J c I The Journal of Clinical Investigation

Neutrophil-independent mechanisms of caspase-1- and IL-18-
mediated ischemic acute tubular necrosis in mice

Vyacheslav Y. Melnikov, Sarah Faubel, Britta Siegmund, M. Scott Lucia, Danica Ljubanovic, Charles L. Edelstein

J Clin Invest. 2002;110(8):1083-1091. https://doi.org/10.1172/JCI115623.

3D  cell biology

Having recently described the injurious role of caspase-1—mediated production of the proinflammatory cytokine IL-18 in ischemic acute
renal failure (ARF), we report here on the effect of the newly developed caspase inhibitor Quinoline-Val-Asp(Ome)-CHo-OPH (OPH-001)
on caspase-1, IL-18, neutrophil infiltration, and renal function in ischemic ARF. C57BL/6 mice with ischemic ARF treated with OPH-001 had
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contributing to the protection against ischemic ARF, a model of neutrophil depletion was developed. Neutrophil-depleted mice had a small
(18%) reduction in serum creatinine during ischemic ARF but no reduction in ATN score despite a lack of neutrophil infiltration in the
kidney. Remarkably, caspase-1 activity and IL-18 were significantly increased in the kidney in neutrophil-depleted mice with ARF. In
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Having recently described the injurious role of caspase-1-mediated production of the proinflam-
matory cytokine IL-18 in ischemic acute renal failure (ARF), we report here on the effect of the
newly developed caspase inhibitor Quinoline-Val-Asp(Ome)-CH,-OPH (OPH-001) on caspase-1,
IL-18, neutrophil infiltration, and renal function in ischemic ARF. C57BL/6 mice with ischemic
AREF treated with OPH-001 had a marked (100%) reduction in blood urea nitrogen (BUN) and
serum creatinine and a highly significant reduction in morphological acute tubular necrosis (ATN)
score compared with vehicle-treated mice. OPH-001 significantly reduced the increase in
caspase-1 activity and IL-18 and prevented neutrophil infiltration in the kidney during ischemic
ARF. To evaluate whether this lack of neutrophil infiltration was contributing to the protection
against ischemic ARF, a model of neutrophil depletion was developed. Neutrophil-depleted mice
had a small (18%) reduction in serum creatinine during ischemic ARF but no reduction in ATN
score despite a lack of neutrophil infiltration in the kidney. Remarkably, caspase-1 activity and
IL-18 were significantly increased in the kidney in neutrophil-depleted mice with ARF. In addition,
IL-18 antiserum-treated neutrophil-depleted mice with ischemic ARF had a significant (75%)
reduction in serum creatinine and a significant reduction in ATN score compared with vehicle-
treated neutrophil-depleted mice. These results suggest a novel neutrophil-independent mecha-
nism of IL-18-mediated ischemic ARF.
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Introduction (5). However, the effect of caspase inhibitors on ATN,

The caspases are a family of intracellular cysteine
proteases. Caspases participate in two distinct sig-
naling pathways: (a) activation of proinflammatory
cytokines by caspase-1 (previously known as IL-1-
converting enzyme, or ICE), and (b) promotion of
apoptotic cell death via caspase-3. There is now con-
siderable evidence that caspases are also involved in
necrotic cell death in vitro. Inhibition of caspases
protects against necrotic cell death induced by
hypoxia in renal tubules in culture (1) and freshly iso-
lated rat proximal tubules (2). In rat kidneys with
acute tubular necrosis (ATN), both caspase-1 and cas-
pase-3 mRNA and protein expression (3) as well as
caspase-3 activity (4) are increased. Caspase inhibi-
tion attenuates distal tubule apoptosis and inflam-
mation in ischemic acute renal failure (ARF) in mice
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the predominant pathological process in animal
models of ischemic ARF and in posttransplant ARF
in humans, is not known. Thus, on the background
of caspase inhibitor studies in vitro in proximal
tubules and in vivo studies in kidney, we determined
the effect of the newly developed caspase inhibitor
Quinoline-Val-Asp(Ome)-CH,-OPH (OPH-001) on
the functional and morphological changes in
ischemic ARF in mice. While the use of caspase-defi-
cient mice has provided extensive information about
the role of individual caspases in disease processes,
the study of caspase inhibitors in vivo represents an
important initial step toward possible therapeutic
effects of caspase inhibition.

The proinflammatory caspase-1 plays a major role
in the cleavage of the IL-1p precursor and the IL-18
precursor. Caspase-1 is remarkably specific for the
precursors of IL-1f and IL-18 (IFN-y-inducing factor)
by making a single initial cut in each procytokine,
which results in an active mature cytokine secreted
into the extracellular space (6). We have demonstrat-
ed that caspase-1-deficient mice are functionally and
histologically protected against ischemic ARF and
that this protection is associated with decreased con-
version of IL-18 precursor to the mature form in the
kidney (7). In this study, the administration of IL-18-
neutralizing antiserum protected against ischemic
ARF, confirming the deleterious role of IL-18 in the
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pathogenesis of ischemic ARF. Both caspase-1-defi-
cient mice and mice treated with IL-18-neutralizing
antiserum had decreased neutrophil infiltration in
the kidney during ischemic ARF.

The role of neutrophils in the pathogenesis of ARF
remains controversial. A model of neutrophil deple-
tion in mice that uses the specific neutrophil-deplet-
ing mAb RB6-8CS has recently been developed (8).
We have reproduced this model of neutrophil deple-
tion in ischemic ARF in mice. In the present study, we
used a caspase inhibitor, IL-18-neutralizing anti-
serum, and neutrophil-depleted mice to test the
hypotheses that caspase inhibition protects against
ischemic ARF and that caspase-1-mediated produc-
tion of IL-18 can induce ischemic ARF in the absence
of neutrophils.

Methods

Ischemia protocol. For all the mouse studies, C57BL/6
mice (The Jackson Laboratory, Bar Harbor, Maine,
USA) were used. Mice weighing 20-25 g were anes-
thetized with an intraperitoneal injection of Avertin
(2,2,2-tribromoethanol; Sigma-Aldrich, Milwaukee,
Wisconsin, USA). A midline incision was made, and
the renal pedicles were bilaterally clamped for 22 min-
utes with microaneurysm clamps. The time of
ischemia was chosen to obtain a reversible model of
ischemic ARF and to avoid animal mortality. Serum
creatinine reaches a peak at 24-48 hours of reperfu-
sion and then gradually returns to normal within 3-7
days. After 22 minutes the clamps were removed. The
kidneys were observed for restoration of blood flow, as
demonstrated by a return to their original color. The
abdomen was closed in two layers. Sham surgery con-
sisted of the same surgical procedure except that
clamps were not applied. During the first 24 hours of
the reperfusion period, the animals were kept in an
incubator at 29°C. In separate experiments, blood
samples were obtained via cardiac puncture at 24, 48,
and 72 hours of renal reperfusion. Blood urea nitro-
gen (BUN) and serum creatinine were measured using
aBUN and a creatinine autoanalyzer (Beckman Instru-
ments Inc., Fullerton, California, USA).

Caspase inhibition. Quinoline-Val-Asp(Ome)-CH,-
OPH [Q-VD-(Ome)-OPH] was obtained from
Enzyme Systems Products Inc. (Livermore, Califor-
nia, USA). The inhibitor (120 mg/kg) or vehicle
(high-purity DMSO; Sigma-Aldrich, St. Louis, Mis-
souri, USA) was administered intraperitoneally 60
minutes before renal pedicle clamp.

OPH-001 is a new-generation broad-spectrum cas-
pase inhibitor. Compared with the benchmark cas-
pase inhibitor Z-Val-Ala-Asp(Ome)-CH;F (Z-VAD-
FMK), it has significant differences in structural
design. These changes include the replacement of the
carbobenzoxy blocking group (Z) with a quinoline
derivative (Q), modification of the tripeptide
sequence from VAD to VD, and replacement of the
putatively toxic fluoromethyl ketone (FMK) with the

nontoxic 2,6-difluorophenoxy (OPH) group. The
mechanism of action involves the formation of an
irreversible thioether bond between the aspartic acid
derivative in the inhibitor and the active site cysteine
of the caspase with the displacement of the 2,6-
difluorophenol group.

Histological examination. Kidneys fixed in 4%
paraformaldehyde and embedded in paraffin were sec-
tioned at 4 um and stained with hematoxylin and
eosin and periodic acid-Schiff by standard methods.
Histological examinations were performed by the
renal pathologist in a blinded fashion. Histological
changes due to tubular necrosis were quantitated by
calculation of the percent of tubules that displayed cell
necrosis, loss of brush border, cast formation, and
tubule dilatation as follows: 0, none; 1, <10%; 2,
11-25%; 3, 26-45%; 4, 46-75%; and S, >76%. At least ten
fields (x200) were reviewed for each slide.

The renal pathologist quantitatively assessed neu-
trophil infiltration in a blinded fashion by counting
the number of neutrophils per mm? at x400 using a
calibrated ocular grid. At least ten fields were counted
in the outer medulla on slides stained with hema-
toxylin and eosin.

Morphologic criteria were used to count apoptotic
cells on hematoxylin and eosin staining. These charac-
teristics included cellular rounding and shrinkage,
nuclear chromatin compaction, and formation of
apoptotic bodies (9). Apoptotic tubular cells were
quantitatively assessed per ten high-power fields (x400)
by the renal pathologist in a blinded fashion.

Caspase activity assay. Caspase activity in the kidney
was determined by use of fluorescent substrates as we
have previously described (7).

The assay of purified caspases was performed as fol-
lows. Purified recombinant caspase-3 (Upstate
Biotechnology Inc., Lake Placid, New York, USA) and
recombinant caspase-1 purified to homogeneity from
Escherichia coli (obtained from Nancy Thornberry,
Merck Research Laboratories, Rahway, New Jersey,
USA) were used to calculate the OPH-001 concentra-
tion that inhibits the purified caspase-1 or -3 con-
centration by 50% (ICso). Recombinant caspase-1 or
caspase-3 was diluted in the following buffer to con-
vert it to the active form: 100 mM Na HEPES, 10 mM
DTT, 1 mM EDTA, 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-pro-panesulfonate (CHAPS),
and 10% sucrose. Ten nanograms of the activated cas-
pase was added to the caspase-1 or caspase-3 assay
buffer. The caspase-1 assay buffer contained 25 mM
K*HEPES, 1 mM DTT, 1 mM EDTA, 0.1% CHAPS, 1
mM DTT, and 10% sucrose, pH 7.5. The caspase-3
assay buffer contained 25 mM K* HEPES, KCI 50
mM, 1 mM DTT, 0.1% CHAPS, and 1 mM DTT, pH
7.5. Increasing concentrations of OPH-001 were
added as follows: 0 uM (vehicle only), 0.1 uM, 1 uM,
10 uM, 100 uM, and 500 uM. After 10 minutes’ prein-
cubation, 10 ul of the substrate (final concentration,
50 uM) was added to make a total volume of 200 ul.
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Acetyl-Tyr-Val-Ala-Asp-7-amido-4-methyl coumarin
(Ac-YVAD-AMC) in 10% DMSO was used as a sub-
strate for caspase-1-like proteases. Acetyl-Asp-Glu-Val-
Asp-7-amido-4-methyl coumarin (Ac-DEVD-AMC) in
10% DMSO was used as a substrate for caspase-3.

Calpain and cathepsin B assay. Calpain and cathepsin B
activity were determined by use of fluorescent sub-
strates as we have previously described (4). Purified
u-calpain (2.5-5 pg) from porcine erythrocytes (Cal-
biochem-Novabiochem Corp., San Diego, California,
USA) or purified cathepsin B (0.3-0.6 ug) from human
liver tissue (BIOMOL Research Laboratories Inc., Ply-
mouth Meeting, Pennsylvania, USA) was used to cal-
culate the ICso for OPH-001. N-succinyl-Leu-Tyr-7-
amido-4-methyl coumarin (Sigma-Aldrich) in DMSO
was used as a substrate for calpain. Z-Phe-Arg-AMC
(Peptide Institute, Osaka, Japan) in DMSO was used as
a substrate for cathepsin B.

The cathepsin B assay in kidney was performed as fol-
lows. Briefly, kidney tissue was mixed with lysis buffer
and homogenized with ten strokes in a glass-Teflon
homogenizer. The lysate was then centrifuged at 4°C
at 100,000 g in a Beckman Instruments Inc. Ti70 rotor
for 1 hour. The resultant supernatant (100 pug protein)
was assayed for cathepsin B as described above.

Electrochemiluminescence assay for IL-18. The electro-
chemiluminescence (ECL) assay for IL-18 in whole kid-
ney homogenates was performed as previously
described in detail (10). The ECL assay detects both
pro-IL-18 and mature IL-18.

Rabbit anti-murine IL-18-neutralizing antiserum. Rabbit
anti-murine IL-18-neutralizing antiserum was
obtained from a New Zealand rabbit immunized by
intradermal injection of murine recombinant IL-18 in
the presence of Hunter’s titermax adjuvant (6). The
IL-18 antiserum has been used in mice in vivo to block
endogenous IL-18 (10). Rabbit anti-murine IL-18-neu-
tralizing antiserum or vehicle (normal rabbit serum)
was administered as follows: 300 ul intraperitoneally
40 minutes before renal pedicle clamp, and 100 ul
intraperitoneally just before clamp release.

Neutrophil depletion model. Mice were injected with 0.1
mg of the rat IgG2b mAb RB6-8CS5 (BD Pharmingen,
San Jose, California, USA) intraperitoneally 24 hours
before renal pedicle clamp (8). This results in depletion
of neutrophils in the peripheral blood and in the kid-
ney during ischemic ARF (see Results).

Myeloperoxidase assay. Myeloperoxidase (MPO) activi-
ty (kinetic assay) was measured as previously described,
with modifications (11).

Preparation of proximal tubules. Proximal tubules were
isolated from kidney cortex of male C57BL/6 mice
using collagenase digestion and Percoll centrifuga-
tion (2). Six-milliliter aliquots of tubule suspension
(about 1-2 mg/ml) were placed in siliconized 25-ml
Erlenmeyer flasks. To create hypoxia, the tubule sus-
pension was gassed in a shaking water bath with
95% N,-5% CO, at a rate of 3 1/min. At the end
of the hypoxic period, 1 ml of tubule suspension was

sampled for measurement of lactate dehydrogenase
(LDH) and 2 ml for immunoblotting. LDH release
into the tubule medium was used as an index of cell
membrane damage.

Western blot analysis. Kidney cortices or proximal
tubules were homogenized in radioimmunoprecipita-
tion assay (RIPA) buffer, and Western blotting was per-
formed using standard protocols as previously
described (4). A goat anti-IL-18 polyclonal antibody
(Santa Cruz Biotechnology Inc., Santa Cruz, California,
USA; 1:100) was used.

Statistical analysis. Non-normally distributed data
were analyzed by the nonparametric unpaired Mann-
Whitney test. Multiple group comparisons were per-
formed using ANOVA with posttest according to
Newman-Keuls. A P value of less than 0.05 was con-
sidered statistically significant. Values are expressed
as means + SE.

Results

Mice treated with OPH-001 do not develop functional
ischemic ARF. Mice were treated with vehicle (DMSO)
or OPH-001 (120 mg/kg) before induction of
ischemic ARF. Mice treated with OPH-001 before
induction of ARF had a 100% reduction in serum cre-
atinine at 24 hours of reperfusion compared with
vehicle-treated mice with ischemic ARF, and a serum
creatinine level similar to that of sham-operated
controls (Figure 1). At 48 hours of reperfusion,
OPH-001-treated mice remained completely protect-
ed against ischemic ARF (Figure 1). By 72 hours of
reperfusion, renal function returned to normal in
vehicle-treated mice, confirming the reversible nature
of this model of ischemic ARF (Figure 1). BUN
demonstrated a similar pattern at 24 hours of reper-
fusion. BUN (mg/dl) was 24 + 0.7 in sham-operated
control mice, 102.4 + 13 in mice with vehicle-treated
ischemic ARF (P < 0.001 vs. sham, n = 6-8),and 36 + 4
in OPH-001-treated mice with ischemic ARF (P < 0.01
vs. vehicle-treated ischemic ARF, not significant [NS]
vs. sham, n = 6-8). A dose of 120 mg/kg OPH-001 was
chosen, as it gave the best functional protection com-
pared with 40 mg/kg and 80 mg/kg.

Sham-operated mice had an ATN score of 0, repre-
senting no tubular necrosis (Figure 2). Vehicle-treated
mice with ARF had a mean ATN score of 4.7, repre-
senting necrosis in 46-75% of tubules (Figure 2). Mice
treated with OPH-001 before induction of ARF had a
mean ATN score of 1.8, representing tubular necrosis
in 11-25% of tubules (Figure 2). Renal histopathology
is shown in Figures 3,a and b.

OPH-001 inhibits caspase-1 activity, IL-18 protein expres-
sion, and meutrophil infiltration during ischemic ARF.
OPH-001 inhibited the increase in caspase-1 activity in
whole kidney homogenates during ischemic ARF (Fig-
ure 4a). IL-18 protein was determined by the ECL assay
in kidney homogenates. IL-18 protein was increased in
vehicle-treated mice with ischemic ARF compared with
sham-operated control mice (Figure 4b). There was a
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Mice treated with OPH-001 are functionally protected against
ischemic ARF. In vehicle-treated mice with ischemic ARF, serum cre-
atinine was significantly increased at 24 hours and 48 hours of
reperfusion compared with sham-operated controls. In mice treat-
ed with OPH-001 before induction of ischemic ARF, the serum cre-
atinine was normalized at 24 hours and 48 hours of reperfu-
sion compared with sham-operated controls. *P < 0.01 vs. sham;
**P < 0.01 vs. vehicle-treated ARF, NS vs. sham; n = 8 at 24 hours.
*P < 0.05vs. sham; **P < 0.05 vs. vehicle-treated ARF, NS vs. sham;
n=6at 48 and 72 hours. Veh, vehicle.

large reduction in IL-18 protein in OPH-001-treated
mice with ischemic ARF compared with vehicle-treated
mice with ischemic ARF (Figure 4b).

Because OPH-001 inhibited both caspase-1 and
IL-18, both of which are proinflammatory, its effect on
inflammation during ischemic ARF was determined.
MPO activity in ischemic ARF was decreased in
OPH-001-treated mice. MPO activity (OD/min/mg)
was 0.003 + 0.2 in sham-operated control mice,
0.056 + 0.012 in vehicle-treated mice with ischemic ARF
(P <0.5vs.sham,n =4),and 0.018 + 0.005 in OPH-001-
treated mice with ischemic ARF (P < 0.05 vs. vehicle-
treated ischemic ARF, n = 4).

Because MPO activity identifies the activity of mono-
cytes and macrophages as well as neutrophils, neu-
trophil infiltration in the kidney was quantified (12).
Neutrophil infiltration (neutrophils/mm?) in the
outer medulla was 4.3 + 0.9 in sham-operated animals,
594 + 199 in vehicle-treated mice with ischemic ARF
(P <0.01 vs. sham), and 10.8 + 4 in OPH-001-treated
mice with ischemic ARF (P < 0.01 vs. vehicle-treated
ischemic ARF, NS vs. sham) (Figure 4c). Thus, neu-
trophil infiltration was increased more than 100-fold
in mice with ischemic ARF, and OPH-001 completely
prevented the increase in neutrophil infiltration in the
kidney during ischemic ARF.

Mouse model of neutrophil depletion. Mice were injected
with 0.1 mg of the rat IgG2b mAb RB6-8C5 (BD
Pharmingen) or vehicle (sterile water) intraperitoneal-
ly 24 hours before renal pedicle clamp (8). The mAb
results in depletion of neutrophils in the peripheral
blood within 24 hours. Differential peripheral blood
neutrophil count was 77% * 1.9% in vehicle-treated
mice and 0.8% + 0.3% in mice treated with the mAb
RB6-8C5 (P < 0.0001 vs. untreated, n = 12).

Ischemic ARF in neutrophil-depleted mice. Ischemic ARF
was induced in neutrophil-depleted mice. Serum crea-
tinine (mg/dl) was 0.27 + 0.03 in sham-operated control

mice, 2.2 + 0.07 in vehicle-treated mice with ischemic
ARF (P < 0.001 vs. sham), and 1.8 + 0.12 in neutrophil-
depleted mice with ischemic ARF (P < 0.05 vs. wild-type
ischemic ARF, P < 0.001 vs. sham) (Figure 5a).

Both vehicle-treated mice with ischemic ARF and neu-
trophil-depleted mice with ischemic ARF had a high
ATN score (Figure Sb). Renal histopathology demon-
strating extensive tubular necrosis in the outer medul-
la in the absence of neutrophils is shown in Figure 3c.

Caspase-1 activity, IL-18 protein expression, and neutrophil
infiltration during ischemic ARF in neutrophil-depleted mice.
Caspase-1 activity was increased in whole-kidney
homogenates during ischemic ARF (Figure 6a). Cas-
pase-1 activity in ischemic ARF was the same in neu-
trophil-depleted mice as in vehicle-treated mice (Fig-
ure 6a). IL-18 protein was determined by the ECL
assay. IL-18 protein was increased in vehicle-treated
mice with ischemic ARF compared with sham-operat-
ed control mice (Figure 6b). Neutrophil-depleted mice
with ARF had significantly more IL-18 than sham-
operated mice and less IL-18 than vehicle-treated mice
with ARF (Figure 6b).

The ECL assay detects both pro-IL-18 and active
IL-18. Thus, immunoblots for the active form of IL-18
(18 kDa) were performed in whole-kidney
homogenates. There was no difference in the amount
of active IL-18 protein in neutrophil-depleted versus
normal kidneys with ischemic ARF, confirming a neu-
trophil-independent source of active IL-18 (Figure 6d).

Neutrophil infiltration (neutrophils/mm?) in the
outer medulla was 5 + 0.2 in sham-operated mice,
273 £ 34 in vehicle-treated mice with ischemic ARF
(P <0.01vs.sham), and 6 + 1.9 in neutrophil-depleted
mice with ischemic ARF (P < 0.01 vs. ischemic ARF, NS
vs. sham) (Figure 6¢). Thus neutrophil depletion, like
OPH-001, prevented the increase in neutrophil infil-
tration in the kidney during ischemic ARF.

IL-18-neutralizing antiserum protects neutrophil-deplet-
ed mice against ischemic ARF. To investigate neutrophil-
independent mechanisms of IL-18-mediated injury,
neutrophil-depleted mice were treated with IL-18-
neutralizing antiserum. Neutrophil-depleted mice
with ischemic ARF treated with IL-18-neutralizing

Q
o
@
= *%
<

Sham Veh OPH-001

ARF ARF

Figure 2

Mice treated with OPH-001 are histologically protected against
ischemic ARF. Mice treated with OPH-001 before induction of
ischemia had a significant reduction in ATN score compared with
vehicle-treated mice. *P < 0.001 vs. sham; **P < 0.001 vs. vehicle-
treated ARF; n = 6.
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Figure 3

Renal histopathology (comparable sections and representative pic-
tures of at least three experiments). (a) In vehicle-treated mice with
ischemic ARF, proximal tubules in the outer stripe of the outer
medulla show extensive damage, with epithelial cell necrosis and
sloughing with focal denudation. There are occasional apoptotic
cells (arrow). There are numerous clumps of neutrophils in the inter-
stitium surrounding necrotic tubules (arrowheads). (b) In
OPH-001-treated mice with ischemic ARF, tubules are largely intact,
with only focal sloughing of tubular cytoplasm and minimal loss of
brush border. Neutrophils are inconspicuous. (¢) In neutrophil-
depleted mice with ischemic ARF, proximal tubules in the outer
stripe of the outer medulla show extensive damage, with epithelial
cell necrosis and sloughing. Neutrophils are inconspicuous, yet there
is still extensive tubular necrosis. (d) In neutrophil-depleted mice
treated with IL-18-neutralizing antiserum, there is less tubular
necrosis. Tubules are largely intact, with only focal sloughing of
tubular cytoplasm. Neutrophils are inconspicuous.

antiserum had a 75% reduction in serum creatinine
at 24 hours of reperfusion compared with vehicle-
treated neutrophil-depleted mice with ARF (Figure
7a). Histological scoring of ATN in the outer medul-
la was significantly less in neutrophil-depleted mice
with ischemic ARF that were treated with IL-18-
neutralizing antiserum compared with vehicle-treat-
ed neutrophil-depleted mice with ischemic ARF
(Figure 7b). Representative renal histopathology is
shown in Figure 3d.

In additional experiments, serum creatinine was
determined at 48 hours of reperfusion. Mice treated
with IL-18-neutralizing antiserum before renal pedicle
clamp release as well as mice treated with an addition-
al dose of 300 ul intraperitoneally at 24 hours of reper-
fusion were not functionally protected against
ischemic ARF at 48 hours of reperfusion compared
with vehicle-treated mice with ischemic ARF.

IL-18 and proximal tubules. We have previously
demonstrated an increase in IL-18 in the urine of
mice with ischemic ARF (7). Thus, we investigated
proximal tubules as the possible source and target of
IL-18. Studies were performed on freshly isolated
proximal tubules from C57BL/6 mice. OPH-001 pro-
tected against 25 minutes of hypoxic injury in these
tubules. LDH release was 11% * 1% in normoxic
tubules, 38% + 6% in hypoxic tubules preincubated
with vehicle (DMSO) (P < 0.001 vs. normoxia, n = 6),
and 22% + 1% in hypoxic tubules preincubated with
OPH-001 (100 uM) (P < 0.01 vs. hypoxia, n = 6).
Immunoblotting (» = 6) of normoxic proximal
tubules demonstrated the presence of pro-IL-18 (24
kDa). Exogenous recombinant IL-18 (1 ug per 6 ml of
tubule suspension) exacerbated sublethal (12 min-
utes) hypoxic proximal tubular injury. LDH release
was 10% + 1% in normoxic tubules, 13% + 1% in
hypoxic tubules preincubated with vehicle (saline)
(NS vs. normoxia, n = 6), and 18% + 1% in hypoxic
tubules preincubated with recombinant IL-18 before
induction of hypoxia (P < 0.01 vs. hypoxia, n = 6). It
will be interesting to further study the role of IL-18
in hypoxic injury in proximal tubules.

OPH-001 inbibits both caspase-1 and caspase-3. The ICs of
OPH-001 for recombinant caspase-1 was determined
to be 6.5 uM. The ICsp of OPH-001 for recombinant
caspase-3 was determined to be 1.0 uM. Thus OPH-001
is a caspase inhibitor that inhibits both caspase-1 and
caspase-3 in vitro.

To confirm that OPH-001 also inhibits proapop-
totic caspase-3 in vivo, both caspase-3 activity and
apoptosis were determined. Caspase-3 activity was
increased during ischemic ARF. OPH-001 inhibited

a b c
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ARF ARF ARF ARF ARF ARF
Figure 4

Mice treated with OPH-001 have decreased caspase-1 activity (a), IL-18 protein (b), and neutrophil infiltration (c) in the kidney in mice with
ischemic ARF. (a) OPH-001 resulted in a normalization of caspase-1 activity compared with that of vehicle-treated mice. *P < 0.05 vs. sham;
**P < 0.05 vs. vehicle-treated ARF, NS vs. sham; n = 4. (b) IL-18 protein (ECL assay) was increased in ischemic ARF. OPH-001 resulted in a
normalization of IL-18 compared with that of vehicle-treated mice. *P < 0.01 vs. sham; **P < 0.01 vs. vehicle-treated ARF, NS vs. sham;
n = 4. (c) Neutrophil infiltration (neutrophils/mm?) was increased in vehicle-treated mice with ischemic ARF and prevented in OPH-001-treat-
ed mice with ischemic ARF. *P < 0.01 vs. sham; **P < 0.01 vs. vehicle-treated ARF, NS vs. sham; n= 5.
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the increase in caspase-3 activity. Caspase-3 activity
(nmol/min/mg) was 9.6 + 1.7 in sham-operated con-
trol mice, 31.2 + 4.6 in vehicle-treated mice with
ischemic ARF (P < 0.01vs. sham,n=4),and 16.5 £ 4.2
in OPH-001-treated mice with ischemic ARF (P < 0.01
vs. vehicle-treated ischemic ARF, NS vs. sham, n = 4).
The number of apoptotic tubular epithelial cells in
the outer stripe of the outer medulla per ten high-
power fields was 0 in sham-operated control mice,
10.6 + 3.6 in vehicle-treated mice with ischemic ARF
(P <0.05 vs. sham, n = 4),and 2.7 + 2.1 in OPH-001-
treated mice with ischemic ARF (P < 0.05 vs. vehicle-
treated ischemic ARF, n = 6).

Specificity of OPH-001. We have determined the speci-
ficity of OPH-001 for caspases versus two other
major cysteine proteases, calpain and cathepsin B,

Figure 5

Neutrophil-depleted mice have slight functional protection against
ischemic ARF (a) and are not histologically protected against
ischemic ARF (b). (a) There was an increase in serum creatinine in
vehicle-treated mice with ischemic ARF (neutro*). Neutrophil-
depleted mice with ischemic ARF (neutro~) had a slight decrease in
serum creatinine compared with neutro* mice. *P < 0.001 vs. sham;
*¥*P < 0.05 vs. neutro* ARF, P < 0.001 vs. sham; n = 8. (b) Histo-
logical scoring of ATN in the outer medulla was the same in neutro*
as in neutro” mice. *P < 0.001 vs. sham; **P < 0.001 vs. sham, NS
vs. neutro®; n = 7. The lack of protection occurs despite the preven-
tion of neutrophil infiltration in the kidney in mice with ischemic
ARF, shown in Figure 6c.

considerably higher than the ICs for caspase-1 and
caspase-3 reported above. We also measured cathep-
sin B activity in the kidney during ischemic ARF.
There was no increase in cathepsin B activity in the
kidney in mice with ischemic ARF compared with
sham-operated mice, and OPH-001 had no effect on
cathepsin B activity. Cathepsin B activity
(wmol/min/mg) was 51.2 + 6 in sham-operated con-
trol mice, 52 + 2 in vehicle-treated mice with ischemic
ARF (NS vs. sham, n = 4), and 53.6 + 3 in OPH-001-
treated mice with ischemic ARF (NS vs. vehicle-treat-
ed ischemic ARF, n = 4).

Discussion

The caspases are a family of intracellular cysteine
proteases that have a cysteine residue at their active
site. Caspase-1 plays a major role in the activation of
the proinflammatory cytokines IL-1f and IL-18 (6).
Caspase-3 is the “executioner caspase” that is cen-
trally important in apoptotic cell death in vivo. In
vivo administration of a caspase inhibitor affords

both of which are mediators of cell death. The ICspof @ _ 150 ki x
OPH-001 for purified calpain was 727 uM. The ICs - g L
for purified cathepsin B was 218 uM. These values are 2@3

Figure 6 S E

Caspase-1 activity (a), IL-18 protein (b), neutrophil infiltration (c), ~ 50

and active form of IL-18 (d) in the kidney in neutrophil-depleted mice |y 40 %

with ischemic ARF. (a) Caspase-1 activity increased in both vehicle- QE) 304

treated (neutro®) and neutrophil-depleted (neutro-) mice with ARF. ° g’ s

*P <0.001 vs. sham; **P < 0.001 vs. sham, NS vs. neutro*; n = 5. (b) ;-\g 20 1 L

IL-18 protein was measured by the ECL assay that detects both W= 10

pro-I1L-18 and active IL-18. IL-18 was increased in ischemic ARF in = —

neutro* as well as neutro™ mice with ischemic ARF compared with C . 508 _

sham-operated controls. IL-18 was higher in neutro* mice than in £

neutro” mice. ¥*P <0.001 vs. sham; **P <0.01 vs. sham, P<0.01 vs. % %

neutro*; n = 11. (c) Neutrophil infiltration (neutrophils/mm?) was %_ 250

increased in ischemic ARF in neutro* and prevented in neutro™ mice o

with ischemic ARF. *P < 0.01 vs. sham; **P < 0.01 vs. vehicle-treat- g

ed ARF, NS vs. sham; n = 7. (d) There was no difference in the z xx

amount of active IL-18 protein (18 kDa) on immunoblot analysis in Sham Nggtg’* NXLFJH;O_

whole-kidney homogenates in neutro® versus neutro” mice with

ischemic ARF. Recombinant murine IL-18 (PeproTech Inc., Rocky 18 kDa —» e i S S

Hill, New Jersey, USA) was used as a positive control (Pos). A repre- Pos Neutro* Neutro-

sentative picture of three separate experiments is shown. ARF  ARF
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Figure 7

Neutrophil-depleted mice treated with IL-18-neutralizing antiserum
are both functionally (a) and histologically (b) protected against
ischemic ARF. Mice were injected with the neutrophil-depleting anti-
body RB6-8C5 24 hours before renal pedicle clamp (neutro-), fol-
lowed by anti-IL-18 antiserum (AS) or vehicle 40 minutes before
renal pedicle clamp and just before clamp release. (a) In vehicle-
treated neutro- mice with ischemic ARF, there was a significant
increase in serum creatinine compared with sham-operated con-
trols. In neutro™ mice treated with AS, the serum creatinine was sig-
nificantly decreased compared with vehicle-treated mice with ARF.
*P<0.01 vs. sham; **P < 0.01 vs. vehicle-treated ARF, NS vs. sham;
n = 8. (b) In vehicle-treated neutro- mice with ischemic ARF, there
was a significant increase in ATN score compared with sham-oper-
ated controls. In neutro- mice treated with AS before induction of
ischemic ARF, the ATN score was significantly decreased compared
with vehicle-treated neutro- mice with ARF. *P < 0.001 vs. sham;
**P < 0.01 vs. vehicle-treated ARF; n = 4.

protection against apoptotic cell injury in animal
models of hypoxic-ischemic brain injury (13) and
myocardial reperfusion injury after coronary artery
occlusion (14). A novel caspase inhibitor, IDN-1965,
reduces endothelial cell apoptosis and prolongs ani-
mal survival after orthotopic liver transplantation in
vivo (15). Thus the role of caspases in organ injury
due to apoptosis in brain, heart, and liver is well
established. However, the predominant morphologi-
cal change in the proximal tubule in animal models
of ischemic ARF and in posttransplant ARF in
humans is necrosis; hence the term “acute tubular
necrosis” (ATN) (16). Based on findings that caspas-
es are mediators of in vitro hypoxic proximal tubular
necrosis (1, 2) and that caspase inhibition has a pro-
tective effect on ischemic injury in other organs, we
investigated the effect of caspase inhibition in
ischemic ARF. In the present study, we demonstrate
that the newly developed caspase inhibitor OPH-001
has a remarkable protective effect on function and
ATN in ischemic ARF in mice. Thus, in contrast to

caspase-mediated apoptosis in ischemic organ injury
in brain, heart, and liver, we describe the role of cas-
pases in necrotic cell injury in the kidney in vivo.

We have previously demonstrated that impaired
IL-18 processing protects caspase-1-deficient mice
from ischemic ARF (7). In this study, IL-18-neutraliz-
ing antiserum resulted in a degree of protection from
ischemic ARF similar to that seen in caspase-1-defi-
cient mice. Because the caspase-1-deficient mice
showed decreased neutrophil infiltration in ischemic
ARF, we hypothesized that the deleterious role of IL-18
may be due to increased neutrophil infiltration. There-
fore, in the present study, we determined the effect of
caspase inhibition on caspase-1 activity, IL-18 protein,
and neutrophil infiltration in the kidney in ischemic
ARF. OPH-001 significantly reduced the increase in
caspase-1 activity and IL-18 and prevented neutrophil
infiltration in the kidney during ischemic ARF.

There is evidence that leukocytes, particularly neu-
trophils, mediate tubular injury in ARF and play a key
role in the development of acute renal failure (17). This
evidence is derived from studies that show an accu-
mulation of neutrophils in ischemic ARF and studies
demonstrating a beneficial role of anti-ICAM-1 thera-
py in ARF (18). In addition, mice depleted of peripher-
al neutrophils by antineutrophil serum were protected
against ischemic ARF (18). However, in another study,
rats depleted of peripheral neutrophils by antineu-
trophil serum were not protected against ischemic
ARF (19). In both studies, quantitation of neutrophils
in the kidney during ischemic ARF was not reported.
In the present study, the slight functional protection
and lack of histological protection against ischemic
ARF in neutrophil-depleted mice argue against a sig-
nificant role of neutrophils in the C57BL/6 mouse
model of ischemic ARF.

Other leukocytes, e.g., lymphocytes and monocytes,
have recently been studied in ischemic ARF. The role of
lymphocytes in ischemic ARF is controversial. In one
study, CD4 T lymphocyte-deficient mice were protected
against ischemic ARF (20). However, in another study,
mice deficient in recombination-activating gene-1
(RAG-1), which have no mature T or B lymphocytes, were
not protected against ischemic ARF (21). Ischemic ARF
elicits an inflammatory response that may also involve
macrophages as evidenced by macrophage infiltration in
the postischemic kidney (20). Blocking the costimulato-
ry pathway with a monoclonal anti-B7-1 antibody is
associated with protection against ischemic ARF and less
monocyte adherence in the vasa recta (22). As T lym-
phocytes and monocytes are a known source of IL-18, it
is possible that these cells are a source of IL-18 in
ischemic ARF. Another possible source and target of IL-
18 in ischemic ARF is the proximal tubule itself. In the
present article, we present novel data regarding the prox-
imal tubule as a possible source and target of IL-18.

IL-18 is a mediator of inflammation and tissue
injury in many organs. Protection against experimen-
tal colitis in caspase-1-deficient mice is associated
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with reduced release of IL-18 from the colon (23).
Neutralization of IL-18 during lethal endotoxemia
reduces neutrophil tissue accumulation and protects
mice against the lethal effects of LPS (24). Neutrophil
activation by IL-18 in vivo has been described (25).
The use of IL-18-neutralizing antiserum has demon-
strated the important role of IL-18 in mediating
inflammation in models of arthritis (26), lung injury
(27), and inflammatory bowel disease (28). Thus, we
investigated the role of IL-18-mediated neutrophil
infiltration in the kidney in ischemic ARF.

Both the caspase inhibitor OPH-001 and the neu-
trophil-depleting antibody RB6-8CS5 prevented neu-
trophil infiltration in the kidney in ischemic ARF. The
lack of protection against ischemic ARF in neutrophil-
depleted mice despite the increase in caspase-1 activi-
ty and IL-18 protein suggested neutrophil-independ-
ent mechanisms of IL-18-mediated renal injury.
IL-18-neutralizing antiserum protected against
ischemic ARF in neutrophil-depleted mice, demon-
strating a neutrophil-independent mechanism of
IL-18-mediated proximal tubular injury. The degree
of protection of renal function is similar to what we
have previously reported in wild-type mice (7). These
data challenge the concept that IL-18-mediated organ
injury is mediated by neutrophil-dependent inflam-
mation as demonstrated in lethal endotoxemia (24),
experimental colitis in mice (23), rheumatoid arthritis
(26, 29), acute lung injury (27, 30), and inflammatory
CNS diseases (31).

We demonstrate that OPH-001 also inhibits cas-
pase-3 activity and apoptosis during ischemic ARF. In
the present study, the beneficial effects of OPH-001
are attributed to a decrease in necrosis rather than to
a decrease in apoptosis for the following reasons. (a)
Apoptosis was seen only in a small minority of tubu-
lar cells (less than 1% of the tubules; Figure 3a).
Necrosis was seen in 46-75% of tubular cells (Figure
3a). (b) In ischemic ARF in animal models and delayed
renal graft function in humans, necrosis of proximal
tubules is the predominant finding (32). Inhibition of
this necrosis by a wide variety of agents results in
functional protection against ARF (33). (c) In other
studies of ischemic ARF, there was no increase in the
number of apoptotic cells at 24 and 48 hours of reper-
fusion despite extensive tubular necrosis and renal
failure (9, 34). The relative contribution of the small
amount of apoptosis to ischemic ARF is not known
(35). Thus, it is unlikely that the extensive functional
and histological protection against tubular necrosis
induced by OPH-001 is due to the effects of slight
apoptosis inhibition.

A recent study demonstrated that caspase inhibition
in ischemic ARF in mice was associated with decreased
apoptosis and inflammation (5). However, in this
study, there was a lack of specificity in the means used
to assess apoptosis, acute tubular necrosis was not
quantitated, and proinflammatory caspase-1 was not
considered. The upstream pathways of apoptosis and

necrosis in ischemic ARF in the kidney may be similar,
as evidenced by studies that endonuclease activation,
considered to be a feature of apoptosis, also occurs in
necrotic proximal tubular cells without morphologi-
cal features of apoptosis (36). While OPH-001 did
decrease apoptosis, its predominant effect was on
proximal tubular necrosis.

In conclusion, this study is, to our knowledge, the
first demonstration of the protective effect of a cas-
pase inhibitor against ATN and associated function-
al ARF. This protective effect of caspase inhibition is
associated with decreased caspase-1 activity,
decreased IL-18 protein, and prevention of neu-
trophil infiltration in the kidney. Remarkably, the
use of neutrophil-depleted mice failed to demon-
strate a significant role of neutrophils in our
CS7BL/6 model of ischemic ARF. Rather, a neu-
trophil-independent effect of proinflammatory IL-18
was demonstrated in studies in which IL-18-neutral-
izing antiserum gave significant protection in neu-
trophil-depleted mice. The potential therapeutic
effect of caspase inhibition may have future clinical
implications for human ARF, which still has a mor-
tality of over 50%.
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