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Abstract

Exposure to aristolochic acids (AAs) from Aristolochia plants is one of the major global causes of
nephropathy, renal failure and urothelial cancer, including Balkan endemic nephropathy (BEN).
The high incidence of BEN on the Balkan Peninsula is assumed to result from consumption of
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Aristolochia clematitis L. seeds co-harvested with crops. Here we show that AAs are long-lived
soil contaminants that enter wheat and maize plants by root uptake, with strong pH-dependence.
Soil and crops from Serbian farms in areas endemic for A. clematitis were found to be extensively
contaminated with AAs, with contamination strongly correlated with local incidence of BEN. The
persistence of AAs as soil contaminants suggests that weed control for A. clematitis plants is
needed to reduce the incidence of BEN and aristolochic acid nephropathy, and that systematic
surveys of soil and crop AA levels would identify high-risk regions and it is imperative to research
soil remediation methods.

Graphical Abstract

Keywords

Avristolochic acid nephropathy; Balkan endemic nephropathy; Aristolochic acids; Aristolochia
clematitis L.; Soil pollution; Plant uptake

Introduction

Avristolochic acids (AAs) comprise a family of nitrophenanthrene carboxylic acids naturally
produced by Aristolochia or “birthwort” plants, with aristolochic acid-1 (AA-I), 1, and
aristolochic acid-11 (AA-11), 2, as the two major homologs (Figure 1).1 Consumption of AAs
in herbal medicines is now recognized as a major cause of nephropathy, kidney failure, and
upper tract urothelial cancer (UTUC),? the so-called Chinese herb nephropathy or
aristolochic acid nephropathy (AAN).3 For example, the inadvertent substitution of
Stephania tetrandra S. Moore with AA-containing Aristolochia fangchiY.C. Wu ex L.D.
Chow & S.M. Hwang in the preparation of slimming pills caused ~100 cases of AAN in
Belgium in 1991.4° Cases of AAN caused by the misuse of AA-containing herbal medicines
have been reported in Australia, China, Hong Kong, Japan, Taiwan, and the U.K..5-8
Because of the potent carcinogenicity observed in both laboratory rodents and humans, AAs
are classified as Group | carcinogens by the International Agency for Research on Cancer
(IARC).? Currently, the sale of AA-containing herbs or their use in medicine is banned in
many countries,10 with the US FDA requiring verification of lack of AAs in dietary
supplements and botanical products.

Chronic exposure to AAs has now been established as one of the major etiologies of Balkan
endemic nephropathy (BEN),”11.12 3 unique type of slowly progressive kidney fibrosis that
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affects hundreds of thousands of farmers in Bosnia and Herzegovina, Bulgaria, Croatia,
Romania, and Serbia, the Balkan Peninsula.13-16 The disease was first reported in 1956 as
having similar clinical and morphologic features as those observed in AAN patients and is
characterized by its long incubation time and gradual progression to renal failure.17-18 While
AA exposure is assumed to cause BEN, the mechanism of exposure remains unclear. Ivi¢1®
speculated that the seeds of A. clematitis, an AA-containing weed growing abundantly in the
wheat fields of affected areas, become intermingled with grain during the harvesting
process, thus contaminating the resulting baking flour.20 However, this exposure pathway
was never established, and there is no convincing evidence to support it.18:21

Contrary to this model, we recently demonstrated that decaying A. clematitis can release
AA:s into soil with subsequent uptake into wheat and maize plants.22 We have now used a
simple and cost-effective HPLC method to perform a large-scale comparison of AA levels in
farm soil and food crops in regions of Serbia that are endemic and non-endemic for growth
of A. clematitis.

Materials and Methods

Chemicals.

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-I1, 1:1) were purchased at purity of
96% (Acros, Morris Plains, NJ). Deionized water was further purified by a Milli-Q
Ultrapure water purification system (Millipore, Billerica, MA) and used in all experiments.
Acetonitrile and methanol used were HPLC grade (Mallinckrodt Baker, Phillipsburg, NJ).
C18 solid-phase extraction (SPE) columns were packed with 500 mg of sorbents (Waters,
Milford, MA).

Soil sample collection.

A total of 472 soil samples were taken at soil depths of 5-10 cm from agricultural fields in
Serbia. These samples were taken from soil which is turned by plowing once a year up to a
depth of 30-50 cm. It is important to note that living, AA-containing A. clematitis plants
were observed in the vicinity of many sampling sites. Soil samples (1= 276) were collected
randomly from wheat and maize fields in three endemic villages (Kutles, 43° 8"22.93"'N,
21°51'39.44"E, elevation 206-214 m; Brestovac, 43°09°09.7"'N, 21°53°15.0"'E, elevation
164 m; and Zaplanjska Toponica, 43°08°57.8"'N, 21°41716.1"'E, elevation 126 m) in
Serbia during the harvest seasons of 2015 and 2016. At the same time, matching wheat (n=
138) and maize (n= 138) grain samples were manually harvested 10 cm away from where
the soil samples were collected.

Control soil (7= 196), wheat grain (n7=43), and maize grain (/7= 98) samples were
collected at a similar time from wheat and maize fields in three remote non-endemic villages
(Vele Polje, 43°26743.86"'N, 21°50°49.32"'E, elevation 233-258 m; Brenica, 43°22'52.75’
’N, 21°55740.58"'E, elevation 403-473 m; and Orane, 42°58"55.3"'N, 21°37'32.9"E,
elevation 457 m). All the collected samples were kept in polypropylene containers and
stored in a =20 °C freezer prior to analysis.
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Environmental stability of AAs.

The environmental stability of the AAs was investigated by incubating a mixture of 1 and 2
in the soil in the soil samples collected from an endemic area in Serbia. In brief, 2.0 mg of
AA-I and AA-I1 were spiked on 5.0 g of soil and air-dried, and the AA-fortified soil samples
were added to 15.0 g of soil sample in 50 mL polypropylene tubes (7= 3), vortex mixed, and
stored at room ambient conditions with occasionally mixing by inversion. Then, 300 mg of
each soil sample was collected at 0, 30, 60, 80, 100, 120, 150, 180 and 270 days after
starting the experiment. The collected samples were processed and analyzed by high-
performance liquid chromatography with fluorescence detection (HPLC-FLD) as described
below.

Thermal stability of AAs.

The thermal stability of the AAs was investigated by baking dough made from AA-fortified
wheat flour in an oven. Specifically, 1 g portions of the AA-fortified dough (100 pg/g, w:w;
n=3) were heated in an oven (180 °C) until they turned golden brown (~ 30 min). The
samples were then hardened by freezing at —80 °C before being ground using a mortar and
pestle. The powdered samples were then extracted and analyzed using the method described
below. Using a similar approach, a control experiment was conducted in which an equal
amount of AA-fortified unbaked flour dough was analyzed (7= 3).

Soil sample preparation.

The collected soil samples were processed using our previously developed method.?! In
brief, 300 mg of the ground samples were extracted using 3 mL of a methanol/water/acetic
acid mixture (70:25:5, v/v/v) through ultrasound-assisted extraction, treated with zinc dust to
reduce the non-fluorescent AAs to fluorescent aristolactams, and then cleaned-up and
enriched by SPE (Waters). The AA contents in the sample extracts were determined
indirectly by detection of the corresponding aristolactams using a previously developed
HPLC with fluorescence detection method.2 Homogenized wheat and maize sample were
also processed and analyzed using the same protocol.

HPLC—-FLD analysis of AAs.

The concentrations of AAs in the aristolactam-containing sample extracts were reduced by
Zn/H* and enriched by SPE before analysis on a model 1260 HPLC (Agilent, Palo Alto,
CA) system. The column used was a 50 mm x 2.1 mm i.d., 2.7 um, Poroshell 120 EC-C8
(Agilent, Palo Alto, CA). The column was eluted at 0.3 mL/min using gradient elution with
(A) water/ (B) methanol as the mobile phase. The solvent gradient started from 20% B,
programmed to 100% in 15 min, and was held for 5 min before column reconditioning. The
eluate was monitored by a fluorescence detector at the excitation and emission wavelengths
of 393 nm and 460 nm, respectively.

Statistical analyses.

A daily dietary exposure assessment was conducted as reported previously.242° In
calculating the human exposure, samples from endemic villages with AAs present but with
concentrations below the limit of quantitation (LOQ) were treated as having half the LOQ
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concentration,25 and as zero from non-endemic villages due to the very low detection
frequency.24 The transfer factor (TF) was obtained by dividing the concentrations of AA-I
and AA-II in the wheat and maize grains by those in the corresponding soil samples.26:27
The obtained TF values were then plotted against the concentrations of AAs in the soil to
investigate the relationship between the plant uptake and the accumulation of AAs. Heat
maps illustrating pH of cultivation soil and AA concentrations in farmland soil and food
crops were generated using ArcGIS 10.3 (ESRI, Redlands, CA).

Results and Discussion

Quantitation of AAs in soil samples collected from endemic areas in Serbia.

We first established the levels of the two major AAs (AA-I, AA-I1) in soil samples from
farms in three villages associated with high BEN incidence (Kutle$, Brestovac, Zaplanjska
Toponica), which are also considered to be endemic for growth of A. clematitis, and in three
villages considered to be non-endemic (Brenica, Orane, Vele Polje) (Figure 2). In total, we
analyzed 276 soil samples from 138 wheat fields and 138 maize fields in endemic areas and
98 wheat fields and 98 maize fields in non-endemic areas (Tables 1 and 2). As shown in
Figure 3, to quantitate 1 and 2 in both soil and plant material, we developed a
straightforward approach of HPLC with fluorescence detection, which contain a highly
efficient nitro-reduction step (>99% yield) to convert the non-fluorescing AAs to their
strongly fluorescing aristolactams,?2 3 and 4 (Figure 1), and is readily implemented in
resource-constrained settings. This method, with good recovery (>90%) of both AA-I and
AA-II in the extraction and SPE cleanup processes, was validated against the less cost-
effective chromatography-coupled tandem quadrupole mass spectrometry method that we
developed previously.22

These analyses revealed that the cultivated fields in the endemic area are extensively
contaminated with both AAs (Table 1). For example, AA-1 and AA-11 were identified in 49
and 45 of the 80 soil samples collected from wheat fields in Kutle$ and in 26 and 19 of the
80 soil samples collected from maize fields, respectively (Table 1). In general, the average
concentration of AA-I was roughly twice that of AA-11 in the soil samples collected from
wheat and maize fields (Figure 3, Table 1). This result is in good agreement with those of
previous studies, in which higher levels of AA-I than AA-I1 were detected in Aristolochia
plants.2223 While the proportion of positive samples and the average concentrations were
slightly lower for maize than for wheat (Table 1), the concentration ranges in the soil
samples were similar for the two crops. This phenomenon can be explained by the practice
of crop rotation in the area, whereby the cultivation of wheat and maize is rotated in the
same field, which makes an absolute distinction between wheat and maize fields difficult to
establish.

Analysis of soil samples from three non-endemic villages revealed significantly lower
frequencies of AA-containing samples and ~10-fold lower levels of AAs in the positive
samples (Table 2) compared to samples from the endemic areas (Table 1). The levels of AAs
in the soil samples raised questions about the relationship to AAs in food crops.
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AA levels in wheat and maize crops parallel the soil levels.

In parallel with soil sample analysis, wheat and maize grain samples (276 from endemic
areas and 141 from non-endemic areas) (Tables 1 and 2) were also collected and analyzed
for AA content. Both AA-I and AA-II in the endemic villages were detected in roughly half
of the analyzed crop samples and at slightly lower concentrations than the soil samples
(Figure 4, Table 1). Although the soil AA concentrations were lower in the endemic village
of Brestovac than those in the samples collected in Kutle§, AAs were detected at higher
frequencies in the crop samples from Brestovac than those from KutleS. Similarly, while AA
concentrations in crop samples were lower in the endemic village of Zaplanjska Toponica
than in Kutle$ (Figure 4), AAs occurred at higher frequencies in soil samples from
Zaplanjska Toponica than from Kutle§, with positive detection in most samples from
Brestovac and Toponica (Table 1). This inverse relationship between levels of AAs in soil
and crops is addressed shortly.

Two observations support the idea that the crops were contaminated with AAs by uptake
from the soil. First, AA-1 was again detected at higher concentrations than AA-II in both the
wheat and maize grain samples (Table 1), which parallels the data for soil levels. Second, we
observed a positive correlation between concentrations of AA-I and AA-II in the soil, wheat,
and maize samples, which suggests that both AAs originated from the same source. It is thus
likely that A. clematitis weeds senesce and decay in the farmland to release AAs in the soil.
While the previous proposal of AA exposure through the consumption of wheat flour tainted
with Aristolochia seeds was only hypothetical, 1920 the present study demonstrates
unequivocally that the food grains themselves are extensively contaminated with AAs in
areas endemic for A. clematitis growth, which has significant implications for human
exposure to AAs in food.

AAs are persistent pollutants for which plant uptake is determined by soil conditions.

We next sought to define factors that affected the fate of soil AAs and their uptake into
plants. The stability of AAs toward heat was demonstrated by subjecting AA-1 and AA-I1I to
baking temperatures (180 °C) for 30 min, during which the level of AAs dropped ~40-50%.
AAs also proved to be stable in soil for at least 9 months, with an initial drop of ~40-50% in
concentration in the first 3 months stabilizing over the remaining 6 months. Parallel
experiments performed in darkness showed similar results, indicating AAs are not
photosensitive. Both results point to AAs as persistent soil pollutants.

To investigate the relationship between soil levels and crop contamination by AAs, we
calculated the transfer (TF) or bioconcentration factor for AAs (Figure 5). As an established
index of the efficiency of transfer of elements from soil into plants,26:27 the TF for AA
uptake into wheat and maize was calculated by dividing the concentrations of AA-I and AA-
Il in the wheat and maize grains by the soil levels (Table 1). Remarkably, a plot of TFs
versus soil levels revealed an inverse relationship between soil and plant concentrations of
AA (Figure 5). This analysis reveals an interesting phenomenon in which a high absorption
efficiency and accumulation rate was observed in the food grains harvested from farmlands
with low levels of AA pollution and vice versa (Figure 5). Previous studies have
demonstrated that AAs are efficiently taken up by food crops, with >99.9% absorption in 48
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h by maize and cucumber plants.28 On the other hand, a reduced transfer rate was observed
in farmland with high AA concentrations, which could be due to a “saturation effect”. This
has been proposed by Dudka and Miller for heavily contaminated soils?® and observed in
food crops grown in soils contaminated with radioactive substances, heavy metals, and
polycyclic aromatic hydrocarbons.26:27 This phenomenon was also observed in our
experiment when wheat plants at the V1 growth stage were exposed to different
concentrations of AA (Figure 6).

Given the fact that AAs are acids, we assessed the role of soil pH as a determinant of TF. As
shown in Figures 4A and 7, this analysis revealed a surprising difference in pH for soil
samples collected from endemic and non-endemic villages, with median pH values of 6.0
and 7.6, respectively. The germination and density of some Aristolochia plants have been
observed to be favored in slightly acidic environments,30 which are consistent with the
observation that AAs were detected at higher concentrations and frequencies in the lower pH
surface soils of farmlands in endemic villages (Table 1) than in the higher pH present in soils
in non-endemic villages (Table 2).

We then investigated the effect of pH on the efficiency of root uptake of AAs, by growing
wheat in aqueous extracts of the dried A. clematitis fruit. These results revealed a higher
absorption efficiency of both AA-I and AA-I11 in the slightly acidic medium, as indicated by
the higher root concentration factor (RCF) values at pH 6.0 than that at pH 7.6 (Figure 7C).
These results are consistent with enhanced absorption of the neutral forms of weakly acidic
AAs, perhaps by increased partitioning into the lipophilic root membranes and root sap.
Corroborating this observation of pH-dependent root uptake of AAs from the environment,
analysis of the acquired data from analyzing AAs in food grain showed significantly higher
AA concentrations in food grains collected from farmland with acidic soil (Figure 8). The
higher root uptake efficiency of AA by food crops growing in more acidic environments in
endemic areas may also have contributed to the observed higher crop concentrations of AAs.
Our studies suggest that soil pH contributes to the risk for kidney disease in regions endemic
for Aristolochia plants.

As another potential determinant of AA transport into plants, the total organic carbon (TOC)
content in the collected soil samples was also analyzed using the modified Mebius method.
31 The results show only a slight difference in the samples collected from endemic and non-
endemic villages: 1.3% for endemic villages (7= 147) and 1.5% for non-endemic villages (7
= 115). Based on these results, it is possible that soil TOC content do not contributed
significantly to the development of an area into a kidney disease hotspot.

Food consumption in endemic regions predicts toxic AA exposures that correlate with

BEN risk.

Given the high levels of AAs in food crops in regions endemic for A. clematitis growth and
the low levels in non-endemic areas, we next sought to determine the effects of exposure to
these AA levels on the risk for toxicity in humans. Based on the estimate that Serbians
consume 0.5 kg of wheat and 0.1 kg of maize per day32 and on the fact that AAs are highly
persistent during commonly used cooking methods, such as baking, we estimated that
residents of endemic villages (e.g. Kutle$) ingest ~30 ug of AA-I per day and ~6 pg of AA-II
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per day through contaminated wheat and maize products grown on local farms, while
residents of non-endemic villages are exposed to levels 10- to 20-fold lower (Tables 1 and
2). These data are consistent with the observation that BEN affects 2.6% of the population of
Kutleg33 while BEN incidence is significantly lower in non-endemic villages.?! BEN is a
late-onset disease normally observed between the ages of 40 and 60, with =30 years of
exposure needed for manifestation of the carcinogenic and nephrotoxic effects of AAs.34
Our results thus suggest that a cumulative dose of ~350-400 mg of AAs is needed to trigger
BEN. This is in good agreement the conclusion by Hoang er a/.3° that cumulative ingestion
of =250 mg of AAs increases the risk of urothelial carcinomas of the upper urinary tract in
Taiwanese patients. It should be pointed out that safe threshold levels of AAs in human food
have yet to be established.

While the mechanism linking AA exposure to pathology in humans has not been
conclusively established, previous studies demonstrated that reactive intermediates generated
from the metabolism of AAs bind to DNA to produce highly persistent DNA adducts.5:36
For example, the highly mutagenic 2’-deoxyadenosine adduct of AA-I exhibited a lifelong
persistence in the kidneys of AA-I-dosed rats.3” AA-associated DNA adducts were also
detected in the kidneys of patients suffering from BEN.12 Furthermore, AAs were recently
demonstrated to induce oxidative stress.38:3% Therefore, despite the relatively low level of
ingestion through dietary exposure, it is reasonable to anticipate that prolonged exposure to
AAs through AA-contaminated foodstuffs causes kidney fibrosis by yet-to-be defined
mechanism(s) and is one of the major causes of the UTUC also observed in patients with
BEN.

In the present study, by analyzing agricultural soil and food crops in Serbia, a region with
high levels of AAN/BEN, we identified for the first time that AAs released from the decay
of A. clematitis weeds form a new class of environmental and food-borne contaminants. The
analysis of samples from endemic and non-endemic areas revealed a positive correlation
between the AA concentration in soil and food grains and the occurrence of BEN, indicating
that AAs are etiological agents for BEN development. Furthermore, the results from this
study may have revealed a causal role of soil pH and TOC content in the increased
occurrence of BEN in certain farming villages. Because the potent nephrotoxicity and
carcinogenicity of AAs are well documented, the results of our studies have important public
health implications that merit the attention of regulatory authorities. It is imperative to
research possible soil remediation methods for areas contaminated with AAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Map of the Serbian villages studied. Villages endemic for Aristolochia clematitis plants and

with high incidence of nephropathy are labeled with red rectangular flags; non-endemic
villages are labeled with green triangular flags. The inset shows a heat map representing the
soil pH in the different villages under investigation.

J Agric Food Chem. Author manuscript; available in PMC 2019 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

Page 14
w A: 615‘39 ' Seed of A\clematitis '
2500/ M- : LU --=- 6.1 min i \‘\ X
Standard 3 4000 A
2000 4 3500
3000
15001 2500
2000
1000 1500
500 L 0nm
0 ; ; , ; . ;
0 2 4 6 8 10 12 14 min
.35
LU Ly
B: 120
401 Soil: wheat field 6.1 100 \
) \
30 80,
60
20 40 AW & \
10 250 © 300 " 350 ~ 400nm
0 2 4 6 8 10 12 14min
]
1201 C:
1001 Soil: maize field
80
60
40
20
0

Figure 3.
Typical chromatograms from HPLC—-FLD analysis of aristolactam | and aristolactam 11, the

nitroreduction products of AA-I and AA-II, respectively, (A) in authentic standard solution
mixture, and in soil samples collected from (B) wheat and (C) maize fields. Shown in the
insets are the fluorescence excitation spectra of the chromatographic peaks at migration
times of 6.1 (aristolactam 11, 2) and 6.4 min (aristolactam I, 1). (D) Photos showing
Aristolochia clematitis (indicated by red arrows) growing in wheat field in the endemic
Village, Kutles. (LU: Luminescence unit).
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Figure 4.
Relationships among (A) soil pH and AA levels in soil and crops from (B) wheat and (C)

maize fields in Serbian villages endemic for Aristolochia plants (KutleS, Brestovac,
Zaplanjska Toponica) and non-endemic villages (\ele Polje, Brenica, Orane). Soil pH and
concentrations of spots nearby are estimated using inverse distance weighted interpolation
method. Color scales below each map are geometric intervals with eight classes showing the
range of values of soil pH (4.88 to 8.40), and AA-I (0 to 2872 ng/g) and AA-1I (0 to 416
ng/g) concentrations.
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Relationship between transfer factors and soil concentrations of (A,C) AA-1 (B,D) AA-Il in
(A,B) wheat and (C,D) maize in samples collected from farmland in endemic villages.
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Root uptake efficiency of (A) AA-I and (B) AA-II by wheat plant at V1 growing stage in
media with different concentration of AA in pH 6.0 (7= 3).

J Agric Food Chem. Author manuscript; available in PMC 2019 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

A

Frequency

607

507

PN
o

w
o

N
o

-
o

Q

Page 18

Endemic villages B 607 Non-endemic villages
B 50 ]
[ 40-
>
— g
| S 30 —
] —
w
201
10
5055606570758085890 5.0 55606570 75 80 85 9.0
Soil pH Soil pH
C 20 -
g, 18
£ 16 -
5 14 . OpHG6
S @EpH 7.6
< 12 A
o
"E 10 A
5 8-
(& ]
S 6 -
(8]
5 4
4
2 m
0
AA- AA-I
Figure7.

Soil pH as a determinant of AA uptake into crops. The pH of surface soil was determined for
samples collected from farmlands in Serbian villages (A, 7= 221) endemic and (B, n=173)
non-endemic for Aristolochia plants. Analyses were performed according to the standard
procedure in ISO 10390:2005. (C) The root uptake efficiency of AA from pH 6.0 and 7.6
environments was determined by planting wheat plants in VV1 growth stage in an aqueous
extract of Aristolochia clematitis fruit containing 15 pg/mL and 1.5 pg/mL of AA-I and AA-
11, respectively, for two days.
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