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SUMMARY

Cisplatin is one of the most potent chemotherapy drugs against cancer, but its major side
effect such as nephrotoxicity limits its use. Inhibition of poly(ADP-ribose) polymerase (PARP)
protects against various renal diseases via gene transactivation and/or ADP-ribosylation.
However, the role of PARP in necrotic cell death during cisplatin nephrotoxicity remains an open
question. Here we demonstrated that pharmacological inhibition of PARP by postconditioning
dose-dependently prevented tubular injury and renal dysfunction following cisplatin
administration in mice. PARP inhibition by postconditioning also attenuated ATP depletion
during cisplatin nephrotoxicity. Systemic release of high mobility group box 1 (HMGB1)
protein in plasma induced by cisplatin administration was significantly diminished by PARP
inhibition by postconditioning. In in vitro kidney proximal tubular cell lines, PARP inhibition by
postconditioning also diminished HMGB1 release from cells. These data demonstrate that
cisplatin-induced PARP1 activation contributes to HMGB1 release from kidney proximal tubular

cells, resulting in the promotion of inflammation during cisplatin nephrotoxicity.
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INTRODUCTION

Cisplatin is the most commonly used drug for treatment of malignant tumors in testis, ovary,
breast, and many other tissues (Siddik 2003, Wang and Lippard 2005). However, it has
severe side effects in normal tissue, such as ototoxicity, neurotoxicity, nausea, and
nephrotoxicity (Stark and Howel 1978). Among them, cisplatin nephrotoxicity is a major side
effect, which occurs in approximately one-third of the patients treated with cisplatin. Clinically,
cisplatin nephrotoxicity is characterized by renal dysfunction, represented by lower glomerular
filtration rate and higher serum creatinine (Arany and Safirstein 2003, Beyer et al. 1997).
Although pathophysiological research on cisplatin nephrotoxicity has been carried out for the
last three decades, the cellular and molecular mechanisms remain unclear. Especially,
apoptosis of renal tubular cells has so far been a major focus of mechanistic investigation of
cisplatin nephrotoxicity, whereas tubular cells undergoing necrosis during cisplatin

nephrotoxicity have been poorly investigated.

Poly(ADP-ribose) polymerase (PARP) as a nuclear enzyme plays an important role in regulating
protein functions through poly(ADP-ribosyl)ation and gene transactivation. PARP catalyzes the
transfer of ADP-ribose from nicotinamide adenine dinucleotide and conjugates poly(ADP-
ribose) onto various proteins as well as PARP itself, thus leading to a variety of physiological
processes including modulation of protein functions and protein-protein interactions (Kraus and
Lis 2003, Krishnakumar et al. 2008). Alternatively, excessive PARP activation leads to necrotic
cell death via depletion of intracellular adenosine triphosphate (ATP) (Ha and Snyder 1999,
Moubarak et al. 2007). It has been reported that pharmacological and genetic inhibition of
PARP protects kidneys against ischemia-reperfusion injury (Devalaraja-Narashimha and
Padanilam 2009, Martin et al. 2000), diabetes (Shevalye et al. 2010), and ureteral obstruction
(Kim and Padanilam 2011). In a cisplatin nephrotoxicity model, it was found that PARP gene
deletion and preconditioning treatment with a PARP inhibitor are renoprotective via nuclear
factor-xB, c-Jun N-terminal kinase and p38 mitogen-activated protein kinase activation (Kim et
al. 2012). The previous reports mainly examined PARP-mediated gene transactivation in
various renal diseases, whereas the contribution of PARP-mediated necrosis to inflammation,

especially in cisplatin nephrotoxicity, remains incompletely understood.

Necrotic cells have been reported to release high mobility group box 1 (HMGB1) protein into
the extracellular space. Since HMGB1-deficient cells are unable to activate macrophages,
HMGB1 is thought to be a key mediator of inflammation (Scaffidi et al. 2002). Originally,
HMGBL1 is an architectural chromatin-related protein and one of the most abundant proteins in
the nucleus (Thomas and Travers 2001). However, extracellular HMGB1 can mediate
inflammation through direct binding to a variety of receptors on innate immune cells (Lotze
and Tracey 2005). Although HMGB1 release from necrotic cells is occurred by passive
diffusion, the mechanism of HMGB1 release during necrosis is undefined. This study
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investigated the contribution of PARP activation to HMGB1 release from renal tubular cells
undergoing necrosis during cisplatin nephrotoxicity. To extend this finding in a clinical context,
we treated a PARP inhibitor PJ34 based on a modified phenanthridinone structure which is
approximately 10,000 times more potent than the prototypical PARP inhibitor 3-

aminobenzamide during cisplatin nephrotoxicity (Abdelkarim et al. 2001).



MATERIALS AND METHODS

Cisplatin nephrotoxicity

Male C57BL/6 mice aged 8-10 weeks were purchased from Orient Bio (Seongnham, Republic of
Korea). All mouse experiments were performed in accordance with the animal protocols
approved by the Institutional Animal Care and Use Committee of Jeju National University.
Mice were intraperitoneally injected with cisplatin (a single dose of 20 mg/kg body weight) to
induce nephrotoxicity or 0.9% saline (control). One, two or three days after cisplatin injection,
mice were administered PJ34 (R&D Systems, 2-20 mg/kg body weight per day (Kim et al.
2012)) for inhibition of PARP1 or 0.9% saline (vehicle) via an intraperitoneal injection. When
the mice were anesthtized, the kidneys were collected. The kidneys were either fixed in 4%
paraformaldehyde for histological studies or snap-frozen in liquid nitrogen for biochemical
studies. The fixed kidneys were washed with PBS three times for 5 minutes each, embedded
in paraffin at room temperature, and then cut into 2 um sections using a microtome (catalog

no. RM2165; Leica, Bensheim, Germany).

Cell culture

The kidney proximal tubular cell lines derived from pigs (LLC-PK1) were obtained from
American Type Culture Collection (Rockville, MD); and the mouse proximal tubular cell line
(MCT) was used as described previously (Haverty et al. 1988, Kim and Padanilam 2013). The
MCT and LLC-PK1 cells were maintained in Dulbecco’s modified Eagles medium (DMEM)/F-12
medium supplemented with 10% fetal bovine serum (FBS) and DMEM/high-glucose
supplemented with 10% FBS (Life Technologies, Grand Island, NY) at 37°C with 5% CO,,
respectively. The cells were grown until 70% confluence on culture plates and then changed
to serum-free medium. After 18 hours of starvation, the cells were treated with 400 puM
cisplatin in phosphate-buffered saline (PBS) for 8 hours. The cells were also treated with 1 uM
(high dose) or 100 nM (low dose) PJ34 in PBS (vehicle) at 2 hours after treatment with

cisplatin.

ELISA
PARP activity in kidney tissues was measured by a universal PARP colorimetric assay Kkit
(catalog no. 4677-096-K; Trevigen, Gaithersburg, MD) according to the manufacturer’s
protocol. Briefly, the kidney tissues were homogenized in 1X PARP buffer on ice. The
homogenates were centrifuged at 15,000 rpm for 30 minutes. The supernatants were added
to histone-coated 96 wells and incubated with 1X PARP cocktail for 60 minutes at room
temperature. After washing wells with 0.1% Triton X-100 in PBS, PARP activity levels were
detected using secondary antibody and substrate, measured in the absorbance at 450 nm, and
represented as unit of PARP per mg of protein using a typical PARP standard curve. ATP assay
was performed on kidney tissues using an ATP fluorometric assay kit (catalog no. K354-100;
BioVision, Mountain View, CA) according to the manufacturer’'s protocol. Briefly, the kidney
5



tissues were homogenized in ATP assay buffer on ice. The homogenates were centrifuged at
15,000 rpm for 30 minutes. The supernatants were added to 96 wells and incubated with ATP
probe, ATP converter and developer in ATP assay buffer for 30 minutes at room temperature.
After that, ATP levels were measured in the fluorescence (excitation/exission = 535/587 nm)
and represented as nmol of ATP per mg of protein using a typical ATP standard curve. Plasma
and culture media were used to measure the level of HMGB1 secretion using a HMGB1 ELISA
kit (Catalog no. ST51011; IBL International, Hamburg, Germany) according to the
manufacturer’s protocol. Briefly, the samples were added to anti-HMGB1 antibodies-coated 96
wells and incubated for 24 hours at room temperature. After washing wells with a washing
buffer, the 96 wells were incubated with secondary enzyme for 2 hours, and then incubate
color solution for 30 minutes. HMGB1 amounts were measured in the absorbance at 450 nm,
and represented as unit of HMGB1 per ml of plasma or culture media using a typical HMGB1
standard curve. All samples were normalized for total protein concentration as assessed by

Bradford assay.

Kidney function

Blood were taken from retro-orbital sinus using heparin-coated capillary tubes at the time
indicated in the figures. The tubes were centrifuged at 10,000 rpm for 10 minutes using a
hematocrit centrifuge. The supernatants were used as plasma. Kidney function was assessed
by the concentration of plasma creatinine using QuantiChrom™ Creatinine Assay kit (Catalog
no. DICT-500; BioAssay Systems, Hayward, CA) according to the manufacturer’s protocol.
Briefly, 30 pl of plasma were added to 96 wells, and incubated with reagent A and B for 5
minutes at room temperature. After that, the 96 wells were measured in the absorbance at
510 nm, and represented as mg of creatinine per dl of plasma or culture media using a typical

creatinine standard curve.

Tubular injury

Hematoxylin and eosin (H&E)-stained sections were used for tubular injury score as described
previously (Kim et al. 2012). Histological damage of tubular injury was scored by percentage
of tubules that displayed tubular necrosis, cast formation and tubular dilation as follows: 0 =
normal, 1 = <10%, 2 = 10 to 25%, 3 = 26 to 50%, 4 = 51 to 75%, and 5 = >75%. Ten
randomly chosen high-power (<200 magnification) fields per kidney were used for the

counting.

Statistical analyses
Analysis of variance was used to compare data among groups. Differences between vehicle-
treated group and PJ34-treated group were assessed by the Mann-Whitney U-test. P values

less than 0.05 were considered statistically significant.



RESULTS

Postconditioning treatment with PJ34 reduces increased PARP activation during
cisplatin nephrotoxicity.

To test the effect of a PARP inhibitor in mice undergoing cisplatin nephrotoxicity, we first
assessed PARP activity in mouse kidney samples. After cisplatin injection, PARP activity was
markedly increased according to time (Figure 1). However, the kidneys treated with PJ34, a
potent PARP inhibitor, from 1 day post-injury showed a significant dose-dependent reduction in
the increased PARP activity after cisplatin-induced kidney injury (Figure 1), indicating that the
postconditioning treatment with PJ34 is efficacious in reducing the increased PARP activation

during cisplatin nephrotoxicity.

Postconditioning treatment with PJ34 diminishes tubular injury and renal
dysfunction during cisplatin nephrotoxicity.

To determine whether postconditioning treatment with PJ34 prevents the progression of
cisplatin nephrotoxicity, we gauged kidney tubular injury during cisplatin nephrotoxicity. The
kidneys of cisplatin-injected mice showed a time-dependent increase in tubular injury score at
1, 2, 3, and 4 days after the onset of injury, compared to that at O day; whereas treatment
with PJ34 from 1 day post-injury dose-dependently attenuated the increase in tubular injury
score at 2, 3, and 4 days after cisplatin injection (Figure 2, A and B). To determine whether
postconditioning treatment with PJ34 reduces renal dysfunction induced by cisplatin
nephrotoxicity, we measured the concentration of plasma creatinine. Consistent with the
result of tubular injury score, postconditioning treatment with PJ34 dose-dependently
suppressed the increment of plasma creatinine concentration at 2, 3, and 4 days after cisplatin
injection (Figure 2C). These data suggest that postconditioning treatment with PJ34 prevents
the progression of cisplatin nephrotoxicity. In addition, we tested the effect of treatment with
PJ34 according to time post-injury. Cisplatin-induced tubular injury and renal dysfunction
were more significantly attenuated by earlier treatment with PJ34 after cisplatin injection
(Figure 3, A and B).

Postconditioning treatment with PJ34 attenuates ATP depletion during cisplatin
nephrotoxicity.

Since excessive activation of PARP depletes energy stores such as ATP (Ha and Snyder 1999),
we measured the concentration of ATP in mouse kidneys during cisplatin nephrotoxicity.
Cisplatin-injected mouse kidneys showed a decrease in ATP concentrations in a time-
dependent manner (Figure 4). However, postconditioning treatment with PJ34 significantly
inhibited the decrease in ATP concentrations in a dose-dependent manner during cisplatin
nephrotoxicity (Figure 4). These data suggest that the postconditioning treatment with PJ34

efficaciously attenuates ATP depletion during cisplatin nephrotoxicity.



Postconditioning treatment with PJ34 suppresses HMGB1 release from kidney
proximal tubular cells during cisplatin nephrotoxicity.

PARP activation can mediate necrotic cell death by ATP depletion (Ha and Snyder 1999), and
necrotic cells passively release HMGB1 chromatin protein (Rovere-Querini et al. 2004). Herein
we detected an increase of systemic HMGB1 levels in mouse plasma during cisplatin
nephrotoxicity (Figure 5). However, postconditioning treatment with PJ34 significantly
reduced the increase in plasma HMGBL1 levels at 2, 3, and 4 days after cisplatin injury (Figure
5), indicating that PARP activation leads to systemic HMGB1 release during cisplatin
nephrotoxicity. To confirm our in vivo finding that PARP activation is involved in systemic
HMGB1 release, we used kidney proximal tubule epithelial cell lines. After 8 hours of cisplatin
injury, the level of endogenous HMGB1 was dramatically increased in LLC-PK1 and MCT cell
culture media. However, postconditioning treatment with PJ34 significantly attenuated the
increase in extracellular HMGBL1 level after 8 hours of cisplatin injury (Figure 6, A and B).
These data suggest that PARP1 activation is required for HMGB1 release from kidney proximal

tubule epithelial cells during cisplatin nephrotoxicity.



DISCUSSION

Cisplatin nephrotoxicity is implicated in acute kidney injury characterized by renal dysfunction
and tubular cell death. Despite being the focus of active investigations so far, there is an open
question in our understanding of the exact pathogenesis of cisplatin nephrotoxicity. Recent
studies have emphasized on inflammation and apoptotic cell death, considered to be the major
contributors to kidney injury. The present data demonstrated a novel finding that 1) cisplatin
induces necrosis and HMGB1 release in an in vivo model of cisplatin nephrotoxicity, 2) HMGB1
released by cisplatin is involved in PARP activation, and further 3) PARP inhibition after
treatment with cisplatin ameliorates nephrotoxicity in mice. These data suggest that necrosis
is a major determinant of cisplatin nephrotoxicity, supporting the finding that the predominant

lesion is acute necrosis in patients with cisplatin acute kidney injury (Yao et al. 2007).

Kidney tissue damage, characterized by necrotic and apoptotic cell death, is a common
histopathological feature of cisplatin nephrotoxicity (Pabla and Dong 2008). Especially, kidney
proximal tubular cells are the major sites of cell death induced by cisplatin (Shino et al. 2003).
Earlier observations in cultured kidney tubular cells by Lieberthal et al. (Lieberthal et al. 1996)
suggested that apoptosis is observed at low concentrations of cisplatin for a long time,
whereas necrosis occurs upon high concentrations of cisplatin for a short time. In in vivo
animal models, both apoptosis and necrosis are induced in kidney tubules after cisplatin
administration (Kim et al. 2012). Nevertheless, cisplatin-induced apoptotic cell death has
been investigated further. The previous study demonstrated that PARP gene deletion prevents
tubular necrosis following cisplatin administration in mice (Kim et al. 2012). Consistent with
the previous study, the present study also showed that PARP inhibition by postconditioning
reduced kidney tubular necrosis, represented by tubular injury score and ATP depletion, during
cisplatin nephrotoxicity. These data suggest that necrosis is a major determinant of cisplatin
nephrotoxicity, supported by the finding that the predominant lesion is acute necrosis in

patients with cisplatin acute kidney injury (Yao et al. 2007).

Damaged tubules can release alarming factors such as HMGB1 to activate inflammatory
response (Goligorsky 2011). HMGB1 is a nuclear factor that is involved in transcriptional
activation and DNA folding (Javaherian et al. 1978), and when it is released into the
extracellular space, it can be a cytokine or ligand that triggers toll-like receptor (TLR) signaling,
which is a critical mediator of innate immune responses to injury and infection (Yang et al.
2005). Consistent with the previous other study (Zhang et al. 2008), our data have
demonstrated that cisplatin increased TLR4 expression in kidneys in our mouse model; but not
shown no significant difference in TLR4 expression between vehicle- and PJ34-treated kidneys
during cisplatin nephrotoxicity (data not shown). Although endogenous HMGB1 does not play
a significant role in cellular responses to cisplatin (Wei et al. 2003), extracellular HMGB1
released from necrotic cells in kidney tubules may contribute to inflammatory responses during
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cisplatin nephrotoxicity. Cisplatin-induced inflammatory responses contribute to the
development of kidney tissue damage and kidney dysfunction, which causes acute kidney
injury (Zhang et al. 2008). In kidney ischemia-reperfusion injury, extracellular HMGB1
mediates kidney tubular damage via the toll-like receptor 4 pathway (Wu et al. 2010). In
mouse embryonic fibroblasts, PARP gene deletion reduces HMGB1 secretion (Ditsworth et al.
2007). The present data show for the first time that PARP inhibition results in reduced release
of HMGB1 from kidney proximal tubular cells during cisplatin nephrotoxicity, suggesting that
PARP-dependent HMGB1 release from kidney proximal tubular cells may contribute to

inflammation during cisplatin nephrotoxicity.

In conclusion, the results of this study show that PARP overactivation in cisplatin-injected
kidneys leads to cisplatin nephrotoxicity, and further, overactivated PARP contributes to HMGB1
release from proximal tubular cells through induction of necrotic cell death during cisplatin
nephrotoxicity. PARP may be a pivotal molecule in cisplatin-mediated promotion of necrotic

effects.
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FIGURE LEGENDS

Figure 1. Postconditioning treatment with PJ34 reduces increased PARP activation
during cisplatin nephrotoxicity. Mice were intraperitoneally injected with a single dose of
cisplatin to induce nephrotoxicity. One day after cisplatin injection, mice were administered
PJ34 (a potent PARP inhibitor) or 0.9% saline (vehicle) via an intraperitoneal injection. PARP
activity was measured by a universal PARP assay kit. Error bars represent SD (n = 5 mice in

each group). ™P < 0.05 versus vehicle plus cisplatin.

Figure 2. Postconditioning treatment with PJ34 attenuates tubular injury and renal
dysfunction during cisplatin nephrotoxicity. Mice were intraperitoneally injected with a
single dose of cisplatin to induce nephrotoxicity. One day after cisplatin injection, mice were
administered PJ34 (a potent PARP inhibitor) or 0.9% saline (vehicle) via an intraperitoneal
injection. (A) Hematoxylin and eosin (H&E)-stained kidney sections in mice treated with 10
mg/kg body weight of PJ34 or vehicle at 4 days after cisplatin injection. (B) Tubular injury on
hematoxylin and eosin (H&E)-stained kidney sections was scored by counting the percentage
of tubules that displayed tubular necrosis, cast formation, and tubular dilation as follows: 0 =
normal; 1 = <10%; 2 = 10 to 25%; 3 = 26 to 50%; 4 = 51 to 75%; and 5 = >75%. Ten
fields (> 200 magnification) per kidney were used for the counting. (C) Plasma creatinine
concentration after cisplatin injection. Error bars represent SD (n = 5 mice in each group).

#P < 0.05 versus vehicle plus cisplatin.

Figure 3. Treatment with PJ34 post injury diminishes cisplatin nephrotoxicity in a
time-dependent manner. Mice were intraperitoneally injected with a single dose of cisplatin
to induce nephrotoxicity or 0.9% saline (control). One, two or three days after cisplatin
injection, mice were administered PJ34 (a potent PARP inhibitor) or 0.9% saline (vehicle) via
an intraperitoneal injection. (A) Tubular injury on H&E-stained kidney sections was scored by
counting the percentage of tubules that displayed tubular necrosis, cast formation, and tubular
dilation. (B) Plasma creatinine concentration after cisplatin injection. Error bars represent

SD (n = 5 mice in each group). *P < 0.05 versus vehicle plus cisplatin.

Figure 4. Postconditioning treatment with PJ34 reduces ATP depletion during
cisplatin nephrotoxicity. Mice were intraperitoneally injected with a single dose of cisplatin
to induce nephrotoxicity. One day after cisplatin injection, mice were administered PJ34 (a
potent PARP inhibitor) or 0.9% saline (vehicle) via an intraperitoneal injection. The level of ATP
was measured by an ATP assay kit. Error bars represent SD (n = 5 mice in each group). *P

< 0.05 versus vehicle plus cisplatin.

Figure 5. Postconditioning treatment with PJ34 attenuates systemic HMGB1 release
14



during cisplatin nephrotoxicity. Mice were intraperitoneally injected with a single dose of
cisplatin to induce nephrotoxicity. One day after cisplatin injection, mice were administered
PJ34 (a potent PARP inhibitor) or 0.9% saline (vehicle) via an intraperitoneal injection.
Plasma was used to measure the level of HMGB1 secretion using a HMGB1 ELISA kit. Error

bars represent SD (n = 5 mice in each group). *P < 0.05 versus vehicle plus cisplatin.

Figure 6. Postconditioning treatment with PJ34 diminishes HMGB1 release from
kidney proximal tubular cells. After 18 hours of starvation, LLC-PK1 and MCT cells were
treated with 400 uM cisplatin for 8 hours. The cells were also treated with a high or low dose
of PJ34 at 2 hours after treatment with cisplatin. After 8 hours of cisplatin injury, cell culture
media were used to measure the level of HMGB1 secretion using a HMGB1 ELISA kit. Error

bars represent SD (n = 3 experiments). P < 0.05 versus vehicle plus cisplatin.
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