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ABSTRACT: While to date investigations provided convincing evidence on the role of aristolochic acids (AAs) in the etiology
of Balkan endemic nephropathy (BEN) and upper urothelial cancer (UUC), the exposure pathways by which AAs enter human
bodies to cause BEN and UUC remain obscure. The goal of this study is to test the hypothesis that environmental pollution by
AAs and root uptake of AAs in the polluted soil may be one of the pathways by which AAs enter the human food chain. The
hypothesis driving this study was that the decay of Aristolochia clematitis L., a AA-containing herbaceous plant that is found
growing widespread in the endemic regions, could release free AAs to the soil, which could be taken up by food crops growing
nearby, thereby transferring this potent human nephrotoxin and carcinogen into their edible parts. Using the highly sensitive and
selective high-performance liquid chromatography coupled with fluorescence detection method, we identified and quantitated
in this study for the first time AAs in corn, wheat grain, and soil samples collected from the endemic village Kutles in Serbia.
Our results provide the first direct evidence that food crops and soil in the Balkans are contaminated with AAs. It is possible that
the presence of AAs in edible parts of crops originating from the AA-contaminated soil could be one of the major pathways by
which humans become exposed to AAs.

KEYWORDS: Balkan endemic nephropathy, upper urothelial cancer, aristolochic acid nephropathy, aristolochic acids,
exposure pathways, root uptake

■ INTRODUCTION

Aristolochic acids (AAs; Figure 1) are a group of nitrophenan-
threne carboxylic acids found in the herbal genus Aristolochia
and are classified by the International Agency for Research on
Cancer (IARC) as a Group 1 carcinogen.1−5 Although AAs are
banned from use in many countries, misuse of AA-containing
herbs occurs.5−10 For example, the misuse of AA-containing
herbs in the preparation of slimming drugs has caused numer-
ous end-stage kidney diseases in Belgian women that partici-
pated in a slimming regime in the 1990s.5,8−10 Accumulating
data also indicate AAs as the causative agent of Balkan endemic
nephropathy (BEN),10−15 a chronic kidney disease affect-
ing numerous farmers living in the rural area of the Balkan
Peninsula.16 It has been argued that the problem is caused
by the commingling of the fruits of Aristolochia clematitis L.
with commercial grains.17 However, the pathways by which
AAs enter the human food chain to cause BEN has remained
obscure.3,16,18

Recently, it was disclosed that A. clematitis L., an AA-
containing herbaceous plant, is widespread in some areas of the
endemic region.13,19,20 Despite the identification of AAs in
the soil samples that has yet to be reported, it is postulated
that AAs may have entered the environment from the decay

of A. clematitis L. Furthermore, we discovered that food crops
grown in AA-contaminated environments would uptake and
accumulate AAs in the edible parts of the plant.13,21 We thus
proposed root uptake of AAs from the environment may be
one of the exposure pathways by which the nephrotoxic AAs
enter our food chain.
In this study, we try to confirm root uptake as one of the

pathways by which AAs enter human bodies to cause BEN by
analyzing soil, corn, and wheat grain samples collected from a
well-known BEN-endemic village (Kutles; latitude, 43.140;
longitude, 21.862) in Serbia. Using our recently developed
high-performance liquid chromatography coupled with fluo-
rescence detection (HPLC−FLD) method, we could detect
aristolactams, the fluorescent nitroreduction products of AAs
(Figure 1),22 which allowed us to test for the presence of AAs
in wheat grain and soil samples from where the wheat was
grown. Further, we have conducted a surveillance analysis of
AAs in wheat grain and corn seed samples collected by farmers
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of the same village. The results from our studies revealed, for
the first time, that soil and food crops in an endemic village of
Serbia were contaminated with AAs. With significant evidence
demonstrating AAs being a strong human carcinogen and
potent nephrotoxin,23−28 it is expected that the finding in this
study will alert regulatory agencies of the potential existence of
a new contaminant, AAs, in both soil and food crops.

■ MATERIALS AND METHODS
Caution. AAs are carcinogenic and nephrotoxic to humans and

should be handled with caution.
Chemicals and Materials. All chemicals and reagents used were

of the highest purity available and were used without further
purification. AAs (a mixture of AA-I and AA-II, 1:1) were purchased
from Acros (Morris Plains, NJ). HPLC-grade methanol and aceto-
nitrile were purchased from Mallinckrodt Baker (Phillipsburg, NJ).
Deionized water was further purified by a Milli-Q Ultrapure water
purification system (Millipore, Billerica, MA) and was used in all
experiments. C18 solid-phase extraction (SPE) columns packed with
500 mg of sorbents were obtained from Grace (Deerfield, IL).
Instrumentation. HPLC−FLD analysis was performed on an

Agilent 1200 HPLC system coupled with a fluorescence detector (Palo
Alto, CA). Ultraperformance liquid chromatography coupled with
tandem mass spectrometry (UPLC−MS/MS) detection was performed
on a Waters UPLC coupled with a Waters Xevo G2 Q-Tof mass spec-
trometer (Milford, MA). A standard electrospray interface operating at
positive ionization mode was used for the UPLC−MS/MS analysis.
Sample Collection. Wheat grain and soil samples were collected

manually from an endemic village (village, Kutles; latitude, 43.140;
longitude, 21.862; and elevation, 211 m) in Serbia. The study
materials, wheat grain (n = 15), were collected from wheat fields with
A. clematitis L. growing on them (one plant per square meter on
average) at the time of sample collection (June, 2015). At the same
time of the wheat sample collection, the corresponding soil (n = 15)
samples in the immediate surroundings were also collected for analysis.
The negative control materials, wheat (n = 15) and the corresponding
soil (n = 15) samples, were collected randomly in the wheat field of
the same village but from the farmland with no A. clematitis L.
observed at the time of collection. Another set of wheat grain (n = 70)
and corn grain (n = 70) samples for surveillance of AAs were col-
lected from 70 families in the same village. Control soil (n = 5) and
wheat (n = 5) samples were also collected from a local in Hong Kong,

a non-BEN area. Voucher specimens of all studied samples were
collected and stored in a −80 °C freezer for reference.

Sample Preparation. All of the collected samples were dried
under the sun and ground to powder using a mortar and pestle.
Approximately 200 mg of the samples was accurately weighted and
extracted using 2 mL of the extraction solvent (70:25:5, v/v/v,
methanol/water/acetic acid). After sonication at 50 °C for 1 h, the
samples were treated by Zn/H+ (at 60 °C for 15 min) to reduce the
non-fluorescing AAs to fluorescing aristolactams (Figure 1). The
solution was then cleaned up and enriched by SPE as described pre-
viously.21 The purified sample solution was then dried under nitrogen,
and the residual was redissolved in 100 μL of methanol before being
analyzed by HPLC−FLD. Using a similar procedure, but without the

Figure 1. Nitroreduction of AAs (AA-I, R = OCH3; AA-II, R = H)
produce fluorophoric arstiolactams for their highly sensitive deter-
mination by HPLC−FLD. Depicted in panels A and B are typical
chromatograms obtained from HPLC−UV analysis of the AAs
(A) before and (B) after reduction with Zn/H+. Efficient formation
of aristolactams from nitroreduction of AAs was observed.

Figure 2. Schematic diagram showing HPLC−FLD analyses of the
collected samples. The analysis of the sample extract without the
nitroreduction step gave a concentration of naturally occurring
aristolactam concentrations, while the analysis of the sample extract
after Zn/H+ treatment gave the total aristolactams, i.e., from both
naturally occurring aristolactams and nitroreduction of AAs. The
concertation of AAs in the samples were calculated by subtracting the
total aristolactam concentration from that of the naturally occurring
aristolactams.

Table 1. Calibration Parameters and MDLs of the Developed
HPLC−FLD Method for AA Analysis

AA-I AA-II

linear range (ng/mL) 20−1200 20−1200
slope 1.453 1.769
intercept −8.484 −8.664
R2 0.9987 0.9991
MDL (pg/injection) 33 31
MDL (ng/g)a 3.3 3.1

aThe MDL is the sample extract based on 200 mg of sample.
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Zn/H+ treatment step, the concentrations of naturally occurring
aristolactams in collected samples were also determined (Figure S1 of
the Supporting Information and Figure 2).
HPLC−FLD Analysis. A total of 10 μL of the sample extract

was injected onto a Grace C18 column (GraceSmart, 150 × 2.1 mm,
5 μm) for chromatographic separation. The HPLC mobile phase
consisted of two components: (A) water and (B) acetonitrile, eluted at
a flow rate of 300 μL/min. The solvent gradient started from 20% B,
programmed to 100% in 15 min, and was held for 5 min before
column reconditioning. The HPLC eluate was monitored by a fluo-
rescence detector with the excitation and emission wavelengths set at
393 and 470 nm, respectively. The detector gain of the fluorescence
detector was set at 12.
Calibration. Working standard solution mixtures of AA-I and AA-II

at five concentrations (AA-I, 20−1200 ng/mL; AA-II, 20−1200 ng/mL)
were prepared and treated with Zn/H+, as described above, to reduced
AAs to aristolactams (Figure 1). The Zn/H+-treated standard solutions
were then centrifuged at 14 000 relative centrifugal force (RCF) for
5 min before the supernatant was analyzed by HPLC−FLD using the
method described above. Calibrating curves of AA-I and AA-II were
established by plotting the peak areas of aristolactam against the
concentrations of AAs in the working standards.
Method Validation. The method was validated for accuracy and

precision by analyzing pooled negative control soil, wheat, and corn
grain that were fortified with AA-I (0.08, 0.81, and 4.06 μg/g) and AA-II
(0.09, 0.89, and 4.45 μg/g). The intra- and interday reproducibilities of
the method were evaluated by processing and analyzing the samples
on the same day (n = 7) and in 7 days over 2 weeks, respectively.
Using the same samples, the method accuracy was evaluated by
processing and analyzing the AA-fortified samples using the method
described above. The minimum detection limit (MDL) was estimated
as the amount of analyte that generates a signal 3 times the signal-to-
noise (S/N) ratio.29−33

■ RESULTS AND DISCUSSION
Method Calibration and Validation. The HPLC−FLD

method developed previously for herbal medicine analysis was
validated for the captioned food and soil analysis (Figure 2).
The calibration curves of AA-I and AA-II are established by
plotting the peak area of aristolactams versus the concentration
of AAs in the working standards. The coefficients of deter-
mination (R2) of >0.999 for both AA-I and AA-II indicate that
the nitroreduction step is highly quantitative, and thus, the

Table 2. Validation of the HPLC−FLD Method for the Analysis of Wheat, Corn Grain, and Soil Samples

precision accuracy

concentration added (ng/g) intraday (% RSD)a interday (% RSD)a concentration found (ng/g)b % error

wheat grain AA-I 81 6.5 8.3 74 ± 14 8.64

812 7.1 9.2 732 ± 34 9.85

4061 4.6 5.4 3841 ± 174 5.41

AA-II 89 5.3 6.0 81 ± 16 8.99

889 7.7 10.5 802 ± 80 9.79

4445 6.4 8.6 4107 ± 227 7.60

corn grain AA-I 81 8.2 8.9 87 ± 10 7.41

812 5.2 6.0 856 ± 68 5.42

4061 4.0 4.5 3731 ± 172 8.13

AA-II 89 4.0 5.9 92 ± 21.7 3.37

889 6.7 8.4 846 ± 38 4.84

4445 6.3 8.9 4752 ± 252 6.91

soil AA-I 81 7.2 7.4 88 ± 13 8.64

812 5.9 8.2 774 ± 44 4.68

4061 3.8 4.4 4385 ± 156 7.98

AA-II 89 3.4 5.5 83 ± 12 6.74

889 6.8 7.6 854 ± 79 4.10

4445 4.8 6.4 4110 ± 298 7.54
an = 7. bn = 3.

Figure 3. HPLC−FLD analyses of aristolactam I and aristolactam II, the
nitroreduction products of AA-I and AA-II, respectively, in a (A) standard
solution mixture, (B) typical wheat grain sample, and (C) soil sample
collected from endemic village Kutles in Serbia. The nitroreduction
products of AA-I and AA-II were eluted at 12.7 and 12.1 min, respectively.
Shown in the insets are the fluorescence excitation spectra obtained from
analyzing the pooled HPLC fraction containing aristolactams.
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detector response for aristolactam is linearly dependent upon
the concentration of AAs in the working standards. The MDL
defined as the amounts of AA-I and AA-II that generate an
analytical signal 3 times the noise level, was 33 and 31 pg/
injection, respectively. Because 200 mg of sample was used in
each analysis, these MDL values correspond to method
detection limits of 3.3 and 3.1 ng of AA-I and AA-II per
gram of sample, respectively. Table 1 summarizes the slopes,
intercepts, and R2 of the calibration curves together with the
MDLs of the HPLC−FLD method for AA analysis.
The accuracy and reproducibility of the developed HPLC−

FLD method for determining AAs in soil, corn, and wheat grain
samples were evaluated by spiking to blank samples with the
AAs at concentrations of 0.08, 0.81, and 4.06 μg/g (AA-I) and
0.09, 0.89, and 4.45 μg/g (AA-II) (Table 2). Repetitive analysis
of the AA-fortified samples on the same day (n = 7) and on 7
different days over 2 weeks revealed intra- and interday
precision of relative standard deviation (RSD) less than 8.2 and
10.5%, respectively, for all sample matrices and concentrations.
The results indicate that the steps of solvent extraction, Zn/H+

treatment to reduce AAs to aristolactams, SPE cleanup, and
analysis (Figure 2) are highly reproducible.

The accuracy of the method was measured by analyzing the
AA-fortified samples (Table 2). Data show that the measured
concentrations of both AA-I and AA-II are closely correlated
with the spike levels and with no data derivated from the spiked
value more than 9.9%. These results demonstrate good recovery
(>90%) of both AA-I and AA-II in the extraction and SPE
cleanup processes in all of the tested sample matrices.

Identification of AAs in Wheat Grain and Soil
Samples. The validated HPLC−FLD method was applied to
detect AAs in wheat grain and soil samples collected at the spot
that the corresponding wheat was grown. As indicated by the
highly similar chromatographic retention times and fluo-
rescence excitation spectra to that of the authentic standards
(Figure 3), our analysis revealed the positive identification of
both AA-I and AA-II in the collected wheat grain and soil
samples. No AAs were detected in both the control soil and
wheat samples collected in Hong Kong.
The identification of AAs in the experimental soil and wheat

samples was further validated by UPLC−MS/MS analysis. The
very similar retention times and MS/MS spectra of aristolactam
I and aristolactam II in the collected HPLC fractions to that
of the authentic standards unambiguously demonstrated the

Figure 4. Chromatograms from UPLC−MS/MS analysis of aristolactams derived from nitroreduction of an authentic standard of (A) AA-I and
(B) AA-II, (C) AA-I and (D) AA-II in a wheat grain sample collected from Serbia, and (E) AA-I and (F) AA-II in a soil sample collected from Serbia.
AA-I and AA-II were eluted at 5.9 and 5.7 min, respectively. Shown in the insets are the MS/MS spectra obtained from analyzing the pooled HPLC
fraction containing aristolactams.
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presence of AA-I and AA-II in the collected wheat grain
samples (Figure 4). To the best of our knowledge, this is the
first time that AA-I and AA-II were detected in wheat grain and
soil samples.
Michel et al. recently reported that aristolactams, e.g.,

aristolactam glucosides, are a key group of compounds in the
seeds of A. clematitis L.15 However, as illustrated by HPLC−
FLD analysis of the underivatized sample extract of A. clematitis L.
(Figure S1 of the Supporting Information), our data revealed
only a very low concentration of aristolactam I in the seeds
of A. clematitis L., with no other fluorescing aristolactam-
containing compounds, e.g. aristolactam glucosides, being
detected at high abundance.
Quantitation of AAs in Wheat Grain and Soil Samples.

Analysis of the group of wheat grain samples collected from the
fields with A. clematitis L. growing revealed positive
identification of both AA-I and AA-II in a large proportion
of the samples. Specifically, we were able to detect AA-I and
AA-II in 12 and 10 of 15 wheat samples (Table 3), respectively.
Interestingly, the analysis revealed significantly higher levels of
AA-I (91.31 ± 89.02 ng/g) than AA-II (41.01 ± 12.45 ng/g) in
the wheat study samples (p = 0.04). This observation is in
pretty good agreement with the previous observation that AA-I
was detected at a significantly higher concentration than that of
AA-II in plant species in the Aristolochia genus.22,34

Using a similar approach, the concentrations of AAs in the
corresponding soil study samples from which the wheat
was grown were also quantified (Table 3). Strikingly, we were
able to detect both AA-I and AA-II in all of the collected soil
samples. Likewise, in the wheat study samples, a significantly
higher concentration of AA-I (86.59 ± 27.15 ng/g) than AA-II
(25.73 ± 11.46 ng/g) was detected in all of the 15 collected soil
study samples (p < 0.001). In particular, AA-I was again
detected at 2−5 times higher concentrations than that of AA-II
in the collected soil samples. This result is interestingly in rea-
sonable agreement with the observation that, in A. clematitis L.,
AA-I was detected at 7−10 times higher concentrations than
that of AA-II.22,35 The data suggested that distribution of AA-I

and AA-II in aerial parts of food crops resembles that of
A. clematitis L., which serves as the contamination source.
As indicated by the bioaccumulation factor (>1), the study

indicated that AAs were efficiently taken up and bioaccumu-
lated in the wheat (Table 3).36,37 Specifically, the analysis
revealed higher levels of AAs in some of the wheat grain than
that in the corresponding soil samples from which the wheat
were collected, indicating that both AA-I and AA-II were
bioaccumulated in wheat grain. Similar phenomena of plant
uptake and accumulation were also observed in our previous
study using lettuce, spring onion, maize, and cucumber as plant
models.13,21

Analysis of the control wheat and soil samples originating
from wheat fields with no A. clematitis L. growing in them at the
time of collection identified low levels of AA-I and/or AA-II in
some of the wheat grain and soil samples (Table 4). This

indicates the possible long-term presence and widespread envi-
ronmental pollution by AAs in the affected areas. We believe
that the soils were contaminated by decomposed material
originating from A. clematitis L. grown on the same field over
previous years and that the AAs from such contaminated soil

Table 3. Concentrations of AA-I and AA-II in Wheat Grain and Soil Samples Collected in Serbia (Village, Kutles; Latitude,
43.140; Longitude, 21.862) from a Wheat Field with A. clematitis L. Growing at the Time of Sample Collection

AA-I (ng/g)a AA-II (ng/g)a

wheat soil bioaccumulation factor wheat soil bioaccumulation factor

K1 NQb 69.8 ± 5.3 NA NDc 18.5 ± 2.2 NA
K2 159.1 ± 9.4 75.2 ± 10.1 2.12 41.4 ± 6.2 24.6 ± 5.4 1.68
K3 275.6 ± 9.1 93.7 ± 12.3 2.94 97.1 ± 4.9 21.4 ± 3.2 4.54
K4 77.3 ± 8.5 128.1 ± 9.5 0.60 33.6 ± 4.5 42.5 ± 5.3 0.79
K5 43.5 ± 5.2 84.6 ± 8.1 0.51 14.3 ± 2.7 37.9 ± 5.5 0.38
K6 ND 93.3 ± 13.2 NA ND 31.5 ± 3.9 NA
K7 108.3 ± 9.9 74.4 ± 9.5 1.46 35.6 ± 5.1 18.2 ± 3.3 1.96
K8 ND 95.3 ± 10.0 NA ND 23.6 ± 3.1 NA
K9 44.1 ± 5.7 91.9 ± 8.7 0.48 NQ 21.1 ± 1.8 NA
K10 ND 70.5 ± 8.3 NA ND 17.7 ± 3.0 NA
K11 92.4 ± 8.2 70.0 ± 5.2 1.32 41.3 ± 5.6 21.6 ± 2.6 1.91
K12 17.7 ± 2.4 88.3 ± 12.3 0.20 NQ 30.4 ± 4.1 NA
K13 61.9 ± 8.8 71.2 ± 6.7 0.87 23.8 ± 4.0 24.5 ± 3.7 0.97
K14 NQ 84.3 ± 10.6 NA ND 17.8 ± 2.0 NA
K15 33.2 ± 4.1 108.2 ± 7.8 0.28 NQ 34.7 ± 3.9 NA
meand 91.3 ± 89.0 86.6 ± 27.2 1.08 41.0 ± 12.5 25.7 ± 11.5 1.75

aProcessed and analyzed 3 times. bNQ = detected but cannot be quantified. cND = not detected. dMean concentrations in samples that showed
positive identification of AAs.

Table 4. Concentrations of AA-I and AA-II in Wheat and
Soil Control Samples Collected from Endemic Village Kutles
in Serbia (Latitude, 43.140; Longitude, 21.862)a

AA-I (ng/g)b AA-II (ng/g)b

wheat soil wheat soil

KC6 NDc 38.1 ± 5.2 ND 16.4 ± 3.7
KC11 30.4 ± 2.3 ND 21.8 ± 2.7 ND
KC12 ND 30.6 ± 4.3 ND 12.9 ± 1.6
KC13 40.3 ± 5.6 49.5 ± 4.3 16.1 ± 2.2 18.4 ± 3.8
KC14 28.8 ± 4.1 ND 16.3 ± 3.2 ND
meand 33.2 ± 1.13 39.4 ± 8.1 18.1 ± 3.9 15.9 ± 1.4

aThe fields were observed to be with no A. clematitis L. growing at the
time of sample collection. bProcessed and analyzed 3 times. cND = not
detected. dMean concentrations in samples that showed positive
identification of AAs.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.6b02203
J. Agric. Food Chem. 2016, 64, 5928−5934

5932

http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6b02203/suppl_file/jf6b02203_si_001.pdf
http://dx.doi.org/10.1021/acs.jafc.6b02203


were taken up by the wheat. This hypothesis was supported by
our previous observation that AAs are stable to microbial
activities of the soil and are highly persistent in the soil.21

Results from HPLC−FLD analysis of wheat grain and soil
samples collected from both wheat fields with and without
A. clematitis L. growing revealed that AA is a widespread envi-
ronmental and food contaminant in the endemic region in the
Balkan areas. To the best of our knowledge, this is the first
report demonstrating the detection of AAs in environmental
and food samples. It is possible that the decay of the
A. clematitis L. plant and fruit in the soil discharge AAs to the
soil, which were later being taken up and transported into
edible food crops to cause BEN.
Surveillance of AAs in Corn and Wheat Grain Samples

Collected from a Village in the Endemic Region in
Serbia. After AAs were successfully detected in wheat grain
and soil samples, the study was extended to investigate the
occurrence of AAs in wheat grain (n = 70) and corn grain
(n = 70) samples collected by farmers in the village Kutles, a
well-known endemic village in Serbia. Surprisingly, we were
able to detect both AA-I and AA-II in more than half of the
collected wheat samples (Table 5). Specifically, AA-I and AA-II

were detected in 59 and 36 of the 70 samples and at concen-
tration ranges of 20.0−1178.9 and 16.4−325.8 ng/g, respectively.
Assuming 100 kg of wheat was consumed per capita per
annum, these data correspond to a maximum exposure per
annum of 117.9 mg of AA-I and 32.6 mg of AA-II. Similarly,
AAs were also detected in the corn grain samples collected
from the farmers (Table 5).
Our results unequivocally demonstrated, for the first time,

that AA-I and AA-II are the widespread environmental
contaminants in the region existing endemic nephropathy in
the Balkan Peninsula. The root uptake of AA-I and AA-II from
the environment was identified to be one of the principal
pathways by which AAs enter human and very likely animal
food chains. We believe that the results from this study have
effectively resolved an almost 60-year-old mystery of exposure
pathways so important in elucidating the etiology of BEN
and/or aristolochic acid nephropathy (AAN), which are now
considered as a worldwide problem.
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