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Interleukin (IL)-18 is a proinflammatory cytokine produced by leukocytes and parenchymal cells (eg, tubular epithelial
cells (TECs), mesangial cells, and podocytes). IL-18 receptor (IL-18R) is expressed on these cells in the kidney during
ischemia/reperfusion injury (IRI), but its role in this injury is unknown. Fas/Fas ligand (FasL) is also involved in the
pathogenesis of renal IRI via tubular apoptosis. In addition, IL-18 enhances the expression of FasL on TECs, but the
mechanism underlying this enhancement is not known. Here we used IL-18Ra-deficient mice to explore the pathological
role of IL-18Ra in renal IRI. We found that compared to wild-type (WT) mice with renal IRI as an acute kidney injury (AKI),
the IL-18Ra-deficient mice demonstrated decreased renal function (as represented by blood urea nitrogen), tubular
damage, an increased accumulation of leukocytes (CD4þ T cells, neutrophils, and macrophages), upregulated early AKI
biomarkers (ie, urinary kidney injury molecule-1 levels), and increased mRNA expressions of proinflammatory cytokines
(IL-1b, IL-12p40, and IL-18) and chemokines (intercellular adhesion molecule-1 and CCL2/monocyte chemoattractant
protein-1). The mRNA expression of FasL in the kidney was increased in the IL-18Ra-deficient mice compared to the WT
mice. The adoptive transfer of splenocytes by WT mice led to decreased renal IRI compared to the IL-18Ra-deficient mice.
In vitro, the mRNA expression of FasL on TECs was promoted in the presence of recombinant IL-18. These data reveal
that IL-18Ra has an anti-inflammatory effect in IRI-induced AKI. Above all, IL-18 enhanced the inflammatory mechanisms
and the apoptosis of TECs through the Fas/FasL pathway by blocking IL-18Ra.
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Interleukin (IL)-18 is a proinflammatory mediator that is
structurally and functionally related to the IL-1 family,
and IL-18 has been implicated in the pathophysiology of a
variety of renal inflammatory diseases including ischemia/
reperfusion injury (IRI), allograft rejection, autoimmune
disease, and, most recently, obstructive nephropathy.1

IL-18 is secreted by antigen-presenting cells (APCs) and
signals through the IL-18 receptor (IL-18R), a heterodimer
consisting of a ligand-binding IL-18Ra subunit and
a signaling IL-18Rb subunit (also called IL-1RAcPL and
IL-1R7). IL-18R is expressed on lymphocytes as well as on
accessory cells.2 Although it is firmly established that IL-18
can bind to the IL-18R complex, its affinity for IL-18Ra
is weak.3 Natural killer cells and T cells in synergy with
IL-12 are necessary to stimulate the production of interferon-
gamma (IFN-g) by IL-18.4 In T cells, IL-18R expression
is upregulated by IL-12,5 whereas IL-18 augments the expres-
sion of IL-12R.6 Given the protective activity of IL-12, IFN-g,

and tumor necrosis factor (TNF), we therefore sought to
identify the functions of IL-18 and IL-18Ra in IRI.

IL-18 is an early and sensitive marker of renal tubular
damage,7 and in animal models of renal IRI, IL-18
exacerbated acute tubular necrosis (ATN).8 Several reports
indicate that Fas/Fas ligand (FasL) is involved in the
pathogenesis of acute ischemic kidney injury via tubular
apoptosis and necrosis.9,10 FasL is a member of the TNF
family that induces apoptosis by cross-linking its Fas
receptor.11 FasL is believed to have a role in inflammation
through the recruitment of inflammatory cells12,13 and the
induction of cytokine production.14 FasL is frequently
expressed on lymphocytes and is critical for regulating
T-cell homeostasis.15 In the kidney, FasL is frequently
expressed on different cell types including mesangial cells,
tubular epithelial cells (TECs), fibroblasts, and endothelial
cells. In a recent study using HK-2 cells, IL-18 accelerated the
expression of FasL on TECs and promoted apoptosis.16
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In the present study, we found that IL-18Ra-deficient
mice had markedly deteriorated renal function and increased
histological injury when they were exposed to an IRI.
Our findings revealed that the renal status was deteriorated
in the IL-18Ra-deficient mice by the upregulation of pro-
inflammatory cytokines (ie, IL-1b, IL-18, and TNF) and
chemokines (ie, intercellular adhesion molecule (ICAM)-1,
regulated upon activation, normally T-expressed, and
presumably secreted (RANTES), and CCL2/monocyte
chemoattractant protein-1 (MCP-1)) compared to wild-type
(WT) mice after renal IRI. The expression of FasL was
increased in the IL-18Ra-deficient mice and enhanced by
recombinant IL-18 in vitro.

However, the effect of proinflammatory cytokine and
chemokine expressions on the activation of the IL-18R sig-
naling pathway and Fas/FasL pathway via leukocytes and
TECs in AKI remains unknown. In this study, we used both
in vivo and in vitro methods to examine the role of IL-18R in
IRI model mice.

MATERIALS AND METHODS
Animals
IL-18Ra-deficient (IL-1Rrp� /� ) mice (C57BL/6) were
kindly provided by Dr S. Akira (Osaka University, Osaka,
Japan). The C57BL/6 mice used as the WT controls were
purchased from the Shizuoka Laboratory Animal Center
(Shizuoka, Japan). All mice were maintained under standard
animal care conditions in our specific pathogen-free animal
facility. DNA samples were extracted from the tail for poly-
merase chain reaction (PCR)-based genotyping. Male mice
(8–10 weeks old) were used.

Ischemia Protocol
Each mouse in the IRI group was anesthetized with pento-
barbital (35mg/kg, intraperitoneal) and the body tempera-
ture was maintained at 371C for the duration of the ischemia.
After performing a midline incision, the mouse was subjected
to bilateral renal ischemia for 30min, during which the renal
arteries and veins were occluded by microaneurysm clamps.
After the renal clamps were removed, the kidneys were
observed for the restoration of blood flow, as demonstrated
by a return to their original color. After 1ml of prewarmed
saline was placed in the peritoneal cavity, the abdomen was
closed. The mouse was then returned to its cage to recover
from the anesthesia. The sham surgery consisted of the same
surgical procedure except that the clamps were not applied.

The mice were killed on day 1 (n¼ 6) or day 5 (n¼ 5)
after the renal IRI. Kidney and spleen tissues were taken for
analysis. Blood was collected from the dorsal aorta in
heparinized tubes for the measurement of blood urea
nitrogen (BUN), TNF, and IL-18.

Assessment of Renal Injury
One portion of the renal tissue was fixed in 10% buffered
formalin, then embedded in paraffin, sectioned, and stained

with periodic acid-Schiff (PAS) reagent. Tubular necrosis was
evaluated in a semiquantitative manner by determining the
percentage of cortical tubules in which epithelial necrosis,
loss of the brush border, cast formation, and tubular dilation
were evaluated. A five-point scale was used: 0, normal kidney;
1, 1–25%; 2, 26–50%; 3, 51–75%; and 4, 76–100% tubular
necrosis.

CD4þ and CD8þ T cells, macrophages, and neutrophils
were demonstrated by the immunoperoxidase staining of
periodate-lysine-paraformaldehyde (PLP)-fixed frozen
6-mm-thick kidney sections, as described.17 The numbers of
CD4þ and CD8þ T cells, macrophages, and neutrophils
were assessed in 10 fields per slide at a magnification of
� 400, and the results are expressed as cells per high-power
field.

A positive tubule cross-section was defined as having two
or more stained cells. The primary monoclonal antibodies
used were rat monoclonal antibody GK1.5 for CD4þ and
53-6.7 for CD8þ T cells (Pharmingen, San Diego, CA) for
macrophages with F4/80 hybridoma culture supernatant
(HB198; American Type Culture Collection, Manassas, VA),
and RB6-8C5 for neutrophils (anti-Gr-1; Pharmingen).

Immunofluorescence Analysis of Tubular Kidney Injury
Molecule-1
Immunohistochemical staining for kidney injury molecule
(Kim-1) was performed on 6-mm-thick PLP-fixed kidney
sections using a Vectastain Elite ABC kit (Vector, Burlingame,
CA). Endogenous peroxidase activity was ablated by incu-
bation in 3% hydrogen peroxidase (20min). Block sections
with avidin/biotin blocking solution (Vector) for 15min.

After incubation (1 h) with the primary antibody, rat
monoclonal antibody Tim-1 (R&D Systems, Minneapolis,
MN), biotinylated-conjugated secondary antibody, and
biotin-rabbit anti-rat immunoglobulin (DAKO, Glostrup,
Denmark) were applied for 40min, and then the sections
were incubated with an ABC kit for 40min and the color
was developed with DAB (Sigma, St Louis, MO). Kim-1
immunostaining was quantified by counting the number of
positively stained tubules in the cortex in 10 fields per slide at
a magnification of � 400.

Immunofluorescence Analysis of Renal Bax
Tissue samples taken at 24 h after renal IRI were fixed in 10%
buffered formalin. Tissues were paraffin-embedded and cut
into 4-mm-thick sections. For immunostaining, sections were
deparaffinized in xylene and rehydrated in consecutive
washes of 100% to 70% ethanol, and washed three times for
5min each time in wash buffer (0.1% Triton X-100 in
phosphate-buffered saline (PBS)). The activation disposal of
antigens was carried out with a microwave oven for 15min
(in citrate buffer 0.01M, pH 6.0). Tissues were permeabilized
for 5min in acetone at 201C, washed three times, outlined
with a Super Pap Pen (Invitrogen, Carlsbad, CA), and
blocked with 5% normal goat serum in PBS for 2 h. Sections
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were incubated in primary antibodies (diluted 1:100, 06–499;
Upstate, Lake Placid, NY) overnight at 41C. After the sections
were washed three times for 10min each time, they were
incubated in secondary antibody (diluted 1:100, AP-132c;
goat anti-rabbit IgG Cy3) for 1 h at room temperature. The
sections were then washed three times with wash buffer and
covered with mounting media, and coverslips were applied.
Negative controls were incubated without primary anti-
bodies. Images were obtained by using the signal from the
Cy3 (excitation 510–560 nm and emission 590 nm) channel
with a confocal laser scanning microscope (ECLIPSE E800,
Nikon, Tokyo).

Real-Time PCR Analysis
For the measurement of the intrarenal mRNA expressions of
TNF-a, IL-1b, CCL2/MCP-1, RANTES, and 18SrRNA, we
used a FastStart DNA master, SYBR Green I (Applied Bio-
systems, Carlsbad, CA) and for the measurement of IFN-g,
IL-10, IL-12p40, IL-18, Kim-1, FasL, and 18SrRNA, we used
TaqMan gene (Applied Biosystems), as described.18 The
sequences of primers and the gene database numbers are
listed in Tables 1 and 2. The relative amount of mRNA
was calculated using the comparative Ct (DDCt) method.
All specific amplicons were normalized against 18SrRNA,
which was amplified in the same reaction as an internal
control using commercial reagents (Applied Biosystems) and

is expressed as fold differences relative to saline-treated
control animals (n¼ 4) and relative to non-treated control
TECs in vitro. The expression levels in the sham animals were
not different between genotypes.

Urine Kim-1 Level Excretion
Kim-1 was measured in the urine collected from mice after
renal IRI on day 1 by enzyme-linked immunosorbent assay as
described.19 The antibodies were rat anti-mouse TIM-1
monoclonal antibody (R&D Systems), biotinylated goat anti-
mouse TIM-1 (R&D Systems), and streptavidin-HRP
(Chemicon International, Billerica, MA). Plates were
developed using tetramethylbenzidine substrate, and the
OD was read at 450 nm.

Western Blotting
Proteins were extracted by homogenization of the whole
kidney on day 1 after IRI and TECs (in vitro) in T-PER tissue
protein extraction reagent (Pierce, Rockford, IL) to determine
the expression of Bax, Bcl-2, and FasL as described.20

Monoclonal anti-b-actin antibody, Bax antibody, and Bcl-2
antibody were obtained from Cell Signaling Technology
(Beverly, MA). Anti-mouse FasL antibody was from Sigma-
Aldrich (St Louis, MO). Peroxidase-conjugated goat IgG was
from Santa Cruz Biotechnology, (Santa Cruz, CA).

Primary Culture of Mouse Renal TECs
Primary mouse TECs were generated as described.21 In brief,
kidneys were flushed with saline in vivo to remove blood
cells, then removed. The kidney cortices from WT and
IL-18Ra-deficient mice were cut into pieces B1mm3 and
then digested in Hanks’ balanced salt solution containing
3mg/ml of collagenase at 371C for 25min and washed in
DMEM/F12 medium (Invitrogen). The kidney digest was
washed through a series of sieves (mesh diameter 250, 150,
75, and 40 mm). The cortical tubular cells were spun down at
300 g for 5min and further washed. The cell pellet was
resuspended in defined K1 medium.21

The cell suspension was placed on cell culture Petri dishes
and incubated at 371C for 2–3 h to facilitate the adherence
of contaminating glomeruli. The nonadherent tubules
were then collected and cultured on collagen-coated Petri
dishes (BD Biosciences, San Diego, CA) in K1 medium until
epithelial colonies were established. The expression of the
epithelial cell marker cytokeratin was verified by immuno-
fluorescent staining with an anti-cytokeratin antibody
(Sigma-Aldrich). The cells were 96–100% cytokeratin-posi-
tive, as reported.21 The experiments were started after the
cells had reached 80–90% confluence, which was usually
between 5 and 7 days after the isolation procedure.

Induction of Renal TEC Ischemia and IL-18 Stimulation
In Vitro
TECs were rendered transiently ischemic by immersing the
cellular monolayer in mineral oil according to the protocol of

Table 1 Primer sequences for analysis of mRNA expression

Forward primer (50–30) Reverse primer (50–30)

18rRNA GTAACCCGTTGAACCCCATTC GCCTCACTAAACCATCCAATCG

IL-1b TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG

TNF-a CGATCACCCCGAAGTTCAGTA GGTGCCTATGTCTCAGCCTCTT

CCL2/MCP-1 AAAAACCTGGATCGGAACCAA CGGGTCAACTTCACATTCAAAG

RANTES ACACCACTCCCTGCTGCTTT GACTGCAAGATTGGAGCACTTG

Abbreviations: IFN-g, interferon-gamma; IL, interleukin.

Table 2 Gene database number for analysis of mRNA
expression

Gene database number

18rRNA NM__026744.3

IFN-g NM__008337.3

IL-10 NM__010548.1

IL-12p40 NM__008352.2

IL-18 NM__008360.1

Kim-1 NM__134248.1

FasL NM__010177.4

Abbreviations: IFN-g, interferon-gamma; IL, interleukin.
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Meldrum et al.22 This immersion induced simulated ischemia
by restricting the cellular exposure to oxygen and nutrients as
well as by limiting the metabolite washout. We placed mouse
renal TECs in serum-free K1 medium for 24 h, washed them
twice with PBS, and then immersed them in mineral oil
(Sigma-Aldrich) for 60min at 371C. After extensive washing
with PBS, the cells were incubated in serum-free K1 medium
again. TECs were exposed to serum-free K1 medium alone as

the nonischemic control. Recombinant mature IL-18 (MBL,
Nagoya, Japan) was added to the cells at concentrations of 1,
10, or 100 ng/ml. Cells were then collected at 24 h after
medium replacement for the detection of apoptosis.

Fluorescence-Activated Cell Sorter Analysis
In vitro, for the assessment of apoptosis by a fluorescence-
activated cell sorting (FACS) system (Becton Dickinson,

WT

IL-18Rα KO

Day 5Day 1

Sham

S
co

re
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2
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IL-18Rα KO

* * *

Day 1 Day 5

Figure 1 Representative light microscopy of PAS-stained renal sections after ischemia/reperfusion. Kidneys from wild-type (WT) and IL-18 receptor

a-deficient (IL-18Ra KO) mice are shown (a). Tubular necrosis (b) was scored in the cortex of the kidney (see the Materials and Methods section for the

scoring method). These data are mean scores±s.e. ***Po0.005, the necrosis score in WT and IL-18Ra KO mice on day 1. Original magnifications � 400.

Scale bar, 50 mm.
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Lincoln Park, NY), monolayers of TEC were released by a
brief incubation with trypsin-EDTA solution (Invitrogen).
Apoptosis of the TECs was assessed by an analysis of Annexin
V staining (Roche Diagnostics, Indianapolis, IN). Stained
cells were analyzed on a FACS Calibur flow cytometer
(BD Biosciences, San Jose, CA). Data were analyzed using
CellQuest software (BD Biosciences).

Splenocyte Adoptive Transfer
IL-18Ra-deficient mice received an adoptive transfer of
splenocytes from WT mice. Splenocytes that were collected
from WTmice were minced on a nylon mesh as described.23

Approximately 5� 106 spleen cells were injected intra-
peritoneally into each IL-18Ra-deficient mouse 3 weeks
before the IRI. IL-18Ra-deficient mice (n¼ 5), WT mice
(n¼ 6), and IL-18Ra-deficient mice that received a transfer
of splenocytes (n¼ 8) were culled on day 1. To investigate
T-cell reconstitution in IL-18Ra-deficient mice, we analyzed
splenocytes in a population of IL-18R-positive cells by FACS.
FITC-conjugated IL-18R and IgG1 were purchased from
R&D Systems.

Statistical Analysis
Data are expressed as means±s.e.m.; the t-test and one-way
analysis of variance were used for comparisons of means
between experimental groups. Differences were considered to
be significant at Po0.05. We analyzed the data using
GraphPad Prism software (GraphPad Software, La Jolla, CA).

RESULTS
Functional and Structural Aggravation from IRI
The kidneys of the IL-18Ra-deficient mice developed a severe
tubular injury with cast formation, loss of brush border
membranes, sloughing of TECs, and dilation of tubules
(Figure 1a). In the WTmice, the damage was limited to mild
swelling of TECs, and less histological damage was visible.
On day 1, the ATN scores in the IL-18Ra-deficient mice were
significantly increased compared to those of the WT mice
(Figure 1b). On day 5, the ATN scores did not differ between
the two groups. As shown in Figure 2a, the IRI caused kidney
dysfunction in the IL-18Ra-deficient mice, reflected by a
significant elevation of BUN on day 1. Compared with that
in IL-18Ra-deficient mice, the BUN values were lower in the
WT mice on day 1.

Serum and Urinary Biomarkers in Renal Injury
We measured the serum TNF, IL-18 (Figure 2b and c), and
urinary Kim-1 (Figure 2d) levels as biomarkers of AKI on
day 1. The serum levels of TNF and IL-18 and the urinary
Kim-1 level in the IL-18Ra-deficient mice were significantly
increased compared to those in the WT mice.

The Infiltration of CD4þ and CD8þ T Cells,
Macrophages, and Neutrophils in Renal IRI
We investigated the infiltration of inflammatory cells, ie,
CD4þ and CD8þ T cells, macrophages, and neutrophils,
in the renal interstitium on days 1 and 5 (Figure 3). The
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numbers of interstitial CD4þ T cells, macrophages, and
neutrophils in the IL-18Ra-deficient mice on day 1 were
significantly increased compared to those in the WT mice.
Although a significant difference was not observed, the
numbers of interstitial CD8þ T cells were increased in the
IL-18Ra-deficient mice on day 1 compared to the WT mice.
On day 5, the numbers of these inflammatory cells were not
significantly different between the two groups.

Renal mRNA Expression in Renal IRI
Renal mRNAwas measured by real-time quantitative PCR, as
described in the Materials and Methods section. Figure 4
shows that the IRI significantly upregulated the expressions
of proinflammatory cytokines (IL-1b, IL-12, and IL-18) and
chemokines (ICAM-1 and CCL2/MCP-1) in the IL-18Ra-
deficient mice on day 1. The IL-10, TNF, and IFN-g mRNA
expressions were increased after IRI compared to the
expression in WT mice on day 1. On day 5, the cytokine
and chemokine mRNA expressions were not significantly
different between the two groups.

Renal Kim-1 Expression
Figure 5 shows the tubular Kim-1 expression after renal
ischemia/reperfusion. In the IL-18Ra-deficient mice, the
numbers of Kim-1þ cells were dramatically increased on
day 1 compared to the WTmice (Figure 5a and b). On day 5,
the numbers of Kim-1þ cells in the IL-18Ra-deficient mice
were significantly decreased compared to those on day 1.

The difference in the number of Kim-1þ cells between the
groups was significantly greater on day 1 than on day 5. We
also determined the Kim-1 mRNA expressions on days 1 and
5 and found that its expression in the IL-18Ra-deficient mice
was increased significantly on day 1 compared to the WT
mice (Figure 5c).

Tubular Bax Activation
Figure 6 illustrates the expression of renal Bax as a marker of
apoptosis on days 1 and 5 by immunofluorescence and a
western blotting analysis. In the IL-18Ra-deficient mice, the
levels of Bax-positive tubules were significantly increased on
day 1 (Figure 6a). The ratio of Bax/Bcl-2 in the IL-18Ra-
deficient mice was significantly higher compared to those
in the WT mice on day 1 (Figure 6b and c). By day 5, no
significant difference was observed between the two groups.

FasL Expression in Renal IRI
Figure 7 shows the protein levels of FasL in the WT and
IL-18Ra-deficient mice on day 1 by western blotting analysis.
The protein levels of renal FasL in the IL-18Ra-deficient
mice were significantly increased compared to those in the
WT mice.

Splenocyte Adoptive Transfer Reconstituted the Kidney
Susceptibility to IRI
To determine whether IL-18Ra deficiency was indeed an
exacerbating factor in IRI-induced AKI, we transferred
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5� 106 splenocytes from WT mice into each of the five
IL-18Ra-deficient mice. The successful transfer of splenocytes
was confirmed by a FACS analysis with IL-18R staining in a
previous study (Figure 8a). The mean population of T cells
in the WT mouse spleen was 2.6% of total splenocytes.
The IL-18Ra-deficient mice had minimal (1.1%) splenocytes.
Three weeks after the transfer, the lymphocytes in the
IL-18Ra-deficient mice were reconstituted to 1.8%. The
splenocyte transfer thus led to a significant improvement of
the renal dysfunction in IL-18Ra-deficient mice. There were

also significant improvements in BUN levels (Figure 8b) and
ATN scores (Figure 8d) in the IL-18Ra-deficient mice that
received a transfer of splenocytes compared to the IL-18Ra-
deficient mice without transfer on day 1 after IRI.

IL-18-Induced Apoptosis in TECs
We next evaluated IL-18’s ability to stimulate TECs by expo-
sing renal TECs to various concentrations of recombinant
IL-18 in vitro. A significant increase in the percentage of
apoptosis as determined by FACS analysis (Figure 9a) was
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detected in the TECs stimulated with recombinant IL-18
after oxygen blocking (except the control group), in a dose-
dependent manner. The ratio of Bax/Bcl-2 was significantly

higher in the IL-18Ra-deficient mice exposed to recombi-
nant IL-18 stimulation (100 ng/ml for 24 h) compared to
those in the WT mice (Figure 9b and c). These findings, in
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conjunction with our in vivo observations, suggest that IL-18
is an important mediator of renal TEC apoptosis.

FasL Expression on TECs during IL-18 Stimulation
To evaluate FasL as a mediator of IL-18-induced TEC
apoptosis, we measured the FasL mRNA expression in TECs
exposed to recombinant IL-18 after oxygen blocking. The
FasL mRNA expression was significantly higher in the TECs
exposed to recombinant IL-18 stimulation (100 ng/ml for
24 h) compared to the controls (Figure 10a). This result
provides evidence that IL-18 induces tubule apoptosis by
enhancing FasL expression. In addition, the IL-18 and IL-12
mRNA expressions in TECs after oxygen blocking were signi-
ficantly increased in the IL-18Ra-deficient mice compared to
the WT mice (Figure 10b and c).

DISCUSSION
Recent experimental data suggest that IRI rapidly activates
innate immune responses. The pathophysiological mechan-
isms of acute ischemic renal failure involve multiple media-
tors, such as proinflammatory cytokines, reactive oxygen
species, adhesion molecules/chemokines, and the activation

of leukocytes and endothelial cells that lead to tubular injury,
endothelial dysfunction, and inflammation.24–27 In the
present study, IL-18 was observed to be upregulated in
renal IRI.

In the interstitial cells, the number of CD4þ T cells,
neutrophils, and macrophages in IL-18a-deficient mice was
increased significantly compared to those in WT mice on
day 1 (Figure 3). The mechanisms by which IL-18 promotes
kidney damage in this setting seem to involve the generation
of inflammatory cytokines and chemokines in the promotion
of CD4þ and CD8þ T cells and macrophage and neutro-
phil infiltration. IL-18 could induce chemokine expression
while the chemoattractive properties of IL-18 promote
cellular infiltration, local inflammation, and tissue damage.28

This result indicated that CD4þ T cells and neutrophils play
a key role in accelerating the infiltration of leukocytes in the
early phase after IRI.

As noted above, we demonstrated that IL-18Ra-deficient
mice had markedly decreased renal function and increased
histological injury on day 1 after the exposure to IRI. How-
ever, there were no differences in renal function or histo-
logical injury on day 5 between the IRI and WT groups. The
mechanism of how the IL-18/IL-18R interaction mediates
renal repair injury in IRI mice is still unknown. We found
previously that the nephrotoxicity was exacerbated in cis-
platin-induced AKI and the survival rate of lupus-prone mice
was improved in an IL-18Ra-deficient mouse model.29,30

We hypothesize that the IL-18/IL-18R interaction regulates
a dynamic balance between destructive and repair signals in
acute and/or chronic renal injury. As inflammation during a
transient insult sets the stage for injury, and since IL-18Ra
deficiency is implicated in tissue damage, we selected a model
of transient renal damage leading to IRI as an AKI. We found
that by knocking out IL-18Ra, the IL-18 and TNF production
were significantly increased as destructive signals on day 1.
After day 1, the IL-18 and TNF production was decreased
rapidly by the knockout of IL-18Ra as a repair signal.

This hypothesis is supported by the report from
Ghose et al31 that the IL-18/IL-18R interaction would
enhance protective immunity as well as abrogate the
immune-mediated pathology that causes multiorgan failure
following infections with intracellular pathogens.

IL-18 induces the gene expression of several proapoptotic
factors including TNF, IL-1, FasL, and multiple chemo-
kines,32 and IL-18 has been shown to stimulate apoptotic
cell death in a variety of cells through both TNF- and
Fas-dependent mechanisms.33–35 Some studies reported that
FasL has a greater impact than TNF on apoptosis and
inflammation in IRI.36 FasL, whose expression is normally
highly restricted, is frequently expressed on different cell
types in the kidney including mesangial cells, TECs,
fibroblasts, endothelial cells, and leukocytes.

An increased expression of Fas and FasL has been docu-
mented in various renal diseases, and the pathway of Fas/FasL
is believed to have a role in promoting renal injury through
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the induction of apoptosis in glomerular cells and TECs. In a
recent study using HK-2 cells, IL-18 accelerated the expres-
sion of FasL on tubular cells, and the cells exposed to the
siRNA knockdown of FasL before IL-18 stimulation exhibited
a significant reduction in FasL gene expression, apoptotic cell
death, and active caspase-3 expression.35

In the present study, we observed that the expressions
of renal IL-18 and FasL in IL-18Ra-deficient mice were signi-
ficantly increased compared to those in WTmice through the
apoptosis pathway. In addition, in our immunofluorescence
and western blotting analyses, the expression of Bax was
significantly increased in the IL-18Ra-deficient mice
compared to the WT mice. Bax is known as an apoptotic
promotion marker. The binding of Fas and FasL leads to the
activation of caspases and subsequent apoptosis. Bax trans-
location is dependent on caspase activation, and it increases
the release of cytochrome c from mitochondria, thereby
promoting apoptosis.37 In vitro, the FasL expression after an
oxygen blockade in IL-18Ra-deficient mice was increased
compared to the WT mice. A significant increase in the
percentage of apoptosis was detected in TECs stimulated with
recombinant IL-18, in a dose-dependent manner.

We previously found that MRL-Faslpr mice cross-bred with
mice deficient in IL-18Ra exhibited a reduction in auto-
antibodies, nephritis, and death.30 However, paradoxical

IL-18 findings have been reported.38,39 Proinflammatory
cytokines and chemokines are associated with the
pathogenesis of the nephrotoxicity, but it was reported that
IL-1, TNF, IL-18, and ICAM-1 are similarly involved in renal
IRI.25,32 TNF upregulation leads to an inflammatory cascade
that exacerbates tissue damage and includes the production
of the chemokines MIP-2 and MCP-1, which recruit
neutrophils and macrophages, respectively, into the kidney.

In addition, IL-18 is able to induce chemokine expression.40

This ability together with the chemoattractive properties of
IL-18 promote cellular infiltration, local inflammation, and
tissue damage. IL-18Ra also affects the suppressors of cytokine
signaling (SOCS) 1 and SOCS3 expression. Nold-Petry et al41

reported that SOCS1 and SOCS3 mRNA expression and protein
production were greatly reduced in mouse embryonic fibroblasts
from IL-18Ra-deficient mice compared to the corresponding
cells from WT mice. We also observed the downregulation of
splenic/renal SOCS1 and SOCS3 in IL-18Ra-deficient mice
compared to WTmice in cisplatin-induced AKI.29

Taken together, the present and previous findings suggest
that the antiapoptotic pathway is mediated by Fas/FasL
expression results in Bax activation, and that the cytokine
signaling pathway is mediated by SOCS activation, which was
enhanced through IL-18 expression by blocking IL-18Ra
expression in AKI.
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IL-18 is a proinflammatory cytokine that stimulates the
production of IFN-g by natural killer cells and T cells in
synergy with IL-12.4 IL-18 signaling is known to involve the
activation of IL-1 receptor-associated kinase (IRAK).42

Signaling defects in IRAK-deficient Th1 cells resulted in a
dramatic decrease in IFN-g expression, but, a strong
synergistic effect in IFN-g induction and cell proliferation
was observed in IRAK-deficient Th1 cells when treated with
combination of IL-12 and IL-18.42 In addition, the
simultaneous addition of IL-12 and IL-18 resulted in a
marked upmodulation of IL-12Rb1 chain expression.43

Moreover, the expression of FasL was enhanced by IL-12.44

IL-12 is a key cytokine that induces the development
of an effective Th1-type immune response in various
inflammatory and infectious disorders. Renal TECs are an
important source of IL-12.45 We observed here that IL-12
mRNA expression in TECs after oxygen blocking was
significantly increased.

The mechanism underlying the upregulation of FasL ex-
pression in TECs through IL-18Ra signaling is not still clear,
but this upregulation may contribute to the proapoptotic

pathway by the augmentation of IL-18 and IL-12 expression
through IL-18Ra blockade as shown in the present study.

In conclusion, the onset of the experimental AKI in IRI
model mice was more rapid and severe in the IL-18Ra-
deficient mice compared to the WT mice. IL-18Ra plays an
important role in the development of renal dysfunction and
inflammation via its effects on T- and B-cell responses,
neutrophils, and macrophages. IL-18Ra also affects the
apoptosis pathway via FasL expression on TECs. No defini-
tive cure for AKI will be possible until its etiology is eluci-
dated, but the suppression of proinflammatory cytokines,
chemokines, and apoptosis by the manipulation of IL-18Ra
gene represents a novel therapeutic strategy for preventing
the renal injury associated with ischemia.
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