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a  b  s  t  r  a  c  t

Aristolochic  acids  (AAs),  nephrotoxicants  and  known  human  carcinogens,  are  a mixture  of  structurally
related  derivatives  of  nitrophenanthrene  carboxylic  acids  with  the  major  components  being  aristolochic
acid  I  and  aristolochic  acid  II.  People  may  ingest  small  amounts  of  AAs  from  its natural  presence  in
medicinal  plants  and  herbs  of  the  family  Aristolochiaceae, including  the  genera  Aristolochia  and  Asarum,
which  have  been  used  worldwide  in  folk  medicine  for  centuries.  In order  to assess  AA  intake,  an  on-
line  solid-phase  extraction  coupled  with  liquid  chromatography–tandem  mass  spectrometry  (on-line
SPE-LC/MS/MS)  method  was developed  to analyze  their  most  abundant  corresponding  metabolites,  aris-
tolactams  (ALs),  in  urine  to  serve  as  biomarkers.  The  limits  of  quantitation  were  0.006  ng for  aristolactam
I  (AL-I),  and  0.024  ng  for  aristolactam  II (AL-II)  on  column.  Recovery  varied  from  98.0%  to  99.5%,  and

matrix  effects  were  within  75.3–75.4%.  This  method  was  applied  to  analyze  ALs  in the  urine  samples
collected  on  days  1, 2, 4, and  7  from  mice  treated  with  30  mg/kg  or 50 mg/kg  AAs.  Their  half  lives  were
estimated  to  be  3.55 h  and  4.00  for  AL-I,  and  4.04  and  4.83  h  for  AL-II,  depending  on AAs doses.  These
results  demonstrated  that  the  first  simple  on-line  SPE-LC/MS/MS  method  was  successfully  developed  to
analyze  urinary  ALs  with  excellent  sensitivity  and  specificity  to  serve  as  biomarkers  to assess  current  AA
intake  from  AAs-containing  Chinese  herbs.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Aristolochic acids (AAs) are a mixture of structurally related
erivatives of nitrophenanthrene carboxylic acids with the
ajor components being aristolochic acid I (8-methoxy-6-nitro-

henanthro(3,4-d)-1,3-dioxolo-5-carboxylic acid, AA-I) and
ristolochic acid II (6-nitro-phenanthro(3,4-d)-1,3-dioxolo-5-
arboxylic acid, AA-II), differing from each other only by one
ethoxy group [1,2]. AA-I and AA-II are found in medicinal plants

nd herbs of the family Aristolochiaceae, including the genera
ristolochia and Asarum, which have been used worldwide as

olk medicine for centuries. Pharmacological investigations have
emonstrated that AA-I and AA-II are the two major active compo-
ents present in plants derived from the genera Aristolochia [2,3].
As have been reported to show immunomodulatory effects in

everal biological systems and have been used as an immunomod-
latory drug for more than 20 years in Germany [2–4]. Many
ormulae containing plant species of the genus Aristolochia are
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E-mail address: kuenyuhwu@ntu.edu.tw (K.-Y. Wu).

570-0232/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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commonly used as traditional medicine to regulate menstruation,
induce labor, expel parasites, relieve pain, and to treat arthritis,
cancer, diarrhea, and snake-bites in East Asia, Eurasia, South
America and West Africa [2–4].

AAs in medicinal plants are known to cause aristolochic acid
nephropathy (AAN), a rapidly progressive interstitial nephritis that
can lead to end-stage renal disease and urothelial malignancy [2,3].
AAs are suspected as one of environmental risk factors for Balkan-
endemic nephropathy (BEN), a chronic renal interstitial disease
characterized by a slow progression to end-stage renal disease and
urothelial cancer, found endemically in several countries along the
Danube river basin [2,3]. Since the outbreak of AAN in Belgium in
1993, new cases have been reported in Asian and other European
countries (e.g. UK, France, Spain, and Germany) [2,3]. Carcinogenic-
ity of AAs requires metabolic activation. Aristolactams (ALs) are
the major metabolites from nitroreduction of AAs, and the cyclic
aristolactam-nitrenium ions, intermediates of the reduction pro-
cess, are generally considered as the ultimate carcinogens [5–10].

Therefore, ALs in urine may  serve as biomarkers of AA exposure.

Although AA and AA-containing plants are classified as human
carcinogens by International Agency for Research on Cancer and
have been prohibited for use in the USA and the European Union

dx.doi.org/10.1016/j.jchromb.2011.06.045
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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11–13],  some herbs of genus Asarum are currently used in tra-
itional medicines in Asia contain low levels of AAs. A variety
f analytical methods for quantitation of AAs in herbal medicine
re available, including HPLC-UV with limits of detection (LODs)
anging from sub-ppm to 10 ppb [11,14–17],  HPLC-FLD with LODs
t sub-ppb range [18,19], capillary electrophoresis with LODs at
0 ppb range [1,20–22], liquid chromatography coupled with mass
pectrometry (LC/MS) with LODs at 10 ppb range [23–26],  and
LISA method with LODs at 5 ppb range [27]. Analytical methods
ere also developed for the quantitation of AAs in biological sam-
les, such as HPLC-UV with LODs of AAs at 10 ppb range in rabbit
lasma [28], HPLC-FLD with LODs of AA-I at sub-ppb range in rat
rine and plasma [29], CE-MS with LODs of AAs at 50 ppb range in
uman serum [30], and LC/MS with LODs of aristolactam I at sub-
pb range in plasma of rabbits [31]. Analysis of AA in different plants
oncludes that its contents could vary up to thousand-fold and AA-
ontaining plants are not regularly consumed in many countries
o that assessment of exposure to AAs is very complicated and
ifficult.

In order to better characterize and assess AAs exposures, analy-
is of urinary ALs in urine could serve as biomarkers for extremely
ow AA intake. But, very few analytical methods are available to
nalyze ALs in plasma or urine of rats [8,9,32]. To analyze the
xtremely low concentrations of urinary ALs due to ingestion of
ow amount of AAs from consuming Chinese herbs, it requires
n analytical method with excellent sensitivity and specificity.
n addition, on-line solid-phase extraction (SPE) can be used for
ample cleanup to improve sensitivity and specificity and save
abors and time in sample preparations. Therefore, the objec-
ive of this study was to develop an on-line SPE coupled with
iquid chromatography–tandem mass spectrometry (on-line SPE-
C/MS/MS) to simplify sample preparation procedures and analyze
rinary ALs with excellent sensitivity and specificity. This auto-
ated cleanup method was used to analyze urinary ALs to serve

s the biomarkers of AAs exposures, and urinary ALs can be ana-
yzed easily and rapidly to potentially serve as high throughput
iomarkers for future epidemiology study on the potential health
ffects caused by the intake of AAs.

. Materials and methods

.1. Chemicals

Aristolochic acid sodium salts (AA-I, 65%; AA-II, 27%) were pur-
hased from Sigma–Aldrich (Milwaukee, WI,  USA). Methanol and
cetonitrile were purchased from J.T. Baker (Philipsburg, NJ, USA).
inc dust and formic acid were obtained from Riedel-de Haën
Seelze, Germany). Ammonium formate was bought from Fluka
Buchs, SG, Switzerland). Potassium phosphate was provided by

ako (Osaka, Japan).

.2. Synthesis and purification of aristolactam I and aristolactam
I

The reference standards of aristolactam I (AL-I) and aristolac-
am II (AL-II) were synthesized as reported [10,18].  An HPLC system
L-7000 series, Hitachi, Tokyo, Japan) equipped with a C18 column
250 mm × 4.6 mm,  5 �m,  Supelco, Bellefonte, PA, USA) and a UV
etector set at 254 nm was used to purify AL-I and AL-II. The mobile
hase was consisted of 50 mM  ammonium formate aqueous solu-
ion (A) and acetonitrile (B) delivered at a flow rate of 1 ml/min. The

radient started from 0% B to 55% B in 10 min  and further increased
o 67% B in 10 min. The eluates at the retention time of 16.7 min
nd 17.3 min  were collected and characterized by NMR, LC/MS/MS,
espectively.
Fig. 1. Representative HPLC-UV (�set at 254 nm) chromatogram of (A) aristolactam
I  and (B) aristolactam II with retention time at 17.3 and 16.7 min, respectively.

2.3. On-line SPE-LC/MS/MS analysis

The on-line solid-phase extraction system consisted of an Inert-
sil ODS-3 cartridge (4.6 mm × 33 mm,  5 �m,  GL Sciences, Tokyo,
Japan), a quaternary pump, a micropump, and an autosampler (PE
Series 200, Perkin Elmer, Boston, MA,  USA), a two-position micro-
electric actuator (Valco, Houston, TX, USA) as a switching valve for
process control, and an RP-18 analytical column (4.6 mm × 50 mm,
3 �m,  Waters, Milford, MA,  USA) for further chromatography. The
scheme of the on-line SPE system was similar to that reported
previously [33–36].  Sample (20 �l) was  injected into the system
and delivered to the extraction cartridge by the quaternary pump.
Mobile phase A (10 mM ammonium formate in 10% methanol)
served as a loading and washing solution at a flow rate of 1 ml/min.
After 3 min, the valve was  switched from loading to elution posi-
tion, and the sample was  eluted onto the analytical column by the
micropump. The initial condition of the mobile phase was  held at
25% B (0.1% formic acid in 95% methanol) for 3 min, followed by a
linear gradient to 100% B in 6 min  and held at 100% B for 3 min, then
returned to the initial condition for 3 min. The run time cycle was
15 min  for each sample. The valve was switched back to the load-
ing position at 12 min, and the extraction cartridge was conditioned
before injection of the next sample.

A triple-quadrupole tandem mass spectrometer (API 3000TM,
Applied Biosystems, Foster City, CA, USA) with an electrospray ion-
ization (ESI) source was used for identification and quantitation.
The multiple reaction monitoring (MRM)  mode was  operated to
monitor the ion mass transitions for ALs. Nitrogen was used as the
nebulizer gas, curtain gas, and collision-activated dissociation gas
and set at 10, 12, and 12 V, respectively. The voltage of the spray
needle was set at 4500 V, the turbo gas was adjusted to 8 l/min, and
the temperature of the ionization source was  maintained at 400 ◦C.

2.4. Method validation
The ALs standards were prepared by serial dilution and ranged
from 1.0 to 5000 ng/ml in 50% ACN (A) and urine (B), respectively.
After analysis of these standard solutions, calibration curves were
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Fig. 2. Chemical structure and mass spectrum of pro

stablished by plotting the peak areas versus the concentrations
f these standards. The recovery was determined by analysis of
he A set of standard solutions with and without on-line SPE by
sing LC/MS/MS. To assess the influence of matrix effect, the A and

 sets of standard solutions were analyzed with the on-line SPE-
C/MS/MS to separately establish calibration curves in solvent and
rine matrix. The matrix effect of each analyte was  determined by
alculating the ratio between the slopes of the calibration curve in
rine versus the slope of the calibration curve in solvent [38]. The

imit of detection (LOD) and quantification (LOQ) were established
t the concentrations of each analyte peak with a signal-to-noise
atio of 3 and 10, respectively.

.5. Animal experimentation and sample pretreatment

Twenty male C3H/He mice (5–6 weeks old) were obtained
rom the National Laboratory Animal Center (Taipei, Taiwan). The

ice were bred in a well-controlled environment with periodic
ark/light cycles and constant temperature (25 ± 2 ◦C), treated by
avage with a single dose of 30 mg/kg or 50 mg/kg of AAs, and then
oused in 4 metabolic cages for each dose. There were 2, 2, 3, and

 mice in each group. The body weights of individual mice were
ecorded on days 0, 3, and 6 after AA exposure. The mice were fasted
uring periods of urine collection, and water was given ad libitum.

he urine samples were collected for 16 h on day 1, day 2, day 4, and
ay 7 after exposure to AAs, and animals were sacrificed for pathol-
gy examination with the order of 2, 2, 3, and 3 mice after collection
f urine samples. One microliter of urine samples was aliquoted
ion scan of (A) aristolactam I and (B) aristolactam II.

for creatinine analysis and others were stored at −20 ◦C until use
for analysis. Urine (120 �l) was mixed with acetonitrile (120 �l)
and centrifuged at 16,000 × g for 10 min  to remove proteins. Then,
samples were ready for on-line SPE-LC/MS/MS analysis. The levels
of total urinary protein and creatinine were assayed on an ADVIA
1800 chemical analyzer (Siemens Healthcare Diagnostics, Madrid,
Spain). The final urinary levels of AL-I and AL-II would be normal-
ized with creatinine to adjust the potential effects of interindividual
difference in water consumption.

3. Results and discussion

3.1. Characterization of ALs

Several metabolites of aristolochic acids in urine have been
previously identified, including demethylated, glucuronylated and
acetylated conjugations of AA-I, and ALs [8,9]. ALs are the most
abundant and active metabolites of AAs [9].  Analysis of ALs may
offer very valuable information to help elucidate metabolic mech-
anism of AAs in vivo. Particularly, ALs may  also serve as biomarkers
of AAs intake for people who  may  frequently consume Chinese
medicines. In order to specifically analyze extremely low levels
of urinary ALs to serve as biomarkers for AAs exposures, AL-I and
AL-II were synthesized, purified, and characterized with HPLC-UV,

LC/MS/MS, and NMR  (Figs. 1–3).  Fig. 1 shows that ALs peaks were
collected for purification according to a representative HPLC-UV
chromatograms with the retention times at 17.3 and 16.7 min  for
ALs-I and II (Fig. 1). The full-scan shows that the [M+H]+ ions of AL-I



S.-Y. Chiang et al. / J. Chromatogr. B 879 (2011) 2494– 2500 2497

ristola

(
p
(
A
v
s
m

3

n
s
b
s

Fig. 3. NMR  spectrum of (A) a

m/z 294.0) and AL-II (m/z 263.9) are the most abundant, and their
roduct-ion spectra show the same patterns as previously reported
Fig. 2) [8,10].  Structural characterization with NMR, the spectra of
Ls in d4-methanol were shown in Fig. 3 and consistent with pre-
ious studies [7,37].  These data provided structural information for
pecific quantitation of AL-I and AL-II by monitoring the ion pairs
/z 294 → 279 and 264 → 206 to achieve the maximum sensitivity.

.2. On-line SPE-LC/MS/MS analysis and method validation

Urine is a complex matrix and could interfere the desirable sig-

als, enhance, or suppress the efficiency of ionization of analytes
o that sensitivity and specificity of the analytical method could
e significantly affected. In this study, on-line SPE was  adopted to
ave labors and time in sample cleanup. The recovery of on-line
ctam I and (B) aristolactam II.

SPE is approximate to 98.0% for AL-I and 99.5% for AL-II in aver-
age (Table 1) and suggests insignificant loss of samples in on-line
SPE cleanup. This an advantage of on-line SPE to automate sample
cleanup procedures could improve the variability among samples.
But Table 1 summarizes the performance of this analytical method.
This method demonstrated excellent recovery, stability, and repro-
ducibility in analysis of ALs in urine samples. The limits of detection
(LODs) were ranged from 0.3 ng/ml to 1.2 ng/ml at a signal-to-
noise ratio of 3. The limits of quantitation (LOQs) were ranged from
0.9 ng/ml to 3.9 ng/ml at a signal-to-noise ratio of 10 corresponding
to 0.006 ng and 0.024 ng on column for AL-I and AL-II, respectively

(Table 1). The sensitivity of this method was  comparable with that
of other methods [8,9,32].

This study was  to quantify urinary ALs to serve as biomarkers for
AAs intake, particularly at very low levels. The matrix effect could
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Fig. 4. Representative chromatograms generated from analysis of aristolactam I in urine spiked with aristolactam I standard (AL-I STD) and collected from control mice
(Control) and mice treated with AAs on the first day (AA 30 mg/kg D1) with LC/MS/MS op

Table 1
Performance data of this on-line SPE-LC/MS/MS method for the analysis of urinary
aristolactam I and II.

Aristolactam I Aristolactam II

Characteristic ion 294.0/278.8 263.9/206.2
Matrix effect (n = 5) 75.4 ± 6.2%* 75.3 ± 4.5%*

LOD+ (ng/ml) 0.3 1.2
LOQ# (ng/ml) 0.9 3.9
Recovery (n = 3) 98.0% 99.5%
Intraday RSD$ (n = 3) 3.0% 3.7%
Interday RSD (n = 3) 5.6% 6.2%

* Mean ± standard deviation (SD).
+ LOD: limit of detection.

h
t
f
A
f
R
4

In this study, male C3H/He mice were treated with a single dose
# LOQ: limit of quantitation.
$ RSD: Reproducibility standard deviation.

ave a great impact on quantitation of urinary ALs. To estimate
he influence of the matrix, calibration curve standard solutions
rom 1.0 to 5000 ng/ml were separately prepared in solvent (50%
CN) and urine. The calibration curves showed excellent linearity
or ALs (AL-I: slope: 789.64, R2 = 0.996 in solvent; slope: 570.64,
2 = 0.996 in urine; AL-II: slope: 63.21, R2 = 1.00 in solvent; slope:
8.7, R2 = 0.9999 in urine). The matrix effects of AL-I and AL-II
erated under MRM  mode.

in urine were calculated by following the equations proposed by
Matuszewski et al. [38–40],  determined by the ratio of the slopes
of the calibration curves in urine divided by those in solvent, and
were 75.3 ± 4.5% and 75.4 ± 6.2%, respectively. This method has
high recovery and significant matrix effect, and this observation
suggests that residues in urine may  suppress ionization efficiency
for ALs [40]. This may  be attributed to a compromise between the
use of the on-line SPE and suppression ionization efficiency. Further
studies will be needed to elucidate the factors associated with the
significant matrix effects in analysis of urinary ALs and to improve
the sample cleanup procedures to remove more endogenous com-
pounds to reduce the matrix effects with acceptable recovery [40].
Therefore, the calibration curves prepared by analysis of ALs in
urine were used for quantitation of both analytes in this study to
reduce the influence of matrix.

3.3. Animal study
of 30 mg/kg or 50 mg/kg of AAs. There was no statistical difference
between groups in body weight on days 3 and 6, except in mice
treated with 50 mg/kg of AAs, which were significantly decreased



S.-Y. Chiang et al. / J. Chromatogr. B 879 (2011) 2494– 2500 2499

F n urin
( MS op

o
t
5
d
r
r
o
t
A
c
t
t
p
w
w
B
t
l
c
a
A
w

ig. 5. Representative chromatograms generated from analysis of aristolactam II i
Control) and mice treated with AAs on the first day (AA 30 mg/kg D1) with LC/MS/

n day 6 (18.7 ± 0.8 g versus 22.5 ± 2.8 g). The levels of urinary
otal protein/mg creatinine (Cr) in mice treated with either 30 or
0 mg/kg of AAs were increased on day 2 and reached a plateau on
ay 4, about 6-fold and 10-fold higher than those of control mice,
espectively. After analysis of urine sample, Figs. 4 and 5 show the
epresentative LC/MS/MS chromatograms generated from analysis
f urinary AL-I and AL-II in a urine sample collected from either con-
rol or treated animal. Three peaks appear on the chromatograms of
L-II for samples originated from AAs-treated mice, but that of the
ontrol sample shows no additional peak and no interference from
he urine matrix. The AL-II peak was identified and confirmed with
he retention time by analysis AL-II standard. The two additional
eaks with retention time at 9.9 and 11.0 min  could be associated
ith the treatment of AAs (Fig. 5) and could not be identified since
e did not have all the synthesized metabolite standards of AAs.
ut some MS/MS  spectra of 3 hydroxylated aristolactams show that
hey produced fragment ions at m/z 206 with retention times ear-
ier than AL-II and suggest that these additional peaks might be

ontributed by N-hydroxyaristolactam, 7-hydroxyaristolactam, or
ristolactam 1a [8,9]. One of the advantages in analyzing urinary
Ls with tandem mass spectrometry operated under MRM  mode
as to select the precursor ion for further induced-collision frag-
e spiked with aristolactam II standard (AL-II STD) and collected from control mice
erated under MRM  mode.

mentation so that monitoring the ion pairs of the precursor ions at
m/z 294 and 264 and its corresponding product ion at m/z 279 and
206 provides excellent specificity in quantitation.

Our data show that treatment of a single dose of 30 mg/kg
of AAs led to excretion of urinary AL-I and AL-II on day 1 at
88.8 ± 36.7 �g/mg Cr and 24.0 ± 5.9 �g/mg Cr, respectively. After
a single dose of 50 mg/kg of AAs, the urinary AL-I and AL-II on
day 1 were 105.4 ± 35.6 �g/mg Cr and 30.8 ± 9.3 �g/mg Cr, respec-
tively (Table 2). The concentrations of excreted ALs in mouse
urine were highest on day 1 (p < 0.05), and rapidly decreased
to less than 1.65 �g/mg Cr on day 2 and further deceased on
day 4 and day 7 (Table 2). The rapid elimination of urinary ALs
indicated that ALs have short half-lives. The estimated half-lives
were 3.55 h for AL-I and 4.04 h for AL-II (at 30 mg/kg of AAs) and
4.00 h for AL-I and 4.83 h for AL-II (at 50 mg/kg of AAs). However,
increases in excretion of urinary protein were observed among
the AAs-treated mice and suggested that the kidney function of
the treated animals could have been damaged. Further study is

needed to investigate the impacts on the kinetics of urinary ALs
by the damage of kidney function by AAs treatment. The on-
line SPE-LC/MS/MS method will be very helpful if such study will
be conducted. According to the results of this study, urinary ALs
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Table 2
Time-course study of urinary aristolactam I and II in AAs-treated mice.

Aristolactam I (�g/mg Cr)+ Aristolactam II (�g/mg Cr)

30 mg/kg AAs
Day1 88.85 ± 36.69* 24.00 ± 5.88
Day2 0.82 0.39
Day4 0.68 0.37
Day7 0.13 0.07
50  mg/kg AAs
Day1 105.40 ± 35.63* 30.75 ± 9.32
Day2 1.65 0.98
Day4 1.60 0.66
Day7 0.26 0.09

Grouping: Day1 (n = 4 from 10 mice in 4 metabolic cages), Day2 (n = 2 from 6 mice in
2  metabolic cages), Day4 (n = 2 from 6 mice in 2 metabolic cages), Day7 (n = 1 from
3  mice in 1 metabolic cage).
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* Mean ± standard deviation (SD).

ppears to be suitable biomarkers to assess the current exposure
o AAs.

Although urine samples at the first 24 h were collected from
ats treated with AA and processed with SPE for analysis of ALs and
dentification of other AAs metabolites with LC/MS/MS in previous
tudies [8,9], their objectives were to identify potential metabo-
ites of AAs with mass spectrometry. Sensitivity of the analytical

ethod was not an issue, but characterization of metabolites with
C/MS/MS was very critical [8,9]. This study was to validate urinary
Ls to serve as exposure biomarkers for AAs intakes. Therefore, sen-
itivity of the analytical method was a critical issue after the NMR
nd mass spectrometry spectra of newly synthesized ALs standards
ere confirmed to be consistent with previous studies [7–9,37].

n order to correct the matrix effects, quantitation of urinary ALs
hould be based on the calibration curves established by analysis
f ALs standards in urine matrix. This study is the first attempt to
evelop an analytical method to quantify urinary ALs at extremely

ow levels. With the performance of our newly developed method,
here may  be a good chance to analyze ALs in urine samples col-
ected from people consuming low amounts of AAs from herbal

edicine. Therefore, this on-line SPE-LC/MS/MS method may  defi-
itely help epidemiologists who have been interested in molecular
pidemiology studies on the potential effects of low intake of AAs.

. Conclusions

An on-line SPE-LC/MS/MS method was successfully developed
o analyze the most abundant metabolites, ALs, of AAs in urine. Our
esults demonstrated that this method possesses excellent sensi-
ivity and specificity compared with previously reported methods.

oreover, this method simplified the usually labor- and time-
onsuming sample pretreatment procedures. The in vivo study
howed that urinary ALs were rapidly excreted after AA treatment

nd suggests that analysis of urinary ALs may  serve as AA expo-
ure biomarkers. By using this method, urinary ALs can be analyzed
apidly and easily to serve as biomarkers of current intake of AAs
rom Chinese herbs.
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