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Decorin, a proteoglycan that inhibits active trans-
forming growth factor-f3, is increased in diabetic ne-
phropathy; however, its functional significance is un-
clear. In this study, we used low-dose streptozotocin
to induce type 1 diabetes in wild-type (C57BL/6J
Dcn*’*), Decn™’~, and Dent’/~ mice and studied the
mice for up to 1 year of diabetes. Decorin gene dose
had no effect on severity of diabetes; however, the
Dcn™’~ diabetic mice died significantly earlier than
nondiabetic controls (57 versus 7.3% mortality). In
contrast to wild-type diabetic mice, which failed to
develop significant nephropathy, the Dcn ™/~ diabetic
mice developed a significant increase in albuminuria
and plasma creatinine and a concurrent decrease in
circulating adiponectin levels. Interestingly, adi-
ponectin levels at 6 months of diabetes were predic-
tive of mortality in diabetic mice. Dcn~’~ diabetic
mice exhibited advanced glomerular lesions, in-
cluding diffuse mesangial matrix accumulation and
fibrin cap formation. By immunohistochemistry,
Dcrn~/~ diabetic mice exhibited significant in-
creases in glomerular transforming growth fac-
tor-B, type I collagen, macrophage infiltration, and
Nox4. We conclude that decorin is a natural protec-
tive factor against diabetic nephropathy and that
the Dcn™’~ diabetic mouse is a useful new model
of progressive diabetic nephropathy. (4m J Pathol
2007, 171:1441-1450; DOI: 10.2353/ajpath.2007.070079)

Nephropathy is a major contributor to morbidity and mor-
tality in patients with diabetes mellitus. Diabetic nephrop-
athy is characterized by progressive albuminuria, glo-
merular matrix expansion, and a slow deterioration of
renal function.”? Diabetes is now the leading cause of
end-stage renal disease in the developed world.® Fur-
thermore, patients with renal insufficiency have substan-
tially shortened life expectancy, even before they reach
end-stage renal disease.*® Despite the importance of
diabetic nephropathy, the molecular participants in this
progressive disease have not been fully characterized.
The small leucine-rich proteoglycan decorin has been
implicated in the regulation of collagen fibril assembly,
cell adhesion, and growth factor activity.~® For several
reasons, we sought to examine a role for decorin in
diabetic nephropathy. First, decorin is an endogenous
inhibitor of transforming growth factor-g8 (TGF-B),° a pro-
fibrotic cytokine implicated in the pathogenesis of dia-
betic renal disease.'®™'® In particular, the human dia-
betic kidney shows excess production of TGF-8,' and
administration of inhibitory anti-TGF-B antibodies to dia-
betic mice prevents the development of glomerular ma-
trix expansion and renal insufficiency.'® Second, the ex-
pression of decorin is increased during the development
of diabetic kidney disease,'®'® suggesting a role in the
pathobiology of the disease, possibly as a compensatory
response to antagonize local TGF-B activity. Third,
decorin has been implicated as a protective factor in
atherosclerotic vascular disease,’” ' and therefore
decorin deficiency may promote a systemic vasculopa-
thy found in diabetic kidney disease. Fourth, most of the
available animal models of diabetic nephropathy show
limited phenotypes that lack key features of the ad-
vanced renal pathology that occurs in humans,*® and
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thus models are needed that recapitulate the more ad-
vanced features of human diabetic nephropathy.

In the current study, we hypothesized that a genetic
deficiency of decorin would accelerate nephropathy in
mice with diabetes, thereby implicating decorin in the
pathogenesis of diabetic nephropathy. For this work,
decorin knockout mice®' were backcrossed onto the
C57BL6 background,'” and diabetes was induced with a
chronic low-dose streptozotocin protocol. Only the decorin-
deficient diabetic mice showed significantly more ad-
vanced renal lesions and renal dysfunction.

Materials and Methods

Animals

Mice were housed in a barrier facility and cared for in
accordance with Association for Assessment and Ac-
creditation of Laboratory Animal Care guidelines. We
introduced the decorin knockout allele®' onto the
C57BL/6J background by seven backcrosses.'”'® Ge-
notypes were determined by PCR of tail-clip DNA as
described.®2" After genotyping, male littermates were
randomly assigned at 8 to 9 weeks of age to receive
low-dose streptozotocin (50 mg/kg per day i.p. for 5
consecutive days) using an Animal Models of Diabetic
Complications Consortium-established protocol for in-
duction of diabetes®® or vehicle alone (nondiabetic
mice). Diabetic and nondiabetic mice of each of wild-
type Den™* and homozygous knockout Den™~ decorin
genotypes were extensively studied.

Serial Monitoring

Body weights and blood glucose concentrations were
monitored at 2 weeks and at 2, 4, 6, 8, and 10 months
after induction of diabetes. At 6 and 10 months after
induction of diabetes, each mouse was placed into a
metabolic cage for a 24-hour collection of urine. Five
hundred microliters of each urine sample was kept at 4°C
for a murine albumin enzyme-linked immunosorbent as-
say (Albuwell M Kit; Exocell, Philadelphia, PA). The re-
mainder was stored at —20°C for assays of creatinine
(Creatinine Companion Kit; Exocell). Plasma was ana-
lyzed for creatinine concentration by high-performance
liquid chromatography,®® which is the preferred method
because of the presence in mouse plasma of substances
that interfere with the chromagen-based creatinine color-
imetric assay.?® A portion of plasma was analyzed for
mouse adiponectin levels by enzyme-linked immunosor-
bent assay (Linco Research, Inc., St. Charles, MO) at 6
and 10 months of diabetes.

Organ Harvesting and Histopathology

All surviving mice were sacrificed at 12 months after
streptozotocin or vehicle injection. To obtain optimal light
microscopic histology, the left kidney was perfusion-fixed
before harvest, as described,?* and then paraffin-em-
bedded. The fixed, embedded kidneys were cut into

3-um sections and stained with periodic acid-Schiff re-
agent. Slides were read by a pathologist (P.M.) blinded to
the code of the experimental groups. To assess glomer-
ular disease, 50 glomeruli per mouse were rated using a
semiquantitative scoring system for mesangial matrix ex-
pansion: minimal (grade 1, 0 to 25% of glomerular volume
occupied by matrix), mild (grade 2, 25 to 50%), moderate
(grade 3, 51 to 75%), and severe (grade 4, 75 to 100%).2*
For electron microscopic analysis, selected right kidneys
were removed, and a portion of the cortex fixed in 2.5%
glutaraldehyde in Millonig solution, cut into 1-mm cubes,
and embedded in PolyBed 812 (Polysciences, Inc., War-
rington, PA), as previously described.?®

NADPH Oxidase mRNA Analysis

Another portion of the right kidney cortex was immediately
snap frozen. Total RNA was extracted by TRI Reagent
(MRC, Inc., Cincinnati, OH). NADPH oxidase subunit mRNA
levels were measured by quantitative real-time PCR using
primers and a probe specific for mouse Nox1, Nox2, Nox4,
p22phox, and p67phox (sequences included as supple-
ment). Values were normalized to B-actin mRNA levels, as
described previously.?®

Immunohistochemistry and Quantification

Immunohistochemistry was performed as previously de-
scribed.?” In brief, 3-um paraffin sections prepared from
the left kidneys were dewaxed, antigen retrieval was
performed by 15 to 25 minutes of microwave exposure in
antigen retrieval buffer (Citra Plus; BioGenex, San
Ramon, CA), and then the sections were blocked by
incubation in nonimmune goat serum. Each of these sec-
tions received one primary antibody, which was against
TGF-B1/2/3 (rabbit polyclonal antibody, applied at 1:50
dilution; Santa Cruz Biotechnology, Santa Cruz, CA), type
| collagen (Southern Biotechnology, Birmingham, AL), the
macrophage marker Mac-3 (rat monoclonal antibody, ap-
plied at 1:50 dilution; Santa Cruz Biotechnology), or Nox4
(rabbit polyclonal antibody kindly provided by Dr. Barry
Goldstein (Division of Endocrinology, Thomas Jefferson
University, Philadelphia, PA) and used at 1:300 dilution).
Biotin-labeled anti-rabbit (Invitrogen, Carlsbad, CA) or anti-
rat (Jackson ImmunoResearch Laboratories, West Grove,
PA) secondary antibodies were then applied, followed by
blockage of endogenous peroxidase with 3% H,0,, rinsing,
and then the addition of avidin-linked peroxidase (Vec-
tastain Elite Kit; Vector Laboratories, Burlingame, CA). Color
development was achieved with the peroxidase substrate
3,3-diaminobenzidine (DAB Substrate Kit; Vector Laborato-
ries). Sections were counterstained with Hematoxylin (Gill’s
Hematoxylin Stain; Fisher Scientific).

Quantification of TGF-B immunohistochemical positive
areas in glomeruli was performed by color-subtractive,
computer-assisted image analysis, as described,?” using
Photoshop CS2 (Adobe Systems, Mountain View, CA)
and NIH Image J 1.36 (Bethesda, MD). Quantification of
type | collagen was performed by scoring the presence
or absence of glomerular type | collagen staining. The



average number of cells per glomerulus that stained for
Mac-3 or for Nox4 was determined by counting immu-
nopositive cells. All immunohistochemical analyses were
performed on 50 glomeruli from at least four separate
mice in each group by a pathologist (P.M. or HK.U.)
blinded to the code of the experimental groups.

Measurement of Active TGF- in Isolated
Glomeruli

Glomeruli were isolated using the Dynabead infusion pro-
tocol as described by Takemoto.?® Three Dcn** and
three Dcn™”~ mice were used as the source of glomeruli
for each experiment. Equal numbers of glomeruli were
plated onto 24-well plates and cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/10% serum overnight.
The medium was then gently changed to DMEM normal
glucose (NG; 100 mg/dl p-glucose) or DMEM high glu-
cose (HG; 450 mg/dl p-glucose), and glomeruli were
cultured for an additional 48 hours. TGF-B activity was
measured with mink lung epithelial cells stably trans-
fected with the plasminogen activator inhibitor-1 (PAI-1)
promoter-luciferase construct as previously described.®
In brief, the mink lung epithelial cells were plated onto a
96-well plate (1.6 x 10* cells per well in DMEM G450/
10% serum overnight) concurrently during the glomerular
culture. On the day of harvesting conditioned media from
glomeruli, the growth media of the mink lung epithelial
cells were replaced with DMEM G100/0.1% bovine serum
albumin. Conditioned media from glomeruli culture me-
dium in NG or high glucose were added (1:5 dilution) in
triplicate and incubated for an additional 18 hours. To
subtract non-TGF-B-induced PAI-1 promoter activity, cul-
tured media from glomeruli were preincubated with pan-
isoform-neutralizing anti-TGF-8 antibody'® (2G7; 50 ug/
ml) for 40 minutes before the addition to mink lung epithelial
cells in parallel wells. A standard curve was established
with known concentrations of TGF-B1 (1 pg/ml to 1 ng/ml).
After incubation, the mink lung epithelial cells were lysed,
and luciferase measurements were performed with the Pro-
mega Luciferase Assay System (Madison, WI). Experiments
were repeated three times.

Statistical Analyses

Kaplan-Meyer survival analysis through 12 months after
induction of diabetes was performed using the log-rank
statistic to test for a significant difference among the six
survival curves. Because they were significantly different,
pairwise comparisons between curves were then per-
formed by the Holm-Sidak method. All other data are
presented as means = standard errors with statistical
analysis performed using one-way analysis of variance
from GraphPad Prism 4.03 (GraphPad Software, Inc.,
San Diego, CA) or Sigma Stat version 3 (SPSS Inc.,
Chicago, IL) and posthoc testing using the Newman-
Keuls method.

Decorin and Diabetic Nephropathy 1443
AJP November 2007, Vol. 171, No. 5

Results

Decorin Deficiency Does Not Alter Severity of
Diabetes

Type 1 diabetes was induced with a multiple low-dose
streptozotocin protocol in male mice at 8 to 9 weeks of
age. Blood glucose levels averaged 400 mg/dl at 2
weeks, gradually increased to 500 to 600 mg/dl during
the first 6 months of diabetes, and subsequently re-
mained unchanged (Figure 1A). The diabetic mice re-
quired no exogenous insulin and did not exhibit ketonu-
ria. The diabetic mice continued to gain weight, although
less than the nondiabetic, vehicle-treated controls (Fig-
ure 1B). Blood glucose levels and body weights were
indistinguishable among the diabetic groups, regardless
of decorin gene dose. Thus, wild-type C57BL/6J male
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Figure 1. Decorin deficiency does not affect severity of diabetes but signif-
icantly accelerates mortality. At age 7 to 8 weeks (£ = 0), animals were treated
with saline or low-dose streptozotocin. Displayed are mean plasma glucose
concentrations (A), body weights (B), and survival (C) over time for diabetic
Dcn’~ (DM —/=), Den™™ (DM +/-), and wild-type (DM +/4) mice, as
well as for saline-treated animals of all three genotypes (Veh). Because they
were statistically indistinguishable, the nondiabetic groups were pooled for
data display. There was a statistically significant difference in all diabetic
groups with respect to blood glucose beyond 2 weeks and body weights
beyond 2 months versus nondiabetic vehicle groups (P < 0.05 versus
nondiabetic vehicle groups). The three diabetic groups were indistinguish-
able with respect to blood glucose and body weights. Kaplan-Meyer survival
curves are depicted in C. By the log-rank test, survival curves for the six
groups were significantly different (2 < 0.001). Pairwise comparisons by the
Holm-Sidak method indicated that the diabetic Dcn™”" mice, but no other
group, showed significantly worse survival than wild-type nondiabetic con-
trols (*2 < 0.05; unadjusted P = 0.0019) (n/group 10 to 20 at induction of
diabetes and n/group 8 to 18 at 10 months of diabetes).
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mice made diabetic using the low-dose streptozotocin
protocol developed and maintained stable hyperglyce-
mia for up to 1 year.

The Dcn™/~ diabetic mice exhibited an increase in
mortality (Figure 1C). By 12 months of diabetes, mortality
was 57.3% in Dcn™/~ mice (P < 0.002 versus nondia-
betic Den™* controls) and 34.9% in wild-type diabetic
mice. Vehicle-treated mice showed an overall mortality of
7.3%. Of note, the increased mortality in Dcn™~ diabetic
mice occurred primarily after 8 months of diabetes (Figure
1C).

Functional Parameters of Nephropathy in
Dcn-Deficient Diabetic Mice Demonstrate
Accelerated Renal Deterioration

The degree of albuminuria was not increased before 6
months of diabetes but was increased in the Den™~
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Figure 2. Decorin deficiency accelerates diabetic nephropathy. Displayed
are urinary albumin/creatinine ratios (A), plasma creatinine concentrations
(B and ©), and creatinine clearance (D). Statistically significant differences
are indicated by asterisks. For urinary albumin/creatinine ratios at 6 months,
the diabetic Den™”™ group was the only one to differ from the nondiabetic
controls (*2 < 0.01). At 10 months, urine albumin/creatinine ratios were
increased in all diabetic groups versus nondiabetic controls (**2 < 0.01) (A).
The plasma creatinine was elevated in all of the diabetic groups at 6 and 10
months compared with nondiabetic controls (B, *P < 0.01 versus Veh at 6
months, “P < 0.01 versus Veh at 10 months). In addition, the diabetic Dcn™"~
was significantly different from the diabetic Dcn*”* mice at 6 months (**P <
0.05 versus Dcn*’* diabetic group) (C). There was a corresponding reduc-
tion in creatinine clearance in all of the diabetic groups with the diabetic
Dcn™’~ also significantly different from the diabetic Dcn™™ mice at 6
months of diabetes (D, *P < 0.01 versus Veh at 6 months, **P < 0.05 versus
Den™* diabetic group) (n/group 10 to 20 at 6 months of diabetes and
n/group 8 to 18 at 10 months of diabetes).

diabetic mice by 6 and 10 months of diabetes as com-
pared with nondiabetic controls (P < 0.001). Albuminuria
was significantly increased in the diabetic Den*’* group
only at 10 months of diabetes (Figure 2A).

Renal function was assessed by measuring plasma cre-
atinine concentrations by high-performance liquid chroma-
tography. There was a significant decline in renal function
by 6 months of diabetes as the Den™~ diabetic groups
showed plasma creatinine concentrations significantly
above the normal level and the diabetic Den™/* group (P <
0.05) (Figure 2, B and C). At 10 months of diabetes, there
was an even greater increase in plasma creatinine in the
Dcn™~ diabetic group, indicating that renal disease was
progressive (Figure 2B). The creatinine clearance showed a
similar pattern in the Den™~ diabetic mice (Figure 2D).
Thus, decorin deficiency accelerates the decline in renal
function in experimentally induced diabetic nephropathy.

Markers of Mortality in Diabetic Mice

In human patients with impaired renal function, low plasma
levels of adiponectin correlate with cardiovascular morbid-
ity and mortality.®>3' Although there is no previously known
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Figure 3. Adiponectin levels are suppressed in decorin-deficient diabetic
mice and in diabetic fatalities. Displayed are plasma adiponectin levels at 10
months (A) (means * SEM, n = 8 per diabetic group). The diabetic Dcn™ /"~
and diabetic Dcn™/~ diabetic groups had significantly lower adiponectin
levels than nondiabetic controls (* < 0.05). B: Plasma adiponectin concen-
trations at 6 months in all diabetic survivors versus all diabetic fatalities
(means = SEM, n = 24 survivors, n = 16 fatalities; *P < 0.001). C: An inverse
correlation between plasma adiponectin levels and plasma creatinine levels
at 6 months of diabetes (= —0.506, P = 0.0007, 7 = 40 pairs).



relationship between decorin and adiponectin, we found
that adiponectin levels at 10 months of diabetes were sig-
nificantly decreased in the decorin-deficient Den™~ dia-
betic groups (Figure 3A). Adiponectin levels in the nondia-
betic groups were not different based on gentoype.
Interestingly, the diabetic mice that died by 12 months were
characterized at month 6 by significantly lower adiponectin
levels than was observed in the diabetic survivors (Figure
3B). Numerous other parameters did not differ at 6 months
between diabetic mice that would die versus survive (body
weight, blood glucose, streptozotocin dose), indicating a
similar severity of diabetes.

Interestingly, there was a negative correlation between
plasma creatinine levels and adiponectin levels (r =
—0.506, P < 0.001) (Figure 3C) and between urine albu-
min/creatinine and adiponectin (r = —0.327, P < 0.05) in
all diabetic mice at 6 months of diabetes, indicating that
lower adiponectin levels are associated with an early de-
cline in renal function. This correlation was not observed at
10 months of diabetes, at which time there was further
deterioration of renal function and greater albuminuria.

Advanced Diabetic Renal Pathology in Dcn™"~

Mice

Renal pathology was assessed by light and electron mi-
croscopy. Periodic acid-Schiff-stained kidney sections re-
vealed diffuse mesangial matrix accumulation in the Dcn ™~
diabetic mice (Figure 4A). There was a statistically signifi-
cant increase in grades 3 and 4 mesangial matrix lesions in
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the Den™~ diabetic mice (Figure 4B). In addition, only the
Dcn™~ mice exhibited advanced glomerular pathology
(Figure 4C), which was identified as fibrin caps in 38% of
diabetic Dcn™~ mice as determined by electron micros-
copy (Figure 4D). Further ultrastructural and special stain
analysis did not demonstrate tubulointerstitial fibrosis, al-
though there was an overall thickening of both glomerular
and tubular basement membranes in all diabetic mice (data
not shown). Overall, our results indicate a substantially ad-
vanced renal pathology in the Den™~ diabetic mice, al-
though the data probably underestimate the true severity of
their lesions, given that many mice in that group (57%) died
before pathological assessment of renal structure.

Increased Glomerular TGF-B, Type | Collagen,
Macrophage Infiltration, and Nox4 in
Dcn-Deficient Mice

To identify mechanisms by which decorin deficiency en-
hances diabetic renal pathology, we performed immuno-

staining for potential pathways in diabetic wild-type and
Dcn™~ mice. Since decorin deficiency would be expected

to result in increased TGF-B activity, and TGF-g itself is
positively regulated by active TGF-8, we examined tissues
for TGF-B with immunostaining. There was a substantial
up-regulation of TGF-g in the glomeruli of Den™/* diabetic
mice over nondiabetic and a further increase in Dcn™
diabetic mice (Figure 5, A and B). Increased staining for
TGF-B was found in the location of mesangial cells and

/—

Figure 4. Decorin deficiency worsens diabetic glomerulopathy. A: Representative periodic acid-Schiff-stained glo-
meruli from 12-month diabetic kidneys of diabetic Den™ (DM +/+) and Denn™’~ (DM —/—) mice (magnification,
X40). B: Counts of glomeruli with advanced matrix scores from individual mice (means * SEM, n = 8 per group; the
diabetic mice were significantly different from controls, *P < 0.05; the diabetic Dcnn™/~ mice were significantly
different from diabetic Den*’* mice, P < 0.03). C: Glomerular fibrin cap lesions, seen only in diabetic Dcn"~
glomeruli (arrow) (original magnification, X40). D: An electron micrograph of a glomerulus fibrin cap (black
arrow), which was identified as a luminal fibrin cap because of its proximity to erythrocytes (white arrow)
(magnification, X4000).
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podocytes in diabetic glomeruli (Figure 5A). Another major
target of TGF-B is type | collagen. Glomeruli from Dcn™~
diabetic mice showed a marked increase in type | collagen
that was not evident in either decorin deficiency alone or
diabetes alone (Figure 5C). Quantitative grading revealed a
significant increase in type | collagen staining in Den™~
diabetics (Figure 5D, P < 0.05).

Recently, macrophage infiltration in diabetic glomeruli
has been considered to contribute to progressive dis-
ease.?” Immunostaining with an antibody against Mac-3
revealed an increase in macrophage infiltration in dia-
betic Den*”* glomeruli over nondiabetic and an even
greater increase in Dcn™~ glomeruli (Figure 6, A and B).

Figure 5. Decorin deficiency increases glomer-
ular TGF-B staining and type I collagen in dia-

* # betes. A: Representative photomicrographs of
TGF-B immunostaining in glomeruli from the
T indicated experimental groups (magnification,
X40). Arrowheads indicate immunostaining

in the mesangium; small arrows indicate im-
munostaining in the region of podocytes. B:
Quantification of glomerular TGF-f staining ar-
eas (means = SEM, n = 4; P < 0.001 by the
one-way analysis of variance; *P < 0.01 versus
nondiabetic controls; *2 < 0.01 versus Dcn™*
diabetic mice). C: Representative immunostains
of type I collagen in glomeruli (magnification,
X20). Brown indicates type I collagen; blue is
T the counterstain. D: Quantification of glomeru-
lar type T collagen staining in glomeruli
(means = SEM, n = 4; P < 0.001 by the one-
way analysis of variance; *P < 0.01 versus non-
diabetic controls; *P < 0.01 versus Dcn™* di-
abetic mice).

-/- +/+
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Finally, the proinflammatory enzyme NADPH oxidase has
been recently considered to play important roles in podo-
cyte dysfunction®* and mesangial matrix accumulation®®34
in diabetic kidney disease. Our initial screening of kidneys
by real-time PCR for mRNAs for components of the NADPH
oxidase system (Nox1, Nox2, p22, p47, and p67) did not
demonstrate up-regulation in Dcn™~ kidneys (data not
shown), except for a preferential increase in renal Nox4
mRNA levels in Dcn™~ mice (to 174 + 18% of Den*/*; P <
0.001). Based on these results, we examined renal Nox4
protein by immunostaining. Decorin deficiency alone and
diabetes alone each significantly increased glomerular
Nox4, and the combination caused the largest increase
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(Figure 6, C and D). Nox4 immunoreactivity was located
primarily in mesangial cells and podocytes.

TGF-B Bioactivity Regulated by Decorin
and High Glucose in Isolated Glomeruli

To clarify the role of decorin in regulating TGF-B activity,
glomeruli were isolated from Dcn™* and Dcn™”~ mice
and cultured in normal (100 mg/dl) or high glucose (450
mg/dl). The secreted TGF-B activity from wild-type glo-
meruli exhibited increased TGF-B activity with high glu-

cose, as expected (Figure 7). Deficiency of decorin in
isolated glomeruli was sufficient to increase TGF-B activ-
ity in normal glucose and was increased further in high
glucose (Figure 7).

Discussion

In the current study, we found that decorin deficiency sub-
stantially worsens the progression of diabetic kidney dis-
ease in mice, with features that closely mimic advanced



1448  Williams et al
AJP November 2007, Vol. 171, No. 5

90- *x

(pg/ml)
§ 8

-

w
o
1

Bioactive TGF-B

n
o
1

-
o o
1

NG ++ HG++ NG--  HG -

Figure 7. Decorin deficiency enhances TGF- bioactivity in isolated glomer-
uli. Equal numbers of glomeruli were isolated from Dcn*’* and Den™/~
mice and plated onto 24-well plates. After 48 hours of culture in normal
glucose (100 mg/dl, NG) or high glucose (450 mg/dl, HG), aliquots of the
conditioned media were added to proliferating mink lung epithelial cells
stably transfected with a PAI-1 promoter-luciferase construct. After 24 hours,
the mink lung cells were harvested, and luciferase activity was measured.
Bioactive TGF-B was measured based on a standard curve and after subtrac-
tion of nonspecific stimulation. The experiment contained three wells for
each condition and each experiment was repeated three times. (*2 < 0.05
versus NG/ * #P < 0.05 versus NG /7).

human nephropathy. There were progressive increases in
albuminuria, plasma creatinine, and mesangial matrix ex-
pansion with fibrin caps and macrophage infiltration. These
results conclusively identify decorin as a protective agent in
this murine model of diabetic nephropathy.

Despite the clinical importance of progressive diabetic
nephropathy, mechanistic research has been limited by
the lack of murine models with advanced phenotypes.
Experimental type 1 diabetes with low-dose streptozoto-
cin does not produce diabetic nephropathy in many
strains, especially C57BL6 mice.?* Although high-dose
streptozotocin (>75 to 100 mg/kg/day) has been associ-
ated with reduced renal function and proteinuria with
short durations of hyperglycemia, it is difficult to separate
out the potential toxic effect of streptozotocin from the
effect of diabetes alone.®® Type 2 models, such as the
db/db mouse, develop early albuminuria and mesangial
matrix accumulation, but there is often no further progres-
sion of the renal disease.®® Recently, several additional
models of spontaneous diabetic nephropathy with de-
cline in renal function have been described in the endo-
thelial nitric-oxide synthase-deficient mouse®”*® and in
the OVE26 mouse on the FVB background.®® These mod-
els either induced hypertension or were described in
different strains that may be more prone to renal disease
from diabetes. To date, the C57BL6 mouse has been
considered to be relatively resistant to advanced ne-
phropathy and renal failure with diabetes alone.®* Our
data in diabetic C57BL6 mice with 10 months of diabetes
demonstrate that there are significant increases in albu-
minuria, plasma creatinine, and mesangial matrix expan-
sion. In addition, deficiency of decorin is sufficient to
result in a faster and more progressive diabetic nephrop-
athy in the C57BL6 mouse based on clinical, histopatho-
logical, and ultrastructural characteristics.

Based on prior work'™ %16 and our current study,
decorin seems to act as a counter-regulatory factor in the
diabetic kidney, possibly to compensate for increased
local TGF-B production. Decorin expression in cultured
mesangial cells is stimulated by high glucose concentra-
tions,***" and decorin has been reported to be up-reg-
ulated in the kidney of diabetic animal models'® and

human diabetic patients.'® The pathology that was en-
hanced in our decorin-deficient diabetic mice was pri-
marily mesangial matrix accumulation, consistent with a
regulatory role for decorin in this location. In support of
the role of decorin to regulate TGF-B and its downstream
bioactivity, we found an increase in glomerular TGF-B
and glomerular type | collagen, both major targets of
TGF-B action, in decorin-deficient diabetic kidneys. It is
of interest that decorin deficiency alone is sufficient to
increase TGF-B bioactivity in isolated glomeruli (Figure
7), although increased TGF-B production was not ob-
served in the absence of diabetes in the Den™~ kidney
(Figure 5). These data suggest that decorin deficiency
can contribute to TGF-B activity/production in vivo only
when superimposed with other stimuli of TGF-B in the
diabetic milieu (ie, angiotensin Il, glycated proteins, etc).
Work in other animal models of kidney diseases, such as
glomerulonephritis® and obstructive uropathy,®? also
suggests a protective role for decorin as an antifibrotic
molecule.

Two unexpected findings related to in vivo pathophys-
iology emerged from our studies. First, we found an un-
expected link between decorin deficiency and suppres-
sion of plasma adiponectin levels, suggesting a role for
decorin in the regulation of this adipokine. Although low
adiponectin levels have been clearly linked with insulin
resistance and obesity, two independent studies have
also found that low adiponectin levels in patients with
type 1 diabetes are associated with increased cardiovas-
cular disease.**** In our study, the diabetic mice that
eventually died exhibited significantly lower adiponectin
levels months earlier compared with diabetic survivors.
The relationship of adiponectin levels with diabetic kid-
ney disease is controversial. In humans with mild in-
creases in albuminuria there is a negative correlation with
adiponectin levels,* similar to what is observed in the
diabetic mice in our study. However, with progressive
kidney disease, as evidenced by overt proteinuria and
decline in renal function, adiponectin levels are in-
creased, and there is a positive correlation with protein-
uria and plasma creatinine.*®4” In the present study with
a model of type 1 diabetes, there is a negative correlation
with plasma creatinine levels and albuminuria at the on-
set of renal decline (at 6 months) but not with further
decline in renal function (at 10 months). These associa-
tions suggest a close and complex relationship between
kidney function and circulating adiponectin. Of signifi-
cance and great relevance, a recent study in patients
with type 1 diabetes found a close link between an adi-
ponectin single nucleotide polymorphisms and diabetic
nephropathy,*® suggesting that alteration of adiponectin
may contribute to diabetic nephropathy. The cause of
death in the decorin-deficient diabetic mice is presently
unclear, although it is intriguing that decorin may play a
protective role in cardiovascular disease,'”'® and adi-
ponectin levels have been linked with cardiovascular
disease in patients with type 1 diabetes®®** and mortality
with chronic renal disease.*°®"

The second unexpected finding was that the decorin-
deficient mice exhibited increased renal expression of
Nox4, the NADPH oxidase isoform that has been closely



linked to diabetic nephropathy in several animal mod-
els.3349 Because Nox4 was increased in Den™~ kidneys
even in the absence of diabetes, the data suggest that
decorin may have a direct effect in regulating Nox4 ex-
pression. The effect on Nox4 may well be related to
TGF-B, given our recent demonstrations that TGF-B-in-
duced reactive oxygen species production in endothelial
cells is mediated by Nox-4°° and that TGF-B can stimu-
late Nox4 production.®’ Nox4 was found to be expressed
in both mesangial cells and podocytes, suggesting that
increased oxidant tone in these cell types contribute to
cell dysfunction. Thus, we consider the finding of in-
creased Nox4 in the context of decorin deficiency and
accelerated diabetic nephropathy to be a significant clue
to pathogenesis and adds to the evidence favoring a
deleterious role for Nox4 in diabetic nephropathy.

In summary, our results show that decorin plays a
protective role against the progression of diabetic kidney
disease. Diabetic mice with decorin deficiency have in-
creased albuminuria, impaired renal function, and an
increased degree of mesangial matrix expansion and
macrophage infiltration. Type 1 collagen and Nox-4, both
targets of TGF-B, were substantially increased by decorin
deficiency. Diabetic mice also exhibit increased mortality
in association with low adiponectin levels. This model of
diabetic kidney disease establishes a protective role for
decorin and provides a murine model of advanced dia-
betic kidney disease.
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