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Abstract
Cisplatin is a commonly used chemotherapeutic drug the clinical use of which is limited by the
development of dose-dependent nephrotoxicity. Enhanced inflammatory response, oxidative stress
and cell death have been implicated in the development of cisplatin-induced nephropathy;
however the precise mechanisms are elusive. Overactivation of the nuclear enzyme poly(ADP-
ribose)polymerase-1 (PARP-1) by oxidative DNA damage in various pathological conditions
promotes cell death and up-regulation of key proinflammatory pathways. In this study, using a
well-established model of nephropathy, we have explored the role of PARP-1 in cisplatin-induced
kidney injury. Genetic deletion or pharmacological inhibition of PARP-1 markedly attenuated the
cisplatin-induced histopathological damage, impaired renal function (elevated serum BUN and
creatinine levels), enhanced inflammatory response (leukocyte infiltration, TNF-α, IL-1β, F4/80,
adhesion molecules ICAM-1/VCAM-1 expressions) and consequent oxidative/nitrative stress
(HNE, 8-OHdG, and nitrotyrosine content, NOX2/NOX4 expressions). PARP inhibition also
facilitated the cisplatin-induced cell death in cancer cells. Thus, PARP activation plays an
important role in cisplatin-induced kidney injury, and its pharmacological inhibition may represent
a promising approach to prevent the cisplatin-induced nephropathy. This is particularly exciting
since several PARP inhibitors alone or in combination with DNA-damaging anticancer agents
show considerable promise in clinical trials to treat various malignancies (e.g. triple-negative
breast cancer).
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Introduction
The platinum compound cisplatin is a potent and widely used chemotherapy drug to treat
various solid tumors and other malignancies; unfortunately, the major limitation of its
clinical use is the development of dose-dependent nephrotoxicity in about one third of
patients preventing the use of high doses to take full advantage of the therapeutic efficacy
[1, 2]. Cisplatin binds to DNA, leading to the formation of inter- and intrastrand cross-links,
resulting in defective DNA templates and arrest of DNA synthesis and replication,
particularly in rapidly dividing cancer cells [3]. Enhanced inflammatory response, cell death
and oxidative stress appear to be involved in the development of cisplatin-induced
nephropathy [4–7]; however the precise mechanisms are elusive and efficient treatment to
decrease this devastating complication of the chemotherapy is not available.

Poly(ADP-ribose) polymerase 1 (PARP-1) is the most abundant isoform of the nuclear
enzyme PARP family. In various pathological conditions PARP-1 overactivation by
oxidative DNA damage depletes its substrate NAD(+), slowing the rate of glycolysis,
electron transport, and ATP formation, eventually leading to functional impairment or death
of various normal cell types, as well as to up-regulation of various key proinflammatory
pathways such as nuclear factor kappa B (NF-κB) [8–10]. Conversely, PARP inhibitors
exert multitude of cytoprotective and anti-inflammatory effects in preclinical models of
reperfusion injury [9, 10], lung inflammation [11], shock [9, 10, 12, 13], diabetes and
diabetic complications [14–20] among many others [9, 10, 21]. In clinical trials inhibition of
PARP alone or in combination with DNA-damaging anticancer agents shows considerable
promise in facilitating tumor cell death (e.g. in breast cancer) [22–27]. Excitingly, PARP-1
has also been implicated in the chemoresistance of cancer cells to cisplatin [28, 29] and
PARP inhibition shows synergistic chemosensitivity of triple-negative breast cancer cell
lines to gemcitabine and cisplatin [30].

In this study we investigated the role of PARP-1 in cisplatin-induced kidney injury using a
well-established mouse model of cisplatin-induced nephropathy [6, 31–40] and the effects of
PARP inhibitors alone or in combination with cisplatin on viability of cancer cells. These
results may have important clinical implications for the prevention of the cisplatin-induced
nephrotoxicity with PARP inhibitors, which already show potent anticancer activities in
clinical trials and synergistic anticancer effect with cisplatin in multiple experimental
paradigms.

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
C57Bl/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
PARP-1 knockout mice (PARP-1−/−) and their wild-type littermates (PARP-1+/+) were as
described previously backcrossed to a C57Bl/6J background [41]. 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(II) dichloride 25 mg/kg i.p.; Sigma). Two
inhibitors of PARP 5-aminoisoquinoline (5-AIQ) and N-(5,6-Dihydro-6-oxo-2-
phenanthridinyl)-2-acetamide hydrochloride (PJ34) [10] were purchased from Axxora LLC
(San Diego, CA). The selective PARP inhibitors AIQ and PJ34 were dissolved in saline and
administered at 10 mg/kg, i.p. daily, starting 2 hours before the cisplatin administration. In
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another set of experiments, AIQ and PJ34 treatment started 12 and 24 h after the cisplatin
injection and tissues collected for the biochemical and histological measurements at 72 h.
For the main study 6 mice were treated with vehicle, 6-6 with PARP inhibitors (AIQ and
PJ34), 8 with cisplatin, and 8-8 with cisplatin in combination with PARP inhibitors. For the
post-treatment studies additional 4 mice were treated with vehicle, 4 with cisplatin, and 8-8
with cisplatin in combination with PARP inhibitors (4 for each time-point). For the time
course experiments 6 mice were treated with vehicle and 28 with cisplatin (following the
cisplatin treatment 7-7 mice were sacrificed 6, 24, 48, and 72 hours following the cisplatin
exposure). Additional 6-6 PARP-1+/+ and PARP-1−/− mice were treated with vehicle or 8-8
of each with cisplatin.

Renal function monitoring
On the day of the sacrifice, blood was immediately collected and serum levels of creatinine
and Blood Urea Nitrogen (BUN) were measured using VetTest 8000 blood chemistry
analyzer (Idexx Lab) [5].

Histological examination
Following fixation of the kidneys with 10% formalin, renal tissues were sectioned and
stained with periodic acid-Schiff (PAS) reagents (Newcomer Supply, Middleton, WI) for
histological examination. Tubular damage in PAS-stained sections was examined under the
microscope and scored based on the percentage of cortical tubules showing epithelial
necrosis: 0 = normal; 1 = <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 [5]. For myeloperoxidase (MPO) staining slides were
deparaffinized, and hydrated in descending gradations of ethanol, followed by antigen
retrieval procedure. Next, sections were incubated in 0.3% H2O2 in PBS to block
endogenous peroxidase activity. The sections were then incubated with anti-MPO (Biocare
Medical, Concord, CA) antibodies overnight at 4°C in a moist chamber. Biotinylated
secondary antibodies and ABC reagent were added as per the kit’s instructions (Vector
Laboratories, Burlingame, CA, USA). Color development was induced by incubation with a
DAB kit (Vector Laboratories) for 3–5 min, and the sections were counter-stained with
nuclear fast red as described [5]. Finally, the sections were dehydrated in ethanol and
cleared in xylene and mounted. The specific staining was visualized and images were
acquired using microscope IX-81 with 20X, 40X and 100x objectives (Olympus, Center
Valley, PA). The morphometric examination was performed in a blinded manner by two
independent investigators.

Renal nitrotyrosine (3-NT) content
NT was measured by the NT ELISA kit from Hycult Biotechnology (Cell Sciences, Canton,
MA) from tissue homogenates as described [5]. Levels were presented as fold change
compared to vehicle-treated control sample.

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.
Myeloperoxidase activities were expressed as fold change compared to the vehicle-treated
control sample [42].
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Renal 4-hydroxynonenal (4-HNE) content
4-HNE in the kidney tissues was determined using the kit (Cell Biolabs, San Diego, CA). In
brief, BSA or renal tissue extracts (10μg/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.

Renal caspase3/7 activity
For caspase assay of tissue lysate, caspase-3/7 activity of the lysate was measured using
Apo-One Homogenous caspase-3/7 assay kit (Promega, Madison, WI) as described. An
aliquot of caspase reagent was added to each well, mixed on a plate shaker for 1 h at room
temperature with light protection, and the fluorescence emission was measured in Victor
(Perkin Elmer, Waltham, MA).

Renal 8-hydroxy-2′-deoxyguanosine (8-OHdG) content
Under conditions of oxidative stress, 8-hydroxy-2′-deoxyguanosine (8-OHdG) is formed
when DNA is oxidatively damaged by reactive oxygen species (ROS). DNA from samples
were isolated using Qiagen Genomic DNA isolation kit. Extracted DNA was digested by P1
nuclease followed by alkaline phosphatase treatment. Enzymes and other macromolecules
were removed through Microcon YM-10 (Millipore, Billerca, MA). The 8-OHdG ELISA
assay uses a competitive format wherein a murine monoclonal antibody to 8-OHdG
(Primary Anti-8OHdG) and sample or standard are added to a microtiter plate which has
been precoated with 8-OHdG (Northwest Life Science Research, Vancouver, WA). Sample
or calibrator 8-OHdG competes with plate-bound 8-OHdG for binding with the antibody.
Accordingly, higher concentrations of sample or calibrator leads to reduced binding of the
antibody to the 8OHdG coated plate. A subsequent wash step removes any free 8-OHdG/
antibody adduct leaving stationary plate bound 8-OHdG complexed to antibody for later
detection. Anti-murine antibody conjugated to horse radish peroxidase (HRP-Conjugate) is
then added to the plate. HRP-conjugate binds to remaining murine anti-8-OHdG and
unbound HRP-conjugate is removed in another wash step. Addition of 3,3′,
5,5′tetramethylbenzidine (TMB Substrate) results in blue color development proportional to
the amount of anti 8-OHdG antibody bound to the plate and inversely proportional to the
concentration 8-OHdG in original samples or calibrators applied to the plate. The reaction is
terminated by addition of phosphoric acid (Stop Solution) producing yellow color with
measurable absorbance at 450 nm.

Real-time PCR analyses
Total RNA was isolated from kidney homogenate using Trizol 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 microgram of total RNA of was reverse-transcribed to cDNA using the Super-Script II
(Invitrogen, Carlsbad, CA). The target gene expression was quantified with Power Syber
Green PCR Master Mix using ABI HT7900 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- Ct method: Ct
= Ct sample – Ct [5]. Lower CT values and lower CT reflect a relatively higher amount of
gene transcript. Statistical analyses were carried out for at least 6 to 8 replicate experimental
samples in each set.

Primers used:
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TNF-α: 5′AAGCCTGTAGCCCACGTCGTA3′ and
5′AGGTACAACCCATCGGCTGG3′

IL-1β: 5′AAAAAAGCCTCGTGCTGTCG3′ and 5′GTCGTTGCTTGGTTCTCCTTG3′

ICAM: 5′ AACTTTTCAGCTCCGGTCCTG 3′ and 5′
TCAGTGTGAATTGGACCTGCG3′

VCAM: 5′ TTATTGTTGACATCTCCCCCG 3′ and 5′
TCATTCCTTACCACCCCATTG 3′

NOX2(gp91phox): 5′ GACCATTGCAAGTGAACACCC3′ and 5′
AAATGAAGTGGACTCCACGCG3′

NOX4(RENOX): 5′ TCATTTGGCTGTCCCTAAACG3′ and 5′
AAGGATGAGGCTGCAGTTGAG3′

F4/80: 5′ TGTGTCGTGCTGTTCAGAACC3′ and 5′AGGAATCCCGCAATGATGG3′

Actin: 5′TGCACCACCAACTGCTTAG3′ and 5′GGATGCAGGGATGATGTTC3′.

Cell culture of cancer cell line T24
T24, a transitional cell carcinoma from human urinary bladder was purchased from ATCC.
The T24 cell line was cultured in McCoy’s medium with 10% foetal calf serum and 1%
penicillin–streptomycin. Cells were harvested at 70–80% confluence by washing with
prewarmed 37°C phosphate-buffered saline (PBS) and then trypsinisation (0.1% trypsin,
0.4% EDTA in PBS) at 37°C. All cultures were tested for viability following the treatment
as described in result section.

Cytotoxicity and cell survival assays
The effect of cisplatin and PARP inhibitors, or their combinations on cell survival were
assessed using the XTT assay (Cell Proliferation Kit II, Roche Diagnostics, Indianapolis,
IN). Cells were seeded into 96 or 24 well culture plates. Twenty-four hours later, cells were
treated with different concentrations of cisplatin, AIQ and PJ34, or their combination as
described in the figures. Untreated cells were cultured in parallel as a negative control. After
72h of incubation, cells were treated with 50 μL aliquot of the XTT solution (1 mL XTT
labeling/20 μL electron-coupling reagent) to each well at the end of the experiment. After 2h
of incubation, the absorbance was measured at both 492 nm and a reference wavelength
(690 nm).

Flow cytometry analyses of cell death
After the treatments, total cell death in T24 cancer cell line was determined by using flow
cytometry as described [43, 44].

Statistical analysis
Results are expressed as mean±SEM. Statistical significance among groups was determined
by one-way ANOVA followed by Newman-Keuls post hoc analysis using GraphPad Prism
5 software (San Diego, CA). Probability values of P<0.05 were considered significant.
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Results
Cisplatin-triggers time-dependent increase in renal oxidative/nitrative stress, PARP
activation, and inflammatory response, which correlate with tubular cell death and renal
dysfunction

In the kidney cisplatin induced time-dependent increase in HNE and 3-NT from 6 hours of
its administration, which paralleled with PARP activation (Figure 1A–D). The expression of
mRNAs of reactive oxygen species (ROS) generating NAD(P)H oxidase isoforms NOX2
and NOX4 were increased only from 24–48 hours following cisplatin administration (Figure
1B), which coincided with the enhanced inflammatory response (increased TNFα mRNA
levels Figure 1C). The apoptotic cell death occurred at the peak of oxidative/nitrative stress
and inflammation (Figure 1D) and also paralleled with the development of renal dysfunction
(Figure 1E). These results suggest that the cisplatin induces increased oxidative/nitrative
stress and consequent PARP activation in the kidneys preceding inflammatory response.

Pharmacologic inhibition of PARP attenuates the cisplatin-induced kidney injury
Pharmacological inhibition of PARP with AIQ or PJ34 administered 2 hours before cisplatin
injection (Figure 2A) or 12 or 24 hours after (Figure 2B) reduced cisplatin-induced profound
kidney injury as evidenced by the attenuation of the increase in blood urea nitrogen (BUN)
and creatinine values (Figure 2A, B) and decrease in tubular necrosis (Figure 2C)
determined by PAS staining in the kidney 72 hours after cisplatin administration to mice.
PARP inhibitors had no effect in control mice on all variables studied (Figure 2A–C).

Genetic deletion of PARP-1 attenuates the cisplatin-induced kidney injury
Genetic deletion of PARP-1 reduced cisplatin-induced profound kidney damage as
evidenced by the attenuation of the increase in blood urea nitrogen (BUN) and creatinine
values (Figure 3A) and decrease in tubular necrosis (Figure 3B) determined by PAS staining
in the kidney 72 hours after cisplatin administration to mice. PARP-1−/− and PARP-1+/+

mice treated with vehicle only had normal kidney function and histology (Figure 3A, B).

Pharmacologic inhibition of PARP attenuates cisplatin-induced adhesion molecules
expression, leukocyte and macrophage infiltration in the kidney

Since pharmacological inhibition or genetic deletion of PARP-1 is known to attenuate
adhesion molecules expression during ischemic-reperfusion injury [10, 45], and increased
adhesion molecules expressions are important in mediating inflammatory response
(leukocyte and other inflammatory cell attachment to activated endothelium and/or
parenchyma cells) in cisplatin-induced nephropathy, we also investigated the effects of
pharmacological inhibition or genetic deletion of PARP-1 on cisplatin-induced adhesion
molecules ICAM-1 and VCAM-1 expressions. Cisplatin significantly increased mRNA
expression of adhesion molecules ICAM-1 and VCAM-1 (Figure 4A, B), F4/80 (marker of
macrophage infiltration; Figure 4C), and myeloperoxidase activity (an indicator of leukocyte
infiltration; Figure 4D, E). These changes were attenuated by treatment with AIQ or PJ34
(Figure 4A–E). PARP inhibitors had no effects in control mice on all variables studied
(Figure 4A–E).

Genetic deletion of PARP attenuates cisplatin-induced adhesion molecules expression
and leukocyte infiltration in the kidney

Cisplatin significantly increased mRNA expression of adhesion molecules ICAM-1 and
VCAM-1 in PARP-1+/+ mice (Figure 5A, B), F4/80 (Figure 5E), and renal myeloperoxidase
activity and staining (Figure 5C, D); these changes were attenuated in PARP-1−/− mice
compared to PARP-1+/+ littermates (Figure 5A–E). PARP-1−/− and PARP-1+/+ mice treated
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with vehicle only had similar low levels of adhesion molecules and inflammatory cell
markers (Figure 5A–E).

Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
kidney inflammatory response

Consistent with the increased inflammatory response cisplatin significantly increased
mRNA expression of inflammatory cytokines TNF-α and IL1β (Figure 6A–D) in the
kidneys. These changes were attenuated by treatment with AIQ or PJ34 (Figure 6A, C) and
also in PARP-1−/− mice compared to PARP-1+/+ littermates (Figure 6B, D). PARP
inhibitors had no effects in control mice on all variables studied, likewise there were no
significant differences in kidney TNF-α and IL1β mRNA levels in PARP-1−/− and
PARP-1+/+ mice treated with vehicle only (Figure 6A–D).

Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
increased oxidative and nitrative stress

Lipid peroxides are unstable indicators of oxidative stress in cells that decompose to form
more complex and reactive compounds such as 4-hydroxynonenal (HNE), which has been
shown to be capable of binding to proteins and forming stable adducts. Recent evidence also
implicates HNE in various key signaling processes [46, 47]. 8-hydroxy-2′-deoxyguanosine
(8-OHdG) or 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) is a marker of free radical-
induced oxidative damage in nuclear and mitochondrial DNA, which has been widely used
as a biomarker for oxidative stress and carcinogenesis [48–53]. Nitrotyrosine (3-NT)
formation was initially considered a specific marker of in vivo peroxynitrite generation, but
now it is rather used as a collective index of protein nitration, because other pathways have
also been proposed to be involved in its formation (e.g., myeloperoxidase under certain
inflammatory conditions [21, 54–58]. Cisplatin significantly increased renal HNE, 8-OHdG
and nitrotyrosine levels (Figure 7A–F) 72 h following its administration to mice. These
increases were attenuated by treatment with PARP inhibitors AIQ or PJ34 (Figure 7A, C, E),
and also in PARP-1−/− mice compared to PARP-1+/+ littermates (Figure 7B, D, F). PARP
inhibitors had no effects in control mice on all variables studied, likewise there were no
significant differences in kidney levels of HNE, 8-OHdG, and 3-NT in PARP-1−/− and
PARP-1+/+ mice treated with vehicle only (Figure 7A–F).

Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
increased expression of NOX2 and NOX4

Cisplatin significantly increased renal mRNA expression of ROS generating enzymes
NOX4 (renox) and NOX2 (gp91phox) (Figure 8A–D) 72 h following its administration to
mice. These effects were significantly attenuated by treatment with AIQ or PJ34 (Figure 8A
and C), and also in PARP-1−/− mice compared to PARP-1+/+ ones (Figure 8B and D). PARP
inhibitors had no effects in control mice on all variables studied, likewise there were no
significant differences in kidney levels of NOX2/4 mRNA in PARP-1−/− and PARP-1+/+

mice treated with vehicle only (Figure 8A–D).

PARP inhibition attenuates cisplatin-induced renal apoptosis
We have also evaluated the effect of pharmacological inhibition or genetic deletion of PARP
on cisplatin-induced apoptotic cell death. As revealed by our time-course experiments
apoptotic cell death (caspase 3/7 activity) was increased by 48 and 72 hours following
cisplatin administration (Figure 1D) and paralleled with enhanced inflammatory response
and oxidative/nitrative stress (Figure 1A–C). Cisplatin significantly increased renal
apoptosis (caspase 3/7activity and TUNEL staining) (Figure 9A–C) 72 h following its
administration to mice. These increases were attenuated by treatment with PARP inhibitors
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AIQ or PJ34 (Figure 9A, C), and also in PARP-1−/− mice compared to PARP-1+/+

littermates (Figure 9B, C). PARP inhibitors had no effects in control mice on all variables
studied, likewise there were no significant differences in kidney caspase 3/7 activity and
TUNEL staining in PARP-1−/− and PARP-1+/+ mice treated with vehicle only (Figure 9A–
C). Panel C shows representative TUNEL staining of kidney sections. The light blue/green
TUNEL positive cells (overlaid nuclear staining (blue) and TUNEL (green)) were markedly
increased by cisplatin, and attenuated by pharmacological inhibition or genetic deletion of
PARP. The reduction of apoptotic cell death was consistent with the attenuation of
inflammation and oxidative/nitrative stress.

PARP inhibitors enhance the cisplatin-induced cell death in tumor cells
Since cisplatin is widely used in various urinary tract cancers (because of its primary
excretion by kidneys and therefore high concentration reached in the urinary tract), we also
wanted to determine if PARP inhibition interferes with its anticancer effects using human
bladder carcinoma cell line (T24). Cisplatin induced concentration-dependent cell death of
T24 cancer cells following 72h (Figure 10A), as well as PARP inhibitors AIQ and PJ34
(Figure 10B). Simultaneous administration of PARP inhibitors and cisplatin at doses which
did not induce cell death by themselves promoted cell death in T24 cancer cells (Figure
10C) determined by XTT assay (Figure 10 left panels) and flow cytometry (Figure 10 right
panels). Thus, these results support the view and ongoing clinical trials that PARP inhibitors
together with DNA damaging anticancer drugs, such as cisplatin, can accelerate tumor cell
killing.

Discussion
In this study, we have investigated the role of PARP-1 in a clinically relevant model of
cisplatin-induced nephropathy by using two pharmacological antagonists, as well as PARP-1
knockout mice. We demonstrate that genetic deletion of PARP-1 or its pharmacological
inhibition with PJ34 or AIQ attenuates cisplatin-induced increased histopathological injury,
inflammation and oxidative/nitrative stress in the kidney, leading to marked improvement in
cisplatin-induced compromised renal function. These findings suggest that PARP activation
plays a key role in promoting cisplatin-induced renal inflammation and injury. We also
demonstrate that PARP inhibition does not interfere with the antitumor activity of cisplatin,
in fact it rather promotes it, in a human cancer cell line, which is consistent with results of
numerous recent in vitro and in vivo experimental and clinical reports [30, 59], overviewed
in [8, 60–67].

Consistent with previous reports we found that cisplatin induced marked tubular necrosis,
increased inflammatory cell infiltration, oxidative/nitrative stress and impaired renal
function [5, 6, 31–40, 68, 69]. NAD(P)H oxidases may represent very significant source of
reactive oxygen species (e.g. superoxide) generation in various pathological conditions. In
the kidneys of cisplatin-treated animals we found marked overexpression of phagocyte
NAD(P)H oxidase isoform gp91phox/NOX2, as well as NOX4/renox (the NAD(P)H
oxidase isoform considered to be a major source of ROS generation in the kidneys under
pathological conditions). The increased NOX2 expression was consistent with enhanced
leukocyte infiltration in the kidneys of cisplatin-treated mice around damaged tubular
structures. The cisplatin-induced ROS generation may also facilitate the expression of
adhesion molecules and iNOS through the activation of NF-κB [70]. Indeed, in the kidneys
of cisplatin-treated mice we found increased expression of adhesion molecules ICAM-1 and
VCAM-1, which may facilitate adhesion of inflammatory cells to the activated endothelium
or damaged parenchyma cells. These activated immune cells then may release various
chemokines, cytokines ROS/RNS further amplifying the inflammatory cascade and injury
[58, 71]. Consistently with an important role of inflammation in cisplatin-induced
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nephropathy [6, 31, 34, 72], we also found marked increases in mRNA expressions of
proinflammatory cytokines tumor necrosis factor alpha (TNF-α) and interleukin-1 beta
(IL-1β), and markers of macrophage (F4/80) and neutrophil (MPO activity) infiltration. The
simultaneous increases in superoxide and NO production may also lead to the formation of
the potent oxidant peroxynitrite via a diffusion-limited reaction, which in turn impairs
various proteins, lipids leading to cellular dysfunction and/or demise [21, 58, 73]. Previous
studies have demonstated increased nitrotyrosine (3-NT) formation (marker of peroxynitrite
generation and more broadly nitrative stress) in cisplatin-treated mouse kidneys localized in
the damaged tubular cells, endothelium, as well as infiltrating immune cells [5]. Consistently
with the above discussed observations we also found several fold increases in renal 3-NT
and HNE levels in cisplatin-treated mice.

Oxidative and nitrative stress and/or peroxynitrite-induced DNA damage is a potent trigger
of PARP-1 activation, which is in turn also involved in the activation of various pro-
inflammatory transcription factors such as NF-κB (in addition to its well-known role in cell
death processes), and thus in the regulation of consequent inflammatory response (e.g.
expression of adhesion molecules, leukocyte infiltration, etc.) [8, 10]. Indeed,
pharmacological inhibition or genetic deletion of PARP-1 not only decreases the acute
necrotic cell death, but also attenuates adhesion molecules expression and inflammatory cell
infiltration and the consequent secondary oxidative/nitrative injury in models of ischemic-
reperfusion injury [10, 45]. In agreement with the above, pharmacological inhibition or
genetic deletion of PARP-1 markedly attenuated the cisplatin-induced impaired renal
function (elevated serum BUN and creatinine levels), histopathological injury, and reduced
the inflammatory response (adhesion molecules ICAM-1/VCAM-1 expression, leukocyte
infiltration, TNF-α, IL-1β) and the consequent oxidative/nitrative stress (HNE and
nitrotyrosine content, NOX2/NOX4 expressions). Apoptotic cell death and autophagy have
also been importantly implicated in cisplatin-induced tubular cell death [7, 35]. We also
found enhanced apoptotic cell death in kidneys of cisplatin-treated mice, which was
attenuated by PARP inhibitors or in PARP-1 knockout mice. PARP-1 can be a switch
between apoptotic and necrotic cell death [10] and depending on the degree of oxidant-
induced DNA injury and various other factors it may promote both of these forms of cell
demise. In addition, PARP activation has also been implicated in nuclear-mitochondrial
crosstalk involving apoptosis inducing factor mediated cell death [74–77]. However, the
beneficial effect of PARP inhibition or genetic deletion of PARP-1 on apoptotic cell death in
our model (which occur only relatively late following the administration of cisplatin) is most
likely related to the attenuation of the cisplatin-induced inflammatory response and second
wave of oxidative stress generated by inflammatory cells. In addition to inducing damage of
tubular cells, cisplatin also promotes endothelial injury with dysregulation of renal blood
flow and secondary functional hypoxia [7]. Consistent with this, and the importance of the
oxidative injury in cisplatin-induced nephrotoxicity, increased nitrotyrosine formation was
also reported not only in damaged tubular, but also in endothelial cells of cisplatin treated
mice [5]. Since the reactive oxygen and nitrogen species-PARP pathway importantly
contributes to the developments of endothelial and cardiac dysfunction in reperfusion injury
[78–83], diabetes [14, 20, 84–87], hypertension [88], shock [89–92], aging [93], and various
forms of cardiomyopathies and heart failure [42, 94–98], it is very likely that inhibition of
PARP or genetic deletion of PARP-1 also afforded protection by preventing cisplatin-
induced vascular injury. The latter is also supported by our results demonstrating attenuation
of cisplatin-induced vascular pro-inflammatory response (VCAM expression) in kidneys of
mice deficient of PARP-1 or treated with PARP inhibitors.

Increased oxidative/nitrative [95] [96] stress and PARP activation [97, 99–101] has also
been implicated in the cardiotoxicity of another important antineoplastic drug doxorubicin.
Furthermore the inhibition of PARP enhances doxorubicin’s activity against liver cancer
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cells [102], and the efficacy and safety of combination of PARP inhibitor AZD2281 with
doxorubicin (Doxil) is being recently evaluated in advanced ovarian cancer (see
ClinicalTrials.gov).

Importantly, we found that PARP inhibitors exerted synergistic effect with cisplatin in
killing T24 cancer cells, which is consistent with numerous reports demonstrating
synergistic chemosensitivity of various breast and other cancer cell lines to PARP inhibition
and cisplatin or other antineoplastic drugs [8, 30, 60–67]. Thus, it is unlikely that PARP
inhibition would decrease the chemotherapeutic efficacy of cisplatin. Indeed, in several
clinical trials inhibition of PARP alone or in combination with DNA-damaging anticancer
agents shows considerable promise in facilitating tumor cell death [22–27]. Furthermore,
several PARP inhibitors (alone or in combination with other antineoplastic agents) from
Pfizer (PF-01367338/AG014699), AstraZeneca (olaparib/AZD2281/KU-0059436), Sanofi-
Aventis (iniparib/BSI-201/SAR240550), Abbott Laboratories (veliparib/ABT-888), Merck
(MK4827), and Cephalon (CEP-9722) are in clinical development for various forms of
primary breast, ovarian, brain, pancreatic, peritoneal, intestinal, colorectal cancer, leukemia,
lymphoma, and neoplasm metastasis (see: ClinicalTrials.gov). Several of these recent
clinical trials are aiming to evaluate the efficacy of several PARP inhibitors (AVT-888,
PF-01367338, BSI-201, AZD2281) in combination with the platinum compound carboplatin
to treat ovarian, Fallopian tube, primary peritoneal, triple negative primary or metastatic
breast cancer (see: ClinicalTrials.gov). Excitingly, PARP-1 has recently been implicated in
the chemoresistance of cancer cells to cisplatin, which is a significant clinical problem,
giving and additional reasons for optimism regarding the clinical trials evaluating the
efficacy of the combination of PARP inhibitors in combination with cisplatin for various
malignancies [28, 29]. The mechanisms of the beneficial effects of PARP inhibitors in
cancer are multiple and may involve attenuation of cancer cell proliferation and migration,
promotion of cancer cell demise, decrease of angiogenesis, and modulation of the tumor
environment (e.g. attenuation of inflammation) [8, 60–67, 103–106].

The selective promotion of cell death in cancer, but not in normal cells by PARP inhibitors
is based on the novel approach of “synthetic lethality” in cancer therapy. The rational for
this is that in cancers with selective defects in homologous recombination repair (cancer
cells frequently harbor defects in DNA repair pathways leading to genomic instability),
inactivation of PARPs directly causes cell death (overviewed in [8, 60–67]).

In summary, PARP activation plays a key role in promoting the cisplatin-induced cell death
and tissue injury by amplifying inflammation and oxidative/nitrative stress. Thus,
pharmacological inhibition of PARP may exert beneficial effects against cisplatin-induced
nephrotoxicity. This is particularly exciting in light of the recent studies suggesting that
PARP inhibitors not only chemosensitize cancer cells to cisplatin (and to other
chemotherapeutic agents) but may also be useful in combating development of
chemoresistance of cancer cells to cisplatin. Furthermore, numerous high-potency PARP
inhibitors are currently evaluated as cancer therapeutics in clinical trials by major
pharmaceutical companies.
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Figure 1. Time-dependent changes in cisplatin-induced renal oxidative/nitrative stress,
inflammation, apoptosis, PARP activation and dysfunction
Cisplatin time-dependently increased markers of oxidative/nitrative stress, inflammation and
cell death (Panels A–D) in the kidneys following its administration to mice, which paralleled
with the development of renal dysfunction (Panel E). Results are mean±S.E.M. of 6–7/
group. *P<0.05 vs. 0 time point.
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Figure 2. Pharmacologic inhibition of PARP attenuates cisplatin-induced kidney damage
Pretreatment with PARP inhibitors (Panels A and C) ameliorates cisplatin-induced profound
kidney damage as evidenced by the attenuation of the increase in blood urea nitrogen (BUN)
and creatinine values (Panel A) and histological tubular damage (Panel C, PAS Staining) in
the kidney 72h after cisplatin administration to mice. PARP inhibitors were also effective in
decreasing cisplatin-induced renal dysfunction (B) when administered 12 or 24 hours
following the drug injection. Results are mean±S.E.M. of 6–8 experiments/group for panel
A, 4–8 for panel B. Panel C (400x magnification) depicts representative sections from 4
kidneys of 4 animals/group, and quantifications from 8 representative fields with 400x
magnification/group. *P<0.05 v.s. Vehicle, #P<0.05 Vehicle+Cisplatin vs. Cisplatin+AIQ/
PJ34.
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Figure 3. Genetic deletion of PARP-1 attenuates cisplatin-induced kidney damage
Genetic deletion of PARP-1 ameliorates the cisplatin-induced profound kidney damage as
evidenced by the attenuation of the increase in blood urea nitrogen (BUN) and creatinine
values (Panel A) and histological tubular damage (Panel B, PAS Staining) in the kidney 72h
after cisplatin administration to mice. Results are mean±S.E.M. of 6–8 experiments/group.
*P<0.05 vs. Vehicle, #P<0.05 Cisplatin in PARP+/+ vs. Cisplatin in PARP−/−mice.
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Figure 4. Pharmacologic inhibition of PARP attenuates cisplatin-induced adhesion molecules
expression and leukocyte and macrophage infiltration
Cisplatin significantly increased mRNA expression of adhesion molecules ICAM-1 and
VCAM-1 mRNA (panels A and B), F4/80 (a marker of macrophages, panel C) and renal
myeloperoxidase (MPO) activity/staining (panel D, E; an indicator of leukocyte infiltration),
indicating enhanced inflammatory response. These were attenuated by treatment with AIQ
or PJ34 (panels A–E; n=6–8/group). Panel E shows representative MPO staining (brown) of
4-4 kidneys/group (1000x magnification) from mice treated with cisplatin or cisplatin in
combination with PARP inhibitors, and quantifications from 8 representative fields with
400x magnification/group. Results are mean±S.E.M. *P<0.05 vs. Vehicle, #P<0.05 Vehicle
+Cisplatin vs. Cisplatin+AIQ/PJ34.
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Figure 5. Genetic deletion of PARP-1 attenuates cisplatin-induced adhesion molecules
expression, leukocyte and macrophage infiltration
Cisplatin significantly increased mRNA expression of adhesion molecules ICAM-1 and
VCAM-1 (panels A and B), F4/80 (marker of macrophages, panel E), and renal
myeloperoxidase staining (panel C) or activity (panel D) (an indicator of leukocyte
infiltration), in PARP-1+/+ mice (n=8). Panel D: Quantitative MPO assay indicating
enhanced inflammatory cell infiltration in the kidneys of cisplatin-treated PARP-1+/+ mice
(n=8). These changes were attenuated in PARP-1−/− mice (n=8). Panel C shows
representative MPO staining (brown) of 4-4 kidneys/group (1000x magnification) from
PARP-1+/+ and PARP-1 mice treated with vehicle (n=6) or cisplatin (n=8), and
quantifications from 8 representative fields with 400x magnification/group. Results are
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mean±S.E.M. *P<0.05 vs. Vehicle in PARP+/+, #P<0.05 +Cisplatin in PARP+/+ vs.
Cisplatin+PARP−/−
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Figure 6. Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
increased expression of mRNA of TNF-α and IL-1β
Cisplatin significantly increased renal mRNA expression of TNF-α and IL1β mRNA (panels
AD), indicating enhanced inflammatory response 72 h following its administration to mice.
These were attenuated by treatment with AIQ or PJ34 (left side: panels A and C), and also in
PARP-1−/− mice compared to PARP-1+/+ mice (right side: panels B and D). Results are
mean±S.E.M. of 6–8/group *P<0.05 vs. Vehicle in C57Bl/6J/PARP+/+, #P<0.05 Cisplatin in
C57Bl/6J/PARP+/+ vs. Cisplatin+AIQ/PJ34/PARP−/−
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Figure 7. Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
increased oxidative and nitrative stress
Cisplatin significantly increased renal HNE protein adduct, 8-OHdG, and 3-NT levels in the
kidneys (panels A–F), indicating enhanced oxidative/nitrative stress 72 h following its
administration to mice. These were attenuated by treatment with AIQ or PJ34 (left side of
panels A, C and E), and also in PARP-1−/− mice compared to PARP-1+/+ mice (right side of
panels B, D and F). Results are mean±S.E.M. of 6–8/group *P<0.05 vs. Vehicle vs.
Cisplatin, #P<0.05 C57Bl/6J/PARP+/++Cisplatin vs. Cisplatin+AIQ/PJ34/PARP−/−
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Figure 8. Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
increased expression of ROS generating NADPH oxidase isoforms (NOX4 (RENOX), NOX2
(gp91phox))
Cisplatin significantly increased renal mRNA expression of NOX4 and NOX2 (Panels A–D)
72 h following its administration to mice. These were attenuated by treatment with AIQ or
PJ34 (left side of panels A and C), and also in PARP-1−/− mice compared to PARP-1+/+

littermates (right side of panels B and D). Results are mean±S.E.M. of 6–8/group *P<0.05
Vehicle/PARP+/+ vs. Cisplatin, #P<0.05 C57Bl/6J/PARP+/++Cisplatin vs. Cisplatin+AIQ/
PJ34/PARP−/−
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Figure 9. Pharmacologic inhibition or genetic deletion of PARP-1 attenuates cisplatin-induced
apoptosis
Cisplatin significantly increased markers of renal apoptosis (caspase 3/7 activity and
TUNEL staining; Panels A–C) 72 h following its administration to mice. These were
attenuated by treatment with AIQ or PJ34 (Panels A and C), and also in PARP-1−/− mice
compared to PARP-1+/+ littermates (panels B and C) (n= 6–8/group for Panels A and B).
Panel C shows representative TUNEL staining of 4-4 kidneys/group (400x magnification)
from mice treated with cisplatin or cisplatin in combination with PARP inhibitors, and
quantifications from 12 representative fields/group with 400x magnification. The images are
overlays of nuclear staining (blue) and TUNEL (green) and the TUNEL positive cells are
shown in light blue/green. Results are mean±S.E.M. *P<0.05 Vehicle vs. Cisplatin, #P<0.05
C57Bl/6J/PARP+/++Cisplatin vs. Cisplatin+AIQ/PJ34/PARP−/−.
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Figure 10. Pharmacologic inhibition of PARP promotes cisplatin-induced cell demise in cancer
cells
Cisplatin (panel A) and PARP inhibitors AIQ and PJ34 (panel B) induced concentration-
dependent cell death in T24 cancer cells measured by XTT assay (left panels) and flow
cytometry (right panels). Cisplatin combined with PARP inhibitor even at concentrations
which did not induce cell death by themselves, decreased cell viability of cancer cells.
Results are mean±S.E.M. of 4–8/group *P<0.05 vs. corresponding Vehicle, #P<0.05 vs.
Vehicle+Cisplatin..,.,
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