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Abstract. SPARC (Secreted Protein, Acidic and Rich in Cys-
teine) is a matricellular protein that inhibits mesangial cell
proliferation and al so affects production of extracellular matrix
(ECM) by regulating transforming growth factor-g1 (TGF-B1)
and type | collagen in mesangial cells. This study is an inves-
tigation of the role of SPARC in streptozotocin (STZ)—induced
diabetic nephropathy (DN) of 6-mo duration in wild type (WT)
and SPARC-null mice. SPARC expression was evaluated by
immunohistochemistry (IHC) and by in situ hybridization
(ISH). Deposition of type | and IV collagen and laminin was
evaluated by IHC, and TGF-B 1 mRNA was assessed by [SH.
Renal function studies revealed no significant difference in
BUN between diabetic SPARC-null mice and diabetic WT
mice, whereas a significant increase in albumin excretion was
detected in diabetic WT relative to diabetic SPARC-null mice.
Diabetic WT animals exhibited increased levels of SPARC
mMRNA and protein in glomerular epithelial cells and in inter-
titial cells, in comparison with nondiabetic WT mice. Neither

SPARC mRNA nor protein was detected in SPARC-null mice.
Morphometry revealed a significant increase in the percentage
of the glomerular tufts occupied by ECM in diabetic WT
compared with nondiabetic WT mice, athough there was no
difference in the mean glomerular tuft area among groups. In
contrast, diabetic SPARC-null mice did not show a significant
differencein the percentage of the glomerular tufts occupied by
ECM relative to nondiabetic null mice. Tubulointerstitial fi-
brosis was ameliorated in diabetic SPARC-null mice compared
with diabetic WT animals. Further characterization of diabetic
SPARC-null mice revealed diminished glomerular deposition
of type IV collagen and laminin, and diminished interstitial
deposition of type | and type IV collagen correlated with
decreases in TGF-8 1 mRNA compared with WT diabetic
mice. These observations suggest that SPARC contributes to
glomerulosclerosis and tubul ointerstitial damage in response to
hyperglycemia through increasing TGF-8 1 expression in this
model of chronic DN.

SPARC (Secreted Protein, Acidic and Rich in Cysteine, Os-
teonectin, BM-40, 43-kD protein) isamatricellular protein that
does not function as a structural component of the extracellular
matrix (ECM) but has important interactions with matrix pro-
teins (1). The diversity of its biologic functions is exemplified
by its ability to modulate the interactions between cells and
ECM proteins such as collagen type | (2), inhibit cell prolif-
eration and cell adhesion (3), interact with certain growth
factors such as platelet-derived growth factor (PDGF) and
vascular endothelial growth factor (VEGF) (4), and induce the
expression of transforming growth factor-g1 (TGF-B1) in renal
cells (5,6). In vivo, SPARC is expressed during devel opment
(7) and is detected at sites of wound repair (8) and tissue
remodeling (9). SPARC has also been implicated in the pro-
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gression of renal injuries. In vivo, increased production of
SPARC mRNA is observed in visceral glomerular epithelial
cellsand in interstitial cells in the course of passive Heymann
nephritis (10) and in mesangial cells in the course of the
anti-Thy-1 mesangial proliferative glomerulonephritis (11). In
vitro, it has been demonstrated that SPARC may beinvolvedin
glomerular diseases by inhibiting mesangial cell proliferation
and also by promoting production of ECM through regulation
of TGF-B1 expression and type | collagen production by mes-
angial cells (5,11).

Diabetic nephropathy (DN) is one of the major complica-
tions and causes of death in diabetes (12). Increased thickness
of glomerular basement membrane and augmentation of ECM
are recognized as pathologic hallmarks of diabetes. The latter
particularly contributes to the reduction of filtration surface
area, which becomes important in advanced DN. Increased
synthesis of ECM components is associated with the accumu-
lation of mesangial matrix in DN, which is, at least partiadly, a
consequence of the activity of certain growth factors. Numer-
ous growth factors have been implicated in the development of
DN such as TGF-8, a potent stimulus for the production of
ECM through its regulation of the synthesis of ECM compo-
nents, e.g., collagen type | (13,14).

A study in humans demonstrated that significantly elevated
serum concentrations of SPARC could be detected in diabetic
patients with fibrosing renal injury as revealed by renal biopsy
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(15). In an experimental model of rat DN induced by strepto-
zotocin (STZ), areduction of SPARC is observed in the early
phase of injury, which coincides with the onset of diabetes-
related kidney growth (16). The role of SPARC in DN, espe-
cialy in the chronic phase of the disease, has not been exten-
sively investigated and remains obscure. Mice with a
homozygous deletion of the Sparc gene allow us to examine
therole of SPARC in the pathogenesis of various diseases (17).
Therefore, we conducted this study in SPARC-null mice to test
the hypothesis, suggested by the study in humans cited above
(15), that the absence of SPARC would ameliorate chronic DN.

Materials and Methods
Animals

The procedures used were approved by the local Anima Care
Committee of the University of Washington. The establishment of
SPARC-null mice has been previously described (17). SPARC-null
(=/-) mice and wild-type (WT) (+/+) mice were maintained in a
pathogen-free facility, where all animals had free access to water and
were fed the standard rodent chow composed of 24% of protein and
lessthan 4% of fat (Harlan TEKLAD, Madison, WI). A mixed genetic
background (F,) of 129/SvJ X C57BL/6J wild-type (WT) (+/+) and
SPARC-null (—/—) mice was used for this study.

Disease Model

Seven to ten-week-old male mice weighing 19 to 35 g at the onset
of the experimental protocol were randomly divided into two groups:
(2) a group in which mice were treated with STZ (Sigma Chemical
Co., St. Louis, MO) and (2) a group in which mice were treated with
citrate buffer adjusted to pH 4.5 (Sterile Water for Irrigation; Baxter
Healthcare Corp., Deerfield, IL). STZ was dissolved in sterile citrate
buffer and injected intraperitoneally into mice (120 mg/kg, up to 0. 4
ml) within 10 min of preparation. STZ or citrate buffer was admin-
istered at three time points occurring at 48-h intervals during the first
week of this study.

Serum glucose levels and body weight were examined every 2 wk
during the first 2 mo after injections and subseguently every 4 wk
until sacrifice. Blood was collected from the orbital sinus.

Urinary glucose level was monitored semiquantitatively with Uris-
tix reagent strips (Bayer Corporation, Elkhart, IN) every week during
the first 2 mo according to the manufacturer’s instructions. Grading
for urinary glucose was as follows; 0 (negative), 1+ (>100 mg/dl),
2+ (>250 mg/dl), 3+ (>500 mg/dl), 4+ (>1000 mg/dl), or 5+
(>2000 mg/dl). To render animals hyperglycemic without becoming
ketoacidotic, when the urinary glucose level of diabetic mice was
more than 5+, we administered long-acting insulin (Humulin U,
Ultralente, human insulin HI-610; Eli Lilly and Co., Indianapolis, IN)
subcutaneously at a dose of 1 unit three times every 2 d. Serum
glucose levels after insulin treatment of the mice remained above 200
mo/dl.

The genotype of each animal was confirmed by PCR analysis on
purified spleen DNA that was obtained at sacrifice.

Experimental Design

Twenty mice treated with STZ (SPARC-null mice, n = 13; WT
mice, n = 7) and 13 mice treated with citrate buffer aone (SPARC-
null mice, n = 7; WT mice, n = 6) were sacrificed 6 mo after these
injections. Six-hour urine samples were collected in each mouse one
day before sacrifice. A blood sample was obtained via cardiac punc-
ture at sacrifice. Kidneys were removed and rapidly processed for
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light microscopy, immunohistochemistry, and in situ hybridization
using conventional fixatives and techniques. Spleens were taken for
genotyping by PCR analysis and snap-frozen in isopentane.

Renal tissues from these mice were evaluated by immunohisto-
chemistry for SPARC, a-smooth muscle actin («SMA, a marker of
activated mesangial cells or myofibroblastic interstitial cells), Ki-67 (a
marker of proliferating cells), Mac-2 (a marker of monocytes/macro-
phages), type | collagen (component of ECM) and type IV collagen,
and laminin (components of the basement membrane). Expression of
SPARC mRNA and TGF-8 1 mRNA was evaluated by in situ
hybridization.

Preparation of DNA and Genotyping

The Dneasy Tissue Kit (Qiagen Inc.) was used for DNA isolation
from the spleens (up to 10 mg) according to the protocol of the
manufacturer.

Mice were genotyped using three PCR primers as described pre-
viously (Life Technologies BRL, Rockville, MD) (18): 5GAT-
GAGGGTGGTCTGGCCCAGCCCTAGATGCCCCTCACS, from the
5" end of the coding region of the SPARC gene; 5CACCCACA-
CAGCTGGGGGTGATCCAGATAAGCCAAGS3, from the 3 end of
the coding region, and 5GTTGTGCCCAGTCATAGCCGAATAGC-
CTCTCCACCCAAGS', which was annealed with a sequence within
the neomycin insertion region. A DNA product of 300 bp was dem-
onstrated in WT animals, and one of 550 bp was demonstrated in
SPARC-null mice. The DNA product isolated from heterozygotes was
characterized by the presence of both bands. The PCR reaction con-
tained DNA, 10 X PCR buffer, 50 mM MgCl,, 12.5 uM of each
primer, 10 mM dNTP (Life Technologies BRL), and 2.5 units of Taq
DNA polymerase (MBI Fermentas, Hanover, MD) in a 50-ul PCR
reaction. Cycling conditions were: 96°C for 1 min, followed by 40
cycles at 96°C for 30 s, 60°C for 45 s, 68°C for 4 min, and 74°C for
10 min.

Renal Morphology

Renal tissue was divided and fixed in either 10% neutral-buffered
formalin or in methyl Carnoy solution, as described previously (19).
Fixed tissues were processed, embedded in paraffin according to
standard protocols, and sectioned at 4 um. Slides were stained with
periodic acid methenamine silver (silver), with periodic acid-Schiff
(PAS), and with hematoxylin and eosin (H& E) using standard histo-
logic procedures. Semiquantitative scoring of glomerular sclerosis in
silver-stained tissue utilized five grades as described previously (20):
0 = norma glomerulus, 1+ = sclerosis involving less than 25% of
glomerular surface area, 2+ = sclerosis involving 25 to 50%, 3+ =
50 to 75%, and 4+ = sclerosisinvolving 75% to 100% of glomerular
surface area. Tubulointerstitial damage was also graded in the areas
where 100 glomeruli were counted as described previously (21): 0 =
no lesions showing cell infiltration and fibrosis, 1+ = minimal injury
(single focus of lesion), 2+ = mild injury (more than two isolated
foci), 3+ = moderate injury (more than five isolated foci), and 4+ =
severe injury (more than ten isolated foci or diffuse infiltration and
fibrosis).

I mmunohistochemistry

Four-micrometer sections of formalin- and methyl Carnoy-fixed,
paraffin-embedded tissue were processed by an indirect immunoper-
oxidase technique as described previously (19,22). The antibodies
used in this study arelisted in Table 1. Rabbit anti-mouse SPARC 1gG
from antiserum 5944 was affinity-purified as described previously
(23). This polyclona preparation immunoprecipitated SPARC from
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Table 1. Antibodies used to detect specific antigens in biopsy tissue®

Dilution of
Antigen Clone Primary Antibody Primary Reference
Antibody
K;-67 B56 Mouse 1gG1 monoclonal antibody anti-human K;-67 1:100 41
(BD Biosciences, San Diego, CA)
a-Smooth muscle actin -~ 1A4 Mouse monoclona 1gG2a anti-human a-smooth muscle 1:25 42
actin (DAKO)
Type | collagen Goat polyclona antibody anti-human collagen | 1:1000 43
(Southern Biotechnology, Birmingham, AL)
Type IV collagen Goat polyclona antibody anti-human collagen IV 1:600 44
(Southern Biotechnology)
Laminin Rabbit polyclonal antibody anti-rat laminin (Chemicon, 1:7000 45
Temecula, CA)
SPARC Rabbit polyclonal antibody anti-mouse SPARC (5944) 1:800 23
Mac-2 M3/38 Rat IgG monoclonal antibody anti-mouse Mac-2 1:5000 46

(CEDARLANE, Hornby, Ontario, Canada)

2 All antigens were detected in methyl Carnoy-fixed tissue, except for Mac-2, which was detected in formalin-fixed tissue. Laminin was
digested with Protease type XXIV (Sigma). K;-67 was used with the DAKO animal research kit to allow detection of a primary murine

antibody in murine tissues.

the conditioned media of murine glomerular mesangial cells, but did
not react with any protein from the conditioned media of mesangial
cells from SPARC-null mice (18). The specificity of the other anti-
bodies has been established as referenced. For al samples, negative
controls for the immunohistochemistry included substitution of the
primary antibody with an irrelevant 1gG from the same species or with
phosphate-buffered saline (PBS).

All slides were scored by an observer blinded to the origin of the
histologic specimen. Semiquantitative scoring of glomerular expres-
sion of aSMA, types | and IV collagen, and laminin was performed
using five grades as follows: 0 = no staining; 1+ = mesangial
staining involving less than 25% of the area examined; 2+ = seg-
mental mesangia staining involving 25 to 50% of mesangial areas
present; 3+ = mesangia staining involving 50 to 75% of the areas
examined; 4+ = diffuse mesangial staining involving more than 75%
of areas examined, as described previously (19). The number of
Mac-2-expressing cells and of Ki-67-positive cells in the glomerular
tuftswas identified by immunostaining and counted at a magnification
of X400. Both the number of the intraglomerular positive cellsand the
number of glomeruli were counted, and the data are presented as
stained cells per glomerular cross-section (gcs). Cells outside the
glomerular tufts were excluded from these counts. At least 20 con-
secutive cross-sections of glomeruli (counting only those glomeruli
containing more than 20 discrete capillary segments) were examined
with each of the above antibodies. The degree of tubulointerstitial
changes was graded on a scale from 0 to 4 as follows: 0 = normal
kidney; 1+ = minimal abnormalities affecting less than 25% of the
renal parenchyma; 2+ = mild, 25 to 50% involvement; and 3+ =
moderate, 50 to 75% involvement, 4+ = severe, more than 75% of
the kidney manifesting abnormalities.

Urine and Blood Samples

Serum glucose levels and semiquantitative urinary glucose levels at
sacrifice were examined as mentioned above using the Genuine One
Touch and One Touch Basic (Lifescan Inc., Milpitas, CA) and with
Uristix reagent stripes (Bayer Corporation), respectively. Blood urea
nitrogen (BUN) was determined by a commercial colormetric assay

(Sigma). Urine samples were evaluated for proteinuria using the
albumin/creatinine ratio. Albuminuria was evaluated using the Albu-
well (Exocell, Inc., Philadelphia, PA) mouse abumin ELISA, and
creatinine was measured using The Creatinine Companion (Exocell)
according to the protocols of the manufacturer.

Molecular Probes

The molecular probes used in this study have previously been
described (24,25):

1. SPARC: a 427-bp fragment of the human cDNA was inserted into
a pGEM-T Vector (Promega, Madison, WI).

2. TGF-B1: a974-kb (nt 421 to 1395) fragment of the mouse cDNA
was inserted into the Smal site of pGem7Zf+ (Promega), and was
agift from H.L. Moses, Dept. Cell Biology, Vanderbilt University,
Nashville, TN (26).

Both antisense and sense riboprobes were transcribed using
reagents from Promega, except [*>S]-UTP, which was obtained
from New England Nuclear (Boston, MA). The details of this
procedure have been published (27).

In Situ Hybridization

The in situ hybridization protocols have been described in detail
(27). Negative controls included hybridization performed on replicate
tissue sections using the sense riboprobe.

The extent of intraglomerular hybridization signal was graded
semiquantitatively by an observer who was blinded to the origin of the
histologic specimen: 0 = absent, 1 = mild (afew positive cells), 2 =
moderate (several positive cellsin a segmental distribution within the
glomerulus), 3 = severe (many positive cellsin adiffuse distribution).

Morphometric Analyses

Morphometric analysis was performed on H& E-stained and silver-
stained histologic sections as described previously (22). In a blinded
fashion, 15 consecutive glomerular cross-sections were photographed
with a digital camera (Olympus DP11, Olympus America Inc.,
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Melville, NY) and imported into Image-Pro Plus (Media Cybernetics,
Silver Spring, MD). The following parameters were measured for
each glomerular cross-section: (1) The number of glomerular nuclei
and the glomerular tuft area (independent of the urinary space) on
H& E-stained tissue and (2) the area of mesangial matrix and the
glomerular tuft area on silver-stained tissue.

Satistical Analyses

All values are expressed as the mean = SEM. Using the SPSS
program, version 10.0 for Windows (SPSS Inc. Chicago, IL), we
determined the survival rate by Kaplan-Meier test. Urinary glucose
was compared by a nonparametric Mann-Whitney U test. Other data
were examined with one-way ANOV A following Tukey post-hoc test.
A P < 0.05 was considered to be statistically significant.

Results
Survival Rate

Diabeteswasinduced by STZ injectionsin 29 mice, 17 from
SPARC-null mice and 12 from WT mice, at the beginning of
this study. Two SPARC-null mice and one WT mouse received
insulin injections subcutaneously during the first 2 wk. Seven
mice died (three SPARC-null mice and four WT mice) during
the initial 6 wk of observation, including the three mice that
received insulin injections. Uncontrolled severe hyperglycemia
and consequent dehydration were the presumed causes of death
of these mice. Two additional mice died during the remaining
course of the study, one SPARC-null mouse after 14 wk, and
one WT mouse after 20 wk of observation. Blood, urine, and
renal tissue specimens could not be collected from these ani-
mals. Twenty animals (13 SPARC-null mice and 7 WT mice)
survived for the entire 24-wk study. The survival rate of
diabetic animals through the entire 24-wk observation period
was 13 of 17 for SPARC-null mice and 7 of 12 for WT mice,
a difference without statistical significance (P = 0.33).
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Metabolic Characteristics and Renal Function

Metabolic parameters, body weight, and serum glucose level
are presented in Table 2. The body weight of diabetic groups
reached a nadir at 2 wk and gradually increased thereafter.
Nondiabetic groups had a significant body weight gain com-
pared with diabetic groups after 12 wk and at the end of the
study period.

Both diabetic groups had significantly elevated blood glu-
cose levels compared with the nondiabetic groups throughout
the 24-wk observation period. There was no significant differ-
ence in blood glucose levels between diabetic SPARC-null and
WT mice.

Renal function as measured by BUN revealed that diabetic
groups of both genotypes showed a significant increase in
BUN compared to nondiabetic groups (Table 2). However, no
significant difference in BUN was detected between diabetic
groups. Diabetic groups of both genotypes exhibited increases
in albumin excretion, with an increased albumin/creatinine
ratio compared with nondiabetic groups (Table 2). The albu-
min excretion of diabetic WT mice was significantly higher
than that of diabetic SPARC-null mice. Diabetic groups of both
genotypes had significant increasesin both urinary glucose and
urine volume, but there were no significant differences be-
tween the genotypes for these parameters (Table 2).

SPARC-Null Mice Show Reduced Accumulation
of ECM

No segmental or global glomerulosclerosis was observed in
renal tissue specimens obtained from nondiabetic WT or
SPARC-null mice (Figure 1, B and E). Diabetic WT mice
manifested extensive mesangial matrix expansion (Figure 1H),
whereas no apparent increase of mesangial matrix was ob-
served in diabetic SPARC-null mice (Figure 1K). No signifi-
cant increase in glomerular cell number was noted in diabetic

Table 2. Variables measured during the study period of STZ-diabetes

WT Mice with WT Mice with SPARC-Null Mice SPARC-Null Mice
Citrate Buffer STZ with Citrate Buffer with STZ
Body weight (g)
initial 25.6 + 0.8 309+23 233+05 24.8 + 0.9
2 wk 25.3 + 0.6¢ 266 + 2.1 228+ 0.3 235+ 1.0
12 wk 35.0 + 0.9° 29.2 + 1.3* 282+ 09 25.1 + 0.6%
24 wk 401+ 1.7 296 + 1.9° 313+12 26.0 + 0.9°
Serum glucose (mg/dl)
initial 107.2 + 6.1° 118.7 = 7.8 117.9 + 6.6 122.7 + 3.3
2 wk 107.0 + 8.5¢ 2782 + 22.5° 122.1 + 3.4 265.0 + 10.3°
12 wk 101.8 + 4.7 348.3 + 23.1° 97.6 =20 319.0 + 22.2°
24 wk 150.6 + 6.1 305.6 + 21.4° 155.1 = 17.1 367.9 + 32.0°
Blood urea nitrogen (BUN) (mg/dl) 155+ 1.7 359+ 27° 141+ 18 293+ 2.7°
Urinary-ug Albumin/mg creatinine 411+53 249.1 + 37.9% 435+ 39 178.8 + 13.3°
Urinary glucose 0 38+ 04° 0 35+0.3°
Urine volume (ul/6 h) 278.3 = 80.3 690.0 = 117.72 1714 = 353 809.0 = 103.3°

ap < 0.05, PP < 0.01 versus mice of the same genotype with citrate buffer injection.

°P < 0.05, 4P < 0.01 versus SPARC-null mice receiving the same treatment.
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Figure 1. Light microscopic features of the glomerular lesions. Representative glomerulus and tubulointerstitium of aWT mouse (A, B, C) and
SPARC-null mouse (D, E, F) treated with citrate buffer, stained with H&E (A and D), and silver methenamine (B, C, E, F). Representative
glomerulus and tubulointerstitium of a WT mouse (G, H, |) and SPARC-null mouse (J, K, L) treated with STZ, stained with H&E (G and J),
and silver methenamine (H, I, K, L). Widened mesangia areas are apparent in panels H and | only. Foca cellular infiltration and fibrosis
involving the interstitium are frequently observed in | and to alesser extent in L. No apparent change in glomerular cell number was detected
in any of the groups studied. Original magnifications: X200 in C, F, I, and L; X400 in all others.

mice compared with nondiabetic mice (Figure 1, A, D, G, and
J). Theresults of the semiquantitative analysis are summarized
in Table 3. There was no significant difference in the scoring
of glomerulosclerosis in silver-stained tissue between diabetic
and nondiabetic SPARC-null mice by semiquantitative grading
methods (see Materials and Methods). In contrast, diabetic WT
mice showed a significant increase in the scoring of glomeru-

losclerosis compared with nondiabetic WT mice (diabetic 1.12
*+ 0. 12 versus nondiabetic 0.26 = 0. 02; P < 0.01), which was
aso significantly elevated compared with diabetic SPARC-
null mice (WT 1.12 = 0. 12 versus SPARC-null 0. 53 £ 0. 05;
P < 0.01). In addition to the semiquantitative analysis, a
quantitative analysis using morphometry was performed for the
glomerular tuft area, glomerular matrix area, and glomerular
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Table 3. Semiquantitative analysis of histopathology: mesangial expansion and tubulointerstitial injury
Tubulointerstitial Injury
Treatment n? Glomerular Sclerosis®
0 1+ 2+ 3+ 4+
WT Citrate 6 0.26 = 0.02 6 0 0 0 0
STZ 7 1.12 + 0.12* 0 1 1 2 3
SPARC-null Citrate 7 0.41 = 0.07 7 0 0 0 0
STZ 13 0.53 = 0.05 2 7 3 1 0

2Total number of mice.

PP < 0.01 versus mice of the same genotype with citrate buffer injection.

¢P < 0.01 versus SPARC-null mice receiving the same treatment.

d Glomerular sclerosis was semiquantitatively scored in silver-stained tissue from 0 to 4 determined by percent of sclerosis of

glomerular surface area.

cellularity (Figure 2). By this approach, there was no difference
in the size of glomerular tuft among the four groups (Figure
2A). There were also no significant differences in mean cell
number per glomerular tuft area among the four groups (Figure
2, B and C). In silver-stained histologic sections, diabetic WT
mice demonstrated a significant increase in the area occupied
by matrix per glomerulus, in comparison with nondiabetic WT
mice (Figure 2D). In contrast, diabetic SPARC-null mice did
not show a significant difference compared with nondiabetic
null mice (Figure 2D). The same was true for the percentage of
matrix per tuft area (Figure 2E).

Tubulointerstitial lesions including focal leukocyte infiltra-
tion of the interstitium, fibrosis, and tubular dilatation and
atrophy, were frequently observed in diabetic WT mice com-
pared with diabetic SPARC-null mice (Figure 1, | and L; Table
3). No histologic changes in the vasculature were observed in
any of the four groups.

Reduced Glomerular Accumulation of ECM Is
Characterized by Type IV Collagen and Laminin
Deposition in SPARC-Null Mice

To assess the specific composition of the ECM, we per-
formed immunohistochemical staining for type | collagen, type
IV collagen, and laminin. Nondiabetic mice of both genotypes
demonstrated immunostaining for type IV collagen in the glo-
merular and tubular basement membranes. Glomerular staining
for type IV collagen in nondiabetic mice was focal in distri-
bution (Figure 3, B and E). A similar staining pattern for
laminin was observed in nondiabetic kidneys of both genotypes
(Figure 3, A and D). Diabetic WT mice demonstrated a sig-
nificant increase in immunostaining for type IV collagen pre-
dominantly localized to the mesangium (Figure 3H; Table 4).
Diabetic WT mice showed increased accumulation of laminin
in both mesangium and glomerular capillary walls, in compar-
ison with nondiabetic WT mice (Figure 3G; Table 4). In
contrast, immunostaining for type IV collagen and laminin in
diabetic SPARC-null mice compared with nondiabetic null
mice was less (Figure 3, J and K; Table 4). In diabetic WT
mice, deposition of type IV collagen and, to alesser extent, of
laminin was increased at sites of tubulointerstitial fibrosis
compared with diabetic null mice (Figure 3, G, H, J, and K).

Glomerular staining for type | collagen was consistently neg-
ative in both SPARC-null and WT mice (Figure 3, C, F, |, and
L), but increased interstitial staining of this collagen was noted
in both diabetic mice and was significantly enhanced in dia-
betic WT compared with diabetic null animals (Figure 3, | and
L; Table 4).

Diabetic WT Mice Exhibit Increased Levels of SPARC
mRNA and Protein

In nondiabetic WT mice, immunostaining revealed uniform
expression of SPARC within the cytoplasm of visceral glomer-
ular epithelial cells but no expression within the tubulointer-
stitium (Figure 4A). In contrast, in diabetic WT mice, SPARC
expression appeared increased within the glomerular epithelial
cells, but with occasional de novo expression by parietal epi-
thelial cells (Figure 4, B and C). SPARC protein was not
detected in mesangial cells. Immunostaining for SPARC was
detected in the interstitial cells in association with areas of
tubulointerstitial injury, but not within tubular epithelia cells
in the diabetic mice (Figure 4D). No immunostaining for
SPARC was observed in renal tissue obtained from SPARC-
null mice (data not shown).

In situ hybridization using a SPARC antisense riboprobe
reveadled that SPARC mRNA and protein were essentialy
coincident. In nondiabetic WT mice, only a weak signal was
present in glomeruli (Figure 4E). In contrast, diabetic WT
glomeruli showed a significant increase in levels of SPARC
mMRNA (diabetic 2.7 = 0.2 versus nondiabetic 1.3 + 0.2, P <
0.01), which appeared to localize to visceral epithelial cells
within the glomerular tufts (Figure 4F). In addition, diabetic
WT mice exhibited de novo expression of SPARC mRNA in
some parietal epithelial cells (Figure 4G) and increased
SPARC mRNA in areas of tubulointerstitial injury (Figure
4H). SPARC mRNA was not detected in the interstitium of
non-diabetic WT mice (Figure 4E). SPARC mRNA was not
detected either in nondiabetic or diabetic SPARC-null mice
(data not shown). Minimal background accumulation of silver
grains was present on the tissue exposed to the sense probe
control (data not shown).
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Figure 2. (A) Mean glomerular tuft area (um?), (B) mean cell number per glomerulus, (C) mean cell number per um? of glomerular tuft area,
(D) mean area of ECM per glomerulus (um?), (E) and percentage of ECM per glomerular tuft areain WT and SPARC null-mice with citrate
buffer treatment (blank bar) and STZ treatment (black bar). Bars represent SEM; *P < 0.05.

Sight Elevation of «SMA |Is Apparent in Diabetic WT
and SPARC-Null Mice

We asked whether a phenotypic change of mesangial cellsor
interstitial cells occurs in this model of experimental diabetes.
Accordingly, tissue was stained for the mesangia activation
marker «SMA. All renal specimens obtained from SPARC-
null and WT mice demonstrated intense staining for aSMA by

the smooth muscle cells of muscular arteries. A few glomeruli
in nondiabetic mice exhibited mesangial «SMA, usualy in a
segmental distribution within the glomerular tuft. No differ-
ence in aSMA expression was noted between diabetic and
nondiabetic SPARC-null mice, whereas diabetic WT mice
showed a dight elevation of «SMA in comparison with non-
diabetic WT mice and diabetic SPARC-null mice (Table 4).
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Figure 3. Immunohistochemical staining for ECM components. |mmunohistochemistry for laminin (A, D, G, J), type IV collagen (B, E, H, K),
and type | collagen (C, F, I, L) in acitrate buffer—treated WT mice (A through C) and SPARC-null mice (D through F) and STZ-treated WT
mice (G through 1) and null mice (J through L). Diabetic WT mice demonstrate an increase in collagen 1V and laminin in a mesangia pattern
(arrowheads) that is not present in the SPARC-null mice. Deposition of type IV and type | collagens, and to a lesser extent laminin, was
increased in the interstitium of diabetic WT mice (arrows). Origina magnifications: X200 in C, F, I, and L; X400 in al others.

Slight increases in «SMA staining were aso observed in the
interstitial cells obtained from the diabetic groups, but there
were no apparent differences between genotypes (Table 4).
aSMA was not expressed by tubular epithelium.

The mean number of proliferating cells in glomeruli as
determined by Ki-67, and the mean number of monocytes/
macrophages in glomeruli labeled with Mac-2, showed no
significant differences between groups (Table 4).

Decreased Expression of TGF-B 1 mRNA in SPARC-
Null Mice

Weak expression of TGF-B1 mRNA was detected in a
pattern consistent with mesangial cell expression in nondia-
betic mice of both genotypes, without clear differences (Figure
5, A and B). Diabetic WT mice showed a significant increase
in glomerular expression of TGF-B 1 mRNA, relative to non-
diabetic WT mice (nondiabetic 1.3 = 0.3 versus diabetic 2.5 =
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Table 4. Immunohistochemical analyses of STZ-diabetes in WT and SPARC-null mice®

WT Mice with WT Mice with SPARC-Null Mice SPARC-Null
Citrate Buffer STZ with Citrate Buffer Mice with STZ
K;-67 positive (cells/gcs) 06+0.1 0.7+ 0.2 04+01 05+0.1
Mac-2 positive (cells/ges) 08+ 0.2 1.6+04 0.7+ 0.1 1.1+02
aSMA
glom 0.07 = 0.03 0.32 + 0.09"™ 0.10 = 0.04 0.13 + 0.02
int 0.2+ 0.2 0.8+ 0.3° 01+01 0.7 + 0.2°
Collagen 1V
glom 1.8 £ 0.02 24 +0.1° 1.7+ 02 22+01
int 0.0+ 0.0 2.8+ 0.3 0.0+ 0.0 1.8 +0.3°
Laminin
glom 1.3+0.1 2.1+ 0.1¢ 1.3+0.1 16 +0.1
int 0.0+ 0.0 23+ 0.3° 0.0+ 0.0 1.6 = 0.1°
Collagen |
glom - - - -
int 03*=0.2 29+ 0.3 0.3+0.2 1.7 +0.2°

2gcs, glomerular cross section; glom, glomerular; int, interstitial. Glomerular expression of «aSMA, types | and 1V collagen, and laminin
was semiquantitatively scored using five grades from 0 to 4 determined by percent of mesangial staining of the mesangial area examined.
The degree of tubulointerstitial changes was graded on a scale from 0 to 4 determined by percent of affected area of the renal parenchyma.

PP < 0.05, °P < 0.01 versus mice of the same genotype with citrate buffer injection.

4P < 0.05, P < 0.01 versus SPARC-null mice receiving the same treatment.

0.2; P < 0.01; Figure 5, A and C). There was no significant
difference in glomerular TGF-B1 mRNA between diabetic
SPARC-null mice and nondiabetic null mice, although there
was a trend toward increased production in the former groups
(nondiabetic 1.4 = 0.3 versus diabetic 1.9 = 0.2; P = 0.09;
Figure 5, B and D). The intensity of TGF-B1 mRNA was
substantially decreased in diabetic SPARC-null compared with
diabetic WT mice, but the difference between these two groups
did not reach significance (WT 2.5 = 0.2 versusnull 1.9 == 0.2;
P = 0.054).

TGF-B1 mRNA was barely detectable in the interstitium of
nondiabetic mice (Figure 5, A and B), whereas in diabetic
mice, especialy WT, TGF-81 mRNA was markedly aug-
mented in areas of tubulointerstitial injury (Figure 5, C and D).

Discussion

There are a number of features of the matricellular protein
SPARC that indicate it could play an important role in the
pathogenesis and evolution of diabetic nephropathy. These
include its ability to induce synthesis of TGF-B1 by mesangial
cells, leading to production of ECM components (5), its local-
ization in myofibroblast-like interstitial cells in humans in
settings of interstitial fibrosis (24), areport of increased circu-
lating levels of SPARC in diabetic patients with fibrosing renal
injury (15), and evidence that SPARC participates in early
events of diabetic nephropathy as revealed in STZ-induced
diabetes in the rat (16). This study used genetically modified
mice deficient in SPARC as one approach to test the impor-
tance of SPARC in mediating a well-characterized model of
experimental DN. Two principal findings emerged from this
study: (1) in the absence of SPARC, the severity of DN is
markedly diminished; (2) the absence of SPARC was corre-

lated with the suppression of the normally increased production
of TGF-B1 that occurs in this model, indicating one mecha-
nism for the diminished accumulation of ECM that is observed
in diabetic SPARC-null mice.

In this study, increased production of SPARC mRNA and
protein was detected in diabetic WT mice compared with
nondiabetic WT mice. In both diabetic and nondiabetic WT
mice, SPARC expression in glomeruli was detected only in
podocytes. This pattern of expression by podocytes is consis-
tent with previous reports in rats (10,28,29) and humans (24),
athough it has been reported under some disease conditions
that mesangial cells produce SPARC as well (11,28). Mesan-
gial production of SPARC was not detected in this study.
Increased expression of SPARC in diabetic WT mice com-
pared with nondiabetic WT mice was aso detected in intersti-
tia cells in areas of interstitial injury. This result is aso
consistent with data on renal interstitial fibrosisin rats (29) and
humans (30).

The WT diabetic animals developed the characteristic fea
tures of STZ-induced DN as previoudly established: mesangial
matrix expansion in the glomeruli, tubul cinterstitial injury, and
an absence of vascular pathology (31). The reduced severity of
DN in SPARC-null compared with WT mice was defined by
the following features: (1) reduction of mesangial matrix ex-
pansion with diminished accumulation of type IV collagen and
laminin and (2) decreased interstitial injury with diminished
deposition of type IV and type | collagen in the tubulointersti-
tium. A functional correlate to this morphologic improvement
was a significant decrease in albumin excretion in the diabetic
SPARC-null mice as compared with diabetic WT mice. These
results are particularly relevant to human DN, which is char-
acterized by increased expression of type IV collagen and
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Figure 4. Expression of SPARC protein and mRNA. Immunostaining for SPARC in nondiabetic WT mice (A), and diabetic WT mice (B
through D). (A and B) SPARC protein was uniformly expressed by visceral glomerular epithelial cells. (C) SPARC protein in parietal epithelial
cells was occasionally detected (arrowhead). (D) Increased SPARC immunostaining was detected in interstitial cellsin area of tubulointerstitial
damage (arrowheads). In situ hybridization using a SPARC antisense riboprobe (E through H) performed on tissue sections from WT mice (E,
citrate buffer—treated mice; F through H, STZ-treated mice). (E) Hybridization signal is concentrated in glomerular epithelial cells (arrow), with
essentially the same distribution seen in panel A. (F) Diabetic WT mice showed significant increases in the glomerular expression of SPARC
mMRNA compared with nondiabetic mice. (G) Increased expression of SPARC mRNA by parietal epithelial cells was observed (arrowhead).
(H) Increased expression of SPARC mRNA by in interstitial cells was detected in areas of interstitial damage (arrowheads). Original

magnification, X400.

laminin in the glomerular mesangial areas and in the peripheral
capillary walls (32,33).

We speculate the beneficial effect of the SPARC deletion in
diabetic nephropathy may be indirect, given that glomerular
SPARC expression was identified in podocytes rather than

mesangial cells, where the principal injury of experimental DN
is localized. We speculate SPARC is active in part through
physicochemical interactions with specific growth factors,
such as that reported with PDGF B-chain (4), or may act to
modify production of matrix regulatory molecules, such as
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Figure 5. In situ hybridization for TGF-B1 mRNA. In situ hybridization using a TGF-B1 antisense riboprobe (A through D) and a sense
riboprobe control (E) performed on tissue sections from citrate buffer-treated mice (A, WT; B, SPARC-null) and STZ-treated mice (C, WT;
D, SPARC-null). Only a weak signal was present in nondiabetic mice, whereas diabetic groups showed an increase in glomerular expression
of TGF-B 1 mRNA, most prominently in the WT mice. Diabetic WT mice also demonstrated an increased expression of TGF-8 1 mRNA in
areas of tubulointerstitial injury that was not present in SPARC-null mice. Minimal background accumulation of silver grainsis present in panel

E. Origina magnification, X<400.

TGF-B, which may be produced and released by glomerular
epithelial cells in certain disease settings.

It is well established that TGF-B1 is a potent stimulator of
ECM production in glomerular injury and may be the most
important growth factor in determining the extent of rena
fibrosis after injury. In the present study, we observed signif-
icant augmentation of TGF-B1 mRNA production as well as
marked accumulation of glomerular ECM in diabetic WT mice
compared with nondiabetic WT mice, consistent with previous
studies in animal model systems of diabetes (34—36) and in
human DN (35). A key finding of this study was that diabetic
SPARC-null mice demonstrated suppression of the typical
increases in TGF-B1 mRNA that occur in this model. It has
been shown that TGF-B mediates the production of type | and
type IV collagens in mesangial cells under conditions of high
glucose in vitro (37). Exposure of cultured glomerular epithe-
lial cells to TGF-B1 and high glucose concentrations also
increased the production of the basement membrane compo-

nents, laminin and type IV collagen (38). It was previously
demonstrated that SPARC-null mesangial cells express signif-
icantly decreased steady-state levels of TGF-B1 mRNA and
correspondingly less secreted TGF-B1 protein (5). We now
demonstrate the relevance of this observation to the in vivo
setting, where the absence of SPARC resulted in decreased
synthesis of TGF-B 1 mRNA by mesangia cells, which pre-
sumably led to the reduced accumulation of ECM in glomeruli
and basement membrane. These findings indicate SPARC can
be an important mediator of sclerosing glomerular injury and
acts at least in part by its ability to enhance TGF-B8 1
expression.

In addition to the glomeruli, TGF-B1 expression was sub-
stantially increased in diabetic WT mice in areas of tubuloin-
terdtitial injury, as compared with diabetic SPARC-null mice.
We found that the absence of SPARC had a protective effect on
tubulointerstitial injury with diminished production of TGF-
B1. It has been demonstrated that TGF-B stimulates secretion
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of types | and 1V collagen by cultured renal interstitia fibro-
blasts (39). SPARC has been co-localized to cells with a
myofibroblastic-like phenotype (i.e., with co-expression of
aSMA) in the damaged interstitium in chronic human disease
such as chronic transplant rejection (24,30). Given the central
role of TGF-B1 in mediating interstitial fibrosis as established
in numerous studies of experimental injury (reviewed in ref-
erence 40), and the presence of SPARC in relevant sites of
tubulointerstitial injury in disease, these findings indicate that
the effect of SPARC on TGF-B1 production might be an
important pathogenic mechanism in the exacerbation or ame-
lioration of fibrosing rena injury. We recognize that the defi-
ciency of SPARC may exert a beneficial effect in DN by
mechanisms not directly involving TGF-B1, but pathways by
which this might occur are not yet clearly defined.

In conclusion, we have demonstrated that chronic STZ-
induced DN of 24-wk duration was less severe in SPARC-null
compared with WT mice. Thiswas evidenced by the reduction
in abuminuria, mesangial expansion, and tubul cinterstitial in-
jury with decreased production of ECM components, the latter
presumably a consequence of reduced production of TGF-B1.
This study indicates that SPARC can be an important modu-
lator of glomerulosclerosis and interstitial damage in response
to hyperglycemia and might be an attractive target for thera-
peutic intervention in human diabetic nephropathy.
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