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The discovery of new biomarkers for early detection of drug-induced acute kidney injury
(AKI) is clinically important. In this study, sensitive metabolomic biomarkers identified in
the urine of rats were used to detect cisplatin-induced AKI. Cisplatin (10 mg/kg, i.p.) was
administered to Sprague-Dawley rats, which were subsequently euthanized after 1, 3 or 5
days. In cisplatin-treated rats, mild histopathological alterations were noted at day 1, and
these changes were severe at days 3 and 5. Blood urea nitrogen (BUN) and serum creatinine
(SCr) levels were significantly increased at days 3 and 5. The levels of new urinary protein-
based biomarkers, including kidney injury molecule-1 (KIM-1), glutathione S-transferase-a
(GST-), tissue inhibitor of metalloproteinase-1 (TIMP-1), vascular endothelial growth factor
(VEGF), calbindin, clusterin, neutrophil, neutrophil gelatinase-associated lipocalin (NGAL),
and osteopontin, were significantly elevated at days 3 and 5. Among urinary metabolites,
trigonelline and 3-indoxylsulfate (3-IS) levels were significantly decreased in urine collected
from cisplatin-treated rats prior to histological kidney damage. However, carbon tetrachloride
(CCly), a hepatotoxicant, did not affect these urinary biomarkers. Trigonelline is closely
associated with GSH depletion and results in insufficient antioxidant capacity against
cisplatin-induced AKI. The predominant cisplatin-induced AKI marker appeared to be
reduced in urinary 3-IS levels. Because 3-IS is predominantly excreted via active secretion in
proximal tubules, a decrease is indicative of tubular damage. Further, urinary excretion of 3-
IS levels was markedly reduced in patients with AKI compared to normal subjects. The area
under the curve receiver operating characteristics (AUC-ROC) for 3-IS was higher than for
SCr, BUN, lactate dehydrogenase (LDH), total protein, and glucose. Therefore, low urinary
or high serum 3-IS levels may be more useful for early detection of AKI than conventional

biomarkers.
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1. Introduction

Acute kidney injury (AKI), defined as a rapid decline in glomerular filtration rate (GFR),
may be associated with a higher mortality rate in patients. Despite considerable advances in
nephrology and medical care over the past decade, protective mechanisms underlying AKI
are still not clearly understood." AKI is a limiting factor in the development of new drugs that
are needed for treating various disorders.” Thus, new and more effective biomarkers are
required for early detection of AKI.

Serum creatinine (SCr) and blood urea nitrogen (BUN) are the most routinely used clinical
parameters for detecting AKI. These conventional nephrotoxicity biomarkers are not
sufficiently sensitive for indicating the presence of renal damage, however, because
alterations in SCr and BUN only become apparent after severe renal epithelial mass loss has
already occurred.”* Changes in SCr and BUN are not specific for AKL they are influenced by
a variety of other non-renal factors, such as age, muscle mass, and diet, which hinders the
diagnosis of AKI.>° Recently, several alternatives to SCr and BUN were proposed for
detecting nephrotoxicity.7’8 Protein-based biomarkers in urine, such as total protein, kidney
injury molecule-1 (KIM-1), clusterin, and cystatin C, have been suggested as new biomarkers
of renal damage by the Food and Drug Administration (FDA) and the European Medicines
Agency (EMEA).”'® There have been attempts to find reliable biomarkers that provide a
more rapid and sensitive means of detecting AKI. The FDA and EMEA considered several
urinary proteins as novel biomarkers that may serve as important tools for early detection of
drug-induced kidney injury. This directive was based upon proposed biomarkers submitted by
the Predictive Safety Testing Consortium (PSTC), comprised of scientists from 16
pharmaceutical companies.'' It may be possible for these biomarkers to be used as indicators

of whole-organ nephrotoxicity and also to determine the specific renal site and degree of
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damage. The use of these new biomarkers may prove beneficial in facilitating early diagnosis,
guiding targeted intervention, and monitoring disease progression and resolution. '
Metabolomics is an emerging bioanalytical field that offers the potential to understand
disease states and elucidate mechanisms underlying physiological and metabolic pathways
involved in drug-induced toxicity."'® Because of greater stability and species independence
compared with protein-based methods, metabolomics provides a means to identify novel
biomarkers for early, reliable detection of nephrotoxicity that may be preferable to methods

based on protein data.'”?!

The aim of the present study was to identify new biomarkers for
early detection of nephrotoxicity in the urine of rats treated with cisplatin, a known
nephrotoxicant.**** The sensitivity of conventional biomarkers was compared to that of new
metabolic and protein-based urinary biomarkers. To determine whether the cisplatin-induced

effects on these biomarkers are tissue-specific, the cisplatin-mediated effects were compared

to those produced by carbon tetrachloride (CCly), a known hepatotoxicant.21

2. Experimental section

2.1. Chemicals
Cisplatin and CCls were purchased from Sigma-Aldrich (St. Louis, MO, USA). 3-
(Trimethylsilyl) propionic-2,2,3,3-d, acid (TSP), imidazole, and sodium azide were also

purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals and husbandry
Male Sprague-Dawley rats (weighing approximately 180 g, 6 weeks old) were purchased
from Charles River Laboratories (Orient, Seoul, Korea). Animals were housed under

controlled temperatures (22 + 2°C) and relative humidity (50-60%) with a 12 hr light-dark

Page 4 of 33



Page 5 of 33

Molecular BioSystems

cycle. The animals were provided with food (PMI, Brentwood, MO, USA) and tap water ad
libitum. Rats were acclimated for 1 week prior to use. They were randomly allocated to
control and drug treatment groups with 6 rats per group. The animal protocol used in this
study was approved for ethical procedures and scientific care by the Pusan National
University-Institutional Animal Care and Use Committee (Approval Number PNU-2012-

00211).

2.3. Experimental design

The cisplatin-mediated AKI model is a method involving intraperitoneal injection of cisplatin
at 10 mg/kg to produce AKI 3-5 days following treatment™. In this study, animals were
injected with cisplatin (10 mg/kg body weight, ip, dissolved in 0.9% saline) or CCly (0.5
mg/kg body weight, ip, dissolved in 0.9% saline) while vehicle control received 0.9% saline.
The animals were anesthetized with carbon dioxide 1, 3, or 5 days following cisplatin
treatment. For CCly-treated animals, euthanasia with carbon dioxide also occurred after 1, 3,
or 5 days. Blood was collected from the abdominal aorta in heparinized tubes, and plasma
samples were separated by centrifugation at 3000 g for 15 min. Samples were immediately
stored at -80°C and kept until analysis. After blood collection, both kidneys (right and left)
were excised. The left kidney was immediately frozen in liquid nitrogen and stored at -80°C.
The right kidney was fixed overnight in 10% neutral formalin and dehydrated in 70% ethanol.
Urine samples were collected from animals at 1, 3, and 5 days. Each animal was kept in a rat
metabolic cage overnight, and urine samples were collected every 24 hr in the morning. Urine
samples were immediately centrifuged at 1500 g for 15 min and stored in aliquots at -80 °C

for subsequent analysis.

2.4. Histopathological examination
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After euthanasia, the right kidney and liver were fixed overnight in 10% neutral buffered
formalin and dehydrated with 70% ethanol. Each tissue was embedded in paraffin and 5 pm
sections were cut and mounted on slides. Slide sections were stained with hematoxylin and
eosin (H&E). The slides were histologically processed and microscopically examined.
Photomicrographs of the kidney were taken at 200x magnification using a Zeiss Axiphot light
microscope (Zeiss, Oberkochen, Germany) fitted with a Sony 3CCD camera (AVT Horn,

Aalen, Germany).

2.5. Clinical chemistry

For clinical chemistry measurements, serum creatinine (SCr), blood urea nitrogen (BUN),
and serum glucose levels were measured using the VetScan analyzer (Abaxis, Inc. Union City,
CA, USA). Levels of urinary glucose, lactate dehydrogenase (LDH), and protein were
determined using a Vitros 700XR (Ortho-Clinical Diagnostics, Neckarsgemuend, Germany)

at the Laboratory for Clinical Chemistry of the Medical School, Pusan National University.

2.6. Detection of newly developed urinary biomarkers

The evaluation of novel urinary kidney markers was performed using a WideScreen™ Rat
Kidney Toxicity Panel 1 and 2. This panel was based on an immunosandwich assay
immobilized on microparticle beads and used according to the manufacturer’s instructions, as

described by Hoffmann et al. **

2.7. Western blot analysis
Preserved urine samples were mixed with an activation/wash buffer, and the resulting slurry

containing bound proteins was loaded onto a Mini Filter Spin Column (Norgen, Biotec Corp.,
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Thorold, ON, Canada). The bound proteins were washed to remove any remaining impurities.
Finally, purified total urine proteins were dissolved in 150-300 pl of the provided elution
buffer. The method employed removes highly concentrated salts and metabolic wastes to
allow isolation of high-quality proteins. Purified urinary proteins (20 pg) were loaded onto
10-15% SDS-polyacrylamide (PAGE) gels. After electrophoresis, the proteins were
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA,
USA). The membranes were incubated for 1 hr in TNA (10 mM Tris-Cl, pH-7.6, 100 mM
NacCl, and 0.5% Tween 20) buffer containing 5% skim milk and then incubated with different
primary antibodies at 4°C overnight. Reactive bands were revealed using an enhanced

chemiluminescence (ECL)-plus kit (Amersham Biosciences, Buckinghamshire, UK).

2.8. 'HNMR spectroscopy and data processing

The analysis of urine samples was carried out using equipment purchased from Varian
(Varian Inc., Palo Alto, CA, UAS) at a working frequency of 600.167 MHz and temperature
of 299.1 K. Deuterium oxide and TSP-d4 were used for field frequency locking and internal
chemical shift references, respectively. Single-pulse spectra were acquired using a CPMG
(Carr-Purcell-Meiboom- Gill) pulse sequence to suppress the water signal. Each '"H NMR
spectrum was recorded at 128 scans into 32 K data points, which resulted in an acquisition
time of 12 min. All data were apodized automatically with an exponential function using line
broadening of 0.2 Hz prior to Fourier transformation. Data were then calibrated to TSP-d4 at
0 0.00 ppm. Spectral assignment was performed by Chenomx NMR Suite 7.1 software
(Chenomx Inc., Edmonton, Canada) and compared with published data. After processing,
data were reduced into 920 spectral integral regions corresponding to a chemical shift range

of 8 0.2 ppm-10 ppm using the Chenomx NMR Suite, as described previously.'>'
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2.9. Multivariate data analysis

Principal component analysis (PCA) was initially used to identify and remove outliers from
analysis, and partial least squares-discriminant analysis (PLS-DA) was applied to maximize
the separation between groups using SIMCA-P (version 11, Umetrics, Umea, Sweden).
Multivariate statistical data analysis, including unsupervised principal component analysis
(PCA) was performed using SIMCA-P (version 11, Umetrics, Umed, Sweden). PCA is an
exploratory unsupervised pattern recognition method that transforms a set of observations of
possibly correlated variables into a set of linearly uncorrelated variables called principal
components (PCs). This was used to provide an overview of the dataset and to aid in the
identification of metabolic alterations due to the injury. The statistical confidence level was
95% and significance level for distance to model (DModX) and Hotelling’s T2 was 0.05.
Center (Ctr) scaling was selected before fitting. Cross validation groups are based on every

Nth observation assigned to the same group.

2.10. Urine collection from normal and AKI patients

Seven AKI patients were studied for detection of urinary 3-IS levels. Protein biomarkers were
also measured in the urine of seven patients with AKI and 5 control individuals with no
apparent evidence of renal disease. The seven patients with various causes of acute renal
failure were randomly selected from patients seen for renal consultation at Korea University
(Seoul, Korea) Hospital from June to July 2012. Ten ml urine was collected and then

centrifuged at 1000 g for 5 min. The supernatants were stored at -80°C.

2.11. LC-MS/MS conditions and sample preparation
A 50 ul aliquot of biological sample was deproteinized with 150 pl aliquot acetonitrile

containing 1 pg/ml of LDD966 (internal standard). The mixture was vortexed for 30 sec and
8
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centrifuged for 10 min at 10,000 g. Then, 2 pl supernatant was injected into HPLC. The LC-
MS/MS system used was an UltiMate® 3000 LC unit (Thermo Fisher Scientific Inc.,
Waltham MA, USA) connected to an API3200 quadruple MS/MS unit (AB Sciex Inc.,
Framingham, MA, USA). System control and data analysis were carried out using Analyst
software (Version 1.5.0, AB Sciex Inc.). Biological samples were analyzed by HPLC using a
Gemini-NX C18 (Phenomenex, Torrance, CA, USA) with a 100 mm x 2 mm, 3 um particle
size main column. The mobile phases were (A) purified water containing 0.1% formic acid
and (B) acetonitrile containing 0.1% formic acid. The flow rate was 0.3 ml/min, with a
gradient starting at 80% of A that decreased linearly to 5% within 1 min and was then held
for 0.5 min. The injection volume was 2 pl. The column oven was maintained at 50 °C and
the run time was 8 min. Multiple reaction monitoring (MRM) transitions and collision energy
(eV) for 3-IS and LDD966 (internal standard) were m/z 211.8—80.0 (-34 eV) and
327.9—298.1 (-30 eV), respectively. Scan and dwell times werel.2 and 0.4 sec, respectively.
MS analysis was performed by electrospray ionization (ESI) interface in negative ion mode

with a spray voltage of -4500 V at 400°C.

2.12. Statistical analysis

All data were expressed as means + SD of at least three independent experiments. Statistical
analysis was performed using one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison tests in the StatView 5.0.1 software package (SAS Inc.,
Cary, NC, USA). Receiver-operator characteristic (ROC) curves for each individual study
were plotted using the Graph Pad Prism 5 software package (GraphPad Software Inc., La

Jolla, CA, USA). A *p-value <0.05 was considered statistically significant.
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3. Results

3.1. Effects on clinical chemistries

Following cisplatin treatment, serum BUN, SCr, and glucose levels significantly increased
from day 3 to 5 (Fig. 1A). In contrast, CCls did not markedly affect BUN, SCr, or glucose
levels. In cisplatin-treated rats, AST and ALT enzyme levels were unchanged at all times
compared with the control (Fig. 1C). Significant elevation in serum AST and ALT activities
were observed 1 day following CCly treatment, but enzyme activities returned to control
levels at days 3 and 5. These findings correlated with histological observations in the liver,
where lesions were primarily detectable on day 1 following CCl, treatment (Fig. 2B). As
shown in Table 1, significant changes were observed in urinary parameters following
cisplatin treatment. Levels of urinary total protein and glucose were markedly increased at
days 1, 3, and 5. Enhanced excretion of urinary LDH was observed only after day 3. In

contrast, elevation in urinary total protein at day 5 was the only significant change noted in

urinary biomarkers following CClas treatment.

3.2. Histopathological examinations of kidney and liver

A single cisplatin treatment produced morphological changes in the kidney after 1 day as
evidenced by moderate inflammation and degeneration in proximal and distal tubules.
However, the morphological changes were largely considered to be mild or unchanged (Fig.
2A). The severity of cisplatin-induced kidney injury was greater at day 3, including loss of
tubular cells, tubular vacuolization, and cytoplasm shrinking in the proximal tubule. At day 5,
tubular degeneration and severe necrosis occurred in some tubule portions. There were
karyorrhectic tubular cells (Fig. 2A), but no marked alterations in glomeruli were noted. No

renal lesions were observed in the vehicle control or CCly-treated groups (Fig. 2A). At 1 day,

10
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CCly produced minimal hepatocellular vacuolation and single cell necrosis in the liver, as
evidenced by a moderate increase in Kupffer cell number and fibrosis (Fig. 2B). Mild clear
cell foci were observed at day 3, but there was no evidence of hepatic changes at day 5. These
data indicate that the animals recovered from CCls-induced hepatic injury by day 5. Cisplatin
treatment did not produce any apparent hepatocellular injury, indicating tissue-specific effects

on the kidney (Fig. 2B).

3.3. Changes in urinary protein-based biomarkers for nephrotoxicity

Cisplatin-treatment significantly increased urinary excretion of protein-based biomarkers
(TIMP-1, VEGF, osteopontin, KIM-1, calbindin, clusterin, NGAL, and GST-a) in a time-
dependent manner (Fig. 3A). No significant excretion in protein biomarkers was observed at
day 1 after cisplatin injection. However, there was marked elevation in TIMP-1 (48.5-fold),
KIM-1 (4.1-fold), calbindin, clusterin, NGAL (3.8-fold), and osteopontin levels in the urine
of cisplatin-treated animals after 3 days (Fig. 3A). Levels of KIM-1 (4.1-fold), NGAL (3.8-
fold) and TIMP-1 (48.5-fold) were significantly elevated at day 3. In contrast, no significant
changes in urinary excretion of protein-based biomarkers were observed in CCly-treated
animals (Fig. 3A). Urinary excretion of these protein-based biomarkers was also confirmed

by Western blot analysis, as shown in Fig. 3B.

3.4. Metabolomics and multivariate data analysis

"H NMR spectra were obtained from the urine of control or cisplatin-treated rats. Based on
"H NMR spectra, each metabolite was identified using ChenomX NMR suite 6.0 professional.
A typical '"H NMR spectrum showing metabolites in urine is presented in Fig. 4A. The
presence of metabolites such as trigonelline, 3-indoxyl sulfate (3-1S), hippurate, and cis-

aconitate was determined. Several metabolites were decreased at day 1 to 3 relative to the
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control, including citrate, cis-aconitate, trigonelline, hippurate, and 3-indoxylsulfate (Table 2).

Reduction in renal osmolytes, predominantly methylamine, was evident from day 1 to 3, and
dimethlyamine levels rose at day 1 but fell significantly at day 3. Lower levels of Krebs cycle
intermediates in urine, including fumarate, cis-aconitate, and citrate, were noted (Table 2).
Citrate was markedly lower at day 1 and further reduced by day 3. Trigonelline, also known

as N-methylnicotinate, was significantly decreased at both time points. Hippurate and 3-IS

levels, which are generated by gut microflora, were significantly reduced at both days 1 and 3.

In contrast, urinary excretion of glucose, acetate, pyroglutarate, alanine, lactate and formate
was markedly elevated (Supplementary Fig. 1).

CCly treatment exerted no marked effects on 3-IS or trigonelline levels at any time point.
Following injection of CCl4, Krebs cycle intermediates citrate, trans-aconitate, and 2-
oxoglutarate decreased over the course of the study, as reported previously.''*! Hppurate,
methylamine, and malonate levels were also reduced in animals following CCl4 treatment.
Interestingly, formate and taurine were initially elevated on dayl and 3, but decreased to less
than control levels at day 5 (data not shown).

To further investigate differences between control, cisplatin, and CCl, treatments, partial
least-squares discriminant analysis (PLS-DA) model were constructed (Fig. 4B). A score plot
of the PLS-DA model showed that cisplatin-treated group could be separated from the

vehicle-treated group (Fig. 4B). Multivariate data analysis of 'H NMR showed clear

separation of the controls from cisplatin-treated animals along the first principal component
[1]. Similarly, urine samples from the cisplatin-treated groups were distinct in a time-
dependent manner along the second principal component [2] plot. However, one of the
cisplatin-treated animals at day 1 fell into the control cluster (Fig. 4Ba). The CCl, treatment

group demonstrated clear separation from the vehicle control group and animals treated from

12
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day 1 onwards along the discriminating principal component [2], except for one of the CCls-
treated animals at day 5. In the PCA model plot with cisplatin, control and CCl, treatments,
discriminative separation of cisplatin from the other groups was noted, but there was no

apparent discrimination of control from CCl, (Fig. 4B).

3.5. Changes in 3- IS level in rats

Based on metabolite profiling, 3-IS, which appeared to be the most affected by cisplatin, was
quantified in the urine, left kidney, and serum using HPLC. Endogenous 3-IS concentrations
in the urine, serum and left kidney treated with cisplatin are shown in Fig. SA. Urinary
excretion of 3-IS was significantly decreased in a time-dependent manner after cisplatin
treatment. Significant elevation of 3-IS in the left kidney (8.6-fold) and serum (10.6-fold) was
observed at 3 days after cisplatin treatment (Fig. SA). In contrast, treatment with CCl, did not
produce a significant change in 3-IS levels in the urine, left kidney and serum

(Supplementary Fig. 2).

3.6. Changes in urinary excretion of 3- IS levels and urinary protein biomarkers in
patients with AKI

The individual datum for changes in urinary excretion of 3-IS are shown in Fig. 5B. Urinary
excretion of 3-IS was markedly decreased in patients with AKI compared with controls. The
mean concentration of urinary 3-IS was markedly reduced in 7 patients, although the fall was
numerically small in 2 patients. Correlation of 3-IS levels and excreted protein-based
biomarkers was also compared in the urine of AKI patients and control subjects. As shown in
Fig. 5C, urinary excretion of clusterin, KIM-1, NGAL, and HMGB1 was markedly increased

in the urine of patients with AKI, but not in control subjects.

13
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3.7. Receiver operating characteristic (ROC) analysis

ROC curves were plotted to compare the performance of the metabolite biomarker 3-IS to
traditional biomarkers SCr and BUN as well as to urinary LDH, glucose, and total protein.
The reliability and sensitivity of these biomarkers for detection of acute renal injury was
investigated. These analyses demonstrated that 3-IS appeared to be a sensitive and reliable

indicator of cisplatin-induced AKI (Fig. 5D).

4. Discussion

Cisplatin treatment produced tubular vacuolization and severe necrosis in some portions of
rat kidney proximal tubules at days 3 and 5. These findings are in agreement with previously
published observations on cisplatin-induced nephrotoxicity”* indicating that cisplatin as
used in our study was an effective model for studying AKI. Histopathology was not useful as
an early biomarker for renal damage, as the damage had already occurred.” In the present
study, cisplatin numerically increased levels of SCr and BUN. However, urinary parameters
such as LDH activity and glucose levels were markedly elevated. It should be noted that SCer,
BUN, urinary LDH activity, and glucose are not recognized as early sensitive biomarkers of
injury.’*’ In addition to identifying early metabolomics biomarkers of renal injury, the tissue
specificity of biomarkers was validated CCly, a hepatoxicant. Data comparing the effects of
cisplatin with CCl4 on clinical chemistries showed marked differences. While cisplatin
increased SCr, BUN, and glucose in plasma, CCls did not markedly affect these serum and
urinary parameters. Although cisplatin-induced effects were found to be tissue-specific, these

biomarkers are not sufficiently sensitive to detect early signs of renal damage.

14
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Cisplatin significantly increased total urinary proteins. Thus, it was of interest to
determine which components of total protein were affected. Among urinary protein
components, the protein biomarkers of kidney injury induced by cisplatin that were elevated
included KIM-1, GST-a, TIMP-1, VEGF, calbindin, clusterin, NGAL, and osteopontin.
Although significant elevations were noted in clusterin, NGAL, and KIM-1 at both 3 and 5
days after cisplatin treatment, marked urinary increases were eventually observed in all renal
biomarkers. This indicates that clusterin, NGAL, and KIM-1 may be more sensitive
indicators of nephrotoxicity than other markers measured in our study. It is of interest that
clusterin, NGAL, and KIM-1 were previously characterized as early and sensitive protein
biomarkers in urine.***? Urinary NGAL, clusterin, and KIM-1 emerged as sensitive
biomarkers for the early detection of kidney injury in pediatric patients. Mishra et al. >
reported that urinary NGAL had a high AUC-ROC (0.99) level in many children after
undergoing cardiopulmonary bypass surgery. This study also confirmed that urinary
excretion levels of these protein-based biomarkers were markedly increased in patients with
AKI. On the basis of clinical findings, KIM-1 represents a promising biomarker for early

diagnosis of AKI and its clinical outcomes.”**> Thus, it was postulated that these protein-

based biomarkers are secreted into urine from damaged renal tissues.
Based on 'H NMR metabolic profiling, cisplatin treatment decreased citrate,

methylamine, dimethylamine, hippurate, trigonelline, and 3-IS; however, this drug elevated
lactate and formate. It is postulated that the increase in urinary lactate levels are related to

36,37 or

mitochondrial damage, possibly as a consequence of impaired pyruvate oxidation
altered energy metabolism in proximal tubular cells.*® The Krebs cycle intermediates in urine

were significantly lowered, including fumarate, cis-aconitate, and citrate. These findings are

similar to those previously reported using cisplatin and other nephrotoxicants.*** The

15
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reduction in urinary excretion of the Krebs cycle intermediates citrate, 2-oxoglutarate, and
fumarate may be a non-specific effect following toxic organ injury because both cisplatin and
CCly reduced these metabolic constituents in urine. Another prominent change induced by
both cisplatin and CCls treatment was marked reduction in hippurate levels. Changes in
urinary TCA cycle intermediates and hippurate appear to be non-specific responses and may
not be considered reliable biomarkers of renal disease. The metabolism of S-adenosyl-L-
methionine (SAMe) into S-adenosyl homocysteine (SAH) results in the byproduct trigonelline.
In our investigation, cisplatin treatment was found to lower urinary trigonelline and
glutathione (GSH) levels. Trigonelline may be associated with alterations in the SAMe cycle
as a result of depletion in the transulfuration pathway for regenerating GSH. Sun et al
postulated that the fall in trigonelline levels may be related to decrease in GSH levels in the
livers of acetaminophen-treated rats. Similarly, cisplatin-induced reduction in kidney and
urine GSH levels in our study was associated with a fall in urinary trigonelline levels.

3-IS is a renal toxin that accumulates in the blood of uremic animals or patients as a
consequence of decreased or absent urinary excretion of 3-IS, and is believed to be indicative
of renal tubular injury.** As early as day 1 (15-fold) and day 3 (87-fold), a marked fall in 3-IS
excretion was noted following cisplatin treatment. This is especially important to identifying
biomarkers, as a decrease in 3-IS preceded any evidence of apparent histopathological kidney
damage. 3-IS is predominantly excreted via active secretion through the organic anion
transporter (OAT) in  proximal tubules™ and not via glomerular filtration, as 3-IS binding to
albumin prevents from entering the glomerulus.** Thus, lower levels of 3-IS noted in urine
may be indicative of renal tubular damage, as demonstrated in our human study. Further
investigation is required to determine the functional role of 3-IS in AKI patients. Thus,
urinary 3-IS might be useful as a marker in clinical trials such that therapy may be initiated at

an early stage in the course of AKI.
16
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In conclusion, potential urinary biomarkers of AKI produced by cisplatin treatment were
identified, and their usefulness as biomarkers for early detection of kidney damage was
compared with traditional biomarkers. Following cisplatin treatment, some protein-based
urinary kidney markers were elevated at day 1. All biomarkers examined in this study rose
significantly by day 3, suggesting that these biomarkers may be used as sensitive and early
indices of adverse effects. Data showed that 3-IS, which was significantly decreased in
urine but elevated in kidneys and serum, was a specific, reliable, and sensitive biomarker for
the detection of AKI. However, it is difficult at present to compare urinary protein
biomarkers with 3-IS levels as early sensitive biomarkers of kidney damage because each of
these parameters were similarly affected by cisplatin. Our results suggest that the
metabolomics approach may provide a sensitive and early predictive tool for detecting drug-
induced nephrotoxicity. However, combinations of multi-biomarkers may be more reliable
and predictive for diagnosing nephrotoxicity. Future studies on the use of multiple

biomarkers to determine AKI are needed.
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Figure Legends

Fig. 1. Effect of cisplatin or CCly on biochemical parameters. Male Sprague-Dawley rats
were injected with cisplatin (10 mg/kg) or CCly (0.5 mg/kg) and euthanized at indicated time
points. (A) Blood urea nitrogen (BUN), serum creatinine (SCr), and glucose levels in serum
of rats at 1, 3, or 5 days after cisplatin treatment. (B) BUN, creatinine, and glucose levels in
serum of rats at 1, 3, or 5 days after CCly treatment. (C) Serum aspirate aminotransferase
(AST) and alanine aminotransferase (ALT) activity levels in rats at 1, 3, or 5 days after
cisplatin or CCly treatment. Data are represented as mean values of individual animals.
Statistical analysis was performed by Bonferroni’s multiple comparison test. Statistically

significant changes compared with controls are indicated as *p < 0.05.

Fig. 2. Kidney and liver histopathology after cisplatin or CCly treatment. Male Sprague-
Dawley rats were injected with cisplatin (10 mg/kg) or CCly (0.5 mg/kg). After indicated time
points, the right kidney and liver were collected for hematoxylin & eosin (H&E) staining.
(Aa and Ae) Representative histology of control kidney. (Ab) Cisplatin treatment produced
mild or no changes after 1 day. (Ac) Loss of tubular cells, tubular dilation, and cytoplasm
shrinking were observed in tubular cells after 3 days. (Ad) Tubular degeneration and severe
necrosis occurred in some parts of tubules after 3 days. (Af-h) CCly did not induce any
lesions in the kidney at any time point. Arrow indicates loss of tubular cells and tubular
degeneration in the cortex. (B) Representative histology of livers in Sprague-Dawley rats
treated with cisplatin (Ba-Bd) or CCl4 (Be-Bh). (Bf) Centrilobular liver region at day 1 after
administration of CCly (0.5 mg/kg) was changed, with hepatocellular necrosis and
vacuolation. (Bg) Immune cell proliferation and mild clear cell foci occurred by day 3, (Bh)

but there was no liver injury apparent at day 5. Original magnification x200.
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Fig. 3. Changes in urinary biomarkers in Sprague-Dawley rats following cisplatin treatment.
Male Sprague-Dawley rats were injected with cisplatin (10 mg/kg) or CCly (0.5 mg/kg) and
rats were sacrificed after indicated time points. (A) Urine was collected and urinary excretion
levels of biomarkers (VEGF, Timp-1, osteopontin, KIM-1, calbindin, clusterin, NGAL, and

GST-alpha) were assayed using WideScreen™ Rat Kidney Toxicity Panel 1 and 2. The

statistical significance of differences between control and treated groups was determined
using Bonferroni's multiple comparison tests. *p<0.05, **p<0.01 at each sample point. (B)
Urinary protein was isolated and urinary excretion of protein-based biomarkers was detected

by Western blot analysis. Data are representative of three independent experiments.

Fig. 4. Representative series of 600 MHz single pulse 'H NMR spectra (6 5.0-9.5) of urine
obtained from control and cisplatin-treated (10 mg/kg) rats. (Aa) Control at day 1, (Ab) day 1,
and (Ac) day 3 after cisplatin treatment. (B) Principal component analysis of urinary 'H
NMR spectra from control rats, cisplatin (10 mg/kg), or CCly (0.5 mg/kg,) groups. 'H NMR

CA score plots of (a) cisplatin, (b) CCl, (c) both of 'H NMR.

Fig. 5. 3-Indoxyl sulfate levels and urinary excretion of biomarkers in patients with acute
kidney injury. (A) Male Sprague-Dawley rats were treated with cisplatin (10 mg/kg) and 3-
indoxyl sulfate (3-IS) levels were measured in urine, serum, and left kidney tissues at 1, 3, or
5 days after drug-treatment. Statistically significant changes compared with controls are
indicated as **p < (.01. (B) Changes in 3-IS level in the urine of control subjects and patients
with acute kidney injury (AKI). (A) Black (control) and gray (AKI patients) bars represent
individual levels of 3-IS. (C) Western blot analysis of urine collected from control subjects
and patients with AKI. Each lane represents protein immunoextracted from urine of patients

with AKI. Data are representative of three independent experiments. (D) Receiver operator
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characteristic (ROC) curve for candidate urinary biomarker (3-indoxyl sulfate) compared
with conventional parameters. Area under the ROC curve, which serves as a measure of the
overall ability of a biomarker to discriminate normal (control) versus diseased (treated)

animals, is given in parentheses.
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Table 1. Changes in body weight and urinary parameters in response to cisplatin and CCls treatment

Nephrotoxicant Hepatotoxicant
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
Con CDDP Con CDDP Con CDDP Con CCl, Con CCly, Con CCly,
Final bod 214.65t 22747+ 22520+ 22957+ 231.48+ 231.48+ 214.30+ 215.24+  222.06+ 22120+ 249.54+ 251.93+
) y 3.03 2.55 2.88 2.06 2.06 2.06 5.44 4.63 2.97 2.62 5.12 7.68
weight (g)
Urine volume 7.07+ 12.83+  7.75+ 9.60+ 9.60+ 9.60+ 7.50+ 7.22+ 7.75+ 8.00+ 8.42+ 7.65+
() 0.60 2.00* 1.62 0.69* 0.69* 0.69* 0.42 0.30 0.41 0.40 0.42 0.20
Urine pH 6.58+ 6.88+ 6.78+ 7.08+ 7.08+ 7.08+ 6.75+ 6.67+ 6.92+ 7.00+ 6.92+ 7.08+
p 0.07 0.10 0.16 0.30 0.30 0.30 0.17 0.21 0.24 0.22 0.15 0.15
Creatinine 0.25+ 0.55+ 0.28+ 0.45+ 0.27+ 0.45+ 0.26+ 0.28+ 0.24+ 0.21+ 0.24+ 0.26+
(mg/dl) 0.02 0.07* 0.01 0.14* 0.14 0.14* 0.03 0.04 0.02 0.01 0.03 0.03
BUN 1,508+ 1,212+ 1,418+ 539+ 1,537+ 357+ 17.98+ 18.76+ 19.02+ 14.36+ 19.60+  17.94+
(mg/dl) 125 214 102 37%%* 165 28%* 0.64 2.90 1.20 2.82 1.01 1.78
Total protein 78.96+ 11237+ 7238+ 156.33+ 69.45+  212.56+ 95.05+ 68.24+ 93.51+ 6732+  102.34+ 201.45+
(mg/dl) 8.41 25.74 9.36 6.89%% 1134  25.31%* 14.37 10.29 9.75 9.28 8.71 32.53%
Glucose 87.25+ 25437+  75.74+ 10025+ 7131+ 15643+ 85.42+ 80.12+ 81.25+ 63.08+ 5579+  68.25+
(mg/dl) 9.83 20.16 6.32 36.94%*%  8.92 48.7%* 6.34 16.95 8.76 6.88 6.95 6.33
LDH 10.35+ 10.87+  14.52+ 24738+ 15.78+  280.63% 10.09+ 10.82+ 721+ 7.34+ 7.29+ 8.45+
(mg/dL) 1.27 2.43 3.17 29.65%*% 239 31.25%%* 1.58 1.27 0.28 1.59 0.16 1.05
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Male Sprague-Dawley rats were injected with cisplatin (10 mg/kg) or CCla (0.5 mg/kg). After the indicated time points, each parameter was measured as

described in Experimental section. Data are presented as mean + SD. The statistical analysis was performed by ANOVA followed by Bonferroni’s multiple
comparison tests. Statistically significant changes compared with controls are indicated as *p < 0.05 and **p < 0.01.
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Table 2. Changes in urinary metabolites detected by 'H-NMR in Sprague-Dawley rats after

cisplatin administration

Fold changes Statistical p value
Super pathway Metabolite 1 day 3 day 1 day 3 day
Amino acid Tryptophan 6.54 | 3871 ND 0.233
Amino acid Aspartate 1.18] 444 | 0.010 0.025
TCA intermediates Fumarate 1.98 | 21.54 | 0.069 0.070
TCA intermediates Cis-Aconitate 3.87] 12.48 | 0.001 0.001
TCA intermediates Citrate 524 | 65.33 | 0.001 0.001
Renal osmolytes Formate 495] 3.147 0.820 0.102
Renal osmolytes Dimethylamine 1.131 14.65 | 0.010 0.002
Renal osmolytes Methylamine 4.87] 14.52 | 0.018 0.011
Gut microflora metabolites Trigonelline 7.01 ] 69.84 | 0.006 0.030
Gut microflora metabolites 3-Indoxylsulfate 1543 | 87.43 | 0.001 ND
Gut microflora metabolites Hippurate 525 60.24 | ND ND
Gut microflora metabolites Lactate 6.757 9.191 0.051 0.005

Male Sprague-Dawley rats were administered with saline (control) or cisplatin (10 mg/kg)
and urine samples were collected at the indicated time points. The analysis of metabolites in
urine samples was carried out on a Varian (Varian Inc., Palo Alto, CA) with a working
frequency of 600.167 MHz at a temperature of 299.1 K. Fold changes between cisplatin-

treated and vehicle control group are shown, with their corresponding p values.



