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Abstract

Cisplatin is an important chemotherapeutic agent available; however the nephrotoxicity is limiting
its clinical use. Enhanced inflammatory response and oxidative/nitrosative stress appear to play a
key role in the development of cisplatin-induced nephropathy. Activation of cannabinoid-2 (CB))
receptors with selective agonists exerts anti-inflammatory and tissue protective effects in various
disease models. We have investigated the role of CBy receptors in cisplatin-induced nephrotoxicity
using selective CB5 receptor agonist HU-308 and CB, knockout mice. Cisplatin significantly
increased inflammation (leukocyte infiltration, CXCL1/2, MCP-1, TNF-a and IL1p levels),
expressions of adhesion molecule ICAM-1 and superoxide generating enzymes NOX2, NOX4 and
NOX1, enhanced ROS generation, iNOS expression, nitrotyrosine formation, apoptotic and poly
(ADP-ribose) polymerase-dependent cell death in the kidneys of mice, associated with marked
histopathological damage and impaired renal function (elevated serum BUN and creatinine levels)
3 days following the administration of the drug. CB, agonist attenuated the cisplatin-induced
inflammatory response, oxidative/nitrosative stress and cell death in the kidney and improved renal
function, while CB, knockouts developed enhanced inflammation and tissue injury. Thus, the
endocannabinoid system through CB5 receptors protects against cisplatin-induced kidney damage
by attenuating inflammation and oxidative/nitrosative stress, and selective CB, agonists may
represent a promising novel approach to prevent this devastating complication of chemotherapy.

Introduction

The platinum compound cisplatin is a widely used and potent chemotherapy agent available
to treat a variety of solid tumors and other malignancies [1,2], however its clinical use is limited
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by development of dose-dependent nephrotoxicity in about 30% of patients preventing the use
of high doses to maximize the therapeutic efficacy [1,2].

Numerous interrelated processes may be involved in the development of cisplatin-induced
nephrotoxicity including inflammation [3,4], formation of reactive oxygen [5,6] and nitrogen
species [7,8], DNA damage [1], caspase [1] and poly (ADP-ribose) polymerase (PARP)
activation [9]. Increasing number of recent studies highlight the importance of inflammatory
mechanisms in the pathogenesis and progression of cisplatin-induced nephropathy through the
recruitment of inflammatory cells, such as leukocytes and macrophages, which contribute to
the cisplatin-induced tissue injury [3,4,10,11]. Unfortunately, efficient pharmacotherapies to
decrease this devastating complication of cisplatin chemotherapy are not available.

Activation of the cannabinoid-2 (CB,) receptors (expressed predominantly in immune cells
and to a much less extent in various other cell types (e.g. endothelial and certain parenchymal
cells) by recently recognized endogenous lipid mediators (termed endocannabinoids; produced
and present in virtually all tissues/organ systems [12-14]), or selective synthetic agonists, has
been shown to protect against tissue damage in various experimental models of ischemic-
reperfusion injury [15-18], atherosclerosis/cardiovascular inflammation [19-21],
neurodegenerative [22,23], gastrointestinal [24-26] and other disorders by limit inflammatory
cell chemotaxis/infiltration, activation and interrelated oxidative/nitrosative stress [14,27-29].
Furthermore, CB5 receptors are over-expressed in a variety of cancers, and CB, activation may
decrease the proliferation/growth of various cancer cells and tumors [30].

In this study we aimed to explore the role of the CB receptors in an important and widely used
chemotherapeutic drug, the cisplatin-induced inflammation, oxidative/nitrosative stress, and
tissue injury in the kidney, utilizing a well-established mouse model of cisplatin-induced
nephropathy. These results may have important implications for the prevention of the cisplatin-
induced nephrotoxicity, as well as for the therapy of other inflammatory kidney diseases.

Material and methods

Animals and drug treatment

All animal experiments conformed to National Institutes of Health (NIH) guidelines and were
approved by the Institutional Animal Care and Use Committee of the National Institute on
Alcohol Abuse and Alcoholism (NIAAA; Bethesda, MD, USA). Six to 8-week-old male
C57BI/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). CB,
knockout mice (CB, /") and their wild-type littermates (CB,*/*) were developed as described
previously and had been backcrossed to a C57BI/6J background [15]. All animals were kept
in a temperature-controlled environment with a 12-h light—dark cycle and were allowed free
access to food and water at all times, and were cared for in accordance with National Institutes
of Health (NIH) guidelines. Mice were sacrificed 72 hrs following a single injection of cisplatin
(cis-Diammineplatinum(l1) dichloride 20 mg/kg i.p.; Sigma) administration. The selective
CB,, receptor agonist HU-308 [31] was obtained and dissolved as described [16], and used at
10 mg/kg, i.p. every day, starting 1.5 hours before the cisplatin exposure. In another set of
experiment, HU-308 treatment started 6, 48 and 60 hours following the cisplatin injection, and
continued every day until mice were sacrificed and tissues collected for the biochemical and
histological measurements at 72 hours.

Renal function monitoring

On the day of the sacrifice, blood was collected immediately and serum levels of creatinine
and Blood Urea Nitrogen (BUN) were measured using Prochem-V chemical analyzer (Texas,
USA) or Idexx VetTest 8008 (Idexx Laboratories, Westbrook, Maine, ME).
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Western blot analysis

Anti-iNOS and anti-beta-actin antibodies were obtained from Cell Signaling Technology
(Danvers, MA) and Chemicon (MA). The kidney protein samples were mixed in Laemmli
loading buffer, boiled for 10 min, and then subjected to SDS-PAGE. After electrophoresis,
proteins were transferred onto nitrocellulose membranes and blotted against primary antibody
(1:1000 dilution) for 16 hrs. Membranes were washed with PBS-T and incubated with a
secondary antibody (1:1000 dilution) for 2 hrs. Protein bands were visualized by
chemiluminescence reaction using SuperSignal West Pico Substrate (Thermo-Fisher).

Histological examination for tubular damage

Following fixation of the kidneys with 10% formalin, renal tissues were sectioned and stained
with periodic acid-Schiff (PAS) reagents for histological examination. Tubular damage in
PAS-stained sections was examined under the microscope (200x magnification) and scored
based on the percentage of cortical tubules showing epithelial necrosis: 0=normal; =<10%;
2=10-25%; 3=26—75%; 4=>75%. Tubular necrosis was defined as the loss of the proximal
tubular brush border, blebbing of apical membranes, tubular epithelial cell detachment from
the basement membrane or intraluminal aggregation of cells and proteins as described [32,
33]. The morphometric examination was performed in a blinded manner by two independent
investigators.

Myeloperoxidase (MPO) and nitrotyrosine staining

Paraffin-embedded sections were cut, deparaffinized, and hydrated by in descending
gradations of ethanol, followed by microwave treatment. Next, sections were incubated in 0.3%
H»0, in PBS to block endogenous peroxidase activity. The sections were then incubated with
anti-MPO (Invitrogen, Carlsbad, CA) or anti-nitrotyrosine (1:200 dilution, Cayman Chemical,
Ann Arbor, MI) overnight at 4°C in a moist chamber. Biotinylated secondary antibodies and
ABC Reagent were added as per Kit's instructions (Vector Laboratories, Burlingame, CA).
Color development was induced by incubation with a DAB kit (Vector Laboratories,
Burlingame, CA) for 3-5 min, and specific staining was visualized by light microscopy as
described[15,32,34,35].

Lipid peroxidation/ROS production

Malondialdehyde (MDA) is one of the end products of lipid peroxidation and an indicator of
ROS production. MDA was quantified in tissues as previously described, with some minor
modifications [34,36]. Briefly, tissues were homogenized (100 mg/mL) in 1.15% KCI buffer,
homogenates (200 uL) were then added to a reaction mixture consisting of 1.5 mL of 0.8%
thiobarbituric acid, 200 pL of 8.1% sodium dodecyl sulfate, 1.5 mL of 20% acetic acid (pH
3.5), and 600 pL of distilled H,0, and heated for 45 min at 90°C. After cooling to room
temperature, the samples were centrifuged at 10,000 g for 10 min, and the absorbance of the
supernatant at 532 nm was measured with 1,1,3,3-tetramethoxypropane as an external standard.
The level of lipid peroxides was expressed as nmol MDA/mg protein.

In addition to MDA, 4-hydroxynonenal (4-HNE) in the renal tissues was also determined using
a kit from Cell Biolabs (San Diego, CA). In brief, renal tissue extracts (10ug/mL) are adsorbed
on to a 96-well plate for 12hrs at 4°C. 4-HNE adducts present in the sample or standard are
probed with anti-HNE antibody, followed by an HRP conjugated secondary antibody. The
HNE-protein adducts content in an unknown sample is determined by comparing with a
standard curve as described in the manufacturer's protocol.
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Detection of apoptosis by TUNEL, renal DNA fragmentation and caspase 3/7 activity assays

Paraffin sections were dewaxed and in situ detection of apoptosis in the renal tissues was
performed by terminal deoxynucleotodyltransferase mediated nick-end labeling (TUNEL)
assay according to the instruction of the manufacturer kit (Roche Diagnostics, Indianapolis).
After TUNEL labeling, nucleus was labeled with Hoechst 33258 (Molecular probes,
Invitrogen, CA) and the TUNNEL positive labeled kidney cells were observed using Olympus
1X81 fluorescence microscope using 20x objective at 2048 x 2048 resolution with 1.6 times
zoom. The morphometric examination was performed by two independent, blinded
investigators. The average number of apoptotic cells in each group was calculated by taking
the average of TUNEL-positive apoptotic cells in 10 fields from each kidney sample (n=5-6/
group) with 320x magnification.

Caspase-3/7 activity in tissue lysate was measured using Apo-One Homogenous caspase-3/7
Assay Kit (Promega Corp., Madison, WI). An aliquot of caspase reagent was added to each
well, mixed on a plate shaker for 1 h at room temperature shielded from light, and the
fluorescence was measured.

The DNA fragmentation assay is based on measuring the amount of mono- and
oligonucleosomes in the cytoplasmic fraction of tissue extracts using the commercially
available kit (Roche, GmbH) according to manufacturer's instructions as described [16,37].

Renal myeloperoxidase activity assay

Myeloperoxidase [MPO, (EC1.11.1.7)] was measured by InnoZyme™ Myeloperoxidase
Activity Kit (EMD Gibbstown, NJ) according to manufacturer's instruction [15].
Myeloperoxidase activities were expressed as fold changes compared to the vehicle-treated
control sample.

Determination renal KC (CXCL1) content

Mouse KC, also known as CXCL1(chemokine (C-X-C motif) ligand 1) or N51 was measured
by Quantikine Mouse CXCL1/KC Immunoassay (R&D Systems, Minneapolis, MN) according
to manufacturer's protocol. Levels were presented as fold changes compared to vehicle-treated
control sample.

Renal poly (ADP-ribose) polymerase (PARP) activity and nitrotyrosine (NT) content

PARP activity was determined by assay Kit according to manufacturer's instructions (Trevigen,
Gaithersburg, MD) [32,33]. NT was measured by the NT ELISA kit from Hycult
Biotechnology (Cell Sciences, Canton, MA) from tissue homogenites as described [35]. Levels
were presented as fold changes compared to vehicle-treated control sample.

Real-time PCR analyses

Total RNA was isolated from kidney homogenate using Trizol LS reagents (Invitrogen,
Carlsbad, CA) according to manufacturer's instruction. The isolated RNA was treated with
RNase-free DNase (Ambion, Austin, TX) to remove traces of genomic DNA contamination.
One png of total RNA of was reverse-transcribed to cDNA using the Super-Script 11 (Invitrogen,
Carlsbad, CA). The target gene expression was quantified with Power Syber Green PCR Master
Mix using ABI 7500 Realtime PCR Instrument. Each amplified sample in all wells was
analyzed for homogeneity using dissociation curve analysis. After denaturation at 95 °C for 2
min, 40 cycles were performed at 95 °C for 10 s, 60 °C for 30 s. Relative quantification was
calculated using the comparative Ct method (2"A4ACt method : AACt = AC; sample -

AC;t reference). Lower AC+ values and lower AAC+ reflect a relatively higher amount of gene
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transcript. Statistical analyses were carried out for at least 6 to 15 replicate experimental
samples in each set.

Primers used:

TNF-a 5’AAGCCTGTAGCCCACGTCGTAS and 5’
AGGTACAACCCATCGGCTGGS

IL-18 5’AAAAAAGCCTCGTGCTGTCG3 and 5'GTCGTTGCTTGGTTCTCCTTG3’

MCP-1 5 TCAGCCAGATGCAGTTAACGC3 and &'
TCTGGACCCATTCCTTCTTGG3

MIP-2 5" GGATGGCTTTCATGGAAGGAG3' and 5’
TTGCTAAGCAAGGCACTGTGCS

ICAM-1 5AACTTTTCAGCTCCGGTCCTG 3'and &'
AAATGAAGTGGACTCCACGCG 3’

iINOS 5’ATTCACAGCTCATCCGGTACG3 and &'
GGATCTTGACCATCAGCTTGCS

NOX1 5 TCGAACGCTACAGAAGAAGCC3 and &'
TGGCAATCACTCCAGTAAGGCT

gp91phox 5’ GACCATTGCAAGTGAACACCC3' and 5
AAATGAAGTGGACTCCACGCG 3’

NOX4 5 TCATTTGGCTGTCCCTAAACG3' and 5
AAGGATGAGGCTGCAGTTGAG3'

Actin 5TGCACCACCAACTGCTTAG3' and 5’GGATGCAGGGATGATGTTC3'.

Statistical analysis

Results

Results are reported as mean+SEM. Statistical significance between 2 measurements was
determined by the 2-tailed unpaired Student's t test (and among groups it was determined by
ANOVA followed by post-hoc Student-Newman-Keuls) by using GraphPad Prism 4.3
software (San Diego, CA). Probability values of P<0.05 were considered significant.

CB, activation attenuates the cisplatin-induced renal dysfunction in mice; increased
cisplation-induced damage in CB, knockout mice

Levels of BUN and creatinine were measured at 72 h after cisplatin or vehicle administration
in the serum of both HU-308-treated and untreated mice or in CB,”" or CB,*/* mice treated
with cisplatin or vehicle. As shown in Figure 1, cisplatin administration induced severe renal
dysfunction, which was attenuated by CB, agonist HU-308 (administered starting from 1.5 hrs
before the cisplatin injection and every 24 hours thereafter until the measurements were taken
at 72 hours; Figure 1A; n=8-10/group, P<0.01). Starting from 6 hrs after the cisplatin
administration HU-308 was still effective (Figure 1B), however it lost efficacy when it was
administered after the full inflammatory response already developed at 48 or 60 hours (Figure
1B). The renal dysfunction was aggravated in CB,”- mice compared to CB,™/* littermates
(Figure 1C; n=6-7/group, P<0.01). HU-308 alone had no effects on BUN and creatinine levels
as compared to the vehicle-treated group (n=5).
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CB5 activation attenuates the cisplatin-induced tubular necrosis and cell death; increased
cisplatin-induced damage in CB, knockout mice

Histological examination revealed necrosis, protein cast, vacuolation and desquamation of
epithelial cells in the renal tubules of the cisplatin-treated control group. Treatment with
HU-308 (starting from 1.5 hrs before the cisplatin injection) significantly improved the
cisplatin-induced renal tubular damage (Figure 2AB, n=6-7/group, P<0.01). The cisplatin-
induced renal tubular damage was enhanced in CB,”~ mice compared to CB,*/* littermates
(n=6-7, P<0.05). Cell death was evaluated by caspase 3/7 activity (Figure 3A), DNA
fragmentation (Figure 3B), PARP activity (Figure 3D) assays, and TUNEL staining (Figures
3C and 4). As shown in Figures 3 and 4 all markers of cisplatin-induced cell death were
attenuated by HU-308 treatment (starting from 1.5 hrs before the cisplatin injection; (n=6-7/
group, P<0.01) and were enhanced in CB,”~ mice compared to CB,*/* littermates (n=6-7,
P<0.05). HU-308 alone had no effects on the above mentioned variables (n=5) in control mice.

CB activation attenuates the cisplatin-induced enhanced renal chemokine mRNA
expressions, increased cisplatin-induced chemokine expression in CB, knockout mice

Cisplatin significantly increased chemokine (C-X-C motif) ligand 1 (CXCL1 or KC),
chemokine (C-X-C motif) ligand 2 (CXCL2 or macrophage-inflammatory protein-2 (MIP-2)),
monocyte chemoattractant protein-1 (MCP-1) mRNA expressions in the kidneys (Figure 5A-
C; n=8-10/group, P<0.01), which were attenuated by CB, agonist HU-308 treatment (starting
from 1.5 hrs before the cisplatin injection; n=8-10/group, P<0.01; Figure 5A-C, left panels),
and were enhanced in CB,” mice compared to CB,*/* littermates (Figures 5A-C, right panels;
n=6-7/group, P<0.05). HU-308 alone had no effects on the above mentioned variables (n=5)
in control mice.

CBy activation attenuates the cisplatin-induced enhanced renal inflammatory cell infiltration
and adhesion molecule expression, increased cisplatin-induced inflammatory cell
infiltration and adhesion molecule expression in CB, knockout mice

Cisplatin significantly increased neurtophil infiltration (evidenced by increased number of
myeloperoxidase positive inflammatory cells around the damaged tubular structures (Figure
6A) or increased kidney myeloperoxidase activity (Figure 6B)) and expression of intercellular
adhesion molecule 1 (ICAM-1; Figure 6C; n=8-10/group, P<0.01), which were attenuated by
CB» agonist HU-308 treatment (starting from 1.5 hrs before the cisplatin injection; n=8-10/
group, P<0.01; Figure 6B and C, left panels), and were enhanced in CB,”- mice compared to
CB,*'* littermates (Figures 6B and C, right panels; n=6-7/group, P<0.05). HU-308 alone had
no effects on the above mentioned variables (n=5) in control mice.

CB, activation attenuates the cisplatin-induced enhanced renal inflammatory cytokine
MRNA expression, increased cisplatin-induced inflammatory cytokine mRNA expression in
CB» knockout mice

Cisplatin significantly increased mRNA expressions of pro-inflammatory cytokines tumor
necrosis factor alpha (TNFa) and interleukin 1 beta (IL-1p; Figure 7A and B; n=8-10/group,
P<0.01), which were attenuated by CB, agonist HU-308 treatment (starting from 1.5 hrs before
the cisplatin injection; n=8-10/group, P<0.05; Figure 7A and B, left panels), and were enhanced
in CB,”~ mice compared to CB,*/* littermates (Figures 7A and B, right panels; n=6-7/group,
P<0.05). HU-308 alone had no effects on the above mentioned variables (n=5).
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CB5» activation attenuates the cisplatin-induced increased renal lipid peroxidation/ROS
generation and enhanced expression of superoxide generating enzymes RENOX (NOX4),
NOX1 and NOX2; enhanced cisplatin-induced ROS generation in CB, knockout mice

Cisplatin induced significant elevation of renal HNE adduct (Figure 8A) and malondialdehyde
(MDA) levels (Figure8B; n=8-10/group, P<0.01), end products of lipid peroxidation and/or
ROS generation, which were attenuated by CB, agonist HU-308 treatment (starting from 1.5
hrs before the cisplatin injection; n=8-10/group, P<0.05; Figure 8A and B, left panels), and
were elevated in CB,”" mice compared to CB,*/* littermates (Figure 8A and B, n=6-7/group,
P<0.05). HU-308 alone had no effects on MDA (n=5).

The mRNAs for RENOX (NOX4), NOX1 and phagocyte NADPH oxidase (gp91phox/NOX2)
were significantly increased in the kidneys of cisplatin-treated mice (Figure 8 C-E; n=8-10/
group, P<0.01). Such increases were significantly attenuated by CB» agonist HU-308 treatment
(starting from 1.5 hrs before the cisplatin injection; n=8-10/group, P<0.05; Figure 8C-E, left
panels), and were enhanced in CB,”~ mice compared to CB,*/* littermates (Figure 8C-E,
n=6-7/group, P<0.05). HU-308 alone had no effects on the mRNA expression of NOX4,
NOX1, and NOX2 (n=5).

CBj activation attenuates the cisplatin-induced increased renal iNOS protein expression and
nitrotyrosine formation, enhanced cisplatin-induced nitrosative stress in CB, knockout mice

Cisplatin significantly increased renal iNOS protein expression (Figure 9A) and nitrotyrosine
(NT) formation (Figure 9B and C). Interestingly, the cisplatin-induced increased nitrotyrosine
formation was mostly localized in damaged tubular cells as well as in some surrounding
inflammatory cells (Figure 9C). These increases were significantly attenuated by CB, agonist
HU-308 treatment (starting from 1.5 hrs before the cisplatin injection; n=6-7/group, P<0.01;
Figure 9A and B, left panels; Figure 9C upper row images), and were enhanced in CB, 7~ mice
compared to CB,*/* littermates (Figure 9A and B, right panels; Figure 9C lower row images;
n=6-7/group, P<0.05). HU-308 alone had no effects on the iNOS expression and NT formation
(n=5).

Discussion

Inthe current study, we used an agonist of the cannabinoid CB, receptor as well as CB, receptor
knockout mice to outline the role of the endocannabinoid system in an in vivo model of
cisplatin-induced nephropathy. We show that treatment of mice with a CB, receptor agonist
HU-308 attenuates cisplatin-induced increased chemokine production and inflammatory cell
infiltration in the kidney, and the consequent release of reactive oxidants and inflammatory
mediators, leading to decreased cell death in tubular cells associated with marked improvement
of the cisplatin-induced compromised renal function. These findings suggest that targeting
CB, cannabinoid receptors may represent a novel protective strategy against cisplatin-induced
nephropathy. These findings are consistent with numerous recent reports demonstrating that
CB;, receptor activation by synthetic agonists decreases inflammatory cell chemotaxis,
adhesion to endothelial cells/activation, transendothelial migration followed by the attachment
to parenchimal cell and consequent activation and release of pro-inflammatory mediators and
oxidants, in experimental models of ischemic-reperfusion injury (e.g. hepatic, myocardial and
cerebral)[15-18,38], colitis [24], pancreatitis [26], cardiovascular inflammation and/or
atherosclerosis [19-21], neurodegenerative-inflammatory disorders [22,23], and other
pathologies (reviewed in [14,27-29,39,40]). In most of these studies CB5 agonists not only
attenuated the inflammatory response, but also reduced the interrelated oxidative/nitrosative
stress.
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It is well known that inflammatory cells upon activation produce plethora of various reactive
oxygen and nitrogen species (e.g. superoxide, inducible nitric oxide synthase-derived nitric
oxide (NO) and consequently peroxynitrite via diffusion-limited reaction of superoxide with
NO, just to mention a few [41,42]), which contribute to tissue injury via numerous complex
interrelated mechanisms comprising of increased lipid peroxidation [43], changes in pro-
inflammatory gene expressions in both inflammatory and parenchimal cells, secretion of pro-
inflammatory mediators (e.g. cytokines, chemokines), oxidation/nitration of key regulatory
proteins involved in cell metabolism, signaling processes implicated in proliferation, survival
and/or death, eventually leading to the activation of various mitochondrial-dependent or -
independent cell death pathways culminating into organ dysfunction and failure [44,45].

Increased inflammation [3,4], oxidative [5,6] and nitrosative [7,8] stress and the activation of
downstream effector cell death pathways (e.g. PARP [9]) also play a critical role in the
pathogenesis of cisplatin-induced cell death and renal dysfunction.

The cellular sources of increased superoxide generation may be multiple including NADH/
NADPH and xanthine oxidases, the mitochondrial respiratory chain, just to mention a few. We
found significant overexpression of NOX4 ((RENOX), NAD(P)H oxidase isoform considered
to be an important source of ROS production in the kindey [46]) and phagocyte NAD(P)H
oxidase gp91phox/NOX2, and NOX1, accompanied by enhanced lipid peroxidation/ROS
generation in kidneys of cisplatin-treated mice. We also found increased inflammatory cell
infiltration around the damaged tubular structures (Figure 6A) accompanied by marked
upregulation of mMRNA of pro-inflammatory cytokines (TNF-o and IL1p) and chemokines
(CXCLL/KC, CXCL2/MIP-2, and MCP1) in the kidneys of cisplatin-treated animals 72 hours
following the drug administration, supporting an important role of the inflammatory
component. Indeed inflammation, particularly cytokine TNF-o, appears to play a central role
in the drug-induced nephrotoxicity [10,11], and the cisplatin-induced kidney injury largely
depends on TNF-a, since TNF-a-deficient mice and TNF-o antibody-treated wild-type mice
display resistance to cisplatin-induced kidney toxicity [10,11].

The cisplatin-induced ROS generation might also favor augmented expression of iNOS and
adhesion molecules (e.g. intercellular adhesion molecule 1 (ICAM-1)) through the activation
of NF-«B, which increases the generation of nitric oxide (NO). We found increased expression
of adhesion molecule ICAM-1 in kidneys of cisplatin-treated mice, which may promote
adhesion of inflammatory cells to the activated endothelium and/or certain parenchymal cells
facilitating the increased inflammatory cell recruitment and consequent activation and
interrelated tissue injury. Consistently with previous reports demonstrating that selective iNOS
inhibition reduces the cisplatin-induced renal injury [8], we found significantly increased iNOS
expression in the kidneys of cisplatin-treated mice. The simultaneously increases superoxide
and NO production may facilitate the formation of the potent cytotoxin peroxynitrite via a
diffusion-limited reaction, which attacks various biomolecules, leading to organ dysfunction
via multiple mechanisms [44,45]. In fact, nitrosative stress and/or peroxynitrite, and the
activation of interrelated downstream effector pathways such as nuclear enzyme poly(ADP)
ribose polymerase (PARP), have importantly been implicated in the development of cisplatin-
induced cell death and subsequent nephropathy [7-9]. Underlying the importance of the
nitrosative/nitrative stress-PARP pathway, we also found markedly enhanced nitrotyrosine
formation (marker of peroxynitrite generation or more broadly nitrosative/nitrative stress)
[45] and PARP activation in the kidneys of cisplatin-treated mice. Interestingly, nitrotyrosine
was predominantly localized in damaged tubular cells and in some inflammatory and
endothelial cells at close proximity of the tubular damage (Figure 9C), supporting the idea that
increased peroxynitrite formation and/or protein nitration may play a important role in
triggering cell death [45,47-49].
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Treatment of mice with the CB, agonist HU-308 not only attenuated the cisplatin-induced
increased inflammatory response (chemokine secretion, inflammatory cell infiltration, TNF-
a and IL1p levels), but also reduced the expression of ROS generating enzymes NOX4, NOX2
and NOX1, and the consequent renal oxidative stress. Furthermore, HU-308 also decreased
the cisplatin-induced increased iNOS expression and nitrotyrosine formation in the kidneys,
and consequent cell death (both apoptotic and necrotic) and renal dysfunction. This is consistent
with the anti-inflammatory and cytoprotective effects of CB, activation observed in numerous
above mentioned preclinical studies. On the basis of our results, the most likely mechanisms
of the protective effects of the CB, receptor activation in cisplatin-induced nephropathy model
are the reduction of the endothelial cell activation (e.g. adhesion molecule expression,
chemokines such as MCP-1 secretion, etc.) and attenuation of the inflammatory cell migration
to the site of tubular injury and adhesion to the activated endothelium and/or damaged
parenchymal cells. Interestingly, a recent study has demonstrated that CB, receptors directly
regulate ROS generation in macrophages [50] raising a possibility that the attenuation of the
inflammatory cell activation may also be involved in the beneficial effect of CB, receptor
agonist in our nephropathy model. These results are also in good agreement with the protective
effects of CB5, agonists observed in models of ischemic-reperfusion injury and vascular
inflammation [27]. We also found increased cisplatin-induced kidney inflammation, oxidative/
nitrosative stress, cell death and dysfunction in CB,”~ mice compared to their wild type
CB,*'* littermates, suggesting that the endocannabinoid system may exert protective effects
via tonic activation of CB, receptors, similarly to the effects reported in models of ischemic-
reperfusion injury and neuroinflammatory disorders [14,27].

Collectively, our results suggest that the endocannabinoid system through CB,, receptors limits
the cisplatin-induced nephropathy by attenuating inflammation, oxidative/nitrosative stress
and cell death, and that selective CB, agonists may represent a promising novel approach to
prevent this devastating complication of chemotherapy. This is particularly exciting, because
selective CB, receptor agonists are devoid of psychoactive side effects characteristic of the
CNS cannabinoid receptor-1 activation[14]. Furthermore, CB, receptors are over-expressed
in a variety of cancers in which CB> activation appears to decrease the proliferation/growth of
cancer cells[30,51]. These results may also have important implications for the treatment of
other kidney diseases associated with inflammation and interrelated oxidative/nitrosative
stress.
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Figure 1. CB» activation attenuates the cisplatin-induced renal dysfunction; enhanced cisplatin-
induced dysfunction in CB» knockout mice

Cisplatin induced profound renal dysfunction 72 h after the administration to mice evidenced
by increased serum levels of blood urea nitrogen (BUN) and creatinine (Panel A), which were
attenuated by CB, agonist HU-308 treatment (starting from 1.5 hrs before the cisplatin injection
and every 24 hours thereafter until the measurements were taken at 72 hours). Starting from 6
hrs after the cisplatin administration HU-308 was still effective, however it lost efficacy when
it was administered after the full inflammatory response already developed at 48 or 60 hours
(panel B). Results are mean+S.E.M. of n=8-10/group, *P<0.01 vs. vehicle; #P<0.05 vs.
cisplatin). The cisplatin-induced renal dysfunction was enhanced in CB,”- mice compared to
CB,*'* littermates (Panel C). Results are mean+S.E.M. of 6-7 experiments/group *P<0.01 vs.
vehicle in CB,™* or CB,”" mice; #P<0.05 vs. cisplatin in CB,** mice.
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Figure 2. CB» activation attenuates the cisplatin-induced renal histopathological damage;
enhanced cisplatin-induced damage in CB» knockout mice

As shown in the representative images (panel A) cisplatin induced profound histopathological
renal injury 72 h after the administration to mice, evidenced by protein cast, vacuolation and
desquamation of epithelial cells in the renal tubules using PAS staining, which were attenuated
by HU-308 treatment starting from 1.5 hrs before the cisplatin injection (Panels A upper row,
panel B left). The cisplatin-induced renal damage was enhanced in CB,”~ mice compared to
CB,*'* littermates (Panels A bottom row, panel B right). Results are mean+S.E.M. of 6-7
experiments/group *P<0.01 vs. vehicle in CB,*/* or CB,”" mice; #P<0.01 vs. cisplatin in
CB,** mice.
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Figure 3. CB» activation attenuates the cisplatin-induced renal cell death; enhanced cisplatin-
induced cell death in CB» knockout mice

Cell death in the kidneys was evaluated by caspase 3/7 activity, DNA fragmentation and PARP
activity assays (Panels A-D). As shown in panels 3A-D left columns, all markers of cisplatin-
induced cell death in the kidneys were attenuated by HU-308 treatment starting from 1.5 hrs
before the cisplatin injection. Results are mean+S.E.M. of 5-7 experiments in each group
*P<0.01 vs. vehicle; #P<0.05 vs. The cisplatin-induced cell death was enhanced in kidneys of
CB," mice compared to CB,*/* littermates (Panels A-D right column). Results are mean
+S.E.M. of 6-7 experiments/group *P<0.01 vs. vehicle in CB,** or CB,”- mice; #P<0.01 vs.
cisplatin in CB,*"* mice.
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Figure 4. CB» activation attenuates the cisplatin-induced renal TUNEL staining; enhanced
cisplatin-induced TUNEL staining in kidneys of CB5 knockout mice

Late apoptotic cell death in kidneys was evaluated by fluorescent TUNEL staining (Panels A
and B, left column). As shown in representative images (320xmagnification), cisplatin
markedly increased the number of TUNEL positive cells (left column, shown in green color)
in the kidneys. Middle column depicts nuclear staining with Hoechst 33258 (blue color), and
the collocalization is shown with TUNEL at right. The number of TUNEL positive cells was
attenuated by HU-308 treatment starting from 1.5 hrs before the cisplatin injection (Panel A).
The cisplatin-induced cell death (number of TUNEL positive cells) was increased in kidneys
of CB, mice compared to CB,*/* littermates (Panel B). See also Figure 3C for quantification.

Free Radic Biol Med. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mukhopadhyay et al.

Page 17

>

* #
4 4 -
N i *
-3 * Q531
X @ X @
o2 o2
o © QO ®©
£52 *# £ 521
< =
o 8 = o3
£ & £ L -
5 ' 5 '
- .0 0
Cisplatin - - + + Cisplatin - + - +
HU308 -+ -+ cB2** cB2™”
B .
4 - 5 -
< * <
= =
o | C 41 *
Eg3 ES
3 * vy S
& 8 # &S 37
& 5 21 I £
= ke] £ 3 2 1
& O S8
a = -
o 1. 0 - ==
9 - | X 11
o (&)
_ 0 0
Cisplatin - - 4+ + Cisplatin - + - +
HU308 = 4 = + cBz+ CB2"
C 4 4
* #
— 3 1 31
23 * 23 %
o c e c
£ 8 2 4 #* E &2
- O - O
o o - o
S 3 o3
€,] = - s 2, {I -
- -0 0
Cisplatin - - 4+ 4 Cisplatn - + - +
HU308 -+ -+ CB2*+ CB2™"

Figure 5. CB2 activation attenuates the cisplatin-induced enhanced renal chemokine mRNA
expressions, increased cisplatin-induced chemokine expression in CB2 knockout mice

Cisplatin significantly increased chemokine (C-X-C motif) ligand 1 (CXCL1 or KC; Panel A),
chemokine (C-X-C motif) ligand 2 (CXCL2 or macrophage-inflammatory protein-2 (MIP-2);
Panel B), monocyte chemoattractant protein-1 (MCP-1, Panel C) mRNA expressions in the
kidneys (Panels A-C), which were attenuated by CB agonist HU-308 treatment (starting from
1.5 hrs before the cisplatin injection; Panels 5A-C, left panels). Results are mean+S.E.M. of
5-10 experiments in each group *P<0.01 vs. vehicle; #P<0.05 vs. cisplatin. The cisplatin-
induced increased chemokine expressions were enhanced in kidneys of CB,”- mice compared
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to CB,*/* littermates (Panels A-C right panels). Results are mean+S.E.M. of 6-7 experiments/
group *P<0.01 vs. vehicle in CB,*/* or CB,”" mice; #P<0.05 vs. cisplatin in CB,™* mice.
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Figure 6. CB2 activation attenuates the cisplatin-induced increased renal leukocyte infiltration and
adhesion molecule ICAM-1 expression; enhanced cisplatin-induced inflammation in CB2 knockout

mice

Cisplatin significantly increased the number of renal myeloperoxidase positive cells around
the damaged tubular structures (Panel A; 400x magnification) and/or tissue myeloperoxidase
activity (indicator of leukocyte infiltration, Panel B) and ICAM-1 expression (Panel C), which
were attenuated by CB5 agonist HU-308 treatment (starting from 1.5 hrs before the cisplatin
injection). Results are mean+S.E.M. of 5-10 experiments in each group *P<0.01 vs. vehicle;
#P<0.05 vs. cisplatin. The cisplatin-induced increased renal leukocyte infiltration and ICAM-1
expression were enhanced in kidneys of CB,~ mice compared to CB,*/* littermates (Panel A
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lower row of images; Panels B and C, right panels). Results are mean+S.E.M. of 6-7

experiments/group *P<0.01 vs. vehicle in CB,*/* or CB,”" mice; #P<0.05 vs. cisplatin in
CBy** mice.
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Figure 7. CB» activation attenuates the cisplatin-induced increased expression of mRNA of TNF-
a and IL1p; enhanced cisplatin-induced inflammatory response in CB» knockout mice

Cisplatin significantly increased mRNA expression of TNF-a and IL1J (panels A and B) in
the kidneys 72 h following the administration to mice, which were attenuated by HU-308
treatment (starting from 1.5 hrs before the cisplatin injection). Results are meantS.E.M. of
5-10 experiments in each group *P<0.01 vs. vehicle; #P<0.05 vs. cisplatin. The cisplatin-
induced increased renal TNF-a and IL13 mRNA expression was enhanced in kidneys of
CB,~ mice compared to CB,*/* littermates (Panel A and B, right panels). Results are mean
+S.E.M. of 6-7 experiments/group *P<0.01 vs. vehicle in CB,** or CB,”- mice; #P<0.05 vs.
cisplatin in CB,*"* mice.
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Figure 8. CB» activation attenuates the cisplatin-induced increased lipid peroxidation/ROS
generation, overexpression of superoxide generating enzymes NOX4(RENOX), NOX2(gp91phox)
and NOX1; increased cisplatin-induced ROS generation in CB2 knockout mice

Cisplatin induced marked increases in lipid peroxidation/ROS generation (HNE and MDA
panela A and B); mRNA expression of NOX4, NOX2 and NOX1 (Panels C-E) in the kidneys
72 h following the administration to mice, which were attenuated by HU-308 treatment (starting
from 1.5 hrs before the cisplatin injection, Panels A and B, left). Results are mean+S.E.M. of
5-10 experiments in each group *P<0.01 vs. vehicle; #P<0.05 vs. cisplatin. The cisplatin-
induced increased renal NOX1, NOX2 and NOX4 mRNA expression was enhanced in kidneys
of CB,”~ mice compared to CB,*/* littermates (Panels C-E, right). Results are mean+S.E.M.
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of 6-7 experiments/group *P<0.01 vs. vehicle in CB,** or CB,”" mice; #P<0.05 vs. cisplatin
in CBy** mice.
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Figure 9. CB» activation attenuates the cisplatin-induced enhanced renal expression of iNOS and
3-nitrotyrosine (NT) formation; increased cisplatin-induced iNOS expression and NT formation
in CB» knockout mice

Cisplatin increased iNOS protein expression (A) and NT formation (B) in the kidneys 72 h
following the administration to mice, which were attenuated by HU-308 treatment (starting
from 1.5 hrs before the cisplatin injection). Results are mean+S.E.M. of 5-7 experiments in
each group *P<0.01 vs. vehicle; #P<0.05 vs. cisplatin. The cisplatin-induced increased renal
iNOS expression and NT formation was enhanced in kidneys of CB,”- mice compared to
CB,** littermates (Panels A and B, right). Results are mean+S.E.M. of 6-7 experiments/group
*P<0.01 vs. vehicle in CB,*"* or CB,” mice; #P<0.05 vs. cisplatin in CB,*/* mice.
Representative Kidney sections demonstrate that the NT staining (dark staining) is
predominantly localized in damaged tubular cells and to a lesser extent to inflammatory cells
at close proximity. 400x magnification
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