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Diabetic nephropathy is associated with interstitial
macrophage infiltrates, but their contribution to dis-
ease progression is unclear. We addressed this question
by blockade of chemokine receptor (CCR)1 because
CCR1 mediates the macrophage recruitment to the re-
nal interstitium. In fact, when CCR1 was blocked with
BL5923, a novel orally available CCR1 antagonist, the
interstitial recruitment of ex vivo labeled macrophages
was markedly decreased in uninephrectomized male
db/db mice with advanced diabetic nephropathy. Like-
wise, BL5923 (60 mg/kg, twice a day) orally adminis-
tered from months 5 to 6 of life reduced the numbers of
interstitial macrophages in uninephrectomized db/db
mice. This was associated with reduced numbers of
Ki-67 proliferating tubular epithelial and interstitial
cells, tubular atrophy, and interstitial fibrosis in unine-
phrectomized db/db mice. Glomerular pathology and
proteinuria were not affected by the CCR1 antagonist.
BL5923 reduced renal mRNA expression of Ccl2, Ccr1,
Ccr2, Ccr5, transforming growth factor-�1, and colla-
gen I-�1 when compared with untreated uninephrecto-
mized male db/db mice of the same age. Thus, we iden-
tified a previously unrecognized role for interstitial
macrophages for tubulointerstitial injury, loss of peri-
tubular microvasculature, interstitial inflammation,
and fibrosis in type 2 diabetic db/db mice. These data
identify oral treatment with the CCR1 antagonist
BL5923 as a potential therapy for late-stage diabetic
nephropathy. (Am J Pathol 2007, 170:1267–1276; DOI:

10.2353/ajpath.2007.060937)

Diabetic nephropathy is worldwide a leading cause of
end-stage renal failure because available therapies can
slow but not prevent disease progression.1–4 Therefore,
development of new therapies that target additional dis-
ease mechanisms of diabetic nephropathy are greatly
needed. Recent experimental evidence links the progres-
sion of diabetic nephropathy to intrarenal inflammation
and leukocytic cell infiltrates.5–9 For example, mycophe-
nolate mofetil, methotrexate, and irradiation have recently
been shown to reduce urinary albumin excretion and
glomerulosclerosis in rats with streptozotocin-induced di-
abetic nephropathy.10–12 However, the molecular and
cellular mechanisms of intrarenal inflammation in diabetic
nephropathy remain poorly characterized. Clinical stud-
ies have noted increased serum levels of acute phase
markers of inflammation in patients with diabetic ne-
phropathy, but this may not represent intrarenal inflam-
mation.13,14 In this regard, the finding that patients with
diabetic nephropathy excrete high levels of the CC-che-
mokine monocyte chemoattractant protein 1 (CCL2, for-
merly MCP-1) in the urine may be more specific.15 In fact,
glomerular and interstitial macrophage infiltrates have
been recognized in human biopsy samples and rodent
models of diabetic nephropathy.10,12,16–21 Macrophage
infiltrates are usually associated with intrarenal inflamma-
tion,22,23 but their functional role for the progression of
diabetic nephropathy remains uncertain. Interestingly, in
intercellular adhesion molecule-1- or Ccl2-deficient dia-
betic mice, lower glomerular and interstitial macrophage
counts were associated with less glomerular and tubulo-
interstitial injury.24,25 The adhesion molecule intercellular
adhesion molecule-1 and the CC-chemokine CCL2 are
both involved in the complex multistep process of leuko-
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cyte recruitment from intravascular to extravascular com-
partments, ie, glomeruli and renal interstitium.26 In exper-
imental diabetic nephropathy, macrophages recruit
sequentially to these two compartments of the kidney.
Although glomerular macrophages appear at an early
stage, macrophages recruit to the interstitial compart-
ment only at an advanced stage of diabetic nephropa-
thy.19 Targeting a molecule that specifically mediates the
recruitment of macrophages to the renal interstitium
would represent a powerful tool to dissect the role of
interstitial macrophages in diabetic nephropathy.

We and others recently found that the chemokine re-
ceptor (CCR)-1 is critical for the recruitment of interstitial
macrophages.27 Lack or blockade of CCR1 enables
macrophage adhesion and transendothelial diapedesis
in mice and contributes to macrophage activation in in-
flammatory cytokine environments.28 Thus, CCR1 block-
ade may represent an appropriate tool to study the
contribution of interstitial macrophages to diabetic
nephropathy.

We hypothesized that blocking CCR1-dependent in-
terstitial macrophage recruitment would reduce tubu-
lointerstitial inflammation and tubular injury in diabetic
nephropathy, a hypothesis supported by our results.
We used db/db mice as a model of type 2 diabetes
because db/db mice develop kidney disease with
similarities to human diabetic nephropathy.29 Experi-
mentally, uninephrectomy was used to enhance the
development of advanced diabetic nephropathy.30

Uninephrectomized type 2 diabetic db/db mice were
treated with BL5923, a recently developed small mol-
ecule antagonist with a high specificity for human and
murine CCR1.31 BL5923 has almost identical activity
on human and murine CCR1 and allows oral adminis-
tration, two major pharmacological advantages over
previously available CCR1 antagonists.31

Materials and Methods

Animal Studies

Male 5-week-old C57BLKS db/db or C57BLKS wild-type
mice were obtained from Taconic (Ry, Denmark) and
housed in filter top cages with a 12-hour dark/light cycle
and unlimited access to food and water for the duration of
the study. Cages, bedding, nestlets, food, and water
were sterilized by autoclaving before use. All experimen-
tal procedures were approved by the local government
authorities. At the age of 6 weeks, mice underwent uni-
nephrectomy (1K mice) or sham surgery (2K mice)
through a 1-cm flank incision as previously described.30

In mice of the sham surgery groups, the kidney was left in
situ. 1K db/db mice were divided in three groups that
received either BL5923 (60 mg/kg, twice a day) in the
vehicle (0.5% hydroxyethyl cellulose) (Sigma-Aldrich,
Steinheim, Germany), vehicle only, or nil by oral gavage
from 5 months of age. Treatment was continued for 4
weeks, when tissues were obtained for histopathological
evaluation. Urine samples were obtained at monthly in-
tervals and analyzed for albumin/creatinine ratios as de-

scribed.28 Blood glucose levels were determined at
monthly intervals using a glucometer (Accu Check Sen-
sor; Roche, Mannheim, Germany). White blood counts
were determined with a Coulter counter (Beckman
Coulter GmbH, Krefeld, Germany).

Immunohistochemistry

All immunohistological studies were performed on paraf-
fin-embedded sections as described.28 The following rat
and rabbit antibodies were used as primary antibodies:
rat anti-Mac2 (glomerular macrophages, 1:50; Ceder-
lane, Ontario, ON, Canada), rat anti-F4/80 (interstitial
macrophages, 1:50; Serotec, Oxford, UK), rat anti-CD3
(lymphocytes, 1:50; Serotec), anti-Ki-67 (cell prolifera-
tion, 1:25; Dianova, Hamburg, Germany), anti-
mMECA-32 (endothelial cells, 1:50; Iowa Hybridoma
Bank, Iowa City, IA), and ND anti-mCCL5 (1:50; Pepro-
tech, Rocky Hill, NJ).

Histopathological Evaluation

From each mouse parts of the kidneys were fixed in 10%
formalin in phosphate-buffered saline and embedded in
paraffin. Four-�m sections were stained with periodic
acid-Schiff reagent or silver following the instructions of
the supplier (Bio-Optica, Milano, Italy). Glomerular scle-
rotic lesions were assessed using a semiquantitative
score by a blinded observer as follows: 0 � no lesion, 1 �
�25% sclerotic, 2 � 25 to 49% sclerotic, 3 � 50 to 74%
sclerotic, and 4 � 75 to 100% sclerotic, respectively.
Fifteen glomeruli were analyzed per section. The indices
for interstitial volume, interstitial collagen deposition, tu-
bular cell damage, and tubular dilatation were deter-
mined as described previously.28 Interstitial cell counts
were determined in 15 high-power fields (�400) by a
blinded observer.

Real-Time Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

Kidney segments from each animal were snap-frozen in
liquid nitrogen and stored at �80°C. RNA preparation
from cultured cells and kidneys as well as real-time RT-
PCR were performed as described.28 Controls consisting
of ddH2O were negative for target and housekeeper
genes. Oligonucleotide primers (300 nmol/L) and probes
(100 nmol/L) were used as listed in Table 1. Primers and
probes were from PE Biosystems, Weiterstadt, Germany.

In Vivo Assay of Renal Macrophage
Recruitment

F4/80-positive macrophages were prepared by immu-
nomagnetic selection from spleens of db/db mice as
previously described.28 Purity of isolated cells was
verified by flow cytometry. Separated cells were la-
beled with PKH26 (Red Fluorescent Cell Linker kit;
Sigma-Aldrich Chemicals), and labeling efficacy was
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assessed by flow cytometry. F4/80 macrophages
(3.5 � 105) in 200 �l of isotonic saline were injected
into the tail vein of 6-month-old db/db mice that had
received a single dose of either BL5923 or vehicle 3
hours before injection. Renal tissue was obtained after
3 hours, snap-frozen, and prepared for fluorescence
microscopy. The number of interstitial fluorescent cells
was determined in 15 high-power fields.

Determination of BL5926 Blood Levels

Blood samples (45 �l) were spiked with an internal stan-
dard (5 �l) and extracted with 200 �l of acetonitrile. After
centrifugation, 220 �l of the supernatant were dried and
redissolved in 60 �l of methanol and 40 �l of 0.1% formic
acid. The solution was centrifuged, and 10 �l of the
supernatant were analyzed by high-performance liquid
chromatography/mass spectrometry using the Rheos LC
high-performance liquid chromatography system (Erca-
tech AG, Bern, Switzerland). Eluent A was water with
1.5% formic acid plus 0.02% trifluoroacetic acid (TFA);
eluent B was acetonitrile/methanol (50:50, v/v) with 1.5%
formic acid plus 0.02% TFA. Column efflux was directly
introduced into the ion source of a Finnigan Quantum
Ultra MS detector. Quantitative analysis was performed
by selected ion monitoring over the respective quasi-
molecular ions. The calibration curve was performed in
triplicate. Data from blood samples were calculated
along the calibration curve and expressed in ng/ml.

Cell Culture Experiments

J774 murine macrophages (American Type Culture Col-
lection, Rockville, MD) were grown in RPMI 1640 medium
(GIBCO/Invitrogen, Carlsbad, CA) containing 10% heat-
inactivated fetal calf serum, 100 U/ml penicillin, and 100
�g/ml streptomycin at 37°C supplied with 5% CO2/air. A
proximal tubular epithelial cell line was maintained in
Dulbecco’s modified Eagle’s medium (GIBCO/Invitrogen)
containing 10% fetal calf serum and 1% penicillin-strep-

tomycin.32 Cells were kept in medium with or without fetal
calf serum for 24 hours before incubation with BL5923
(10 or 50 �g/ml). Proliferation of J774 murine macro-
phages and proximal tubular epithelial cells was as-
sessed after 72 hours using CellTiter 96 proliferation as-
say by adding 20 �l of CellTiter 96 Aqueous One solution
to each well and was kept for 1.5 hours at 37°C (Pro-
mega, Mannheim, Germany). The optical density was
measured at 492 nm.

Statistical Analysis

Data are presented as mean � SEM. Intravital micros-
copy data were analyzed using one-way analysis of vari-
ance followed by Student-Newman-Keuls test, using Sig-
maStat Software (Jandel Scientific, Erkrath, Germany).
Comparison of groups was performed using analysis of
variance and posthoc Bonferroni’s correction was used
for multiple comparisons. A value of P � 0.05 was con-
sidered statistically significant.

Results

Uninephrectomy Accelerates Diabetic
Nephropathy and Renal Ccr1 mRNA Expression
in db/db Mice

Albuminuria is the first functional marker of diabetic ne-
phropathy in humans and db/db mice. In fact, 2-month-
old db/db mice revealed increased albuminuria as com-
pared with wild-type mice of the same age (Figure 1A).
Uninephrectomy performed in db/db mice (1K) at 6
weeks of age was associated with higher albuminuria
levels as compared with sham-operated db/db mice
(2K). The nephrectomy-related impact on albuminuria
further increased until 5 months of age, consistent with
uninephrectomy accelerating diabetic nephropathy in
db/db mice.30 Uninephrectomy may simply increase al-
buminuria by hyperfiltration and not necessarily via a

Table 1. Primers and Probes Used for Real-Time RT-PCR

Target Sequence

Ccl2 Predeveloped TaqMan assay reagent from PE Biosystems
Ccl5 Predeveloped TaqMan assay reagent from PE Biosystems
Ccr1 Forward primer: 5�-TTAGCTTCCATGCCTGCCTTATA-3�

Reverse primer: 5�-TCCACTGCTTCAGGCTCTTGT-3�
Probe: 6 FAM-5�-ACTCACCGTACCTGTAGCCCTCATTTCCC-3�

Ccr2 Forward primer: 5�-CCTTGGGAATGAGTAACTGTGTGA-3�
Reverse primer: 5�-ACAAAGGCATAAATG-ACAGGATTAATG-3�
Probe: 6 FAM-5�-TGACAAGCACTTAGACCAGGCCATGCA-3�

Ccr5 Forward primer: 5�-CAAGACAATCCTGATCGTGCAA-3�
Reverse primer: 5�-TCCTACTCCCAAGCTGCATAGAA-3�
Probe: 6 FAM-5�-TCTATACCCGATCCACAGGAGAACATGAAGTTT-3�

Tgf-�1 Forward primer: 5�-CACAGTACAGCAAGGTCCTTGC-3�
Reverse primer: 5�-AGTAGACGATGGGCAGTGGCT-3�
Probe: 6 FAM-5�-GCTTCGGCGTCACCGTGCT-3�

Collagen I-�1 Forward primer: 5�-TGCTTTCTGCCCGGAAGA-3�
Reverse primer: 5�-GGGATGCCATCTCGTCCA-3�
Probe: 6 FAM-5�-CCAGGGTCTCCCTTGGGTCCTACATCT-3�

18s rRNA Predeveloped TaqMan assay reagent from PE Biosystems
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CCR1-dependent mechanism. Therefore, we examined
the renal expression of CCR1 in 1K and 2K db/db mice.
We have previously shown that intrinsic renal cells do not
express the chemokine receptor CCR1 in the mouse
kidney and that renal CCR1 expression originates from
infiltrating macrophages and T cells.33 Because appro-
priate antibodies that allow detection of CCR1 protein by
cell fluorescence or immunostaining in mice are not avail-
able, we used real-time RT-PCR to determine the expres-
sion of Ccr1 mRNA in kidneys of db/db mice. Kidneys of
2-month-old 2K db/db mice showed low Ccr1 mRNA
expression that markedly increased until 6 months of age
(Figure 1B). Renal Ccr1 mRNA expression further in-
creased in 1K db/db mice.

BL5923 Reduces Recruitment of Macrophages
to the Renal Interstitium of 1K db/db Mice

Next, we tested whether the pharmacokinetic profile of
the CCR1 antagonist BL5923 is affected by unine-
phrectomy and whether BL5923 can block macro-
phage recruitment to the renal interstitium of 1K db/db

mice. The pharmacokinetic data show that the half-life
of BL5923 is not prolonged in 1K db/db mice. The
plasma compound levels were identical in sham-oper-
ated and uninephrectomized db/db mice (Figure 2A).
Next, we performed cell transfer studies with ex vivo
fluorescently labeled F4/80-positive monocytes into
6-month-old 1K db/db mice that had been pretreated
with a single dose of either BL5923 or vehicle. Three
hours after injection, F4/80 cells were found to localize
to the interstitial compartment of 1K db/db mice (Figure
2B). Pretreatment with BL5923 significantly reduced
the numbers of labeled F4/80 cells that infiltrated into
the renal interstitium of 1K db/db mice (Figure 2C).
Next, we assessed white blood counts in mice treated
with BL5923. A single dose of BL5923 decreased white
blood counts in sham-operated and uninephrecto-
mized db/db mice [6.1 � 0.6 � 103/�l versus 3.2 �
0.8 � 103/�l (sham-operated) or versus 3.4 � 0.6 �
103/�l (uninephrectomized), P � 0.001, respectively].
These data provide the rationale for using BL5923 to
block interstitial macrophage recruitment in 1K db/db
mice, an accelerated model of diabetic nephropathy.

Figure 1. Effect of uninephrectomy on diabetic nephropathy of db/db mice.
A: Urinary albumin/creatinine ratios were determined in 2K wild-type mice
(black bars), 2K db/db mice (hatched bars), and 1K db/db mice (white bars).
Values represent means � SEM from 7 to 10 mice in each group. B:
Quantitative real-time RT-PCR analysis was performed on total cDNA derived
from kidneys of 2- or 6-month-old 2K db/db mice (black bars) or 6-month-
old 1K db/db mice (white bars). The cDNA was amplified using primers
specific for mCCR1 for 40 PCR cycles. The data shown are derived from
pooled cDNA samples from 6 to 10 mice of each group and are expressed as
ratio to respective 18s rRNA expression.

Figure 2. Pharmacokinetic profile of BL5923 and recruitment of monocytes
into the renal interstitium of db/db mice. A: BL5923 was applied once orally
at 60 mg/kg to groups of six 2K db/db mice (closed circles) or 1K db/db
mice (open squares). Blood samples were obtained at 30 minutes and 1
hour, 2 hours, 6 hours, and 24 hours, and the plasma level of BL5923 were
determined by HLPC/MS and expressed as mean � SEM in �g/ml. B: 1K
db/db mice 6 months of age were injected intravenously with PKH26-labeled
F4/80 monocytes isolated from spleens of donor db/db mice. Recipient mice
were pretreated with a single dose of either vehicle or BL5923 before
injection of the respective cells, and kidneys were obtained 3 hours after
injection of cells and examined by fluorescence microscopy. Fluorescence-
labeled cells locate to the renal interstitium. C: Cell counts for interstitial
labeled F4/80 monocytes were determined by fluorescence microscopy from
15 high-powered fields. Values are means � SEM. *P � 0.001. Original
magnifications, �400.

1270 Ninichuk et al
AJP April 2007, Vol. 170, No. 4



BL5923 Reduces Interstitial Macrophage
Counts and Tubulointerstitial Injury in 1K db/db
Mice

Because BL5923 can block interstitial macrophage re-
cruitment in 1K db/db mice, BL5923 treatment may have
beneficial effects on the progression of diabetic nephrop-
athy associated with tubulointerstitial injury and interstitial
fibrosis. We initiated oral administration of BL5923 (60
mg/kg, twice a day) or vehicle at 5 months of age in 1K

db/db mice. Treatment was continued for 4 weeks, when
urine samples and tissues were collected for the assess-
ment of diabetic nephropathy. During that period BL5923
treatment did not significantly affect blood glucose levels
or body weight, which were both markedly elevated in all
groups of db/db mice as compared with nondiabetic
wild-type mice (Figure 3, A and B).

Glomerular Injury

At 6 months of age, diabetic glomerulosclerosis was
more prominent in 1K db/db mice as compared with 2K
db/db mice (Table 2, Figure 4). BL5923 had no effect on
glomerulosclerosis or urinary albumin/creatinine ratios of
6-month-old db/db mice (Table 2, Figure 4). BL5923 did
not affect the number of Mac-2-positive glomerular mac-
rophages or Ki-67-positive proliferating glomerular cells
(Table 2, Figure 4). Blood urea nitrogen levels were com-
parable in vehicle- and BL5923-treated 1K db/db mice.

Tubulointerstitial Injury

Indices for flattened or necrotic tubular cells, tubular
dilatation, interstitial matrix, and interstitial volume as
markers of tubulointerstitial damage and renal fibrosis
were assessed in mice of all groups by morphometry.
BL5923 reduced all these markers in 1K db/db mice
although the reduction of interstitial collagen deposits did
not reach statistical significance (Figure 5). Interstitial
disease in vehicle-treated 1K db/db mice was associated
with a robust increase of interstitial F4/80-positive mac-
rophages, which were markedly reduced by BL5923
(Figure 4, Table 2). CD3-positive lymphocytes were ab-
sent in kidneys of 6-month-old db/db mice (not shown).
The reduction of interstitial macrophages was associated
with reduced numbers of Ki-67-positive proliferating tu-

Figure 3. Blood glucose levels, body weight, and proteinuria in db/db and
wild-type mice. Blood glucose levels (A) and body weight (B) were deter-
mined at monthly intervals in 2K wild-type mice (open triangles), 2K db/db
mice (black triangles), and 1K db/db mice (nil: black squares, dashed
line; vehicle: black squares; BL5923: open squares). Values represent
means � SEM.

Table 2. Serum, Urinary, and Histological Findings in Sham-Operated (2K) and Uninephrectomized (1K) Mice

2K 1K

Wild-type � nil
(n � 7)

db/db � nil
(n � 7)

db/db � nil
(n � 9)

db/db � vehicle
(n � 7)

db/db � BL5923
(n � 8)

Renal function
Urine albumin/creatinine 0.1 � 0.1 0.4 � 0.1 0.3 � 0.9 0.2 � 0.1 0.2 � 0.1
BUN (mg/dl) 27 � 5 42 � 18 51 � 10 37 � 6 37 � 7

Glomerulosclerosis score
0 (no lesion) 91 � 5 12 � 6 0 � 0 0 � 0 0 � 0
1 (1 to 24%) 6 � 2 20 � 2 4 � 5 3 � 4 3 � 5
2 (25 to 49%) 3 � 4 31 � 9 23 � 8 27 � 4 29 � 6
3 (50 to 74%) 0 � 0 26 � 11 32 � 3 39 � 5 33 � 4
4 (75 to 100%) 0 � 0 11 � 3 40 � 10 31 � 9 34 � 7

Cellular response
(cells/glomerulus or hpf)

Glomerular Ki-67� 0.2 � 0.1 0.5 � 0.1 0.8 � 0.4 0.9 � 0.2 0.8 � 0.3
Mac-2� 0.2 � 0.1 1.7 � 0.1 2.4 � 0.7 2.6 � 0.3 2.2 � 0.5
Interstitial F4/80� 2.8 � 0.3 8.4 � 1.3 14.4 � 2.1 14.1 � 2.2 2.3 � 1.5*
Ki-67� 0.7 � 0.2 1.4 � 0.3 3.9 � 1.5 3.8 � 1.2 0.7 � 0.3*
Tubular Ki-67� 0.5 � 0.2 1.7 � 0.2 5.7 � 1.5 5.0 � 0.4 2.2 � 0.5*

Peritubular capillaries (capillary
cross sections/hpf)

MECA-32� 123 � 13 75 � 11 81 � 10 79 � 9 103 � 11*

Values are means � SEM, *P � 0.05 versus vehicle.
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bular epithelial cells as well as proliferating cells in the
interstitial compartment (Table 2, Figure 4). BL5923 pre-
vented the reduction in MECA32-positive peritubular
capillary cross sections, which was observed in vehicle-
treated 1K db/db mice (Table 2). These findings show
that blocking CCR1-dependent interstitial macrophage
recruitment preserves tubulointerstitial injury in db/db
mice.

CCR1 Blockade Reduces Renal Expression of
Proinflammatory Mediators in 1K db/db Mice

Macrophages are a major source of proinflammatory and
profibrotic mediators in renal injury. Therefore, we as-
sessed whether the BL5923-induced reduction of inter-
stitial macrophage infiltrates affects the expression levels
of proinflammatory mediators in kidneys of 1K db/db
mice. We used real-time RT-PCR to quantify the mRNA
expression of chemokines and chemokine receptors that
drive renal leukocyte recruitment in chronic kidney dis-
ease.34 BL5923 reduced mRNA levels of Ccl2, Ccr1,
Ccr2, and Ccr5 in kidneys of 6-month-old 1K db/db mice

(Figure 6). Ccl5 mRNA expression levels were undetect-
able in kidneys of all groups. In addition, BL5923 re-
duced renal mRNA expression of transforming growth
factor (Tgf)-�1 and collagen I-�1, two markers of intersti-
tial fibrosis in mice (Figure 6). These data indicate that
blocking CCR1-dependent interstitial macrophage re-
cruitment reduces the renal expression of proinflamma-
tory mediators, ie, Ccl2, Ccr1, Ccr2, Ccr5, and markers of
interstitial fibrosis, eg, Tgf-�1 and collagen I-�1 in 1K
db/db mice.

CCR1 Blockade Inhibits the Proliferation of J774
Cells but Not of Tubular Epithelial Cells

Our finding that BL5923 reduces the number of prolifer-
ating cells in the tubular as well as interstitial compart-
ment raises the question whether these effects are di-
rectly mediated via CCR1 on these cells. We used J774
cells, a murine monocyte/macrophage cell line, and a
murine tubular epithelial cell line32 to assess Ccr1 mRNA
expression and to study the impact of BL5923 on the
proliferation rate of these cells. Ccr1 mRNA was not

Figure 4. Renal histopathology. Renal sections from mice of all groups were stained with periodic acid-Schiff solution or for the indicated markers as described
in Materials and Methods. For quantification, see Table 1. Original magnifications, �200 (F4/80� and Ki-67) and �400 (PAS).
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Figure 5. Renal fibrosis. A: Renal sections from mice of all groups were stained with silver. Images illustrate representative sections of kidneys from the respective
groups at 6 months of age. B: Morphometric analysis of cortical renal sections was performed as described in Materials and Methods. Values represent means �
SEM of the respective index from 7 to 10 mice in each group. WT, wild type. *P � 0.05 versus vehicle-treated 1K db/db mice. Original magnifications, �100.
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detectable in cultured tubular epithelial cells, whereas
J774 expressed Ccr1 mRNA at high levels (Figure 7A).
The proliferation rate of both cell lines was low within 48
hours in the absence of fetal calf serum but markedly
increased when fetal calf serum was added to the culture
dishes (Figure 7B). When BL5923 was added, the prolif-
eration rate of Ccr1-positive J774 cells significantly de-
clined. By contrast, BL5923 had no effect on the prolifer-
ation rate of Ccr1-negative tubular epithelial cells.

Discussion

We used a CCR1 antagonist to block interstitial macro-
phage recruitment in 1K db/db mice, an accelerated
model for advanced nephropathy of type 2 diabetes.
CCR1 blockade reduced interstitial macrophage infil-
trates, most likely by interfering with macrophage adhe-
sion to activated endothelial cells of peritubular capillar-
ies in the renal interstitium. Using intravital microscopy
we have recently shown that leukocyte adhesion is im-
paired in Ccr1-deficient mice or C57BL/6 mice treated

with BX471, another CCR1 antagonist.28 BL5923, the
orally available CCR1 antagonist used here, showed
comparable activity in 1K db/db mice in blocking the
recruitment of fluorescently labeled macrophages into
the renal interstitial compartment of 1K db/db mice. Ad-
hesion is an early and critical event in the multistep
process of leukocyte evasion from the circulation.26 Thus,
consistent with the low numbers of fluorescently labeled
intrarenal macrophages in BL5923-treated 1K db/db
mice, labeled macrophages could not retain at activated
peritubular capillaries but were carried away with the
peritubular blood flow. In addition, we found that CCR1
blockade reduces the proliferation of murine monocytes/
macrophages in the presence of serum. This may repre-
sent another mechanism by which BL5923 reduced the
number of interstitial macrophages in db/db mice. In fact,
the number of interstitial proliferating cells was reduced
in BL5923-treated db/db mice. Furthermore, we found
that a single dose of the CCR1 antagonist reduces the
white blood count in db/db mice. Chemokine receptors
not only mediate leukocyte recruitment to peripheral tis-
sues but are also involved in mobilizing monocytes from
the bone marrow into the intravascular compartment.35

The role of CCR1 in this process needs to be explored in
future studies. Together, CCR1 blockade is modulating
the number of renal interstitial macrophages by multiple
mechanisms, eg, lowering the number of white blood
cells in the intravascular compartment, blocking extrav-
asation into the renal interstitial compartment, and inhib-
iting macrophage proliferation.

Selectively manipulating the number of interstitial mac-
rophages in 1K db/db mice should allow determination of
their functional role for the progression of diabetic ne-
phropathy. Most interestingly, reduced numbers of inter-

Figure 6. Renal mRNA expression of proinflammatory mediators and mark-
ers of fibrosis. mRNA expression for the CC-chemokines Ccl2 and Ccl5 (A),
their respective CC-chemokine receptors Ccr1, Ccr2, and Ccr5 (B), Tgf-�1,
and collagen I-�1 (C) was determined by real-time RT-PCR using total renal
RNA pooled from 6 to 10 mice of each group. mRNA levels for each group
of mice are expressed per respective 18s rRNA expression.

Figure 7. BL5923 and the proliferation of J774 macrophages or tubular
epithelial cells. A: The Ccr1 mRNA expression levels were determined in
cultured J774 macrophages and tubular epithelial cells as described in Ma-
terials and Methods. Data are expressed as means � SEM of the ratio of Ccr1
mRNA and the respective 18s rRNA level. B: Proliferation of cultured J774
macrophages and tubular epithelial cells was assessed after 72 hours using
the CellTiter 96 proliferation assay as described in Materials and Methods.
Data are expressed at means � SEM of the optical density (O.D.) read at a
wavelength of 492 nm. *P � 0.05 versus medium � 10% fetal calf serum
(FCS).
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stitial macrophages were associated with improved peri-
tubular vasculature and the extent of tubulointerstitial
injury and interstitial fibrosis, all of which are important
predictors of disease progression in diabetic nephropa-
thy.36,37 These data indicate that the presence of macro-
phages in diabetic nephropathy contributes to renal
injury, a mechanism that may be referred to as “inflam-
mation.”6,7,9 Inflammatory or anti-inflammatory pheno-
types of renal macrophages are difficult to determine by
immunostaining but can best be determined by their
function in vivo.38 For example, interstitial macrophages
produce large amounts of proinflammatory mediators, ie,
cytokines and chemokines, which add to the mediators
produced by renal cells, ie, in a positive amplification
loop.33,39 This observation made in nondiabetic types of
kidney disease is likely also to apply to diabetic nephrop-
athy in humans because interstitial macrophage infil-
trates are common in diabetic nephropathy16 and pa-
tients with diabetic nephropathy excrete high levels of
CC-chemokines into the urine. For example, the urinary
excretion of CCL2 (formerly monocyte chemoattractant
protein-1) indicates intrarenal inflammation.15,40 Chemo-
kine expression involves activation of protein kinase C in
renal cells as well as immune cell infiltrates. Therapeutic
intervention targeting protein kinase C can disrupt this
positive amplification loop by reducing renal chemokine
expression, subsequent recruitment of immune cells, and
tubular injury in experimental and human diabetic ne-
phropathy.20,41 However, protein kinase C blockade can-
not address the role of single chemokine ligands in the
inflammatory lesion in diabetic nephropathy. Chow and
colleagues25 addressed the role of CCL2 in the patho-
genesis of experimental diabetic nephropathy by induc-
ing type I diabetes in Ccl2-deficient mice. Ccl2-deficient
mice were primarily protected from renal injury after
streptozotocin injection, which was associated with mark-
edly reduced macrophage infiltrates in the glomerular
and tubulointerstitial compartments. Although this study
supports an important role of CCL2 in the pathogenesis
of experimental diabetic nephropathy, the role of intersti-
tial macrophages for progression of diabetic nephropa-
thy remains unclear. The selective recruitment of a cer-
tain immune cell subset can better be achieved by
delayed blockade of a single chemokine receptor that
mediates the recruitment of this cell type to the compart-
ment of interest, ie, CCR1 for the recruitment of macro-
phages to the renal interstitium. Our data indicate that
interstitial macrophages are a major source and trigger of
intrarenal cytokine and chemokine production in experi-
mental diabetic nephropathy. Blocking CCR1-dependent
interstitial macrophage recruitment reduced the mRNA
expression of the CC-chemokine CCL2 in kidneys of 1K
db/db mice, for which a crucial role in the progression of
diabetic nephropathy was recently demonstrated.15,25 As
a consequence of reduced intrarenal chemokine signal-
ing and CCR1 blockade, subsequent leukocyte recruit-
ment was impaired in association with reduced renal
mRNA expression of the proinflammatory chemokine re-
ceptors Ccr1, Ccr2, and Ccr5, factors not expressed by
nonimmune renal cells in vivo.

Loss of peritubular capillaries is a well-known marker
for advanced interstitial injury and is thought to contribute
to renal ischemia, a major stimulus for fibroblast prolifer-
ation and production of extracellular matrix.42 In fact,
blocking CCR1-dependent interstitial macrophage re-
cruitment was also associated with less interstitial fibro-
sis. This was indicated by less renal Tgf-�1 and collagen
I-�1 mRNA expression as well as interstitial collagen
deposits in BL5923-treated 1K db/db mice. Direct effects
of BL5923 on intrinsic renal cells in the renal tubulointer-
stitium are unlikely. We did not observe direct effects of
BL5923 on tubular epithelial cells in vitro because these
cells lack CCR1 expression. Together, these data identify
a previously unrecognized role for interstitial macro-
phages for tubulointerstitial injury, loss of peritubular mi-
crovasculature, interstitial inflammation, and fibrosis in
type 2 diabetic db/db mice.
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