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Abstract

Acute kidney injury is associated with a significant inflammatory response that has been
the target of renoprotection strategies. Epoxyeicosatrienoic acids (EETSs) are anti-
inflammatory cytochrome P450-derived eicosanoids that are abundantly produced in the
kidney and metabolized by soluble epoxide hydrolase (sEH, Ephx2) to less active
dihydroxyeicosatrienoic acids. Genetic disruption of Ephx2 and chemical inhibition of
SEH were used to test whether the anti-inflammatory effects of EETs, and other lipid
epoxide substrates of SEH, afford protection against cisplatin-induced nephrotoxicity.
EET hydrolysis was significantly reduced in Ephx2-/- mice and was associated with an
attenuation of cisplatin-induced increases in serum urea and creatinine levels.
Histological evidence of renal tubular damage and neutrophil infiltration were also
reduced in the Ephx2-/- mice. Similarly, cisplatin had no effect on renal function,
neutrophil infiltration or tubular structure and integrity in mice treated with the potent
SEH inhibitor AR9273. Consistent with the ability of EETSs to interfere with NF-xB
signaling, the observed renoprotection was associated with attenuation of renal NF-xB
activity and corresponding decreases in the expression of TNFa, TNFR1, TNFR2 and
ICAM-1 prior to the detection of tubular injury. These data suggest that EETs or other
fatty acid epoxides can attenuate cisplatin-induced kidney injury and that sEH inhibition

is a novel renoprotective strategy.
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Introduction

Acute kidney injury is a common disorder, and a complete understanding of the
mechanisms responsible for its development and effective strategies for its prevention
or treatment are still lacking. Cisplatin is a widely used broad-spectrum
chemotherapeutic that has a dose-limiting renal toxicity associated with high morbidity
and mortality (Pabla and Dong, 2008). Nephrotoxic doses of cisplatin lead to a robust
induction of proinflammatory cytokines, although the exact mechanism by which
cisplatin induces their release and how these cytokines, in turn, contribute to the

nephrotoxicity remain unknown (Ramesh and Reeves, 2002; Zhang et al., 2007).

Epoxyeicosatrienoic acids (EETs) are a major product of cytochrome P450 (CYP)
epoxygenase-catalyzed arachidonic acid metabolism (Kroetz and Zeldin, 2002). The
metabolism of EETs to their corresponding dihydroxyeicosatrienoic acids (DHETS) is
catalyzed by soluble epoxide hydrolase (sEH, encoded by EPHX2) and this serves as a
critical regulatory point for the control of intracellular EET levels. EETs have numerous
biological effects in the vasculature and are implicated in the regulation of blood
pressure, inflammation and atherosclerosis (Node et al., 1999; Yu et al., 2000Db;
Schmelzer et al., 2005; Wang et al., 2010). Clinical studies have also suggested that
genetic variation in EPHX2 and CYP epoxygenase genes is associated with an
increased risk of coronary heart disease and stroke (Fornage et al., 2004; Lee et al.,
2006a; Burdon et al., 2008; Wang et al., 2010; Fava et al., 2011; Lee et al., 2011). In
contrast to the increasing impact of EETs and EPHX2 in vascular biology and disease,

little is known about their role in renal injury.

20z ‘/T |11dV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 13, 2012 as DOI: 10.1124/jpet.111.191247
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #191247

Given the abundance of EET production and degradation in isolated renal tissue and
their recognition as vasoprotective and anti-inflammatory molecules (Node et al., 1999;
Schmelzer et al., 2005), we hypothesize that renal EETs play a protective role during
exposure to nephrotoxic stimuli. Consistent with this hypothesis, a selective sEH
inhibitor was recently reported to attenuate cisplatin-induced increases in biochemical
markers of renal toxicity, but no mechanistic evidence for the protective effect was
provided (Parrish et al., 2008). The objective of this study was to examine the
renoprotective properties of lipid epoxides in a well characterized model of acute kidney
injury. Ephx2-/- mice and a novel and selective inhibitor of SEH were used to determine
the contribution of lipid epoxides to cisplatin-induced nephrotoxicity. We show that
genetic or chemical disruption of SEH activity attenuates the renal damage induced by
cisplatin. These effects are attributed to an attenuation of NF-kB signaling and resultant
effects on cytokine secretion, adhesion molecule expression and neutrophil infiltration

that results from increased intracellular lipid epoxide levels.
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Materials and Methods

Reagents

Cisplatin was purchased from Aldrich (Milwaukee, WI). The sEH chemical inhibitor
AR9273 (l-adamantan-1-yl-3-(1-methylsulfonyl-piperidin-4-yl-urea) was synthesized
and kindly provided by Aréte Therapeutics (Hayward, CA). An antibody against
neutrophils (NIMP-R14) was purchased from Abcam (Cambridge, MA) and goat anti-rat

Alexa Fluor 488 antibody was from Molecular Probes (Invitrogen, Carlsbad, CA).

Animal experiments

C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA) and
were allowed to acclimate in the animal facility for at least one week prior to use.
Ephx2-/- mice were originally derived in the Gonzalez laboratory at the National Cancer
Institute and were subsequently backcrossed onto a C57BL/6 genetic background for at
least seven generations (Sinal et al., 2000). Ephx2-/- and Ephx2+/+ breeder mice were
kindly provided by the Gonzalez laboratory and were subsequently bred in our
laboratory. Genotypes were determined in three week old mice using PCR (Sinal et al.,
2000). A single 338 bp PCR fragment is detected in Ephx2+/+ mice, a single 295 bp
fragment is found in Ephx2-/- mice, and both fragments are detected in Ephx2+/- mice

(Sinal et al., 2000).

In all studies, eight to ten week old male mice weighing 20-25 g were used. Animal
experiments were conducted with adherence to the NIH Guide for the Care and Use of

Laboratory Animals and were approved by the Animal Care and Use Committee of the
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University of California, San Francisco. Cisplatin and AR9273 were freshly prepared in
sterile saline or 1% carboxymethylcellulose/0.1% Tween 80, respectively. C57BL/6
mice were given a daily 100 mg/kg dose of AR9273 or vehicle by oral gavage starting
24 hr prior to and continuing for 24, 48 or 72 hr following cisplatin treatment. Cisplatin
was administered as a single intraperitoneal dose of 20 mg/kg and an identical volume
of sterile saline was administered to control mice. Mice were housed in metabolic
cages for the collection of urine during the 24 hr period prior to sacrifice. Mice were
sacrificed at 24, 48 or 72 hr after cisplatin treatment (immediately following the last dose
of AR9273). Kidneys were removed and flash frozen in liquid nitrogen. Blood samples
were collected via cardiac puncture at the time of sacrifice. All tissue and fluid samples
were stored at -80°C until analyzed. In studies involving Ephx2-/- and Ephx2+/+
littermates, cisplatin treatment and sample collection were carried out exactly as
described for the inhibitor studies and samples were collected 72 hr following cisplatin

treatment.
TagMan quantitative PCR

Total RNA was isolated from kidney tissue using the PARIS kit (Ambion, Austin, TX)
according to the manufacturer’s instructions. First-strand cDNA was synthesized using
SuperScrip IlI™ reverse transcriptase (Invitrogen, Carlsbad, CA) and any remaining
RNA was removed by incubating the samples with 20 U RNase H at 37°C for 15 min.
All TagMan probes and primers were purchased as Assays-on-Demand from Applied
Biosystems (Foster City, CA). TagMan analysis was performed using an Applied
Biosystems 7900HT real-time PCR system. Target gene expression was normalized to

Gapdh and change in expression was calculated as 2T, where AACT = (ACtiarget —

20z ‘/T |11dV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 13, 2012 as DOI: 10.1124/jpet.111.191247
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #191247

ACtGapdh)treated = (Acttarget —ACtGapdh)contro| PCR COﬂdItIOﬂS were an |n|t|a| h0|d at 95°C fOI’
10 min, and then 40 cycles of 95°C for 15 sec and 60°C for 1 min. An equal amount of

template cDNA (100 ng) was used for each sample.

Renal function and histology

Renal function was initially assessed by measurement of serum creatinine and urea
nitrogen in the clinical chemistry laboratory at San Francisco General Hospital.
Paraformaldehyde (4%)-fixed and paraffin-embedded kidneys were sectioned at 3 um
and stained with hematoxylin and eosin (H&E) or with periodic acid-Schiff (PAS) using
standard methods. All renal histology evaluations were performed by a board certified
renal pathologist without knowledge of the experimental groups. Histological changes
were evaluated in the cortex and outer stripe of the outer medulla and were scored by
counting the numbers of tubules that displayed apoptosis in 20 high power fields (hpf) at
400X magnification. In addition, loss of brush border, cast formation, and tubule dilation
were assessed. TUNEL staining was performed on paraffin-embedded kidney samples
using an in situ cell death detection kit, TMR red (Roche Diagnostics GmbH, Mannheim,

Germany), according to the manufacturer’s directions.

Paraffin-embedded kidneys were sectioned at 3 um. Neutrophils were immunostained
with the rat monoclonal NIMP-R14 neutrophil antibody and detected with a goat anti-rat
Alexa Fluor 488 antibody. Nuclei were counterstained with DAPI. Images were
captured using a Retiga CCD-cooled camera and associated QCapture Pro software
(Qlmaging Surrey, BC Canada). NIMP-R14-positive clusters were counted in ten

uniform fields in the cortex and outer medulla of each sample under high power field.
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Ex vivo assay of sEH activity

The ethanol stock solution (1 mg/mL) of the substrate 14,15-EET (Omm Scientific,
Dallas, TX), was evaporated to dryness under a stream of nitrogen, and dissolved to 50
MM (5X the assay concentration) in assay buffer (0.1 mg/mL bovine serum albumin in
25 mM BisTris, pH 7.0) immediately before the initiation of reactions. Whole blood was
diluted 1:10 with 0.1 mg/mL bovine serum albumin in 25 mM BisTris, pH 7.0 and
equilibrated to 30°C. The reaction was initiated by the addition of 14,15-EET to a final
substrate concentration of 10 uM. The reaction was quenched by the addition of 2
volumes of ice-cold methanol and stored at -80°C until analysis by LC/MS/MS. To
determine background activity, a control incubation was performed with each sample
containing 10 uM of the known sEH inhibitor, 12-(3-adamantyl-ureido)-dodecanoic acid
(AUDA). The rate of formation of the hydrolysis product, 14,15-dihydroxyeicosatrienoic
acid (14,15-DHET) was measured by LC/MS/MS. The sEH specific activity was defined

as the rate of product formation, corrected for the background activity.

Quantitation of AR9273 plasma levels

Blood was collected into EDTA vacutainer tubes from C57BL/6 male mice after dosing
either vehicle or AR9273. Plasma was isolated by centrifugation, the samples were
mixed with three volumes of 0.1% formic acid in acetonitrile and the precipitates were
removed by filtration. AR9273 was quantified in a single run by positive mode

electrospray ionization with tandem quadrupole mass spectroscopy.

Oxylipin quantitation

10
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An API-4000 system was used to determine plasma lipid profiles. Plasma samples
were mixed with four volumes of methanol, and the precipitates were removed via
filtration. The filtrates were mixed with three plasma volumes of HPLC water. Ten
microliter samples were injected onto a diphenyl column (2.1 x 3.3 mm, 2 ym) in a
gradient run with mobile phase consisting of water and methanol containing 0.2% acetic
acid. The lipids were quantified in a single run by negative mode electrospray ionization

with tandem quadrupole mass spectroscopy.

NF-&B activity assay and cytokine quantitation

NF-xB activity was measured using a Quantitation NF-kB EIA kit (Oxford Biomedical
Research, Oxford, MI) as described previously (Fife et al., 2008). This
chemiluminescence assay employs an oligonucleotide containing the DNA binding NF-
kB consensus sequence bound to a 96 well EIA plate. The level of TNFa in the kidney
was quantified using a Precoated Mouse TNFa ELISA kit (eBioscience, San Diego, CA)
and soluble ICAM-1 (Thermo Scientific, Rockford, IL), TNRF1 and TNFR2 (R&D
Systems, Minneapolis, MN) in serum were quantified using EIA kits. Assays were run in
duplicate or triplicate exactly as described by the manufacturer. The amount of NF-xB

and cytokines were normalized to protein concentration.

Statistics

Values are expressed as mean + S.D. Data were analyzed by ANOVA followed by
Bonferroni post-hoc multiple comparison testing using GraphPad Prism 4.03. A p value

of < 0.05 was considered significant. All of the analyses were repeated in duplicate or

11
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triplicate using samples from individual animals.

12
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Results

Genetic disruption of Ephx2 attenuates cisplatin-induced acute kidney injury and

cell signaling

Ephx2-/- mice were studied to evaluate the role of EETs or other lipid epoxides in
cisplatin-induced renal injury. The Ephx2-/- mice completely lack immunoreactive seH
protein in their kidneys (Supplemental Figure 1). Plasma EpOME/DIHOME ratios are a
validated biomarker of in vivo sEH activity (Newman et al., 2002; Luria et al., 2007) and
confirmed dramatic inhibition in the Ephx2-/- mice. EpOME hydrolysis is significantly
impaired in the Ephx2-/- mice, as evident from an increase in EpOME/DiHOME ratios
compared to Ephx2+/+ littermates (Figure 1A). The increase in EpOME/DIHOME ratio
in the saline-treated Ephx2-/- mice compared to Ephx2+/+ mice was 2.9- and 78-fold for
the 9,10-, and 12,13- ratios, respectively. Similarly, there was a 5.2- and 34-fold
increase in the 9,10- and 12,13-EpOME/DIHOME ratios in the cisplatin-treated Ephx2-/-
mice compared to the Ephx2+/+ controls. Treatment of Ephx2+/+ mice with cisplatin
resulted in a significant increase in serum urea and creatinine (Figures 1B and 1C). In
contrast, identical treatment of Ephx2-/- mice had no effect on these serum markers of
renal function. Histological analysis found only mild tubular injury characterized by mild
spotty tubular dilation with rare apoptosis of tubular epithelial cells (35 + 31 tubules/10
hpf) in cisplatin-treated Ephx2-/- mice (Figure 1D). Tubular dilation was more
widespread in the Ephx2+/+ mice treated with cisplatin. Furthermore, frank tubular
epithelial cell necrosis was identified with some sloughed cells within tubular lumina.
Casts were also observed. Apoptosis was noted in 92 + 77 tubules/10 hpf in cisplatin-

treated Ephx2+/+ mice (p = 0.064, Ephx2+/+ vs. Ephx2-/-). TUNEL staining confirmed a
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reduction in cisplatin-induced apoptosis in Ephx2-/- mice relative to the Ephx2+/+ mice

(Figure 2).

An early event in cisplatin-induced renal injury is infiltration of neutrophils into the
kidney. Neutrophils were stained with an antibody and visualized by fluorescence
microscopy (Figure 1E). The degree of neutrophil infiltration into the cortex induced by
cisplatin in Ephx2-/- mice (32 * 2.9 cells/10 hpf) was attenuated in Ephx2-/- mice (21 £

2.0 cells/10 hpf; p < 0.05, Ephx2+/+ vs. Ephx2-/-).

The effects of SEH inhibition on TNFa and ICAM-1 gene transcription were measured
using TagMan real-time PCR. The induction of renal TNFa and ICAM-1 mRNA by
cisplatin in Ephx2+/+ mice was not evident in Ephx2-/- mice (Figures 3A and 3B).
Consistent with the mRNA results, cisplatin induced renal TNFa and serum ICAM-1

protein levels in Ephx2+/+ mice but not in the Ephx2-/- mice (Figures 3C and 3D).

Chemical inhibition of sSEH attenuates cisplatin-induced renal injury and cell

signaling

A second strategy to evaluate the renoprotective role of EETs or other lipid epoxides in
cisplatin-induced acute kidney injury was to treat C57BL/6 mice with AR9273 to inhibit
sEH-catalyzed epoxide hydrolysis. The plasma levels of AR9273 shortly after the fifth
daily dose ranged from 2.39 - 13.4 uM and all animals had levels that were many fold
above the 1Cso for mouse sEH of 2.3 nM (data not shown). No AR9273 was detected in
vehicle treated animals. Quantitation of EpOME and DIHOME plasma levels confirmed

the inhibition of SEH in AR9273-treated mice (Figure 4A). EpOME/DiIHOME ratios
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increased 8- to 66-fold in mice treated with the sEH inhibitor. The 12,13-
EpOME/DIHOME ratio increased to a greater extent (24- and 66-fold in vehicle- and
cisplatin-treated mice, respectively) than the 9,10-EpOME/DiIHOME ratio (8- and 9-fold
in vehicle- and cisplatin-treated mice, respectively). Inhibition of SEH was also
demonstrated with an ex vivo assay measuring EET hydrolysis in blood collected at 72
hr following cisplatin treatment (data not shown). EET hydrolysis was readily
measurable in the plasma of vehicle treated mice but was barely detectable in plasma

from AR9273-treated mice.

The effects of 24 - 72 hr treatment with AR9273 on cisplatin-induced renal injury were
evaluated by measuring serum creatinine and urea nitrogen levels. AR9273 itself had
no effect on serum urea or creatinine and elevation in these markers was not evident
until 72 hr after cisplatin treatment (Figures 4B and 4C). Elevation of renal Kim-1
MRNA levels were consistent with renal tubular damage as early as 24 hr after cisplatin
treatment (Figure 4D). Histological examination of the kidneys showed no casts and
only rare tubular epithelial cell apoptosis in any of the control animals at any time period
(Figure 4E). Cisplatin-treated mice showed focal mild tubular dilation with scattered
casts and tubular epithelial cell apoptosis (Figure 4E). The extent of tubular epithelial
cell necrosis increased over the three days in response to cisplatin treatment, from 7.2 £
2.9 apoptotic tubule cells/20 hpf at 24 hr to 89 + 21 apoptotic tubule cells/20 hpf at 72 hr
in the cortex (p < 0.001). At earlier times single cell apoptosis was noted but by day
three, clusters of apoptotic cells were seen. A similar trend was observed in the outer
stripe of the outer medulla although the number of affected tubules was less. It should

also be noted that the apoptosis in the medulla was seen largely in collecting ducts

15

20z ‘/T |11dV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 13, 2012 as DOI: 10.1124/jpet.111.191247
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #191247

whereas proximal and distal tubules as well as collecting ducts showed injury in the

cortex. These changes were significantly attenuated in AR9273-treated mice, affecting
34 * 24 apoptotic tubules/20 hpf at 72 hr (p < 0.001 compared to saline-treated mice at
72 hr). Consistent with the histological analysis, TUNEL staining indicated a significant

reduction in cisplatin-induced apoptosis in the presence of AR9273 (Figure 5).

Neutrophils were stained as an early measure of inflammation in response to cisplatin
treatment. The majority of neutrophils were found in the glomeruli of cisplatin-treated
mice (Figure 4F; 3.6 + 2.1, 9.4 £ 9.2, and 19.4 + 10.6 cells/10 hpf at 24, 48 and 72 hr
after cisplatin treatment, respectively). Treatment with AR9273 reduced neutrophil
infiltration at 48 and 72 hr post treatment to 3.0 + 2.2 and 9.1 + 8.6 cells cells/10 hpf,
respectively (p < 0.05 for difference at 72 hr). In contrast, minimal neutrophil infiltration
was detected in mice treated only with saline or inhibitor (< 4.0 + 1.0 cells/10 hpf 24-72

hr after treatment).

Cisplatin treatment resulted in an increase in the renal MRNA levels of TNFa (Figure
6A) and ICAM-1 (Figure 6B) within 48 hr of treatment. In both cases, AR9273
administration greatly attenuated this inflammatory response to cisplatin. Renal TNFa
protein levels were not significantly elevated until 72 hr following cisplatin treatment and
this increase was also prevented by AR9273 treatment (Figure 6C). In contrast, a
significant increase in soluble ICAM-1 levels in plasma was evident within 24 hr of
cisplatin treatment and remained elevated throughout the 72 hr treatment period; this

effect was attenuated by sEH inhibition (Figure 6D).

TNF receptors are also regulated by cisplatin signaling and serum levels were

16
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measured. As shown in Figure 7, soluble TNFR1 and TNFR2 levels were dramatically
elevated following treatment with cisplatin. In the case of TNFR1, this was evident
within 48 hr of treatment while TNFR2 levels were increased already at 24 hr following
cisplatin. The levels of both TNF receptors were dramatically attenuated by AR9273
treatment. Similarly, genetic disruption of Ephx2 provided protection against cisplatin-

induced TNFR elevations (Figure 7).

Renoprotective effects of SEH inhibition involve NF-kB signaling

Based on the effects of sEH inhibition on TNFa signaling and ICAM-1 expression and
the known NF-xB inhibitory properties of EETs, we examined NF-kB activation in
Ephx2-/- and AR9273-treated mice. Compared to littermate Ephx2+/+ mice, the basal
level of active NF-xB was lower in Ephx2-/- mice but this did not reach statistical
significance (Figure 8A). Cisplatin significantly increased NF-«B activity in Ephx2+/+
mice but not in the Ephx2-/- mice. Consistent with the findings in Ephx2-/- mice,
chemical inhibition of SEH attenuated the cisplatin-induced increase in NF-kB activity at

72 hr (Figure 8B).
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Discussion

Cisplatin induces acute kidney injury in both animals and humans, and tissue injury is
preceded by a robust inflammatory response (Kelly et al., 1999; Deng et al., 2001,
Ramesh and Reeves, 2002; Ramesh and Reeves, 2004). An early response to
cisplatin treatment includes increases in NF-kB signaling and corresponding induction
of TNFa and ICAM-1 expression. Recent studies of modalities that increase EETSs,
such as Ephx2 -/- mice and inhibitors of sEH, suggest that EETs can antagonize
inflammatory changes in endothelial cells and in systemic models of inflammation (Node
et al., 1999; Fleming et al., 2001; Schmelzer et al., 2005; Smith et al., 2005; Luria et al.,
2007; Manhiani et al., 2009; Liu et al., 2010). The anti-inflammatory effects of EETs are
attributed, at least in part, to interruption of NF-xB signaling and decreased expression
of inflammatory markers such as adhesion molecules and cytokines (Node et al., 1999;
Fleming et al., 2001; Schmelzer et al., 2005; Manhiani et al., 2009; Liu et al., 2010).
Based on our knowledge of EET action and the pattern of cisplatin nephrotoxicity, we
hypothesized that increased intracellular EET levels would attenuate the nephrotoxic

effects of cisplatin.

Potential strategies for increasing EET levels include induction of CYP epoxygenases,
treatment with EETs or EET mimetics, or inhibition of EET hydrolysis. CYP
epoxygenases are induced by dietary fatty acids and during hypertension, but there is
no evidence for selective induction of these enzymes by small molecules, including
cisplatin (Yu et al., 2000a; Yu et al., 2006). Induction of CYP epoxygenases as a viable

approach for increasing EETs is therefore of limited use. Similarly, treatment with EETs
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is complicated by their rapid degradation (Spector et al., 2004). While EET mimetics
have been designed and are biologically active in vitro or in situ, their use in vivo has
not been demonstrated (Yang et al., 2007b). Inhibition of EET hydrolysis is therefore

the most attractive approach for increasing EET levels in vivo.

Ephx2-/- mice were used as one model of increased EET levels. Genetic disruption of
SEH activity has previously been used to explore the role of EETs in blood pressure,
cardioprotection, systemic inflammation, heart failure, diabetes and vascular remodeling
(Seubert et al., 2006; Luria et al., 2007; Monti et al., 2008; Luo et al., 2010; Simpkins et
al., 2010). A series of potent and selective inhibitors of SEH have also been
synthesized and several have been tested in animal and cellular models (Yu et al.,
2000Db; Davis et al., 2002; Imig et al., 2002; Zhao et al., 2004; Imig et al., 2005;
Schmelzer et al., 2005; Smith et al., 2005; Luria et al., 2007). The current study used a
potent and selective inhibitor of lipid epoxide hydrolase activity, AR9273, selected for
use in this study due to its oral bioavailability and the resulting changes in the plasma
oxylipid ratios it affords in mice. Daily oral treatment of mice with AR9273 results in
almost complete inhibition of SEH, as reflected by an ex vivo assay of EET hydrolysis
and plasma EpOME/DIHOME ratios. The level of EETs and DHETSs in plasma samples
from individual mice is close to the limit of detection of the LC/MS/MS assay, but it has
previously been shown that the corresponding levels of the C18 fatty acid epoxides and
diols, EpOMEs and DiIHOMEs, reflect the levels of EETs and DHETs (Newman et al.,
2002; Luria et al., 2007). In addition to epoxide hydrolase activity, SEH also has
phosphatase activity, which is not affected by AR9273. The inhibitor therefore allows us

to focus specifically on the role of EETs and other lipid epoxides, while the Ephx2-/-
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mice informs us about both the epoxide hydrolase and phosphatase activities of SEH.
Relatively little is known about the biological effects of other fatty acid epoxide
substrates of SEH, and it is possible that multiple oxylipins have renoprotective

properties similar to those attributed to the EETSs.

Genetic disruption of Ephx2 or the treatment of mice with a sEH inhibitor was
associated with an almost complete attenuation of cisplatin-induced renal damage,
measured either as elevations in plasma or renal biomarkers of renal injury, histological
changes in renal tubular structure, or neutrophil infiltration. The combined strategy of
chemical and genetic disruption of SEH activity provides strong evidence for a
renoprotective role for fatty acid epoxides during cisplatin exposure. Importantly,
renoprotective effects of the potent SEH inhibitor AR9273 were evident within 24 hr of
cisplatin treatment, as measured by the early renal injury biomarker Kim-1, changes in
tubular structure, neutrophil infiltration and the number of apoptotic cells. Consistent
with these findings, the effects of SEH inhibition on cytokine and adhesion molecule
expression were also observed 24 -48 hr before effects of cisplatin on serum creatinine
and urea were apparent at 72 hr post treatment. While these data were being analyzed,
a report was published showing that the sEH inhibitor 12-(3-adamantan-1-yl-ureido)-
dodecanoic acid (AUDA) prevented cisplatin-induced increases in blood urea nitrogen
and tubular necrosis (Parrish et al., 2008). Our results confirm and extend these recent
findings using a novel sEH inhibitor together with Ephx2-/- mice. We also provide
evidence for an effect of inhibition of SEH hydrolase activity or genetic disruption of
Ephx2 on NF-kB signaling in response to cisplatin. AR9273 had no significant effect on

the function of renal transporters involved in cisplatin uptake (data not shown), providing
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further support that the observed renoprotective effects are a result of changes in EET

degradation by seH.

Our findings are consistent with the widely accepted major role for TNFa in mediating a
robust inflammatory response to cisplatin treatment (Deng et al., 2001; Ramesh and
Reeves, 2002; Ramesh and Reeves, 2004, Li et al., 2005; Lee et al., 2006b; Zhang et
al., 2007). Increased TNFa levels were an early response to cisplatin. Both TNFR1
and TNFR2 have been implicated in cisplatin-induced TNFa signaling. Studies in
TNFR1-deficient mice have shown that signaling through TNFR1 is involved in tubular
cell apoptosis following cisplatin treatment (Tsuruya et al., 2003). In contrast, others
have shown that TNFR2 plays a more important role than TNFR1 in mediating the
inflammatory and apoptotic effects of cisplatin, including ICAM-1 induction (Ramesh and
Reeves, 2003). The fact that sEH inhibition can inhibit both TNFR2 and ICAM-1
induction to a similar degree and time dependency is consistent with EETs interfering
with this signaling pathway. In the current study, cisplatin induced a more dramatic
increase in circulating TNFR1 levels compared to TNFR2. Importantly, the induction of
both TNFR1 and TNFR2 was an early response to cisplatin treatment, and evident
within 24 hr of treatment. The more dramatic effect on cisplatin-induced apoptosis
compared to neutrophil infiltration is consistent with the significant changes in TNFR1
expression. The ability of sSEH inhibition to attenuate these early increases in TNFa and
soluble TNFR expression suggests that this could be an effective strategy for
ameliorating both the inflammatory and apoptotic effects of cisplatin. This is significant
since previous studies focused on inhibition of inflammation alone did not prevent

cisplatin-induced renal injury (Faubel et al., 2007).
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The induction of renal NF-xB activity by cisplatin was also prevented by inhibition of
sEH activity, and is consistent with the ability of EETs to disrupt NF-xB signaling (Node
et al., 1999). In endothelial cells, EETs interfere with NF-kB signaling by disrupting IxB
kinase activity, resulting in decreased expression of proinflammatory proteins (Node et
al., 1999). Consistent with these findings in isolated cells, the induction in mice of the
proinflammatory proteins COX-2 and iNOS by endotoxin treatment is attenuated by sEH
inhibition (Schmelzer et al., 2005). Similarly, acute exposure to tobacco smoke results
in inflammatory cell infiltration into bronchial lavage fluid, a response that is greatly
attenuated by treatment with a sEH inhibitor (Smith et al., 2005). The effect of SsEH
inhibition on cisplatin-induced changes in renal NF-xB activity is similar to the effect of
salicylate, fibrate or rosiglitazone treatment in this model (Ramesh and Reeves, 2004; Li
et al., 2005; Lee et al., 2006b). In all cases, the attenuation of NF-kB activity is almost

complete, supporting a critical role for these molecules in cisplatin nephrotoxicity.

NF-xB signaling is implicated in the regulation of both TNFa and TNFR2. TNFa itself
can activate I«B kinase, leading to NF-xB activity (Kelliher et al., 1998). Both TNFR2
and TNFa have NF-kB binding sites which could account for their induction in response
to cisplatin treatment (Santee and Owen-Schaub, 1996; Yao et al., 1997). Further
downstream effects of NF-kB activation include induction of ICAM-1 and subsequent
neutrophil infiltration (Ramesh and Reeves, 2002; Ramesh and Reeves, 2003;
Francescato et al., 2007). The ability of EETs to interefere with NF-kB signaling is
consistent with the findings that sEH inhibition attenuates the effect of cisplatin on

TNFa, TNFR and ICAM-1 expression and provides a plausible mechanism for the
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observed renoprotection afforded by sEH inhibition.

Collectively, these data provide convincing evidence that sEH inhibition protects against
cisplatin-induced renal injury, at least in part by attenuation of NF-kB signaling. In
addition to their interaction with the NF-xB signaling pathway, EETs also interfere with
other signaling pathways implicated in cisplatin toxicity, including PPARa and MAPK
(Ng et al., 2007; Yang et al., 2007a). Whether these signaling pathways are involved in
the renoprotective effects of sSEH inhibition require further study. It will also be of
interest to explore whether renoprotection by EETSs is afforded in other models of acute
kidney injury, such as ischemia reperfusion and mechanical injury. sEH inhibition does
protect against renal injury associated with salt-sensitive hypertension, but in this case it
is hard to determine the contribution of lowering blood pressure to the observed effects
(Imig et al., 2005; Manhiani et al., 2009). Indeed, combined effects of EETs on
inflammatory signaling and vasoactivity may enhance the therapeutic potential of sEH

inhibition for renoprotection.
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Legends for Figures

Figure 1. Genetic disruption of Ephx2 protects against cisplatin-induced acute
kidney injury. Ephx2+/+ and Ephx2-/- mice were treated with saline or cisplatin and
kidneys and blood were harvested 72 hr later. Plasma EpOME/DIHOME ratios are
shown in panel A for the 9,10- (black bars) and 12,13- (hatched bars) regioisomers.
Values shown are the mean + S.D. from five or six mice per treatment group.
Significant differences between Ephx2+/+ and Ephx2-/- mice are indicated: *p < 0.05
and **p < 0.01. Urea nitrogen (B) and creatinine (C) were measured in serum and
values shown are the mean + S.D. from six mice per group. Significant differences
between vehicle and cisplatin treatment groups are indicated for each strain: *p < 0.05
and ***p < 0.001. In panel D, representative photomicrographs are shown from vehicle-
and cisplatin-treated Ephx2+/+ and Ephx2-/- mice. Note tubules containing casts (C) or
sloughed tubular cells in cisplatin-treated Ephx2+/+ kidneys. Apoptotic bodies (arrow)
can also be seen in this group. The remaining groups show little damage. Tissue slices
were stained with PAS and photomicrographs are shown at 400X magnification. In
panel E, neutrophil staining is shown in representative slides from saline- and cisplatin-
treated Ephx2+/+ and Ephx2-/- mice. Kidney sections (3 pum) were immunostained with
a rat monoclonal antibody against neutrophils (bright green) and nuclei were
counterstained with DAPI (blue). Neutrophil clusters are marked with arrows. The bar

indicates 50 um; in the inset the scale bar corresponds to 5 um.

Figure 2. Genetic disruption of Ephx2 protects against cisplatin-induced

apoptosis. Apoptotic cells were detected by TUNEL staining. The bar indicates 100
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um. The number of apoptotic cells were counted in 10 hpf and the mean £ SD from
three to four mice per group is expressed relative to control kidneys. Significant
differences are indicated: “"p < 0.001, between vehicle and cisplatin treated mice; 'p <

0.05 between cisplatin treated Ephx2+/+ and Ephx2-/- mice.

Figure 3. Cisplatin-mediated renal inflammatory gene expression is prevented by
genetic disruption of Ephx2. Ephx2+/+ and Ephx2-/- mice were treated with saline or
cisplatin and renal and serum markers of inflammation were measured 72 hr later.
TNFa (A) and ICAM-1 (B) mRNA levels were measured in the kidneys of vehicle- and
cisplatin-treated Ephx2+/+ and Ephx2-/- mice by quantitative real-time PCR. RNA
levels were normalized to Gapdh and the data is presented as the relative change in
expression between vehicle and cisplatin-treated groups. Renal TNFa (C) and serum
ICAM-1 (D) protein levels were quantified by EIA. The values shown are the mean +
S.D. of five or six mice per treatment group. Significant differences between vehicle

and cisplatin treatment in each strain are indicated: **p < 0.01 and ***p < 0.001.

Figure 4. sEH inhibition prevents cisplatin-induced acute kidney injury in
C57BL/6 mice. Mice were treated daily with 100 mg/kg AR9273 or vehicle for five days
and a single dose of 20 mg/kg cisplatin was administered on day two. Kidneys and
blood were harvested 24-72 hr after cisplatin treatment and used for characterization of
renal injury. Plasma EpOME/DIHOME ratios are shown in panel A for the 9,10- (black
bars) and 12,13- (hatched bars) regioisomers. The values represent the mean + S.D.
from five to eight samples per treatment group. Significant differences are indicated:

#*p < 0.001 between vehicle and AR9273 treated mice; "' 'p < 0.001 between mice

35

¥20z ‘2T [udy uo sfeulnor 134SY e Blo'seuuno fiadseed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 13, 2012 as DOI: 10.1124/jpet.111.191247
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #191247

treated with cisplatin alone and cisplatin with AR9273. Urea nitrogen (B) and creatinine
(C) were measured in serum and Kim-1 mRNA levels (D) were measured in renal
tissue. The values shown are the mean + S.D. from eight to ten mice per group. The
renal Kim-1 mRNA levels are expressed relative to vehicle treated mice. Significant
differences are indicated: **p <0.01 and ~ p < 0.001 between vehicle and cisplatin
treated mice; ""p < 0.01 and "'p < 0.001 between mice treated with cisplatin alone and
cisplatin with AR9273. In panel E, kidney slices were stained with PAS and
representative photomicrographs are shown at 400X magnification. At 24 hours little
difference is seen between the mice treated with cisplatin alone and cisplatin treated
with AR9273. At 48 hours an increase in the number of apoptotic bodies (arrows) is
identified in the mice treated with cisplatin alone. At 72 hours note the presence of
casts and frank tubular necrosis in the groups treated with cisplatin alone. In addition,
clusters of apoptotic bodies are seen as compared to the single apoptotic cells seen in
the other groups. In panel F, kidney sections (3 um) were immunostained with a rat
monoclonal antibody against neutrophils (bright green) and nuclei were stained with

DAPI (blue). Neutrophil clusters are marked with arrows. The bar indicates 50 um; in

the inset the scale bar corresponds to 5 um.

Figure 5. sEH inhibition protects against cisplatin-induced apoptosis. Apoptotic
cells were detected by TUNEL staining. The bar indicates 100 um. The number of
apoptotic cells were counted in 10 hpf and the mean = SD from three to four mice per
group is expressed relative to control kidneys. Significant differences are indicated: ~ p
< 0.001, between vehicle and cisplatin treated mice; 'p < 0.05 between mice treated

with cisplatin alone and cisplatin with AR9273.
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Figure 6. Cisplatin-mediated renal inflammatory gene expression is attenuated by
inhibition of soluble epoxide hydrolase. Mice were treated daily with 100 mg/kg
AR9273 or vehicle orally for five days and a single dose of 20 mg/kg cisplatin was
administered on day two. Kidneys and blood were harvested 24-72 hr after cisplatin
treatment and used for measurement of inflammatory markers. Renal TNFa (A) and
ICAM-1 (B) mRNA levels were measured by quantitative real-time PCR. RNA levels
were normalized to Gapdh and the data is presented relative to the vehicle-treated
group. Renal TNFa (C) and serum ICAM-1 (D) protein levels were quantified by EIA.
The values shown are the mean + S.D. of eight to ten mice per treatment group.
Significant differences are indicated: *p < 0.05, **p < 0.01 and ***p < 0.001 between
vehicle and cisplatin treated mice; 'p < 0.05, "'p < 0.01 and "p < 0.001 between mice

treated with cisplatin alone and cisplatin with AR9273.

Figure 7. Cisplatin-mediated induction of STNFR1 and sTNFR2 is attenuated by
genetic disruption of Ephx2 or inhibition of soluble epoxide hydrolase. Ephx2+/+
and Ephx2-/- mice were treated with saline or cisplatin and blood was collected 72 hr
later (A and B). In other studies, C57BL/6 mice were treated daily with 100 mg/kg
AR9273 or vehicle orally for five days and a single dose of 20 mg/kg cisplatin was
administered on day two (C and D). Blood was harvested 24-72 hr after cisplatin
treatment. STNFR1 (A and C) and sTNFR2 (B and D) were measured by EIA. Values
shown are the mean + S.D. from five mice for each treatment group. Significant
differences are indicated: *p < 0.05, **p < 0.01 and ***p < 0.001 between vehicle and
cisplatin treated mice; 'p < 0.01 and "p < 0.001 between mice treated with cisplatin

alone and cisplatin with AR9273.
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Figure 8. Activation of NF«B is prevented by genetic disruption of Ephx2 or
soluble epoxide hydrolase inhibition. Renal nuclear lysates collected 72 hr post
cisplatin treatment were used for measurement of activated NF-«xB. The effect of
cisplatin was compared between Ephx2+/+ and Ephx2-/- mice (A) and in vehicle and
AR9273 treated mice (B). Values shown are the mean + S.D. of five or six samples per
treatment group. Significant differences are indicated: *p < 0.05 and **p < 0.01 for
difference between vehicle and cisplatin treatment in Ephx2+/+ and C57BL/6 mice,
respectively; "'p<0.01 for difference between mice treated with cisplatin alone and

cisplatin plus AR9273.
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