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Macrophage Scavenger Receptor-A—Deficient Mice Are
Resistant Against Diabetic Nephropathy Through
Amelioration of Microinflammation

Hitomi Kataoka Usui,' Kenichi Shikata,! Motofumi Sasaki,’ Shinichi Okada,' Mitsuhiro Matsuda,'
Yasushi Shikata,' Daisuke Ogawa,' Yuichi Kido," Ryo Nagase,' Kosuke Yozai,' Sakiko Ohga,’
Atsuhito Tone,' Jun Wada,! Motohiro Takeya,? Seikoh Horiuchi,? Tatsuhiko Kodama,* and

Hirofumi Makino!

Microinflammation is a common major mechanism in the
pathogenesis of diabetic vascular complications, including
diabetic nephropathy. Macrophage scavenger receptor-A
(SR-A) is a multifunctional receptor expressed on macro-
phages. This study aimed to determine the role of SR-A in
diabetic nephropathy using SR-A-deficient (SR-A™'7)
mice. Diabetes was induced in SR-A~'~ and wild-type (SR-
A**) mice by streptozotocin injection. Diabetic SR-A*'*
mice presented characteristic features of diabetic nephrop-
athy: albuminuria, glomerular hypertrophy, mesangial ma-
trix expansion, and overexpression of transforming growth
factor-g at 6 months after induction of diabetes. These
changes were markedly diminished in diabetic SR-A~/~
mice, without differences in blood glucose and blood pres-
sure levels. Interestingly, macrophage infiltration in the
kidneys was dramatically decreased in diabetic SR-A™/~
mice compared with diabetic SR-A*’* mice. DNA microar-
ray revealed that proinflammatory genes were overex-
pressed in renal cortex of diabetic SR-A™* mice and
suppressed in diabetic SR-A™/~ mice. Moreover, anti—-SR-A
antibody blocked the attachment of monocytes to type IV
collagen substratum but not to endothelial cells. Our re-
sults suggest that SR-A promotes macrophage migration
into diabetic kidneys by accelerating the attachment to
renal extracellular matrices. SR-A may be a key molecule
for the inflammatory process in pathogenesis of diabetic
nephropathy and a novel therapeutic target for diabetic
vascular complications. Diabetes 56:363-372, 2007
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iabetic nephropathy is a major cause of end-

stage renal failure worldwide. The postulated

pathogenesis in the progression of diabetic

nephropathy includes activation of protein ki-
nase C (1), acceleration of the polyol pathway, overexpres-
sion of transforming growth factor (TGF)-B (2), and
accumulation of advanced glycation end products (AGEs)
(3,4). Recently, accumulated data have emphasized the
critical roles of inflammatory process in development of
diabetic nephropathy (5,6), suggesting that microinflam-
mation is a common mechanism in pathogenesis of dia-
betic vascular complications. Furuta et al. (7) reported
that infiltration of mononuclear cells is prominent in the
glomeruli of patients with diabetic nephropathy. Our
group also reported the accumulation of macrophages and
increased expression of cell adhesion molecules in renal
biopsy specimens from patients with diabetic nephropathy
(8). We pointed out that intercellular adhesion molecule-1
(ICAM-1) is overexpressed on endothelial cells and medi-
ates macrophage infiltration in diabetic kidney (8,9).
Furthermore, we demonstrated that blockade of the in-
flammatory axis of ICAM-1 activation to macrophage
infiltration ameliorates diabetic nephropathy using ICAM-
1-deficient mice (10).

Macrophage scavenger receptor-A (SR-A), cloned by
Kodama in 1990, is a multi-ligand and multifunctional
receptor expressed mainly on macrophages (11,12). A
number of studies have established the important roles of
SR-A in the atherosclerotic process. SR-A is involved in
foam cell formation, activation of macrophages, and adhe-
sion of macrophages to atherosclerotic lesions (13-17).
Recently, several investigators found that SR-A binds to
AGEs (18). Uesugi et al. (19) revealed the presence of
macrophages positive for AGE in glomerular lesions of
patients with diabetic nephropathy. Furthermore, high
glucose condition enhanced expression of SR-A on cul-
tured human monocytes (20). However, the role of SR-A in
diabetic microangiopathy remains unknown. The aim of
this study is to determine the role of SR-A in diabetic
nephropathy using SR-A—deficient (SR-A™/7) mice. We
induced diabetes in SR-A™/~ mice by streptozotocin and
compared the progression of renal injuries with SR-A*/*
mice. In addition, we conducted microarray and cell
adhesion assays to determine the role of SR-A in the
adhesion and infiltration of macrophages.
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FIG. 1. A: SR-A expression in glomeruli (a-d) and interstitium (e-h). SR-A was expressed only in diabetic SR-A*'* mice (¢ and g). Nondiabetic
SR-A*"* mice (a and e), nondiabetic SR-A™"~ mice (b and f), and diabetic SR-A™"~ mice (d and k) did not express SR-A. Original magnification:
a-d (X400), e-h (X200). B: Double staining of SR-A and CD 11b. SR-A (red) and CD11b (green) were detected in diabetic SR-A** mice kidney.

They were mostly co-expressed in merged picture.

RESEARCH DESIGN AND METHODS

Male mice deficient in macrophage type-I and type-II class A scavenger
receptors (SR-A~~ mice, C57BL/6J background) were obtained from Fuji
Gotenba Research Laboratories (Chugai Pharmaceutical, Shizuoka, Japan).
These mice were generated by disrupting exon 4 of the SR-A gene, which is
essential for the formation of functional trimetric receptors (15). Wild-type
C57BL/6J mice (SR-A™* mice) were used as control. SR-A~~ mice showed
normal growth with normal white blood cell count and differential count.
Experimental protocol

Eight-week-old male C57BL/6J mice (SR-A~'~ and SR-A™*mice) were divided
into four groups (n = 15 each): I) diabetic SR-A~'~ mice (DM-KO), 2) diabetic
SR-A**" mice (DM-WT), 3) nondiabetic SR-A™'~ mice (ND-KO), and 4)
nondiabetic SR-A™* mice (ND-WT). Diabetes was induced by peritoneal
injection of streptozotocin (Sigma Chemical, St. Louis, MO) at 200 mg/kg in
citrate buffer (pH 4.5). Mice of the nondiabetic group were injected with
citrate buffer. All mice had free access to standard diet and tap water. All
procedures were performed according to the Guidelines for Animal Experi-
ments at Okayama University Medical School, Japanese Government Animal
Protection and Management Law (No. 105) and Japanese Government Noti-
fication on Feeding and Safekeeping of Animals (No. 6). Mice were killed at 6
months after induction of diabetes. The harvested kidneys were weighed and
fixed in 10% formalin for periodic acid-methenamine silver (PAM) and Masson
trichrome staining, and parts of the remaining tissues were embedded in
optimal cutting temperature compound (Sakura Finetechnical, Tokyo) and
frozen immediately in acetone cooled on dry ice. Other remaining tissues were
snap frozen in liquid nitrogen and stored at —80°C.

Metabolic tests

Systolic blood pressure, A1C, total cholesterol, and serum creatinine were
measured once every month. Blood pressure was measured by the tail-cuff
method (Softron, Tokyo). Blood glucose was measured periodically by the
glucose oxidase method. A1C was measured by latex-agglutination assay.
Total cholesterol was measured by cholesterol oxidase-HDAOS [N-(2-hy-
droxy-3-sulfopropyl)-3,5-dimethoxyaniline, sodium salt] method. Serum lipid
peroxides were measured by thiobarbituric acid method at 6 months. Creat-
inine was measured by enzymatic method, and creatinine clearance (CCr) was
calculated. Urine was collected over 24 h with each mouse individually
housed in a metabolic cage and provided with food and water ad libitum.
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Urinary albumin concentration was measured using nepherometry. Results
were normalized to the urinary creatinine levels and expressed as urinary
albumin-to-creatinine ratio (UACR).

Light microscopy

PAM- and Masson trichrome-stained sections were analyzed. To evaluate
glomerular size, we examined 10 randomly selected glomeruli in the cortex
per animal under high magnification (X400) at 1, 3, and 6 months after
induction of diabetes. The area of the glomerular tuft and mesangial matrix
index (MMI) were measured using PhotoShop software version 6 (Adobe
Systems, San Jose, CA) and National Institutes of Health (NIH) image
software version 1.62, as described previously (10). MMI was defined as the
PAM-positive area in the tuft area, calculated using the following formula:
MMI = (PAM positive area)/(tuft area), at 6 months. The results were
expressed as means * SE (square micrometer for tuft area; arbitrary unit for
MMI).

Immunohistochemical staining

Immunoperoxidase and immunofluorescent staining were performed using
the methods described previously (10).

Immunoperoxidase staining. Fresh frozen sections were cut at 4-pm
thickness by a cryostat. To examine the expression of SR-A in kidney tissues,
rat anti-mouse SR-A I and II (2F8) monoclonal antibody (mAb) (Serotec,
Raleigh, NC) was applied, followed by biotin-labeled goat anti-rat IgG anti-
body (Jackson Immunoresearch Laboratories, West Grove, PA). Avidin-biotin
coupling reaction was performed on sections using Vectastain Elite kit
(Vector Laboratories, Burlingame, CA). To evaluate infiltration of macro-
phages, we applied rat anti-mouse monocyte/macrophage (F4/80) mAb (Sero-
tec), followed by biotin-labeled goat anti-rat IgG antibody. We examined 10
glomeruli per animal and counted F4/80-positive cells. The average number of
positive cells per glomerulus and interstitial tissue (number per square
millimeter) were used for the estimation. To evaluate TGF-8 expression,
TGF-B1/2/3 rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) was applied, followed by biotin-labeled donkey anti-rabbit IgG antibody
(Jackson Immunoresearch Laboratories). Glomerular TGF-B—positive area
was estimated in 10 glomeruli per animal, using NIH Image. Biotin-conjugated
anti-AGE mAb (clone 6D12) (Trans Genic, Kumamoto, Japan) was used to
recognize carboxymethyllysine.

Immunofluorescent staining. For double staining, 2F8 mAb followed by
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FIG. 2. Time course of UACR. UACR of diabetic SR-A*'* mice (DM-WT,
closed circle) increased progressively, whereas it was suppressed in
diabetic SR-A~"~ mice (DM-KO, open circle). UACR of nondiabetic
SR-A*"* mice (ND-WT, closed triangle) and nondiabetic SR-A~’~ (ND-
KO, open triangle) did not increase remarkably. Data are means + SE.
*P < 0.05 for DM-WT versus DM-KO.

Texas red-conjugated anti-rat IgG antibody (Cappel, Aurola, OH) and Alexa
Fluor 488 anti-mouse CD11b (BioLegend, San Diego, CA) were applied. To
clarify the difference in mesangial matrix proteins, we used rabbit anti-type IV
collagen antibody (Chemicon, Temecula, CA), followed by fluorescein isothio-
cyanate-labeled anti-rabbit IgG (Jackson Immunoresearch Laboratories).
Goat anti-receptor for AGE (RAGE) antibody (Chemicon) was applied,
followed by fluorescein isothiocyanate-labeled donkey anti-goat IgG antibody
(Jackson Immunoresearch Laboratories). Fluorescence pictures were ob-
tained using confocal laser fluorescence microscope (LSM-510; Carl Zeiss,
Jena) in the Central Research Laboratory, Okayama University Medical
School. Quantification of type IV collagen and RAGE immunofluorescence
intensity was performed as described previously (10). Briefly, image files were
opened using NIH Image, and intensity of expression was calculated using the
formula, x (density) X positive area (um?). The expression of type IV collagen
in each glomerulus was estimated as the ratio to the mean expression in
ND-WT. Ten glomeruli per animal were evaluated.

Affymetrix oligonucleotide microarray analysis

Total RNA was extracted from each specimen of renal cortex using RNeasy kit
(Qiagen, Valencia, CA) at 3 months. Preparation of cRNA and hybridization of
probe arrays (Mouse Genome 430 2.0) were performed according to the
manufacturer’s instructions (Affymetrix, Santa Clara, CA). These arrays
contain probe sets for >45,000 transcripts. After hybridization, microarrays
were washed, scanned, and analyzed with the GENECHIP software Microar-
ray Suite version 5.0 (Affymetrix). The criteria for selecting genes that were
induced or reduced by diabetic state were as follows: 1) genes whose flags
were “present”; 2) ratio of expression level of DM-WT >2 or <0.5 of that of
ND-WT; and 3) P < 0.05. We then selected 107 genes for further analysis. All
raw data values were replaced to log base 2 and subjected to hierarchical
clustering. Analysis was performed using Cluster and Tree View hierarchical
clustering software developed by Eisen et al. (21) (http:/rana.lbl.gov/).

Similarity was measured by standard correlation of the average difference
for each gene, which was normalized to itself by making a synthetic positive
control for that gene and dividing all measurements for that gene by this
positive control, assuming it was at least 1.0. This synthetic control was the
median of the gene’s expression values over all the samples. Each row
represents a single gene, and each column represents an experimental sample.
The ratio of the abundance of transcripts of each gene to the median
abundance of the gene’s transcript is represented by a color in the corre-
sponding sample in the matrix. Green squares indicate transcript levels below
the median; red squares indicate transcripts levels above the median.

Functional profiling of differentially regulated genes in DM-WT and DM-KO
was performed based on the Gene Ontology Consortium (http://www.geneon-
tology.org) terms (22). The gene annotation procedure was performed using
The Database for Annotation, Visualization, and Integrated Discovery 2.1 by
the National Institute of Allergy and Infectious Disease (http://david.abcc.
nciferf.gov/) (23). Out of the three available Gene Ontology Consortium
ontologies, the biological process annotation is presented in this article.
Quantitative analysis of osteopontin by real-time RT-PCR
Total RNA was extracted from each specimen of renal cortex using RNeasy kit
(Qiagen) at 3 months. Single-strand cDNA was synthesized from the extracted
RNA using an RT-PCR kit (Perkin Elmer, Foster City, CA) according to the
manufacturer. To evaluate mRNA expression of osteopontin (OPN) in renal
cortex, quantitative real-time RT-PCR was performed using Light Cycler and
Light Cycler-FastStart SYBR Greenl (Roche Diagnostics, Tokyo). After the
addition of primers (final concentration 0.3 pmol/1), MgCl, (3 mmol/l), and
template DNA to the maser mix, 45 cycles of denaturation (95 °C for 10 s),
annealing (62 °C for 10 s), and extension (72°C for 6 s) were performed. To
determine the specificity of each primer set, melting curve analysis was
performed. Accumulated levels of fluorescence were analyzed by the fit-point
method after melting curve analysis. The mRNA expression level of OPN was
normalized by B-actin in each sample, calculating the relative expression ratio.
For amplification of the cDNA, the following oligonucleotide primers specific
for mouse OPN (GenBank accession no. NM_009263) and mouse B-actin
(GenBank accession no. NM_007393) were used: OPN, sense 5'-TC
CAATCGTCCCTACAGTCG-3" and antisense 5'-CAACAGGGATGACATCGAG
G-3'; and B-actin, sense 5'-CCTGTATGCCTCTGGTCGTA-3' and antisense 5'-
CCATCTCCTGCTCGAAGTCT-3' (Nihon Gene Research Labs, Sendai, Japan).
Each experiment was performed twice.

Adhesion assay

Cell culture. Human umbilical vein endothelial cells (HUVECs) were pur-
chased from Asahi Techno Glass (Tokyo) and seeded on a gelatin-coated cell
culture flask (Becton Dickinson, Franklin Lakes, NJ) with the EGM-Endothe-
lial Cell Medium Bullet kit (Clontech Laboratories, Palo Alto, CA). HUVECs
were cultured at 37°C in humidified air containing 5% CO,. The human
monocytic cell line THP-1 (Japanese Collection of Research Bioresources,
Tokyo) was cultured in RPMI-1640 (Dainippon Pharmaceutical, Osaka, Japan)
supplemented with 10% fetal bovine serum (FBS) (Clontech).
Cell-to-substrate adhesion assay. THP-1 to be assayed for adhesion was
activated by phorbol myristate acetate (PMA; 50 ng/ml) for 2 h and suspended
in RPMI with 4% FBS. Mouse anti-human SR-A mAb (C6) (a gift from
Kumamoto University, Kumamoto, Japan) (20,24) and anti-human integrin 3,
adhesion-nonblocking mAb (Chemicon) were used for the assay. It was
designed to observe their inhibitory effect on THP-1 adhesion onto type IV
collagen and performed as follows. It was raised in SR-A-knockout mice by
immunizing human SR-A and shown to act as an anti-SR-A-neutralizing
antibody (20,24), and anti-human integrin B, adhesion-nonblocking mAb
(Chemicon) was performed as follows. Cells were preincubated with PBS
(control) and specific mAb (10 pg/ml) for 30 min at 4°C with mAb alone or in
combination with chelators (5 mmol/l EDTA). Then 5.0 X 10° cells/each well
were cultured on the Biocoat collagen IV cellware 24-well plate (Becton
Dickinson) at 37°C and 5% CO,. Adhesion was determined after 1 h of

TABLE 1
Metabolic data of four groups at 6 months

ND-WT ND-KO DM-WT DM-KO
Blood pressure (mmHg) 96.8 = 3.9 99.7 £ 7.6 106.0 = 2.7 110.1 = 1.5
Body weight (g) 31.0 = 0.7 32.2*+0.9 21.5 = 0.9%f 25.2 = 1.2%§
Kidney weight (mg/g body wt) 10.3 = 0.7 124 + 0.4 21.9 + 1.0%F 19.1 + 1.6%§
A1C (%) 3.7=*0.1 3.7+ 0.2 9.9 = 0.5%F 9.6 = 0.2%F
CCr (ml - min~! - g body wt™") 6.5+ 1.3 55+ 0.8 25.2 = 3.9%f 21.0 = 3.8*f
Lipid peroxides (nmol/ml) 2.8+ 0.3 45+ 0.9 22.6 + 6.57% 9.6 = 1.8%
Total cholesterol (mg/dl) 84.0 = 1.4 80.0 = 3.8 125.2 = 8.3%§ 94.0 = 3.9%9

Data are means * SE. *P < 0.0001 vs. ND-WT. P < 0.0001 vs. ND-KO. #P < 0.05 vs. ND-WT. §P < 0.05 vs. ND-KO. {P < 0.05 vs. DM-WT.
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FIG. 3. A: PAM (a--d) and Masson trichrome (e-h) staining of the kidney. Glomerular hypertrophy and mesangial matrix expansion (c¢) and
interstitial fibrosis (g) of diabetic SR-A*'* mice (DM-WT) were ameliorated in diabetic SR-A~'~ mice (DM-KO; d and h). a and e: Nondiabetic
SR-A*’* mice (ND-WT). b and f: Nondiabetic SR-A~~ mice (ND-KO). Original magnification X400 (a—-d) and X200 (e-h). B: Time course of
glomerular size. Glomerular size increased progressively in DM-WT (closed circle) and gradually in DM-KO (open circle). ND-WT (closed
triangle) and ND-KO (open triangle) did not show remarkable change. Data are means + SE. *P < 0.05 for DM-WT versus DM-KO. n = 4 in each
group. C: MMI at 6 months. MMI, calculated by PAM-positive area in the tuft area, was increased in DM-WT and suppressed in DM-KO. Data are

means = SE. *P < 0.005; **P < 0.001.

incubation (*mAb, *chelator). Unbound cells were removed by washing
three times with PBS, and adherent cells were fixed by 3.7% formalin.
Adherent cells were pictured using an inverted microscope (IX71) (Olympus,
Tokyo). The number of adherent cells (cells/135 um?) was expressed relative
to the mean number of the control.

Cell-to-cell adhesion assay. Cell-to-cell adhesion assay was performed
based on the method reported by Kataoka et al. (25). Briefly, HUVECs were
seeded onto a gelatin-coated 24-well cell culture cluster (Costar, Corning, NY)
until confluence. HUVECs were then stimulated with human interleukin
(IL)-1B8 (b ng/ml; Genzyme, Cambridge, MA) for 6 h and subsequently
overlayered with 20 pl of culture medium containing PMA-activated THP-1
(5.0 X 10° cells/ml). THP-1 was preincubated with mAb (5 p.g/ml) and control
(PBS) for 30 min. Antibodies were mouse anti-human integrin-8, adhesion-
blocking mAb (Chemicon), anti-human integrin-8, adhesion-nonblocking mAb
(Chemicon), and mouse anti-human SR-A mAb (C6). Adhesion was deter-
mined after a 1-h incubation period, as stated above. Adherent cells were
observed and pictured using an inverted microscope (IX71). The number of
adherent cells was expressed relative to the mean number of the control.
Immunofluorescence microscopy assay of cells

Immunofluorescence microscopy assay was performed as described previ-
ously (26). The above-mentioned cell-cell adhesion assay was performed on
gelatin-coated coverslips (Matsunami Glass, Tokyo). HUVECs and adherent
THP-1 were fixed in 3.7% paraformaldehyde in PBS for 15 min, washed with
PBS, permeabilized with 0.25% Triton X-100 containing Tris-buffered saline
(TBS-T) for 15 min, and blocked with 2% BSA in TBS-T. Incubation with
mouse anti-human CD68 mAb (Dako, Glostrup, Denmark) was performed for
1 h. After three washes, the cells were incubated with Alexa Fluor 488 goat
anti-mouse IgG antibody (Invitrogen, Carlsbad, CA). Actin filaments were
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visualized by Texas red-conjugated phalloidin (Invitrogen). Fluorescence
pictures were obtained using an inverted microscope (IX71).

Statistical analysis

All data are expressed as means = SE. One-way ANOVA followed by the
Scheffe method was used to compare the mean of group data. A P value <0.05
denoted the presence of a statistically significant difference.

RESULTS

Expression of SR-A in the kidney. We observed SR-A
expression in the kidneys of four animal groups. SR-A was
not expressed in renal tissues of ND-WT and SR-A~/~ mice
but was detected in glomeruli and interstitium of DM-WT,
in accord with macrophages (Fig. 14). SR-A (red) and
CD11b (green) were detected in DM-WT kidney. They
were mostly co-expressed in merged picture (Fig. 1B). No
signal of SR-A was detected in DM-KO (data not shown).
Metabolic data and time course of UACR. UACR
increased progressively during the 6-month observation
period in DM-WT. DM-KO showed lower UACR at 3
months. UACR at 6 months (DM-WT vs. DM-KO, 129.5 =
7.37 vs. 83.5 £ 9.64 png/mg) was significantly reduced in
DM-KO (Fig. 2). The other metabolic data are summarized
in Table 1. At 6 months, there was no significant difference
in systolic blood pressure between the groups. Although
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FIG. 4. A: Macrophage infiltration into the kidney. a—h: Macrophage (arrows) infiltration into glomeruli (¢) and interstitium (g) was remarkable
in diabetic SR-A** mice (DM-WT), whereas it was minimal in diabetic SR-A~'~ mice (DM-KO; d and h). a and e: Nondiabetic SR-A*'* mice
(ND-WT). b and f; Nondiabetic SR-A~~ mice (ND-KO). Original magnification X400 (a-d) and X200 (e-h). B: The number of intraglomerular
macrophages. Data are means = SE. **P < (0.001. C: The number of macrophages in interstitium. Data are means * SE. *P < 0.005; **P < 0.001.

body weight of diabetic mice was decreased compared
with nondiabetic mice, body weight of DM-KO was higher
than DM-WT. Kidney weight per body weight was lower in
DM-KO compared with DM-WT. There were no differences
in A1C and CCr between DM-KO and DM-WT. Lipid
peroxide was increased in DM-WT and significantly re-
duced in DM-KO. Total cholesterol was increased in
DM-WT and slightly reduced in DM-KO.

Light microscopy. Glomerular hypertrophy progressed
constantly in DM-WT. At 3 months, DM-KO presented
lower glomerular size compared with DM-WT. At 6
months, glomerular size of DM-KO was significantly lower
than DM-WT (DM-WT vs. DM-KO, 4.6 X 10° = 79.3 vs. 3.9
Xx10? + 79.9 pm? Fig. 34, a—d, and B). Quantitative anal-
ysis showed that MMI, which indicated mesangial expan-
sion, was significantly larger in DM-WT than in DM-KO
(DM-WT vs. DM-KO, 0.092 = 0.02 vs. 0.081 = 0.003
arbitrary units [AU]; Fig. 3C). In addition, Masson
trichrome-stained sections showed that interstitial fibrosis
was significant in DM-WT but mild in DM-KO (Fig. 3A4,
e-h).

Macrophage infiltration in the kidney. The number of
macrophages in the glomeruli was remarkably high in
DM-WT compared with nondiabetic mice. Interestingly,
macrophage infiltration into glomeruli was markedly sup-
pressed in DM-KO to a level similar to that in nondiabetic
mice (DM-WT vs. DM-KO, 2.7 = 0.19 vs. 0.6 = 0.08; Fig. 44,
a—d, and B). Similarly, macrophage infiltration into the
interstitium was increased in DM-WT but suppressed in
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DM-KO to a level similar to that in nondiabetic mice (Fig.
4A, e—h, and C).

Expression of TGF- and type IV collagens. Expansion
of the TGF-B—positive area was evident in glomeruli of
DM-WT compared with nondiabetic mice. In contrast, the
TGF-B—positive area was significantly reduced in DM-KO
(DM-WT, 315.6 = 31.2 pm? DM-KO, 122.5 + 26.9 um?; Fig.
bA, a—d, and B). Furthermore, the intensity of type IV
collagen fluorescence in glomeruli was slightly higher in
DM-WT than in DM-KO (DM-WT, 1.488; DM-KO, 1.362 AU,
Fig. bA, e-h, and O).

Expression of RAGE and AGE. RAGE expression and
AGE deposition were increased in both DM-WT and
DM-KO without significant difference between two groups.
RAGE was expressed in glomeruli, and AGE deposition
was increased in glomeruli and interstitium of the diabetic
kidney (Fig. 5D).

Gene expression analysis by microarray. We examined
gene expression profiles of four groups. We identified 107
genes; the ratio of expression level of DM-WT was >2 or
<0.5 of that of ND-WT. Of 107 genes, hierarchical cluster-
ing identified 48 genes that were significantly upregulated
only in DM-WT but not remarkable in DM-KO (cluster 4;
Fig. 6A). Functional annotation of these 48 genes revealed
that the most significant functions of them were related to
the immune or inflammatory process: response to stimu-
lus, defense response, and immune response (Fig. 6B).
These genes contained several macrophage-specific genes,
such as serum/glucocorticoid-regulated kinase and major
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FIG. 5. A: Expression of TGF-B and type IV collagen in the kidney. a—d: TGF-B was prominent in the glomeruli of diabetic SR-A*'* mice (DM-WT;
¢) compared with diabetic SR-A~'~ mice (DM-KO; d). e-h: Type IV collagen was slightly increased in DM-WT (g) compared with DM-KO (k). a and
e: nondiabetic SR-A™* mice (ND-WT). b and f: Nondiabetic SR-A~~ mice (ND-KO). Original magnification x400. B: TGF-B-positive area in
glomeruli. Data are means * SE. *P < 0.005. C: Collagen IV-positive area in glomeruli (folds versus ND-WT). Data are means = SE. *P < 0.005.
D: Expression of RAGE and AGE (carboxymethyllysine) in the kidney (RAGE, a-d; AGE, e-h). RAGE and AGE expression was increased in both
diabetic mice without significant difference. a and e, ND-WT; b and f, ND-KO; ¢ and g, DM-WT; and d and h, DM-KO. Original magnification x400.

histocompatibility complex class II, postulated previously
@27).

OPN mRNA expression by real-time RT-PCR. Of 48
genes upregulated in DM-WT and not in DM-KO, we
focused on OPN because it has been regarded as an
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important molecule in pathogenesis of diabetic nephropa-
thy (28-31). In addition, it was one of the most abundantly
expressed genes in renal cortex in our study. We per-
formed real-time RT-PCR of the OPN gene. OPN mRNA
expression was significantly higher in DM-WT (20 times
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FIG. 6. Clustering of differently expressed genes in renal cortex and real-time RT-PCR of OPN. A: Cluster analysis of differentially expressed
genes comparing nondiabetic SR-A**mice (ND-WT), diabetic SR-A*"*mice (DM-WT), diabetic SR-A~'~ mice (DM-KO), and nondiabetic SR-A~"~
mice (DM-KO). The dendrogram on the left of the cluster shows relatedness of gene expression change. On the right of the cluster diagram, four
groups of genes (1-4) are identified based on their gene expression changes. B: Genes in cluster 4 (upregulated only in DM-WT, but not
remarkable in DM-KO) were annotated with their biological function. C: The mRNA level of OPN was significantly increased in DM-WT and
significantly reduced to nondiabetic level in DM-KO. Data are means *= SE. **P < 0.0001.

ND-WT) and reduced in DM-KO relative to the nondiabetic
level (Fig. 60C).

Cell-substrate adhesion assay. The adhesion of macro-
phages to type IV collagen was detected without specific
antibody (control). Adhesion diminished by 40% after the
addition of anti-human SR-A mAb. Irrelevant antibody
(anti-human integrin-B, adhesion-nonblocking mAb) re-
duced the adhesion only by 20% relative to the control. The
addition of EDTA resulted in a significant blockade of
adhesion without any antibody. Anti-human SR-A mAb
further reduced adhesion by 50% relative to EDTA-added
control. Irrelevant antibody reduced adhesion by 20%
relative to the control (Fig. 7A and B).

Cell-cell adhesion assay. THP-1 adhesion to IL-1B-
activated HUVEC monolayer was observed without block-
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ing antibody (Fig. 7C). Mouse anti-human integrin-3,
adhesion-blocking mAb blocked the adhesion by 50% of
the control. In contrast, anti-human SR-A mAb and anti-
human Bl-integrin adhesion-nonblocking mAb reduced
adhesion only by 20% of the control (Fig. 7D). Considered
together, SR-A seems to contribute to macrophage trans-
migration into the subendothelial space (matrix).

DISCUSSION

Deficiency of SR-A resulted in amelioration of UACR,
glomerular hypertrophy, macrophage infiltration, and
overexpression of TGF-B in the kidneys in diabetic mice
without change of blood glucose and blood pressure
levels. Interestingly, these results were quite similar to
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FIG. 7. Cell to substrate/cell adhesion assay. A: Without EDTA, the
adhesion of macrophages to type IV collagen was reduced with anti-
human SR-A mAb. B: With EDTA, anti-human SR-A mAb furthermore
reduced adhesion compared with control. C: Imnmunohistochemistry of
THP-1 (green) adhesion on IL-1B-activated HUVEC monolayer (red).
Scale bar = 50 pm. Original magnification x400. D: Anti-human SR-A
mAb did not show marked inhibition of SR-A attachment. Data are
means = SE. *P < 0.05; **P < 0.001.

those of diabetic ICAM-1-deficient mice, which lacked
prominent macrophage infiltration into kidney tissue (10).
Cell adhesion assay confirmed that SR-A mediates adhe-
sion of monocytes to type IV collagen but not to endothe-
lial cells. In addition, DNA microarray analysis revealed
that proinflammatory genes were suppressed in the kid-
neys of DM-KO compared with DM-WT. The current
results emphasize the role of macrophages in the patho-
genesis of diabetic nephropathy and point to the contribu-
tion of SR-A to the progression of diabetic nephropathy
through inflammatory process.

Macrophage infiltration into subendothelial space oc-
curs through several steps, including rolling, sticking, and
transmigration. ICAM-1 is known to contribute to macro-
phage sticking on endothelial cells. In our study, we
confirmed equally overexpressed ICAM-1 in both DM-WT
and DM-KO (data not shown). Furthermore, anti—-SR-A
mAb did not block macrophage adhesion on endothelial
cells. Taken together, SR-A does not seem to modulate
ICAM-1 expression or ICAM-1-mediated macrophage ad-
hesion. Fraser et al. (32) first proposed a novel function of
SR-A as a cell adhesion molecule. They provided a mech-
anism for mononuclear phagocyte recruitment to ligand-
rich tissues such as in atherosclerotic lesions by SR-A.
They observed that rat mAb against murine SR-A I and II
(2F8) totally abolished divalent cation-independent adhe-
sion of murine macrophages to tissue culture plastic. In
addition, peritoneal macrophage from SR-A~’~ mice dis-
played reduced adhesion and spread over the first 24 h
after isolation (15). SR-A is known to bind to the following
extracellular matrix components: glycated collagen IV
(33), denatured type I collagen, native type IV collagen
(34), and fucoidan (13). Considered together, SR-A seems
to play a central role in trapping monocytes in the suben-
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dothelial space in various conditions such as atheroscle-
rosis and diabetic nephropathy.

It was striking that UACR and glomerular hypertrophy
of DM-WT progressed increasingly, whereas DM-KO pre-
sented gradual changes. These phenomena might reflect
the intensity of microinflammation caused by infiltrated
macrophage, at least in part. However, UACR and glomer-
ular size at 1 month was similar in both diabetic groups.
We speculate that hemodynamic effect may be an impor-
tant factor at an early phase of diabetic nephropathy in our
model. We found a slight difference in type IV collagen
levels between DM-WT and DM-KO. It might be exacer-
bated and accelerated in DM-WT by continuous inflamma-
tion in an extended observation period.

We performed DNA microarray analysis to compare
gene expression profiles of the kidneys and found 48 genes
that were upregulated in DM-WT but not in DM-KO.
Interestingly, most of their functions were related to
response to stimuli or defense and immune response,
suggesting that proinflammatory genes are overexpressed
in diabetic kidneys and suppressed by SR-A deficiency.
Alteration of these gene expressions might be caused by
functional changes of SR-A-deficient macrophage or re-
duced number of macrophages in the kidneys of DM-KO.
Among these genes, renal expression of OPN showed a
dramatic change between DM-KO and DM-WT. OPN is
known to act as a chemokine and a proinflammatory
cytokine. OPN is expressed in renal resident cells and
regarded as one of the key molecules in the pathogenesis
of diabetic nephropathy (30). Moreover, OPN is also
expressed on activated macrophage or T-cell, coordinates
macrophage migration and activation, and is required for
cell-mediated inflammatory responses (35,36). It also stim-
ulates expression of proinflammatory cytokines in macro-
phages (37,38). OPN seems to be involved in a vicious
cycle of macrophage infiltration and inflammatory process
in diabetic nephropathy, although further evaluation is
needed to clarify the mechanism of reduction of OPN in
SR-A~/" mice.

Recent studies have shown that SR-A binds to AGEs
(19,20). Gal-3 is also known to be expressed on macro-
phage and acts as AGE receptor. Pugliese et al. (39)
reported that Gal-3 knockout mice developed accelerated
glomerulopathy compared with wild-type animals. They
speculated that overexpressed RAGE exacerbated pro-
gression of diabetic nephropathy in their model. In our
study, RAGE expression was increased in diabetic kidney
without significant difference between DM-WT and DM-
KO.

Another possible mechanism is reduced oxidative
stress. Several studies indicated that SR-A increased H,0,
secretion through interaction with CD36 (40,41). We no-
ticed that SR-A~’~ mice exhibit reduced oxidative stress,
as suggested by lipid peroxide concentration. The reduc-
tion rate of lipid peroxides in DM-KO was as much as 42%
of DM-WT. This finding might be due to lack of SR-A and
its interaction with CD36 to generate reactive oxygen
species.

Body weight of DM-KO was slightly higher than DM-WT,
although metabolic data, including A1C and blood glucose,
were not different between the two groups. Interestingly,
these results are also consistent with those in ICAM-1-
deficient mice, although the mechanism remains unclear
(10). Babaev et al. (16) also reported that irradiated
C57/BL6 mice reconstituted with SR-A~/~ macrophages
revealed body weight gain.
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The control of the inflammatory process might be a
potential strategy for attenuating the progression of dia-
betic nephropathy. Utimura et al. (42) reported that long-
term anti-inflammatory therapy ameliorated experimental
diabetic nephropathy in rats. Recent studies from our
laboratories also revealed that the anti-inflammatory
agents could ameliorate experimental diabetic nephropa-
thy through inhibition of the inflammatory process, such as
expression of ICAM-1 and macrophage infiltration (43—45).

In conclusion, our results suggest that SR-A promotes
macrophage migration into diabetic kidneys by mediating
the attachment to renal extracellular matrix, including
basement membranes and mesangial matrix. SR-A may be
a key molecule for the inflammatory process in pathogen-
esis of diabetic nephropathy and a novel therapeutic target
for diabetic vascular complications.
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