
Blockade of CCR2 Ameliorates Progressive Fibrosis

in Kidney

Kiyoki Kitagawa,* Takashi Wada,*†

Kengo Furuichi,* Hiroyuki Hashimoto,‡

Yoshiro Ishiwata,‡ Masahide Asano,§

Motohiro Takeya,¶ William A. Kuziel,�

Kouji Matsushima,** Naofumi Mukaida,†† and

Hitoshi Yokoyama*†

From the Department of Gastroenterology and Nephrology,*

Graduate School of Medical Science, the Division of Blood

Purification † and the Department of Molecular Oncology,††

Cancer Research Institute, and the Institute for Experimental

Animals,§ Kanazawa University, Kanazawa, Japan; Sanwa

Kagaku Kenkyusho Company, Limited,‡ Inabe, Japan; the Second

Department of Pathology,¶ Kumamoto University School of

Medicine, Kumamoto, Japan; the Department of Molecular

Preventive Medicine,** Graduate School of Medicine, The

University of Tokyo, Tokyo, Japan; and the Section of Molecular

Genetics and Microbiology and Institute for Cellular and

Molecular Biology,� University of Texas, Austin, Texas

Fibrosis is a hallmark of progressive organ diseases.

Monocyte chemoattractant protein (MCP)-1, also

termed as macrophage chemotactic and activating

factor (MCAF/CCL2) and its receptor, CCR2 are pre-

sumed to contribute to progressive fibrosis. However,

the therapeutic efficacy of MCP-1/CCR2 blockade in

progressive fibrosis remains to be investigated. We

hypothesized that blockade of CCR2 may lead to the

improvement of fibrosis. To achieve this goal, we

investigated renal interstitial fibrosis induced by a

unilateral ureteral obstruction in CCR2 gene-targeted

mice and mice treated with propagermanium or RS-

504393, CCR2 inhibitors. Cell infiltrations, most of

which were F4/80-positive, were reduced in CCR2

knockout mice. In addition, dual staining revealed

that CCR2-positive cells were mainly F4/80-positive

macrophages. Importantly, CCR2 blockade reduced

renal interstitial fibrosis relative to wild-type mice.

Concomitantly, renal transcripts and protein of

MCP-1, transforming growth factor-� , and type I col-

lagen were decreased in CCR2-null mice. Further, this

CCR2-dependent loop for renal fibrosis was con-

firmed by treatment with CCR2 antagonists in a uni-

lateral ureteral obstruction model. These findings

suggest that the therapeutic strategy of blocking CCR2

may prove beneficial for progressive fibrosis via the

decrease in infiltration and activation of macro-

phages in the diseased kidneys. (Am J Pathol 2004,

165:237–246)

Fibrosis is characteristic in progressive diseases, result-

ing in organ failure. Monocyte chemoattractant protein

(MCP)-1 (also termed as monocyte chemotactic and ac-

tivating factor/CCL2) is presumed to be a key molecule in

chemotaxis and activation of macrophages.1 MCP-1 has

been implicated in a variety of renal diseases, including

progressive renal damage such as chronic rejection of

renal transplantation, lupus nephritis, IgA nephropathy,

crescentic glomerulonephritis, and diabetic nephropathy

in human and experimental models.2–9 CCR2, a cognate

receptor of MCP-1 expressed mainly on monocytes, has

been reported to be involved in human crescentic glo-

merulonephritis and experimental models of progressive

renal disease.10,11 In addition to inducing tissue infiltra-

tion and activation of macrophages, MCP-1 expression and

the consequent accumulation of CCR2-positive cells are

considered to be closely related to pulmonary fibrosis.12

Thus, the strategy of blocking MCP-1/CCR2 interaction

might be effective in preventing macrophage-induced tis-

sue damage. Supporting this notion, neutralization of

MCP-1 has been reported to reduce macrophage infiltration

and progressive kidney damage.5,8,9,13

Newly developed antagonists against chemokine re-

ceptors are now available. For example, propagerma-

nium is an organic germanium compound with a chemi-

cal structure of [(O1/2)3GeCH2CH2CO2H]n, which shows

potent anti-inflammatory activity in various inflammatory

experimental models,14,15 and has been used as a ther-

apeutic agent in chronic hepatitis type B. A recent study

revealed that propagermanium inhibited the MCP-1-

induced migration of monocytes via glycosylphosphati-

dylinositol-anchored protein associated with CCR2.16 In

addition, RS-504393 also has the capacity to inhibit MCP-

1-induced chemotaxis and ischemia-reperfusion injury in

kidneys, where MCP-1 plays a role.17 However, whether

the blockade of CCR2 might be effective for the treatment

of renal interstitial fibrosis has not been fully examined.

In this study, we hypothesized that the blockade of

CCR2 might be therapeutically beneficial for progressive

fibrosis. To achieve this goal, we evaluated renal intersti-

tial fibrosis induced by unilateral ureteral obstruction
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(UUO), a well-known renal fibrosis model,18,19 in CCR2

gene-targeted mice and mice treated with propagerma-

nium or RS-504393. We report here that the blockade of

CCR2 represents a beneficial therapeutic approach for

progressive fibrosis in kidney.

Materials and Methods

Animals

Mice deficient in the expression of CCR2 were generated

by the process of gene targeting in murine embryonic

stem cells20 and a breeding colony was maintained un-

der specific pathogen-free conditions. Control male

C57BL/6J and 129/Ola mice were purchased from

Charles River, Japan Inc. (Atsugi, Kanagawa, Japan).

The male CCR2-deficient and wild-type control animals

were on an outbred C57BL/6 � 129/Ola genetic back-

ground (n � 8 generations) and were used at 8 weeks of

age. All procedures used in the animal experiments com-

plied with the standards set out in the Guidelines for the

Care and Use of Laboratory Animals in Takara-machi

Campus of Kanazawa University.

Unilateral Ureteral Obstruction Model

The general procedure of a UUO model is well described

elsewhere.21 CCR2 gene-targeted and wild-type mice

were anesthetized with diethyl ether and pentobarbital

sodium. A flank incision was made and the left ureter

ligated with 4-0 silk suture at two points. Sham operation

was performed in a similar manner, except for left ureteral

ligation. For pathological examination, both the ob-

structed and contralateral kidneys were harvested from

UUO animals 4, 7, and 14 days after ureteral ligation (n �

6, 6, and 8 for each group at each time point).

Treatment with CCR2 Antagonists

To evaluate the therapeutic effects of MCP-1/CCR2 sig-

naling, either propagermanium (3 or 8 mg/kg orally once

a day) or RS-504393 (2 mg/kg orally twice a day) was

mandatorily injected into their mouths to wild-type mice

from 3 days before ureteral ligation until the day of sac-

rifice. In addition, to determine the viability for the usage

of CCR2 antagonists for the treatment of renal fibrosis,

propagermanium (8 mg/kg) was given daily, beginning 4

days after ureter ligation. For pathological examination,

both the obstructed and contralateral kidneys were har-

vested from UUO animals 4, 7, and 14 days after ureteral

ligation (n � 5 at each time point). Untreated age-

matched male wild-type mice and CCR2-deficient mice

were used as normal control (n � 6 for each group).

Since propagermanium treatment was started from 3

days before ureteral ligation, mice treated with propag-

ermanium for 3 days at day 0 were used as a negative

control (n � 5).

Tissue Preparation

One portion of the renal tissue was fixed in 10% buffered

formalin (pH 7.2), embedded in paraffin, cut at 4 �m,

stained with hematoxylin and eosin, periodic acid-Schiff,

or Mallory-azan and observed under a light microscope.

Two independent observers with no previous knowledge

of the experimental design evaluated each section. Mean

interstitial fibrotic area, expressed as blue in Mallory-azan

staining, was evaluated from the whole area of cortex and

outer medulla in the individual complete sagittal kidney

section and expressed as percentage/mm2 of the field

using Mac Scope version 6.02 (Mitani Shoji Co., Ltd.,

Fukui, Japan).

Immunohistochemical Studies

The other portion of fresh renal tissue, embedded in

O.C.T. compound and snap-frozen in n-hexane cooled

with a mixture of dry ice and acetone, was cut at 6 �m on

a cryostat (Tissue-Tek Systems; Miles, Naperville, IL).

The presence of F4/80-positive macrophages or CD3-

positive T cells was detected immunohistochemically us-

ing rat anti-mouse F4/80 monoclonal antibody (clone

A3–1; BMA Biomedicals AG, Augst, Switzerland) or rat

anti-mouse CD3 monoclonal antibody (R&D Systems,

Minneapolis, MN). The number of interstitial infiltrated

F4/80-positive macrophages or CD3-positive T cells was

counted in the whole area of the outer medulla, where cell

migration was maximal, and expressed as the mean num-

ber � SE (SEM)/mm2. The presence of MCP-1 and trans-

forming growth factor (TGF)-�1 was demonstrated immuno-

histochemically on formalin-fixed, paraffin-embedded renal

tissue specimens using the indirect avidin-biotinylated per-

oxidase complex method with rabbit anti-murine MCP-1

polyclonal antibodies and rabbit anti-murine TGF-�1 poly-

clonal antibodies (clone sc-146; Santa Cruz Biotechnology,

Santa Cruz, CA). The antigen was retrieved with Target

Retrieval Solution (DAKO Co., Glostrup, Denmark). To eval-

uate the specificity of these antibodies, we stained tissue

specimens with normal rabbit IgG or antibodies for MCP-1

and TGF-� absorbed with the excess amount of each mol-

ecule or a blocking peptide. The presence of type I collagen

was also demonstrated immunohistochemically on paraffin-

embedded renal tissue with rabbit anti-murine type I colla-

gen polyclonal antibodies (Chemicon Int., Inc., Temecula,

CA). The positive area of MCP-1, TGF-�1, and type I colla-

gen was evaluated from the whole area of cortex and outer

medulla in the individual complete sagittal kidney section

and expressed as a percentage/mm2 using Mac Scope

version 6.02.

Dual Staining

To determine the phenotypes of CCR2-positive cells, dual-

labeled immunofluorescence immunohistochemistry was

performed. Briefly, sections were first incubated with goat

anti-mouse CCR2 antibodies (clone sc-6228; Santa Cruz

Biotechnology) overnight. After rinsing in PBS, the rat

anti-mouse F4/80 or rabbit anti-murine TGF-�1 polyclonal
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antibodies were added and the sections incubated over-

night. CCR2 was visualized by incubating sections for

120 minutes with fluorescein isothiocyanate-conjugated

donkey anti-goat IgG antibodies (1:200; Jackson Immu-

noresearch Laboratory, Inc., West Grove, PA). After rins-

ing, sections were incubated for 120 minutes with Cy3-

conjugated donkey anti-rat IgG antibodies (1:200;

Jackson Immunoresearch Laboratory, Inc.) to visualize

F4/80 or with Cy3-conjugated goat anti-rabbit IgG anti-

bodies (1:200; Jackson Immunoresearch Laboratory,

Inc.) to visualize TGF-�1. Adobe Photoshop (Adobe Sys-

tems, Inc., San Jose, CA) was used for image handling

and the three-color channels were handled separately.

Detection of MCP-1 and TGF-� Transcripts in

Diseased Kidneys by Real-Time Reverse

Transcriptase-Polymerase Chain Reaction

(RT-PCR)

To determine transcripts of MCP-1 and TGF-�, total RNA

was extracted from the whole kidneys. cDNA was re-

verse-transcribed from 1 �g of total RNA, combined from

five mice in each group (1 �g of RNA per a mouse), by

using a SuperScript II RNase H� reverse transcriptase

(Invitrogen, Carlsbad, CA). Reverse transcription was

performed using the following parameters: 10 minutes at

25°C, 30 minutes at 48°C, and 5 minutes at 95°C. For all

PCR experiments, the LightCycler (Roche Diagnostics,

Basel, Switzerland) was used. In quantitative RT-PCR for

murine MCP-1 (primers: forward, 5�-ACTGAAGCCAG-

CTCTCTCTTCCTC-3� and reverse, 5�-TTCCTTCTTGG-

GGTCAGCACAGAC-3�),22 1 �g of cDNA prepared

above described and performed by SYBR Green I format

with LightCycler Fast Start DNA Master SYBR Green I

(Roche Diagnostics). Transcripts of murine TGF-� and

GAPDH were determined using primers and hybridiza-

tion probe kit (TGF-�, Roche Diagnostics; GAPDH, Nihon

Gene Research Lab’s, Inc., Sendai, Japan). The reac-

tions for MCP-1 were incubated at 95°C for 10 minutes

followed by 40 cycles of 15 seconds at 95°C, 10 seconds

at 55°C, and 20 seconds at 72°C. The reactions for TGF-�

were incubated at 95°C for 10 minutes followed by 40

cycles of 10 seconds at 95°C, 15 seconds at 62°C, and

11 seconds at 72°C. mRNA expression of MCP-1 and

TGF-� in each sample was finally described after correc-

tion with GAPDH expression. No PCR product was de-

tected in the real-time PCR procedure without reverse

transcription, indicating that the contamination of

genomic DNA was negligible. Gels of the PCR products

after quantification of MCP-1, TGF-�, or GAPDH by real-

time RT-PCR showed a single band (270, 293, and 230

bp, respectively) with the expected size (data not

shown).

Detection of Type I Collagen Transcripts in

Diseased Kidneys by RT-PCR

To determine transcripts of type I collagen, total RNA was

also extracted from the whole kidneys from all mice in

each group 4, 7, and 14 days after ureteral ligation to

perform RT-PCR. cDNA was reverse-transcripted from 5

�g of total RNA from each mouse by using a RT-PCR kit

(Takara Shuzo Co., Ltd., Tokyo, Japan). The cDNA prod-

uct was amplified by PCR. Primers for type I collagen

[5�-TCGTGACCGTGACCTTGCG-3� (sense); 5�-GGAT-

GAGTCGGCAGACACGGA-3� (anti-sense)]23 were used

to detect type I collagen transcripts. The housekeeping

gene GAPDH was used for PCR controls. Ten �l of PCR

products were run on 2.0% agarose gel and stained with

ethidium bromide, then gene-specific bands were visu-

alized under ultraviolet light. The quantities of target

cDNA were analyzed by NIH image. Scanner analysis of

photographs of the DNA-stained agarose gels was eval-

uated by the band intensity comparison of GAPDH ex-

pression versus type I collagen expression in computer

image analysis.

Statistical Analysis

The mean and SEM were calculated on all of the param-

eters determined in this study. Statistical analyses were

performed using Wilcoxon rank-sum test, Kruskal-Wallis

test, and analysis of variance test. P � 0.05 was ac-

cepted as statistically significant.

Results

Renal Lesions Were Reduced in CCR2

Knockout Mice

Histopathological examination was performed using pe-

riodic acid-Schiff-stained renal tissues. Severe cell infil-

tration, tubular atrophy, and interstitial fibrosis were ob-

served 14 days after ureteral ligation in the outer medulla

of wild-type mice (Figure 1a). In contrast, the lesions in

the outer medulla were significantly reduced in CCR2

gene-targeted mice (Figure 1b). However, renal damage

was still evident as compared with sham-operated mice

(Figure 1d). Thus, the loss of CCR2 correlated with re-

duced renal lesions.

Reduced Renal Interstitial Fibrosis and Type I

Collagen Expression in CCR2 Knockout Mice

To determine the impact of MCP-1/CCR2 interactions on

progressive renal interstitial injury, interstitial fibrotic ar-

eas expressed as blue in Mallory-azan staining were

examined by computer analysis (Figure 2; a to c). Ure-

teral ligation caused progressive renal interstitial fibrosis

in wild-type mice (Figure 2d). In contrast, mean interstitial

fibrosis, expressed as percentage/mm2, was reduced in

CCR2 gene-targeted mice as compared with wild-type

mice (Figure 2d). However, the CCR2 deficiency did not

reduce interstitial fibrotic areas to the levels shown in

sham-operated mice or normal mice (Figure 2d).

Moreover, the type I collagen-positive area was exten-

sive in wild-type mice 14 days after ureteral ligation, but

was reduced by CCR2 deficiency (Figure 3, a and b).

Role of CCR2 in Renal Fibrosis 239
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Furthermore, ureteral ligation enhanced type I collagen

mRNA expression in wild-type mice. The up-regulated

mRNA expression of type I collagen in diseased kidneys

was reduced by CCR2 deficiency, whereas mRNA ex-

pression of type I collagen was faintly detected in normal

kidneys (Figure 3c). Thus, CCR2 deficiency appears to

play a role in the pathogenesis of renal interstitial fibrosis

by resulting in a reduction in type I collagen synthesis.

Reduced Expression of Renal MCP-1 by CCR2

Deficiency

To clarify the impact of MCP-1/CCR2 system on MCP-1

expression in the diseased kidneys, MCP-1 protein was

evaluated immunohistochemically at day 14. MCP-1 pro-

tein was faintly detected in normal kidneys and sham-

operated kidneys (data not shown). On the contrary,

MCP-1 protein was readily detected in tubular epithelial

cells and interstitially infiltrated cells in diseased kidneys

of wild-type mice (Figure 4a). The percentage of MCP-

1-positive area in interstitium was reduced in CCR2

gene-targeted mice relative to that in wild-type mice

(Figure 4b).

Transcripts of MCP-1 were faintly detected in normal

and sham-operated kidneys (data not shown) by real-

time RT-PCR. In contrast, transcripts of MCP-1 in dis-

eased kidneys in wild-type mice were up-regulated,

whereas the levels of these transcripts were reduced in

CCR2 knockout mice (Figure 4c). Therefore, CCR2 defi-

ciency, in turn, led to a decrease in MCP-1 expression in

the renal interstitium.

Renal TGF-� Expression Was Reduced in CCR2

Knockout Mice

The presence of TGF-�1 protein, a potent fibrogenic

factor, was evaluated immunohistochemically in dis-

eased kidneys. Overexpression of TGF-�1 protein was

detected mainly in tubular epithelial cells in wild-type

mice (Figure 5, a and e) as compared with that in normal

(Figure 5e) and sham-operated mice (data not shown).

The area of TGF-�1-positive cells was reduced in CCR2

gene-targeted mice (Figure 5, b and e). TGF-�1 immu-

noreactivity was not detected in sections incubated with

the absorbed antibodies with excess amount of a block-

ing peptide (Figure 5d) or control rabbit IgG (data not

shown), which suggests that this staining was specific for

TGF-�1.

Transcripts of TGF-� were faintly detected in normal

and sham-operated kidneys by real-time RT-PCR. In con-

Figure 1. Inhibition of CCR2 reduced renal pathology. a: Severe cell infiltration, tubular atrophy, and interstitial fibrosis were observed 14 days after ureteral
ligation in the outer medulla of wild-type mice. In contrast, such lesions in the outer medulla were significantly reduced in CCR2 gene-targeted mice (b) and
propagermanium-treated mice at the dose of 3 mg/kg (c). d: A sham-operated mouse kidney.
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trast, transcripts of TGF-� in diseased kidneys in wild-

type mice were up-regulated. Furthermore, CCR2 defi-

ciency reduced the up-regulation of renal TGF-�

transcripts (Figure 5f). Thus, the loss of CCR2 down-

regulated the expression of TGF-�, which might, in turn,

contribute to the decrease in fibrogenesis in diseased

kidneys. Further, to determine the TGF-�1 expression in

CCR2-positive cells, dual staining was performed. In

wild-type mice, CCR2-positive (Figure 5g) and TGF-�1-

positive (Figure 5i) cells were detected and most of the

infiltrating TGF-�1-positive cells were also positive for

CCR2 in injured kidneys (Figure 5h) at day 14.

Figure 2. CCR2 deletion reduced interstitial fibrosis. a and d: Progressive interstitial lesions exhibited interstitial fibrosis in wild-type mice on day 14. In contrast,
the mean interstitial fibrosis, expressed as percentage involvement of the field, was reduced in CCR2 gene-targeted mice (b, d) and mice treated with
propagermanium (c, d) or RS-504393 (d) as compared with wild-type mice. Values are the mean � SEM. PG(3) mice treated with propagermanium at the dose
of 3 mg/kg; PG(8) mice treated with propagermanium (8 mg/kg); PG(8L), mice treated with propagermanium (8 mg/kg) from 4 days after ureter ligation; RS,
RS-504393. *, P � 0.05 as compared with wild-type mice. Original magnifications, �200.

Figure 3. CCR2 deletion reduced type I collagen expression. a: Type I collagen was detected by immunohistochemical analysis. b: Type I collagen expression
was reduced in the interstitium in CCR2 gene-targeted mice and propagermanium-treated mice compared with that of wild-type mice. c: The up-regulated mRNA
expression of type I collagen in diseased kidneys was reduced by CCR2 blockade, whereas mRNA expression of type I collagen was faintly detected in normal
kidneys. Values are the mean � SEM. PG(3) mice treated with propagermanium at the dose of 3 mg/kg. *, P � 0.05 as compared with wild-type mice. Original
magnification, �400.
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Interstitial F4/80-Positive Macrophages, Most of

Which Were Positive for CCR2, Were Reduced

in CCR2 Knockout Mice

F4/80-positive macrophages infiltrated mainly in the outer

medulla in a murine UUO model. The number of intersti-

tially infiltrated F4/80-positive macrophages was reduced

in CCR2 gene-targeted mice 7 and 14 days after ureteral

ligation compared with that of wild-type mice (Figure 6a).

In contrast, the cell number in the glomeruli did not differ

at any time point after ureteral ligation (data not shown).

In addition, CCR2-positive cells, which increased during

Figure 4. Reduced expression of renal MCP-1 by CCR2 deletion. a: MCP-1 protein was detected mainly in tubular epithelial cells and infiltrates at day 14. b: MCP-1
protein expression was reduced in the interstitium in CCR2 gene-targeted mice and propagermanium-treated mice (3 mg/kg) compared with that of wild-type
mice. Values are the mean � SEM. *, P � 0.05 as compared with wild-type mice. c: Transcripts of MCP-1 were faintly detected from normal kidneys by real-time RT-PCR.
In contrast, transcripts of MCP-1 in diseased kidneys were up-regulated in wild-type mice, which were reduced by CCR2 blockade. Original magnification, �400.

Figure 5. Renal TGF-� expression was reduced by the deletion of CCR2. a: Up-regulation of TGF-�1 protein was detected mainly in tubular epithelial cells in
diseased kidneys in wild-type mice at day 14. In contrast, TGF-�1 protein was reduced of interstitium in CCR2 gene-targeted mice (b) and propagermanium-
treated mice (3 mg/kg) (c). TGF-�1 immunoreactivity was not detected in sections incubated with the blocking peptide (d). e: The percentage of TGF-�1-positive
area in one field is shown. f: Transcripts of TGF-� were faintly detected in normal kidneys by real-time RT-PCR. In contrast, transcripts of TGF-� in diseased
kidneys were up-regulated in wild-type mice. The levels of these transcripts were reduced by CCR2 blockade. In wild-type mice, CCR2-positive cells were
visualized with fluorescein isothiocyanate (g) and TGF-�1-positive cells with Cy3 (i). h: Some of the infiltrating CCR2-positive cells were also positive for TGF-�1
in injured kidneys at day 14. Values are the mean � SEM. *, P � 0.05 as compared with wild-type mice. Original magnifications, �400.
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the experimental periods, were decreased in number in

CCR2 knockout mice (Figure 6, b and e). To determine

the presence of CCR2 on F4/80-positive cells, dual label-

ing of immunofluorescence immunohistochemistry was

performed. In wild-type mice, CCR2-positive (Figure 6b)

and F4/80-positive (Figure 6d) cells were detected in

diseased kidneys 14 days after ureteral ligation. Most

infiltrating F4/80-positive cells were also positive for

CCR2 in injured kidneys (Figure 6c). Therefore, defi-

ciency of CCR2, predominantly expressed on macro-

phages, correlated directly with macrophage infiltration

in diseased kidneys.

Blockade of CCR2 by CCR2 Antagonists

Ameliorated Renal Interstitial Fibrosis

Although deficiency of CCR2 showed the anti-fibrogenic

effects in the renal interstitium in CCR2 knockout mice,

the genetic deficiency of CCR2 might be fundamentally

different from the inhibition of MCP-1/CCR2 interactions

in diseased kidneys. Therefore, to determine the impact

of blockade of CCR2, treatment with propagermanium or

RS-504393 was examined in a UUO model. Similar to the

results obtained from CCR2-deficient mice, the treatment

with propagermanium or RS-504393 significantly re-

duced renal pathology, especially the extensive intersti-

tial fibrosis mediated by decrease in type I collagen

synthesis (Figure 1, b and c; Figure 2; Figure 3). TGF-�1-

positive area was reduced in mice treated with propag-

ermanium (Figure 5, c and e). Moreover, CCR2 blockade

also reduced F4/80-positive cells, which were mostly

positive for CCR2, by possibly reducing the macro-

phage-derived expression of MCP-1 in diseased kidneys

(Figure 4; Figure 6, a and e). As a result, the reduction in

the number of F4/80-positive macrophages did not differ

in CCR2 gene-targeted mice from those in propagerma-

nium- or RS-504393-treated mice. In particular, propag-

ermanium treatment (3 mg/kg) led to the anti-fibrotic ef-

Figure 6. Interstitial F4/80-positive macrophages, most of which were positive for CCR2, were reduced. a: The number of F4/80-positive cells was reduced in
CCR2 gene-targeted mice and mice treated with propagermanium or RS-504393 7 and 14 days after ureteral ligation compared with that of wild-type mice.
F4/80-positive cells were visualized with Cy3 and CCR2-positive cells with fluorescein isothiocyanate. In wild-type mice, CCR2 (b)- and F4/80 (d)-positive cells
were detected in the outer medulla 14 days after ureteral ligation. c: Most infiltrated F4/80-positive cells were also positive for CCR2 in injured kidneys. e: The
number of CCR2-positive cells was similarly reduced in mice treated with propagermanium or RS-504393 7 and 14 days after ureteral ligation compared with that
of wild-type mice. Values are the mean � SEM. PG(3), mice treated with propagermanium at the dose of 3 mg/kg; PG(8), mice treated with propagermanium
(8 mg/kg); PG(8L), mice treated with propagermanium (8 mg/kg) 4 days after ureter ligation; RS, RS-504393. *, P � 0.05 as compared with wild-type mice. Original
magnifications, �400.
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fect associated with decreased macrophage infiltration

similar to that in mice treated with propagermanium at the

dose of 8 mg/kg. It was also noted that the administration

of propagermanium from day 4 also reduced renal fibro-

sis (Figure 2d), which was associated with the decrease

in number of infiltrated macrophages (Figure 6a). Thus, it

should be noted that blockade of CCR2 via CCR2 antag-

onists similarly ameliorated progressive fibrosis in dis-

eased kidneys.

Impacts of CCR2 Blockade on T-Cell Infiltration

in Diseased Kidneys

CD3-positive T cells were not reduced by CCR2 block-

ade. The infiltration of CD3-positve T cells increased in

wild-type mice 14 days after ureter ligation (8.6 � 2.5/

mm2) as compared with that in normal control mice

(0.9 � 0.6/mm2). The number of T cells in interstitium in

CCR2-deficient mice (7.7 � 2.0/mm2) or propagerma-

nium-treated mice (7.2 � 1.9/mm2) did not differ from that

of wild-type mice.

Discussion

In this report, to explore the impact of MCP-1/CCR2 in-

teractions as the therapeutic targets in progressive fibro-

sis in kidney, we inhibited CCR2 signaling in a murine

UUO model in mice genetically deficient in CCR2 and

mice treated with CCR2 antagonists. We now report that

inhibition of CCR2 reduced the degree of macrophage

infiltration and the extent of fibrosis in a murine UUO

model. We also noted that inhibition of CCR2 reduced the

expression of TGF-� and type I collagen as well as

MCP-1. The results, obtained from CCR2-deficient mice,

were similar to those in mice treated with CCR2 antago-

nists. Further, reduced renal fibrosis associated with de-

crease in macrophage infiltration was noted in mice

treated with a CCR2 antagonist given after ureter ligation.

Thus, we conclude that CCR2 signaling via MCP-1 is an

appealing therapeutic target for combating progressive

fibrosis in kidney.

Our findings are consistent with previous reports that

CCR2 signaling via MCP-1 plays a key role in human and

experimental renal damage, especially in the interstiti-

um.4,6,7,10 It is worth noting that MCP-1 deficiency con-

tributed to interstitial injury, but not glomerular lesions in a

murine experimental model of glomerulonephritis in-

duced by anti-glomerular basement membrane antibod-

ies.24 In addition to renal diseases, the blockade of CCR2

demonstrated the critical role of MCP-1/CCR2 interaction

in macrophage-mediated pathogenesis in various dis-

eases, such as bronchiolitis obliterans syndrome,25 ac-

etaminophen-induced hepatotoxicity,26 experimental au-

toimmune encephalomyelitis,27 and atherosclerosis.28

Further, accumulating evidence indicates the existence

of a regulatory loop between MCP-1 and TGF-� in iso-

lated glomeruli and the diseased kidneys in Thy-1 nephri-

tis.29,30 In this study, dual staining revealed that most of

the infiltrated TGF-�1-positive cells were also positive for

CCR2. These findings, combined with our present study,

suggest that diminished CCR2 signaling may down-reg-

ulate TGF-� expression, thereby attenuating progressive

fibrosis in the diseased kidney. Thus, taken together,

CCR2 signaling via MCP-1 is instrumental in promulgat-

ing progressive fibrosis and the blockade of this signal-

ing is therapeutically promising.

We investigated the inhibitory effects of CCR2 on renal

fibrosis using CCR2 antagonists, propagermanium and

RS-504393. We previously reported that propagerma-

nium prevented MCP-1-induced chemotaxis but not in-

terleukin-8-induced, RANTES-induced, or MIP-1�-in-

duced chemotaxis of monocytes. Propagermanium also

inhibited MCP-3-induced migration of monocytes.16 In

addition, in our unpublished data, propagermanium did

not inhibit eotaxin-induced chemotaxis of eosinophils or

TARC-induced chemotaxis of CCR4-transfected THP-1

cells. Therefore, these results examined suggest that the

inhibitory effect of propagermanium on monocyte migration

would be CCR2-dependent. The molecular mechanism of

the action of propagermanium has been revealed. Propag-

ermanium targets glycosylphosphatidylinositol-anchored

proteins that are closely associated with CCR2 and inter-

feres with the MCP-1-induced monocyte chemotaxis.16

Propagermanium improved massive liver damage induced

by Corynebacterium parvum followed by lipopolysaccharide

administration in mice.15 We also reported that propager-

manium significantly reduced tumor necrosis factor-� pro-

duction from interferon-�-pretreated mice.14 Further, RS-

504393 inhibited MCP-1-induced chemotaxis in a dose-

dependent manner, whereas it did not inhibit MIP-1�-

induced chemotaxis.31 RS-504393 reduced acute tubular

necrosis and cell infiltration in ischemia reperfusion injury in

kidneys.17 Our results strongly suggest that these anti-in-

flammatory effects may contribute to the reduction in renal

injury in this particular model. Our results also provide the

first evidence of the preventive effect of CCR2 antagonists

on progressive renal injury characterized by fibrosis asso-

ciated with inflammatory cell infiltration. Therefore, clinical

trials using CCR2 antagonists to prevent progressive organ

fibrosis including renal diseases would be encouraged.

The expression of MCP-1 was significantly reduced via

MCP-1/CCR2 blockade. This finding may be explained

by some speculations as follows: 1) this reduction of

MCP-1 may be proportional to the decline in macrophage

infiltration in the diseased kidneys. Human CD14-positive

monocytes could up-regulate MCP-1 expression depen-

dent on MCP-1 stimulation, which is inhibited by the

CCR2 blockade (manuscript in preparation). 2) The inter-

action between macrophages and renal epithelial cells

would be important. Activated macrophages by CCR2

signaling produce proinflammatory cytokines and che-

mokines including MCP-1, which in turn stimulate renal

resident cells such as renal tubular epithelial cells or

endothelial cells to produce cytokines and chemokines.

Supporting this notion, it was reported that MCP-1 acti-

vates AP-1 and nuclear factor-�B in tubular epithelial

cells,32 which are responsible for the production of inter-

leukin-6 and ICAM-1. Moreover, AP-1 and nuclear fac-

tor-�B are critical for production of MCP-1 in tubular

epithelial cells.33 These data suggest that MCP-1/CCR2-
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dependent activation of nuclear factor-�B and AP-1

might amplify the local inflammation of the diseased kid-

neys including MCP-1 production itself. Therefore, MCP-

1/CCR2 inhibition may directly or indirectly lead to the

reduced MCP-1 expression in diseased kidneys.

Progressive fibrosis is a common pathological finding

in various organs, resulting in organ failure. In addition to

renal fibrosis, the involvement of MCP-1/CCR2 interac-

tions has been reported in the pathogenesis of progres-

sive fibrosis in lungs12,25 and lung granuloma mod-

els.23,34 Moreover, recent studies also suggest the

critical role of MCP-1/CCR2 interactions and the benefits

of its therapeutic inhibition in atherosclerosis and vascu-

lar restenotic changes (neointimal hyperplasia).35,36

More recently, Moore and colleagues37 have shown that

alveolar epithelial cells from CCR2-deficient mice sup-

press fibroblast proliferation more than alveolar epithelial

cells from CCR2 intact mice. These findings could pro-

vide a key to the protection from pulmonary fibrosis in

CCR2-deficient mice. Therefore, targeting MCP-1/CCR2

interaction provides a novel way to control progressive

fibrosis and vascular change beyond macrophage che-

motaxis and activation. Further, in this present study,

propagermanium and RS-504393 were proven to have

the similar anti-CCR2 inhibitory effect to that obtained

from CCR2-deficient mice. Thus, these findings imply the

potential clinical application of CCR2 antagonists such as

propagermanium and RS-504393 for progressive fibro-

sis, such as renal interstitial fibrosis.

In summary, our results suggest that the MCP-1/CCR2

is pivotal in the causation of renal interstitial damage and

that the blockade of CCR2 is an effective therapeutic

strategy for progressive fibrosis in the diseased kidneys.
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