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ABSTRACT: Balkan endemic nephropathy (BEN) is a slowly
progressive interstitial fibrotic disease affecting numerous people
living along the Danube River in the Balkan Peninsula, of which
aristolochic acids (AAs) produced naturally in Aristolochia plants
are key etiological agents. However, the exposure biology of the
disease remains poorly understood. Initially, the high incidence of
BEN in the Balkan Peninsula was thought to occur through
ingestion of bread prepared from flour made with wheat grains
comingled with the seeds of Aristolochia clematitis L., an AA-
containing weed that grows abundantly in the wheat fields of the
affected areas. In this study, by a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method, we show for the first
time that vegetables, in particular root vegetables of endemic areas,
are extensively contaminated with AAs taken up through root absorption from the AA-tainted soil. Furthermore, we found a pH
dependence of the n-octanol/water partition coefficient (Kow) of AAs, which resulted in a dramatically higher hydrophobicity-driven
plant uptake efficiency of AAs into food crops in endemic areas, characterized by higher acidity levels, compared to non-endemic
areas. We believe the results of this study have significantly unraveled the mystery surrounding the uneven distribution of BEN
incidence.

■ INTRODUCTION

Aristolochic acids (AAs, Figure 1) are nitrophenanthrene
carboxylic acids naturally produced in plant genera Aristolochia
and Asarum.1−3 From antiquity, plants of these genera were

widely used as herbal medicines for treating a variety of
inflammation-associated human diseases, including arthritis
and rheumatism, and to assist wound-healing,4 until AAs were
observed to be highly carcinogenic to rats in controlled
laboratory experiments conducted in the 1990s.5,6 Since then,
the use of AA-containing plants as herbal medicines has been
prohibited in countries all around the world.7,8 In 2001, the US
FDA urged all manufacturers and distributors to ensure AA-
free products and advised consumers to stop using AA-
containing botanical products.9

The toxicity of AAs is associated with its causative role in
chronic kidney disease and upper urinary tract urothelial
carcinomas observed in patients suffering from aristolochic
acid nephropathy (AAN), a unique type of rapidly progressive
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Figure 1. Zinc/H+-induced nitro-reduction converts aristolochic acid
I (AA-I, R = OCH3) and aristolochic acid II (AA-II, R = H) to their
corresponding aristolactams for enhanced sensitivity in LC-MS/MS
analysis.

Articlepubs.acs.org/crt

© 2020 American Chemical Society
2446

https://dx.doi.org/10.1021/acs.chemrestox.0c00229
Chem. Res. Toxicol. 2020, 33, 2446−2454

D
ow

nl
oa

de
d 

vi
a 

R
E

SE
A

R
C

H
 C

T
R

 E
C

O
-E

N
V

IR
O

N
M

E
N

T
A

L
 S

C
I 

on
 J

ul
y 

22
, 2

02
1 

at
 0

7:
34

:2
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Kit+Au"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiayin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi-Kong+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cui+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guorui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikola+M.+Pavlovic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wan+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wan+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrestox.0c00229&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/crtoec/33/9?ref=pdf
https://pubs.acs.org/toc/crtoec/33/9?ref=pdf
https://pubs.acs.org/toc/crtoec/33/9?ref=pdf
https://pubs.acs.org/toc/crtoec/33/9?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00229?fig=fig1&ref=pdf
pubs.acs.org/crt?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00229?ref=pdf
https://pubs.acs.org/crt?ref=pdf
https://pubs.acs.org/crt?ref=pdf


renal fibrosis disease that is prevalent all over the world.10−13

For example, over 100 Belgian women whom participated in a
weight-loss regimen suffered end-stage kidney failure because
of the inclusion of Aristolochia fangchi in slimming pills.3,14

Furthermore, residents of rural farming villages in the Balkan
Peninsula have long suffered a mysterious kind of kidney
disease, known as Balkan endemic nephropathy (BEN).1,15,16

The etiology of BEN remained poorly understood until 2007
when Grollman et al. identified DNA adducts of AAs in the
renal cortex of patients suffering from BEN, solidifying AAs as
an etiological agent of the disease.15 It was suggested that the
seeds of Aristolochia clematitis, an AA-containing weed that is
prevalent in crop cultivation fields of the affected areas,
comingle with wheat grain during the machine harvesting.17

Thus, chronic exposure of AAs by consuming home-baked
bread made from AA-tainted wheat flour was identified as a
main etiological pathway of BEN.
However, more recent studies have revealed an alternative

exposure pathway in the etiology of BEN. By analyzing soil
samples collected from crop cultivation fields in endemic areas
(i.e., areas with incidence of BEN) of Serbia and
Romania,18−22 AAs were identified as soil pollutants released
from the decomposition of the A. clematitis. Subsequent
analysis of wheat grain manually picked from these fields also
identified AAs as a novel class of food contaminants resulting
from root uptake through the contaminated soil.19 We have
also identified AAs in groundwater samples collected from
endemic areas of Serbia.23 These findings unanimously
suggested AAs are an emerging class of environmental
pollutants in the area, and that the prolonged consumption
of food produced in AA-contaminated soil and exposed to AA-
contaminated irrigation water is an alternative etiologic factor
in the development of BEN.
From our findings that both the cultivation soil and

irrigation water of endemic areas are polluted by AAs, we
pose the hypothesis that food crops of endemic areas are

extensively contaminated with AAs. However, up to now, only
contaminated wheat grains/flour have been linked with the
disease development.18,19,24,25 The detection of AAs in other
food crops, for example, vegetables, has not been reported in
the literature. Furthermore, results from our prior in-house
studies showed the underground parts of food crops, for
example, bulb of spring onions (Allium f istulosum), accumu-
lated higher levels of AAs than the aerial parts.24 Thus, we
suspect that a wide range of root vegetables, for example, tuber,
bulb, and corm, may contain high levels of AAs. It is imperative
for the residents in affected areas to have a comprehensive
picture of the AA contamination in their foodstuffs.
The goals of the present study were two-fold. The first was

to use our previously developed highly sensitive and selective
liquid chromatography-tandem mass spectrometry (LC-MS/
MS)25 method to test the hypothesis that vegetables produced
in endemic regions are broadly contaminated with AAs and
contribute to renal diseases observed in the Balkan Peninsula.
Our second goal was to investigate the organotrophic
distribution/accumulation of AAs in different parts of food
crops by measuring the n-octanol/water partition coefficient
(Kow) of AAs and determine the pH-dependent uptake of AAs
into food crops using a hydroponic system.

■ MATERIALS AND METHODS
Chemicals and Reagents. Aristolochic acids (mixture of AA-I

and AA-II, 1:1) were obtained from Acros (Morris Plains, NJ).
Reference standards of aristolactam I (AL-I) and aristolactam II (AL-
II) were synthesized as described in our previous study.26 Benz[cd]-
indol-2(1H)-one, n-octanol, glacial acetic acid, and zinc dust were
purchased from Sigma Chemical Co. (St. Louis, MO). HPLC-grade
acetonitrile and methanol were acquired from JT-Baker (Philisburg,
NJ). Deionized water was further purified with a PALL Cascada
laboratory water purification system (Port Washington, NY) and used
in all experiments.

Sample Collection. Vegetable samples (n = 230, Table 1),
including both underground and aerial parts, were collected from wet

Table 1. Summary of LC-MS/MS Analysis of Vegetable Samples Collected from BEN Endemic Areas in Serbia

category type
no. of sample
analyzed

no. of positive
samplesa

% of positive
samples

concentration range,
ng/gb

mean
concentration,

ng/g
preferred soil

pH

aerial

flower
cauliflower 3 0

0%
0 0 5.5−7.533

zucchini 2 0 0 0 6.0−7.533

seed green bean 8 0 0% 0 0 6.0−7.033

fruit
cucumber 15 4

16%
0.05−0.75 0.23 ± 0.35 5.5−7.033

paprika 26 4 0.05−13.6 3.46 ± 6.77 7.0−8.533

tomato 20 2 0.05−0.21 0.44 ± 0.56 5.5−7.533

leaves

brussels
sprout

6 1

13%

0.43 0.43 6.0−7.533

cabbage 12 1 0.05 0.05 6.0−7.533

chard 3 1 0.22 0.22 N/A
lettuce 2 0 0 0 6.0−7.033

parsley 3 1 0.05 0.05 5.0−7.033

spinach 5 0 0 0 6.0−7.534

underground

bulb
onion 34 8

24%
0.05−14.8 2.05 ± 5.17 5.8−7.033

spring onion 5 0 0 0 6.5−7.535

root
parsnip 9 2

9%
0.05−0.89 0.47 ± 0.59 5.5−7.033

carrot 28 2 0.75−145.8 73.3 ± 102.6 5.5−7.033

radish 6 0 0 0 6.0−7.033

tuber potato 43 13 30% 0.05−0.21 0.07 ± 0.05 4.8−6.533

total 230 39 (17%)
aSamples with concentrations above the method detection limit: 0.03 ng/g of AA-I. bSamples with concentrations below the LOQ were assigned a
concentration of one-half of the LOQ, that is, 0.1 ng/g AA-I.
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markets near the endemic village Kutles ̌ (43° 8′ 22.93″ N, 21° 51′
39.44″ E, elevation 206−214 m) in Nis,̌ Serbia in the summer and
autumn 2019. Control samples, representing non-endemic areas, of
similar kinds of vegetables (n = 20) were collected from wet markets
in Hong Kong (representative of non-endemic areas). Endemic and
control samples included flowers, fruits, seeds, leaves, bulbs, roots, and
tubers, which were all washed in running tap water for 3 min, sliced,
and dried using a Labconco freeze-dryer (Kansas City, MO). The
dried food samples were then powdered by mortar and pestle and
kept at 4 °C before processing for LC-MS/MS analysis.
Sample Preparation. Prior to the analysis, ∼75 mg of the ground

vegetable samples were accurately weighed in 2 mL polypropylene
tubes and extracted as illustrated in our previous studies.18,19 In brief,
1.5 mL of extraction solvent (methanol/water/acetic acid: 70/25/5,
v/v) was added to the powdered samples, vortex mixed, and sonicated
at 50 °C for 1 h. After cooling to room temperature, the samples were
centrifuged at 13,800 rpm for 10 min to settle the powder, and the
supernatant was taken for further processing before being analyzed.
For enhanced analytical sensitivity of AAs in the ESI-MS analysis,

500 μL of the sample extracts were treated with 20 mg of activated Zn
dust by shaking at room temperature for 30 min to chemically reduce
AAs to their corresponding ALs (Figure 1).25,27 Clean-up of the Zn/
H+-treated samples was conducted by passing them through solid-
phase extraction (SPE; Grace, C18-HF, 500 mg) cartridges that were
preconditioned with 5 mL of methanol and water. The SPE cartridges
were washed with 5 mL of water and 1 mL of water containing 50%
methanol and eluted using 1 mL of methanol. The SPE eluates were
dried under a gentle stream of nitrogen before redissolving the residue
in 100 μL of methanol containing the benz[cd]indol-2(1H)-one (60
nM) internal standard (IS) for LC-MS/MS analysis. To determine
the concentration of native ALs in the samples, another 500 μL
aliquot of the sample extracts was processed directly by SPE using the
same protocol, but without the Zn/H+ treatment. The concentrations
of AAs in the samples were calculated by subtracting the total AL
concentration (determined by analyzing the Zn/H+ treated samples,
containing ALs derived from both native ALs and ALs produced from
reduction of AAs) from that of the native ALs (obtained from
analyzing samples without Zn/H+ treatment), as reported previ-
ously.18,19,23−26

Kow of AAs at Different pH. The Kow of AA-I and AA-II at
different pH was determined in accordance with the shake-flask
method.28−30 In brief, 10 μL of the AA standard mixture (AA-I = 1.6
μM, AA-II = 1.7 μM) in methanol was added to polypropylene tubes
containing 0.5 mL of octanol and 1 mL of phosphate buffer (5 mM)
at different pH (pH 5.7 to pH 8; n = 3). The sample mixtures were
then shaken at 200 rpm at room temperature for 24 h using an orbital-
shaker before being centrifuged at 5000 rpm for 10 min to facilitate
phase separation of the organic and aqueous layers. The samples were
then set undisturbed at room temperature for another 24 h to reach
equilibrium before the aqueous, and organic layers were drawn from
separately and analyzed using LC-MS/MS to determine the
concentrations of AA-I and AA-II. The apparent Kow values were
obtained by dividing the concentrations of AAs in the octanol phase
to that in the aqueous phase.
Plant Exposure Experiments. To determine the potential pH-

dependent uptake and organotrophic distribution of AAs in different
parts of food crops, spring onions (Allium f istulosum) were cultivated
in hydroponic systems containing AA-I (1.2 μM) and AA-II (1.7 μM)
buffered at pH 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 (n = 3). After 3 days of
exposure, plants were collected from each of the culture media,
washed thoroughly under running tap water, separated into root, bulb,
and shoot parts before being freeze-dried, homogenized, processed,
and analyzed separately. Bioconcentration factors (BCFs) were
calculated by dividing the concentration of AAs in the plant parts
by that in the cultivation media, while the translocation factors (TFs)
were calculated by dividing the concentration of AAs in shoot or bulb
to that in the root.
LC-MS/MS Analysis. The SPE-enriched samples were analyzed on

an Acquity UPLC (Waters, Milford, MA) coupled with an API 4000
QTRAP tandem mass spectrometer LC-MS/MS system (AB Sciex,

Foster City, CA). Ten μL of the sample was injected into an Acquity
UPLC BEH C18 column (1.7 μm, 2.1 mm × 100 mm) thermostated
at 45 °C for chromatographic analysis. The LC gradient started from
95% mobile phase A (0.2% acetic acid in water) and 5% mobile phase
B (acetonitrile), increased to 70% B over 4 min, and held at 100% B
for another 5 min before column reconditioning, at a flow rate of 0.5
mL min−1. A similar gradient was used for the direct analysis of AA-I
and AA-II in the Kow study, but with 0.1% ammonium acetate in water
used as solvent A.

The LC eluate from 2 to 5 min was diverted to the MS/MS system
for analysis. ALs, the reduced form of AAs, were monitored using the
multiple reaction monitoring (MRM) mode with optimized ESI-MS
parameters: Ionization potential, 5500 V; gas temperature, 600 °C;
curtain gas, 40; gas I, 60; and gas II, 60. The MRM transitions for the
reduction product of AA-I (AL-I), AA-II (AL-II), and the IS were set
as follows: AL-I: m/z 294 → 279 (quantitative) and 294 → 251
(qualitative); AL-II: m/z 264 → 206 (quantitative) and 264 → 179
(qualitative); and benz[cd]indol-2(1H)-one: m/z 170 → 115. For
direct analysis of AAs in the Kow study, AA-I and AA-II were
monitored with MRM transitions m/z 359 → 298 and m/z 329 →
268, respectively. The dwell time for each transition was set at 100
ms.

Calibration Curve, Detection Limit, and Matrix Effect.
Calibration curves for quantitative analysis of AA-I and AA-II in
vegetables samples were established by analyzing blank sample matrix
spiked with different concentrations of AL-I (0.085 nM to 85 nM)
and AL-II (0.95 nM to 95 nM). To this end, a mixed sample blank
was prepared by mixing equal amounts of different kinds of vegetables
identified as having no AAs or ALs, then extracted, Zn/H+-treated,
and sent through SPE cleanup using the method stated above. Ninety
μL of the standard AL-I and AL-II mixture at different concentrations
was used to redissolve the nitrogen-dried SPE eluate, followed by
addition of 10 μL of benz[cd]indol-2(1H)-one as IS (600 nM) prior
to LC-MS/MS analysis. Calibration curves were established by
plotting the peak area ratio of AL-I or AL-II to benz[cd]indol-2(1H)-
one versus the concentration of AL-I and AL-II, respectively, in the
calibration standards (Figure S1). Calibration curves for quantitative
analysis of AA-I and AA-II in the n-octanol and aqueous layer in the
Kow study were constructed by direct analysis of working standard
mixtures of AA-I (29.3 nM to 1466 nM) and AA-II (32.1 nM to 1608
nM) prepared in water-saturated n-octanol and n-octanol-saturated
phosphate buffer (5 mM, pH 6.0), respectively.

The method recovery for the extraction of AAs in vegetables was
determined by analyzing blank sample mixtures fortified with different
amount of AAs. To achieve this, a mixture of AA-I and AA-II was
added to a blank sample mixture to reach final AA concentration of
5.3 ng/g, air-dried, extracted, Zn/H+-treated, and SPE enriched. The
SPE eluate was dried under nitrogen stream and redissolved in
methanol (with IS) for LC-MS/MS analysis, as described above for
the sample preparation. Method detection limit was established as the
amount of AA-I or AA-II that generated an analytical signal three
times the noise level, as described previously (Table 2).19,23,25

The matrix effect in the LC-MS/MS analysis of AA-I and AA-II
from different vegetables was evaluated by analyzing SPE-cleaned

Table 2. Calibration Parameters for the LC-MS/MS
Analysis of AA-I and AA-II in Vegetable Samples

AA-I AA-II

linear range (nM) 0.085−85 0.95−95
slope 0.075 0.014
intercept −0.056 −0.008
r2 0.9991 0.9994
MDL (pg/injection)a 0.075 1.0
MDL (ng/g)b 0.03 0.4

aMDL expressed as the minimum amount of AA-I or AA-II that
generated an analytical signal three times the noise levels. bMDL
expressed based on 75 mg of dried sample per analysis.
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blank sample matrices (100 μL) that were spiked with a standard
mixture containing AL-I, AL-II, and benz[cd]indol-2(1H)-one at final
concentrations of 8.5 nM, 9.5 nM, and 60 nM, respectively. The
obtained peak area of AL-I or AL-II in different vegetables was
compared with that obtained when analyzing the same concentration
of AL-I and AL-II in methanol to evaluate the potential signal
enhancement or suppression in the different sample matrices (Table
S1).

■ RESULTS AND DISCUSSION

Method Calibration and Validation. Analysis of AA-I
and AA-II in different vegetables collected from endemic areas
of Serbia was accomplished using our newly developed LC-
MS/MS method.25 A key feature of the method is treatment of
the samples with Zn/H+ to effectively convert AAs to their
corresponding ALs (Figure 1), which significantly enhances
the ESI-MS response, and thus the analytical sensitivity of AAs
in LC-MS/MS analysis. The amount of AA-I and AA-II
recovered, as compared with that of the spiked levels to
achieve the method recovery, was found to be 79 ± 4% and 90
± 3%, respectively. The method detection limits, estimated as
described in the Materials and Methods section, were 0.03 ng/
g and 0.4 ng/g for AA-I and AA-II, respectively (Table 2).
Calibration curves for quantitative analysis were established

by adding standard mixtures of AL-I and AL-II and the nitro-
reduced derivative of AA-I and AA-II, at different concen-
trations to pooled blank sample extracts, and analyzed using
the developed LC-MS/MS method, as described in the
Materials and Methods section. Linear dynamic ranges with
coefficients of determination (r2) >0.999 were obtained for
AL-I and AL-II, respectively (Table 2).
Matrix Effect Investigations. The detector response in

the ESI-MS analysis is vulnerable to matrix effects, especially in
the case of complex food samples.31,32 Because this study
covered over 10 different kinds of vegetables including aerial
and underground components (Table 1), experiments were
conducted to evaluate the influence from the different sample
matrices on the LC-MS/MS analysis. Upon analyzing blank
sample extracts spiked with AL-I and AL-II at final
concentrations of 1.7 nM and 1.9 nM, respectively, it was
discovered that the AL-I and AL-II signal intensity was
suppressed by up to 35% and 44% when compared with that of
pure methanol (Table S1), depending on the different kinds of
vegetables analyzed. The IS, benz[cd]indol-2(1H)-one (60

nM), satisfactorily corrected for the suppression effect,
reducing it to under 21% (Table S1). Moreover, the average
AL intensity or AL to IS ratio from an individual matrix was
similar to that from the pooled matrix. Therefore, the
interference in the LC-MS/MS analysis of AAs from different
kinds of vegetables was deemed acceptable.

Quantitation of AAs in Vegetables. After analyzing for
matrix effects in the LC-MS/MS analysis, we quantitated AA-I
and AA-II in vegetable samples collected from wet markets
near an endemic village associated with high BEN incidence
(Kutles,̌ Nis,̌ Serbia). A total of 230 samples were tested. To
our surprise, we detected AA-I in 39 (17%) of the samples
(Table 1), at concentrations ranging from 0.07 ng/g to 73.3
ng/g. Identification was confirmed by chromatographic
retention time and peak area ratio of the quantitative to
qualitative MRM transitions (<5% relative to AA-I standard).
Figure 2 displays typical chromatograms obtained from LC-
MS/MS analysis of an onion sample. Until now, contaminated
wheat grain, flour, and underground water were the suggested
pathway of AA exposure in humans;17−19,23,25 however, this
study revealed, for the first time, that vegetables are also
contaminated by AAs. Furthermore, these findings corrobo-
rated our prior observations that cultivation fields in affected
areas were polluted by AAs released from the decay of A.
clematitis.18,19,25

Among the tested samples, the highest identification rates
were observed in tuber (potato, 30%) and bulb vegetables
(onion and spring onion, 24%). As will be discussed in the next
section, the high detection rate could be attributed to the high
Kow of AAs, which facilitated their absorption and accumu-
lation into these root parts, but did not efficiently transport
them to the aerial parts of the plant,20 for example, shoots.
Furthermore, this observation could also have been attributed
to the preferred pH of the vegetables (potato, pH 4.8−6.5;
onion, pH 5.8−7.0; Table 1)33 and the time required for the
vegetables to mature, as demonstrated in our previous
experiment.24 A reasonably high detection rate of AA-I was
also observed in the plant fruits (16%), especially in paprika,
probably due to its high lipid content (paprika: 13.1% vs
onion: 0.15%),36,37 so higher levels of AA-I were stored in
these fruits and a higher detection frequency was observed.
AA-II was only detected in one of the samples (onion), at

12.5 ng/g, while its concentration was otherwise lower than
the method detection limit (0.4 ng/g). The significant lower

Figure 2. Typical chromatograms for the MRM monitoring of the nitro-reduction product of AAs, that is, (A) AL-I and (B) AL-II, in a typical
onion sample collected from an endemic village in Serbia. Shown in the insets are MS/MS spectra of the corresponding nitro-reduction product.
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detection frequency of AA-II than that of AA-I is likely
attributed to the higher method detection limit of AA-II (0.4
ng/g) than that of AA-I (0.03 ng/g), together with the
significantly lower (10 times) concentration of AA-II than that
of AA-I in the A. clematitis weed.26,27,38 As will be discussed in
the next section, the lower root absorption efficiency of AA-II
relative to AA-I may also have contributed to the lower
detection frequency of AA-II in the vegetables. No AAs were
detected in the control vegetable samples collected in Hong
Kong.
Investigation of Factors Affecting AA Uptake and

Accumulation. Octanol/Water Partition Coefficient. Com-
pound hydrophobicity is a key factor governing plant uptake
and subsequent distribution of environmental pollutants within
the plant. The octanol/water partition coefficient, Kow, is an
important parameter for predicting the distribution of chemical
compounds across various environmental media of different
hydrophobicity, including water, soil, biota, etc.39 Within
plants, chemicals with high Kow, or log Kow, values tend to be
better diffused to the underground parts of the plant via the
lipid bilayer of root hair cells40 and less efficiently transported
to the aerial parts because of their low water solubility.41 Thus,
we hypothesized that the hydrophobicity of AAs contributed to
the observed higher detection frequency of AAs in the root
vegetables than in the aerial parts (Table 1).
To test this hypothesis, we first determined the Kow of AA-I

and AA-II at different acidities (pH 5.5−8) characteristic of the
soil in crop cultivation fields of Serbia.19 Analysis of the
octanol and water layers, from the sample preparation (see
above), separately revealed an inverse relation of log Kow with
pH (Figure 3), that is, log Kow decreased with increasing pH.

This observation agrees with the fact that AAs are weak organic
acids whose proportionality in the neutral, octanol-soluble
form decreases at increasing pH above its pKa (AA-I: 3.3; AA-
II: 3.2)42 and vice versa.43 Since root uptake of AAs occurs via
the nonpolar lipid bilayer of root hair, it follows that the
underground parts accumulate higher concentrations of AAs
and are detected at a higher frequency than in the aerial parts,
especially through the slightly acidic soil of crop cultivation
fields of endemic areas.

The analysis revealed a significantly higher log Kow value of
AA-I than of AA-II. At all the different pHs tested, AA-I was
found with log Kow values ∼0.3 units (2 Kow units) larger than
that of AA-II, which is similar to that observed by Tangtong.30

We believe this observed difference can be attributed to the
stronger acidity of AA-II than AA-I, stemming from a higher
ionization efficiency promoting AA-II to the deprotonated
carboxylate ion form and favors a higher partitioning
coefficient in the aqueous phase.42,44 In other words, at the
same pH above their pKa, a larger proportion of AA-I than AA-
II molecules will be protonated and more octanol soluble.
Furthermore, AA-I and AA-II differ structurally by one
methoxy functional group (Figure 1), where AA-I bears the
nonpolar methoxy functional group giving it a higher
partitioning efficiency in the octanol layer than that of AA-II,
and thus a higher absorption efficiency into the lipid bilayer of
the root hair cells. Nevertheless, combining the facts that AA-I
is found in significantly higher concentration in the A. clematitis
weed than AA-II and that AA-I has a higher Kow than AA-II
likely explains the dramatically higher detection frequency of
AA-I compared to AA-II (Table 1).
The obtained Kow values of AAs may further help explain the

observed geographical distribution of renal fibrotic disease in
the region. We discovered in our previous study that there is an
apparent difference in soil pH of crop cultivation fields in
endemic and non-endemic villages, which were clustered
around pH 6.0 and 7.5,19 respectively. As shown by the log Kow
of AAs (Figure 3), at pH 6.0, AA-I was observed to have a log
Kow value of ∼1.4 (Kow value = 25.1), which implies a 25.1
times greater partitioning into the octanol layer than that in the
aqueous layer. Thus, the higher soil acidity in farmlands of
endemic villages favors root absorption of the nephrotoxic AAs
into food crops via the hydrophobic lipid bilayer of the root
hairs. On the contrary, root absorption of AAs is less favored in
the slightly alkaline soil (pH 7.5; log Kow ∼ 0.1, Kow = 1.3) of
cultivation fields in the non-endemic villages. Thus, a higher
level of AA contamination was observed in wheat produced in
endemic villages than that of non-endemic villages.

pH. After measuring the Kow at different pH, we validated
the potential pH-dependent uptake of AAs into spring onion.
To this end, spring onions were exposed to a mixture of AA-I
(1.2 μM) and AA-II (1.7 μM) dissolved in pH 5.5, 6.0, 6.5, 7.0,
7.5, and 8.0 phosphate buffer (n = 3). After 3 days of exposure,
the plants were collected and separated into root hair, bulb,
and shoot, and then processed and analyzed separately by LC-
MS/MS.
As shown in Figure 4, the analysis revealed an organotrophic

distribution of both AA-I and AA-II in the different parts of the
AA-exposed spring onion, with the highest concentration
observed in the root, followed by bulb, and shoot. The results
are in reasonable agreement with that observed in the analysis
of vegetable samples collected from endemic areas of Serbia
(Table 1), that is, a higher positive identification frequency of
AA-I in the underground vegetable than in the aerial parts.
This is further upheld by the small but pH-independent
translocation factors (TFs). Although the TFs were not
significantly different (by Student’s t-test) at the tested pHs
(Figure S3), the TFs from root-to-bulb (∼30 × 10−3) were
larger than that of root-to-shoot (∼3 × 10−3). The small TFs
(at 10−3 levels) indicate low translocation rates of AAs from
the root to the bulb and from the root to the shoot and lower
concentration of AAs, AA-II in particular, in the aerial parts.
Nevertheless, the root-to-bulb TF was 10 times larger than the

Figure 3. The log Kow values of (A) AA-I and (B) AA-II in octanol/
water medium at different pH. The data represent the mean ±
standard deviation of log Kow values obtained from three independent
experiments.
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root-to-shoot TF (Figure S2), which may partly explain the
higher AA detection frequency in the bulb than in the shoots
(Table 1).
Results of the hydroponic study also revealed a pH-

dependent accumulation of both AA-I and AA-II in the
different plant parts, with higher AA concentrations detected in
plants cultivated in an acidic environment, which is consistent
with that observed in the Kow study (Figure 3) and
corroborated our hypothesis of the effect of soil pH on the
geographic distribution of BEN in affected areas, as discussed
above. Data also showed a similar phenomena of Kow- (Figure
5) and pH dependence (Figure S2) of AA bioconcentration
factors in the different vegetable parts, suggesting an inverse
correlation between soil pH and the occurrence of BEN.
Furthermore, results from the hydroponic experiment

showed AA-I concentrations 2− 3 times higher than AA-II
in different parts of the AA-exposed spring onion (Figure 4),
which is in line with the larger Kow of AA-I than of AA-II
(Figure 3) and the dramatically higher detection frequency of
AA-I than of AA-II as observed in vegetable samples collected
from Serbia (Table 1).
The observation of organotrophic distribution and pH-

dependent root uptake and accumulation of AAs in the
underground parts of vegetables was further supported by their
respective BCFs, that is, larger BCFs at root than that at the

bulb and shoot, and greater BCFs at lower pH (Figure S2).
The larger BCFs of AA-I than that of AA-II further explain the
higher concentration of AA-I than AA-II in both the spring
onion grown in-house and in vegetable samples collected from
Serbia.
Our results showed that the level of absorption and

subsequent distribution of AAs to above and below parts of
food crops is closely correlated with the pH of the
environment, which echoes the observed different relationships
between soil pH and AA concentrations in wheat grains in
BEN endemic and non-endemic regions.19 Furthermore, the
identification of AAs in various kinds of vegetables sheds light
on a potentially important, but previously unreported,
causative role of vegetable contamination in the pathophysi-
ology of BEN and corroborates prior observations of AAs as
environmental pollutants in the farmlands of endemic areas. In
particular, the data implicated a wide variety of food crops
produced in the AA-contaminated cultivated soil as an
important pathway of exposure to these nephrotoxic and
carcinogenic compounds,18,25 in addition to the prior
hypothesized pathway of coharvesting of A. clematitis seeds
with wheat.17

Figure 4. Concentration of (A) AA-I and (B) AA-II in the root, bulb, and shoot of spring onions that were exposed to AAs for 3 days. The data
represent the mean ± standard deviation of the concentration of AA in dry weight obtained from three independent experiments.

Figure 5. Correlation of log Kow with log bioconcentration factor of (A) AA-I and (B) AA-II in the shoot (black solid square), bulb (red solid
circle), and root (blue solid triangle) parts of spring onion that were exposed to AAs for 3 days in media of different pH. The data represent the
mean ± standard deviation of the bioconcentration factors obtained from three independent experiments.
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■ CONCLUSION
By analyzing vegetable samples in a Serbian village endemic for
BEN, we identified for the first time that local vegetables are
extensively contaminated by AAs through uptake from AA-
polluted soil. These findings corroborate the recent observa-
tion that AAs constitute a new class of environmental pollutant
released from the decay of A. clematitis. Furthermore, our
analysis revealed a higher rate of positive identification of AAs
in the underground parts than in the aerial parts of vegetables.
Subsequent in-house hydroponic studies showed a similar
phenomenon of organotrophic distribution of AAs, with the
highest level detected in the root, followed by bulb, and shoot.
The results also showed the AA concentrations in vegetables
are closely tied to the environmental pH and their pH-
dependent Kow, indicating a pH-dependent uptake of AAs from
the soil. This finding provided insights into the environmental
factors, soil pH in particular, that likely affect the prevalence of
BEN in the region. Until now, AA-contaminated wheat grain
was speculated to be the only etiological agent of BEN, but this
study revealed for the first time that nephrotoxic and
carcinogenic AAs are widespread in food crops in endemic
areas of Serbia. It is imperative to alert the public to the
potential existence of this class of highly potent food-borne
nephrotoxins in a broader array of their foods, to eliminate the
AA-containing weeds in crop cultivation fields, and to research
possible remediation methods for AA-contaminated areas.
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