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1. Introduction

In 1993, the occurrence of a rapidly progressive form of renal
interstitial fibrosis associated with a weight loss diet which
included the ingestion of pulverized plant extracts used in tradi-
tional Chinese medicine, led to the description of a new toxic ne-
phropathy (Vanherweghem et al., 1993). The identification of
aristolochic acids (AA) in these powders brought to attention the
severe toxicity of certain species of Aristolochia (Vanhaelen et al.,
1994). Ever since, secondary nephropathies resulting from the
toxicity of plants containing AA have been described worldwide
(Debelle et al., 2008). The similarity between the histological as-
pects of this particular nephropathy and the so-called Balkan
endemic nephropathy (BEN) (Grollman et al., 2007), combined
with the association between these types of renal disease and
urinary tract cancers (Cosyns et al., 1999; Nortier et al., 2000),
proved instrumental in reviving an old hypothesis on the aetiology
of BEN. In 1969, Ivic had suggested that the latter, occurring in
certain villages throughout the Danube Valley, might be caused by
the chronic ingestion of the seeds of the Aristolochia clematis, a
Abbreviations: AA, aristolochic acid; AAI, aristolochic acid I; AAII, aristolochic
acid II; AAIþAAII, mixture of aristolochic acid I and II; AAN, aristolochic acid ne-
phropathy; BUN, blood urea nitrogen; GLUT, glucose transporter; OAT, organic
anion transporter; OSOM, outer stripe of outer medulla; PTEC, proximal tubule
epithelium cell; rOAT, rat organic anion transporter; SCr, serum creatinine; SGLT,
sodium-glucose transporter; WRS, Wilcoxon rank-sum test.
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common plant growing in the wheat fields of these endemic re-
gions (Ivic, 1969). This hypothesis has now been confirmed by the
discovery of specific DNA adducts that are formed by the metabo-
lites of AA in the renal tissue and the urothelial tumours of those
patients suffering from BEN (Jelakovic et al., 2012).

Today, the term “aristolochic acid nephropathy” AAN is used to
include any form of toxic interstitial nephropathy that is caused
either by the ingestion of plants containing AA as part of traditional
phytotherapies (e.g. Chinese medicine (Commission of the Ministry
of Public Health, 2000; IARC, 2002), Japanese Kampo (Takako et al.,
2002) and Ayurvedic medicine), or by the environmental contam-
inants in food (BEN) (Cosyns et al., 1994; Grollman et al., 2007).
Although, initially, the Belgian cohort only included over 100 pa-
tients, it is estimated that exposure to AA affects 100,000 people in
the Balkans (where the total number of patients with kidney dis-
ease amounts to approximately 25,000), 8.000.000 people in
Taiwan and more than 100.000.000 in mainland China (Yang et al.,
2011; Chen et al., 2012). Given the fact that the nephrotoxic effect of
AA is irreversible and that their carcinogenic effects may be very
slow in manifesting themselves after the patient's initial exposure,
AAN and associated cancers are likely to become a major public
health issue in the years to come (G€okmen et al., 2013).

Aristolochic acid nephropathy has been successfully reproduced
in various experimental models. Both experimental and clinical
studies indicate that the proximal tubule, particularly in its straight
part (S3), is targeted by AA (Debelle et al., 2002; Lebeau et al., 2005).
In 2002, Debelle et al., showed that a daily subcutaneous injection of
10 mg/kg of AA mixture (40% AAI; 60% AAII) in salt-depleted rats
inducedan interstitialfibrosis and renal failurewithin35days.Using
the same protocol, Lebeau et al., collected urine samples to
demonstrate a correlation between structural and functional in-
juries of the proximal tubule (increased urinary excretion rates of
brush border enzymes and altered reabsorption capacity of micro-
proteins by endocytosis). Two phases were finally observed: a first
one, characterized by a transient proximal tubular necrosis
(maximal at day 5), followed by an interstitial inflammationmaking
the link with the second phase, characterized by the onset of severe
tubular atrophy interstitial fibrosis (from day 7 to day 35).
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Although mechanistically informative, the conventional
markers used in those previous studies lacked of sensitivity. When
abnormal levels of those markers are noticed, it is usually too late
because irreversible damaged are already reached. More recently,
several authors published encouraging results showing that the
metabolomic investigation of urines from animals exposed to
nephrotoxicants, including AA's, was able to detect renal injuries at
very early stages, also making possible some inferences in the drug-
targeted biochemical pathways (Hu et al., 2017; Zhao et al., 2015a).
Strategically, urine is the ideal biological fluid to discover bio-
markers for renal pathologies as it is the case for AA intoxication. It
can be easily and noninvasively collected in almost all patients and
is well suited for kinetics studies. However, the major difficulty in
using urine as an experimental matrix is thewide variability among
individuals (Rucevic et al., 2012). Nevertheless, changes in the
relative levels of dozens of urine metabolites may provide precious
clues on cellular mechanisms responsible for damages caused to
the kidneys (Wishart, 2006). This is the basis of the metabonomic
approach, defined as a high speed measurement of a large quantity
of lowMWmolecules (<1500 Da), the metabolites, present in cells,
tissues and organs. The spectrometric analysis of biofluids allows
the identification and quantification of dozens of metabolites in a
few minutes. Discriminant metabolites identified are then related
to biochemical pathways and specific biological processes.

Using this predictive omic tool, we revisited our rat models of
AAs intoxication to identify early urinary biomarkers which could
be further developed for a quick and a noninvasive detection of
renal injuries caused by AA. The predictive aspect is of paramount
importance to support patients before the onset of irreversible
kidney damage.

2. Material & method

2.1. Chemicals and reagents

AAI (A5512-100 mg, Sigma-Aldrich Chemie GmbH, Germany),
AAII (A3774, AppliChem, GmbH, Germany) and mixture of AAI-
þAAII (40:60) (Acros Organics Co., Geel, Belgium) were dissolved
with polyethyleneglycol (PEG400, Fluka Chemie, Buchs,
Switzerland) in a stock solution of 20 mg/ml.

2.2. Ethics statement

All experimental protocols were approved by the Animal Ethics
Committee of UMONS. Animal care and use were conducted in
compliance with the National Institutes of Health (NIH) guidelines
for the Care and Use of Laboratory Animals. All invasive practices
(subcutaneous injections, blood collections, euthanasia) were per-
formed under isoflurane anesthesia.

2.3. Studies design & animal groups

For each study, rats (aged 4 week-old; weighting 125e150 g;
supplied by Elevage Janvier (Le Genest-Saint-Isle, France)) were
Table 1
Summary of the experimental protocols conducted in rats.

AAI AAIþAAII

Pilot study 50 mg/kg (n ¼ 1)
75 mg/kg (n ¼ 1)
100 mg/kg (n ¼ 1)

50 mg/kg (n ¼ 1)
75 mg/kg (n ¼ 1)
100 mg/kg (n ¼ 1)

Second study 100 mg/kg (n ¼ 6) 75 mg/kg (n ¼ 6)
Third study X X
housed in the animal care facility within rooms kept at a controlled
humidity level between 40 and 60% and a mean temperature of
21 ± 2 �C, with a 12/12-h light/dark cycle. During the quarantine
week, animals had free access to standard diet (ref: 11576814, Carfil
Quality, Oud-Turnhout, Belgium) and water ad libitum.

The first pilot studywas designed to test several doses of the AAI
and AAIþAAII. 8 Wistar Han male rats were randomly divided in
three groups according to the administered substance: Group AAI
(n ¼ 3), group AAI/AAII (n ¼ 3) and control group (n ¼ 2) (see
Table 1). Three doses were tested in this pilot study for each toxin
(50, 75 or 100 mg/kg) according to a 96-h protocol (described
below). In the second study, 18 Wistar Han male rats were
randomly divided according to the same previous three groups: AAI
100 mg/kg (n ¼ 6), AAI/AAII 75 mg/kg (n ¼ 6) and control (n ¼ 6).
Compared to the pilot study, the exposure was prolonged to 192 h s
(see protocol description below). Finally, in the third study, AAII
toxicity was investigated following the same 96-h protocol as used
in the pilot study. 12 Wistar Han male rats were randomly divided
in three newgroups: One control group (n¼ 4) and two AAII groups
according to the exposed dose: 75 mg/kg (n ¼ 4) or 100 mg/kg
(n ¼ 4). Note that the lower dose (50 mg/kg) was not been evalu-
ated for AAII due to the lack of significant effect at this dose for both
AAI and the mixture during the pilot study.
2.4. Drugs administration

After one week of acclimatization, rats were randomly allocated
to the experimental groups and individually placed in metabolic
cages with free access to water and 30e35 g of standard diet daily
during 3 days prior to dosing. Drug administration was performed
on anesthetized animals. Rats were firstly placed in an induction
chamber filled with 4.0% isoflurane (lot number 37003XN, Alcyon,
Villers-le-Bouillet, Belgium) at a flow rate of 1.0 l/min, then anes-
thesia was maintained with 1.5% isoflurane during drug adminis-
tration. The AAI, AAI/AAII and AAII powders, dissolved in PEG400
(20 mg/ml), were diluted in NaCl 0,9% (50:50) before subcutaneous
injection. In the control group, rats were just anesthetized without
any other treatment. After dosing, rats were placed back to their
metabolic cages and their body weights as well as diet and water
consumptions were recorded daily throughout the study duration.
2.5. Protocols & samples collection

2.5.1. Urine samples
Urine samples were collected by fractions of 12 h-periods from

the pretest days until end of study. During the collection periods,
tubes were placed in refrigerated racks (4 �C) and 500 ml of a so-
lution of 1.0% sodium azide (S8032-25 g, lot number BCBD9551V,
Sigma-Aldrich Chemie GmbH, Germany) were previously added in
order to avoid bacterial contamination.

In the 192-h protocol, urine samples were also collected by
fractions of 12 h from pretest days up to 96 h. Then, urine collection
was stopped during 48 h and resumed until the end of study.
AAII Control Timing

X n ¼ 2 96 h

X n ¼ 6 192 h
75 mg/kg (n ¼ 4)
100 mg/kg (n ¼ 4)

n ¼ 4 96 h
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2.5.2. Blood samples
600 ml of blood were collected under isoflurane anesthesia from

the tail vein, and left during 45e60 min at room temperature.
Serum samples were then obtained by centrifugation (15min,
3000 g,15min) and stored at�20 �C before analysis into Eppendorf
tubes.

Blood samples were collected 24 h before and after dosing, and
before euthanasia at either 96 or 192-h post-dose depending on the
study groups.

2.5.3. Kidney histology
At the end of the study, anesthetized rats were euthanized by

intravenous injection of Nembutal (Ceva Sant�e Animale, Brussels).
Kidneys were decapsulated, blotted dry, and weighted. After lon-
gitudinal section, the left kidney was immersed in Duboscq-Brazil
fluid (formalin/acetic acid/ethanol containing 1% picric acid/wa-
ter, 260:70:425:245 vol ratio) for 48 h at room temperature. The
fixed samples were thereafter rinsed in 70� ethanol, progressively
dehydrated in graded ethanol and butanol baths, and embedded in
Paraplast Plus® paraffin according to standard procedures. Paraffin
sections of 4e5 mm thickness were cut on a Reichert Autocut 2040
microtome (Reichert Jung, Nossloch, Germany) and mounted on
silane-coated glass slides for histological examination. Kidney
paraffin sections were stained with Periodic Acid Schiff (PAS),
hemalun, and Luxol fast blue to allow the identification of histo-
logical structures.

2.6. Clinical chemistry

Serum samples were analyzed for clinical chemistry on an
automatic biochemical analyzer (Spotchem EZ SP-4430, Menarini
Diagnostics). SPOTCHEM II Kidney-2 kit (lot number QN2J89) was
used to measure total protein, albumin, blood urea nitrogen (BUN),
creatinine and uric acid.

2.7. Preparation and 1H NMR spectroscopy analysis of samples

2.7.1. Urine samples H NMR preparation
After centrifugation (5min, 5,000�g at 4 �C), 400 ml of the su-

pernatant fraction were removed to microcentrifuge tubes and
200 ml of 0.2 M sodium phosphate buffer (0.04M NaH2PO4þ 0.2 M
NaHPO4, pH 7.0) prepared in 80/20 H2/D2O were added to maintain
constant pH. Samples were then centrifuged at 13,000�g for
10 min. 550 ml of supernatant were retrieved in microcentrifuge
tubes and 50 ml of 1 mM TSP (trimethysilyl propionic acid: 269913-
1 g, lot number MBBB0475V, Sigma-Aldrich Chemie GmbH, Ger-
many) were added to be used as an external reference.

2.7.2. 1H NMR analysis
550 ml of samples were transferred in 5 mm- NMR tubes and

analyzed by 1H NMR spectroscopy on a 500 MHz Bruker Avance
spectrometer. Solvent suppression of residual water signal was
achieved by using the NOESYPRESAT or Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequences, for urine or serum samples respectively.
Water proton resonance was irradiated during the relaxation decay
(1.5 s) and mixing time (0.1sec). 1H NMR spectrum of each sample
was collected using 64 scans containing 54,832 data points at a
spectral width of 10330,578 Hz with an acquisition time of 2.65 s
and a relaxation delay of 3.0 s.

2.8. NMR spectral data processing and multivariate analysis

The MestRe Nova 5.2.0 software (Mestre Lab Research, Santiago
de Compostela, Spain) was used for phase (Auto-Metabonomics)
and baseline (Full Auto - Whittaker smoother) corrections of all 1H
NMR spectra. Chemical shifts were referenced to TSP (singlet
resonance arbitrarily placed at 0.0 ppm) and spectra were
normalized to TSP and binned. Spectrum over the ranged
0.08e10.0 ppm was divided into subregions of equal width
(0.04 ppm) and the area under the curve of each of the 248 spectral
subregions was integrated and converted to ASCII format. Output
ASCII data were next exported to Microsoft Excel (Microsoft Office,
2003). The regions corresponding to residual water and urea res-
onances (4, 50e5,00; 5,50e6,00 respectively) were excluded from
the analysis to suppress the residual water signal and to remove the
urea signal that undergoes annoying diurnal variations. Each inte-
grated subregion was then normalized to the total spectrum area.

The resulting data set was then exported to SIMCA-Pþ 12.0
software (Umetrics AB, Sweden) for multivariate data analysis.
Principal component analysis (PCA) supplies two types of graphs
which are a simplified overview of a complex set of data. In the
“scores plot”, each point corresponds to one observation, meaning
the NMR spectrum of a sample. This simplified 2-D view of the
dataset allows a quick identification of potential gathering or sep-
arations between groups. The second plot is called a “loadings plot”
and highlights what variables (metabolites) are responsible for the
discriminations between groups (each point corresponds to the
mean chemical shift of a particular spectral sub region of 0.04 ppm
width, and consequently to the corresponding urine metabolites).
These variables are finally annotated from a database to identify the
corresponding metabolites.

2.9. Statistical analysis

The physiological and clinical chemistry data obtained from
studies were expressed as mean ± standard deviations. Then,
Wilcoxon rank-sum tests (WRS) andWelch Two Sample t-test were
used to evaluate the differences between control and intoxicated
groups. WRS were also used to determine which identified me-
tabolites were significantly different between groups. p-values
lower than 0.05 were considered to indicate statistical significance.

3. Results

A pilot dose-escalating study was conducted in order to select
the most appropriate doses to be used in the subsequent toxicology
study on AAI and the AAI/AAII. Results are detailed hereafter.

3.1. Respective biological, metabonomic and histological results
after AAI versus AAIþAAII exposure

Biological parameters measured throughout the study showed
that food intake and body weight were rapidly decreased after
dosing (See supplementary data). These effects were dependent on
the tested compound and the dose, with a decreased toxicity
gradient from AAIþAAII to AAI and from the high to low dose.
Polyuria was also observed (data not shown). In addition, BUN and
SCr levels increased after dosing (See supplementary data). Serum
levels of albumin, total protein and uric acid did not change by the
exposure to the tested compounds (data not shown).

The superposition of 1H NMR urine spectra allowed a quick
overview of urine metabolic changes after dosing AA. As shown in
Fig.1, exposure to AAI (a) or AAIþAAII (b) induced some increases in
signal intensities corresponding to lactate, alanine, acetate, taurine,
betaine and glucose over time, whereas those corresponding to
alpha-ketoglutarate, creatinine, hippuratewere lowered.Moreover,
in both groups, an increase in the spectral region close to 1.00 ppm
was noticed over time. This region could correspond to the pres-
ence of some amino acids (leucine, valine) at 48 h. All these
metabolic changes were observed in the urine of rats exposed



Fig. 1. Comparison of metabonomic profiles between AA and control groups. Spectra obtained by 1H NMR analysis of control & 48 h post-dose urine sample collected from rats
injected with the 75 mg/kg of AAI (a) or 50 mg/kg of AAIþAAII (b) are superimposed for a visual comparison of urinary changes. Several changes are observed between the control
sample and the post-dose sample. Peaks corresponding to hippurate (3.97 þ 7.55; 7.61; 7.84 ppm), allantoin (5.38 ppm), creatinine (4.05 ppm), a-ketoglutarate (3.01; 2.44 ppm) and
citrate (2.52; 2.65)) are higher in control samples. On the contrary peaks of lactate (1.32 ppm), alanine (1.48 ppm), taurine/betaine (3.25/3.27), glucose region and acetate (1.92 ppm)
increased. Spectra from 0.00 to 8.00 ppm. Water region (4.5e5.25 ppm) was cut. In the scores plot (c), urine samples from the 3 different groups are compared: In black are those
collected from the control rats. Samples colored in green and violet correspond to rats injected with AAI and AAIþAAII, respectively.

M. Duquesne et al. / Food and Chemical Toxicology 108 (2017) 19e2922
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either to AAI or AAIþAAII except in the animal exposed to the low
dose of AAI. In this case, no urinary change was observed by peak-
to-peak comparison. The scores plot generated by the multivariate
analysis allowed us to clearly visualize gathering or separations
between the different study groups but also to identify those me-
tabolites which are responsible for such gathering or separations.
As shown in Fig. 1c, the scores plot obtained by comparing urine
samples from controls versus intoxicated groups (AAI vs AAIþAAII)
reveals a clear discrimination between metabonomic profiles ob-
tained with AAI and AAIþAAII. The AAIþAAII group is more distant
than the AAI group, suggesting a more pronounced toxic effect.
Some samples from the AAI group are co-located with samples
from the control group, suggesting a delayed onset of the toxicity in
this AAI group. In parallel, the lesions of tubular and interstitial
structures consecutive to AA exposurewere assessed on the basis of
morphological criteria.

As show in Fig. 2 (A-F), at 96 h after 50 mg/kg AAI exposure of
rats, no morphological lesion was observed in the tubular
compartment. However, some inflammatory cells were observed in
the vessels (A-B). Rats treated with higher doses of AAI (75 and
100 mg/kg), proximal tubules exhibited damages such as loss of
brush border, cell necrosis or focal epithelial desquamation, espe-
cially in the outer stripe of the outer medulla (OSOM) with a fairly
well preserved cortex area at dose of 75 mg/kg (C-D). In contrast,
cortex area also showed these pathological changes at the dose of
100 mg/kg. At these doses, numerous inflammatory cells were also
present in the vessels (E-F).

Regarding the use of the mixture AAIþAAII (Fig. 3A-F), acute
tubular necrosis was already present in proximal tubules, mostly in
the OSOM after a dose of 50 mg/kg (A-B). The degree of severity of
tubular necrosis was extended to the cortex area after higher doses
(75 and 100 mg/kg) of the mixture AAIþAAII. In addition, in the
interstitium, AA exposure induced an increase in interstitial cell
density (C-F). Sign of proteinuria was revealed by the presence of
PAS-positive casts in the lumen of some collecting ducts (H).
Fig. 2. Representative photomicrographs (original magnification A,C,E,G x20 e B,D,F,H �40
and AAI 100 mg/kg (E,F)-intoxicated rats at 96 h. Necrotic tubules (NT) with cell debris in
flammatory cells (arrow) are visible in all three groups. At 192 h after AAI 100 mg/kg into
associated with a significant interstitial infiltration by inflammatory cells (arrows) (G,H). PT
3.2. Confirmation of the stronger long-term toxicity of the mixture
AAIþAAII

Based on these results, a second study was designed to further
investigate the respective effects of AAI alone versus AAIþAAII.
Twelve rats were subcutaneously injected with 100 mg/kg of AAI
(n¼ 6) or 75mg/kg of AAIþAAII (n¼ 6). Control rats were also used
in this study (n ¼ 4). In order to identify a possible reversibility of
toxicity, the study designwas prolonged to 192 h. Animals received
one single dose of the tested compound and urine and blood
samples were collected over a period of 7 days. All rats from the AAI
group survived until the scheduled euthanasia time. In AAIþAAII
group, one animal was prematurely euthanized after 120 h and
another after 144 h for ethical reason (excessive loss of body
weight). Results obtained in this additional study confirm the
higher toxicity of AAIþAAII. Compared to control group, the food
intake and the body weight significantly decreased after exposure
to AAI and were more drastically reduced after injection of the
AAIþAAII (Fig. 4 a,b). Increases in BUN and SCr levels were also
significantly different compared to control group and were more
pronounced in rats intoxicated with AAIþAAII as indicated (Fig. 4
c,d).

Histologically, a minor population of atrophic tubules was pre-
sent 192 h after AAI exposure, mostly in the OSOM along with a
chronic inflammation (Fig. 2G and H). After exposure to AAIþAAII,
proteinuria was sustained at 192 h after exposure. As illustrated in
Fig. 3 (G,H), the renal parenchyma was characterized by tubu-
lointerstitial alterations, as attested by the presence of atrophic
tubules and chronic inflammation.

3.3. Short-term toxicity of AAII alone

In a third study, the protocol used for the pilot studywas applied
to test the toxicity of AAII alone at several doses as compared to a
control group (n ¼ 4 for each group). Because of the dramatic
) illustrating tubular and interstitial injuries in AAI 50 mg/kg (A,B), AAI 75 mg/kg (C,D)
tubular lumens were visible in AAI 75 mg/kg and AAI 100 mg/kg-treated rats and in-
xication, few atrophic tubules (AT) were present, mostly in the OSOM area. This was
: Proximal Tubule.



Fig. 4. Comparison of food intake, weight variation, BUN and SCr in relation with the toxic agent. As seen previously, food intake and weight variation decreased whereas BUN
and SCr. increased after injection of AAI (100 mg/kg). These changes were more severely affected after injection of the AAIþAAII (75 mg/kg). * indicates statistically different from
control group (p-value <0, 05; t-test).

Fig. 3. Representative photomicrographs (original magnification A,C,E,G x20 e B,D,F,H �40) illustrating tubular and interstitial injuries in AAIþII 50 mg/kg (A,B), AAIþII 75 mg/kg
(C,D) and AAIþII 100 mg/kg (E,F) -intoxicated rats at 96 h. Necrotic tubules (NT) with cell debris in tubular lumens were already visible in AAIþII 50 mg/kg (A,B) and was greatly
extended at AAIþII 75 mg/kg (C,D) and 100 mg/kg-treated rats (E,F). These tubular alterations were associated with an increase in inflammatory cells (arrow) in all three groups. At
192 h after AAIþII 75 mg/kg-intoxicated rats, atrophic tubules (AT) were present in the OSOM and also in cortex areas. This was associated with a significant increase in in-
flammatory cells infiltrate (arrows) (G-H). G: glomerulus. *PAS-positive casts.

M. Duquesne et al. / Food and Chemical Toxicology 108 (2017) 19e2924



Fig. 5. Comparison of food intake, body weight, BUN and SCr levels after AAII exposure. As seen previously with AAI and AAIþAAII, food intake and body weight decrease after
injection of AAII whereas BUN and SCr increased. These effects seem to be more drastic for AAII than for AAI and the AAIþAAII. * indicates statistically different from control group
(p-value < 0, 05; WRS test).

Fig. 6. Metabonomic profiles of urine samples from rats exposed to AAI, AAIþAAII or AAII versus control rats. Spectra obtained by 1H NMR analysis of control and post-dose
urine samples collected from rats receiving 75 mg/kg of AAII are superimposed for a visual comparison of urinary changes. Several changes are observed between the control sample
and the post-dose samples (from 24 h to 48 h after injection): Peaks corresponding to hippurate (3.97 þ 7.55; 7.61; 7.84 ppm), allantoin (5.38 ppm) and creatinine (4.05 ppm) are
higher in pretest sample. On the contrary peaks of lactate (1.32 ppm), alanine (1.48 ppm), Glucose region, and acetate (1.92 ppm) increased. Spectra from 0.00 to 8.00 ppm, water
region (4.5e5.25 ppm) and PEG peaks (3.65e3.73 ppm) were removed prior to the analysis.
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weight loss observed in rats exposed to AAII, the study protocol was
prematurely ended: 3 rats had to be euthanized after 48 h and the
remaining animals after 72 h. The results (food intake, weight gain
and biological parameters) are presented in Fig. 5.

Significantly decreased urinary levels of creatinine, hippurate,
allantoin, a-ketoglutarate were found in the metabonomic profiles,
whereas glucose, acetate, alanine and lactate levels tended to in-
crease after injection of AAII (Fig. 6).

In some rats, a dramatic but not significant increase in urinary
acetate level was observed as well as peaks corresponding to amino
acids. As illustrated in Fig. 7 (A-H), rats treated with AAII at 75 and
100 mg/kg exhibited similar lesions in tubular and interstitial



Fig. 7. Representative photomicrographs (original magnification A,C,E,G x200 e B,D,F,H �400) illustrating tubular and interstitial injuries in AAII 75 mg/kg (A-D), AAII 100 mg/kg (E-
H) -intoxicated rats at 96 h. Significant proportion of necrotic tubules (NT) with cell debris in tubular lumens were present in AAII 75 mg/kg (A-D). This was even greatly increased at
AAII 100 mg/kg-treated rats (E-H). These tubular alterations were associated with an increase of inflammatory cells (arrow) in both doses (C,H). Sign of proteinuria was revealed by
the presence of PAS-positive casts in the lumen of some collecting ducts (*) (D, E).
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structures than rats treated with the mixture of AAIþAAII. Indeed,
acute tubular necrosis was present in proximal tubules from the
cortex and OSOM areas (A-B). The degree of severity of tubular
necrosis was even enhanced at 100mg/kg of AAII (E-H). In addition,
in the interstitium, AAII exposure also induced an increase in
interstitial cell density (Fig. 7 C, H). In parallel, sign of proteinuria
was revealed by the presence of PAS-positive casts in the lumen of
some collecting ducts (Fig. 7 D, E).

4. Discussion

Both genomic and proteomic approaches have already been
applied to investigate the cellular mechanisms of AA toxicity and
highlighted characteristic patterns of AA exposure, demonstrating
among others specific mutation in p53, the suppressor tumor gene,
and urinary excretion of some low MW proteins such as alpha-1-
microglobuline (Grollman et al., 2007; Rucevic et al., 2012; Slade
et al., 2009). Specific AA-DNA adducts formed during the
biotransformation of AA are also proposed as histological bio-
markers of prior exposure to AA (Jelakovic et al., 2012). Although
Table 2
Respective decreased and increased metabolites after exposure to AAI, AAII or AAIþAAII

Group Decreased metabolites
(p-value)

Fold-ch

AAI Citrate (0.004)
Alpha-ketoglutarate (0.04)
Succinate (0.33)
Hippurate (0.537)

0,39
0,65
0,78
0,86

AAIþAAII Citrate (0.004)
Alpha-ketoglutarate (0.006)
Succinate (0.02)
Hippurate (0,429)

0,31
0,40
0,61
0,94

AAII Citrate (0.004)
Alpha-ketoglutarate (0.004)
Succinate (0.01)
Creatinine ((0.005)
Hippurate (0.002)

0,15
0,26
0,37
0,44
0,23
these biomarkers are useful to understand the toxic mode of action
of AA, their identification/detection still requires heavy analytical
methods such as tissue collection, DNA isolation, fragmentation,
and amplification, hybridization to oligonucleotides (Grollman
et al., 2007; Rucevic et al., 2012; Dong et al., 2006). By compari-
son, the metabonomic approach offers many advantages: samples
collection and preparation are fast and simple and metabonomic
biomarkers are most often detected at early stages of the pathology,
making of this method a powerful predictive tool (Wishart, 2006).
In the context of intoxications due to AAs-exposure, several authors
have shown the diagnostic, prognostic and predictive power of this
metabonomic tool either in animal models (Hu et al., 2017; Chen
et al., 2016; Zhao et al., 2015a; Zhao et al., 2015b) or in humans
(Mantle et al., 2011; Duquesne et al., 2012).

In the present study conducted in rats, the metabonomic tool
was used to evaluate and compare the respective toxic responses to
either AAI or AAII alone or to the mixture (AAIþAAII) towards the
proximal tubule. Our main results identified significant changes in
metabolites, whose levels were either increased or decreased,
reflecting functional cell impairments which could be considered
compared to control group. Significant metabolites appear in bold.

anges Increased metabolites
(p-value)

Fold-changes

Glucose (0,122)
Glycine (0.125)
Lactate (0.329)
Creatinine (1)

1,28
1,44
1,20
1,02

Glucose (0.004)
Glycine (0.004)
Lactate ((0.004)
Creatinine (0.004)

1,98
2,10
1,45
1,29

Glucose (0.002)
Glycine (0.002)
Lactate (0.699)

1,62
1,47
1,13



Table 4
Semi-quantitative summary of respective morphological abnormalities observed
after exposure to AAI, AAIþAAII or AAII.

Time-points Dose Renal lesions AAI AAIþAAII AAII

96 h 50 mg/kg Cortex
OSOM

e

e

e

þ (prot.)

75 mg/kg Cortex
OSOM

e

þ
þ
þþ (prot.)

þ
þþ (prot.)

100 mg/kg Cortex
OSOM

þ
þþ

þþ
þþ (prot.)

þþ
þþ (prot.)

192 h 75 mg/kg Proteic casts
Atrophic tubules

þþ
þ

100 mg/kg Proteic casts
Atrophic tubules

þþþ
þþ
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as early biomarkers of AA toxicity (Table 2).
The exposure to AA causes a higher glycosuria. After glomerular

filtration, glucose is massively reabsorbed by two different types of
membrane transporters localized in the different parts of the
proximal tubular epithelium. Within the brush border, two active
sodium glucose co-transporters SGLT2 in S1 and SGLT1 in S3
segment reabsorb 90% and 10% of the filtered glucose fraction,
respectively. Then, its way back to the bloodstream is facilitated by
two basolateral membrane glucose transporters, GLUT2 and GLUT1
in the S1 and S3 segments, respectively (Rahmoune et al., 2005). As
observed histologically, AA toxicity is marked by a dramatic loss of
the brush border suggesting that the massive glycosuria observed
after AA intoxication, reflects a defect of reabsorptive capacity of
glucose by transport systems due to the disappearance of the apical
membrane. The reduction in the Krebs cycle activity as evidenced
by the reduced levels of its intermediaries in urine samples (suc-
cinate, citrate, alpha-ketoglutarate) after exposure to AA is most
likely consecutive to this poor availability of glucose, normally
consumed by the glycolysis to produce pyruvate that supplies the
Krebs cycle. However, it is well demonstrated that mitochondrial
stress occurs during AA exposure (Hsin et al., 2006). Given that
mitochondria are the place for Krebs cycle and are quite abundant
in the brush border of the proximal tubules, the deficiency in the
Krebs cycle activity may be seen as a mitochondrial dysfunction.

Hippurate is synthetized by the conjugation of glycine and
benzoate in the kidney but also in the liver and in the intestine
(Poon and Pang, 1995; Strahl and Barr, 1971). As previously shown
by Deguchi et al. in 2005, circulating hippurate molecules are
mostly uptaken by the organic anion transporter 1 in rats (rOat1)
located in the basolateral membrane of kidney. Hence, active
tubular secretion is the major route to eliminate hippurate.
Consequently, the renal clearance of endogenous hippurate is
proposed as a useful indicator of changes in renal secretion during
chronic renal failure associated with reduced levels of OAT proteins
(Deguchi et al., 2005). Thus, the decreased hippurate secretion
observed in our study could be due to a loss of OAT1 transporters in
the damaged basolateral membrane after AA exposure. Moreover,
as AA presents a chemical structure common to known OAT sub-
strates, it was already suggested that AA and hippurate use the
same transporter to enter the proximal tubule cell (Dickman et al.,
2011; Bakhiya et al., 2009; Babu et al., 2010). In addition, the pro-
tective effect of probenecid, an inhibitor of organic acid trans-
porters towards the proximal tubular cells in an AAN mouse model
has been demonstrated (Baudoux et al., 2012). Thus, these addi-
tional observations support the competitive transport between
hippurate and AA which would jeopardize the renal secretion of
hippurate.

Elevated urine concentrations of acetate and lactate are markers
Table 3
Summary of metabonomic and histological results.

Metabolites Urinary levels Markers of

Succinate
Citrate
Alpha-ketoglutarate

Krebs cycle deficiency; mitoc

Creatinine Altered filtration/secretion ba

Hippurate Tubular secretion defect

Glucose Tubular reabsorption defect

Lactate Necrosis, anaerobic metabolis
of proximal tubular metabolism injury and acute tubular necrosis
(Hauet et al., 2000). Although the highest levels of lactate are found
in muscles, lactate production occurs in most tissues of the human
body. It is chiefly cleared by the liver and converted to glucose
through the Cori cycle. In aerobic conditions, lactate production is
bypassed by pyruvate which then enters the Krebs cycle. Under
anaerobic conditions, lactate is produced during glycolysis and
serves for gluconeogenesis. Thus, the increase of urine lactate levels
associated to the lack of glucose availability could be interpreted as
the onset of anaerobic pathway as energy source.

Creatinine, a nitrogenous compound, is the breakdown product
of creatine phosphate metabolism in muscle. It is produced at
constant rate by the body and released in the bloodstream to finally
undergo renal glomerular filtration and, to a lesser extent, proximal
tubular secretion. When glomerular filtration is reduced, creatinine
levels rise in blood and decrease in urine (Klawitter et al., 2010).
Therefore, the decrease in urine creatinine levels together with its
increase in serum, as observed in AA rats, may reflect a reduced
glomerular filtration but also a secretion defect by PTEC.

Histological analyses of kidney tissue samples highlighted that
AA exposure causes massive brush border loss, tubular necrosis,
proteinuria and increased inflammatory cells. Interestingly, these
observations are consistent with the biological interpretation of the
identified metabolites (Table 3).

Moreover, the morphological alterations were more pro-
nounced in rats exposed to AAIþAAII or AAII alone than those only
exposed to AAI and the dose-dependent effects were also histo-
logically observed, in parallel with our metabonomic findings
(Table 4).

To conclude, combining our urinary metabonomic data to
biochemical and histological results, we propose a cascade of early
Histological observation

hondrial dysfunction; lack of energy (glucose) Brush border loss

lance Brush border loss

Brush border loss

Brush border loss

m Tubular necrosis
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physiopathological events consecutive to AA exposure. Renal
tubular cells, main targets of AA, are affected by an apoptotic wave
leading, among others, to the loss of apical-basolateral polarity. As
explained before, tubular cell apoptosis/necrosis which is reflected
by increased levels of lactate and acetate, affects the reabsorption/
secretion processes, leading to glycosuria and a decreased excretion
of hippurate. A defect in glucose reabsorption associated with a
reduced food consumption (observed in most of our AA-exposed
animals) causes a shift in energy metabolism. Lactate, therefore,
appears to be the most available energy source through the Cori
cycle, which involves neoglucogenesis and anaerobic glycolysis
steps.
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