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ABSTRACT

Interleukin （IL）-10, a cytokine with anti-inflammatory effects, is produced by blood cells and cells of various 

organs. Ischemia-reperfusion injury （IRI） is a systemic inflammatory disease caused by a systemic circulation 

of pro-inflammatory cytokines and chemokines produced from blood cells or organs damaged by ischemia. 

Apoptosis, a key event after an IRI, is correlated with the degree of injury. Here we investigated the effects 

and mechanism of IL-10 in renal IRI. Compared to wild-type （WT） mice with a renal IRI, IL-10 knockout （IL-10 

KO） mice with an IRI demonstrated decreased renal function as represented by blood urea nitrogen and 

serum creatinine, upregulated early acute kidney injury （AKI） biomarkers such as kidney injury molecule-1 

（Kim-1）, increased mRNA expressions of the pro-inflammatory cytokines IL-1β, IL-6, and IL-18 and a chemo-

kine （Regulated on activation, normal T cell expressed and secreted; RANTES）, and increased expressions 

of the pro-apoptosis factors Bax and cleaved caspase-3. When tubular epithelial cells （TECs） from IL-10 KO 

mice were put in a hypoxic state and added with recombinant IL-10, their expression of Bax decreased. Our 

findings demonstrated that IL-10 suppressed the production of pro-inflammatory cytokines, renal dysfunction, 

and the expression of pro-apoptosis factors after IRI.



─ 2 ─

INTRODUCTION

　Ischemia-reperfusion injury （IRI） in the kidney is used as a model of acute kidney injury （AKI）, and sev-

eral studies have described related factors such as systemic inflammation induced by inflammatory mediators 

and mechanisms of cell death （such as apoptosis）.1−4 It was pointed out that renal IRI is also involved in renal 

injury after renal transplantation,1 and various cytokines and chemokines had been investigated with the goal 

of suppressing these disorders.5−7 IRIs have also been reported in the liver and brain.8, 9

　Interleukin （IL）-10, produced from various cell types including regulatory T cells, is considered a cyto-

kine with an anti-inflammatory effect.10 IL-10 has been shown to inhibit the production of pro-inflammatory 

cytokines such as IL-1, tumor necrosis factor-alpha （TNF-α）, IL-6 and IL-18.11−14 IL-10 is produced not only 

by blood cells but also from renal tissue, mostly in the epithelial cells of distal nephron segments.15 IL-10 has 

also been shown to effectively suppress the progression of acute and chronic renal damage.16−20 For exam-

ple, Rodell et al. noted that in a murine model of chronic renal injury based on unilateral ureteral obstruction, 

IL-10 inhibited the reactive apoptosis caused by inflammation and down-regulated apoptosis.21 IL-10 may thus 

be hypothesized to improve an IRI by its inhibitory anti-inflammatory and anti-apoptotic effects.

　We conducted the present study to determine whether IL-10 is involved in pro-inflammatory cytokine 

dynamics and how it is involved in the induction of apoptosis. We used IL-10 knockout （KO） mice and com-

pared the production of pro-inflammatory cytokines, renal dysfunction, and the expression of pro-apoptosis 

factors in a renal IRI of IL-10 KO and wild-type （WT） mice. We also evaluated the role of IL-10 by adding 

IL-10 to tubular epithelial cells （TECs） from IL-10 KO mice which were placed in a hypoxic state.

MATERIALS AND METHODS

Animals

Male B6.129P2-Il10tm1Cgn/J （IL-10 KO） mice that were 8−10 weeks of age and weighed 22−26 g were 

provided by Prof. Y. Murao （Kindai University Faculty of Medicine, Osaka, Japan）. Male C57BL/6 （WT） 

mice that were 8−10 weeks of age and weighed 22−26 g were purchased from the Shizuoka Laboratory 

Animal Center （Shizuoka, Japan）. All animals were housed ≥3 days in a specific pathogen-free animal facility 

under controlled light conditions and maintained under standard animal care conditions in accord with the 

criteria of the Kindai University Faculty of Medicine. The animal protocols were approved by the Kindai 

University Animal Care Committee and were performed in accord with the Kindai University Animal Care 

Guidelines.

Ischemia protocol

Each mouse was anesthetized with pentobarbital （35 mg/kg, intraperitoneal）. After a midline incision 

was made, blood vessels of the bilateral renal pedicles were exposed and clamped for 30 min by Schwartz 

temporary clips （RS-5459; Roboz Surgical Instrument, Gaithersburg）. Within a few seconds of the application 
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of the clips, the color of the kidneys changed from red to dark purple due to ischemia. During the surgery, 

the body temperature of the mouse was maintained at 37℃ with a homeothermic table.

　After 30 min, the clips were released from each vessel to start the reperfusion. After warm saline （1 mL） 

was placed in the abdomen cavity, the abdomen was closed. After the mouse recovered from the anesthesia, 

it was returned to its cage with free access to food and water.

　Mice of each group （WT and IL-10 KO） were sacrificed at 5 （n=5）, 24 （n=6）, 48 （n=6） and 120 hr （n=5） 

after the reperfusion. Kidney and spleen tissues were taken. Blood was collected from the dorsal aorta in 

heparinized tubes for the measurement of blood urea nitrogen （BUN）, serum creatinine （sCr）, aspartate 

transaminase （AST）, alanine transaminase （ALT）, amylase （AMY）, IL-6, IL-10, IL-18, and TNF-α.

Histological analysis

Tubular injury was assessed in periodic acid-Schiff-stained （PAS-stained） sections using a semiquantitative 

scale grading the percentage of cortical tubules in which epithelial necrosis, loss of the brush border, cast 

formation, and tubular dilation were present. These findings were applied to a five-point scale （0: normal 

kidney, 1: 1%−25%, 2: 26%−50%, 3: 51%−75 %, 4: >75% tubular necrosis）. 

　CD4+ and CD8+ T cells, macrophages, and neutrophils were identified by the immunoperoxidase staining of 

periodate-lysine-paraformaldehyde （PLP）-fixed frozen 6-mm-thick kidney sections, as described.22 The num-

bers of CD4+ and CD8+ T cells, macrophages, and neutrophils were assessed in 10 fields/slide at a magnifica-

tion of ×400, and the results are expressed as cells per high-power field. The primary monoclonal antibodies 

used were rat monoclonal antibody GK1.5 for CD4+ T cells （Pharmingen, San Diego, CA）, 53-6.7 for CD8+ T 

cells （Pharmingen）, CD68+ for macrophages （Serotec, Oxford, U.K.）, and RB6-8C5 for neutrophils （anti-Gr-1; 

Pharmingen）.

　The presence of kidney injury molecule-1 （Kim-1） in tubular cells was examined by the immunoperoxidase 

staining of PLP-fixed frozen 6-μm-thick kidney sections, as described.23 The numbers of Kim-1-positive cells 

in each section were calculated by counting the number of positively stained tubular cells in 10 fields/slide at 

a magnification of ×400. The primary monoclonal antibodies used were rat monoclonal antibody T-cell immu-

noglobulin and mucin domain-1 （TIM-1） for Kim-1 （R&D Systems, Minneapolis, MN）.

　Cleaved caspase-3 was identified in 4-μm-thick, formalin-fixed kidney sections using rabbit antibody recog-

nizing the cleaved form of caspase-3 （Cell Signaling Technology, Beverly, MA）, as described.23, 24 The num-

bers of cleaved caspase-3-positive cells in each section were calculated by counting the number of positively 

stained tubular cells in 10 fields/slide at a magnification of ×400.

　All tubules in the outer medulla were assessed for each mouse. Large blood vessels and glomeruli were 

excluded from the analysis. The individual who scored the slides was blinded to the treatment and the mouse 

strains.
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Real-time polymerase chain reaction （PCR） analysis

We measured the intrarenal mRNA expressions of TNF-α, IL-1β, RANTES （regulated on activation, normal 

T cell expressed and secreted）, and 18SrRNA with the use of Sybr Green I dye （Applied Biosystems, Foster 

City, CA） and those of IL-6, IL-18, Kim-1, and 18SrRNA with the use of a TaqMan ™ gene expression assay 

（Applied Biosystems） as described.25 The sequences of primers and gene database number are listed in 

Tables 1 and 2. We used the comparative Ct （∆∆Ct） method to calculate the relative amounts of mRNAs. 

18SrRNA was used as an endogenous control for normalization. The results are expressed as fold differences 

relative to the values of mice that did not undergo the ischemic surgery.

Table 1．Primer sequences for the analysis of mRNA expression

Forward primer （5'-3'） Reverse primer （5'-3'）

18rRNA GTAACCCGTTGAACCCCATTC GCCTCACTAAACCATCCAATCG

IL-1β TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG

IL-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT

TNF-α CGATCACCCCGAAGTTCAGTA GGTGCCTATGTCTCAGCCTCTT

RANTES ACACCACTCCCTGCTGCTTT GACTGCAAGATTGGAGCACTTG

IL, interleukin; INF, interferon; TNF, tumor necrosis factor
RANTES, Regulated on activation, normal T cell expressed and secreted

Table 2．Gene database number for analysis of mRNA expression

Gene database no.

18rRNA NM_026744.3

IL-6 Mm00446190

IL-18 NM_008360.1

Kim-1 NM_134248.1

IL, interleukin; Kim-1, kidney injury molecule-1

Serum IL-6, IL-10 and TNF-α ELISAs

Serum IL-6, IL-10 and TNF-α levels were determined by an enzyme-linked immunosorbent assay （ELISA） 

kit for each cytokine （BD Biosciences, San Diego, CA）. The polystyrene microplates were coated with the 

binding antibody solution overnight. The microplate wells were washed four times with phosphate-buffered 

saline （PBS）/Tween （0.05% Tween-20 in PBS） and blocked with 200μL blocking buffer （1% bovine serum 
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albumin ［BSA］ in PBS） for 1 hr. Samples were incubated for 3 hr at room temperature. The detection anti-

body was added and incubated for 1 hr at room temperature, followed by the addition of 100μL of streptavi-

din-horseradish peroxidase conjugate and further incubation for 30 min. The wells were incubated with 100

μL of stabilized chromogen （Invitrogen, Carlsbad, CA） for 30 min in the dark. Then, 100μL of stop solution 

（2NH2SO4） was added and the OD450 was measured using the ELISA microplate reader.

　Serum IL-18 was measured by ELISA. The antibodies were rat anti-mouse IL-18 monoclonal antibody （MBL, 

Nagoya, Japan）, biotinylated rat anti-mouse IL-18 （MBL）, and streptavidin-HRP （Chemicon International, 

Billerica, MA）. The plates were developed using tetramethylbenzidine substrate, and the OD450 was measured 

using the ELISA microplate reader. Serum Kim-1 levels were also measured by ELISA as described.25 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）. The plates were developed using 

tetramethylbenzidine substrate, and the OD450 was measured using the ELISA microplate reader.

Western blotting

Proteins were extracted by homogenization of the whole kidneys at 5, 24, 48 and 120 hr post-IRI and TECs 

with the use of T-PER ™ Tissue Protein Extraction Reagent （Pierce, Rockford, IL） to determine the expres-

sion of Bax and Bcl-2 as described.26 The monoclonal anti-β-actin antibody, Bax antibody and Bcl-2 antibody 

were obtained from Cell Signaling Technology. Peroxidase-conjugated goat IgG was obtained from Santa 

Cruz Biotechnology （Santa Cruz, CA）.

Administration of IL-10

The blood vessels of the bilateral renal pedicles were clamped as described above, exposing the mice to a 

renal ischemic state. IL-10 KO mice received recombinant IL-10 （0.5μg/body; Wako, Osaka, Japan） （n=5） or 

vehicle （n=5） intravenously just before the clamping. The mice were sacrificed at 48 hr after the reperfusion, 

and their kidneys were removed. Blood was collected from the dorsal aorta in heparinized tubes for the mea-

surement of BUN and sCr.

Administration of anti-IL-6 antibody

The blood vessels of the bilateral renal pedicles were clamped as described above, expose the mice to a renal 

ischemic state. C57BL/6 mice received anti-mouse IL-6 antibody （10μg/body; R&D Systems） （n=5） or vehi-

cle （n=5） intravenously 24 hr before the clamping. The mice were sacrificed at 24 hr after the reperfusion, 

and their kidneys were then collected. The kidneys’ Bax and Bcl-2 expressions were examined by western 

blotting.



─ 6 ─

Primary culture of mouse renal TECs

Primary mouse TECs were generated as described.27 Kidneys were flushed with saline to remove blood cells. 

The kidney cortices from an IL-10 KO mouse was cut into approx. 1-mm3 pieces, which were then digested in 

Hanks’ balanced salt solution containing 3 mg/mL of collagenase D （Roche, Switzerland, Basel） at 37℃ for 20 

min and washed in DMEM/F12 medium （Invitrogen, Carlsbad, CA）. The kidney digest was washed through 

a series of sieves （mesh dia. 250, 150, 75 and 40μm）.

　The cortical tubular cells were spun down for 5 min at 4℃ （1,100 rpm） and further washed. The cell pellet 

was resuspended in defined K1 medium. The cell suspension was placed on cell culture Petri dishes and 

incubated for 2 hr to facilitate the adherence of contaminating glomeruli. The nonadherent tubules were then 

collected and cultured on collagen-coated Petri dishes （BD Bioscience, San Diego, CA） in K1 medium until 

epithelial colonies were established. The experiments were started after the cells had reached 85%−90% con-

fluence, which was usually 5−7 days after the isolation procedure.

Induction of renal TEC ischemia and IL-10 （and/or IL-6） stimulation in vitro

TECs from IL-10 KO mice were rendered hypoxic （0.1% O2） with a BIONIX hypoxic culture kit （Sugiya-

ma-gen, Tokyo） for 3 hr at 37℃ in serum-free K1 medium. This process induced simulated ischemia by 

restricting the cellular exposure to oxygen. As the non-ischemic control, TECs were exposed to serum-free 

K1 medium alone. After the TECs were released from the hypoxic state, recombinant mature IL-10 （10, 100, 

or 1,000 pg/mL; Wako） and/or IL-6 （2,000 pg/mL; Wako） was added to the TECs and incubated at 37℃ at 

24 hr after medium replacement. The cells were then collected, and the cells’ Bax and Bcl-2 expressions were 

examined by western blotting.

Statistical analysis

Results are expressed as the mean±SEM. The unpaired t-test was used for the statistical analyses, and dif-

ferences were accepted as significant when the p-value was <0.05. When multiple comparisons were made, 

different treatments were compared by a one-way analysis of variance （ANOVA） followed by Dunnett’s 

test for individual comparisons between group means. We analyzed the data using GraphPad Prism software 

（GraphPad, La Jolla, CA）.

RESULTS

IL-10 expression is increased in the mouse kidney following kidney ischemia

To determine whether kidney ischemia stimulates the upregulation of IL-10, we measured the serum IL-10 

levels by an ELISA and determined the mRNA expression of IL-10 in IRI mouse kidneys by real-time 

PCR. Normal kidney tissue expressed IL-10 at a basal level. The serum IL-10 levels were increased at 5 hr 

post-ischemia （Fig. 1A）. Similar findings were found regarding the mRNA IL-10 levels （Fig. 1B）.
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IL-10 knockout worsened the ischemic AKI

Compared to the sham-operated mice, the IRI caused significant increases in BUN and sCr at 5, 24, and 48 hr. 

We also compared the response of WT versus IL-10 KO kidneys to IRI caused by temporarily occluding the 

renal pedicle. At 48 hr of reperfusion, both measures of renal function （i.e., BUN and sCr） were significantly 

increased in the IL-10 KO mice compared to the WT mice （BUN: WT, 108.4±14.7 vs. IL-10 KO, 220.8±20.4 

mg/dL; sCr: WT, 0.4±0.1 vs. IL-10 KO, 1.2±0.2 mg/dL）. At 120 hr after reperfusion, the BUN and sCr levels 

were similarly decreased and close to baseline （Fig. 2A, B）.

　In addition, we analyzed the histology of the kidneys by scoring the tubular damage and inflammation. 

After the IRI, we observed more injury and inflammation in the IL-10 KO ischemic kidneys （Fig. 2C）. Kidney 

injury scores at 24 and 48 hr after IRI were significantly more severe in the IL-10 KO kidneys compared to 

the WT kidneys （WT, 1.5±0.1 vs. IL-10 KO, 2.2±0.1 at 24 hr; WT, 2.2±0.2 vs. IL-10 KO, 2.9±0.1 at 48 hr） （Fig. 

2D）.

Figure 1． IL-10 increased following IRI. A: Ischemia-induced upregulation of IL-10 levels in 
serum from C57BL/6 mice revealed by ELISA from 5 to 120 hr after renal IRI com-
pared to the sham-operated controls. B: Upregulation of IL-10 mRNA expression in 
the kidney compared to the sham-operated controls. mRNA expressions were mea-
sured by real-time PCR. The expression levels were normalized to the expression of 
18SrRNA. The data are mean fold-increase±SEM. Different treatments were com-
pared by a one-way ANOVA followed by Dunnett’s test for individual comparisons 
between group means. *p<0.05, ****p<0.0001, C57BL/6 mice at 5 hr after IRI （n=6） vs. 
the sham-operated control mice （n=5） and C57BL/6 mice at 24, 48, and 120 hr after 
IRI （n=6, n=6, and n=5）.
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Renal IRI results in distant organ disorder

To evaluate the liver and pancreatic disorders after renal IRI and the action of IL-10 against them, we mea-

sured the serum AST, ALT and AMY from WT mice and IL-10 KO mice at 48 hr after IRI. The serum AST 

and ALT levels of the operated mice were increased compared to the sham-operated mice, but no significant 

difference in the serum AST and ALT levels was observed between the WT mice and IL-10 KO mice. Serum 

AMY was significantly increased in the IL-10 KO mice （1733.0±569.4 U/L） compared to the WT mice （710.0

±45.6 U/L） （Table 3）.

Figure 2． IL-10 knockout worsened the ischemic AKI. Renal pedicles of IL-10 KO mice and WT 
littermates were clamped for 30 min. Blood and kidney tissues samples were collected 
at 5 （n=6）, 24 （n=6）, 48 （n=6） and 120 hr （n=5） after renal IRI. ‘0 hr’ indicates sam-
ples from mice that did not undergo the operation. A, B: BUN and sCr were measured 
as indications of kidney function in mice exposed to IRI. C: Representative morphol-
ogy （by PAS staining） of kidney cortex from WT and IL-10 KO mice at 48 hr and 
sham-operated mice. D: ATN （acute tubular necrosis） score after IRI: Tissue damage 
was scored in the cortex. The data are mean±SEM. *p<0.05, WT vs. IL-10 KO mice 
at 24 and 48 hr. Original magnification, 400×.
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Table 3．Effects of IL-10 on the multiple organs after renal IRI

Sham WT IL-10 KO

Serum AST （IU/L） 137.5 ± 12.5 201.3 ± 15.7 226.7 ± 31.6

Serum ALT （IU/L） 30.0 ± 0.2 36.2 ± 11.4 76.6 ± 19.2

Serum AMY （U/L） 760.0 ± 45.0 710.0 ± 45.6 1773.0 ± 569.4*

Serum Aspartate transaminase （AST）, Alanine transaminase （ALT） and Amylase 
（AMY） were measured at 48 hr after renal IRI in WT （n=5） and IL-10 KO mice （n=5）. 
The data are mean fold-increase ± SEM. *p<0.05, WT vs. IL-10 KO.

IL-10 mediates Th1 cytokine and chemokine expressions in the mouse serum and kidney after IRI

To further determine the effect of IL-10 signaling in the IRI model, we examined the expressions of Th1 cyto-

kines and chemokines. The serum IL-6 and IL-18 levels as Th1 cytokines in the IL-10 KO mice were signifi-

cantly increased compared to those in the WT mice （IL-6: WT, 1294.2±144.7 vs. IL-10 KO, 2164.4±221.7 pg/

mL at 5 hr; IL-18: WT, 150.0±5.9 vs. IL-10 KO, 285.0±23.7 pg/mL at 120 hr） （Fig. 3A, B）. The serum TNF-α 

levels were significantly increased in the IL-10 KO mice compared to those in the WT mice （WT, 0.9±0.5 vs. 

IL-10 KO, 5.0±0.5 pg/mL at 5 hr; WT, 1.8±0.1 vs. IL-10 KO, 3.5±0.6 pg/mL at 120 hr） （Fig. 3C）. The serum 

interferon-gamma （IFN-γ） level was not detected in the WT or IL-10 KO mice （graph is omitted）.

　We also measured the expression of Th1 （IL-6 and IL-18） chemoattractant. The IL-6 mRNA expression 

in the IL-10 KO kidneys was increased compared to that in the WT kidneys at 24 hr （WT, 72.3±33.0 vs. 

IL-10 KO, 1037.0±613.5 fold increase）. The IL-18 mRNA expression in the IL-10 KO kidneys was increased 

compared to that in the WT kidneys at 24 hr （WT, 1.7±0.2 vs. IL-10 KO, 2.4±0.1 fold increase）. The intra-

renal chemokine mRNA expression （RANTES; a Th1 cell chemoattractant） in the IL-10 KO mice was also 

increased compared to that in the WT mice at 24 hr （WT, 1.60±0.19 vs. IL-10 KO, 3.61±0.93 fold increase） 

（Table 4）.

Figure 3． Pro-inflammatory cytokine production in the blood. Blood samples from WT and IL-10 
KO mice were collected at 5 （n=6）, 24 （n=6）, 48 （n=6）, and 120 hr （n=5） after renal 
IRI. A−C: Serum IL-6, IL-18 and TNF-α were measured as early biomarkers in acute 
kidney injury （AKI）. The data are mean±SEM. *p<0.05, **p<0.01, WT vs. IL-10 KO 
mice at 5, 24, and 120 hr.
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Table 4．Effects of IL-10 on gene expression in the mouse kidney

5 hr 24 hr 48 hr 120 hr

WT IL-10 KO WT IL-10 KO WT IL-10 KO WT IL-10 KO

IL-6 1229.0 ± 265.2 1621.0 ± 310.2 72.3 ± 33.0 1037.0 ± 613.5* 28.7 ± 3.8 38.1 ± 11.1 36.8 ± 8.0 21.2 ± 6.3

IL-18 1.0 ± 0.08 0.8 ± 0.08 1.7 ± 0.2 2.4 ± 0.1** 0.7 ± 0.07 0.6 ± 0.05 0.8 ± 0.03 1.3 ± 0.1*

TNF-α 2.4 ± 0.1 2.1 ± 0.2 2.2 ± 0.2 3.6 ± 0.4* 2.4 ± 0.1 2.0 ± 0.2 2.2 ± 0.5 3.2 ± 0.4

IL-1β 1.8 ± 0.4 2.2 ± 0.3 0.9 ± 0.1 2.3 ± 0.5* 1.0 ± 0.07 1.1 ± 0.1 0.7 ± 0.1 1.6 ± 0.3

RANTES 0.9 ± 0.06** 0.5 ± 0.05 1.6 ± 0.1 3.6 ± 0.9* 1.9 ± 0.3 1.0 ± 0.4 1.5 ± 0.3 4.5 ± 0.7*

Cytokine and chemokine gene expression was measured at 5 hr （n=6）, 24 hr （n=6）, 48 hr （n=6） and 120 hr （n=5） after 
renal IRI in WT and IL-10 KO mice by real-time RT-PCR. In each experiment, the expression levels were normalized to the 
expression of 18SrRNA and are expressed relative to control mice. The data are mean fold-increase ± SEM. *p<0.05, **p<0.01, 
WT vs. IL-10 KO mice at 5, 24 and 120 hr.

The numbers of inflammatory cells were increased in the IL-10 KO mice

We investigated the infiltration of inflammatory cells （i.e., CD4+ and CD8+ T cells, macrophages, and 

neutrophils） in the renal interstitium at 5, 24, 48, and 120 hr after IRI. The numbers of interstitial CD4+ T cells 

in the IL-10 KO mice at 5 hr were significantly increased compared to those in the WT mice. The numbers of 

interstitial macrophages and neutrophils in the IL-10 KO mice at 24 hr were significantly increased compared 

to those in the WT mice. No significant difference in the number of CD8+ T cells was observed between the 

IL-10 KO and WT mice. AT 48 and 120 hr, the numbers of these inflammatory cells were not significantly 

different between the two groups.

Renal Kim-1 expression

Figure 5 shows the tubular Kim-1 expression after IRI. In the sham-operated mice, Kim-1 was not detected 

in the kidney. However, Kim-1 expression was present in tubules from the kidneys of IRI mice after 24 hr. In 

the IL-10 KO mice, the number of Kim-1-positive cells was increased at 24 hr compared to the WT mice after 

renal IRI （WT, 15.8±1.5 vs. IL-10 KO, 22.3±1.0 c/hpf） （Fig. 5A, B）. At 48 hr, the number of Kim-1-positive 

cells was significantly decreased in both the WT and IL-10 KO mice with IRI compared to the values at 24 hr. 

Similarly, the Kim-1 mRNA expression in the IL-10 KO kidneys was increased compared to that in the WT 

kidneys at 24 hr after IRI （WT, 1215.2±140.7 vs. IL-10 KO, 1946.2±171.1 fold increase） （Fig. 5C）.
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Figure 5． IL-10 mediates Kim-1 expression as an AKI marker post-IRI. Kim-1 expression in the 
kidneys of WT and IL-10 KO mice. A: Representative photographs of the kidney at 
24 hr after renal IRI and from sham-operated mice. Arrow: A Kim-1-positive TEC. B: 
The number of Kim-1-positive cells in ten 400× fields at 5 （n=6）, 24 （n=6）, 48 （n=6）, 
and 120 hr （n=5） after renal IRI. C: Expression of Kim-1 mRNA in the kidney at 5, 
24, 48, and 120 hr after IRI. The data are means and fold-increase±SEM. *p<0.05, 
**p<0.01, WT vs. IL-10 KO mice at 5 and 24 hr. Orig. magn., 400×. Scale bar, 50μm.

Figure 4． The infiltration of CD4+ and CD8+ T cells, macrophages, and neutrophils in renal IRI. 
The interstitial accumulation of leukocytes after renal ischemia-reperfusion in WT and 
IL-10 KO mice at 5 （n=6）, 24 （n=6）, 48 （n=6）, and 120 hr （n=5） after renal IRI. The 
data are mean±SEM. *p<0.05, WT vs. IL-10 KO mice at 5 and 24 hr.
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IL-10 mediates tubular apoptosis after IRI

Apoptosis represents a key event after IRI, correlating with the degree of injury. Tubular cells expressing 

interstitial cleaved caspase-3, a marker of apoptosis, were not present in the sham-operated mice but were 

present after 24 hr in the mice that received an IRI （Fig. 6A）. At 24 hr, the number of tubular cells express-

ing interstitial cleaved caspase-3 was significantly increased in the IL-10 KO mice compared to that in the WT 

mice at 24 and 48 hr （WT, 1.4±0.5 vs. IL-10 KO; 2.0±0.8 c/hpf at 24 hr; WT, 0.9±0.8 vs. IL-10 KO, 1.4±0.7 c/

hpf at 48 hr） （Fig. 6B）.

　We further investigated the expression of renal Bax as a marker of pro-apoptosis after IRI by 

immunofluorescence and western blotting analyses. In the IL-10 KO mice, the levels of Bax-positive tubules 

were significantly increased at 24 hr （WT, 1.2±0.3 vs. IL-10 KO, 1.8±0.2 c/hpf） （Fig. 7A, B）. The ratio of 

Bax/Bcl-2 assayed by western blotting in the IL-10 KO mice was significantly higher compared to that in 

the WT mice at 24 （IL-10 KO, 7.6±1.4 vs. WT, 2.7±0.6） and 120 hr （IL-10 KO, 2.2±0.1 vs. WT, 1.7±0.2）  

（Fig. 7C, D）.

Figure 6． Tubular cleaved caspase-3 expression as an apoptosis marker post-IRI. Tubular inter-
stitial cleaved caspase-3 expression in the kidneys of WT and IL-10 KO mice. A: Rep-
resentative photographs of kidneys at 24 and 48 hr after renal IRI, and from sham-op-
erated mice. Arrow: An interstitial cleaved caspase-3-positive TEC. B: The number 
of tubular interstitial cleaved caspase-3-positive cells in ten 400× fields at 5 （n=6）, 24 

（n=6）, 48 （n=6）, and 120 hr （n=5） after IRI. The data are mean±SEM. *p<0.05, WT 
vs. IL-10 KO mice at 24 and 48 hr. Orig. magn., 400×. Scale bar, 50μm.
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IL-10 improves the ischemic AKI

To observe whether IL-10 has a protective effect against renal dysfunction after IRI, we administered 

recombinant IL-10 to IL-10 KO mice. Both measures of renal function （i.e., BUN and sCr） were significantly 

increased in the non-administration （Vehicle） group compared to the IL-10 administration group, as follows. 

（BUN: Vehicle, 233.2±37.1 mg/dL vs. IL-10, 120.7±18.8. sCr: Vehicle, 1.7±0.7 mg/dL vs. IL-10, 0.6±0.1） （Fig. 

8A, B）.

　We analyzed the histology of the kidneys based on the acute tubular necrosis （ATN） score. After the IRI, 

we observed more injury and inflammation in the Vehicle group’s kidneys （Fig. 8C）. The ATN scores were 

significantly more severe in the Vehicle group compared to the IL-10 administration group （Vehicle, 2.6±0.2 

vs. IL-10, 2.0±0.1） （Fig. 8D）.

Figure 7． IL-10 mediates Bax as a pro-apoptosis marker in the apoptosis pathway after IRI. The 
expression of Bax in the kidneys of WT and IL-10 KO mice. A: Representative pho-
tographs of kidneys at 24 hr after renal IRI and from sham-operated mice. Arrow: A 
Bax-positive TEC. B: The number of Bax-positive cells in ten 400× fields at 5 （n=6）, 
24 （n=6）, 48 （n=6）, and 120 hr （n=5） after IRI. C, D: The ratio of Bax/Bcl-2 at 5, 24, 
48, and 120 hr as assayed by western blotting. The data are mean changes±SEM. 
*p<0.05, WT vs. IL-10 KO mice at 24 and 120 hr. The pictures show a representative 
band. Orig. magn., 400×. Scale bar, 50μm. 
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IL-6 does not mediate tubular apoptosis after IRI

To observe whether IL-6 has an effect against kidney apoptosis after IRI, we administered anti-IL-6 antibody 

（IL-6 Ab） to C57BL/6 mice. No significant difference in the ratio of Bax/Bcl-2 was observed between the 

IL-6 Ab administration group and Vehicle group （Fig. 9A, B）. We also evaluated the kidneys’ apoptosis based 

on the expression of interstitial cleaved caspase-3. There was no significant difference between the IL-6 Ab 

administration and Vehicle groups in the number of tubular cells expressing interstitial cleaved caspase-3 （Fig. 

9C, D）. An effect of IL-6 on apoptosis in the kidneys after IRI was not demonstrated in this experiment.

Figure 8． Effect of IL-10 on renal function after IRI. IL-10 KO mice received 0.5μg/body recom-
binant IL-10 （n=5） or vehicle （n=5） intravenously just before ischemia and sacrificed 
at 48 hr post-ischemia. A, B: BUN and sCr were measured as indications of kidney 
function in mice exposed to IRI. C: Representative morphology （by PAS staining） of 
kidney cortex from IL-10 KO mice and sham-operated mice. D: ATN scores after IRI: 
Tissue damage was scored in the cortex. The data are mean±SEM. *p<0.05, recombi-
nant IL-10 administration group vs. Vehicle group. Orig. magn., 400×.
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IL-10 mediates apoptosis in TECs

We evaluated the ability of IL-10 and IL-6 to stimulate TECs by exposing renal TECs to recombinant IL-10 

and IL-6 in vitro. The ratio of Bax/Bcl-2 assayed by western blotting in the TECs added with IL-10 was 

significantly lower compared to those in the TECs not added （IL-10 added, 2.4±0.5; not added, 5.9±0.8） （Fig. 

10A, B）. No significant difference in the ratio of Bax/Bcl-2 was observed between the IL-6 added and not-

added groups （Fig. 10C, D）. No significant difference in the ratio of Bax/Bcl-2 was observed between the 

IL-10 added group and IL-10 not-added group when IL-6 was added （Fig. 10E, F）. The ratio of Bax/Bcl-2 in 

the TECs stimulated with recombinant IL-10 after oxygen blocking was dose-dependent （Fig. 11A, B）.

Figure 9． Effect of IL-6 on apoptosis after IRI. C57BL/6 mice received 10μg/body anti-IL-6 anti-
body （n=5） or vehicle （n=5） intravenously 24 hr before ischemia and sacrificed at 
24 hr post-ischemia. A, B: The ratio of Bax/Bcl-2 as assayed by western blotting. The 
data are mean changes±SEM. The pictures show a representative band. C: Represen-
tative photographs of kidneys after renal IRI and from sham-operated mice. Arrow: 
An interstitial cleaved caspase-3-positive TEC. D: The number of tubular interstitial 
cleaved caspase-3-positive cells in ten 400× fields. The data are mean±SEM. Orig. 
magn., 400×. Scale bar, 50μm.
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Figure 10． IL-10 decreased the expressions of Bax and Bcl-2 on TECs after incubation in a 
hypoxic state. TECs following IL-10 stimulation and the expressions of Bax and Bcl-2 
in TECs. A, B: TECs of IL-10 KO mice were incubated in a hypoxic state for 3 hr. 
We then added recombinant IL-10 （100 pg/mL） and incubated the TECs for 24 hr. 
The ratio of Bax/Bcl-2 in TECs with recombinant IL-10 administration （n=4） or 
Vehicle alone （n=4）. The data are mean changes±SEM. *p<0.05, recombinant IL-10 
administration group vs. Vehicle group. The pictures show a representative band. C, 
D: TECs of IL-10 KO mice were incubated in a hypoxic state for 3 hr. The cells were 
then added with recombinant IL-6 （2000 pg/mL） and incubated for 24 hr. The ratio 
of Bax/Bcl-2 in TECs with recombinant IL-6 administration （n=4） or non-administra-
tion （n=4）. The data are mean changes±SEM. The pictures show a representative 
band. E, F: TECs of IL-10 KO mice were incubated in a hypoxic state for 3 hr. The 
cells were then added with recombinant IL-6 （2000 pg/mL） and recombinant IL-10 

（100 pg/mL） and incubated for 24 hr. The ratio of Bax/Bcl-2 in TECs with recom-
binant IL-6 and recombinant IL-10 administration （n=4） or only recombinant IL-6 
administration （n=4）. The data are mean changes±SEM. The pictures show a rep-
resentative band.
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DISCUSSION

Our present findings demonstrated that IL-10 knockout worsened the renal function of mice and upregulated 

the production of pro-inflammatory cytokines （IL-6, IL-18, and TNF-α） after IRI. We also observed that IL-10 

suppressed the expression of the pro-apoptosis factor Bax in TECs under a hypoxic state.

　As noted in the Introduction, ischemia-reperfusion injury （IRI） is considered one of the systemic 

inflammatory diseases caused by the systemic circulation of pro-inflammatory cytokines and chemokines 

produced from monocytes or organs damaged by ischemia.1−4 IL-10 was reported to inhibit the production of 

pro-inflammatory cytokines and chemokines and has been shown to limit inflammation-mediated organ injury 

in both infectious28−32 and non-infectious33, 34 causes of systemic inflammatory response syndrome. The anti-

inflammatory effects of IL-10 are mediated by IL-10 receptor35, 36 and stat-SOCS signaling.37, 38

　Wan et al. reported that the IL-10 KO mice with IRI showed increased inflammatory mediators （i.e., TNF-

α and IL-6） and histologic renal injury, and the IL-10 KO mice had less ki67-positive cells in the proximal 

tubules and focally in the interstitium.39 Deng et al. reported that IL-10 significantly decreased renal injury 

following renal IRI and following cisplatin administration, and they noted that IL-10 inhibited ischemia and 

cisplatin-induced increases in TNF-α mRNA expression, intercellular adhesion molecule-1, and nitric oxide 

synthase-2. In addition, IL-10 inhibited staining for a marker of apoptosis following cisplatin administration and 

nitric oxide production in cultured TECs.18

　We demonstrated that IL-10 affects apoptosis in TECs. IL-10 is dependent on the concentration of IL-6 

and produced by CD4+ T cells, CD11+ cells, and B cells.40 IL-6 was initially regarded as a pro-inflammatory 

cytokine, but subsequent studies revealed that IL-6 has diverse biological activities. It was reported that IL-6 

Figure 11． Graphic representation of the TECs’ response to recombinant IL-10 stimulation （10−
1000 pg/mL）. The expressions of Bax and Bcl-2 in TECs following IL-10 stimulation. 
A, B: The ratio of Bax/Bcl-2 in TECs added with recombinant IL-10 at 10 （n=4）, 
100 （n=4）, or 1,000 pg/mL （n=4）. The data are mean changes±SEM. Different 
treatments were compared by a one-way ANOVA followed by Dunnett’s test for 
individual comparisons between group means. *p<0.05, **p<0.01, 10 pg/mL vs. 100 
pg/mL, and 10 pg/mL vs. 1,000 pg/mL. The pictures show a representative band.
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prevented intestinal epithelium’s apoptosis during prolonged inflammation.41 However, in the present study, 

anti-apoptotic effects by IL-6 in TECs were not observed in vivo or in vitro. Here we examined whether the 

expression of Bax was affected by the addition of recombinant IL-6 plus recombinant IL-10 to TECs in a 

hypoxic state. There was no significant difference in the expression of Bax between the recombinant IL-10 

and IL-6 administration group and only IL-6 administration group. In addition, the expressions of interstitial 

cleaved caspase-3 and Bax in the kidney were not significantly different between the IL-10 KO mice and the 

WT mice at 5 hr after IRI, when the IL-6 level in the serum appeared to be at its peak. On the other hand, 

significantly increased expressions of interstitial cleaved caspase-3 and Bax were observed in IL-10 KO mice 

at 24 hr after IRI, which is when the IL-6 in serum showed a decrease. Although the serum IL-10 production 

and IL-10 mRNA expression in the kidney peaked at 5 hr after IRI, significant differences in the expression 

of pro-apoptotic factors and renal function were observed in the IL-10 KO mice at 24 hr after IRI. It appears 

that when IL-6 is present at a high concentration （i.e., at the early stage of an IRI）, there may be interactions 

between IL-10 and IL-6 that have not yet been elucidated.

　In summary, we determined the effect of IL-10 in IRI. IL-10 has anti-inflammatory and anti-apoptotic 

effects in IRI and suppresses the expression of pro-apoptotic factors in TECs. This study is one of only a few 

studies that have examined the local effect of IL-10 in TECs. IL-10 is a negative regulator of inflammation and 

apoptosis in the kidney. IL-10 may be relevant to the dysfunction after ischemia in humans.
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