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a b s t r a c t

Aristolochic acid nephropathy (AAN) is associated with the prolonged exposure to nephrotoxic and
carcinogenic aristolochic acids (AAs). DNA adducts induced by AAs have been proven to be critical
biomarkers for AAN. Therefore, accurate and specific quantification of AA–DNA adducts is impor-
tant. In this study, a specific method using ultra performance liquid chromatography–tandem mass
spectrometry (UPLC–MS/MS) was developed and applied for the determination of 7-(deoxyadenosin-
N6-yl)aristolactam I (dA-AAI) in exfoliated urothelial cells of AA-dosed rats. After the isolation from
urine samples, DNA in urothelial cells were subjected to enzymatic digestion and solid-phase extrac-
tion on a C18 Sep-Pak cartridge for the enrichment of DNA adducts. The sample extracts were analyzed
by reverse-phase UPLC–MS/MS with electrospray ionization in positive ion mode. The quantification of
the AA–DNA adduct was performed by using multiple reaction monitoring with reserpine as internal
ultiple reaction monitoring standard. The method provided good accuracy and precision with a detection limit of 1 ng/ml, which
allowed the detection of trace of dA-AAI in exfoliated urothelial cells. After one-month oral dose of AAI
at 10 mg/kg/day, 2.1 ± 0.3 dA-AAI per 109 normal dA was detected in exfoliated urothelial cells of rats.
Compared to the traditional methods such as 32P-postlabelling and HPLC with fluorescence detection, the
developed UPLC–MS/MS method is more specific and rapid with a retention time of 4 min. The outcome
of this study may have clinical significance for diagnosing and monitoring AA-associated disease because

in ex
detection of DNA adducts

. Introduction

Aristolochic acid nephropathy (AAN), a unique type of rapid
rogressive renal fibrosis frequently associated with urothelial
alignancy, was reported in a group of patients in Belgium
ho had ingested slimming pills containing Aristochia fangchi.
alf of the patients needed renal replacement therapy, including

enal transplantation [1–5]. 8-Methoxy-6-nitro-phenanthro-[3,4-
]-1,3-dioxole-5-carboxylic acid (Aristolochic acid I, AAI) and its
-demethoxylated derivative (Aristolochic acid II, AAII) (Fig. 1)
xisting in many herbal plants have been proven to be the
ource of AAN [6–8]. The biotransformation of AA has been inves-

igated by analyzing the tissues of patients with AAN [9–11]
nd AA-dosed rodent cells [12]. A metabolic pathway involv-
ng the reduction of nitro group was suggested [13]. As shown
n Fig. 1, AAI and AAII were metabolized to a cyclic aristo-

∗ Corresponding author. Tel.: +852 34117070; fax: +852 34117348.
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foliated urothelial cells is non-invasive and convenient.
© 2010 Elsevier B.V. All rights reserved.

lactam nitrenium ion by the activation of several mammalian
enzymes. The resulted intermediate with a delocalized posi-
tive charge was electrophilic, which might bind preferentially to
the exocyclic amino groups of purine or cytosine nucleotides in
DNA through the C-7 position of the phenanthrene ring, lead-
ing to the formation of AA–DNA adducts. The major AA–DNA
adducts found in rodents exposed to AA and in patients suf-
fering from AAN were identified as 7-(deoxyadenosin-N6-yl)
aristolactam I (dA-AAI), 7-(deoxyguanosin-N6-yl) aristolactam
I (dG-AAI), 7-(deoxyadenosin-N6-yl) aristolactam II (dA-AAII),
and 7-(deoxyguanosin-N6-yl) aristolactam II (dG-AAII). The DNA
adducts have been used as biomarkers for the exposure to AA to
investigate the mutagenic and carcinogenic potentials of AA. There-
fore, detection and quantification of AA–DNA adducts would have
significant implications for the disease risk assessment.

However, the analysis of AA–DNA adduct at low levels in

a complex biological matrix including protein, ribonucleic acid,
and salt as well as the excess unmodified bases, has been the
major analytical challenge. A method suitable for the analysis of
AA–DNA adducts should simultaneously tolerate the constraint
of limited sample availability and the need on lower detec-

dx.doi.org/10.1016/j.jchromb.2010.11.035
http://www.sciencedirect.com/science/journal/15700232
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Fig. 1. Metabolic activation and DNA adduct formati

ion limits. A number of methods have been developed for the
etection of AA–DNA adducts, including 32P-postlabelling analysis
14–17], high-performance liquid chromatography coupled with

ass spectrometry (HPLC–MS) [18–20] and fluorescence detection
HPLC-FLD) [21]. The 32P-postlabelling assay is an ultrasensitive

ethod and capable of detecting adducts at levels as low as 1 in 109

ucleotides. However, it required the use of large excess of radioac-
ive �-32P labeled orthophosphate that limited its application only
n special laboratories with the control of radioactive material and
hat is a strong �-emitter. While HPLC-FLD allowed a sensitive
etection of dA-AAII with a low detection limit of 18.3 fmol on col-
mn by monitoring the fluorescence intensity of dA-AAII [21], all
f AA–DNA adducts contained the same fluorophore aristolactam
nd thus exhibited the similar fluorescence excitation and emission
pectra, which made the method less specific.

Compared to conventional HPLC analysis, ultra performance liq-
id chromatography (UPLC) offered the improved chromatographic
esolution and increased peak capacity through a rapid elution on
column packed with 1.7 �m particles. The higher efficiency of

mall particles enabled shorter columns to be used, reducing anal-
sis time and solvent consumption. In mass spectrometry analysis,
he use of multiple-reaction-monitoring (MRM) mode selected and

onitored both parent and one or more product ions simulta-

eously and thus provided better specificity and sensitivity over
he selected-ion-monitoring and full-scan detection modes. In the
resent work, we aimed at developing a specific and rapid method
or the detection of low level AA–DNA adduct in exfoliated urothe-
ial cells by exploring the possibilities of combining the advantages
aristolochic acid I (AAI, R = OCH3) and II (AAII, R = H).

of UPLC and MRM. To the best of our knowledge, this work pre-
sented the first application of UPLC in the analysis of AA–DNA
adducts. The detection of AA–DNA adduct in exfoliated urothelial
cells may be of clinical significance for diagnosing and monitoring
on AA-associated poisoning and diseases because the analysis is
non-invasive and convenient. Schmeiser et al. suggested that dA-
AAI, the predominant AA–DNA adduct in vivo, might be the critical
mutation in the carcinogenic process in rodents [22,23]. There-
fore, this study focused the method development for dA-AAI as
biomarker for monitoring the AA exposure.

2. Experimental

2.1. Chemicals and reagents

Aristolochic acid containing 97% AAI was purchased from Acros
(NJ, USA). Reserpine, 2-deoxyadenosine (dA), DNase I, phosphodi-
esterase I and alkaline phosphatase were purchased from Sigma (St.
Louis, MO, USA). Ammonium hydroxide solution was obtained from
Acros (NJ, USA). Diethyl ether (DEE), methanol (MeOH) and HPLC-
grade acetonitrile were purchased from Tedia (Fairfield, OH, USA).
Milli-Q water (18.2 M�) was prepared using a Milli-Q Ultrapure
water purification system (Millipore, Billerica, USA).
2.2. Synthesis of dA-AAI adduct

Following a modification of the protocol of Schmeiser et al.
[24,25], 20 �mol of AAI was first converted to corresponding
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Fig. 2. Schematic sample preparation and qu

odium salt AAI-Na by reaction with sodium hydroxide and then
uspended in 5 ml of 50 mM potassium phosphate buffer, pH 5.8.
fter the addition of 40 �mol of dA and 50 mg of zinc powder, the
eaction was initiated by incubation at 37 ◦C for 16 h in the dark and
topped at 4 ◦C. The resulted reaction mixture was centrifuged to
emove the zinc powder. The supernatant was lyophilized and re-
issolved in methanol for further purification by silica gel thin-layer
hromatography. Chromatograms were developed in DEE followed
y a mixture of DEE–MeOH–NH3·H2O (25:3:1, v/v/v). The purified
A-AAI was characterized by high-resolution mass spectrometry
nd fluorescence spectroscopy.

.3. Animal experiment and urine collection

Animal experiment was conducted according to the guidelines
stablished by the NIH Guide for the Care and Use of Laboratory Ani-
als. The procedures were approved by the department of health,

he government of the Hong Kong Special Administrative Region,
hina. Ten male Sprague–Dawley rats weighing 200–220 g were
sed in this study and kept in a room with controlled temper-
ture, humidity and light/dark cycle. The rats were divided into
wo groups with each containing five rats, placed in metabolism
ages and allowed to acclimatize to ambient conditions for five
ays prior to dosing. The dosed group was given an oral dosage
f 10 mg/kg/day of AAI in 10 mM NaHCO3 solution for one month,
hile the control group was treated with 1 ml of the dosing vehicle.
at urine samples were collected for 24 h each day for the con-
rol and dosed groups, respectively, and kept at 4 ◦C. Body weight
nd urine volume of individual rats were recorded throughout the
tudy.

.4. Isolation of exfoliated urothelial cells

The entire pooled rat urine samples of approximate 3 l each were
ltered through a double layer of cheesecloth followed by a 60-�m
lter membrane and centrifuged at 400 × g for 10 min at 4 ◦C. The
pper urine was discarded and the resulted pellet was washed three

imes by re-suspension in sucrose buffer and subsequent centrifu-
ations. The sucrose buffer consisting of 0.25 M sucrose, 1.8 mM
alcium chloride, 25 mM potassium chloride and 50 mM Tris–HCl
pH 7.5) was found to be able to maintain the good morphology of
ells while removing the majority of contaminant crystals [26].
cation of AA–DNA adducts by UPLC–MS/MS.

2.5. DNA digestion and adduct enrichment

A schematic illustration of sample preparation and analysis is
shown in Fig. 2. As described previously [19,21], 0.7 ml of 5 mM
sodium chloride in 0.01 M Tris buffer (pH 7.5), 30 �l of 1 mg/ml
DNase I, 70 �l of 0.01 M magnesium chloride in 0.01 M Tris buffer
(pH 7.0) were added to the washed pellet that was lysed by three
freeze/thaw cycles, and incubated at 37 ◦C for 1 h. After that, 0.8 ml
of 0.2 M Tris buffer (pH 9.0) and 30 �l of 1 unit/ml phosphodi-
esterase I were added and incubated for additional 48 h, followed
by the addition of 22 �l of 3.5 unit/ml alkaline phosphatase and
another 24-h incubation at 37 ◦C.

Due to the low level of AA–DNA adduct in the complex digested
DNA sample, sample clean-up and DNA adduct enrichment prior to
the UPLC–MS analysis were necessary. After reserving 10 �l of the
digested solution for the determination of normal nucleosides, the
rest extract (approximately 1.5 ml) was subjected to solid-phase
extraction (SPE). A Waters C18 Sep-Pak cartridge was connected to
a vacuum manifold, conditioned with 3 ml of methanol followed by
3 ml of water. The digested DNA solution was then applied to the
column, which was sequentially washed with 3 ml of water, 3 ml
of methanol/water (5:95, v/v), and 3 ml of methanol. The methanol
fraction containing AA–DNA adducts was collected and evaporated
to dryness under a stream of nitrogen at 37 ◦C. The obtained residue
was reconstituted in 100 �l methanol for UPLC–MS analysis.

2.6. UPLC condition

UPLC analysis was performed on a Waters Acquity UPLC sys-
tem (Waters, Milford, MA, USA), equipped with a binary solvent
manager, an autosampler and interfaced to an electrospray ion-
ization (ESI) source. Chromatographic separation was achieved
on a Waters Acquity UPLC bridged ethyl hybrid (BEH) C18 col-
umn (2.1 mm × 50 mm i.d., 1.7 �m particle size). The mobile phase
consisted of water (A) and acetonitrile (B). The gradient elu-
tion was programmed as follows: 0–1 min, 5% B; 1–2 min, 5–80%
B; 2–2.2 min, 80–95% B; 2.2–3 min, 95% B; 3–3.1 min, 95–5% B,
3.1–4 min, 5% B. The mobile phase flow rate was maintained at
400 �l/min and the column temperature was kept at 25 ◦C. The
injection volume was 10 �l.
2.7. Mass spectrometry analysis

MS/MS analysis was carried out on a Waters triple quadrupole
mass spectrometer (Waters, Milford, MA, USA) equipped with an
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Fig. 3. Product ion spectra of dA

lectrospray ionization source in positive ionization mode. The con-
itions used for ionization source were set as follows: capillary
oltage of 3.0 kV, source temperature of 140 ◦C, desolvation tem-
erature of 360 ◦C, desolvation gas flow of 600 L/h. Quantitation
as performed in multiple reaction monitoring (MRM) mode and

he conditions were optimized during direct infusion. For dA-AAI,
he cone voltage and collision energy were set as 90 V and 23 eV,
espectively. For the internal standard, cone voltage of 40 V and
ollision energy of 30 eV were applied. The dwell time was 0.05 s.
he cone and collision gas flow were set as 20 L/h and 0.2 ml/min,
espectively. Data analysis and quantitation were performed by
sing the Waters MassLync software.

.8. Quantitative analysis of dA-AAI in exfoliated urothelial cells

Accurately weighed dA-AAI and internal standard were each
issolved in methanol and methanol/0.1% formic acid (1:1, v/v)
o prepare the stock solutions. Urine samples collected from five
ontrol rats were processed as described above and used as blank
ample matrix. A set of dA-AAI solution at seven concentration lev-
ls was prepared by serial dilutions of the stock solution with blank
ample matrix. Each solution was spiked with 10 ng/ml reserpine
s internal standard. Three replicate injections were made for each
alibration level. The calibration curve was established by plot-
ing peak area ratios of dA-AAI to internal standard versus the
nown dA-AAI concentrations. Linear regression data derived from
he average of all three plots enabled the quantification of dA-AAI
n exfoliated urothelial cells. Generally, the concentration of dA-
AI adduct was expressed as adducts per 109 normal nucleotides,

he concentration of unmodified nucleosides was therefore deter-
ined by diluting 10 �l of the digested DNA samples with 90 �l
ethanol/water (1:1, v/v) for UPLC–MS analysis.

. Results and discussion

.1. Selection of internal standard
Due to the complexity of sample matrix, it was necessary to
se internal standard for the correction of losses during the sample
reparation and instrumental analysis. Since no commercialized
table isotope-labeled dA-AAI was available, reserpine was used as
nternal standard. Reserpine was an appropriate internal standard
nd internal standard reserpine.

for the study because it was a synthetic chemical and thus could
not be interfered by the complex sample matrix. From the MS/MS
spectra of dA-AAI and reserpine shown in Fig. 3, it was observed that
dA-AAI was clearly differentiated from reserpine with the obtained
precursor ions and product ions.

3.2. Optimization of MS/MS analysis

MRM-based MS method development for the analyte of interest
included the determination of the precursor ion, the optimization
of the various lenses to maximize ion transmission, the selection of
intense and specific parent–daughter transition, and the estimation
of optimal cone voltage, collision energy and dwell time. Prior to the
quantitative analysis, a 100 ng/ml standard solution of dA-AAI in
methanol and reserpine in methanol/0.1% formic acid (1:1, v/v) was
each infused directly into a tandem quadrupole mass spectrometer
at a flow rate of 10 �l/min. Data acquisition was performed pre-
liminary in full scan mode to choose an abundant precursor ion
[M+H]+. Under the daughter scan mode, the MRM transitions used
for dA-AAI and internal standard detection were established, which
corresponded to the intense and characteristic parent–daughter
ion transitions. As shown in Fig. 3, a transition of 543→427 was
selected for dA-AAI due to the characteristic loss of deoxyribose
and a transition of 610→195 was chosen for the internal standard
[18,27]. Three replicate infusions were performed for dA-AAI and
reserpine for the optimizations of cone voltage and collision energy
values as described in Section 2.

3.3. Method validation

Urine samples collected from five control rats were processed
in the same way as those from the AA-dosed rats and used as
blank sample matrix. A set of standard solutions of dA-AAI at dif-
ferent concentrations were prepared in blank sample matrix mixed
with 10 ng/ml reserpine as internal standard. Plotting the peak area
ratios of dA-AAI to internal standard against the concentrations of
dA-AAI generated a calibration curve for dA-AAI with a coefficient
better than 0.9995.
Sample preparation recovery of dA-AAI was evaluated by the
analysis of blank sample matrix spiked with known amounts of
dA-AAI. After clean-up and enrichment by SPE, the levels of dA-
AAI were quantified by using the developed method, which were
compared to the known amounts of spiked dA-AAI for obtaining
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ig. 4. MRM chromatograms obtained from the analysis of dA-AAI (2.12 min) in bl
nd in exfoliated urothelial cells collected from AA-dosed rats (C). Reserpine (2.25 m

he sample preparation recovery data. The results indicated that
he recovery was better than 90% for dA-AAI.

Spiked matrix samples were analyzed for evaluating the method
ccuracy and precision by using the developed method. The method
ccuracy expressed by relative error was determined by adding
A-AAI standard to blank sample matrix at low, medium and high
oncentrations (Table 1). Matrix blank was analyzed prior to the
xperiments. A typical MRM chromatograms obtained from the
nalysis of blank sample matrix and spiked matrix sample with
A-AAI at 60 ng/ml are shown in Fig. 4A and B, respectively. No
ignificant matrix interferences were observed, indicating that the
pecificity of the method was acceptable. The obtained data showed
hat analytical error for dA-AAI was ranged from −4.0% to +2.8%.
ntra-day precision was assessed from the replicate measurements
n = 6) of dA-AAI within one day and inter-day precision was eval-
ated from the analysis of the samples on three different days. As
hown in Table 1, intra-day precisions (RSD) were within 3.1–4.5%
or dA-AAI. Inter-day precisions (RSD) were within 4.0–6.1% for

A-AAI.

Limit of detection (LOD) and limit of quantification (LOQ) were
btained at levels giving signal-to-noise ratio (S/N) of 3 and 10,
espectively. For dA-AAI, the LOD was determined to be 1 ng/ml

able 1
ccuracy and precision for the quantitative analysis of dA-AAI adduct.

Spiked level (ng/ml) Found level (ng/ml) R.S.D. (%) Relative error (%)

Intra-day
10 9.6 ± 0.43 4.5 −4.0
60 61.7 ± 2.37 3.8 2.8
140 140.5 ± 4.41 3.1 0.4

Inter-day
10 10.2 ± 0.62 6.1 2.0
60 61.0 ± 2.43 4.0 1.7
140 141.4 ± 5.61 4.0 1.0
mple matrix (A), spiked in blank sample matrix at a concentration of 60 ng/ml (B),
as used as internal standard at a concentration of 10 ng/ml (D).

and the LOQ was 4 ng/ml. This level of sensitivity is comparable
with that of traditional 32P-postlabeling method and HPLC-FLD.

3.4. Quantitative analysis of dA-AAI in exfoliated urothelial cells

DNA adducts induced by AAs have been detected mainly in
kidney and liver tissues of rodents treated with AAs and patients
suffering from AAN and screened as an important biomarker for
AAN. But the studies by Schmeiser et al. [28] showed that AA–DNA
adducts were also detected in urinary tract tissues from AAN
patients, although this organ is not directly targeted by AAs. Detec-
tion and accurate quantification of AA–DNA adducts in exfoliated
urothelial cells, therefore, may be of clinical significance, because
it can provide critical evidence to support clinical diagnosis of
AA-related poisoning and disease and is non-invasive and con-
venient. Two groups of rats were used in this study. Each group
contained five rats. One received the dosing vehicle as control sam-
ples and the other were dosed AAI at 10 mg/kg/day for one month.
To obtain sufficient DNA for MS analysis, urine samples in each
group were collected and pooled from five rats over one month. The
DNA adduct in exfoliated urothelial cells were isolated, digested,
enriched and clean-up by SPE, and analyzed by using the developed
UPLC–MS/MS method. As shown in Fig. 4A and C, no dA-AAI was
detected in the control samples, while 11.7 ± 0.62 ng/ml (n = 3) dA-
AAI were detected in the exfoliated urothelial cells of AA-dosed rats.
In comparison with the total amount of normal dA in digested DNA
determined by UPLC–MS, dA-AAI level was detected at 2.1 ± 0.3 per
109 normal dA. This result was in accordance with the renal pathol-
ogy study that showed tubular atrophy and interstitial fibrosis in
kidney tissues of the AA-dosed rats. In contrast, the control group

of rats without any detectable DNA adducts showed normal renal
parenchyma.

The 32P-postlabeling assay provided DNA adduct analysis by
comparing the amount of the radioactive 32P-labeled adducts with
those of the 32P-labeled normal nucleotides. However, inefficient
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dduct labeling might impact the accuracy of adduct level to some
xtent. Moreover, the analytical facility with the capability of 32P-
ostlabeling assay is rather limited due to the safety concerns on
he use of large excess of radioactive �-32P labeled orthophosphate.
he 32P-postlabeling assay, for example, is currently unavailable
n Hong Kong. As a result, all previous biological samples asso-
iated with AA-induced kidney disease were sent to laboratories
n the U.S. or Europe for DNA adduct analysis and for the disease
iagnosis. HPLC-FLD was an alternatively sensitive method for the
uantification of DNA adducts by monitoring fluorescence intensity
f varied AA–DNA adducts. Because their strong fluorescence was
riginated from the same fluorophore aristolactam, however, all
f the AA–DNA adducts exhibit similar fluorescence excitation and
mission spectra, which made the method less specific and exten-
ively depend on the separation efficiency of HPLC. In contrast, the
eveloped UPLC–MS/MS method could provide specific and abso-

ute quantification of AA–DNA adducts in urine by combining the
dvantages of UPLC and MRM. In the current study, the detection of
A-AAI was clearly demonstrated in urine collected from rats dosed
ith AA. Similarly, the developed method could also be applied

o the specific determination of other AA–DNA adducts by moni-
oring their characteristic MRM transitions from the tandem mass
pectrometric analysis.

A large volume of rat urine sample was needed for the analysis
robably due to the inadequate method sensitivity or the rela-
ively low AA–DNA adduct levels in urine generated from the AA
nduction during the animal experiment. While the detection sen-
itivity for the DNA adduct needed to be improved further, the
easibility of using the UPLC–MS/MS method as an attractive alter-
ative approach to the conventional assay was demonstrated. The
eveloped method might have potential to serve for the clinical
iagnosis of the kidney disease associated with AA poisoning with
he improved method sensitivity. The successful urine sample anal-
sis for DNA adduct could provide the diagnosis without the need of
urgical procedure. The method should be further validated for its
pplicability for human sample analysis once the samples became
vailable.

. Conclusion

A novel and specific method using ultra performance liquid
hromatography–tandem mass spectrometry (UPLC–MS/MS) was
eveloped and applied to the quantification of dA-AAI in exfoliated
rothelial cells of AA-dosed rats. The analytes were detected in pos-

tive multiple reaction monitoring (MRM) mode by using reserpine
s internal standard. The method provided good accuracy and pre-
ision with a detection limit of 1 ng/ml, which allowed the detection
f dA-AAI in exfoliated urothelial cells at trace levels. The detection

f the DNA adduct in exfoliated urothelial cells is non-invasive and
onvenient. Therefore, the developed method may be of clinical
ignificance for diagnosing and monitoring AA-associated disease.
ompared to other traditional methods such as 32P-postlabelling
nd HPLC-FLD, UPLC–MS/MS analysis is more specific and rapid

[
[
[

B 879 (2011) 153–158

with an analytical time of less than 10 min. The developed method
could also be applied to other AA–DNA adducts by monitoring their
characteristic MRM transitions from the tandem mass spectromet-
ric analysis.
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