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The matricellular protein secreted protein acidic and
rich in cysteine (SPARC) modulates cell adhesion,
proliferation, matrix deposition, and tissue remodel-
ing. SPARC has been shown to regulate the expression
of collagen type I and transforming growth factor-1
in mesangial cells and to be highly expressed during
tubulointerstitial fibrosis in rat angiotensin (ANG) II
infusion models. We hypothesized that SPARC is a
downstream effector of ANG II and that loss of host
SPARC function provides a protective effect on renal
damage and fibrosis associated with ANG II hyperten-
sion. Our results revealed that cultured primary mes-
angial cells displayed a concentration-dependent in-
crease in SPARC expression in response to ANG IIL.
After a 14-day chronic infusion of ANG II, hyperten-
sive SPARC-null mice exhibited significantly attenu-
ated levels of urinary and renal indicators of oxidative
stress and inflammation and decreased renal perivas-
cular and tubulointerstitial fibrosis relative to wild-
type hypertensive controls. Moreover, the observed
renal protective changes in SPARC-null mice were
found to be independent of blood pressure. These
results identify SPARC as an effector of ANG II signal-
ing and suggest an important role for SPARC in me-
diating ANG II-induced oxidative stress, inflamma-
tion, and fibrosis. (4mJ Patbol 2007, 171:1104—1112; DOI:
10.2353/ajpath.2007.061273)

Secreted protein acidic and rich in cysteine (SPARC),
also known as BM-40 and osteonectin, is a 32-kd matri-
cellular glycoprotein that modulates the interaction of
cells with the extracellular matrix primarily through regu-
lation of cell adhesion, proliferation, and matrix deposi-
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tion.! SPARC is highly expressed during morphogenesis
and in tissues undergoing remodeling and repair.? Activ-
ities of several growth factors with essential roles in kid-
ney physiology and pathology are regulated by SPARC.
Whereas the activities of platelet-derived growth factor,
vascular endothelial growth factor, and insulin-like growth
factor are negatively regulated by SPARC, a reciprocal
positive autocrine feedback loop has been reported be-
tween SPARC and transforming growth factor (TGF)-B1 in
glomerular mesangial cells.® SPARC also regulates the
expression of several secreted extracellular matrix pro-
teins and matrix metalloproteinases (MMPs) in certain
cell types."* Hence, SPARC seems to possess the nec-
essary biological functions required to regulate the bal-
ance between matrix deposition and degradation in the
kidney.

The role of SPARC in kidney pathologies has not been
studied extensively. In studies done in rats, SPARC was
shown to be increased in response to ANG Il-dependent
hypertension, and the increased expression was in both
the glomeruli and the tubulointerstitial cells.®® It has also
been reported that patients with fibrotic renal injury show
increased serum concentrations of SPARC.” Moreover,
SPARC-null mice have been reported to exhibit an ame-
lioration of type 1 diabetes-induced nephropathy charac-
terized by decreases in matrix deposition and TGF-B1
expression.® In this study, we sought to characterize the
role of SPARC in the kidney during ANG Il-induced hy-
pertension. To this end, we examined the results of
chronic infusion of ANG Il on kidney function and mor-
phology in wild-type (SP*/*) and SPARC-null (SP™/7)
mice. We found that SP~/~ hypertensive mice had sig-
nificantly decreased levels of urinary TGF-B1, diminished
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tubulointerstitial and perivascular collagen deposition,
and significant attenuations in the levels of reactive oxy-
gen species and inflammatory markers in their kidneys,
relative to hypertensive SP*/* mice. Moreover, the ob-
served amelioration of renal damage in ANG Il hyperten-
sive SP~/~ mice was shown to be independent of sys-
temic blood pressure changes.

Materials and Methods

Animals

C57BL/6 X 129Svd SP** and SP~/~ male mice (2 to 3
months old) were used in these studies and were a kind
gift of Dr. E.H. Sage (Hope Heart Program, Benaroya
Research Institute at Virginia Mason, Seattle, WA). Mice
were backcrossed against wild-type C57BL/6 mice (The
Jackson Laboratory, Bar Harbor, ME) for at least six
generations before use in these studies. All experimental
procedures were approved by the Laboratory Animal
Services of the Medical College of Georgia.

Cell Culture

Primary human and mouse glomerular mesangial cells
were purchased from Cambrex (Baltimore, MD) and Do-
minion Pharmakine (Bilbao, Spain), respectively. Cells
were used from passages 3 to 8 and were maintained in
specialty medium according to the manufacturer’s
recommendations.

Reagents and Antibodies

Anti-human and anti-mouse SPARC antibodies were pur-
chased from Hematological Technologies, Inc. (Essex,
VT) and R&D Systems (Minneapolis, MN), respectively.
For immunohistochemistry staining, the anti-mouse Mac3
antibodies were purchased from BD Biosciences (San
Jose, CA) and Cedarlane Laboratories (Burlington, ON,
Canada), and the anti-mouse F4/80 antibody was from
AbD Serotec (Raleigh, NC). ANG Il for in vitro and in vivo
studies was obtained from Sigma (St. Louis, MO) and
Phoenix Pharmaceuticals (Belmont, CA), respectively. Di-
hydroethidium (DHE), a dye used to assess the levels of
superoxide radicals, and dichlorofluorescein (DCF), a
hydrogen peroxide-specific dye, were obtained from In-
vitrogen (Carlsbad, CA).

Immunoblotting

Human and mouse mesangial cells (10°) were serum-
starved in Dulbecco’s modified Eagle’s medium/0.5% fe-
tal bovine serum overnight (15 to 18 hours) before stim-
ulation with ANG Il (0 to 100 nmol/L) for 24 hours. Fifty
micrograms of cell extracts were subjected to immuno-
blotting using primary antibodies against human and
mouse SPARC as described previously ®
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Angiotensin Il Infusion and Measurement of
Blood Pressure

All animal studies were performed in accordance with the
Medical College of Georgia Animal Care and Use Com-
mittee. SP™* and SP~/~ mice were randomly assigned
to one of four treatment groups: SP*/* normotensive (NT)
(n = 4), SP™'* hypertensive (HT) (n = 8), SP~/~ normo-
tensive (n = 4), and SP~/~ hypertensive (n = 8). The
mice in the hypertensive groups were anesthetized with
2% isoflurane, and sterile osmotic pumps (0.25 wl/hour,
14 days; Duret Corporation, Cupertino, CA) were im-
planted subcutaneously on day 1 of the treatment regi-
men. The osmotic pumps infused ANG Il at a rate of 90
ng/day for a period of 2 weeks. Baseline systolic blood
pressure was measured via tail cuff before placement of
the pumps and on days 3, 7, 10, and 14 of treatment.
Mice were placed in metabolic cages before the end of
the treatment, and a 24-hour urine sample was collected.
On day 14, animals were again anesthetized and eutha-
nized for sample collection. Tissue collections included
plasma, kidney, liver, and aorta. All samples were imme-
diately frozen in liquid nitrogen and then stored at —80°C.

Biochemical Assays

To assess renal damage, the inflammatory and fibrotic
responses were assessed in urine samples by enzyme-
linked immunosorbent assay (ELISA) for microalbumin
(Exocell, Inc., Philadelphia, PA), monocyte chemotactic
protein 1 (MCP-1) (BD Biosciences), interleukin (IL)-18,
and active TGF-B1 (R&D Systems). Urinary protein excre-
tion was determined with a standard Bradford assay as
previously described.® Urine samples were also ana-
lyzed for creatinine content using the QuantiChrom Cre-
atinine Assay kit (BioAssay Systems, Hayward, CA) for
normalization. Serum concentrations of ANG Il were de-
termined using an ANG Il EIA kit (Cayman Chemical, Ann
Arbor, MI).

Histology and Immunohistochemistry

Harvested kidneys were processed by snap-freezing in
liquid nitrogen or by fixation either in methyl Carnoy’s
fixative or in 10% neutral-buffered formalin (Fisher Scien-
tific, Fairlawn, NJ). The kidneys fixed with methyl Car-
noy’s and formalin were embedded in paraffin and cut
into 5-um sections. Frozen sections were placed in Op-
timal Cutting Temperature embedding medium (Tissue-
Tek, Hatfield, PA) before sectioning. Masson’s Trichrome
(Sigma) and Picrosirius red (Sigma) histological stains
were used to stain for collagens | and Il according to the
manufacturer’s recommended protocols. To quantify the
Masson’s Trichrome staining, 20 random images each
from the HT groups (n = 5/group) were assigned random
numbers and scored by blinded observers on a scale of
0 to 5 for collagen staining. For immunohistochemistry
staining, the antibodies Mac3 and F4/80 were used to
assess renal inflammation. Kidney sections embedded in
paraffin were de-paraffinized with xylene and rehydrated
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in graded ethanol before being incubated in 0.3% H,O,
in methanol for 40 minutes to block endogenous peroxi-
dases. Sections were then treated with AutoZyme (BioMedia
Corp., Foster City, CA) for 20 minutes at 37°C before
incubation with primary antibodies overnight. After wash-
ing with phosphate-buffered saline/0.5%Tween 20, the
sections were incubated with a horseradish peroxidase-
conjugated secondary antibody (Jackson ImmunoRe-
search Labs, Inc., West Grove, PA) for 1 hour before
being developed with the Vectastain ABC Elite kit (Vector
Laboratories, Burlingame, CA) and stable 3,3'-diaminobenzi-
dine (ResGen, Huntsville, AL). Slides were then counterstained
with hematoxylin and mounted. Images were acquired with a
Leica microscope (DM5000) equipped with a Q-Imaging dig-
ital camera (Leica Microsystems, Wetzlar, Germany). Quan-
tification of the Mac3 and F4/80 staining was accomplished
by analyzing 20 random images from each of the HT groups
(n = 5/group), and the number of positive staining cells per
field were counted.

Gelatin Zymography

Urine samples were normalized to creatinine concentra-
tion, denatured in the absence of a reducing agent, and
electrophoresed in 8% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis containing 0.1% gelatin
(Sigma). Gels were then washed twice for 20 minutes in
2.5% Triton X-100 (Sigma), followed by incubation at
37°C overnight in a buffer consisting of 10 mmol/L Tris-
HCI, pH 7.5, 1.25% Triton X-100, 10 mmol/L CaCl,, and 1
pmol/L ZnCl,. Gels were stained with 2.5% Coomassie
blue (Fisher Scientific). Proteolysis was detected as a
white zone in a blue background and photographed us-
ing a Kodak Gel Logic 100 imaging system (Eastman
Kodak, Rochester, NY) and Kodak 1-D 3.6 software.

DHE and DCF Staining

Frozen kidney sections embedded in Optimal Cutting
Temperature embedding medium were cut into 5-um

sections and mounted on glass slides. Before staining,
the frozen slides were allowed to equilibrate to room
temperature for 30 minutes and washed in Dulbecco’s
phosphate buffer (phosphate-buffered saline; Sigma) for
5 minutes. The sections were then covered with either 10
pmol/L DHE or DCF, placed into a humidified chamber,
and incubated in the dark at 37°C for 30 minutes. After
the incubation was complete, the slides were washed in
phosphate-buffered saline for 5 minutes and mounted
with VectaShield Mounting Media for Fluorescence (Vec-
tor Laboratories). Images were acquired with a Leica
microscope (DM5000) equipped with a Q-Imaging digital
camera (Leica Microsystems) under fluorescent light.
The staining was quantified by measuring pixel density of
40 random images from each of the HT groups (n =
5/group) using MetaMorph software (Molecular Devices
Corp., Sunnyvale, CA).

Reverse Transcription-Polymerase Chain
Reaction

Reverse transcription-polymerase chain reaction (RT-
PCR) was used to assess the levels of mMRNA expression
in harvested kidneys. Total RNA was extracted using
TRIzol Reagent (Invitrogen) according to manufacturer’s
protocol and further purified with the RNeasy isolation kit
(Qiagen, Valencia, CA). Two micrograms of RNA was
reverse-transcribed using oligo-(dT) primer and Im-
prom-1l Reverse Transcriptase (Promega, Madison, WI)
into cDNA for subsequent PCR analysis. PCR amplifica-
tion was done using JumpStart TAQ (Sigma). PCR primer
sequences along with the specific cycle number and
annealing temperatures used are listed in Table 1. The
general reaction conditions were an initial denaturation at
95°C for 4 minutes, followed by a variable number of
cycles of 95°C for 30 seconds, the specific annealing
temperature for 1 minute, 72°C for 90 seconds, and a
final elongation at 72°C for 8 minutes. PCR products were
visualized on 2% agarose gels containing ethidium bro-
mide. Relative gene expression levels were quantified using

Table 1. PCR Primer Sequences, Annealing Temperatures, and Cycle Numbers Used in RT-PCR Experiments
Annealing

temperature Cycle Band

Gene Forward primer Reverse primer (°C) number size
p22phox  5'-TTTCACACAGTGGTATTTCG-3' 5'-CGTAGTAATTCCTGGTGAGG-3' 55 35 170
gp91phox 5'-TCACATCCTCTACCAAAACC-3' 5'-CCTTTATTTTTCCCCATTCT-3' 55 35 198
Nox-4 5'-GTTTTGGCAAGAAAACAGAC-3' 5'-GAAATAGAACTGGGTCCACA-3' 55 25 213
p67phox 5'-GGCCAAGTGAAAAACTACTG-3' 5'-GCCTCATAACTGAAGATTGC-3' 55 30 247
p40phox  5'-TGGAGATGTGATCTTCCTTC-3’ 5'-CTAGCAGGTCTTTGAACAGG-3' 61 35 236
p47phox 5'-AGAACAGAGTCATCCCACAC-3' 5'-GCTACGTTATTCTTGCCATC-3' 55 30 167
SOD-1 5'-TGCAGGACCTCATTTTAATC-3' 5'-TGCTCTCCTGAGAGTGAGAT-3' 55 25 153
SOD-2 5'-TTACAACTCAGGTCGCTCTT-3’ 5'-GCTGTCAGCTTCTCCTTAAA-3' 55 35 178
SOD-3 5'-ATGTTGGCCTTCTTGTTCTA-3’ 5'-GTGTCGCCTATCTTCTCAAC-3’ 55 35 152
MMP-2 5'-TTGGATATTTGCAATGCAGCC-3’ 5'-AAGGTTGAAGGAAACGAGCGA-3’ 50 35 300
MMP-9 5'-CCATTTCGACGACGACGAGT-3’ 5'-CCAAATTGCCGTCCTTATCGTA-3’ 58 35 830
MMP-14 5'-ACCAGGTACACTTGGTACATA- 5'-GGGAATCTCACAGCTCGGTG-3' 56 35 212

TAGGGC-3'

MMP-15 5'-GAACCTCTCCTCCCACGACAA-3’ 5'-GAATCCACCACTTGGAAAGCG-3’ 56 35 795
TGF-B1 5'-ACCATCCATGACATGAACCG-3' 5'-GGTTGCGACCCACGTA-3' 56 30 390
pS6 5'-AAGCTCCGCACCTTCTATGAGA-3' 5'-TGACTGGACTCAGACTTAGAA- 56 24 730

GTAGA-3'
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Kodak 1D 3.6 software (Eastman Kodak) to measure band tical differences were determined by a two-tailed t-test. A
intensity. The intensity of the PCR product bands was nor- P value of less than 0.05 was considered as statistically
malized to ribosomal protein (rp)S6 expression. significant for all data.

Statistical Analysis Results

ELISA data are presented as mean + SEM. To determine ) )
statistical differences between groups with respect to the Angiotensin Il Regulates SPARC mRNA and

ELISA assays, a one-way analysis of variance was per- Protein Expression in Primary Mesangial Cells
formed followed by Kruskal-Wallis post hoc test. For the

systolic blood pressure experiment, statistical signifi- The reported transient increase in the expression of
cance was determined using a two-way analysis of vari- SPARC at sites of glomerular and tubulointerstitial injury
ance followed by a Kruskal-Wallis post hoc test to identify and fibrosis, as well as by smooth muscle cells and cells
individual differences between specific groups and treat- in the adventitia of renal arteries in ANG ll-infused rats
ment times. Quantification of the staining and RT-PCR with moderate hypertension,® prompted us to test
experiments are presented as mean = SEM, and statis- whether a direct effect of ANG Il on SPARC expression
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Figure 1. SP~/~ mice show attenuated urinary TGF-B1 levels, which correlated with decreases in renal collagen deposition in response to ANG II infusion. A:
ANG II treatment results in a concentration-dependent increase in SPARC mRNA expression and protein levels in cultured mouse mesangial cells. mRNA levels
were measured by RT-PCR after 6- and 12-hour ANG II treatment at varying concentrations. Protein levels were measured by Western blotting 24 hours after ANG
II treatment at varying concentrations. Figures are representative of three independent experiments. B: Tail-cuff measurements of the blood pressures of
normotensive (NT) (1 = 4) and ANG Il-hypertensive (HT) SP*/* and SP~/~ mice (7 = 8) in a 14-day period. C: Left, ELISA assay was used to measure urinary
levels of active TGF-B1 in the four experimental groups (*P < 0.05 versus SP*/* NT, “P < 0.05 versus SP~/~ NT, and *P < 0.05 versus SP*/* HT). mRNA
expression levels of renal TGF-B1 in hypertensive SP™/* and SP~/~ mice (n = 6 each) as determined by RT-PCR; results shown are representative of three
independent experiments (right, quantification of the relative band intensities of TGF-B1 following normalization to corresponding rpS6 internal controls, *P <
0.05 versus SP*/* HT. Bottom, representative agarose gel of PCR products). D: Determination of collagen deposition in kidneys from SP*/* and SP~/~ HT animals
using Masson’s Trichrome staining. Top, perivascular staining of collagen (magnification, X400). Bottom, tubulointerstitial staining of collagen (magnification,
X400). Graphs indicate the quantification of the Masson’s Trichrome staining by blinded scoring. *P < 0.05 versus SP™/* HT. E: Picrosirius red staining of renal
vessels under polarized light to measure perivascular collagen deposition in SP™/* and SP~/~ HT animals (magnification, X400). Red color depicts mature
collagen fibril staining (SP** HT), and orange-green color indicates the presence of immature fibrils (SP~/~ HT).
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can be documented in renal cells in culture. ANG Il
treatment of human (data not shown) and mouse primary
mesangial cells (Figure 1A) resulted in a dose-dependent
increase in SPARC mRNA expression as early as 6 hours
after treatment and lasted up to 12 hours. SPARC protein
levels also increased in a dose-dependent manner 24
hours after ANG Il treatment of primary mouse mesangial
cells (Figure 1A). These results indicate that SPARC ex-
pression can be regulated by ANG 1. It is interesting that
the regulation of expression of another matricellular pro-
tein, thrombospondin-1, by ANG Il in human mesangial
cells has been reported to be responsible for activation of
latent TGF-B1, a known mediator of fibrosis and progres-
sive renal disease.'®

Loss of SPARC Expression Has No Effect on
Blood Pressure in Angiotensin Il Hypertension

A 14-day ANG Il infusion resulted in a significant in-
crease in the systolic blood pressure of both SP™/*
and SP~/~ mice that reached a plateau at approxi-
mately 140 mmHg (Figure 1B). There was no signifi-
cant difference in the blood pressure of SP*/* and
SP~/~ mice in either normotensive or hypertensive
groups. Therefore, the presence or absence of host
SPARC does not affect basal or ANG ll-induced in-
creases in blood pressure. To confirm that the hyper-
tensive groups had equal levels of circulating ANG 11,
we measured the serum concentration of ANG Il (Sup-
plemental Figure 1 at http://ajp.amjpathol.org). There were
no significant differences in serum ANG Il concentrations
between the SP™* and SP~/~ hypertensive groups. How-
ever, we cannot yet exclude the possibility that differences
in renal levels of ANG Il can account for the attenuations in
renal damage observed in SP~/~ hypertensive mice, rela-
tive to SP™/* controls.

SP~"~ Mice Show Diminished Levels of TGF-p1
and Collagen Deposition in Response to
Angiotensin-Dependent Hypertension

SPARC is known to be involved in a positive autocrine
feedback loop with the growth factor TGF-B1.° Hence, we
investigated the differences in urinary TGF-B1 levels in the
four experimental groups (Figure 1C). No significant differ-
ences were seen in the urinary TGF-B1 levels of the SP*/+
and SP~/~ normotensive groups (0.90 = 0.11 and 1.1 *
0.25 pg/day, respectively). However, there was a significant
decrease (>57%) in the urinary TGF-B1 excretion levels of
the SP~/~ hypertensive group compared with their SP*/*
counterparts. In agreement with these findings, a significant
decrease in the MRNA expression of TGF-B1 was observed
in kidneys of hypertensive SP~/~ (n = 6) relative to SP*/*
(n = 6) controls (Figure 1C). Because TGF-B1 is known to
play a crucial role in extracellular matrix deposition and
because SPARC is also known to have a stimulatory effect
on collagen deposition, we used histological stains to as-
sess the levels of collagen deposition in the hypertensive
groups. As measured by Masson’s Trichrome and Picro-
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Figure 2. SP~/~ mice show an amelioration of urinary MMP-2 activity after
ANG II infusion. A: Gelatin zymography revealed that SP*/" mice exhibited
a greater increase in urinary MMP-2 activity after ANG 1I infusion, compared
with SP~/~ mice. Figure is representative of three independent experiments.
B: mRNA expression levels of renal MMPs in hypertensive SP*/* and SP~/~
mice (7 = 6 each) as determined by RT-PCR; results shown are representa-
tive of three independent experiments. C: Quantification of the relative band
intensities of MMPs after normalization to corresponding rpS6 internal con-
trols. *P < 0.05 versus SP*/* HT.

sirius red staining (Figure 1, D and E, respectively), the
SP~'~ hypertensive kidneys showed decreased levels of
perivascular and tubulointerstitial matrix, specifically that of
collagen | and collagen lll. These results strongly support
the hypothesis that the loss of SPARC partially ameliorates
the increase in TGF-B1 expression and deposition of extra-
cellular matrix in the kidney in response to ANG Il-induced
hypertension.

Up-Regulation of Urinary MMP-2 Activity in
Response to Angiotensin Il Hypertension Is
Ameliorated in SP~'~ Mice

ANG Il has been shown to increase the expression of
MMP-2 in rat glomeruli’™ and in cultured human endothe-
lial cells.’® We therefore examined the activity levels of
MMP-2 in the urine of SP™* and SP~/~ hypertensive
groups. Gelatin zymography on the urine samples indi-
cated a greater increase in both pro-MMP-2 and MMP-2
activity in the SP*/* hypertensive animals compared with
the SP~/~ hypertensive counterparts (Figure 2A). In



agreement with these findings, a significant decrease in
the mRNA expression of MMP-2 and MMP-14 (MT1-
MMP), the membrane-associated activator of MMP-2,
was observed in kidneys of hypertensive SP~/~, relative
to SP*/* counterparts (n = 6 each) (Figure 2, B and C).
These differences in MMP-2 activity levels are likely me-
diated by ANG Il because blood pressure was not differ-
ent between these groups, and no detectable activity
was observed in normotensive groups (Figure 2A). Thus,
our data indicate that there is an attenuation of ANG
|l-induced increase in renal mMRNA expression and uri-
nary MMP-2 activity in the SP~/~ mice.

Angiotensin Il Hypertension-Induced Increase in
Reactive Oxygen Species Formation Is
Attenuated in SP~"~ Mice

Chronic hypertension caused by ANG Il infusion has
been shown to be associated with increased produc-
tion of reactive oxygen species (ROS) in the peripheral
vasculature and the kidney.'® Therefore, we investi-
gated whether the loss of SPARC affected ROS pro-
duction in response to ANG Il hypertension. Urinary
8-isoprostane levels, an indicator of reactive oxygen
species production, were measured for the four exper-
imental groups (Figure 3A). Whereas 8-isoprostane
levels were not significantly different in the normoten-
sive groups, the SP~/~ hypertensive group showed a
significant (~twofold) amelioration compared with their
SP*'* hypertensive counterparts. To confirm that the
observed differences in reactive oxygen species levels
were of renal origin, we assessed ROS production in
the kidneys through DHE and DCF staining and by
quantification of nicotinamide adenine dinucleotide
phosphate [NAD(P)H] oxidase subunit expression lev-
els by RT-PCR. DHE staining in kidney sections from
the hypertensive groups showed increased superoxide
staining in both cortex and medulla compared with the
normotensive groups. Attenuation of this staining in
SP~/~ hypertensive group was shown to be statistically
significant, relative to the SP*/* hypertensive group
(Figure 3, B and C). DCF staining indicated a statisti-
cally significant reduction in renal perivascular and
peri-glomerular (podocyte-like) production of H,O, in
the SP~/~ hypertensive group compared with the
SP*'* hypertensive group (Figure 3, B and C). Semi-
quantitative RT-PCR for the NAD(P)H oxidase subunits
and the three isoforms of superoxide dismutase (SOD)
in SP™* and SP~/~ hypertensive kidneys (n = 5)
showed no significant changes in expression of the
NAD(P)H oxidase subunits in SP~/~ mice (Figure 3D;
Supplemental Figure 2 at http://ajp.amjpathol.org).
Taken together, our data demonstrate that SP~/~ mice
display a decreased production of reactive oxygen
species in response to ANG ll-induced hypertension
that is not the result of changes in the expression levels
of renal NAD(P)H oxidase subunits or SODs.
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SP~/~ Mice Have a Diminished Infammatory
Response to Angiotensin Il Hypertension

It has been reported that hypertension results in an in-
flammatory response that exacerbates the disease state
and associated end organ damage.’*'® Therefore, we
measured the inflammatory response of the four experi-
mental groups in this study. Measurements of urinary
levels of IL-1B8 and MCP-1, known markers of inflamma-
tion, did not show a significant difference between SP*/*
and SP~/~ NT groups (Figure 4, A and B). However, the
SP** ANG Il HT group showed a significant (~threefold)
increase in the levels of urinary IL-18 compared with the
SP~/~ HT group (Figure 4A). A similar, albeit less pro-
nounced, increase (~1.8-fold) was seen in the SP*/* HT
urinary levels of MCP-1 (Figure 4B). To verify that the
observed ameliorations in the urinary levels of inflamma-
tory markers in the SP~/~ hypertensive group were of
renal origin, we assessed the presence of infiltrating
macrophages in the kidney. Analysis of two markers of
mature macrophages (Mac 3 and F4/80) showed signif-
icantly decreased staining in the SP~/~ HT kidneys, rel-
ative to SP*/* HT counterparts (Figure 4, C and D).
Quantification of the Mac3 and F4/80 staining revealed a
significant diminution (~3- and ~2.5-fold, respectively) in
the number of macrophages infiltrating the tubulointersti-
tial space. These results, combined with the urinary levels
of IL-18 and MCP-1, indicate that the loss of host SPARC
decreases the renal inflammatory response in ANG II-
dependent hypertension.

Discussion

Activation of the renin-angiotensin system has been re-
ported to play a major pathophysiological role in renal injury
and ischemic cardiovascular events independent of effects
on blood pressure.'® Angiotensin Il has been implicated as
a major contributor to renal and cardiovascular injury by
inducing reactive oxygen species formation and inflamma-
tion and vascular fibrosis and remodeling.'2° Studies
have shown that doses of ANG Il responsible for moderate
increases in blood pressure result in vascular, glomerular,
and tubulointerstitial injury, marked by cellular proliferation,
inflammation, and fibrosis.?' Glomerular and tubulointersti-
tial expression of SPARC has been reported to be markedly
elevated in passive and nephrotoxic Heymann nephritis
and in 5/6 nephrectomy and ANG IlI-dependent hyperten-
sion.>€2223 Whereas SPARC is constitutively expressed at
low levels in podocytes (glomerular epithelial cells) under
nonpathological conditions, all three glomerular cell types—
podocytes, mesangial cells, and endothelial cells—pro-
duce SPARC under pathological conditions.2® We therefore
tested the hypothesis that genetic deficiency of SPARC
attenuates renal damage in ANG Il-induced hypertension.
Using a model involving ANG Il infusion, SP~/~ mice were
shown to have significant ameliorations in i) the extent of
urinary and renal reactive oxygen species formation, ii) the
levels of urinary and renal inflammatory markers, and iii) the
extent of renal matrix deposition. These renal changes in
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(magnification, X400). Arrows indicate areas of increased ROS production. C: Quantification of the pixel density of DHE and DCF stainings. *P < 0.05 versus
SP™/* HT. D: Representative RT-PCR results examining the expression levels of NAD(P)H oxidase subunits as well as SOD isoforms in hypertensive SP™/* and
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the SP~/~ mice occurred independently of changes in
blood pressure.

Despite establishing an in vitro link between ANG Il and
SPARC expression in cultured primary mesangial cells,
our ANG II infusion studies did not reveal significant
increases in either glomerular damage or expression of
SPARC in SP™* HT animals, relative to NT controls (data
not shown). However, the observed amelioration of fibro-
sis associated with tubulointerstitium and renal vessels in
SP~/~ HT mice, relative to SP** HT counterparts is
consistent with findings of Pichler et al® and can, in part,
be the result of a transient increase in SPARC expression
after ANG Il infusion. Interestingly, analysis of kidney
functional data (proteinuria and microalbuminuria) did
not reveal a statistically significant difference between HT
SP*'* and SP~/~ animals (data not shown). A plausible
hypothesis that could, at least in part, account for these
outcomes is that overt differences between HT SP*/*
and SP~/~ mice in renal function can only be observed if
animals are subjected to a greater insult, such as when
ANG Il is combined with high salt. Concordant with this
hypothesis, we have been able to detect about a fivefold
amelioration of microalbuminuria in HT SP~/~ animals
subjected to a 14-day ANG Il infusion combined with a
high dietary salt (4% NaCl) intake relative to HT SP*/*
controls (M.J. Socha, M. Mahiani, J.D. Imig, K. Motamed,
unpublished results).

Previous work has established a link between ANG Il
infusion and increases in vascular oxidative stress.?* This
pro-oxidative effect of ANG Il is reported in endothelial
and vascular smooth muscle cells and is a result of the
hormonal actions of ANG Il rather than its effects on
blood pressure.?* Reports indicate that ANG |I, through
the AT-1 receptor, increases the expression of the
NAD(P)H oxidase subunits p22°"* and Nox-1."® Our
findings demonstrated that ANG ll-infused SPARC-null
hypertensive mice display a significant diminution in re-
nal oxidative stress, independent of significant alterations
in the expression of NAD(P)H oxidase subunits and su-
peroxide dismutases. Changes in the activity levels of
NAD(P)H oxidases and the SODs in the absence of reg-
ulation of their expression is a possibility that cannot be
excluded. Another possibility is that the alteration of oxi-
dative stress could come from other sources of excess
superoxide anions besides NAD(P)H oxidase. These in-
clude the mitochondrial electron transport chain,?® xan-
thine oxidase,® and uncoupled nitric oxide synthase.?”
These sources, along with the activity levels of NAD(P)H
oxidases and SOD isoforms, are currently under investi-
gation to elucidate fully the role of SPARC in renal oxida-
tive stress during hypertension (M.J. Socha, M. Mahiani,
J.D. Imig, K. Motamed, unpublished data).

Vascular and renal remodeling during hypertension
has been shown to be partially mediated by inflammatory
cytokines.?® This makes the inflammatory response a key
step in renal and vascular injury resulting from ANG Il
hypertension. In animal and human studies, the pro-in-
flammatory properties of ANG Il have been reported in
large conduit and small arteries, in the heart, and in the
kidney.2°~2" Infiltration of monocytes/macrophages in the
renal perivascular space and ANG |lI-mediated inflamma-
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tory damage in small renal vessels have been shown to
be ameliorated by inhibition of nuclear factor-«B, the
main mediator of ANG Il-induced inflammatory injury.233
Our present findings illustrate a diminished inflammatory
response in the SP~/~ hypertensive mice. A decrease in
the levels of urinary MCP-1 in the angiotensin hyperten-
sive SP~/~ mice correlated with a diminution of the num-
ber of infiltrating monocytes. This evidence implicates
SPARC as a potential regulator of the inflammatory re-
sponse in ANG ll-induced hypertension.

It has been reported that addition of exogenous
SPARC to cultured human monocytes increases their
expression of proteinases MMP-1 and MMP-9.% Matrix
metalloproteinases are key players in vascular and renal
remodeling and have been shown to be up-regulated by
ANG 11.3* On the other hand, it is known that glomerular
and tubular fibrosis are hallmarks of renal injury resulting
from hypertension.®®> TGF-g1 is well established as a
potent stimulator of extracellular matrix production during
renal injury,®® and its induction by SPARC has been
reported in mouse glomerular mesangial cells in vitro and
in a rat model of glomerulonephritis.3”38 Herein, we have
demonstrated that SPARC deficiency is associated with
significant attenuations in urinary TGF-B1 levels, MMP-2
activity, and deposition of extracellular matrix in angio-
tensin-dependent hypertension. Therefore, it can be hy-
pothesized that SPARC expression in response to ANG |1
hypertension plays a dual role in mediating renal matrix
remodeling through i) stimulation of the infiltration of
monocytes and their expression of MMPs, and ii) aug-
mentation of fibrosis via up-regulation of TGF-B1.

In summary, we have shown in this study that the
kidney damage resulting from ANG ll-induced hyperten-
sion is ameliorated in SPARC-null mice. This is evidenced
by a decrease in matrix deposition, reactive oxygen spe-
cies, and the inflammatory response that occurs during
ANG ll-induced hypertension. Taken together, these find-
ings suggest that SPARC can play a critical role in the
progression of renal injury in response to ANG Il and
could prove to be an important therapeutic target for
patients with hypertension.
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