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ABSTRACT

Detailed studies were performed on diabetic kidneys derived from transgenic mice overexpressing the
mutant form (Thr286Asp) of Ca?*/calmodulin-dependent protein kinase Iloc (CaM kinase Ilot) in pancreatic
B-cells. Kidney weight/body weight ratio, urinary albumin/creatinine ratio, serum BUN level, and mesan-
gial/glomerular area ratio were all significantly higher in transgenic mice than in wild-type mice. cDNA
microarray analysis revealed 17 up-regulated genes and 12 down-regulated genes in transgenic kidney.
Among up-regulated genes, cyclin D2 (6.70-fold) and osteopontin (2.35-fold) were thought to play
important roles in the progression of diabetic nephropathy. Transgenic glomeruli and tubular epithelial
cells were strongly stained for osteopontin, a molecule which induces immune response. In quantitative
real-time RT-PCR analyses, expressions of not only M1 macrophage marker genes but also M2 macro-
phage marker genes were elevated in renal cortex of transgenic mice. Overall results indicate that CaM
kinase Iloe (Thr286Asp) transgenic mice serve as an excellent model for diabetic nephropathy.

Osteopontin
Cyclin D2

© 2008 Elsevier Inc. All rights reserved.

Diabetes mellitus (DM) is the most prevalent and serious meta-
bolic disease in the 21st century. DM is a disease characterized by
hyperglycemia and is caused by absolute or relative insulin defi-
ciency, sometimes associated with insulin resistance [1]. As a con-
sequence of its microvascular pathology, DM is the leading cause of
blindness, end-stage renal disease, and a variety of neuropathies
[2]. Approximately 30% of insulin-dependent DM patients suffered
from diabetic nephropathy, eventually underwent renal dialysis or
transplantation [3]. Nephropathy is thus a life-threatening compli-
cation of DM and is the leading cause of end-stage renal disease in
developed countries. The features characteristics of diabetic
nephropathy include persistent albuminuria, a progressive decline
in renal function, and, histopathologically, mesangial expansion fol-
lowed by glomerulosclerosis [4]. However, little was known about
the molecular mechanisms leading to end-stage renal disease in
DM. Spontaneously diabetic animals such as nonobese diabetic
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(NOD) mice developed only limited lesions such as mild mesangial
sclerosis [5]. The same was the case with chemically induced dia-
betic rodents [6]. To understand the pathogenesis of diabetic
nephropathy and to develop preventive and therapeutic methods
against it, suitable animal models for this disease were needed.

Recently we generated transgenic (TG) mice overexpressing the
mutant form (Thr286Asp) of Ca%*/calmodulin-dependent protein
kinase Iloe (CaM kinase Ilot) in pancreatic B-cells [7]. Western blot
and immunohistochemical analyses showed overexpression of
CaM kinase Ilo in pancreatic B-cells of TG mice. Cell proliferation
in TG islets was severely impaired as assessed by in vivo BrdU
labeling analysis. NF-kB accumulated in nuclei of TG B-cells at
postnatal day (P)21, which were associated with DNA laddering.
One hundred percent of TG mice developed severe hypoinsuline-
mic diabetes by P28. TG mice at P140-P168 developed severe renal
and retinal lesions, suggesting that the TG mice will be valuable as
a novel model of severe insulin-dependent DM.

In the present study, we performed detailed pathological anal-
yses of the diabetic kidneys in CaM kinase Ilot (Thr286Asp) TG
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mice. Furthermore, to identify susceptibility genes for the develop-
ment of diabetic nephropathy in the TG mice, changes of the gene
expression profile in the TG kidneys were surveyed by GeneChip
Expression Analysis.

Materials and methods

Diabetic model mice. CaM kinase Ila (Thr286Asp) TG male mice
[7] were backcrossed to CD1 female mice (Japan Charles River Inc.,
Yokohama, Japan) more than five times and males were used in the
present study. In all experiments, non-transgenic male littermates
were used as controls. CaM kinase Iloe (Thr286Asp) TG mice were
identified by PCR using primer sets of 5-CGA AGA TGT GCG ACC
CTG GAA TGA C-3’ and 5'-TTT GTC CAA TTA TGT CAC ACC ACA G-
3'. The procedures were approved by the Institutional Animal Care
and Use Committee guidelines at University of Toyama.

Histology and immunohistochemistry. Mice were deeply anesthe-
tized by an intraperitoneal injection of pentobarbital sodium
(1 mg/kg body weight). After the perfusion with ice-cold phos-
phate buffered saline (PBS) solution, the left kidney was excised,
decapsulated, weighed, and immersed in methyl Carnoy’s solution.
The right kidney was perfused with 4% paraformaldehyde (PFA)/
0.1 M phosphate buffer (PB), excised, decapsulated, and immersed
in 4% PFA/0.1 M PB. Both kidneys were embedded in paraffin and
sections of 4 pm thickness were cut in perpendicular direction to
long axis of the kidney for immunohistochemical and morphomet-
ric analyses. Sections were routinely stained with hematoxylin and
eosin. The tissues fixed in Methyl Carnoy’s solution were subjected
to an immunohistochemical study using a polyclonal goat antibody
against osteopontin (dilution 1:500; sc-10593, Santa Cruz Biotech-
nology, Santa Cruz, CA). The tissues fixed in 4% PFA/0.1 M PB were
subjected to an immunohistochemical study using a polyclonal rat
antibody against F4/80 (dilution 1:500; MCAP497, UK-Serotec Ltd.,
Oxford, UK). For the staining of osteopontin and F4/80, the tissue
sections were treated with 3% H,0, containing 0.1% sodium azide
for 5 min to block endogenous peroxidase activity. After washing
in Tris-buffered saline containing 0.05% Tween 20, the sections
were incubated with each primary antibody for overnight at 4 °C.
After washing, the sections were incubated for 10 min with Histo-
fine Simple Stain MAX-PO (G) for osteopontin and with Histofine
Simple Stain MAX-PO (R) for F4/80 (Nichirei Bioscience, Tokyo, Ja-
pan). Diaminobenzidine was used as a chromogen.

Morphometric analysis of the glomeruli. For morphometric analy-
sis of the glomeruli, sections were stained with hematoxylin-eosin.
In each animal, 20 glomeruli cut at its vascular pole were subjected
for morphometric analyses. A glomerular area was traced along the
outline of capillary loop using a computer-assisted color image
analyzer VH analyzer (Keyence, Osaka, Japan). Mesangial areas
were color-extracted, and calculated by VH analyzer. Percentages
of mesangial areas among glomerular areas were calculated.

Phenotypic characterization. The levels of blood glucose and
hemoglobin A in peripheral blood were determined using Accu-Chek
Compact (Roche Diagnostics Corp., Basel, Switzerland) and DCA2000
analyzer (Siemens Healthcare Diagnostics Inc., New York, NY), respec-
tively. Urinary albumin and creatinine levels were determined using
ELISA (Albuwell M; Exocell Inc., Philadelphia, PA) and creatinine assay
kit (Creatinine Companion; Exocell Inc.), respectively. Blood urea
nitrogen (BUN) concentrations were determined using commercial
reagent (BUN Kainos; Kainos Laboratory, Tokyo, Japan).

cDNA microarray analysis. Total RNA was extracted from whole
kidney at 12 weeks of age using a Trizol reagent (Invitrogen,
Carlsbad, CA) and an RNeasy Total RNA Extraction Kit (Qiagen K.K.,
Tokyo, Japan). Then, RNA samples were treated with RNase-free
DNase (Qiagen KXK.) for 15min at room temperature. cDNA
microarray analysis was performed as described [8] using

IntelliGene II Mouse CHIP (X2021, Takara Bio Inc., Otsu, Japan),
which were spotted with 4285 cDNA fragments of mouse known
genes and approximately 300 expressed sequence tags (ESTs). A list
of these genes is available at Takara Bio’s website (http://www.
takara-bio.com/index.htm). Antisense RNA was generated from kid-
neys by using an RNA transcript SureLABEL Core Kit (Takara Bio Inc.).
The antisense RNAs from wild-type (WT) kidney and TG kidney were
labeled with Cy3 and Cy5, respectively. Hybridization and washing
of the microarray were carried out according to the manufacturer’s
instructions. The microarrays were scanned in both Cy3 and Cy5
channels with a ScanArray Lite (Packard BioChip Technologies, Bille-
rica, MA). QuantArray software (Packard BioChip Technologies) was
used for image analysis. The data were further analyzed using Gene-
SpringGX software (Agilent Technologies, Santa Clara, CA) to extract
the significant genes.

Reverse transcription and quantitative real-time PCR analysis. To-
tal RNA (500 ng) extracted from renal cortex at 20 weeks of age
was reverse transcribed using TagMan Reverse Transcription (RT)
Reagents (Applied Biosystems, Foster City, CA). TagMan real-time
quantitative PCR was performed and analyzed according to the
manufacturer’s instructions. Commercially available primer and
probe sets for each gene (Applied Biosystems) were purchased.
Ten independent RNA samples were analyzed and normalized to
the values for 18S ribosomal RNA, whose level did not show a sig-
nificant difference between TG mice and WT mice.

Results
Phenotypic characterization of CaM kinase Ilo. (Thr286Asp) TG mice

The body weight at 20 weeks of age (Fig. 1A) was significantly
(p<0.001) less in the TG mice (30.9+1.3 g, n=18) than in the
WT mice (44.7 £ 1.5 g, n=18). Blood glucose levels (Fig. 1B) were
significantly (p <0.001) higher in the TG mice (792.2 + 78.8 mg/
dl, n=13) than in the WT mice (161.2 £ 12.0 mg/dl, n = 13). Hemo-
globin A;. levels (Fig. 1C) were also significantly (p < 0.001) higher
in the TG mice (9.44+0.61%, n=8) than in the WT mice
(3.40 £ 0.08%, n = 13). The ratios of kidney weight to body weight
(Fig. 1D) were significantly (p <0.001) higher in the TG mice
(3.76 £ 0.33%, n=14) than in the WT mice (1.37 £ 0.08%, n=12).
The ratios of urinary albumin to urinary creatinine (Fig. 1E) were
significantly (p < 0.01) higher in the TG mice (134.9 £ 27.6 mg/g,
n=9) than in the WT mice (17.5 £ 7.4 mg/g, n = 7). The BUN levels
in the serum (Fig. 1F) were significantly (p < 0.05) higher in the TG
mice (49.8 £ 6.8 mg/dl, n=7) than in the WT mice (28.6 + 3.6 mg/
dl,n=7).

Histological examination of kidneys

Glomerular injury in the diabetic mice can be characterized by
glomerular hyperplasia and mesangial matrix expansion [9]. We
examined the histological changes in the WT mice and TG mice
at the ages of 4-20 weeks (Fig. 2). The glomerular hyperplasia
and mesangial matrix expansion became apparent at 8 weeks of
age in the TG mice (Fig. 2G) and continued thereafter (Fig. 2H-]).
These lesions were never observed in the WT mice (Fig. 2A-E).
Mean glomerular surface area at 20 weeks of age (Fig. 2K) was sig-
nificantly (p <0.001) larger in the TG mice (9685.1 +328.7 um?,
n=60) than in the WT mice (5371.9 +198.1 um?, n =60). Mean
mesangial area at 20 weeks of age (Fig. 2L) was significantly (p <
0.001) larger in the age-matched TG mice (1759.0 + 148.4 um?,
n=60) than in the WT mice (513.0 + 25.8 um?, n = 60). The ratios
of mesangial area to glomerular area (Fig. 2M) were also signifi-
cantly (p < 0.001) higher in the TG mice (17.97 + 1.00%, n = 60) than
in the WT mice (10.13 + 0.35%, n = 60).
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Fig. 1. Phenotypic characterization of WT mice and TG mice at the age of 20 weeks. (A) Body weight. (B) Blood glucose levels. (C) Hemoglobin A levels. (D) Kidney weight/
body weight ratio. (E) Urine albumin/creatinine ratio. (F) Serum BUN levels. White bars and black bars indicate means + SE for WT mice and TG mice, respectively. Statistical
analyses were performed by Student’s t-test. p<0.05; p<0.01; ~p<0.001 compared with the values for age-matched WT mice.
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Fig. 2. Hematoxylin-eosin stainings of kidneys from WT mice (A-E) and TG mice (F-]) at the ages of 4 weeks (A, F), 8 weeks (B, G), 12 weeks (C, H), 16 weeks (D, I), and 20
weeks (E, J). Images are representative from studies of n = 3 mice for each age. Scale bars = 100 pm. Glomerular area (K), mesangial area (L), and mesangial/glomerular area
ratio (M) at 20 weeks of age. White bars and black bars indicate means * SE for WT mice and TG mice, respectively. Statistical analyses were performed by Student’s t-test.

""p <0.001 compared with the values for age-matched WT mice.

cDNA microarray analysis

In order to identify genes whose expression levels were changed
in the TG kidney, we carried out cDNA microarray analysis of mouse
kidneys at 12 weeks of age. Genes with mean fold change above 2.00
(17 genes including cyclin D2 and osteopontin) or less than 0.60 (12
genes including ornithine decarboxylase) were listed in Table 1.

Immunohistochemical detection of osteopontin and F4/80

Since osteopontin has been reported to induce infiltration of
macrophages [10], we performed immunohistochemical detection
of osteopontin and macrophage marker F4/80 [11] in the kidneys
of TG and WT mice at 20 weeks of age. The glomeruli and the tubu-
lar epithelial cells were much more strongly stained for osteopon-
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Table 1
Genes up- or down-regulated in CaM kinase Ilo. (Thr286Asp) transgenic kidney.
Gene name Function GenBank No. Fold
Up-regulated
Cyclin D2 Cell-cycle NM_009829 6.70
Sodium channel, nonvoltage-gated 1 beta lon transport NM_011325 4.40
Nectin-lke 1 Calcium ion binding NM_053199 3.40
Notch-regulated ankyrin repeat protein Regulation of transcription NM_025980 3.30
Calcium channel, voltage-dependent, gamma subunit 3 Calcium ion transport NM_019430 3.21
Pleckstrin homology domain containing, family B member 1 Protein binding NM_013746 3.18
RAS protein activator like 1 GTPase activator activity NM_013832 3.12
Receptor-interacting serine-threonine kinase 3 kB kinase/ NFkB cascade NM_019955 2.99
Membrane-spanning 4-domains, subfamily A, member 6D Signal transduction NM_026835 2.72
Granzyme A Apoptosis NM_010370 2.57
Osteopontin Immune response NM_009263 2.35
Guanine nucleotide binding protein, alpha 11 G-Protein signaling pathway NM_010301 2.34
Hydroxyacid oxidase 3 Fatty acid metabolic process NM_019545 2.23
Lipopolysaccharide binding protein Lipid binding NM_008489 2.15
Interleukin 21 receptor Interleukin receptor activity NM_021887 2.15
Interleukin enhancer binding factor 3 Protein amino acid methylation NM_010561 2.06
Catenin delta 2 Cell adhesion NM_008729 2.00
Down-regulated
Tumor rejection antigen gp96 Molecular chaperone NM_011631 0.59
Solute carrier family 21, member 1 Renal organic anion transport NM_013797 0.58
Carbonic anhydrase 4 Renal bicarbonate reabsorption NM_007607 0.56
Testis specific gene A2 Sperm mobility NM_025290 0.55
Pleckstrin T-cell activation NM_019549 0.53
Hydroxysteroid 11-beta dehydrogenase 1 Cortisol metabolism NM_008288 0.51
Lipoprotein lipase Lipid transporter activity NM_008509 0.473
Lymphocyte antigen 6 complex, locus E GPI anchor binding NM_008529 0.460
Mpv17 transgene, kidney disease mutant-like Molecular function NM_033564 0.421
Mouse ornithine decarboxylase Polyamine biosynthesis NM_013614 0.348
DNA segment, Chr 7, Roswell Park 2 complex, expressed Hydrolase activity NM_033080 0.332
Hemoglobin, beta adult minor chain Iron ion binding NM_016956 0.205

The fold changes are mean comparisons between transgenic kidney and wild-type kidney.

tin in the TG kidney (Fig. 3B) as compared to the WT kidney

(Fig. 3A). The tubulointerstitium was more strongly stained for

F4/80 in the TG kidney (Fig. 3D) as compared to the WT kidney

M1, M2 macrophage-associated mRNA expression

The levels of M1 and M2 macrophage-associated mRNAs in re-
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Fig. 3. Immunohistochemical detection of osteopontin (A, B) and F4/80 protein (C, D) in the kidneys of WT mice (A, C) and TG mice (B, D) at the age of 20 weeks. Images are
representative from studies of n = 2 mice for each genotype. Scale bars = 100 um. Quantitative real-time PCR analyses of macrophage marker mRNAs in renal cortex at the age
of 20 weeks (E-G). (E) mRNA levels of F4/80 as a pan-macrophage marker. (F) mRNA levels of M1 macrophage markers (CD11c, CCR2, TNFa, IL1B, MCP1, and NOS2). (G) mRNA
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p <0.001 compared with the values for age-matched WT mice.
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PCR. The mRNA level of F4/80, a mouse pan-macrophage marker,
was significantly higher (2.09-fold, p < 0.05) in the TG mice com-
pared to WT mice (Fig. 3E). M1 macrophage markers such as
CD11c, chemokine CCmotif receptor 2 (CCR2), tumor necrosis fac-
tor oo (TNFo), interleukin-1f (IL-1B), monocyte chemotactic pro-
tein-1 (MCP-1), and nitric oxide synthase 2 (NOS2) were then
analyzed. Among them, the mRNA levels of TNFa (1.77-fold) and
MCP-1 (4.77-fold) were significantly higher (p < 0.05 for both) in
the TG mice compared to WT mice (Fig. 3F). M2 macrophage mark-
ers such as mannose receptor C-typel (MRC1), chitinase 3-like 3
(CHI3I3), macrophage galactose N-acetyl-galactosamine specific
lectin 2 (MGL2), CD209a, and interleukin-10 (IL-10) were next ana-
lyzed. Among them, the mRNA level of CHI3I3 (5.72-fold) was sig-
nificantly higher (p < 0.001) in the TG mice compared to WT mice
(Fig. 3G).

Discussion

Recently we generated TG mice overexpressing the mutant
form (Thr286Asp) of CaM kinase Ila in pancreatic B-cells and re-
ported that they serve as a novel model of severe insulin-depen-
dent diabetes [7]. In the present study, the TG mice maintained
high levels of blood glucose and hemoglobin A;.. Urinary albu-
min/creatinine ratio as well as serum BUN level were significantly
elevated in the TG mice (Fig. 1), indicating that TG renal function is
impaired. Histological analyses of kidneys revealed that glomerular
area, mesangial area, and mesangial/glomerular area ratio all in-
creased in the TG mice (Fig. 2).

Renal hypertrophy is known as one of the pathological charac-
ters in early diabetic nephropathy. The activation of cyclin D kinase
activity is thought to play important roles in the growth of kidney,
especially by inducing renal tubule epithelial cell hypertrophy in a
cell cycle-dependent fashion [12]. Interestingly, the up-regulated
expression of cyclin D2 mRNA (6.70-fold) was found in the TG
kidney by cDNA microarray analysis (Table 1). Since cyclin D2 acti-
vates cyclin D kinase and by doing so, promotes the progression of
cell cycle, it should be reasonable to assume that cyclin D2 plays an
important role in the process of renal hypertrophy in the TG mice.

Osteopontin is a chemokine-like, extracellular matrix-associ-
ated protein with diverse functions [10,13]. In the present study,
the expression of osteopontin was increased by 2.35-fold in the
TG kidney (Table 1). The elevated expression of osteopontin in renal
cortex has also been reported in murine models of diabetes such as
streptozotocin-induced diabetic rats [14] and db/db mice [15]. Oste-
opontin is now supposed to play important roles in the formation of
renal lesions in DM. However, little was known how osteopontin
contributes to the progression of diabetic nephropathy.

One of the osteopontin’s functions is to locally recruit mono-
cytes and induce inflammatory immune response [13]. Macro-
phage infiltration has been reported to increase in diabetic
kidneys and thought to play significant roles in the progression
of diabetic nephropathy [16,17]. However, the characters of macro-
phages infiltrated in diabetic kidneys were not well documented.
There are at least two subtypes of resident macrophages in tissues
[18]. One is referred to as M1 macrophages, that are classically
activated by Th1 stimuli. M1 macrophages express high levels of
proinflammatory cytokines and enhances tissue inflammatory re-
sponse. Another is M2 macrophages, that are alternatively acti-
vated by Th2 stimuli. M2 macrophages express high levels of
anti-inflammatory cytokines such as IL-10, and participate in the
promotion of tissue repair, remodeling and vasculogenesis. To
determine which types of macrophages are dominant in the TG

kidneys, we performed real-time RT-PCR analyses for various mac-
rophage marker RNAs (Fig. 3). M1 macrophage markers such as
TNFo and MCP1, as well as M2 macrophage marker such as CHI313
were elevated in renal cortex of TG mice. This result indicates that
not only M1 macrophages but also M2 macrophages participate in
the formation of diabetic nephropathy in the TG mice.

Overall results indicate that the CaM kinase Ilot (Thr286Asp) TG
mice can serve as an excellent model for diabetic nephropathy. We
are now challenging to identify expression patterns of the individ-
ual genes up-regulated and down-regulated in the TG kidney
(Table 1; total 29 genes) both at the RNA level and at the protein
level. By doing so, it should be eventually possible to identify genes
responsible for diabetic nephropathy and develop potential thera-
pies against it.
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