed by CO2 asphyxiation. 
Liver tissues and cortices from both kidneys, total wet weight for each tissue, 
933 mg, were homogenized in a Dounce homogenizer with 10 strokes of pestle 
A and 20 strokes of pestle B in 3 ml of ice-cold 50 mM Tris-HCl (pH 7.6). 

The homogenates were centrifuged at 150 000g for 40 min. Cytosolic prepara-
tions were aliquoted and stored at −80°C. The protein content was analyzed by 
Bradford assay (28), using bovine serum albumin as the standard.

Incubations of AAs and metabolites with DNA
ssDNA (30 μg) in a final volume of 200 μl was incubated with 2 μM of each 
of the following: AA-I, AA-II, AL-I-NOH, AL-II-NOH and AL-N-oxyesters, 
dissolved in 50 mM KPi buffer, pH 5.8, in the presence or absence of 1 mg of 
zinc powder included in the reaction mixtures as a reducing agent. For dose 
response studies, incubations were for 2 h with 0.1–20 μM of various ALs. 
Following the reaction, DNA was precipitated by 70% ethanol, resuspended 
in 0.1×TE buffer and stored at −20°C prior to adduct analysis (see below). In 
experiments with AAs, 5 μg DNA was subjected to analysis while 1 μg DNA 
was used for AL-N-oxyesters.

Cytosolic incubations
Incubations with cytosols, in a final volume of 500 μl, consisted of 50 mM 
Tris-HCl pH 7.5, 0.2% Tween 20, 0.2 mM PAPS or 1 mM acetyl-CoA as cofac-
tors for cytosolic SULTs or NATs, respectively, 0.4 mM AL-I-NOH or AL-II-
NOH, 0.5 mg of mouse hepatic or renal cortex cytosolic proteins and 0.4 mg 
of ssDNA. Reactions were initiated by adding the cofactors. Incubations were 
carried out at 37°C for 1–8 h. Under these conditions, DNA adduct formation 
was linear up to 6 h. Control incubations were conducted without cytosols, 
cofactors and AL-NOHs. Samples (80–100 μl) were collected at each time 
point, mixed with 200 μl water and extracted three times with 300 μl phenol-
chloroform-isoamyl alcohol mixture (Sigma). Following the extraction step, 
DNA was precipitated with three volumes of ethanol and diluted in 150 ul 
0.1×TE buffer. DNA was stored at −20°C prior to adduct analysis. Twenty 
micrograms of DNA was analyzed for AL-DNA adducts, as described below.

Activation of AL-NOHs by SULTs and NATs
Incubation mixtures, in a final volume of 500 μl, consisted of 0.4 mg of ssDNA 
in 50 mM Tris-HCl pH 7.5, 0.2% Tween 20, 0.1 mM AL-I-NOH or AL-II-
NOH, 10–80 nM of SULTs or 40 μg of cytosolic extracts from NAT1- or 
NAT2-infected insect cells. Reactions, initiated by adding 0.2 mM PAPS or 
1 mM acetyl-CoA, were incubated at 37°C for 1–8 h. Control incubations were 
conducted without AL-NOHs, without cofactors, or without enzyme. DNA 
was collected and stored as described above. Five micrograms of DNA were 
used for adduct analysis.

Time of Flight LC/MS kinetic study of SULTs
AL-I-NOH (0.5–100 µM) was incubated in 250 µL Tris/Tween buffer (pH 7.5) 
at 37°C with 0.2 mM PAPS and either 30 nM SULT1B1, 160 nM SULT1A1, 
160 nM SULT1A2 or 160 nM SULT1A3. Reactions were initiated by the addi-
tion of PAPS. Aliquots (5 µL) of the mixture were analyzed at various times 
for AL-I-N-OSO3H formation using an Agilent Technologies 6224 Time of 
Flight LC/MS system with an electrospray ion source interfaced to a Series 
1200 HPLC system. An Agilent Extend C18 column (1.8 µm, 2.1 × 50 mm) 
was utilized for LC with an isocratic mobile phase (200 µL/min) consisting of 
1:1 acetonitrile: water containing 0.01% NH4OH. Data were acquired in the 
negative ion mode over the mass range of 150–1500 Da. Mass chromatograms 
were created for the mass range 387.8–388.2 Da and integrated for quantita-
tive analysis. Peak areas were converted to concentrations using a calibration 
curve generated under similar conditions. Standards for the calibration curve 
were prepared by including pure, synthetic AL-I-N-sulfate to the reaction mix-
ture at various concentrations, omitting the addition of AL-I-NOH. Reactions 
were repeated at least three times for each substrate concentration. Product 
appearance was linear up to 20 min. Area under the peak, corresponding to the 
standard solution, was integrated and the amount of AL-I-N-sulfate formed 
was estimated. Kinetic parameters were estimated by fitting curves to the 
Michaelis–Menten equation in Sigma Plot.

Fig. 1.  Proposed route for bioactivation of AAs. AA-I and AA-II undergo four electron nitroreduction to form AL-I-NOH and AL-II-NOH followed by 
N-acetylation or N-O-sulfonation catalyzed by NATs and SULTs, respectively. AL-N-oxyesters (AL-I-N-OAc, AL-II-N-OAc, AL-I-N-OSO3H and AL-II-N-
OSO3H) solvolize in aqueous solution, leading to cyclic nitrenium ion formation, which, in turn, reacts with DNA to form AL-DNA adducts.
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Incubations of AAs or 3-nitrobenzanthrone with DNA and NQO1 in the 
presence of SULT1 enzymes
Reaction mixtures (400 μl) consisted of 0.1 mM AA-I, AA-II or 3-nitroben-
zanthrone, 0.3 mg of calf thymus DNA, 50 mM Tris-HCl pH 7.5, 0.2% Tween, 
1 mM NADPH, 0.2 mM PAPS and 500 nM NQO1 with or without 500 nM 
SULT1 enzymes. Incubations were carried out at 37°C for 1–6 h. Each time 
point was collected and DNA was extracted as described above. DNA (20 μg) 
was analyzed for presence of adducts.

32P-post-labeling adduct analysis
DNA adduct levels were measured as described previously (27,29). For each 
of the following 24mer oligonucleotides, 30–120 fmol, corresponding to 2–8 
adduct/106 nucleotides in 5 μg DNA, was used as standards.

5'-TCT TCT TCT GTG CXC TCT TCT TCT-3' X = dA-AL-II
5'-TCT TCT TCT GTX CAC TCT TCT TCT-3' X = dG-AL-II
Briefly, DNA (1–20 μg) was digested and the concentration of adducts 

enriched by butanol extraction (27). AL-DNA adducts were post-labeled with 
γ-32P-ATP, then loaded on 30% non-denaturating acrylamide gels. After 4 
or 12 h, the gel was visualized by phosphorimaging. An Image QuaNT v5.2 
(Molecular Dynamics) program was used to estimate the amount of adducts 
present.

Data analysis
Apparent Km and Vmax values and the initial velocities of AL-DNA adduct for-
mation were determined using Sigma Plot v8.0 (SPSS).

Results

Comparison of AA-I, AL-I-NOH, AL-I-N-OAc and AL-I-N-OSO3H as 
precursors of AL-DNA adducts
We monitored the dose response and time course of AL-DNA adduct 
formation in reactions of AA-I, AL-I-NOH, AL-I-N-OAc and AL-I-
N-OSO3H with ssDNA. Following incubation at 37°C, DNA was 
digested to single nucleotides and/or monoadducts, labeled with γ-32P-
ATP and analyzed by polyacrylamide gel electrophoresis. In parallel, 
oligonucleotides containing dA-AL-II and dG-AL-II were processed 
as standards. AA-I formed dG-AL-I and dA-AL-I adducts when zinc 
dust was present in the reaction (Figure 2A, lanes 3–10); however, 
AL-I-NOH did not form dA or dG adducts in the presence or absence 
of this reducing agent (Figure 2A, lanes 1 and 2, respectively). In con-
trast, AL-I-N-acetoxy and AL-I-N-sulfate formed dA and dG adducts 
at levels more than an order of magnitude greater than AA-I, even in 
the absence of zinc (Figure 2A, lanes 11–18 and 19–26). Moreover, 
AL-I adduct levels reached saturation within 15 min (Figure 2B), by 
which time at least one in 104 nucleotides was modified, correspond-
ing, for 30 μg DNA, to 10 pmol of AL-I adducted nucleosides. The 
efficiency of AL-DNA adduct formation at saturation, for 400 pmol of 
activated chemicals, was ~2.5%.

Similar effects were observed when DNA was permitted to react for 
2 h with various ALs (Figure 2C). Acetoxy and sulfate derivatives of 
AL-I-NOH produced higher adduct levels than AA-I in the presence 
of zinc, and AL-I-DNA adduct reached saturation when these precur-
sors were present at 10 μM.

A similar reactivity pattern was observed for AA-II, AL-II-NOH 
and aristolactam-II-N-acetoxy ester (AL-II-N-OAc) incubated with 
DNA under identical experimental conditions (Supplementary 
Figure S1, available at Carcinogenesis online). Overall, in reactions 
with DNA, AA-II produced more DNA adducts than AA-I, whereas 
the N-substituted AL-I derivatives formed more adducts than the 
N-acetoxy AL-II derivative.

To assess the relative toxicity of AAs and analogs for cells in culture, 
human fibroblasts were treated with the compounds. The GM00637 
fibroblast cell line has been used previously in our study of pathways 
engaged in the repair of AL-DNA adducts (27). Based on structure–
function studies and our unpublished observations, we postulate that 
renal cytotoxicity reflects two independent cellular mechanisms, one 
of which is independent of DNA damage. Thus, GM00637 fibroblasts 
serve as a general model for overall cytotoxicity of AAs. Bioactivated 
products of nitroreduction, including N-O- conjugates, were expected 
to be more cytotoxic and to form more AL-DNA adducts in com-
parison with simple enzymatic nitroreduction of AA. AL-NOHs and 

the corresponding AL-N-oxyesters displayed high levels of cytotox-
icity as determined by cell survival (Figure 2D and Supplementary 
Figure S2A, available at Carcinogenesis online). The IC50 for AA-I 
was 30 μM, 6-fold greater than that for the AL compounds. Following 
48 h exposure, AA-II was not cytotoxic at the highest concentration 
used (50 μM). In contrast, under similar experimental conditions, 
AL-II-NOH and AL-II-N-OAc exhibited significant cellular toxicity 
(Supplementary Figure S2A, available at Carcinogenesis online).

AL-I-DNA adduct levels in cells were used as a measure of geno-
toxicity (Figure 2E). A 24 h exposure was chosen to avoid depletion 
of cells containing high levels of adducts. The highest level of AL-I-
DNA adducts, more than two orders of magnitudes greater than for 
AA-I-treated cells, was observed in cells treated with AL-I-N-OSO3H. 
AL-I-NOH and AL-I-N-OAc formed similar quantities of adducts, but 
at lower levels than AL-I-N-OSO3H. Similar results were obtained for 
AA-II, AL-II-NOH and AL-II-N-OAc treated cells (Supplementary 
Figure S2B, available at Carcinogenesis online). Overall, AA-I and its 
metabolic intermediates caused more toxicity and generated higher 
levels of DNA adducts in fibroblasts in cell culture than did AA-II. 
These observations support the importance of phase II metabolism in 
AAs induced toxicity.

Stability of AA-I metabolites
The stability of AL-I-NOH, AL-I-N-OAc and AL-I-N-OSO3H was 
assessed by incubating each compound in water or Tris-HCl buffer 
(pH 7.5) at 37°C and analyzing aliquots of the solution by HPLC at 
various times. Under these conditions, AL-I-NOH and AL-I-N-OAc 
remained stable over the time period of the experiment (Supplementary 
Figure S3, available at Carcinogenesis online); however, AL-I-N-
OSO3H decomposed rapidly in water and in buffer with a half-life of 
15–20 min. The major decomposition products were AL-I-NOH and 
aristolactam-I, as established by electron ionization and electrospray 
ionization mass spectrometer analysis (data not shown).

Activation of AL-NOHs by mouse renal and hepatic cytosols
To investigate further the potential activation of AL-NOHs by cel-
lular SULTs and/or NATs, cytosolic fractions prepared from mouse 
renal cortex or liver were incubated with ssDNA, AL-I-NOH or 
AL-II-NOH and either PAPS or acetyl-CoA. Figure  3A shows the 
time course of AL-I-DNA adduct formation following the reaction 
of AL-I-NOH with ssDNA in the presence of cytosolic fractions and 
PAPS. DNA adducts were not formed in the absence of cofactors or 
cytosols (Figure 3A, lanes 1–6). AL-I-adducts were formed in a time 
dependent manner when DNA, PAPS, one of the cytosolic extracts 
and AL-I-NOH were present in the reaction mixture (Figure  3A, 
lanes 7–14). AL-I-NOH and AL-II-NOH stimulated adduct formation 
over a period of 6 h (Figure 3B). The liver cytosolic fraction was at 
least two orders of magnitudes more proficient than the kidney cyto-
sol in forming adducts from both N-hydroxylactams. Both cytosolic 
enzymes produced greater levels of adducts from AL-II-NOH than 
from AL-I-NOH.

Importantly, when PAPS was replaced in the reaction mixture by 
acetyl-CoA, adducts were not detected in incubations of renal cor-
tex or hepatic cytosol with either AL-I-NOH or AL-II-NOH (data not 
shown). Also, consistent with previous studies (19), AL-DNA adducts 
were not found in incubations containing mouse kidney cortex cytosol 
extracts and AA-I or AA-II with NADPH. Incubation of hepatic cyto-
sols with DNA, NADPH and AAs formed only very small amounts of 
AL-DNA adducts (data not shown). Addition of PAPS to this reaction 
did not stimulate DNA adduct formation significantly.

Activation of AL-NOHs by human SULTs
Human SULT1A1, SULT1A2, SULT1A3 or SULT1B1 were incubated 
with AL-I-NOH or AL-II-NOH in the presence of PAPS and ssDNA, 
followed by DNA adduct analysis. AL-I-NOH and AL-II-NOH 
concentrations were set at 100 μM in order to remain above the KM 
reported for these enzymes. Among the SULTs studied, the most active 
was SULT1B1. Figure 4A and B show the time course for AL-I- and 
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AL-II-adduct formation for different doses of SULT1B1. Only back-
ground levels of DNA adducts were found in control reactions contain-
ing AL-NOHs and PAPS, or AL-NOHs and SULTs in the absence of 
PAPS (data not shown). The time course of AL-adduct appearance for 
each SULT1B1 dose was fitted to a linear regression and initial rates 
of adduct formation were calculated (Figure  4C). AL-I was formed 
more efficiently than the AL-II-adduct for all doses of SULT1B1, with 
the most pronounced differences observed at the lowest enzyme dose 
used (10 nM). The same approach was used for SULT1A1, SULT1A2 
and SULT1A3 (Supplementary Figure S4, available at Carcinogenesis 
online). Appearance of AL-DNA adducts was monitored over time, and 
the initial rates were compared with those for the SULT1B1 reaction. 
Supplementary Table S1, available at Carcinogenesis online, shows 

that mean values for SULT activities across all doses with an AL-I-
NOH substrate were at least an order of magnitude less efficient in 
comparison with SULT1B1. In contrast to AL-I-NOH, all four SULTs 
activated AL-II-NOH with similar efficiency, suggesting the impor-
tance of a methoxy group at C8 for enzyme–substrate interactions.

Since AL-DNA adducts were formed when AL-N-OAc was incu-
bated with DNA, AL-I-NOH or AL-II-NOH was incubated with 
human cytosolic NATs, NAT1 and NAT2, in the presence of acetyl-
CoA. AL-I and AL-II adducts were detected only in prolonged incu-
bations with high levels of NAT2 (Supplementary Figure S5, available 
at Carcinogenesis online). Thus, efficient bioactivation of AL-NOHs 
appears to be specific to SULTs, with SULT1B1 being the most active 
enzyme examined to date.

Fig. 2.  Reactivity and toxicity of AA-I and its analogs. (A–C) AA-I, AL-I-NOH, AL-I-N-OAc and AL-I-N-OSO3H were incubated with ssDNA in the presence 
and absence of zinc, 2 mg per reaction, as described in Materials and methods. DNA (2–5 μg) was analyzed for the presence of adducts by 32P-post-labeling 
analysis. (A) Fragment of a 30% polyacrylamide gel after 32P-labeling of DNA adduct nucleosides. St, mixture of 24mer oligonucleotides (15 fmol) containing 
a single dG-AL-II or dA-AL-II, represented by the upper and lower band, respectively. Each band corresponds to 1 adduct/106 nucleotides for 5 µg DNA. For 
each DNA digestion, at least three standard mixtures were used. Lanes 1–2, AL-I-NOH and DNA incubated for 6 h with and without zinc, respectively; Lanes 
3–10, AA-I (2 μM) and DNA, incubated for 1, 2, 4, 6 h, respectively. All reactions were conducted in duplicate, digested separately and loaded in wells adjacent 
to each other. Lanes 11–18, AL-I-N-OAc (2 μM) incubated with DNA for 1–6 h in the absence of zinc; Lanes 19–16, AL-I-N-OSO3H (2 μM) incubated for 1–6 h 
in the absence of zinc. (B) Time course of AL-I-DNA adduct formation. All analogs were present at 2 μM. (C) Dose response of AL-I-DNA adduct formation 
following 2 h incubations. Filled circles indicate AL-I-DNA adducts in the presence AA-I and zinc, open circles represent AL-I-DNA adducts in the presence 
of AL-I-N-OAc and the absence of zinc, filled triangles indicate AL-DNA adducts in the presence of AL-I- N-OSO3H and the absence of zinc. Each point 
corresponds to mean ± standard deviation and presents at least two independent experiments. (D–E) The GM00637 human fibroblast cell line was treated with 
various aristolactam analogs, at the concentrations shown, for 48 and 24 h, then analyzed for cytotoxicity and genotoxicity, respectively. Results are shown as 
mean values for two independent experiments; standard deviations are <30%. (D) Cytotoxicity, estimated by measuring adenosine triphosphate content, was 
determined in human fibroblasts treated with AA-I (filled circle), AL-I-NOH (open circle), AL-I-N-OAc (open triangle) and AL-I-N-OSO3H (filled triangle). (E) 
AL-I-DNA adduct levels in cells treated with 2 and 5 μM of the compounds.
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Kinetic studies of AL-I-NOH sulfonation
To define the reaction product arising from AL-NOHs in the presence 
of SULTs, reaction mixtures containing AL-I-NOH, PAPS and one of 
the SULTs were subjected to LC/MS electrospray ionization-Time of 
Flight analysis. Pure, synthetic AL-I-N-OSO3H was used as a refer-
ence compound. HPLC retention time and negative ion electrospray 
ionization mass spectroscopy were used to confirm enzymatic forma-
tion of N-sulfated compound.

SULTs were incubated with 0.5–10 μM AL-I-NOH for 1–30 min 
to establish optimal conditions for kinetic studies. AL-I-N-OSO3H 

formation was linear up to 20 min; thus, a 10 min time point was 
selected in order to quantify product accumulation in the linear range. 
Figure  5A–C represents Michaelis–Menten kinetics for SULT1B1, 
SULT1A1 and SULT1A2. No significant activity was found for 
SULT1A3, which agrees with the data presented in this paper for 
adduct formation. Despite reports of substrate inhibition in the litera-
ture (30), SULT1A1 showed no significant inhibitory effect with high 
concentrations of AL-I-NOH. SULT1B1 displayed the lowest Km and 
the highest kcat values, 0.71 μM and 4.2/min, respectively (Figure 5D). 
SULT1A1 and SULT1A2 showed similar values for apparent Km, but 

Fig. 3.  Murine renal and hepatic cytosols activate AL-I-NOH and AL-II-NOH in the presence of PAPS, leading to AL-DNA adduct formation. 0.8 mg/ml of 
ssDNA was incubated with 300 μM of AL-I-NOH or AL-II-NOH and 1 mg/ml of mouse cytosolic extracts in the presence of PAPS in a total volume of 500 μl. 
DNA was extracted and 20 μg of used for the adduct analysis. (A) Fragment of polyacrylamide gel showing results of 32P-post-labeling analysis; St—Mixture 
of 24mer oligonucleotides (30 fmol) containing a single dG-AL-II or dA-AL-II, represented by the upper and lower band, respectively. Lanes 1–6, the following 
were incubated for 6 h in a reaction buffer; 1—DNA; 2—DNA and AL-I-NOH; 3—DNA, AL-I-NOH and PAPS; 4—DNA, AL-I-NOH and acetyl-CoA; 5—
DNA, AL-I-NOH and renal cytosol; 6—DNA, AL-I-NOH and hepatic cytosol; Lanes 7–10, DNA, AL-I-NOH, PAPS and renal cytosol, incubated for 2, 4, 6 and 
8 h, respectively; Lanes 11–14, DNA, AL-I-NOH, PAPS and hepatic cytosol, incubated for 2, 4, 6 and 8 h, respectively. (B) Time dependence of AL-DNA adduct 
formation. Filled and open circles correspond to renal and hepatic SULTs activities towards AL-I-NOH. Filled and open squares correspond to renal and hepatic 
SULTs activities towards AL-II-NOH. Results are shown as mean values for three independent experiments; standard deviations are <30%.

Fig. 4.  SULT1B1 activation of AL-I-NOH and AL-II-NOH. ssDNA was incubated with 100 μM of AL-I-NOH or AL-II-NOH and 40 (filled circles), 20 (open 
circles) and 10 (filled triangles) nM of SULT1B1 in the presence of PAPS. 2–5 μg DNA was used for the adduct analysis. (A) Time course of AL-I-DNA adduct 
formation. (B) Time course of AL-II-DNA adduct formation. Results are shown as mean values and standard deviations for three independent experiments. (C) 
Initial rates of AL-I- and AL-II-DNA-adduct formation for each concentration of enzyme.

1818



Bioactivation of the human carcinogen aristolochic acid

SULT1A2 had a higher turnover rate. The kcat value for SULT1B1 was 
at least two orders of magnitude greater than those for other enzymes 
studied.

Formation of AL-I-DNA adduct in a reaction containing AA-I, 
NQO1 and SULT1B1
AA-I was incubated with DNA, NADPH, NQO1, PAPS and 
SULT1B1, and the time dependence of AL-I-adduct formation was 
monitored. Figure 6A shows the post-labeling gel, where lanes 1–5 
represent adduct formation in the presence of NQO1 and lanes 6–10 
represent adduct formation in the presence of NQO1 and SULT1B1 
at six time points. For a negative control, we replaced SULT1B1 by 
SULT1A2, which was shown to have no effect on formation of AL-I-
DNA adducts in the presence of NQO1 (25). As expected, SULT1A2 
did not alter the rate of AL-I-DNA adduct formation in compari-
son with NQO1 (Figure  6B). However, incorporation of SULT1B1 
significantly stimulated formation of AL-I-adducts (Figure  6B). 
In contrast, for the structurally related carcinogen, 3-nitrobenzan-
throne, DNA adduct formation was stimulated by SULT1A2 but not 
SULT1B1 (Figure 6C). In the case of AA-II, only a 1.5-fold increase 
of AL-II-adduct accumulation was monitored in incubations of AA-II 
with DNA, NQO1 and SULT1B1, compared with NQO1 incubations 
only (Supplementary Figure S6A and B, available at Carcinogenesis 
online). In the presence of SULT1A2, slight inhibition of AL-II-
adduct formation was found (data not shown), consistent with the 
literature data (31).

Discussion

In this paper, we investigated the contribution of phase II metabo-
lism to the bioactivation of AAs prior to their reaction with DNA to 
form mutagenic adducts. Novel findings in this paper include the (i) 
high reactivity of sulfated and acetylated AL-NOHs with DNA in the 
absence of enzymes or reducing agents; (ii) conversion of AL-NOHs 

to DNA-reactive metabolites, catalyzed by human SULTs; and (iii) 
accelerated formation of DNA adducts catalyzed by SULT1B1, fol-
lowing NQO1-mediated bioactivation of AAs.

Many nitroaromatic compounds share a common metabolic path-
way leading to reactive intermediates that form mutagenic adducts 
with DNA (32). Reduction of the nitro group is the essential first 
step in the generation of carcinogenic intermediates. O-sulfonylation 
(33) and O-acetylation (34) increase the reactivity of N-hydroxy 
metabolites, with solvolytic cleavage generating the reactive species. 
AL-NOHs have been found in the urine of rodents exposed to AAs 
(35). For AA-I and AA-II, the N-hydroxy intermediate, formed dur-
ing reduction to the N-amino-compound, is believed to undergo het-
erolytic cleavage of the N-O bond, forming a nitrenium/carbenium 
ion that subsequently reacts with DNA to form covalent adducts 
(10,15). The charge on the nitrenium ion in ALs often is delocal-
ized and when the charge resides principally on the nitrogen atom, 
the nitrenium ion will react with carbon atoms in the nucleobases 
(most often at C8 of purines). When the charge resides principally 
on carbon, the carbenium ion will preferentially react with exocy-
clic amino groups. In theory, simple reduction of AAs is capable of 
producing the corresponding N-hydroxyaristolactams. However, we 
find these compounds to be stable both as solids and in solution and 
were unable to generate DNA adducts efficiently in their presence. 
In the case of AAs, further activation by N-O-sulfonation or N-O-
acetylation is required prior to nitrenium ion formation. Therefore, 
this result requires refinement of the currently proposed activation 
mechanism for AAs.

Treatments of fibroblasts in culture with AL-NOHs and AL-N-
oxyesters led to a significant increase in adduct levels and cellular 
toxicity, suggesting the importance of nitroreduction and further 
conjugation. In accord with these results, SULT messenger RNA 
transcripts have been found in human fibroblasts in culture, with 
SULT1A1 and SULT1A3 being expressed ubiquitously across epithe-
lial tissues and cell lines (36).

Fig. 5.  AL-I-NOH sulfonation by human SULTs. AL-I-NOH (0.5–50 μM) was incubated for 1–30 min with each of the following enzymes, (A) SULT1B1, (B) 
SULT1A1 and (C) SULT1A2 in the presence of PAPS. Time course of AL-I-N-OSO3H formation was monitored by Time of Flight LC/MS. Initial rates were 
calculated using linear regression analysis in Sigma Plot and plotted against dose of AL-I-NOH. Product formation was linear up to 20 min. Results are shown 
as mean values with standard deviations for at least three independent experiments. (D) Kinetic parameters of human SULTs with AL-I-NOH as a substrate. 
Apparent kinetic parameters were obtained by fitting curves to Michaelis–Menten equation.
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Liver and kidney are target tissues for AAs, as well as being 
the site of the majority of the metabolic reactions involving AAs. 
Biotransformation enzymes found in cytosols of these tissues pro-
vide insight into the fate of the N-hydroxyaristolactams (37,38). In 
humans, SULT1A1 proved to be the principal SULT found in hepatic 
cytosols (39). Significant amounts of SULT1B1, although less than 
the amount of SULT1A1, were demonstrated in hepatic cytosols( 
39). Human kidney predominantly expresses SULT1A1, together 
with minor quantities of SULT1B1 and SULT1A3 (24,39,40). It 
appears that only the SULT1A2 gene is transcribed, although the 
protein formed was difficult to detect in any tissue (36,40). Although 
tissues of humans and mice differ in the distribution of SULT iso-
forms, renal and hepatic cytosols from mice were used as the source 
of enzymes for this preliminary assessment of the activation of 
AL-NOHs. Recently, we established the mouse as a robust model for 
studying the nephrotoxic and carcinogenic effects of AA (8). In the 
presence of PAPS, mouse cytosol fractions catalyzed the conversion 
of AL-NOHs to DNA-reactive intermediates. These results prompted 
us to test the ability of selected human SULT isoforms, SULT1A1, 
SULT1A2, SULT1A3 and SULT1B1, to activate AL-NOHs. Results 
of 32P-post-labeling DNA adduct analysis and Time of Flight LC/MS 
were consistent, revealing that SULT1B1 displayed the highest level 
of AL-NOH activation. Moreover, the efficiency of processing of 
AL-I-NOH by SULT1B1 was much higher than that reported for the 
proposed endogenous substrate of this enzyme, xanthurenic acid (41).

Activation of heterocyclic amines has been described for the 
arylamine NATs, NAT1 and NAT2 (34,42). High levels of both 
enzymes are found in mouse and human kidney and liver (43,44). 
However, despite the observed reactivity of synthetic AL-N-O-acetyl 

compounds with duplex DNA, only minor DNA adduction was 
observed when AL-NOHs were incubated with DNA, acetyl-CoA 
and human NAT2. Moreover, adducts were not formed when NAT1 
or mouse hepatic and renal cortex cytosols were employed in a simi-
lar reaction. Thus, we conclude that arylamine N-acetyltransferases, 
NAT1 and NAT2, do not play a significant role in AL-DNA adduct 
formation.

In vitro experiments in which nitroreduction of AAs, catalyzed by 
NQO1 is coupled with sulfonation, catalyzed by SULT1B1, revealed 
a significant increase in AL-I–DNA-adduct formation in comparison 
with nitroreduction of AA-I alone. The increase in AL-DNA adduct 
levels was much higher for AA-I than for AA-II, consistent with the 
preferential activation of AL-I-NOH by SULT1B1. This result could 
not be duplicated in reactions with SULT1A2, nor was there an 
increase in adduct formation in the presence of NQO1 and SULT1A 
isoforms, as reported by Stiborova et al. (25). However, many xeno-
biotics are selectively activated by one or more SULTs (33,45). The 
lack of specific SULTs in mouse tissues might account for the lower 
AL-DNA adduct levels observed after addition of PAPS when mouse 
hepatic cytosols are incubated with AAs, NADPH and DNA.

In humans, AL-DNA adducts generate mutations that play a role in 
initiating upper urinary tract cancers (4,14,46). SULT1B1 is one of the 
SULT isoforms detected in human hepatic tissues and is active in trans-
forming AA into a highly reactive species. In principle, the formation 
of AL-N-O-sulfated metabolites in liver could precede the formation of 
tumors in the kidney as analogous, relatively unstable compounds can 
be transported from the liver to the kidney. For example, serum albumin 
substantially prolongs the half-life of the sulfate ester of the human renal 
carcinogen, 1-hydroxymethylpyrene (47). Moreover, hepatic secretion 

Fig. 6.  SULT1B1 stimulates AA-I reactivity with DNA in the presence of NQO1. AA-I or 3-nitrobenzanthrone (100 μM) were incubated with DNA, PAPS, 
NADPH, 500 nM of SULT1 enzymes and/or NQO1. Twenty micrograms of DNA was used for the adduct analysis. (A) Fragment of a 30% polyacrylamide gel 
following 32P-labeling. dG-AL-II or dA-AL-II (upper and lower band, respectively). Lanes 1–5, 2, 3, 4, 5, 6 h incubations of AA-I, NQO1 and DNA, respectively; 
Lanes 6–10, AA-I, NQO1 and SULT1B1. (B) Time dependence for AL-I-DNA adducts formation. (C) The same experiment using 3-nitrobenzanthrone. Filled 
circles DNA adducts in the presence of NQO1, open circles represent DNA adducts in the presence of SULT1A2 and NQO1, filled triangles represent DNA 
adducts in the presence of SULT1B1 and NQO1. Results shown as mean values for at least two independent experiments.
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of sulfated 1-hydroxymethlpyrene, its transport to kidney and subse-
quent uptake into proximal tubule cells by human organic anion trans-
porters has been documented, suggesting a pathway that would explain 
the renal toxicity caused by AAs (48,49). Further studies are required to 
establish whether the liver or kidney is the site of bioactivation of AAs in 
mice and in humans and which SULTs are actively involved.

Humans vary in their susceptibility to the toxic effects of AA; conse-
quently, polymorphisms in genes controlling the activities of enzymes 
may enable the identification of individuals at risk. Polymorphisms 
of SULT1A1 have been studied with respect to their association with 
various cancers (50,51). In particular, the SULT1A1*2 allozyme, 
defined by an Arg213His amino acid substitution, is reported to confer 
susceptibility to upper urinary tract tumors (52). However, in con-
trast to SULT1A1*1, this amino acid change results in a decrease 
of activity towards polyphenols (53). Thus, this polymorphism, in 
principle, could decrease sulfonation of AA-1a but would not be 
expected to increase the rate of bioactivation (35,54). However, 17 
polymorphisms, including 2 non-synonymous and 12 non-coding 
nucleotide substitutions with unknown consequences for gene and/
or protein function, have been described in the SULT1B1 gene (55). 
Such polymorphisms could result in variable sensitivity to AA among 
Taiwanese patients that develop upper urinary tract cancer (14,46).

In conclusion, we have shown that AL-NOHs, stable intermediates 
produced by the partial enzymatic reduction of AA-I and AA-II, serve 
as substrates for several SULTs, leading to the preferential activa-
tion of AA-I and AA-II by SULT1B1. In turn, these sulfated com-
pounds react with DNA in vitro and in human cells to form mutagenic 
AL-dA adducts. NQO1-mediated reduction of AAs is facilitated by 
SULT1B1 but not by SULT1A2. Taken together, these studies indicate 
that sulfonation following nitroreduction increases significantly the 
mutagenic and cytotoxic potential of AAs.

Supplementary material

Supplementary Table S1 and Supplementary Figures S1–7 can be 
found at http://carcin.oxfordjournals.org/
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