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ABSTRACT

Objective: The present study was designed to investigate the chemoprotective efficacy of an L-
cysteine-based oxovanadium (IV) complex, namely, oxovanadium (IV)-L-cysteine methyl ester
complex (VC-IV) against cisplatin (CDDP)-induced renal injury in Swiss albino mice.

Methods: CDDP was administered intraperitoneally (5 mg/kg body weight) and VC-IV was
administered orally (1 mg/kg body weight) in concomitant and 7 days pre-treatment schedule.
Results: CDDP-treated mice showed marked kidney damage and renal failure. Administration of
VC-IV caused significant attenuation of renal oxidative stress and elevation of antioxidant status.
VC-IV also significantly decreased serum levels of creatinine and blood urea nitrogen, and
improved histopathological lesions. Western blot analysis of the kidneys showed that VC-IV
treatment resulted in nuclear translocation of nuclear factor E2-related factor 2 (Nrf2)
through modulation of cytosolic Kelch-like ECH-associated protein 1. Thus, VC-IV stimulated
Nrf2-mediated activation of antioxidant response element (ARE) pathway and promoted
expression of ARE-driven cytoprotective proteins, heme oxygenase 1 and NAD(P)H:quinone
oxidoreductase 1, and enhanced activity of antioxidant enzymes. Interestingly, VC-IV did not
alter the bioavailability and renal accumulation of CDDP in mice.

Discussion: In this study, VC-IV exhibited strong nephroprotective efficacy by restoring
antioxidant defense mechanisms and hence may serve as a promising chemoprotectant in
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cancer chemotherapy.

Introduction

The serendipitously discovered cisplatin (CDDP) trig-
gered the discovery of other metal-based drugs, but
still remains one of the most widely used anti-cancer
drugs worldwide [1]. Despite its remarkable anti-neo-
plastic properties, CDDP therapy is associated with
several adverse effects, including nephrotoxicity, oto-
toxicity, myelosuppression, and neurotoxicity [2].
Amongst them, nephrotoxicity occurs in 25-33% of
patients upon single dose and in 50-75% of patients
upon multiple doses, which seriously impairs their
quality of life and even become life-threatening [3].
The glomerular filtration rate decrease by 30% after
only two doses, and treatments must often be
stopped. In fact, only 60% of patients complete three
of four cisplatin cycles [4]. This ultimately compromises
the treatment outcome including disease control and
survival in patients with curable malignancies. In this
regard, screening of potential compounds is required
to provide protection against CDDP-induced nephro-
pathy, without interfering with its efficacy.

CDDP undergoes nonenzymatic hydrolysis to form
aquated and electrophilic products through chloride
ligand-exchange reactions upon uptake into the cell.
Loss of labile chloride ligands results in nucleophilic

substitution reactions with DNA and proteins, gener-
ation of oxidative stress, inflammation, and ultimately
cell death [5,6]. Amongst the protective strategies,
the most notable signaling pathway is the nuclear
factor E2-related factor 2 (Nrf2)-mediated activation
of antioxidant response element (ARE) pathway
which can counteract against accumulating reactive
oxygen species (ROS) and electrophiles [5,7]. Studies
show that Nrf2-null mice have an impaired capacity
to quench free radicals and electrophiles in the
kidneys and thus kidneys become extremely suscep-
tible to oxidative injury [5]. Moreover, CDDP-induced
renal injury is exacerbated in Nrf2-knockout mice,
whereas the pre-administration of Nrf2 inducers
inhibit CDDP-mediated nephropathy [7]. Clinical trials
of the potent Nrf2 activator bardoxolone methyl
showed significant improvement in renal function in
chronic kidney disease patients with type 2 diabetes
[8]. These indicate the importance of Nrf2 in renal anti-
oxidant defense and thus, activation of Nrf2/ARE
pathway can be considered as an important molecular
target to prevent CDDP-induced nephrotoxicity.
Vanadium is an essential trace element that is
involved in numerous biological processes in plants,
mammals and microorganisms [9]. Vanadium-based
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compounds exhibit a broad range of pharmacological
activities, namely, antioxidant property, anticarcino-
genic effect, lowering of cholesterol, triglycerides and
glucose levels, diuretic effect, contraction of blood
vessels, enhancement of oxygen-affinity of hemo-
globin and myoglobin, etc [9,10]. Vanadium also func-
tions as an oxidation-reduction catalyst [11].
Vanadium compounds have been found to increase
the activity of antioxidant enzymes and glutathione
(GSH) content through up-regulation of Nrf2 [12,13].
Among vanadium-based compounds, oxovanadium
(IV) complexes (VOL,, where L is a bidentate anionic
organic ligand) are more effective, better tolerated,
and produce more reliable pharmacological effects
than their inorganic counterparts [14]. Several oxova-
nadium (IV) complexes also have been reported to
possess good antioxidant potential and exert protec-
tion against oxidative stress [15,16].

All these above stated facts motivated us to investi-
gate the effect of an oxovanadium (IV) complex,
namely, oxovanadium (IV)-L-cysteine methyl ester
complex (VC-IV) against CDDP-induced nephrotoxicity
in Swiss albino mice. For this purpose, we administered
the VC-IV complex along with CDDP in concomitant-
and 7 days pre-treatment schedules to find out any
schedule-dependent difference in efficacy. We also
treated a group of mice with the ligand L-cysteine
methyl ester hydrochloride (LCME) to observe the
effect of the ligand itself. In addition, one group of
mice was also fed with VC-IV only in order to see
whether the complex has any negative side effect.
The nephroprotective efficacy of the complex was eval-
uated by means of renal function markers and histo-
pathology. The study was also complemented with
measurements of oxidative stress markers and antioxi-
dant enzymes. To find out the probable protective
mechanism, the influence of the oxovanadium (IV)
complex on ARE pathway was studied by Western
blot analysis of redox-sensitive transcription factor
Nrf2 along with its downstream effectors heme oxyge-
nase 1 (HO1) and NAD(P)H:quinone oxidoreductase 1
(NQO1).

Methods
Chemicals

Oxovanadium (IV)-L-cysteine methyl ester complex
(VC-IV, Figure 1) was prepared following the literature
procedure of Sakurai et al. [17,18]. All chemicals if not
specified were obtained from Sigma-Aldrich Chemicals
Private Limited (Bangalore, India). In situ cell death
detection kit, AP was purchased from Roche Diagnos-
tics India Private Limited (Kolkata, India). Nrf2, Keap1,
HO1, NQO1, anti-rabbit IgG-HRP, anti-goat IgG-HRP,
anti-mouse IgG-HRP, and Luminol were bought from
Santa Cruz Biotechnology (Texas, USA). GAPDH and
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Figure 1. Structure of oxovanadium (IV)-L-cysteine methyl
ester (VC-IV) complex.

Histone H3 were purchased from Novus Biologicals
(Colorado, USA). Blood urea nitrogen (BUN), creatinine,
and Elyte 3 kit (Na™, K*, and CI~ Colorimetric) were pur-
chased from Crest Biosystems (Goa, India).

Animals

Adult (7-8 weeks old) Swiss albino female mice (25 + 2
g b.w.), bred in the animal colony of Chittaranjan
National Cancer Institute (Kolkata, India) were used
for this study. The mice were kept at controlled temp-
erature (22 £ 2°C) and humidity (60 £+ 5%) under alter-
nating light and dark conditions (12 hours/12 hours).
Standard food pellets and drinking water were pro-
vided ad libitum. The experiments were carried out
strictly following the guidelines of Institutional Animal
Ethics Committee (CPCSEA Registration No. 1774/GO/
RBi/S/14/CPCSEA).

Experimental design

The organovanadium compound was administered as
a suspension using 5.5% propylene glycol in water. In
the present study the animals were divided into six
groups containing six animals (n=6) in each group
(Figure 2). The groups were:

e Vehicle-treated group [Vehicle]: Each animal was
given 5.5% propylene glycol in water by oral
gavage for 9 consecutive days.

e Only VC-IV-treated group [VC-IV]: Each animal was
treated only with VC-IV (1 mg/kg b.w., p.o.) through-
out the experimental period.

o CDDP-treated group [CDDP]: Each animal was
injected with CDDP (5 mg/kg b.w., i.p.) for consecu-
tive 5 days (day 1 to day 5).

o CDDP + L-cysteine methyl ester-treated group
[CDDP + LCME]: LCME was administered orally at
the dose of 0.85 mg/kg b.w. (comparable with the
amount of ligand content in the complex at the
dose of 1 mg/kg b.w.) in water 7 days prior to



REDOX REPORT (&) 379

910

Day: 7 days pre-treatment 1
| 1
I <L
[ Vehicle | |
[vev | |
| coop |
[copP+LcME | |

| CDDP + VC-IV Con |

| CDDP +VC-IV Pre | |

D Vehicle treatment
[] cDDP (5 mgikg b.w., i.p.) only

2] copP (5 mgikg bw., i.p.) + LCME (0.85 mg/kg b.w., p.o.)

[] vciIv (1 mgikg b.w., p.o.) only
[] LCME (0.85 mg/kg b.w., p.o.) only

‘ Sacrifice
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Figure 2. Experimental treatment schedule to study the protective effect of VC-IV against CDDP-induced nephrotoxicity. In the first
group the vehicle (5.5% propylene glycol aqueous suspension) was administered for 9 consecutive days. In the VC-IV-treated group,
VC-IV was administered at the dose of 1 mg/kg b.w., p.o. throughout the period (16 days). In the CDDP-treated group, CDDP (5 mg/
kg b.w., i.p.) was administered for consecutive 5 days (day 1 to day 5). In the fourth group, the ligand LCME (0.85 mg/kg b.w., p.o.)
was administered along with CDDP in order to study the effect of the ligand only. In the fifth and sixth group, the organovanadium
complex (1 mg/kg b.w., p.0.) was administered along with CDDP in concomitant-treatment and 7 days pre-treatment schedule,
respectively. VC-IV: oxovanadium (IV)-L-cysteine methyl ester complex; CDDP: cisplatin; LCME: L-cysteine methyl ester

hydrochloride.

CDDP treatment and then continued up to day 9
and CDDP was given as in CDDP-treated group.

e CDDP + VC-IV concomitant-treatment group [CDDP
+ VC-IV Con]: VC-IV (1 mg/kg b.w., p.0.) was adminis-
tered from day 1 to 9 and CDDP was given as in
CDDP-treated group.

e CDDP +VC-IV pre-treatment group [CDDP + VC-IV
Pre]: VG-IV (1 mg/kg b.w., p.o.) was administered 7
days prior to CDDP treatment and then continued
up to day 9, and CDDP was given as in CDDP-
treated group.

The mice were euthanized on day 10, 4 days after last
injection of CDDP.

Sample collection

Before euthanasia, all animals were fasted for 4 hours
and then blood samples were collected from the
retro-orbital venous plexus under anesthesia (keta-
mine-HCl, 24 mg/kg b.w., i.m.) and after blood collec-
tion they were euthanized by decapitation. Following
clot formation, the serum was separated by centrifu-
gation at 2000xg for 10 minutes and stored at —20°C.
The kidneys of each animal were quickly excised,
washed with ice-cold isotonic saline (0.9% NaCl) and
blotted dry. One part of the kidneys (2-3 mm) were
fixed in 10% neutral buffered formalin for histopatholo-
gical and immunohistochemical studies. The rest of the
kidney tissues were immediately weighed and stored

at -80°C for further biochemical and Western blot
analysis.

Biochemical assays

Creatinine, BUN and electrolytes, Na*, K*, and ClI”, were
measured spectrophotometrically (Infinite” 200 PRO,
TECAN, Switzerland) from serum samples using com-
mercially available kits (Crest Biosystems, India) accord-
ing to the manufacturer's protocol. The intracellular
amounts of reactive oxygen species (ROS) were
measured in kidney tissue homogenate by a fluoro-
metric assay with 2',7’-dichlorofluorescin diacetate
(DCFH-DA) [19]. Nitric oxide (NO) production in kidney
tissue homogenate was determined by estimating the
level of stable NO metabolites, namely, nitrate (NO3)
and nitrite (NO3) ions by reaction with Griess reagent
using NaNO, as standard [20]. Renal lipid peroxidation
(LPO) level was measured by estimating the formation
of thiobarbituric acid reactive substances (TBARS) [21].
Renal concentrations of reduced glutathione (GSH)
and oxidized glutathione (GSSG) were assessed by a
kinetic assay in which catalytic amounts of GSH
caused a continuous reduction of 5,5 -dithiobis-2-nitro-
benzoic acid (DTNB) to 5,5 -thiobis-2-nitrobenzoic acid
(TNB) at 412 nm [22]. Superoxide dismutase (SOD)
activity was determined in kidney cytosol by monitoring
the auto-oxidation of pyrogallol (20 mM) at 420 nm [23].
Catalase (CAT) activity in kidney cytosol was quantified
spectrophotometrically at 240 nm using H,O, as the
substrate [24]. Glutathione peroxidase (GPx) activity in
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kidney cytosol was estimated by NADPH oxidation using
a coupled reaction system consisting of GSH (10 mM),
glutathione reductase (2.4 unit), and H,O, (12 mM)
[25]. Glutathione-S-transferase (GST) activity in kidney
cytosol was assessed by the increase in absorbance at
340 nm with 1-chloro-2,4-dinitrobenzene (30 mM) as
the substrate [26]. Protein content in kidney homogen-
ate was measured by the method of Lowry et al. [27],
with bovine serum albumin (BSA) as the standard
using spectrophotometer.

Histopathology

After 24 hours of fixation, the tissue samples were pro-
cessed and embedded in paraffin blocks, sectioned at
5 um, and stained with hematoxylin—eosin and observed
under light microscope (DM 1000, Leica, Germany).
Histological changes were evaluated semiquantitatively
by a pathologist unaware of the type of treatment. A
minimum of 10 fields for each kidney slide was examined
and assigned for severity of changes using the following
scale: —, none; +, mild damage; ++, moderate damage;
and +++, severe damage.

Immunoblotting

Nuclear and cytoplasmic protein fractions from the
kidneys were isolated using nuclear and cytoplasmic
extraction buffer containing protease inhibitor. Equal
amount of protein samples (50 pg/lane) were loaded
into a 10-15% SDS-polyacrylamide gel. After electro-
phoresis the gels were transferred to PVDF membranes.
Then, the membranes were blocked with 5% BSA in
TBST buffer (20 mM Tris-HCI, pH 7.4, 150 mM Nadl,
0.1% Tween-20) for 1 hour. After blocking, the mem-
branes were incubated with specific primary antibodies
(1:1000 dilution, 3 hours at room temperature) specific
for Nrf2, Keap1, HO1, and NQO1. The membranes were
then treated with horseradish peroxidase (HRP) conju-
gated secondary antibody (1:2000 dilution, 1 hour at
room temperature). Then the immunoreactive protein
bands were visualized with chemiluminescence [28].
Densitometric analysis of Western blots was performed
(Gel Doc™ XR + system, BioRad, USA) and the protein
levels were normalized by comparison with Histone
H3 (for Nrf2) and GAPDH (for Keap1, HO1, and NQO1).

In situ cell death

Apoptosis of the kidney sections were determined by
using the terminal deoxynucleotidyl transferase (TdT)
mediated dUTP nick end labeling (TUNEL) method
with the help of in situ cell death detection kit, accord-
ing to the manufacturer’s instructions [29]. Briefly, the
slides were incubated with TUNEL reaction mixture
containing TdT and fluorescein-dUTP at 37°C for 60
minutes in a humidified chamber and further treated

with anti-fluorescein antibody conjugated with alkaline
phosphatase (37°C for 30 minutes in a humidified
chamber). The bound alkaline phosphatase was then
stained with BCIP (5-bromo-4-chloro-3-indolyl-phos-
phate)/NBT (nitro blue tetrazolium) and observed
under light microscope (DM 1000, Leica, Germany).

Atomic absorption spectroscopy

Platinum (Pt) concentration in serum samples and
kidney tissues were determined by flame atomic
absorption spectroscopy (AAS; AA240FS Varian,
Agilent Technologies, USA). Briefly, samples were
digested in aqua regia (HCI:HNO3 =3:1) at 180°C for
20 minutes using microwave accelerated digestion
system (MARS 5, Cem Corporation, USA). Then the
samples were run on AAS. A wavelength of 266.0 nm
with a lamp current of 10 mA and spectral bandwidth
of 0.2 nm was employed in air-acetylene flames [30].

Statistical analysis

All data were expressed as mean +SD, n=6 mice per
group. Statistical analysis was performed using one-way
ANOVA (GraphPad Prism, version 5.0; GraphPad Software,
Inc,, CA, USA) followed by Tukey's multiple comparison
test (post hoc test) with the help of critical difference or
least significant difference at 5 and 1% level of signifi-
cance to compare the mean values. Significant difference
was indicated when the P value was <0.05.

Results
Amelioration of renal dysfunction by VC-IV

CDDP administration caused severe nephrotoxicity as
the levels of serum creatinine and BUN were elevated
significantly (P < 0.05) by 397.95 and 113.67%, respect-
ively, compared to vehicle-treated group (Table 1).
Administration of VC-IV in concomitant-treatment sche-
dule reduced (P < 0.05) serum creatinine and BUN levels
by 45.31 and 32.40%, respectively, compared to CDDP-
treated group. Pre-treatment with VC-IV also signifi-
cantly (P<0.05) reduced the elevated levels of creati-
nine and BUN by 56.33 and 37.92%, respectively,
compared to CDDP-treated group. Treatment with the
ligand LCME could not provide any protection against
CDDP-induced elevation of renal function markers. In
addition, we did not find any significant alternation
(P> 0.05) in the serum levels of Na*, K*, and ClI” ions in
only vehicle/VC-IV/CDDP-treated mice or the combi-
nation treatment groups (Table 1).

Attenuation of oxidative stress by VC-IV

Administration of CDDP caused renal oxidative burst as
indicated by raised levels of ROS (by 125.53%), NO (by



Table 1. Renal functional index in mice serum of different treatment groups.
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roups reatinine (m m a” (m m ~ (m
Group Creatinine (mg/dl) BUN (mg/dl) Na* (mM/l) K+ (mM/1) ™ (mm/l)
Vehicle 0.49 + 0.04 20.99 + 1.63 141.86 + 18.21 416 +0.45 101.29 + 4.54
VC-IV 0.48 +0.03 20.82 +0.78 14249 £ 11.96 449+0.57 106.16 + 3.85
CDDP 245 +0.16®° 44,85 + 3.57% 139.13 +6.34 447 +0.41 103.54 +7.85
CDDP + LCME 233+0.15%® 4435 + 4,042 146.02 +5.79 435+0.42 101.87 £5.48
CDDP + VC-IV Con 1.34 + 0,120 30.32 + 2.38%« 143.32+5.16 4344049 107.38 + 11.06
CDDP + VC-IV Pre 1.07 + 0.092b<de 27.84 +1.81%< 138.17 £8.49 4334053 103.83 £5.42

Vehicle: vehicle-treated group; VC-IV: only VC-IV-treated group; CDDP: only CDDP-treated group; CDDP + LCME: CDDP + L-cysteine methyl ester hydrochlo-
ride treated group; CDDP + VC-1V Con: CDDP + VC-IV concomitant-treatment group; CDDP + VC-IV Pre: CDDP + VC-IV pre-treatment group. Data were rep-

resented as mean +S.D.

“significantly (P < 0.05) different from vehicle-treated group, bsigniﬁcantly (P <0.05) different from VC-IV-treated group,

Ssignificantly (P < 0.05) different from CDDP-treated group, “significantly (P < 0.05) different from CDDP + LCME-treated group and Ssignificantly (P <
0.05) different from CDDP + VC-IV concomitant-treatment group.

52.08%) and LPO (by 111.67%) compared to vehicle-
treated mice (Figure 3(a-c)). Concomitant-treatment
with the vanadium compound resulted in significant
(P < 0.05) reduction in the levels of ROS, NO, and LPO
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Figure 3. VC-IV modulated CDDP-induced alterations of renal redox status in mice. VC-IV reduced (a) ROS level, (b) NO level, (c) LPO
level, (d) GSSG level and enhanced (e) GSH level, (f) SOD activity, (g) CAT activity, (h) GPx activity, (i) GST activity in the kidneys of
mice. Data were represented as mean + S.D. Zsignificantly (P < 0.05) different from vehicle-treated group, Psignificantly (P < 0.05)
different from VC-IV-treated group, Ssignificantly (P < 0.05) different from CDDP-treated group, %significantly (P < 0.05) different
from CDDP + LCME-treated group, and “significantly (P < 0.05) different from CDDP + VC-IV concomitant-treatment group.
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and 35.80%, respectively, in comparison to the CDDP-
treated group. However, administration of LCME in
CDDP-treated mice failed to reduce (P>0.05) the
levels of oxidative stress markers.

Modulation of antioxidant system by VC-1IV

CDDP treatment resulted in significant (P <0.05)
depletion in the level of GSH (by 65.07%) along with
significant (P < 0.05) rise in the level of GSSG (by
175.03%) in mice kidneys compared to vehicle-
treated group (Figure 3(d,e)). Concomitant-treatment
and pre-treatment with VC-IV increased the renal
level of GSH by 60.22% (P<0.05) and 81.59% (P<
0.05), respectively, in comparison to the CDDP-treated
group. Additionally, concomitant-treatment and 7
days pre-treatment with the vanadium compound sig-
nificantly (P < 0.05) reduced the elevated level of GSSG
by 32.08 and 38.38%, respectively, compared to CDDP-
treated group. The activity of antioxidant enzymes,
namely, SOD, CAT, GPx, and GST, in mice kidneys
were decreased significantly (P < 0.05) due to adminis-
tration of CDDP, compared to vehicle-treated mice
(Figure 3(f-i)). Treatment with only LCME in the
CDDP-treated mice could not prevent the depletion
of antioxidant enzyme system. Concomitant-treatment
with the organovanadium compound resulted in sig-
nificant (P<0.05) elevation in the activity of SOD,
CAT, GPx, and GST by 28.93, 37.87, 25.0, and 41.24%,
respectively, compared to CDDP-treated mice. Pre-
treatment with VC-IV also resulted in significant (P <
0.05) increase in the activity of SOD, CAT, GPx, and
GST by 42.53, 46.53, 32.13, and 50.82%, respectively,
compared to CDDP-treated mice.

Mitigation of CDDP-induced histological
alterations by VC-IV

The kidney histology of CDDP-treated mice showed
sloughing and loss of brush border of tubular epithelial
cells, interstitial hemorrhage, atrophy, and tubular dila-
tation (Figure 4(a)). The microphotographs of TUNEL
assay also illustrated high incidence of cell death
around glomerulus and proximal convulated tubule
(Figure 4(b)). Administration of the vanadium com-
pound in both concomitant and pre-treatment sche-
dule mitigated CDDP-induced histopathological
lesions as evident from considerable decrease in semi-
quantitative histological damage scores, of which pre-
treatment group showed better result (Table 2). Treat-
ment with LCME could not ameliorate CDDP-induced
renal damages.

Induction of ARE pathway by VC-IV

Western blot analysis showed that the cytosolic
expression of HO1 and NQO1 were significantly (P <

0.05) lower in the kidneys of CDDP-treated mice
(Figure 5(a), lane 3) than that of vehicle-treated mice
(lane 1). On the other hand, the cytosolic Keap1
expression was found to be increased (P<0.05) in
CDDP-treated group compared to vehicle-treated
mice. In contrast, VC-IV enhanced (P < 0.05) nuclear
localization of Nrf2 and cytosolic expression of HO1
and NQO1 in comparison to CDDP-treated group in a
schedule-dependent manner (lane 5 and 6). Interest-
ingly, VC-IV treatment also reduced (P < 0.05) Keap1
expression (cytosolic) compared to CDDP-treated
mice. Treatment with the ligand LCME could not
provide any alterations in the expression profiles of
the proteins compared to CDDP-treated mice (lane 4).
Figure 5(b—e) also represents the quantitative relative
expressions of the proteins.

Platinum concentration

The Pt concentration obtained in the CDDP-treated
mice was 7.53 ug/ml serum in serum and 18.93 pg/g
tissue in kidneys. VC-IV and LCME treatment in combi-
nation with CDDP did not significantly (P> 0.05) alter
the Pt concentration compared to only CDDP-treated
group (Figure 6(a,b)).

Discussion

CDDP is an effective broad-spectrum chemotherapeu-
tic agent. However, CDDP therapy is limited by the
emergence of irreversible renal injury [6]. Amongst
current management strategies, saline hydration is
one which reduces the nephrotoxicity and allows an
increase of the dose to achieve therapeutic levels.
But, even with vigilant hydration, approximately one-
third of the patients have a transient elevation of
BUN levels and/or other evidences of kidney damage
in the days following the CDDP treatment [31]. On
the other hand, amifostine represents the most prom-
ising nephroprotectant in clinical practice approved
by USFDA. However, intravenous administration of
amifostine in a phase lll clinical trial resulted in toxici-
ties in 41% of head and neck cancer patients, including
hypotension, hypocalcemia, nausea, vomiting, and
allergy, and hence necessitated withdrawal of treat-
ment [32]. Thus, development of non-toxic chemopro-
tectants is essential to provide protection against
CDDP-induced renal damage.

In this study we investigated whether an oxovana-
dium (IV) compound could provide sufficient protec-
tion against CDDP-induced kidney injury, using a
preclinical mouse model of CDDP-induced nephropa-
thy. We found that CDDP-induced severe renal injury
by multiple endpoints (levels of creatinine and BUN,
and histopathology). The histopathological features
include sloughing and loss of brush border of tubular
epithelial cells, interstitial hemorrhage, inflammatory
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Figure 4. VC-IV reduced CDDP-induced renal damage in mice. (a) Photomicrographs of kidney sections of mice stained with hema-
toxylin and eosin (H and E). Normal histology with renal corpuscle, proximal, and distal convoluted tubules was observed in vehicle-
treated and only VC-IV-treated group. Large area of interstitial hemorrhage (black color double headed arrow), atrophy (yellow
color arrow) and loss of brush border (red color oval) were found in CDDP-treated group. Loss of brush border (red color oval),
tubular dilatation (blue color arrow), and leukocyte infiltration (green color arrow) were found in CDDP + LCME-treated group.
CDDP + VC-IV concomitant-treatment group showed moderate loss of brush border (red color oval) and mild leukocyte infiltration
(green color border). Quite normal histology was observed in CDDP + VC-IV pre-treatment group except mild loss of brush border.
(b) Photomicrographs of kidney sections of mice stained with TUNEL reagent (BCIP/NBT), x 400 magnification, scale bar =50 pm.
CDDP treatment resulted in apoptosis (TUNEL-labelled cells) around glomerulus and proximal convulated tubules. CDDP + LCME-
treated group also showed apoptosis around glomerulus and proximal convulated tubules. Treatment with VC-IV in concomitant-
and pre-treatment schedule showed null or minimal presence of apoptotic cells.

cell infiltration and apoptosis. Co-administration of VC-  death. VC-IV-induced modification of the alterations
IV in concomitant and pre-treatment schedule amelio- in renal function and structure was more prominent
rated CDDP-induced alterations in kidney functioning in the pre-treatment group than the concomitant-treat-
and minimized renal tubular injury as well as cell ment group. We further investigated the status of
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Table 2. Effect of VC-IV administration on morphological
changes as assessed by histopathological analysis of kidneys
of mice treated with CDDP.

Groups
CDDP+  CDDP+
Pathological VC- CDDP VC-IV VC-IV
changes Vehicle IV CDDP +LCME Con Pre
Interstitial - - +++ + +
hemorrhage
Glomerular - - +++  ++ +/- -
atrophy
Tubular brush - - +++ ++ +
border loss
Tubular - - ++ ++ + -
atrophy
Cell infiltration - - +++ A+t ++ +/—
Cell death - - +++ +/- -
(TUNEL)

Vehicle: vehicle-treated group; VC-IV: only VC-IV-treated group; CDDP: only
CDDP-treated group; CDDP +LCME: CDDP + L-cysteine methyl ester
hydrochloride-treated group; CDDP + VC-IV Con: CDDP + VC-IV concomi-
tant-treatment group; CDDP + VC-IV Pre: CDDP + VC-IV pre-treatment
group. —: none; +: mild damage; ++: moderate damage; and +++:
severe damage are semiquantitative scores by a pathologist unaware
of the type of treatment.

oxidative stress markers and antioxidant enzymes in
the kidneys of CDDP-treated and combined treatment
groups, particularly focussing on Nrf2-mediated signal-
ing pathway.

Oxidative stress plays a major role in CDDP-induced
kidney injury. Several preclinical models have shown

that CDDP treatment augments the generation of
ROS and reactive nitrogen species (RNS), such as,
superoxide anions, hydroxyl radicals, hydrogen per-
oxide, and nitric oxide [5,6]. In this study, CDDP treat-
ment also resulted in pronounced renal oxidative
stress and diminution of the activity of antioxidant
enzymes. In contrast, administration of VC-IV caused
mitigation in the levels of ROS, NO, and LPO in the
mice kidneys and enhanced the renal antioxidant
status. In order to explore the mechanism, the influ-
ence of VC-IV on Nrf2/ARE pathway was examined in
this study. Under homeostatic conditions, Nrf2 is
present in the cytoplasm attaching to a cytosolic
protein Keap1, which functions as a suppressor of
Nrf2 by retaining it in cytosol and enhancing its protea-
somal degradation via ubiquitination [33,34]. But upon
activation, Nrf2 acts as a key transcriptional factor that
triggers the ARE pathway, and in turn regulates the
expression of several antioxidant and phase Il detoxify-
ing enzymes [33]. Consistent with the results from
other studies, the results of the present study showed
that HO1 and NQO1 expression in the CDDP-treated
group was lower than those of vehicle-treated mice.
Interestingly, VC-IV co-administration induced localiz-
ation of Nrf2 in nucleus and enhanced expression of
HO1 and NQOT. In this study, VC-IV probably modify

(A) (B)
o 207
( ) g 115 abcd abcd
3 o
HistoneH3 [ p4 | @
o 104
z
E 0.54
[
0.0
Q <'/ o @
o°°q Q‘A 0‘2'
(©) (D) (E)
< 20- 2.0 < 204
2 S 2 abcde
ﬁ ] b @b g _ abcde g |
515 215 acd g 18 acd
3 5 X a
1.0 5 1.04 3 1.0
@ le) ab
< abed aped T = s L
2 051 £ 051 £ 05
s ko K
) 14
€ ool L LL, . oollmmt i I Il il I Q! i i) Il Ul I
o0 N R & @ o N R Q @ o N Q @
\\6&. ¥ ® N ¢ $Q \\5& ¥ ® N \\\oo S\Q 4@@ N N Q\QO $Q
S5 S S SR S8 &
& 8 & 18 S
000 000 00 (,oo 000 000

Figure 5. VC-IV induced Nrf2-mediated activation of ARE pathway. (a) Expression profile of Nrf2 (nuclear), Histone H3, Keap1, HO1,
NQO1 and GAPDH in mice kidneys following different treatments. Lane 1: Vehicle-treated group, lane 2: VC-IV-treated group, lane 3:
CDDP-treated group, lane 4: CDDP + LCME-treated group, lane 5: CDDP + VC-IV concomitant-treatment group, and lane 6: CDDP +
VC-IV pre-treatment group. The bar diagrams showed relative band intensity of (b) Nrf2 (nuclear), (c) Keap1, (d) HO1, and (e) NQO1.
The results were normalized with Histone H3 for Nrf2 and GAPDH for Keap1, HO1, and NQO1. Data were represented as mean + S.D,

n=4.

3ignificantly (P < 0.05) different from vehicle-treated group, Psignificantly (P < 0.05) different from VC-IV-treated group,

“significantly (P < 0.05) different from CDDP-treated group, “significantly (P < 0.05) different from CDDP + LCME-treated group,
and ®significantly (P < 0.05) different from CDDP + VC-IV concomitant-treatment group.
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Figure 6. Atomic absorption spectroscopic analysis of Pt. Quantitative estimation of (a) serum Pt concentration and (b) kidney Pt
concentration in mice of different treatment groups. Data were represented as mean + S.D. “significantly (P < 0.05) different from
vehicle-treated group, Psignificantly (P < 0.05) different from VC-IV-treated group, “significantly (P < 0.05) different from CDDP-
treated group, %significantly (P < 0.05) different from CDDP + LCME-treated group, and Ssignificantly (P < 0.05) different from

CDDP + VC-IV concomitant-treatment group.

interactions between Keap1 and Nrf2, allowing nuclear
translocation of Nrf2 and thereby promote induction of
HO1 and NQOT1 expression. We selected these two pro-
teins for analysis because of their central role in protec-
tion against oxidative stress, and because they are
signatures of Nrf2 activity [34]. Moreover, the enhance-
ment in the activities of other antioxidant enzymes,
such as, SOD, CAT, GPx, and GST also validated the
involvement of Nrf2-mediated activation of ARE
pathway in VC-IV-mediated nephroprotection. Thus,
this study proved that VC-IV augmented antioxidant
enzyme system in the kidneys of CDDP-treated mice
and provided the necessary protection through Nrf2
activation.

In order to specifically observe the effect of the com-
plexation, the ligand LCME was administered in 7 days
pre-treatment schedule along with CDDP in mice. The
dose of LCME was calculated according to the LCME
content in the oxovanadium (IV) complex. However,
LCME treatment alone did not offer any protection to
CDDP-induced renal and genetic damages. This proved
the specificity of the oxovanadium (IV) species in provid-
ing the protective efficacy towards CDDP-induced tox-
icity. Another objective of this study was to detect any
interaction between CDDP and the vanadium com-
pound. For that, Pt concentration in serum and kidneys
was estimated by atomic absorption spectroscopy in all
treatment groups of mice. No difference in the content
of Pt was found between only CDDP and CDDP combi-
nation with VC-IV treated mice. This observation indi-
cated that VC-IV did not produce any influence in the
bioavailability and renal accumulation of CDDP in mice.

Conclusion

The present study demonstrated for the first time that
an oxovanadium (IV) complex could exert a protective

role in the amelioration of CDDP-induced renal injury in
mice. The observed protective efficacy was attributed
to the oxovanadium (IV) complex-mediated mitigation
of oxidative and nitrosative stress, and enhancement of
the activities of antioxidant and detoxifying enzymes
through Nrf2 activation. Previously we have observed
that VC-IV can provide adequate protection against
CDDP-induced myelotoxicity and DNA damage in
murine bone marrow cells [35]. This study further elab-
orates its protective efficacy against CDDP-induced
nephrotoxicity. Hence, VC-IV can serve as a promising
chemoprotectant to overcome CDDP-induced severe
complications and may increase the therapeutic
window of CDDP in cancer patients.
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