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ABSTRACT: Emerging evidence suggests that chronic exposure to
aristolochic acids (AAs) is one of the etiological pathways leading to
chronic kidney disease (CKD). Due to the traditional practice of
herbal medicine and AA-containing plants being used extensively as
medicinal herbs, over 100 million East Asians are estimated to be at
risk of AA poisoning. Given that the chronic nephrotoxicity of AAs
only manifests itself after decades of exposure, early diagnosis of AA
exposure could allow for timely intervention and disease risk
reduction. However, an early detection method is not yet available,
and diagnosis can only be established at the end stage of CKD. The
goal of this study was to develop a highly sensitive and selective
method to quantitate protein adducts of aristolochic acid I (AAI) as a
biomarker of AA exposure. The method entails the release of protein-
bound aristolactam I (ALI) by heat-assisted alkaline hydrolysis,
extraction of ALI, addition of internal standard, and quantitation by liquid chromatography−tandem mass spectrometric analysis.
Accuracy and precision of the method were critically evaluated using a synthetic ALI-containing glutathione adduct. The validated
method was subsequently used to detect dose-dependent formation of ALI−protein adducts in human serum albumin exposed to
AAI and in proteins isolated from the tissues and sera of AAI-exposed rats. Our time-dependent study showed that ALI−protein
adducts remained detectable in rats even at 28 days postdosing. It is anticipated that the developed method will fill the technical gap
in diagnosing AA intoxication and facilitate the biomonitoring of human exposures to AAs.

■ INTRODUCTION

Latest epidemiological studies have shown that chronic kidney
disease (CKD) is surprisingly affecting around 10% of the
global population,1 especially in developing countries,2−4

causing tremendous suffering and taking away millions of
lives annually.3 Being a multifactorial disease, CKD could be
caused by diabetes, high blood pressure, exposure to toxicants,
and many other factors.5,6 The large population of CKD
patients imposes a heavy burden on public healthcare
systems;7 thus, the identification of the etiological agents of
CKD will provide crucial information for regulatory agencies to
implement policies on reducing human exposure risks and
assist in devising methods for early detection of such risks.
Emerging evidence suggests that chronic exposure to

aristolochic acids (AAs, Figure 1), a family of highly potent
nephrotoxins produced naturally in Aristolochia and Asarum
plants, is one of the major causes of CKD.8−12 Due to the
traditional practice of herbal medicine and the extensive use of
AA-containing plants in many traditional herbal medicine
preparations,8,13 it is estimated that over 100 million people in
East Asia are at risk of AA poisoning, which could eventually
lead to the development of CKD and urothelial cancers.13

Furthermore, residents of rural farming villages in the Balkan
Peninsula are also suffering from a unique and slowly
progressive form of renal disease, known as the Balkan
endemic nephropathy (BEN), caused by the dietary intake of
AA-contaminated food and underground water.8,14−20

Being able to identify the population at high risk of
developing AA-associated nephropathy will allow for a timely
intervention and an improved chance of recovery. Previous
studies confirmed AA intoxication by detecting aristolactam
(AL)−DNA adducts in the renal cortex of BEN pa-
tients.14,21−23 However, that analysis involves the use of
DNA samples isolated from kidney tissues obtained in a
biopsy, which is an invasive sampling procedure that poses
risks of bleeding and infection.24 Thus, this analysis normally
uses surgical specimens collected during kidney transplantation
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in patients suffering from end-stage kidney failure.25 To the
best of our knowledge, biomarkers and methods that would
allow for an early diagnosis of AA poisoning are currently not
yet available in the literature.
The present study focuses on the more accessible blood

proteins as the target molecules to use as biomarkers for AA
exposure. There are three main reasons for us to target
proteins in this study. First, proteins are the most abundant
macromolecules in living systems, making up to half of the dry
weight of cells (DNA ∼3%).26 Thus, cellular proteins are likely
to receive more electrophilic attacks than DNA from the
ultimate carcinogen: aristolactam−nitrenium ion (Figure 1).
For the same reason, it would require fewer tissue samples to
carry out a protein analysis than that of a DNA analysis.
Second, unlike DNA lesions,27−31 protein adducts are not
repaired by repair enzymes and could accumulate during the
lifespan of the proteins;32 therefore, a higher abundance of
protein adducts could be accumulated for analysis. Currently,
protein adducts are used to biomonitor the exposure to a
variety of carcinogens including aromatic amines, aflatoxin,
sulfur mustards, among others.33−38 Lastly, Sidorenko recently
demonstrated the in vitro and in vivo formation of protein
adducts of aristolochic acid I (AAI) by coupling polyacryla-
mide gel with chemiluminescence detection.39 However, the
chemical structures of the adducts are yet to be characterized,
which hampered their detection and quantitation by
developing a liquid chromatography−tandem mass spectro-
metric (LC−MS/MS) method of higher selectivity.
As the foundation of the present study, we recently

demonstrated that AAI reacts, through the aristolactam−
nitrenium ion intermediate, with the thiol group of
endogenous aminothiols to form conjugated metabolites,
including aristolactam I (ALI)−cysteine (ALI−Cys), ALI−N-
acetylcysteine, and ALI−glutathione (ALI−GSH).40 These
occurred presumably via a mechanism resembling that of the
AL−DNA adduct formation.22,41−44 These results shed light
on the feasibility that AAI would form protein adducts by
reacting with the thiol group of Cys residues and that the
resulting protein adducts could serve as biomarkers of AA
exposure.
The goals of the present study were twofold. The first was to

develop a highly sensitive and selective LC−MS/MS method
to rigorously quantitate the elimination products of ALI−

protein adduct ALI. After validation of the accuracy and
precision of the method using a synthetic ALI−GSH adduct,
the developed method would be applied to quantitate the in
vitro formation of the ALI−protein adducts in purified human
serum albumin. The second goal was to extend the application
of the method to study the exposure time- and concentration-
dependent formation of ALI−protein adducts in proteins
isolated from the kidney (target organ), liver (nontarget
organ), and serum of AAI-exposed rats. It is expected that this
novel LC−MS/MS-based method will facilitate the use of
ALI−protein adducts as biomarkers and dosimeters for human
exposure to AAI.

■ EXPERIMENTAL SECTION
Materials. All chemicals and reagents were of the highest purity

available from commercial suppliers and were used as received unless
otherwise specified. Aristolochic acid I (AAI) was obtained from
Acros (Morris Plains, NJ). Human serum albumin (HSA), protease
from Streptomyces griseus, L-cysteine (Cys), L-lysine (Lys), L-arginine
(Arg), L-histidine (His), L-aspartic acid (Asp), L-glutamic acid (Glu),
L-serine (Ser), L-threonine (Thr), L-asparagine (Asn), L-glutamine
(Gln), S-methyl-L-cysteine (S-methyl-Cys), reduced glutathione
(GSH), zinc dust, glacial acetic acid, sodium hydride (60% dispersion
in mineral oil), iodomethane, and tetrahydrofuran (THF) were
purchased from Sigma Chemical Co. (St. Louis, MO). HPLC-grade
acetonitrile and methanol were purchased from Tedia (Fairfield,
OH). THF was further dried by distillation from sodium and
benzophenone under nitrogen before use. Deionized water was
further purified using a laboratory water purification system (Cascada,
PALL; Port Washington, NY) and was used in all experiments.

Synthesis of Standards. A reference standard of ALI was
synthesized by reducing AAI using zinc dust in acidic medium (Zn/
H+), as described previously.15−19,40 N-Methyl-ALI was synthesized
by reacting ALI with sodium hydride and iodomethane as described
in the Supporting Information, purified by high-performance liquid
chromatography (HPLC), and quantitated by HPLC−UV analysis
using ALI as the reference standard (Figure S1). Using a similar
method, the ALI−GSH and ALI−Cys adducts were synthesized by
incubating AAI with the respective aminothiols (Figures S2 and S3),
as reported previously.40

Instrumental Analyses. HPLC purification and quantitation of
ALI, N-methyl-ALI, ALI−Cys, and ALI−GSH were performed on an
Agilent 1100 series HPLC system with a diode array detector.
HPLC−fluorescence (HPLC−FLD) analyses were performed on a
Thermo Dionex Ultimate 3000 UHPLC system (Waltham, MA)
coupled to a fluorescence detector. High-resolution mass spectrom-
etry (MS) and MS/MS analyses were performed on a Xevo G2 Q-Tof
mass spectrometer equipped with a standard electrospray ionization
(ESI) interface (Waters Corporation, Milford, MA). Quantitative
LC−MS/MS analyses were performed on a Waters Xevo TQ-XS
triple quadrupole MS coupled with an Acquity UPLC system (Waters
Corporation, Milford, MA). The protein concentration was
determined by UV absorbance at 280 nm (A280 nm) using a Jenway
UV−visible spectrophotometer (Staffordshire, U.K.).

In Vitro Incubations with Zinc/H+. AAI was added at a final
concentration of 1.5−29.3 μM to 0.5 mg of HSA and 20 mg of
preactivated Zn dust in 0.5 mL of potassium phosphate buffer (50
mM, pH 5.8) and incubated at 37 °C for 16 h, as described previously
for in vitro AL−DNA adducts formation studies.22 After separation
from the Zn dust by centrifugation (20 000 g, 10 min), HSA in the
supernatant was precipitated by adding 4 volumes of ice-cold acetone.
The HSA pellets were washed thrice using ice-cold acetone before
they were redissolved in water and quantitated by UV spectropho-
tometry at A280 nm. Finally, the ALI−HSA was hydrolyzed using the
method described below prior to LC−MS/MS analysis.

Animal Experiments. Animal experiments were conducted in
accordance with the Animal Ordinance established by the Hong Kong
Department of Health, and the protocol was approved by The Hong

Figure 1. Metabolic activation and protein adduct formation of
aristolochic acid I.
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Kong University of Science and Technology (HKUST) Committee
on Research Practice. Male Sprague−Dawley rats (170−200 g)
obtained from the HKUST Animal and Plant Care Facility were used
for the study. After acclimatizing for a week, rats were dosed with a
single oral dose of 10 mg/kg (n = 3) or 30 mg/kg (n = 3) of AAI
dissolved in 1% sodium bicarbonate (w/v) to investigate the
concentration-dependent formation of ALI−protein adducts. Rats
(n = 3) that received the same volume of the dosing vehicle were used
as the control. Twenty-four hours after the AAI administration, rats
were sacrificed by decapitation, and the kidney, liver, and whole blood
were collected for analysis. In another study to investigate the
formation and elimination kinetics of the ALI−protein adducts, rats
(n = 24) that received a single oral dose of 30 mg/kg of AAI were
sacrificed on days 1, 2, 3, 8, 14, 21, 28, and 60 postdosing for analysis.
Protein Sample Preparation. Kidney and liver proteins of AAI-

exposed rats were isolated by ammonium sulfate precipitation after
slices of kidney and liver tissues were homogenized using a high-speed
tissue-tearor homogenizer, as described previously.38,45 The whole
blood was allowed to sit undisturbed at room temperature for 30 min,
followed by centrifugation (4000 g, 10 min, 4 °C) to remove blood
clots. Saturated ammonium sulfate solution was added dropwise to
the rat serum until ∼60% saturation, agitated gently at room
temperature for 30 min, and centrifuged (18 000 g, 10 min) to
precipitate out the globulins.46,47 The supernatant, the albumin
solution, was desalted, washed, and concentrated by centrifugation
(4500 g, 10 min) in a Nanosep 10K centrifugal device. After the
protein content was quantified using UV spectrophotometry at
A280 nm, the protein samples were further washed by liquid−liquid
extraction of 2 volumes of ethyl acetate (EA) and hydrolyzed to
release ALI for LC−MS/MS analysis.
The general strategy for quantitation of the ALI−protein adduct

involves successive washing of proteins, release of the protein-bound
ALI in proteins, extraction of ALI, addition of internal standards, and
quantitation by LC−MS/MS. To release the covalently bound ALI
from the adduct, 100 μg of protein sample (dissolved in 100 μL of
water) was first washed twice by liquid−liquid extraction of 2 volumes
of EA and was then incubated at 100 °C in 2.5 M NaOH for 2 h. After
cooling to ambient temperature, the hydrolysates were extracted
thrice with 600 μL of EA. The organic layers were combined and
dried under a nitrogen stream, and the residue was dissolved in 100
μL of 70% aqueous methanol containing 0.16 nM N-methyl-ALI
internal standard for LC−MS/MS analysis.
LC−MS/MS Quantitation of ALI in Tissue-Isolated Proteins

or Serum Albumin. The analysis was performed with 10 μL of the
70% aqueous methanol of each of the reconstituted samples. Samples
were injected onto an Acquity UPLC BEH C18 column (2.1 × 100
mm i.d., 1.7 μm; Waters Corporation, Milford, MA) in a Waters
Acquity UPLC system eluted at a flow rate of 0.4 mL/min and 40 °C
with the following gradient of acetonitrile in 0.2% acetic acid: 0−5
min, 5−100%; 5−8 min, 100%, followed by 3 min of re-equilibration
of the column. The UPLC column was coupled to a Waters Xevo TQ-
XS triple quadrupole MS with an ESI source operated in positive
mode with the following parameters for voltages and source gas: cone
gas, 250 L/h; desolvation gas, 850 L/h; collision gas (argon), 0.15
mL/min; nebulizer gas, 7.0 bar; desolvation temperature, 600 °C;
capillary voltage, 1.5 kV; and cone voltage, 35 V. The MS was
operated in multiple-reaction-monitoring (MRM) mode with the
following MRM transitions: ALI: m/z 294 → 279 (quantitative;
collision energy, 22 eV), m/z 294 → 251 (qualitative; collision
energy, 30 eV); N-methyl-ALI internal standard: m/z 308 → 293
(collision energy, 22 eV; Figure S4).
Calibration and Method Validation. A matrix-matched

calibration curve was used for the quantitative analysis. Working
standard solutions were prepared by spiking to blank HSA sample
matrix with different concentrations of ALI (0.01−0.68 nM) and a
fixed concentration of N-methyl-ALI (0.16 nM) and analyzed using
the LC−MS/MS method stated above. The calibration curve was
established by plotting the peak area ratios of ALI to N-methyl-ALI
versus the concentration of ALI in calibration standards (Figure S5).
The limit of detection was estimated as the concentration of ALI that

generates a signal three times the background noise in blank HSA
sample matrix.18

The efficiency of the hydrolysis and extraction steps was
determined using the ALI−GSH adduct, which provides a critical
correction for the loss of ALI during sample processing. The
validation entailed spiking 100 μg of HSA with 2.2, 22, and 220 fmol
of ALI−GSH standard followed by heat and alkaline-catalyzed
hydrolysis of the adduct, extraction of ALI from the hydrolysates
using EA, and LC−MS/MS analysis of extracts, as described above.
The overall efficiency of the method was calculated as the measured
quantities of liberated ALI divided by the quantities of added ALI−
GSH.

■ RESULTS AND DISCUSSION

To the best of our knowledge, the chemical structures of AA−
protein adducts had not been reported until recent
identification of a series of AAI−aminothiol conjugates.40 It
was proposed that AAI is converted into a reactive
aristolactam−nitrenium ion intermediate through enzymatic
reduction of its nitro group, which reacts with the nucleophilic
thiol group of Cys residues to form covalent carbon−sulfur
linkages (Figure 1), similar to that of the AL−DNA adduct
formation.22,41−44

Because AL−DNA adducts are formed by reacting the
aristolactam−nitrenium ion intermediate with the exocyclic
amino group of purine nucleotides in DNA, and previous
studies identified a broad spectrum of Lys adduct formed by
reacting Lys residues with chemical carcinogens such as
aflatoxin and formaldehyde,33,42,45 we further tested the
plausible conjugation reaction between the AAI reactive
intermediate and Lys residues. Incubation of AAI and Lys in
the presence of Zn/H+ yielded no predicted adduct peak in the
chromatogram (Figure S3), indicating that the aristolactam−
nitrenium ion intermediate is not targeting the amino group of
Lys residues. Furthermore, no signal of predicted adduct peaks
was detected when Lys was replaced with other amino acids
that possess a nucleophilic side chain (Arg, His, Asp, Glu, Ser,
Thr, Asn, and Gln).
Based on this foundation and the previous knowledge that

serum albumin contains a free Cys residue at position 34
(Cys34) that is reactive toward many oxidants and electro-
philes,33,48 we developed and validated a method, using ALI−
GSH tripeptide adduct and ALI−HSA, to quantitate ALI−
protein adducts in HSA exposed to AAI, tissues, and sera
collected from AAI-exposed rats.

Choice of Hydrolysis Method and Elimination
Product. Prior to the optimization of the hydrolysis
conditions for LC−MS/MS analysis, we first compared the
performance of enzymatic and chemical hydrolysis using ALI−
GSH adduct. ALI−GSH standard was prepared by HPLC
purification of the reaction product of a reaction of AAI with
GSH, as described in Experimental Section. By spiking 2.2
pmol of ALI−GSH standard into 100 μg of HSA followed by
protease digestion as reported previously,45 it was discovered
that the level of ALI−GSH remained stable, and no
elimination products were observed by HPLC−FLD analysis
(Figure S6).
Attempts were then made to hydrolyze ALI−GSH at 100 °C

in 1.0 M HCl/NaOH for 1 h, which are the conditions
previously stated by Krumbiegel et al. for hydrolyzing ALI-
conjugated metabolites.49 Results showed heat/H+ treatment
hydrolyzed ALI−GSH to a complex mixture, including ALI−
Cys, two unknown but highly fluorescent products, and ALI as
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a minor product (Figure S6). Due to the complexity of the
reaction, further acid treatment was not carried out.
We then tested the effect of heat and base (heat/OH−)

treatment on the release of the ALI−protein adduct for
analysis. Results showed that heating ALI−GSH in NaOH
solution liberated ALI as the sole product and at a signal
intensity sevenfold higher than that with HCl hydrolysis
(Figure S6). This observation is in line with our finding that
the five-membered lactam ring of ALI is more stable in alkaline
than in acid hydrolysis, which will be discussed in a later
section (Figure S7). Together with the significantly higher
sensitivity (25-fold higher) of ALI over ALI−Cys in LC−MS/
MS analysis as reported previously,40 subsequent study focuses
on the use of heat/OH− treatment to liberate ALI from ALI-
bound proteins for the quantitation of protein adducts by LC−
MS/MS analysis.
Optimization of the Hydrolysis Conditions. Using

ALI−HSA samples obtained from incubating AAI with HSA as
described above, we first investigated the number of ethyl
acetate (EA) washings required to remove unbound ALI in the
proteins. Results showed that the ALI signals in LC−MS/MS
analysis of EA extracts from the hydrolysates remained stable
after the second washing (Figure S8), suggesting that the
unbound ALI produced during in vitro incubation of AAI with
zinc dust was removed by two times of EA washing. Therefore,
in the following experiments, protein samples were washed two
times by liquid−liquid extraction of 2 volumes of EA before
protein hydrolysis.
After removing the unbound ALI in the protein sample, we

optimized the conditions to achieve the highest hydrolysis
efficiency on liberating covalently bound ALI from ALI-
modified proteins for analysis (Figure 1). By heating the ALI−
HSA dissolved in different concentrations of NaOH (0.1−4
M) at 100 °C for 1 h, it was observed that heating in 2.5 M
NaOH gave the strongest ALI signal in LC−MS/MS analysis
(Figure 2A). Given that the released ALI from ALI−HSA is
the most abundant at this condition, we used 2.5 M NaOH as
the hydrolysis medium for the cleavage of the covalently bound
ALI−protein adducts in subsequent experiments.
We then investigated the effect of the heating temperature

on the amount of ALI liberated from the hydrolysis of ALI-
bound proteins. By heating the ALI−HSA dissolved in 2.5 M
NaOH at different temperatures (22−120 °C) for 1 h, it
turned out that 100 °C was the most efficient temperature for
hydrolysis (Figure 2B). Further increase in the heating
temperature resulted in significant ALI signal loss, probably
due to the thermal decomposition of ALI in a highly alkaline
environment at elevated temperatures; 100 °C was thus
adopted as the hydrolysis temperature in subsequent experi-
ments.
After optimization of the hydrolysis medium and temper-

ature, we evaluated the effect of the incubation time on the
yield of ALI in the alkaline hydrolysis of ALI−HSA samples.
Our results showed that the amount of ALI liberated from the
hydrolysis plateaued within the first 2 h of incubation (Figure
2C). The analytical signal of ALI then declined as incubation
progressed, which could be attributed to a more extensive
hydrolysis of the lactam ring in ALI at longer incubation times.
As a result, protein samples in the entire study were hydrolyzed
by heating at 100 °C in 2.5 M NaOH for 2 h before LC−MS/
MS analysis.
Method Validation. Following optimization of the

hydrolysis conditions, we validated the analytical method and

determined the overall efficiency of the hydrolysis and
extraction steps using synthetic ALI−GSH adduct. By spiking
100 μg of purified HSA with known quantities of the ALI−
GSH standard followed by heat/OH−-catalyzed release of ALI
and LC−MS/MS analysis of EA extracts as described in the
Experimental Section, the average yield of ALI was found to be
66.5 ± 0.6% of the theoretical values (Table 1), which
represents the overall efficiency for the analytical method.
Efforts were also made to identify the causes of the observed

deviation from the theoretical values. To this end, 0.17 pmol of
purified ALI standard was spiked to 100 μg of HSA and was
subjected to hydrolysis and EA extraction. Two control groups
were prepared by adding the same amount of ALI standard
separately to blank HSA hydrolysate followed by EA extraction
or EA extracts from blank HSA hydrolysate. All EA extracts
were then preconcentrated and analyzed by LC−MS/MS
analysis. By comparison of the amount of ALI recovered after
hydrolysis with the two control groups, results showed ∼30%
of ALI was lost in the alkaline hydrolysis and extraction steps
(Figure S7), of which only 5% loss was from the EA extraction
process. This loss of ALI (∼25%) in the heat/OH− treatment
process is probably due to the hydrolysis of the amide bond in

Figure 2. Optimization of (A) the concentration of NaOH, (B) the
hydrolysis temperature, and (C) the hydrolysis duration on the
release of aristolactam I from aristolactam I-bound human serum
albumin. Plotted is the relative abundance of aristolactam I from LC−
MS/MS analysis of the hydrolysates. The values represent the mean ±
SD from three independent measurements.
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the lactam ring of ALI into the ring-opened form.50 The same
set of experiments was repeated using 2.5 M HCl, and ∼40%
of ALI was lost due to acid hydrolysis, which provided another
piece of evidence showing the advantage of using alkaline
hydrolysis in liberating ALI from ALI-bound proteins. The
measurement of ALI was thus corrected by a factor of 1.5 to
arrive at the actual quantity of ALI−protein adduct.
Furthermore, we evaluated the precision of the method by

analyzing spiked samples on the same day (n = 5) and on five
different days of the week using the developed LC−MS/MS
method. Our method showed excellent reproducibility with
percent relative standard deviation smaller than 10 among all
the intra- and interday analyses (Table 1), indicating that our
method is accurate and precise for the quantitation of the
ALI−protein adduct.
The final step of the method validation was to determine the

stability of the protein adducts during the protein extraction
steps using ALI−HSA samples. As indicated by the similar
adduct levels in samples that were treated with and without
going through the protein isolation process (Figure S9), these
adducts were also found to be stable during protein extraction
from both tissue and serum samples, as described in the
Experimental Section.
Quantitation of the ALI−Protein Adducts in Human

Serum Albumin Treated with AAI. The validated method
was applied to quantitate ALI hydrolyzed from HSA exposed
to AAI activated by Zn/H+, as described in the Experimental
Section. Figure 3 illustrates the concentration-dependent
formation of ALI−protein adducts. Linear regression analysis
of a plot of the quantities of ALI−HSA adducts versus the
concentrations of AAI generates a regression line of y = 63.6x
− 4.8 (r2 = 0.999). The exposure produced 63.6 ± 1.1 ALI−
HSA adducts per 109 amino acids per μM AAI.
Quantitation of the ALI−Protein Adducts in Internal

Organs of AAI-Exposed Rats. The feasibility of detecting
ALI−protein adducts in purified protein was then extended to
quantitate the adduct in the protein samples isolated from the
kidney (target organ) and liver (nontarget organ) of AAI-
exposed rats. Figure 4B shows a typical chromatogram
obtained from LC−MS/MS analysis of a kidney protein
sample from rats dosed with 30 mg/kg of AAI. The analysis
detected a concentration-dependent formation of the adduct in
both the kidney and liver (Figure 5) of rats that were dosed
with 10 and 30 mg/kg of AAI, with the adduct detected at ∼8
and ∼30 adducts per 109 amino acids, respectively. To the best
of our knowledge, this is the first report of quantitating ALI−
protein adducts in the internal organs of rats. It is worth
mentioning that there is no observable difference in the adduct

concentration between kidneys and livers on day 1 postdosing,
which is similar to that observed in a previous ALI−DNA
adduct study.41 No ALI was detected in the hydrolysate of
protein samples isolated from the internal organs of control
rats.
After the identification and quantitation of the ALI−protein

adducts in the internal organs of AAI-exposed rats, the study
was extended to investigate the stability of the adducts in the
liver and kidney for up to 60 days after the oral gavage of AAI
to the rats at 30 mg/kg. LC−MS/MS analysis of the tissue-
isolated protein samples revealed increasing ALI−protein
adduct concentration from day 1 to day 2 of post AAI
administration, after which the adduct levels declined but
remained quantitatable on day 21 postdosing. The adducts
were detectable on day 28 at levels below the method
quantitation limit (0.6 adducts per 109 amino acids); the
adduct levels on day 60 postdosing were found below the
method detection limit (0.2 adducts per 109 amino acids). The
results of the analysis of the ALI−protein adduct in protein
samples isolated from AAI-dosed rats are shown in Figure 5.
The highest adduct level was detected in the renal cortex,

which is the tumor-targeting region of the kidney, followed by
the renal medulla and liver (Figure 5). Despite the ALI−
protein adduct being detected at lower concentrations than
that of the ALI−DNA adducts, a similar concentration profile
and organotrophic distribution were observed in a previous
ALI−DNA adduct study.41 The results showed a good
correlation of ALI−protein adducts with ALI−DNA adducts,
suggesting that the formation of protein adducts could also
contribute to the observed toxicity of AAs and highlighting the
feasibility of using ALI-bound proteins as the target
biomacromolecule for assessing exposure to AAI.
The half-lives of the ALI−protein adducts in liver, renal

cortex, and renal medulla were estimated as 3.9, 3.2, and 3.3
days, respectively, assuming first-order elimination kinetics.
These values are similar to the half-life of rat liver proteins
(1.8−3.8 days),51 suggesting that protein turnover could be a
major determinant for the adduct elimination. However, it is
believed that the short half-lives for the ALI−protein adduct
may not hamper its application as a biomarker for AA
exposure. Previous studies reported that residents of rural
farming villages in Balkan Peninsula are continuously exposed
to AAI through their diets;15−18 this long-term AAI exposure

Table 1. Intraday and Interday Reproducibility and
Recovery of the Developed Method for the Analysis of
Aristolactam I−Protein Adducts in Human Serum Albumin

accuracya precision

spiked,
fmolb found, fmol recovery, % intradayc,d interdayd,e

ALI−
GSH

2.2 1.46 ± 0.08 67.1 ± 3.5 5.2 9.2

22 14.4 ± 1.0 65.9 ± 4.4 6.7 8.1
220 144.9 ± 3.2 66.5 ± 1.5 2.2 5.1

an = 5. bAmount of ALI−GSH adduct added to 100 μg of HSA. cFive
replicated analyses in a day. dData presented as % RSD. eAnalysis
performed on five different days of the week. Figure 3. Quantitation of aristolactam I in human serum albumin

exposed to different concentrations of aristolochic acid I. Human
serum albumin was treated with the aristolochic acid I and quantified
by LC−MS/MS as described in the Experimental Section. The data
represent mean ± SD for three independent experiments. Fitting the
data by linear regression yielded a line with an equation of y = 63.6x −
4.8 (r2 = 0.999) for human serum albumin.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://dx.doi.org/10.1021/acs.chemrestox.0c00454
Chem. Res. Toxicol. 2021, 34, 144−153

148

http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.0c00454/suppl_file/tx0c00454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00454?fig=fig3&ref=pdf
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00454?ref=pdf


could provide a continuous supply of AAI, consequently the

aristolactam−nitrenium ion intermediate, to react with

proteins and maintain a steady level of ALI−protein adducts

in human bodies for detection. A long-term and multidose

study may be required to reveal the effects of prolonged AAI

exposure on the levels of ALI−protein adducts in vivo.

Quantitation of the ALI−Albumin Adducts in the
Serum of AAI-Exposed Rats. Since hepatocyte is the
primary site for albumin synthesis and drug metabolism, the
reactive electrophiles,52,53 such as the aristolactam−nitrenium
ion in this study, are likely to conjugate with albumin without
moving across the cell membrane to reach blood capillaries.33

This increases the chance of protein adduct formation by

Figure 4. Typical chromatograms obtained from LC−MS/MS analysis of aristolactam I in (A) reference standard, (B) the hydrolysates of protein
isolated from the renal cortex of aristolochic acid I-exposed rats, and (C) the hydrolysates of albumin isolated from serum of aristolochic acid I-
exposed rats.
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preventing the potential degradation of reactive intermediates
during their transport to target organs in the blood vessels,33

and we therefore further investigate the in vivo formation of the
ALI−albumin adduct in rat serum.
Figure 4C shows a typical chromatogram obtained from

LC−MS/MS analysis of rat serum sample from rats dosed with
30 mg/kg of AAI. Concentration-dependent formation of the
ALI−albumin adduct was also observed in the sera of rats that
were dosed with 10 and 30 mg/kg of AAI (Figure 6).
Specifically, we identified significantly higher levels of the
ALI−protein adduct in serum after 24 h of AAI administration,
with the highest being detected at ∼300 adducts per 109 amino

acids. The huge drop in albumin adduct levels from day 1 to
day 2 postdosing could be related to the transport function of
albumin, as albumin was reported to deliver various substances
including drug and ultimate carcinogenic/toxic metabolites
around the human bodies.54,55 This was also supported by the
maximum ALI−protein adduct levels detected in tissues on
day 2 postdosing (Figure 5).
Furthermore, the adduct remained detectable in the serum

even 2 months after a single oral dose of AAI (Figure 6), and
the half-life for its first-order decay was calculated to be 4.6
days, which was slightly longer than that of unmodified
albumin in normal rats (2.5−3 days) and those of ALI−protein
adducts in rat tissues.56 No ALI was detected in the
hydrolysate of serum samples isolated from control rats.
These results laid a solid foundation for using the ALI−
albumin adduct as a biomarker of AAI exposure in clinical
practice.

■ CONCLUSIONS
We developed and validated a highly sensitive and selective
LC−MS/MS method for the quantitation of the ALI−protein
adduct as a biomarker of AA exposure. Results of the studies
demonstrated, for the first time, the concentration-dependent
formation of ALI−protein adducts in purified serum albumin
and in proteins isolated from tissues and sera of AAI-exposed
rats. We expect this newly developed method would facilitate
the adoption of the ALI−protein adduct as a novel AAI
exposure biomarker for conducting molecular epidemiological
studies in regions facing AA-induced environmental and food
contamination.15−20,57,58 These works should be beneficial to
countries that are conducting traditional herbal medicine
practice and to the large number of patients suffering from or
at risk of developing CKD due to potential exposures to AAs
that are unknown to them.5,12
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Figure 5. Concentrations of aristolactam I−protein adducts in (A)
liver, (B) renal medulla, and (C) renal cortex of rats exposed to
aristolochic acid I. Rats were exposed to a single oral dose of 30 mg/
kg of aristolochic acid I and sacrificed on different days postdosing.
Kidney and liver were harvested and aristolactam I-protein adduct in
the tissue-isolated protein samples quantified by LC−MS/MS as
described in the Experimental Section. The data represent mean ± SD
for three independent experiments. Insets show the concentration-
dependent formation of the adduct in tissue-isolated proteins of rats
treated with 10 and 30 mg/kg of aristolochic acid I and sacrificed 24 h
after the aristolochic acid I administration. No adduct was detected in
the tissue-isolated protein samples of the control rats.

Figure 6. Concentrations of aristolactam I−protein adducts in the
serum albumin of rats exposed to aristolochic acid I. Rats were
exposed to a single oral dose of 30 mg/kg of aristolochic acid I and
sacrificed at different days postdosing. Serum albumin was isolated,
and the aristolactam I−protein adduct in the samples was quantified
by LC−MS/MS as described in the Experimental Section. The data
represent mean ± SD for three independent experiments. Insets show
the concentration-dependent formation of the adduct in rats treated
with 10 and 30 mg/kg of aristolochic acid I and sacrificed 24 h after
the aristolochic acid I administration. No adduct was detected in the
samples of the control rats.
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