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Abstract Cisplatin is one of the most potent chemo-
therapeutic antitumor drugs used in the treatment of a wide
range of solid tumors. Its primary dose-limiting side effect
is nephrotoxicity. The organic anion transporter 5 (Oat5)
is exclusively localized in the kidney. Oat5 urinary excre-
tion was recently proposed as a potential early biomarker
of acute kidney injury (AKI). The aim of this study was to
evaluate Oat5 renal expression and its urinary excretion in
rats exposed to different doses of cisplatin, in comparison
with traditional markers of renal injury, like renal histology,
creatinine and urea plasma levels, creatinine clearance, pro-
tein and glucose urinary levels and urinary alkaline phos-
phatase (AP) activity. Male Wistar rats were treated with
a single injection of cisplatin at different doses of 1, 2, 5
and 10 mg/kg b.w., i.p. (Cisl, Cis2, Cis5 and Cis10, n = 4,
respectively) and experiments were carried out 48 h after
cisplatin administration. The renal expression of Oat5 was
evaluated by immunohistochemistry and Western blotting.
Oat5 abundance, AP activity, creatinine, glucose and pro-
teins were assayed in urine. Creatinine clearance and cre-
atinine and urea plasma levels were also evaluated. In this
experimental model, plasma urea and creatinine levels, cre-
atinine clearance, AP urinary activity and protein and glu-
cose urinary levels were significantly modified only at the
highest cisplatin dose of 10 mg/kg b.w., i.p., as compared
to control rats. In contrast, Oat5 urinary abundance was
increased in a dose-related manner after the administration
of cisplatin. Oat5 urinary abundance was elevated at a dose
as low as 1 mg/kg b.w., i.p., implying renal perturbation,
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when no modifications of traditional markers of renal injury
are yet observed. Oat5 renal expression was decreased in
a dose-related manner, both in homogenates and apical
membranes from cisplatin-treated kidneys. The increase
in urinary Oat5 excretion might explain the decrease in the
amount of Oat5 molecules in the renal tubule cells. Hence,
the preclinical animal results showed in this work propose
that Oat5 urinary excretion might potentially serve as a
non-invasive early biomarker of cisplatin-induced AKI.

Keywords Cisplatin - Oat5 - Renal damage - Urinary
biomarkers

Introduction

Cisplatin (cis-diamminedichloroplatinum II) is one of the
most potent chemotherapeutic antitumor drugs used in the
treatment of a wide range of solid tumors (Miller et al.
2010). It has been used to treat a great variety of neo-
plasms, mainly for head and neck, testicular, ovarian, blad-
der and small-cell lung tumors. The principal side effects
of cisplatin in man and animals include nephrotoxicity,
ototoxicity, neurotoxicity and bone marrow suppression,
but its primary dose-limiting side effect is nephrotoxic-
ity (Taguchi et al. 2005; Uehara et al. 2011). The kidney
accumulates cisplatin to a greater degree than other organs
and is the major route for its excretion. The great accu-
mulation of cisplatin in kidney tissue contributes to cispl-
atin-induced nephrotoxicity. Conversion of cisplatin to a
nephrotoxic metabolite in the proximal tubule is required
for cell injury. It is conjugated to glutathione and then
metabolized through a y-glutamyl transpeptidase and a
cysteine-S-conjugate p-lyase-dependent pathway to a reac-
tive thiol, which is a potent nephrotoxin (Yao et al. 2007).
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The mechanism underlying cisplatin anticancer activity
is not completely understood, but it is normally accepted
that cisplatin is a DNA damaging agent which forms DNA
adducts that destroy cells via various mechanisms, result-
ing in the induction of apoptosis (Arjumand et al. 2011).
The glomerular filtration rate can decrease by 30 % after
only two doses of cisplatin, and treatments must often be
stopped. Actually, only 60 % of patients complete three
of four cisplatin cycles. Cisplatin-induced nephrotoxic-
ity involves enhanced oxidative stress, inflammatory reac-
tions and tubular cell apoptosis (Yao et al. 2007; Camano
et al. 2010). Its dose-limiting toxicities have encouraged
the development of the non-nephrotoxic derivatives carbo-
platin, nedaplatin and other platinum-based drugs. Never-
theless, cisplatin is still the drug of choice in several plat-
inum-based therapy regimens and is still one of the most
commonly used antineoplastic drugs (Uehara et al. 2011;
Miller et al. 2010). Hydration protocols were developed to
reduce the nephrotoxicity and allowed dose escalation to
therapeutic levels. In modern clinical practice, one of three
types of hydration is used: saline, saline with mannitol or
saline with furosemide. Though, even with vigilant hydra-
tion, a great number of patients treated with cisplatin have
transitory elevation of blood urea nitrogen levels or other
evidence of kidney damage in the days following cisplatin
treatment (Muraki et al. 2012; Miller et al. 2010; Tiseo
et al. 2007).

The transport of organic anions in the proximal tubules
is achieved by basolateral and luminal transporters, mov-
ing organic anions from blood to tubular lumen into urine.
A member of the organic anion transporter (Oat) family,
Oat5 (Slc22al9), has been recently cloned and charac-
terized (Youngblood and Sweet 2004; Anzai et al. 2005,
2006). This transporter is expressed exclusively in the kid-
neys where it is found in the apical membrane of proximal
tubule cells, mainly in their late segments (S2 and S3).
Oat5 has been reported to transport ochratoxin A, sulfate
conjugates of steroids such as dehydroepiandrosterone
sulfate and estrone-3-sulfate, dicarboxylates, for example,
a-ketoglutarate and succinate, and interacts with many ani-
onic drugs, such as bumetanide, furosemide, penicillin G,
non-steroidal anti-inflammatory drugs and bromosulfoph-
thalein (Youngblood and Sweet 2004; Anzai et al. 2005;
Breljak et al. 2010; Burckhardt 2012). Our group was pio-
neering in detecting Oat5 in urine (Di Giusto et al. 2009).
We have reported an important urinary increase in Oat5 in
ischemia and mercury induced acute kidney injury (AKI),
suggesting that urinary Oat5 excretion may serve as a novel
and potentially valuable biomarker of AKI (Di Giusto et al.
2009; Di Giusto and Torres 2010).

The aim of this study was to evaluate Oat5 renal expres-
sion and urinary excretion in rats 48 h after exposure to
different doses of cisplatin, in comparison with traditional
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markers of renal injury, like renal histology, creatinine and
urea plasma levels and protein and glucose urinary levels,
between others.

Materials and methods
Materials

Chemicals were purchased from Sigma (St. Louis, MO,
USA) and were analytical grade pure. The rabbit poly-
clonal antibody against Oat5 was kindly provided by Prof.
H. Endou and Prof. N. Anzai (Department of Pharmacol-
ogy and Toxicology, Kyorin University School of Medi-
cine, Tokyo, Japan) (Anzai et al. 2005).

Experimental animals

Male Wistar rats (120 days, 380-430 g body weight) were
used. The animals were kept in standard cages at room
temperature (21-23 °C) on a 12-h light/dark cycle with
free access to food and water, as outlined in the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Animals were randomly divided into
five experimental groups. Rats were treated with a sin-
gle injection of cisplatin at different doses of 1, 2, 5 and
10 mg/kg of body weight (b.w.), intraperitoneally (i.p.)
(Cisl, Cis2, Cis5 and Cisl0, n = 4, respectively). These
doses of cisplatin were selected considering their relation
to clinical doses used in chemotherapy and their nephro-
toxicity, which is similar in rodents and humans at compa-
rable doses (Bearcroft et al. 1999; dos Santos et al. 2007;
Aleksunes et al. 2008; Pinches et al. 2012a, b, c; Dobyan
et al. 1980; Vadiei et al. 1992; Hosohata et al. 2012). Con-
trol rats received the vehicle alone (1 mL saline/kg b.w.,
ip.,n=4).

Immediately after the injection (saline or cisplatin), the
rats were housed in their home cages with access to food
and water. After 24 h, the rats were transferred to metabolic
cages for urine collection for the next 24 h. During this last
period, the food was withdrawn in order to improve urine
sample quality by reducing contamination with waste food
debris as previously described (Pinches et al. 2012b). The
urinary volume (Vy;) was determined gravimetrically.

The studies were performed 48 h after the injection. On
the day of the experiment, the rats were anesthetized with
sodium thiopental (70 mg/kg b.w., i.p.) and plasma samples
were obtained by cardiac puncture and kidney tissue was
also collected.

Two different sets of experimental animals were used:
one for biochemical determinations and preparation of
homogenates and apical membranes from kidney, another
for histopathological and immunohistochemical studies.
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Biochemical determinations

The urine samples were used for analyses of Oat5 abun-
dance, alkaline phosphatase (AP) activity and creatinine
(Cry), glucose and proteins levels. Serum samples were
used to measure urea and creatinine levels (Crp).

Urine AP activity, creatinine, glucose and proteins uri-
nary levels, as well as plasma creatinine and urea levels
were determined spectrophotometrically with commercial
reagent kits (Wiener Laboratory, Rosario, Argentina). Cre-
atinine clearance (Cl.,) was calculated by the conventional
formula: Cl, = (Cry x V)/Crp.

Preparation of homogenates and apical membranes from
kidney

Apical membranes were isolated from kidneys by
Mg/EGTA precipitation as previously described (Di Giusto
et al. 2009; Di Giusto and Torres 2010). The kidneys
were removed, minced and homogenized in 30 g/100 mL
(v/w) of ice-cold 50 mM mannitol, 2 mM Tris HCI buffer
(pH 7.10), 5 mM EGTA and 1 mM phenylmethylsulfo-
nylfluoride (PMSF) for 5 min at top speed in a Glas-Col
homogenizer. From this preparation, we obtained total
renal homogenates, and aliquots were taken and stored at
—80 °C until use. MgCl, was then added to the remain-
ing homogenate to a final concentration of 12 mM, and the
mixture was stirred in an ice bath for 15 min. The homoge-
nate was then centrifuged (3,000xg, 15 min, 4 °C). The
supernatant was carefully decanted and centrifuged again at
28,000x g for 40 min at 4 °C. The pelleted material repre-
senting apical membranes was resuspended in “experimen-
tal buffer” (50 mM mannitol, 10 mM Hepes-Tris (pH 7.50)
and 1 mM PMSF) and centrifuged for 15 min at 800x g at
4 °C. The supernatant was finally centrifuged for 45 min
at 28,000x g. The apical membrane pellets thus obtained
were resuspended in experimental buffer. Aliquots of the
membranes were stored immediately at —80 °C until used.
Protein quantification of samples was performed using the
method of Lowry with some modifications (Lowry et al.
1951).

Electrophoresis and immunoblotting

Homogenates (20 pg of protein), apical membranes
(16 g of protein) and urine samples (10 pL) were boiled
for 3 min in the presence of 5 % 2-mercaptoethanol, 4 %
sodium dodecyl sulfate (SDS) and separated by 8.5 % poly-
acrylamide gel (SDS-PAGE), followed by electroblotting to
nitrocellulose membranes. To verify equal protein loading
and transfer between lanes, Ponceau red was used as previ-
ously described (Brandoni et al. 2006). The nitrocellulose

membranes were incubated with 5 % non-fat dry milk in
phosphate-buffered saline containing 0.1 % Tween 20
(PBST) for 1 h. After being rinsed with PBST, the mem-
branes were then incubated overnight at 4 °C with a non-
commercial rabbit polyclonal antibody against rat Oat5
(at a dilution of 1:800). The specificity of Oat5 antibody
has been described elsewhere (Anzai et al. 2005). The
membranes were then incubated for 1 h with a peroxidase-
coupled goat anti-rabbit IgG (Bio-Rad Laboratories, Her-
cules, CA, USA) after further washing with PBST. Blots
were processed for detection using a commercial kit (ECL
Enhanced Chemiluminescence System, Amersham, Buck-
inghamshire, UK). A densitometric quantification of the
Western blot signal intensity of membranes was performed.
For densitometry of immunoblots, samples from treated
rats were run on each gel with corresponding control sam-
ples. The abundance of Oat5 in the samples from the exper-
imental animals was calculated as percentage of the mean
control value for that gel.

Histopathological and immunohistochemistry studies

The immunohistochemistry technique was performed as
previously described (Brandoni et al. 2006; Di Giusto et al.
2009; Di Giusto and Torres 2010; Bulacio et al. 2012).
Kidneys from different experimental groups were briefly
perfused with saline, followed by perfusion with periodate-
lysine-paraformaldehyde solution (0.01 M NalO,, 0.075 M
lysine, 0.0375 M phosphate buffer, with 2 % paraformal-
dehyde, pH 6.20), through a cannula introduced in the
abdominal aorta. The kidney slices were immersed in peri-
odate-lysine-paraformaldehyde solution at 4 °C overnight.
After that, the tissue was embedded in paraffin and paraffin
sections were cut.

After deparaffining, some sections were used for routine
hematoxylin—eosin staining, while others were incubated
with 3 % H,0, for 15 min (to eliminate endogenous per-
oxidase activity) to perform Oat5 renal immunohistochem-
istry. After that, the sections were incubated with blocking
serum for 30 min and then with non-commercial rabbit
polyclonal antibody against Oat5 (diluted 1:100) overnight
at 4 °C. The sections were then rinsed with Tris-buffered
saline containing 1 % Tween (TBST).

Next, the sections were incubated with horseradish per-
oxidase (HPR) conjugated secondary antibody against rab-
bit immunoglobulin for 1 h. In order to detect HPR labe-
ling, a peroxidase substrate solution with diaminobenzidine
(0.05 % diaminobenzidine in TBST with 0.05 % H,0,) was
used. The sections were counterstained with hematoxylin
before being examined by light microscope.

Negative controls with omission of primary antibody
were processed.
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Statistical analysis

Statistical differences between groups were evaluated by
one way ANOVA followed by the Newman—Keuls test.
p values of less than 0.05 were considered significant. The
results are expressed as the mean + standard error (SEM).
For these analyses, GraphPad software was used.

Results

Rats injected with 1, 2 and 5 mg/kg b.w., i.p. of cisplatin
showed no differences in plasma urea and creatinine levels
as compared to control animals. In contrast, these parame-
ters were significantly increased in Cis10 group in compar-
ison with control rats as it is shown in Fig. 1a, b. Creatinine
clearance was also significantly modified only in Cisl0
animals (Fig. 1c). These results reflect renal dysfunction
and kidney injury in rats treated with the highest dose of
cisplatin. No modifications were observed in kidney/body
weight ratio and in urine output in all the experimental
groups. The treatment with cisplatin produced a significant
decrease in body weight in all the doses evaluated in this
experiment as previously described (Table 1) (Bearcroft
et al. 1999; Ali et al. 2007). The decrease in body weight
observed in control animals was due to the food deprivation
during the 24 h of lodging in metabolic cages as it has been
described by other authors (Chatamra et al. 1984; Vermeu-
len et al. 1997; Claassen 1994). In this connection, previ-
ous data from our laboratory showed that rats injected with
saline solution at time 0 which were not put in metabolic
cages and were no fasted did not showed a decrease in
body weights, on the contrary, they showed in 48 h a slight
increase (+0.21 %).

Histological evaluation of kidneys from rats treated with
10 mg/kg cisplatin showed tubular dilatation, tubular des-
quamation cells and disrupted tubular basement membranes
as compared to control histology, as previously described
(Yokoo et al. 2007) (Fig. 2). However, no histological inju-
ries were detected in Cisl, Cis2 and Cis5 groups.

Organic anion transporter 5 abundance in urine was
related to urinary creatinine concentrations in order to
correct for variations in urine production as previously
described for urinary transporters and enzymes (Heiene
et al. 2001; Umenishi et al. 2002; Di Giusto and Torres
2010). Measurements of biomarkers alone are insufficient
because normal physiological variations in water excretion
can dilute or concentrate urinary proteins. Normalization
on the basis of total protein amount is generally unsatis-
factory because total protein excretion can vary broadly
among various pathological states. Creatinine is excreted in
the urine at relative constant rates allowing it to be used to
normalize urinary excretion of a particular protein.

@ Springer

A
1,4 a,b,c,d
1,2 =
- Py
qeeecess
- atetess
g ! 8 ?ﬁ*i%
3 S0
= - Retelet
g 08 s
2 - PR
) e et
0.6 = x%@x%
o = T LSS
& T RS
S 04— e e Bleetete?
o — KR
. st
0,2 = ietesele!
7 st
0—
Control Cis 1 Cis 2 Cis 5 Cis 10
B
12 =
T 10—
3 e
£ -T-
o 87
c -
g e e
£ 6 T-
) -
G
o 47
13 -
g
a 27
0 —
Control Cis 1 Cis 2 Cis 5
C
° 800 —
£ |
E -
i
® 5 600 — —
O o
= o
o 5 - _I_
8 a
% -g 400 = I
=N WA,
2 E 7 oretal
0 ~ s (())
T 200 eatere:
c S
o Selete!
o - 2e%e%"
2e%e%"
: E::>
0 —
Control Cis 1 Cis 2 Cis 5 Cis 10

Fig. 1 a Urea and b creatinine plasma levels, and ¢ renal clearance of
creatinine in control and treated animals with different doses of cis-
platin, Cisl (n = 4), Cis2 (n = 4), Cis5 (n = 4) and Cisl0 (n = 4),
48 h after cisplatin administration. Results are expressed as mean val-
ues + SEM. (a) p < 0.05 versus control, (b) p < 0.05 versus Cisl, (¢)
p < 0.05 versus Cis2, (d) p < 0.05 versus Cis5, (e) p < 0.05 versus
Cis10

Figure 3a shows that Oat5 urinary levels were sig-
nificantly higher in all animals treated with cisplatin. As
shown in this figure, the Oat5 urinary abundance increase
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Table 1 Body weight decreased in 48 h of treatment, kidney/body weight ratio and urine volume in control and treated rats with cisplatin, Cisl,

Cis2, Cis5 and Cis10, 48 h after cisplatin administration

Control (n = 4) Cisl (n=4) Cis2 (n = 4) Cis5 (n = 4) Cis10 (n = 4)
Body weight decreased in 48 h (%) 5.81 +0.65 7.98 + 0.69%¢ 9.10 + 0.27° 8.71 £ 0.47° 10.17 £ 0.12%
Kidney/body weight ratio (x 1073 6.70 + 0.20 7.10 £0.10 6.80 £ 0.10 6.80 & 0.20 6.90 & 0.20
Urine Volume (iL/min/100 g) 2.60 & 0.27 2.56 4+ 0.28 2.93 £ 0.28 2.92 £0.35 3314020

Body weight decreased in 48 h (%) = —[(BW48 — BW0)/BW0] x 100

BWO Initial body weight at time 0, just before the injection of saline solution (control rats) or cisplatin

BWA48 Body weight after 48 h of the injection and after 24 h of putting the animals inside the metabolic cages without food

Results are expressed as means values £ SEM
2 P < 0.05 versus control

5 P <0.05 versus Cisl

¢ P <0.05 versus Cis10

Fig. 2 Optical microscopy
photos of kidney histology in
control (a), Cis1 (b), Cis2 (¢),
Cis5 (d) and Cis10 (e) rats.
(Hematoxylin—eosin staining).
In Cisl, Cis2 and Cis5 groups,
no histological damages were
detected compared to control
kidneys; meanwhile, in Cis10
group tubular dilatation (arrow
head), tubular desquamation
cells (arrow) and disrupted
tubular basement membranes
(curved arrow) were observed.
These pictures are representa-
tives of samples obtained from
4 animals from each experimen-
tal group. Bars 40 pm

Control

is proportional to the dose of cisplatin used. To evaluate
possible tubular injury, urinary activity of AP and pro-
tein and glucose urine concentration were measured and
related to urinary creatinine concentration. As it is shown
in Fig. 3b, c, d, all of these three parameters were only
significantly increased in urine samples of Cis10-treated
rats as compared to control animals, indicating that sig-
nificant renal tubule damage was produced at this dose of
cisplatin.

The kidney cortex homogenates and the apical mem-
branes from control and treated animals were subjected
to Western blotting for Oat5 protein. Figure 4a, b shows a
decrease in Oat5 expression in homogenates as well as in
apical membranes in treated animals with different doses of
cisplatin as compared to control rats.

Immunohistochemistry studies showed that Oat5 labe-
ling was associated with the apical membrane and the

intracellular domains in proximal tubule cells (Fig. 5). Oat5
labeling was consistent with the density observed by West-
ern blotting in each experimental group. Representative
Oat5 labeling for Control, Cis2 and Cis10 groups is shown
in Fig. 5a, b, c. Negative controls with omission of primary
antibody revealed no labeling for Control, Cis2 and Cis10
groups (Fig. 5d).

Discussion

Acute kidney injury is a morbid and costly disorder, which
present a very large proportion of patients progressing to
chronic renal failure requiring dialysis (Star 1998). Over
the last 50 years, mortality rates have remained basically
unchanged for pediatric and adult patients at 50-70 and
30 %, respectively.
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Fig. 3 Oat5 abundance in urine (a), AP urinary activity (b), protein
(¢) and glucose urinary (d) levels in control (n = 4), Cisl (n = 4),
Cis2 (n = 4), Cis5 (n = 4), Cisl0 (n = 4) rats. For the assay of Oat5
abundance, urine samples were separated by SDS-PAGE and blotted
onto nitrocellulose membranes. Densitometric quantification of Oat5
Western blotting from urine are expressed as arbitrary units related to
urinary creatinine concentration in order to correct for variations in

Many studies have reported that drug nephrotoxicity
contributed to 19 % of AKI cases and there is evidence that
the incidence of nephrotoxic AKI in hospitalized patients
has raised over the last two decades (Uchino et al. 2005).
AKI is characterized by an alteration of renal function
over a period of hours to days, resulting in retention of
urea, creatinine and others waste products excreted by the
kidney. AKI can be caused by: a decrease in renal perfu-
sion without cellular injury; a reduction in filtering capac-
ity of the glomerulus; and a toxic, ischemic or obstructive
insult to the renal tubule or a tubulointerstitial process with
inflammation and edema. A variety of nephrotoxic agents,
such as cisplatin, gentamicin, HgCl, and glycerol, among
others, have been known to produce cytotoxic effects on
renal tubular cells (Ferguson et al. 2008). Serum creatinine
remains as the marker of choice in preclinical animal stud-
ies of kidney injury, though histopathology is frequently
used. However, creatinine is an unreliable indicator dur-
ing acute changes in kidney function, and its concentra-
tion might not change until about 25-50 % of kidney func-
tion has already been lost and also is not very reflective of
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urine production. The mean of the control value was set as 100 %. AP
urinary activity, protein and glucose urinary levels were determined
using commercial kits and were related to urinary creatinine concen-
tration in order to correct for variations in urine production. Results
are expressed as mean values &= SEM. (a) p < 0.05 versus control,
(b) p < 0.05 versus Cisl, (¢) p < 0.05 versus Cis2, (d) p < 0.05 versus
Cis5, (e) p < 0.05 versus Cis10

glomerular filtration rate owing to a lot of renal and non-
renal influences (IvaniSevi¢ et al. 2013). In the setting of
AKI, the time relationship between changes in serum cre-
atinine and changes in glomerular filtration rates compli-
cates the ability to estimate accurately timing and sever-
ity of injury. Consequently, big changes in glomerular
filtration rates could be associated with moderately small
changes in serum creatinine in the first 24—48 h following
AKI, resulting in a delayed diagnosis and intervention and
also in underestimation of the degree of injury (Ferguson
et al. 2008).

Urine is an ideal non-invasive source of biomarkers to
diagnose and classify kidney diseases. However, conven-
tional urine markers (casts, fractional excretion of sodium,
urine osmolality, etc.) are non-specific and insensitive
(Zhou et al. 2006a). The insensitivity and non-specificity
of serum creatinine in addition to other conventionally
used markers of renal injury, including blood urea nitrogen
and urinary markers, have been obstacles in assessing for
nephrotoxicity as well as in developing strategies to ame-
liorate injury and do not directly reflect injury to kidney
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Fig. 4 Western blotting for Oat5 in homogenates (a, 20 g proteins)
and apical membranes (b, 16 g proteins) from kidneys of control
and treated rats with cisplatin, Cisl, Cis2, Cis5 and Cis10. Proteins
were separated by SDS-PAGE and blotted onto nitrocellulose mem-
branes. The mean of the control value was set as 100 %. Results are
expressed as mean values £ SEM. (a) p < 0.05 versus control, (b)
p < 0.05 versus Cisl, (¢) p < 0.05 versus Cis2, (d) p < 0.05 versus
Cis5, (e) p < 0.05 versus Cis10

cells (Vaidya et al. 2008). This delay in diagnosis and inter-
vention predisposes to an increased morbidity and mortal-
ity besides irreversible injury resulting in chronic kidney
failure (Ferguson et al. 2008).

Several previous studies
ous potential biomarkers, including urinary neutro-
phil gelatinase-associated lipocalin (NGAL), kidney
injury molecule 1 (KIM-1), interleukin-18 (IL-18) and

have identified numer-

N-acetyl-B-D-glucosaminidase (NAG) that differentiate
well between individuals with and without AKI. It has been
suggested that urinary NGAL levels increased 10-100-
fold in rodents after cisplatin-induced nephrotoxicity and
in patients with septic and ischemic AKI. Also, high lev-
els of urinary NGAL predicted the beginning of AKI 2 h
after cardiopulmonary bypass in children undergoing car-
diac surgery, 2—4 days earlier than AKI was identified by
changes in serum creatinine (Vaidya et al. 2008).

Our group has recently postulated urinary excretion
of Oat5 as an early and novel biomarker of proximal
tubule damage in ischemic and mercuric induced AKI
(Di Giusto et al. 2009; Di Giusto and Torres 2010). Oat5
is an organic anion transporter that is expressed exclu-
sively in the kidney, and it is found at the apical mem-
branes of proximal tubules and functions as a dicarbo-
xylate/organic anion transporter (Youngblood and Sweet
2004; Anzai et al. 2005, 2006). In ischemia—reperfusion
study (Di Giusto et al. 2009), in bilateral mild subclini-
cal ischemia group, there were no significant alterations
in plasma creatinine levels and in urinary AP activity,
parameters that are commonly used as biomarkers for
renal injury. In contrast, there was a significantly increase
in urinary Oat5 excretion. In a HgCl, dose-response
study (Di Giusto and Torres 2010), plasma urea and cre-
atinine levels and AP urinary activity were not signifi-
cantly modified and no histological damage was observed
in HgCl, dose of 0.2 mg/kg b.w., s.c. However, urinary
excretion of Oat5 was elevated at that dose of HgCl,. In
both models of AKI, the abundance of Oat5 in urine was
significantly higher in treated animals when none of the
conventional used biomarkers of renal injury were able to
predict this.

The aim of the present study was to evaluate whether
Oat5 urinary excretion is a more sensitive and earlier bio-
marker of cisplatin-induced AKI compared to tradition-
ally used biomarkers of renal injury. Our intention was to
perform a cisplatin dose—response study, based in previ-
ous data (Yonezawa et al. 2005; Yokoo et al. 2007). In this
experimental model, the kidney/body weight ratio, plasma
urea and creatinine levels, creatinine clearance, AP uri-
nary activity and protein and glucose urinary levels were
significantly modified only at the highest cisplatin dose
of 10 mg/kg b.w., i.p., as compared to the control rats. On
the contrary, Oat5 urinary abundance was increased in a
dose-related manner after cisplatin administration. The
increases were around 165, 326, 593 and 686 % higher
than control urinary Oat5 excretion for cisplatin doses of
1, 2, 5 and 10 mg/kg b.w., i.p., respectively. OatS urinary
abundance was elevated at a dose as low as of 1 mg/kg
b.w., i.p., allowing predicting renal perturbation, when no
modifications of traditional markers of renal injury are still
observed.
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Fig. 5 Immunohistochemistry A
for Oat5 in renal tissue from
control (a), Cis2 (b) and Cis10
(c) rats. Serial sections from
each rat kidney were stained
using a non-commercial anti-
Oat5 antibody. Oat5 labeling
was associated with the apical
plasma membranes (arrows)
and with intracellular domains
in proximal tubule cells (arrow-
heads). A decrease in Oat5
labeling was observed both in
apical plasma membranes and
in the intracellular domains

in treated rats with cisplatin.
(d) Renal tissue from control,
Cis2 and Cis10 rats incubated
with buffer instead of anti-Oat5
antibody. These pictures are
representatives of typical sam-
ples obtained from 4 animals
from each experimental group.
Bars 40 pm

Control

In this model, Oat5 renal expression was decreased in a
dose-related manner, both in homogenates and apical mem-
branes from cisplatin-treated kidneys, suggesting a decrease
in Oat5 synthesis or an increase in its degradation, proba-
bly due to the tubular damage caused by cisplatin. The ratio
between the Oat5 abundance in apical membranes to the
abundance in the homogenates was lower than unity (data
not shown) also in a dose-related manner in rats exposed
to cisplatin. The increase in urinary Oat5 excretion might
explain the decrease in the amount of Oat5 molecules in the
apical membranes. It has been described that urinary bio-
markers as fetuin-A, Na*/H" exchanger isoform 3 (NHE3)
and activating transcription factor 3 (ATF3), between oth-
ers, have been found in exosomes and it has been reported
that they are increased in patients with AKI (du Cheyron
et al. 2003; Zhou et al. 2006a, 2008). Exosomes are the
internal vesicles of multivesicular bodies (MVBs) that are
delivered to the extracellular fluid by fusion of the outer
membrane of MVB with the plasma membrane. They
are derived from all cell types that face the urinary space
including glomerular podocytes, renal tubule cells and
the cells lining the urinary drainage system (Zhou et al.
2006b). It is possible to postulate that Oat5 excretion into
urine involves exosomal pathway. In this connection, it has
been described that carriers from the same family of Oat5
(SIc22a19) such as Oatl (SIc22a6) and Oat3 (Slc22a8) are
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found in urinary exosomes (Urinary exosome protein data-
base, http://dir.nhlbi.nih.gov/papers/lkem/exosome/). The
increase in Oat5 in urine following cisplatin administration
could be due, at least in part, to an increase in the release of
the exosomes to the urinary space caused by tubular cispl-
atin toxicity. Current experiments are being performed in
our laboratory to evaluate this possibility. Moreover, at the
higher dose of cisplatin (10 mg/kg b.w., i.p.), the tubular
damage (and the consequent loss of brush border mem-
brane) observed by the renal histopathological studies in
the present work and also described by Sinha et al. (2013)
might be an additional explanation for the increase in Oat5
in urine.

The kidney accumulates cisplatin to a greater degree
than other organs. The S3 segment of the proximal tubule
accumulates the highest concentration of cisplatin, this
zone of the kidney is more susceptible to ischemic insult,
and injury to this segment occurs in other toxic acute renal
failure models. Uptake of cisplatin into renal cells is mainly
through the organic cation transporter pathway, such as
OCT2 (Yao et al. 2007; Yokoo et al. 2007). Human and
rodents exhibit comparable pathological changes and time
course for the toxicity induced by cisplatin (Dobyan et al.
1980), and it has been reported that the nephrotoxic effect
of cisplatin is cumulative and dose dependent. The in vivo
mechanisms of cisplatin nephrotoxicity are complex and
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involve oxidative stress, apoptosis, inflammation and fibro-
genesis. It has been reported that high concentrations of
cisplatin induce necrosis in proximal tubule cells, whereas
lower concentrations induce apoptosis. Hypoxia and mito-
chondrial injury are also involved in this nephrotoxic
mechanism. Many studies have described that 48-72 h
after cisplatin administration, there are impaired proxi-
mal and distal tubular reabsorption and increased vascular
resistance, following a second phase that starts between 72
and 96 h after cisplatin administration, and are character-
ized by a decreased glomerular filtration rates (Yao et al.
2007; Miller et al. 2010).

An ideal biomarker for the detection of AKI is one that
is easily obtained, easily and rapidly measured, sensitive to
minor disturbances in kidney function, site specific, highly
correlated with the degree of injury and indicative of injury
progression and regression. A single biomarker is rarely
adequate to clearly define a particular pathologic state (Rifai
et al. 2006; Fliser et al. 2007). It was previously reported
that 48 h after cisplatin administration, rats treated with
cisplatin at a low dose of 2 mg/kg b.w., i.p., NAG activity
in bladder urine was increased and KIM-1 mRNA in renal
tissue was detected while plasma creatinine levels, cre-
atinine clearance, BUN and urinary albumin levels were
unchanged, as compared to control animals. At a higher
dose of cisplatin (10 mg/kg b.w., i.p.), all of those param-
eters were significantly modified (Yonezawa et al. 2005;
Yokoo et al. 2007). We have found a statistically significant
elevation in urine Oat5 abundance at a cisplatin dose as
low as 1 mg/kg b.w., i.p. 48 h after cisplatin administration,
indicating that Oat5 urine excretion is a more sensitive bio-
marker than traditional and novel biomarkers of renal injury.

Hence, the preclinical animal results showed in this
work in addition to the data presented before by our group
(Di Giusto et al. 2009; Di Giusto and Torres 2010) pro-
pose that Oat5 urinary excretion might potentially serve as
a non-invasive early biomarker of mercury, ischemic and
cisplatin-induced AKI.

Kidney injury might occur under different contexts;
those are the reason why a panel of carefully selected
biomarkers should be most appropriate for most accurate
AKI information. Development of that kind of panel will
require large, well-designed studies comparing multiple
biomarkers in the same set of urine samples over extended
time courses, allowing this to established temporal pat-
terns of biomarker modification. This kind of studies will
also allowed to determine patterns that may be specific to
the mechanism of nephrotoxicant-induced injury, popula-
tion of interest and/or co-occurring disease states (diabetes,
heart disease, sepsis, between others). Diverse biomarkers
will probably provide different kinds of information. Some
of them will reflect systemic influences; meanwhile, oth-
ers will reflect the location and extent of tubular injury or

reflect the functional consequences of tubular damage (Fer-
guson et al. 2008).

So far, nearly all studies have pointed out discovery,
characterization and validation of individual biomarkers
using a single model of kidney injury. This is a procedure
that is necessary in the initial stages of biomarker devel-
opment; nevertheless, translation to clinical applicability
requires substantial additional work.
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