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I. INTRODUCTION
Statement of the Problem
Angiotensin (ANG) II, the main effector of the Renin-Angiotensin System
(RAS), results in hypertension through alteration of renal sodium handling. ANG
11-induced hypertensive renal diseases are associated with an increase in
extracellular matrix (ECM) accumulation in renal resistance vessels, glomeruli,
and the interstitium, resulting in renal and glomerular fibrosis and thickening of
the glomerular basement membrane. In addition to renal fibrosis, ANG 11-induced
hypertension also results in increases in oxidative stress and inflammation in the
kidney. These responses seem to be, in part, mediated through the hormonal
actions of ANG II signaling through its receptors Angiotensin Type I (AT1) and
Type 2 (AT2).

Preliminary data show that the matricellular protein SPARC

(secreted protein, acidic and rich in cysteine) is expressed in mesangial cells in
response to ANG II treatment. The goal of this study is to ascertain the role
SPARC plays in renal damage resulting from ANG 11-induced hypertension.

Our central hypothesis is that loss of SPARC protein function
alleviates the renal damage caused by ANG II hypertension, alone or in
combination with a high salt diet, by reducing renal fibrosis, oxidative
stress, and inflammation.
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Specific Aims
Specific Aim 1: To test the hypothesis that the lack of SPARC protein in vivo
ameliorates end organ damage in ANG 11-lnduced hypertension via a pathway
involving the diminution of renal fibrosis, oxidative stress, and inflammation.
Specific Aim 2: To test the hypothesis that the lack of SPARC protein in vivo
prevents end organ damage in ANG 11-induced hypertension combined with a
high salt diet.
Specific Aim 3: To test the hypothesis that the lack of SPARC protein in vivo
protects against renal damage in mineralocorticoid-induced hypertension.

The Renin-Angiotensin System CRAS\
The RAS plays an important role in maintaining hemodynamic stability in
humans by regulating extracellular fluid volume,

sodium

balance,

and

cardiovascular function (Skeggs, Dorer et al. 1976).

In accordance with this

biological function, the RAS becomes activated in response to alterations in
blood pressure and extracellular fluid volume (Mitchell and Navar 1989; Erdos
1990). The RAS consists of a cascade of enzymes and hormones, beginning
with the release of renin from the juxtaglomerular cells of the afferent arteriole
(Perazella and Setaro 2003).

Juxtaglomerular cells synthesize renin as a

preprohormone that becomes activated by the removal of a 43-amino-acid
segment from the N-terminus. This active renin is stored in granules of the
juxtaglomerular cells until exocytic release into the systemic circulation (Atlas
2007).

Renin secretion is regulated by 4 main factors:

(1) changes in renal

perfusion pressure, sensed by a renal baroreceptor in the afferent arteriole, (2)
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alterations in NaCI c:felivery to the macula densa cells of the distal tubule, (3)
sympathetic stimulation of 13-1 adrenergic receptors, (4) negative feedback of
ANG II on the juxtaglomerular cells (Atlas 2007). Once in the circulation, renin
regulates the first, and rate-limiting step, of the RAS by cleaving angiotensinogen
into angiotensin I (ANG 1). Angiotensinogen is primarily synthesized in the liver
by hepatocytes, though angiotensinogen mRNA has also been detected in the
kidney, brain, heart, adrenal gland, ovary, placenta, and adipose tissue (Morgan,
Broughton Pipkin et al. 1996). Angiotensinogen is not stored in hepatocytes,
resulting .it its constitutive secretion into systemic circulation (Morgan, Broughton
Pipkin et al. 1996). Renin cleaves theN-terminal portion of angiotensinogen into
the biologically inert decapeptide ANG I (also known as ANG 1-10). ANG I is
then hydrolyzed by angiotensin-converting enzyme (ACE), which removes the
dipeptide from the C-terminal end of ANG I resulting in the octapeptide ANG II
(also known as ANG 1-8) (Atlas 2007).

ACE is a membrane-bound, zinc-

containing metalloproteinase located on the plasma membrane of endothelial
cells of the lungs and vasculature (Perazella and Setaro 2003; Bader and Ganten
2008). ACE is also found in a soluble form in the plasma, though it is not thought
to be physiologically important (Atlas 2007). In addition to generating ANG II,
ACE also metabolizes the vasoldilator peptides bradykinin and kallidin into
inactive forms (Carey and Siragy 2003).
While ANG II is the primary active product of the RAS, there are other
metabolites that may have some biological functions. Angiotensin Ill (ANG Ill,
also known as ANG 2-8) is formed by the removal of the first amino acid of the N-
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terminus of ANG II by aminopeptidase A, and may play a role in tonic blood
pressure maintenance and hypertension in the central nervous system (CNS)
(Reudelhuber 2005). Angiotensin IV (ANG IV, also known as ANG 3-8) is formed
by further degradation of ANG Ill by aminopeptidase N, and appears to play a
cooperative role in ANG II signaling in the brain (Reudelhuber 2005).
Angiotensin 1-7 (ANG 1-7) can be formed from either the cleavage of ANG I or II
by a carboxypeptidase ACE2, which shares structural homology with ACE (Carey
and Siragy 2003). Preliminary studies on ANG 1-7 indicate that it acts through a
unique receptor, and that it has vasodilatory effects as well as acting as an ACEinhibitor (ACE-I) (Reudelhuber 2005). ACE2 can also remove a single amino
acid from the C-terminus of ANG I to form Angiotensin 1-9 (ANG 1-9), a peptide
with no known biological function (Atlas 2007).
Angiotensin II CANG Ill in Cardiovascular Disease CCVDl

The ability of ANG II to affect nearly every type of cardiovascular cell
(endothelial, smooth muscle, fibroblast, monocytes/macrophages, and cardiac
myocytes) makes it a critical player in CVD. ANG II stimulates endothelial nitric
oxide synthase (eNOS) and thus nitric oxide (NO) production (Schena, Mulatero
et al. 1999).

Alternatively, ANG 11-induced reactive oxygen species (ROS)

production leads to cellular oxidative stress, decreased NO bioavailability, and
endothelial dysfunction (Rajagopalan, Kurz et al. 1996). Additionally, ANG 11induced ROS activate the transcription of nuclear factor-K B (NF-KB), leading to
an increase in vascular cell adhesion molecule-1 (VCAM-1) (Pueyo, Gonzalez et
al. 2000).

ANG II also stimulates inflammatory cytokines and cell adhesion
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molecules, such as VCAM-1, intercellular adhesion molecule-1 (ICAM-1), Eselectin, monocyte chemoattractant protein (MCP-1), interleukin (IL)-6, and IL-8
(Schieffer, Schieffer et al. 2000; Ruiz-Ortega, Lorenzo et al. 2001; Ruiz-Ortega,
Lorenzo et al. 2001).

Induction of cell proliferation, cellular hypertrophy, cell

differentiation, and apoptosis make ANG II an important growth factor in CVD
(Dzau 2001). ECM deposition and degradation are important factors in several
CVDs.

ANG II is able to stimulate the synthesis of ECM proteins via both the

AT1 and AT2 receptors (Kato, Suzuki et al. 1991; Mifune, Sasamura et al. 2000).
Furthermore, ANG II is able to stimulate Transforming Growth Factor (TGF)-13
synthesis, a profibrotic molecule (Moriguchi, Matsubara et al. 1999).

As for

degradation of ECM, ANG II induces production of matrix metalloproteinases
(MMPs) which are responsible for matrix breakdown (Libby and Lee 2000;
Browatzki, Larsen et al. 2005). This evidence convincingly shows that ANG II is
capable of playing an essential role in CVDs.
ANG II Receptors

There are two primary receptors for ANG II: the AT1 receptor and the AT2
receptor. Most of the physiological effects of ANG II are mediated through AT1
receptors, which are expressed in the liver, brain, lung, heart, vasculature, and
the kidney.

The 40 kDa AT1 receptor belongs to the seven-transmembrane

superfamily of G protein-coupled receptors, with G protein interactions occurring
at the N-terminus (Mehta and Griendling 2007). On the extracellular region of
the receptor are four cysteine residues which form disulfide bridges that are
essential for ANG II binding (Ohyama, Yamano et al. 1995).

Research has
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shown that the AT1 receptor is able to undergo homo and hetero oligomerization
with other receptors, including bradykinin B2, !32 adrenergic, dopamine 0 2 and
even AT2 (AbdAlla, Lother et al. 2000; AbdAlla, Lother et al. 2001; Zeng, Luo et
al. 2003). Since the density of AT1 receptors can serve as a regulator of ANG II
activity, regulation of AT1 expression is important. Acute increases in ANG II
levels lead to increases in AT1 receptor expression, however, chronically
increased ANG II concentrations lead to downregulaticm of AT1 receptor
expression (Griendling, Delafontaine et al. 1987; Lassegue, Alexander et al.
1995). Other factors involved in, or associated with, hypertension that regulate
AT1 expression include hypercholesterolemia and hyperinsulinemia which
upregulate AT1 receptors, as well as HMG CoA reducatse inhibitors (statins) and
NO which down regulate AT1 receptor expression (Mehta and Griendling 2007).
Two isoforms of the AT1 receptor, AT1a and AT1b, exist in rodents
(Sasamura, Hein et al. 1992).

These two isoforms are products of two

independent genes, though they share nearly 95% sequence homology (lwai,
lnagami et al. 1992). The AT1a receptor subtype is the predominant subtype in
the heart, aorta, kidneys, brain, and lungs while the AT1b receptor subtype is
abundant in the pituitary gland and adrenal cortex (Burson, Aguilera et al. 1994;
Gasc, Shanmugam et al. 1994). In the kidney, AT1a receptors. are found in all
nephron segments: the microvasculature of the medulla and the cortex, smooth
muscle cells of the afferent and efferent arterioles, tubular epithelial cells, and
macula densa cells (Paxton, Runge et al. 1993; Bouby, Hus-Citharel et al. 1997;
Harrison-Bernard, Navar et al. 1997; Miyata, Park et al. 1999). AT1b receptors
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are similarly expressed, though at lower levels than AT1a receptors, the
exceptions being in the glomerulus, where AT1b receptors are more common,
and the efferent arteriole, where no AT1b receptors are expressed (Bouby, HusCitharel et al. 1997; Harrison-Bernard, Cook et al. 2003).

Studies done with

subtype specific knockout mice have given insight into the individual actions of
the subtypes. AT1a receptor-deficient mice had lowered basal blood pressures,
with blunted vasoconstriction in response to exogenous ANG II (Ito, Oliverio et al.
1995). ATh receptor-deficient mice are normotensive, with no changes in the
constrictor response to exogenous ANG II (Oliverio, Kim et al. 1998). In addition,
a recent study in AT1a receptor-deficient mice showed that AT1a receptors are
responsible for accumulation of intrarenal ANG II, further supporting a role of the
AT1a receptors in blood pressure control (Li, Navar et al. 2007).
The AT2 receptor is a 41 kDa protein containing seven transmembrane
domains.

Despite this, the AT2 receptor is only 34% identical to the AT1

receptor (Mukoyama, Nakajima et al. 1993). AT2 is primarily expressed in fetal
tissues, but it can be induced in adults under pathological conditions such as
hypertension and chronic heart failure (Mehta and Griendling 2007). Low levels
of AT2 receptor expression have been detected in lung, liver, and kidney. Little
is known about the exact role of AT2 receptors, though animal studies indicate it
antagonizes AT1 effects. Activation of the AT2 receptor can lead to a decrease
in blood pressure through release of NO, attenuation of growth, and induction of
apoptosis (Carey 2005).

AT2 receptor signaling activates tyrosine and
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serine/threonine

phosphatases,

which

inhibit

AT1

receptor

signaling

(Munzenmaier and Greene 1996; Bedecs, Elbaz et al. 1997).
ANG II Signaling Pathways

When ANG II binds to its receptors, it activates a myriad of signaling
cascades which regulate the physiological effects of the peptide. Activation of
AT1 receptors leads to coupling with G-proteins, such as

Gaq~ 11 ,

Ga12112, and

G~v

(Ushio-Fukai, Griendling et al. 1998). These G-protein coupled complexes lead
to downstream activation of phospholiase C, phospholipase Az (PLA2), and
phospholipase D (Ushio-Fukai, Alexander et al. 1999). Activation of PLA2 results
in the production of the second messengers inositol-1 ,4,5-triphosphate (IP3) and
diacylglycerol (DAG) (Mehta and Griendling 2007). IP3 binds to its receptor on
the sarcoplasmic reticulum (SR) and induces calcium release into the cytoplasm,
leading to smooth muscle cell contraction (Van, Kim et al. 2003). DAG activates
protein kinase C, which not only phosphorylates the Na+/H+ pump causing
increased intracellular pH (Vallega, Canessa et al. 1988), but also is responsible
for ANG 11-induced cellular growth and migration (Yasunari, Kohne et al. 1999).
ANG 11-induced production of PLA2 leads to the synthesis of arachidonic acid
(AA), which functions in maintaining vascular tone as well as nicotinamide
adenine dinucleotide phosphate (NAD(P)H) oxidation (Griendling, Sorescu et al.
2000; Mehta and Griendling 2007). Similar to phospholipase C, phospholipase D
activates protein kinase C through the production of DAG (Touyz and Schiffrin
2000).
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Figure 1. Important effects of ANG II in cardiovascular pathologies (Mehta and
Griendling 2007).
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ANG II is a potent mediator of oxidative stress and oxidant signaling
(Taniyama and Griendling 2003; Van, Kim et al. 2003; Touyz 2004). While ANG
II activation of NAD(P)H oxidase is still under investigation, it is known that it
involves the upstream mediators Src/Epidermal Growth Factor Receptor
(EGFR)/Phosphoinositide 3-kinase (PI3K)/Rac-1 and phospholipase D/protein
Kinase C/p47phox phosphorylation (Seshiah, Weber et al. 2002; Touyz, Yao et
al. 2005). ANG 11-induced ROS were originally thought to be simply cytotoxic
· products; however, they have recently been identified as important second
messengers in cell signaling pathways. Indeed, some of the pleiotrophic effects
of ANG II are dependent upon ROS acting as second messengers (Mehta and
Griendling 2007).
Mitogen-activated protein kinases (MAPKs), responsible for cellular
growth, protein synthesis, and gene expression, can be activated by ANG II.
Through the AT1 receptor, ANG II activates extracellular signal-regulated kinase
(ERK1/2) through a phospholipase C and calcium dependent mechanism
(Eguchi, Matsumoto et al. 1996).

ERK1/2 is a MAPK that regulates ANG 11-

induced vasoconstriction (Touyz, He et al. 1999) as well as cellular growth and
protein synthesis (Rocic, Jo et al. 2003). Interestingly, AT2 receptor stimulation
results in the activation of phosphatases that block the ERK signaling pathway
(Horiuchi, Akishita et al. 1998; Cui, Nakagami et al. 2001). ANG II stimulation of
the MAPK apoptosis signal regulating kinase 1 is essential for ANG 11-induced
cardiomyocyte hypertrophy and remodeling (lzumiya, Kim et al. 2003).

In
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addition, ANG II activates Jun N-terminal kinase (JNK) and p38MAPK via a
pathway involving Ga 12113 activation of Rho/Rho kinase and subsequent
production of ROS (Mehta and Griendling 2007). These MAPKs are implicated
in cell migration, glucose metabolism, and protein synthesis.
Even though the AT1 receptor lacks kinase activity, it associates with
non receptor tyrosine kinases when bound to ANG II. c-SRC is one such tyrosine
kinase that is activated by ANG II in a
and Griendling 2007).

G~v

and ROS-dependent manner (Mehta

ANG II also stimulates the Janus kinase/Signal

transducers and activators of transcription (JAKISTAT) mitogenic pathway.
Activation of the JAK/STAT pathway by ANG II requires the tyrosine
phosphatase SHP-2, and leads to cell growth, migration, and remodeling
(Marrero, Schieffer et al. 1995) Additionally, ANG II is able to induce tyrosine
phosphorylation of focal adhesion kinase (FAK), resulting in the formation of focal
adhesions and changes in cell morphology (Eguchi, Iwasaki et al. 1999).
Little is known about the specific pathways through which the AT2
receptor exerts its effects. In counterpoint to AT1 receptors, evidence indicates
that AT2 receptor stimulation leads to vasodilation.

AT2 receptor-stimulated

vasodilation

and

is

dependent

on

NO,

bradykinin,

monophosphate (cGMP) (Nouet and Nahmias 2000).

cyclic

guanosine

Furthermore, AT2

receptors counteract the mitogenic effects of AT1 receptors by inhibiting MAPK
signaling pathways. Activation of mitogen-activated protein kinase phosphatase1 (MAK-1), protein phosphatase 2A (PP2A), and SHP-1 via the AT2 receptor
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result in the blockade of AT1 receptor-induced proliferation (Huang, Sumners et
al. 1996; Bedecs, Elbaz et al. 1997; Horiuchi, Hayashida et al. 1997)
ANG II in the Kidney

ANG II binding to AT1 receptors in the kidney results in several effects in
the kidney.

Alterations in renal hemodynamics as well as salt and water

excretion play a role in ANG 11-induced blood pressure increases. Activation of
AT1 receptors on the efferent arteriole reduce renal blood flow, and thus increase
glomerular filtration rate (GFR). Increases in GFR lead to increases in filtration
fraction (FF), in turn decreasing hydrostatic pressure while increasing oncotic
pressure. The net result of these changes is increased proximal tubular sodium
and water reabsorption (Navar, Harrison-Bernard et al. 1999).

ANG II acts

directly on renal tubules to stimulate proximal tubular sodium transport as well.
Activity of the Na•tH• antiporter, located on the luminal side of proximal tubules,
is increased in response to ANG II (Liu and Cogan 1989). On the basolateral
side of the proximal tubule, ANG II stimulates the Na•tHC0 3- cotransporter and
the Na•tK• adenosine triphospatase (ATPase) enzyme (Garvin 1991).

This

increase in Na•tK• ATPase activity is also found in the loop of Henle, increasing
sodium reabsorption there as well (Wang and Giebisch 1996).

In the distal

nephron, ANG II increases sodium reabsorption by stimulating epithelial Na•
channels (ENaC) (Peti-Peterdi, Warnock et al. · 2002).

ANG II also has a

mitogenic effect on the kidney. Through the AT1 receptor, ANG II activates cell
proliferation through the MAP kinase pathway (Wolf 2000; Luft 2002).
Stimulation of TGF-13, platelet-derived growth factor (PDGF), and NF-KB by ANG
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II lead to renal inflammation and fibrosis (Wolf 2000; Luft 2002).

To combat

these effects, ANG II activation of the AT2 receptor diminishes the effects of the
AT1 receptor on inflammation and mitogenesis (Tsuzuki, Matoba et al. 1996)
Deoxycorticosterone Acetate (DOCA)-Induced Hypertension

The

DOCA induced model

of hypertension

is representative of

pharmacologically-induced, salt-dependent hypertension. A combined treatment
with DOCA and an isotonic saline drinking solution results in hypertension,
nephrosclerosis, and renal hypertrophy (Sun and Zhang 2005). DOCA-induced
hypertension is a low renin and volume overloaded form of hypertension, the
mechanism of which is described below. Evidence indicates that the sympathetic
nervous system plays a role in DOCA-induced hypertension (Katholi, Naftilan et
al. 1980).

Another important factor in the development and maintenance of

DOCA-induced hypertension is arginine vasopressin, which acts as a
vasopressor hormone (Mohring, Mohring et al. 1977; lntengan, Park et al. 1999).
Recent studies have indicated a role for the endothelin system in DOCA-induced
hypertension (Matsumura, Hashimoto et al. 1999; Schiffrin 2001; Li, Chu et al.
2003; Callera, Montezano et al. 2004).

DOCA-induced hypertension also

depends on increases in vascular and renal oxidative stress (Li, Chu et al. 2003;
Manning, Meng et al. 2003).

While studies have indicated that there is an

increase in ANG II receptor expression in the brain, ACE inhibitors and ARBs are
unable to reduce DOCA-induced hypertension (Wilson, Sumners et al. 1986;
Wong, Price et al. 1991; French, Anderson et al. 1995).

DOCA-induced
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hypertension can be effectively treated using aldosterone receptor blockers and
diuretics (Van den Berg, de Kloet et al. 1994).
Secreted Protein Acidic and Rich in Cysteine (SPARC)

SPARC, also known as BM-40 and osteonectin, is a 32-kD matricellular
glycoprotein that modulates the interaction of cells with the ECM primarily
through regulation of cell adhesion, proliferation, and matrix deposition (Brekken
and Sage 2000). SPARC is highly expressed in many tissues during embryonic
development (Holland, Harper et al. 1987). Expression of SPARC in adulthood is
primarily in bone and the eye, as well as tissues undergoing remodeling and
repair (Termine, Kleinman et al. 1981; Lane and Sage 1994; Van and Sage
1999; Sage 2001).

SPARC-null (SP) mice, while viable and fertile, exhibit

several phenotypic abnormalities.

These mice develop cataracts early in

adulthood (Van and Sage 1999), suffer from severe osteopenia (Delany, Amling
et al. 2000), have accelerated dermal wound healing (Bradshaw, Reed et al.
2002), increased subcutaneous and epididymal fat deposition (Bradshaw,
Graves et al. 2003), and enhanced subcutaneous tumor formation (Brekken,
Puolakkainen et al. 2003; Puolakkainen, Brekken et al. 2004; Said and Motamed
2005).
A member of the matricellular family of proteins, which includes
thrombospondin (TSP) 1 and 2, tenascin C and X, as well as osteopontin,
SPARC consists of three modular domains (Figure 2).

The acidic domain,

located at the N-terminus, binds ca+2 with low affinity and has been shown to
inhibit cell spreading (Bradshaw and Sage 2001).

The follistatin-like domain
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inhibits proliferation and disrupts focal adhesions. Interestingly, this domain also
contains a (K)GHK copper-binding sequence, that upon release by proteolytic
cleavage by plasmin, stimulates proliferation and angiogenesis (Lane, lruelaArispe et al. 1994; Bradshaw and Sage 2001; Weaver, Workman et al. 2008).
The C-terminal extracellular calcium-binding (EC) domain has 2 high-affinity
Ca+2-binding E-F hand domains. Peptide studies indicate that this is the SPARC
domain that binds to the cell membrane and ECM proteins (Bradshaw and Sage
2001). Among the ECM proteins that SPARC has been shown to bind to are
fibrillar collagens (types I, II, Ill, and V), basement membrane collagen IV, and
vitronectin (Termine, Kleinman et al. 1981; Rosenblatt, Bassuk et al. 1997;
Sasaki, Hohenester et al. 1998; Van and Sage 1999; Wang, Workman et al.
2006). The binding site for collagen is located in the aA helix of the EC domain,
which is partially masked by the aC helix. Removal of the aC helix by MMP
cleavage results in a 10-fold increase in collagen binding (Sasaki, Gehring et al.
1997; Sasaki, Hohenester et al. 1998). A recent study mapped the SPARC
binding sites on collagen I, II, and Ill. SPARC binds with high affinity at a site
180 nm from the C-terminus (around residue 400 in the triple-helical domain) and
with lower affinity at a site 60-100 nm from the C-terminus of procollagens I, II,
and Ill (Giudici, Raynal et al. 2008).
The activities of several growth factors with essential roles in kidney
physiology and pathology have been shown to be regulated by SPARC.
Whereas the activity of PDGF, vascular endothelial growth factor (VEGF), and
insulin-like growth factor (IGF) is negatively regulated by SPARC, a reciprocal
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positive autocrine feedback loop exists between SPARC and TGF-131 in
glomerular mesangial cells (Raines, Lane et al. 1992; Kupprion, Motamed et al.
1998; Francki, Bradshaw et al. 1999). SPARC has also been shown to regulate
the expression of several secreted proteins (Brekken and Sage 2000) as well as
MMPs in certain cell types (Shankavaram, DeWitt et al. 1997).
SPARC in the Kidney

SPARC is present in murine cortical and medullary tubules (Kopp, Bianco
et al. 1992). SPARC is also constitutively expressed at low levels in podocytes
(glomerular epithelial cells) under non-pathological conditions. However, under
pathological conditions, all three glomerular cell types, podocytes, mesangial
cells, and endothelial cells, increase SPARC mRNA and protein expression
(Fioege, Alpers et al. 1992). Moreover, markedly elevated glomerular expression
of SPARC, produced mainly by podocytes, has been reported in passive and
nephrotoxic Heymann nephritis, mesangial proliferative nephritis, and in
hypertensive injury (5/6 nephrectomy and ANG II infusion) (Fioege, Alpers et al.
1992; Floege, Johnson et al. 1993; Pichler, Bassuk et al. 1996; Pichler, Hugo et
al. 1996; Wu, Cox et al. 1997). Patients with fibrotic renal injury reportedly show
increased serum concentrations of SPARC (Kanauchi, Nishioka et al. 2000). In
addition, a study found that global loss of SPARC results in amelioration of Type
I diabetes-induced nephropathy (Taneda, Pippin et al. 2003). This amelioration
is characterized by decreases in matrix deposition and TGF-131 expression. This
study also reported that wild-type mice with chronic diabetic nephropathy showed
increased glomerular staining of SPARC, predominantly in the podocytes. In a
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model of increased intraglomerular pressure, SPARC was shown to be
upregulated in podocytes subjected to mechanical strain (Durvasula and
Shankland 2005). The authors showed that this upregulation of SPARC was
dependent upon activation of the p38 MAPK signaling pathway.
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Figure 2. The modular structure of SPARC, derived from crystallographic data.

The three domains of SPARC are shown, with their attributed functions as
determined via synthetic peptide studies (Bradshaw and Sage 2001).

II. MATERIALS AND METHODS
1. Experimental Design

Specific Aim 1: To test the hypothesis that the lack of SPARC protein in vivo
ameliorates end organ damage in ANG 11-lnduced hypertension via a pathway
involving the diminution of renal fibrosis. oxidative stress. and inflammation.
Treatment Regimen for ANG 11-induced Hypertension:

For this study, 4

groups of 8 age-matched, 2 month old male mice were randomly divided into the
following groups:
Group 1:

sp•l• without treatment (INT NT)

Group 2:

sp+'+ infused with ANG II (INT HT)

Group 3: sp-'· without treatment (KO NT)
Group 4: sp-'· infused with ANG II (KO HT)
The animals were given tap water and normal chow ad-libitum over the course of
the 14 day treatment period. Mice in the ANG II infusion groups had osmotic
minipumps implanted subcutaneously on day 0 of the treatment regimen as
described below.

The minipumps delivered ANG II at a dose of 90 ng/day.

Systolic blood pressures (SBP) were measured by tail-cuff plethysmography at
day 0 and every 3 days subsequent as described below.

During the final 24

hours of Ang II infusion, each mouse was placed in a metabolic cage to collect
urine samples.
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Specific Aim 2: To test the hypothesis that the lack of SPARC protein in vivo
prevents end organ damage in ANG 11-induced hypertension combined with a
high salt diet.
Treatment Regimen for ANG 11-induced Hypertension and High Salt Diet:
For this study, 6 groups of 8 age-matched, 2 month old male mice were randomly
divided into the following groups:
Group 1: sp+l+without treatment (\NT Nn
Group 2: sp+l+ on a high salt diet (\NT HS)
Group 3: sp+l+ infused with ANG II and on a high salt diet (\NT ANG-HS)
Group 4: spl- without treatment (KO NT)
Group 5: spl- on a high salt diet (KO HS)
Group 6: spl- infused with ANG II and on a high salt diet (KO ANG-HS)
The animals were given tap water and the high salt chow (4% NaCI by weight)
ad-libitum over the course of the 14 day treatment period. Mice in the ANG-HS
groups had osmotic minipumps implanted subcutaneously on day 0 of the
treatment regimen as described below. The minipumps delivered ANG II at a
dose of 90 ng/day_ SBP was measured by tail-cuff plethysmography at day 0
and every 3 days subsequent. During the final 24 hours of the treatment, each
mouse was placed in a metabolic cage to collect urine samples.
Specific Aim 3: To test the hypothesis that the lack of SPARC protein in vivo
protects against renal damage in mineralocorticoid-induced hypertension.
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Treatment Regimen for DOCA Hypertension: For this study, 6 groups of 8
age-matched, 2 month old male mice were randomly divided into the following
groups:
Group 1: sp+l+ with DOCA pellet alone

0/IJT DOCA)

Group 2: sp+l+with 1% NaCI drinking water 0/IJT NaCI)
Group 3:

SP1+ with 1% NaCI drinking water and DOCA 0/IJT DOCA-s)

Group 4: spl· with DOCA pellet alone (KO DOCA)
Group 5: spl·with 1% NaCI drinking water (KO NaCI)
Group 6: SP1"with 1% NaCI drinking water and DOCA (KO DOCA-s)
The animals were given tap water containing 1% NaCI and the normal chow adlibitum over the course of the 14 day treatment period. Mice in the DOCA pellet

groups had DOCA pellets implanted subcutaneously on day 0 of the treatment
regimen as described below. Mean arterial pressures (MAP) were measured via
telemetry as described below. During the final 24 hours of the treatment, each
mouse was placed in a metabolic cage to collect urine samples.

2. Animals
C57BU6 X 129SvJ sp+l+ and spl· male mice (2-3 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 C57BU6 mice (The Jackson Laboratory, Bar Harbor,
ME) for at least six generations prior to use in these studies. All experimental
procedures were approved by the Institutional Animal Care and Use Committee
of the Medical College of Georgia.
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3. Reagents and Antibodies

Anti-human

and

anti-mouse

SPARC

antibodies

were

purchased

from

Haematologic 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 (Ontario, Canada), and the anti-mouse F4/80 antibody was from
AbO Serotec (Raleigh, NC). ANG II for in vitro and in vivo studies was obtained
from Sigma (St. Louis, MO) and Phoenix Pharmaceuticals (Belmont, CA),
respectively.

Dihydroethidium (DHE), a dye used to assess the levels of

superoxide radicals, and dichlorofluorescein (DCF), a hydrogen peroxide specific
dye, were obtained from Invitrogen (Carlsbad, CA).
4. Angiotensin II Infusion to Induce Hypertension

Mice were anesthetized with 2% isoflurane and osmotic pumps implanted
subcutaneously on day 0 of the treatment regimen. The osmotic pumps (Duret
Corporation, 0.25 JJL per hour, 14 days) infused ANG II at a rate of 90 ng/day for
a period of two weeks.
5. DOCA Pellet Implantation to Induce Hypertension

Mice

were

anesthetized

with

2%

isoflurane

and

21-day

release

Deoxycorticosterone Acetate (DOCA) pellets (50mg/pellet) (Innovative Research,
Sarasota, FL) were implanted subcutaneously on day 0 of the treatment regimen.
Following implantation, the animals were given tap water supplemented with 1%
NaCI to drink.
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6. Blood Pressure Measurements by Tail-cuff Plethysmography

Baseline systolic blood pressure was measured via tail cuff prior to placement of
the pumps, and on days 3, 7, 10 and 14 of treatment regimens. Animals were
placed in lucite tubes and allowed to acclimate before multiple measurements
were made for each time point.
7. Blood Pressure Measurements by Telemetry

Telemetry transmitters (Model TA11PA-C10, Data Sciences, St. Paul, MN) were
implanted according to manufacturer's specifications into the mice while under
pentobarbital sodium anesthesia (Abbott Laboratories, North Chicago, IL).
Briefly, a midline incision was used to expose the abdominal aorta that was
briefly occluded to allow insertion of the transmitter catheter. The catheter was
secured in place with tissue glue. The transmitter body was sutured to the
abdominal wall along the incision line as the incision was closed. The skin was
closed with sutures. The mice were allowed to recover for at least 4 days before
measurements began. Minute-to-minute 24 h measurements of mean arterial
pressure were made during the 21 day treatment period.

B. Cell Culture
Primary human and mouse glomerular mesangial cells were purchased from
Cambrex (Baltimore, MD) and Dominion Pharmakine (Derio, Spain), respectively.
Cells were used from passages 3-8 and were maintained in specialty media
according to the manufacturer's recommendations. All cells were incubated in
5% C02 at 37°C. At 65% confluency, quiescent (24 h serum-starved) cells were
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treated with ANG II (10-100 nM) for 24-48 h to measure changes in SPARC
protein levels in response to ANG II.
9. lmmunoblotting
Human and mouse mesangial cells (106 ) were serum-starved in DMEM/0.5%
FBS overnight (15-18 h) prior to stimulation with ANG II (0-1 00 nM) for 24 h. Fifty
micrograms of cell extracts were subjected to immunoblotting using primary
antibodies against human and mouse SPARC (Haematologic Technologies Inc.
Essex, VT), as described previously (Francki, Bradshaw et al. 1999).
10. Biochemical Assays
In order to assess renal damage, basement membrane integrity as well as
inflammatory and fibrotic responses were assessed in urine samples by ELISA
for microalbumin (Exocell Inc., Philadelphia, PA), 8-isoprostane (Cayman
Chemical, Ann Arbor, Ml), MCP-1 (BD Bioscience), IL-113, and active TGF-131
(R&D Systems).

Urinary protein excretion was determined with a standard

Bradford assay as previously described (Eimarakby, Quigley et al. 2006). Urine
samples were also analyzed for creatinine content using the QuantiChrom
Creatinine Assay Kit (BioAssay Systems, Hayward, CA) for normalization.
Serum concentrations of ANG II were determined using an ANG II EIA kit
(Cayman Chemical).
11. Histology and Immunohistochemistry
Harvested kidneys were processed by snap-freezing in liquid nitrogen or fixation in
either methyl Carnoy's fixative or in 10% neutral-buffered formalin (Fisher
Scientific, Fairlawn, NJ). The kidneys fixed with methyl Carnoy's and formalin were
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embedded in paraffin and cut into 5-!Jm sections. Frozen sections were placed in
Optimal Cutting Temperature (OCT, Tissue-Tek, Hatfield, PA) embedding medium
prior to sectioning.

Periodic Acid Schiff (PAS, Sigma) staining was used to

measure overall basement membrane and glycoprotein levels according to
manufacturer's recommended protocol.

Masson's Trichrome (Sigma) and

Pircrosirius red (Sigma) histological stains were used to stain for collagens I and Ill
according to manufacturer's recommended protocols.

To quantify the PAS,

Masson's Trichrome, and Picrosirius red staining, 20 random images each from
the groups were assigned random numbers, and scored by blinded observers on a
scale of 0-5 for collagen staining.

For immunohistochemistry staining, the

antibodies Mac3 and F4/80, both cellular markers of mature macrophages, were
used to assess renal inflammation. Kidney sections embedded in paraffin were
de-paraffinized with xylene, and rehydrated in graded ethanol before being
incubated in 0.3% H202 in methanol for 40 minutes to block endogenous
peroxidases. Sections were then treated with AutoZyme (BioMedia Corp, Foster
City, CA) for 20 minutes at 37° C before incubation with primary antibodies
overnight.

After washing with PBS/0.5%Tween-20 (PBS-T), the sections were

incubated with a horseradish peroxidase-conjugated secondary antibody (Jackson
lmmunoResearch Labs Inc., West Grove, PA) for 1 hour before being developed
with Vectastain ABC Elite Kit (Vector Laboratories, Burlingame, CA) and stable
3,3'-diaminobenzidine (ResGen, Huntsville, AL). Slides were counterstained with
hematoxylin and mounted. Images were acquired with a Leica microscope
(DM5000) equipped with a Q-lmaging digital camera (Leica Microsystems,
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Wetzlar, Germany).

Quantification of the Mac3 and F4/80 stainings was

accomplished by analyzing 20 random images from each of the groups, and the
number of positive staining cells per field was counted.
12. DHE and DCF Staining

Frozen kidney sections embedded in OCT embedding medium were cut into 5
~m

sections and mounted on glass slides. Prior to staining, the frozen slides

were allowed to equilibrate to room temperature for 30 minutes and washed in
Dulbecco's phosphate buffer (PBS, Sigma) for 5 minutes. The sections were
then covered with either 10

~M

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 PBS for 5 minutes and mounted with
VectaShield Fluorescent Mounting Media (Vector Labs Inc.).

Images were

acquired with a Leica microscope (DM5000) equipped with a Q-lmaging digital
camera (Leica Microsystems) under fluorescent light.

The stainings were

quantified by measuring pixel density of 40 random images from each group
using MetaMorph software (Molecular Devices Corp., Sunnyvale, CA).
13. Gelatin Zymography

Urine samples were normalized to creatinine concentration, denatured in the
absence of a reducing agent, and electrophoresed in 8% SDS-PAGE containing
0.1% gelatin (Sigma). Gels were washed twice for 20 minutes in 2.5% Triton X100 (Sigma), followed by incubation at 37°C overnight in a buffer consisting of 10
mM Tris-HCI (pH 7.5), 1.25% Triton X-100, 10 mM CaCiz, and 1

~M

ZnCiz. Gels

were stained with 2.5% Coomassie blue (Fisher Scientific). Proteolysis was
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detected as a white zone in a blue background and photographed using a Kodak
Gel Logic 100 imaging system (Eastman Kodak, Rochester, NY) and Kodak 1-D
3.6 software.
14. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

RT-PCR was used to assess the levels of mRNA 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 lmprom-11 Reverse Transcriptase (Promega, Madison, WI)
into eDNA for subsequent PCR analysis.

PCR amplification 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 min, followed by a
variable number of cycles of 95°C for 30s, the specific annealing temperature for
1 min, 72°C for 90s, and a final elongation at 72°C for 8 min. PCR products were
visualized on 2% agarose gels containing ethidium bromide.

Relative gene

expression levels were quantified using Kodak 1D 3.6 software (Eastman Kodak)
to measure band intensity.

The intensity of the PCR product bands were

normalized to ribosomal protein (rp) S6 expression.
15. Statistical Analysis

ELISA data are presented as mean ± SEM. To determine statistical differences
between groups with respect to the ELISA assays, a one-way ANOVA was
performed followed by Kruskal Wallis post hoc test. For the SBP experiment,
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statistical significance was determined using a two-way ANOVA followed by a
Kruskal Wallis post hoc test to identify individual differences between specific
groups and treatment times.

Quantification of the stainings and RT-PCR

experiments are presented as mean ± SEM, and statistical differences were
determined by a two-tailed t-test. A p-value of less than 0.05 was considered as
statistically significant for all data.
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Table 1. PCR primer sequences, annealing temperatures, and cycle numbers used in RT-PCR experiments.
Gene

Forward Primer

Rovorae Primer

Cycle

Annoallng
Temp(C)

Number

Band Slzo

p22phox

5'-TTTCACACAGTGGTATTTCG-3'

5'-CGTAGTAATTCCTGGTGAGG-3'

55°

35

170

gp91phox

5'-TCACATCCTCTACCAAAACC-3'

5'-CCTTTATTTTTCCCCATTCT-3'

55°

35

199

Nox-4

5'-GTTTTGGCAA.GAAAACAGAC-3'

5'--GAAA.TAGAACTGGGTCCACA-3'

55"

25

213

p67phox

5'-GGCCAAGTGAAAAACTACTG-3'

5'-GCGTCATAACTGAAGATTGC-3'

55°

30

247

35

236

I
I

p40phox

5'-TGGAGATGTGATCTTCCTTc-3'

5'-CTAGCAGGTCTTTGAACAGG-3'

610

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'-GCTGTCAGCTTCTCCTIAAA-3'

55°

35

178

SOD--3

5'-ATGTTGGCCTTCTTGTTCTA-3'

5'-GTGTCGCCTATCTTCTCAAC-3'

sso

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'-A.CCAGGTACACTTGGTACATATAGGGC-3'

5'-GGGAATCTCACAGCTCGGTG-3'

56"

35

212

MMP-15

5'-GAACCTCTCCTCCCACGACAA-3'

5'-GAATCCACCACTTGGAAAGCG-3'

56"

35

795

TGF-IH

5'-A.CCATCCATGACATGAACCG-3'

5'-GGTTGCGACCCACGTA-3'

56"

30

390

.,so

5'-AAGCTCCGCACCTTCTATGAGA-3'

5'-TGACTGGACTCAGACTTAGAAGTAGA-3'

sao

24

730

I

Ill. RESULTS

Specific Aim 1: To test the hypothesis that the lack of SPARC protein

in

vivo

ameliorates

end

organ

damage

in

ANG

11-lnduced

hypertension via a pathway involving the diminution of renal fibrosis.
oxidative stress. and inflammation.
Angiotensin II Regulates SPARC mRNA and Protein Expression
in Mouse Primary Mesangial Cells.
There is a reported transient increase in the expression of SPARC at sites
of glomerular and tubulointerstitial injury and fibrosis, as well as by smooth
muscle cells and cells in the adventitia of renal arteries in ANG 11-infused rats
with moderate hypertension (Pichler, Hugo et al. 1996). This study prompted us
to test whether a direct effect of ANG II on SPARC expression can be
documented in cultured murine renal cells. ANG II treatment of murine cultured
mesangial cells (Figure 3) resulted in a dose-dependent increase in SPARC
mRNA expression as early as 6 h post-treatment which lasted up to 12 h.
SPARC protein levels also increased in a dose-dependent manner 24 h after
ANG II treatment of cultured mouse mesangial cells (Figure 3). These results
indicate that SPARC expression can be regulated by ANG II in cultured murine
mesangial cells.
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Figure 3. Top: 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 following 6 and 12 hour ANG II treatment
at varying concentrations.

Bottom: Protein levels were measured by Western

blotting 24 hours after ANG ·II treatment at varying concentrations.
representative of three independent experiments.

Figures are
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Angiotensin II Regulates SPARC Protein Expression In Vivo
In order to confirm that the upregulation of SPARC by ANG II was not
simply an artifact of cultured cells, we investigated whether the upregulation
occurred in vivo. To show this, we infused

sp•l• mice with ANG

II for 2 weeks

(n=6). Following treatment, Western blot analysis of kidney extracts from the

sp•t•

mice exhibit increased SPARC protein in their kidneys (Figure 4). This

indicates that ANG II upregulated SPARC both in vitro and in vivo.

Loss of SPARC Expression has no Effect on Blood Pressure in
Angiotensin II Hypertension
A 14-day ANG II infusion resulted in a significant increase in the systolic
blood pressure of both

sp•t•

and

spl-

mice that reached a plateau at

approximately 140 mmHg (Figure 5). There was no significant difference in the
blood pressure of

sp•t•

and

spl-

mice in either normotensive (n=4) or

hypertensive (n=8) groups. Therefore, the presence or absence of host SPARC
does not affect basal orANG 11-induced increases in blood pressure.
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Figure 4. ANG II infusion results in an increase in SPARC protein expression from renal

extracts. ANG II infusion lasted 14-days, after which kidneys were harvested from NT
(n=4) and HT (n=6). Image is representative of three independent experiments.
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Figure 5. Tail-cuff measurements of the blood pressures of normotensive (NT) (n=4) and
ANG //-hypertensive (HT)

sp+l+

and SP1- mice (n=B) in a 14-day period.
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ANG 11-Treated SP1- Mice Exhibit Diminished Renal Expression of

TGF-(31
ANG II is known to upregulate the pro-inflammatory and pro-fibrotic protein, TGF131 (Wolf 2000).

In addition, SPARC is known to be involved in a positive autocrine

feedback loop with the growth factor TGF-~1 (Francki, Bradshaw et al. 1999). Hence, we
investigated the differences in urinary TGF-~1 levels in the four experimental groups. No
significant differences were seen in the urinary TGF-~1 levels of the sp+l+ and splnormotensive (n=4, each) groups (0.90 ± 0.11 and 1.1 ± 0.25 pg/day, respectively)
(Figure 6).

This data suggests that under physiological conditions, loss of SPARC

expression does not significantly alter renal TGF-131 expression. However, there was a
significant decrease (>57%) in the urinary TGF-~1 excretion levels of the spl- (n=6)
hypertensive group, compared to their sp+l+ (n=6) hypertensive counterparts (Figure 6).
To confirm that these differences in urinary TGF-131 were renal in origin, we examined
renal TGF-131 mRNA expression. A significant decrease in the mRNA expression of TGF~1 was observed in kidneys of hypertensive SP1- mice (n=6), relative to sp+'+ (n=6)

controls (Figure 7).

Collagen Deposition in Response to ANG II is Decreased in spl- Mice
Because

TGF-~1

is known to play a crucial role in extracellular matrix deposition,

and since SPARC is also known to have a stimulatory effect on collagen deposition, we
used histological stains to assess the levels of collagen deposition in the hypertensive
groups.

PAS staining is used to detect basement membrane proteins as well as
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glycoproteins, glycolipids, and proteoglycans.

It is commonly used to measure

glomerulosclerosis. The results of PAS staining show that spl- HT mice (n=6) had less
renal sclerosis, as evidenced by decreased pink coloration (Figure 8). We next employed
Picrosirius Red staining, which is used to detect fibrular collagen under polarized light. As
with the PAS staining, the results of the Picrosirius Red staining indicate decreased
collagen deposition in the spl- HT (n=6) mice compared to the sp•l• HT (n=6) mice
(Figure 8). Finally, to demonstrate decreased renal fibrosis in mice lacking SPARC, we
used Masson's Trichrome staining to assess the levels of collagen I and Ill. Results of
this staining indicated decreased levels of both perivascular and tubulointerstitial collagen
deposition in the spl- HT (n=6) mice (Figures 9 and 10, respectively).

In an effort to

quantitate the fibrosis measured by Trichrome staining, blinded observers scored 20
random images from each animal (n=6) for perivascular and tubulointerstitial collagen
staining on a scale of 0-5 (0 being the low levels of collagen staining, 5 being high levels)
and the results were tabulated. The scoring showed that there were significant decreases
in both the perivascular and tubulointerstitial collagen deposition in the SP1" HT mice
(Figures 9 and 10, respectively).
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#+

1

SP+/+ NT SP+/+ HT SP-/- NT SP-/- HT

Figure 6. ELISA assay was used to measure urinary levels of active TGF-p1 in the four

experimental groups(* p<0.05 vs. sp+l+ NT, # p<0.05 vs. spl· NT, + p<0.05 vs. sp+l+
HT).
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Figure 7. mRNA expression levels of renal TGF-{31 in hypertensive sp+l+ and sp-1· mice

(n=6 each) as detennined by RT-PCR, results shown are representative of three
independent experiments (Top: Representative agarose gel of PCR products. Bottom:
Quantification of the relative band intensities of TGF-{31 following nonnalization to
corresponding rpS6 internal controls. * p<O. 05 vs. sp+l+ HT).
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sp+t+ HT

sp-t- HT

Figure 8. Top: PAS staining of renal tissue to measure basement membrane deposition

in sp+t+ and spl- HT animals (400x magnification).

Pink color depicts basement

membrane proteins. Bottom: Picrosirius Red staining of renal vessels under polarized
light to measure perivascular collagen deposition in sp+l+ and spl- HT animals (400x
magnification). Red color depicts mature collagen fibril staining (SP+t+ HT), and orangegreen color indicates the presence of immature fibrils (spl- HT).
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sp+t+ HT

sp-t- HT

Perivascular Staining

*

SP+/+

SP-/-

Figure 9. Top: Perivascular staining of collagen by Masson's Trichrome stain (400x
magnification). Blue staining indicates deposition of collagens I and Ill. Bottom: Graphs
indicate the quantification of the Masson's Trichrome staining by blinded scoring.
p<O. 05 vs. sp+l+ HT.

*
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sp+l+ HT

sp-l- HT

Tubulointerstitial Staining

*

SP+/+

SP-/-

Figure 10. Top: Tubulointerstitial staining of collagen by Masson's Trichrome stain
(400x magnification). Blue staining indicates deposition of collagens I and Ill. Bottom:
Graphs indicate the quantification of the Masson's Trichrome staining by blinded scoring.

* p<O. 05 vs. sp+l+ HT.
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Upregulation of Urinary MMP-2 Activity in Response to ANG II
Hypertension is Ameliorated in

sp·'· Mice

ANG II has been shown to increase the expression of MMP-2 in rat glomeruli
(Bolbrinker, Markovic et al. 2006), as well as in cultured human endothelial cells (Arenas,
Xu et al. 2004). We therefore examined the activity levels of MMP-2 in the urine of sp•l•
and SP1- hypertensive groups. Gelatin zymography on the urine samples indicated an
increase in both pro-MMP-2 and MMP-2 enzymatic activity in the

sp•l•

hypertensive

animals, compared to the spl- hypertensive counterparts (Figure 11). 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•l+

counterparts (n=6 each) (Figure 12). These

differences in MMP-2 activity levels are likely mediated by ANG II, since blood pressure
was not different between these groups and no detectable activity was observed in
normotensive groups. No differerences were observed in the renal expression of MMP-9
and MMP-15 (Figure 12). Thus, our data indicate that there is an attenuation of the ANG
11-induced increase in urinary MMP-2 activity and renal mRNA expression of MMP-2 and
MMP-14 in the spl· mice.
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SJ>+1• NT

Figure 11.

SJ>+I•HT

SP"· NT

SP"· HT

Gelatin zymography revealed that sp+l+ mice (n=7) exhibited a greater

increase in urinary MMP-2 activity following ANG II infusion, compared to spl· mice (n=7).
Figure is representative of three independent experiments.
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Figure 12. Top: mRNA expression levels of renal MMPs in hypertensive sp+l+ and

sP'- mice

(n=6 each) as determined by RT-PCR, results shown are representative of

three independent experiments. Bottom: Quantification of the relative band intensities of
MMPs following normalization to corresponding rpS6 internal controls. * p<0.05 vs. sp+l+
HT.
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Angiotensin II Hypertension-induced Increase in Reactive Oxygen
Species Formation is Attenuated in

sp·'· Mice

Chronic hypertension caused by ANG II infusion has been shown to be associated
with increased production of ROS in the peripheral vasculature and the kidney
(Chabrashvili, Kitiyakara et al. 2003). Therefore, we investigated whether the loss of
SPARC affected ROS production in response to ANG II hypertension.

Urinary 8-

isoprostane levels, an indicator of ROS production, were measured for the four
experimental groups (Figure 13). Whereas 8-isoprostane levels were not significantly
different in the normotensive groups, the spl· hypertensive group showed a significant
(-2-fold) amelioration compared to their sp+l+ hypertensive counterparts.

In order to

confirm that the observed differences in ROS levels were of renal origin, we assessed
ROS production in the kidneys through DHE and DCF staining, as well as by
quantification of NAD(P)H oxidase subunit expression levels by RT-PCR. DHE staining in
kidney sections from the hypertensive groups showed increased superoxide staining in
both cortex and medulla, compared to the normotensive groups. Attenuation of this
staining in SP1" hypertensive group was shown to be statistically significant, relative to the

sp+l+ hypertensive group (Figure 14). DCF staining indicated a statistically significant
reduction in renal perivascular and peri-glomerular (podocyte-like) production of H20 2 in
the spl· hypertensive group, compared to the sp+l+ hypertensive group (Figure 15).
Semi-quantitative RT-PCR for the NAD(P)H oxidase subunits, as well as the three
isoforms of superoxide dismutase (SOD), in sp+l+ and spl· hypertensive kidneys (n=5)
showed no significant changes in expression of the NAD(P)H oxidase subunits in spl·
mice (Figures 16 and 17). Taken together, our data demonstrate that SP1" mice display a
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decreased production of ROS in response to ANG 11-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+/+ NT SP+/+ HT SP-/- NT SP-/- HT

Figure 13. Urinary levels of 8-lsoprostane showed a reduction in oxidative stress in the
spl- HT group(* p<0.05 VS. sp+l+ NT,+ p<0.05 VS. sp+l+ HT).
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sp+l+ HT

sp·l- HT

DHE Staining

*

SP+/+ HT

SP-/- HT

Figure 14. Top. Representative DHE staining of superoxide radicals in kidneys from
sp+t+ and SP1- HT animals (n=6). spl- HT mouse kidneys showed decreased levels of

superoxide (200x magnification).
stainings. * p<O. 05 vs. sp+t+ HT.

Bottom:

Quantification of the pixel density of DHE
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sp-t- HT

sp+t+ HT

DCF Staining
1

*

SP-/- HT

SP+/+ HT

Figure 15. Top: Representative DCF staining of hydrogen peroxide in kidneys from
sp+l+

and SP1- HT animals (n-6) . Staining indicates that SP1- HT kidneys have reduced

levels of hydrogen peroxide (400x magnification).
density of DCF stainings. * p<O. 05 vs.

sp+l+

HT.

Bottom: Quantification of the pixel
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Figure 16.

---·:_ ______
..

..:,-~.,;,.

Representative RT-PCR results examining the expression levels of

NAD(P)H oxidase subunits as well as SOD isoforms in hypertensive sp+l+ and sp-1· mice
(n=5 each). Data shown are representative of three independent experiments.
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Figure 17. Relative expression levels of the NAD(P)H oxidase subunits and SOD isoforms confirm that there were no
significant differences between the sp+l+ HT (n=5) and sp-1· HT (n=5) groups (p values>0.05).
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sp·'- Mice have a

Diminished Inflammatory Response to Angiotensin II

Hypertension
It has been reported that hypertension results in an inflammatory response which
exacerbates the disease state and associated end organ damage (Suzuki, Ruiz-Ortega et
al. 2003; Ruiz-Ortega, Esteban et al. 2006). Therefore, we measured the inflammatory
response of the four experimental groups in this study. Measurements of urinary levels of
IL-1p and MCP-1, known markers of inflammation, did not show a significant difference
between sp+l+ and spl- normotensive groups (Figures 18 and 19, respectively).
However, the sp+l+ ANG II hypertensive group showed a significant (-3-fold) increase in
the levels of urinary IL-1p compared to the spl- hypertensive group (Figure 18). A similar,
albeit less pronounced, increase (-1.8-fold) was seen in the sp+l+ HT urinary levels of
MCP-1 (Figure 19). To support the contention that the observed ameliorations in the
urinary levels of inflammatory markers in the spl- hypertensive group were of renal origin,
we assessed the presence of infiltrating macrophages in the kidney. Analysis of Mac3
and F4/80 via IHC showed significantly decreased staining in the spl- hypertensive
kidneys, relative to sp+l+ hypertensive counterparts (Figures 20 and 21, respectively).
Quantification of the Mac3 and F4/80 staining revealed a significant diminution (-3-fold
and -2.5-fold, respectively) in the number of macrophages infiltrating the tubulointerstitial
space. These results, combined with the urinary levels of IL-1 p and MCP-1, indicate that
the loss of host SPARC decreases the renal inflammatory response in ANG 11-dependent
hypertension.
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SP-/- HT

Figure 18. ELISA assay of urinary IL-1/) levels indicated that spl- HT animals have a
diminished inflammatory response in response to ANG II, compared to sp+l+ HT animals

(* p<0.05 vs. sp+l+ NT,# p<0.05 vs. spl- NT, + p<0.05 vs. sp+l+ HT).
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Figure 19. ELISA assay of urinary MCP-1 levels indicate that spl- HT animals have a
diminished response to ANG II infusion(* p<0.05 vs. sp+l+ NT, # p<0.05 vs. spl- NT, +

p<o.os vs. sp+l+ H1J.
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SP-/- HT

Figure 20. Top: IHC staining of Mac3 confirmed that there is a reduced inflammatory
response in the kidneys of spl- HT animals (400x magnification). Bottom: Quantification
of the number of positive staining cells per field.

* p<O. 05 vs. sp+l+ HT.
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sp+l+ HT
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Figure 21. Top: IHC staining of F4180 confirmed that .there is a reduced inflammatory
response in the kidneys of SP"1- HT animals (400x magnification) . Bottom: Quantification
of the number of positive staining cells per field.

* p<O. 05 vs. sp+l+ HT.
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Loss of SPARC Expression has no Effect on Circulating ANG II Levels
In an effort to show that the alterations in renal damage to spl· were not the result
of increased clearance of ANG II, we measured circulating levels of ANG II in our
treatment groups.

Using an ELISA assay, we found that normotensive spl· had no

significant difference in plasma ANG II when compared with sp•l• mice (Figure 22).
Following two weeks of ANG II infusion, there was still no significant difference in plasma
levels of ANG II levels in spl· compared with sp•l• mice (Figure 22). In fact, there was a
trend toward increased levels of plasma ANG II concentration in both the normotensive
and hypertensive groups of spf· mice, though the difference never reached statistical
significance.
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Figure 22. ANG II assay measuring circulating levels of ANG II in the HT groups
showed that there was no significant difference between the spl- (n=5) and sp•l+ (n=7)
groups (p=0.214).
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Specific Aim 2: To test the hypothesis that the lack of SPARC protein in vivo
prevents end organ damage in ANG 11-induced hypertension combined with
a high salt diet.

Loss of SPARC Expression has no Effect on Blood Pressure in ANG II
Hypertension Combined with a High Salt Diet
A 14-day ANG II infusion coupled with a high salt diet (4% w/v) (ANG-HS) resulted
in a significant increase in the systolic blood pressure of both sp+l+ and SP1- mice over
ANG II alone (n=8). Following the ANG-HS treatment, systolic blood pressures of both

sp+l+ and spl- mice reached a plateau at approximately 165 mmHg (Figure 23). There
was no significant difference in the blood pressure of sp+l+ and spl- mice following the
ANG-HS treatment. These results indicate that, as with ANG II treatment alone, the loss
of SPARC expression does not affect ANG-HS induced increases in blood pressure.
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Figure 23. Tail-cuff measurements of the blood pressures of normotensive (NT)
(n=4), ANG //-hypertensive (HT) (n=B), and ANG //-hypertensive, high salt diet
(n=B)

sp+l+

and SP1- mice in a 14-day period.
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gp-l- Mice

have

Decreased

Albuminuria following

ANG-HS

Treatment
Urinary microalbumin is commonly used as a measure of kidney damage,
specifically the integrity of the basement membrane of Bowman's capsule. Using
an ELISA assay, we measured the levels of albumin in the urine of the mice
following treatment regimens (Figure 24). While on the ANG II treatment alone,
there were no significant differences between the urinary albumin levels of sp•l•
and SP1" mice (n=6) (SP•1•=11.01 ± 2.14 J.lg/day and sP"-=12.91 ± 4.58 J.lg/day).
Following the ANG-HS treatment, however, there was a statistically significant
decrease in albuminuria of sP"· mice compared with sp•l• mice (n=8) (SP•1•=3978

± 957.7 J.Jg/day and sP"-=1166 ± 332.0 J.Jg/day). This indicates that SPARC
deficiency does not protect the integrity of the basement membrane, and thus the
filtration barrier, during ANG 11-induced hypertension, but it does when the insult is
more severe, as in the ANG-HS hypertension model.
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Urinary levels of albumin showed a reduction in glomerular

basement membrane damage in the
p<0.05 vs.

HT

sp•l• ANG-HS).

spl· ANG-HS group(* p<0.05 vs. sp•l• NT,#

There were no significant differences in the albumin

excretion of the NT, HT, or high salt (HS) groups.
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ANG-HS Treated SF'· Mice Exhibit Decreased Renal Expression of
TGF-P1
As stated earlier, ANG II upregulates renal TGF-131 (Wolf 2000). In addition,
ANG II treatment combined with a high salt diet has been shown to further
increase the expression of TGF-131 (Zheng, Liu et al. 2005).

Hence, we

investigated the differences in urinary TGF-131 levels in the experimental groups.
No significant differences were seen in the urinary TGF-131 levels of the sp+l+ and
sp-1· mice on a high salt diet alone (n=4) (12.22 ± 2.47 and 27.83 ± 8.94 pg/day,
respectively) (Figure 25). However, there was a significant decrease in the urinary
TGF-131 excretion levels of the sp-1· ANG-HS group, compared to their sp+l+
counterparts (n=8) (221.2 ± 32.7 and 90.8 ± 16.7 pg/day, respectively) (Figure 25).
To confirm that these differences in urinary TGF-131 were renal in origin, we
examined renal TGF-131 mRNA expression. A significant decrease in the mRNA
expression of TGF-131 was observed in kidneys of sp-1- mice, relative to sp+l+
(Figure 26).
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Figure 25. ELISA assay was used to measure urinary levels of active TGF-/31 in
the experimental groups(* p<0.05 vs. sp+l+ NT, # p<0.05 vs. sp+l+ HT, + p<0.05
vs. sp+l+ ANG-HS).
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Figure 26. mRNA expression levels of renal TGF-{31 in ANG-HS treated sp•l•
and spl· mice (n=5 each) as determined by RT-PCR, results shown are
representative of three independent experiments (Top: Representative agarose
gel of PCR products. Bottom: Quantification of the relative band intensities of
TGF-{31 following normalization to corresponding rpS6 internal controls. * p<0.05

vs.

sp•l• ANG-HS).
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Collagen Deposition in Response to ANG II .is Decreased in SP1"
Mice
Since TGF-131 is known to be a profibrotic molecule in the kidneys (RuizOrtega, Rodriguez-Vita et al. 2007; Ng, Chen et al. 2008; Wang, Zhang et al.
2008), we examined renal fibrosis in

sp•l•

and

sp'· mice treated

with ANG-HS.

PAS staining showed that there was a marked increase in the accumulation of
glyco- and basement membrane proteins in

sp•l•

and

spl·

(Figure 27).

th~

tubulointerstitial space of both

kidneys treated with ANG-HS compared to ANG II alone (n=8)

However, the accumulation was diminished in the

compared to the

sp•l•.

sp'·

kidneys

In addition to using PAS staining, we also investigated the

deposition of fibrillar collagens using Masson's Trichrome (Figure 28). Deposition
of Collagens I and Ill was elevated in the ANG-HS treated

sp+l+

and

sP'·

mice

over those treated with ANG II alone (n=8). Again, there was a marked reduction
in the collagen deposition of the

sP'· kidneys compared to sp•l• counterparts.
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Figure 27.

PAS staining of renal tissue to measure basement membrane

deposition in sp+t+ and SP1- ANG-HS animals exhibits decreased fibrosis in splmice (400x magnification, inset 630x). Pink color depicts basement membrane
proteins.
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Figure 28. Perivascular and tubulointerstitial staining of collagen by Masson's
Trichrome stain (400x magnification, inset 630x).

Blue staining indicates

diminished deposition of collagens I and Ill in SP'1- ANG-HS compared to
counterparts.

sp+l+
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Increase in Reactive Oxygen Species in Response to ANG-HS is
Attenuated in sp-l- Mice
ANG II hypertension, combined with a high salt diet, has been shown to
exacerbate renal reactive oxygen species formation and subsequent renal injury
(Rodriguez-lturbe, Vaziri et al. 2004; Mori, Cowley et al. 2006). Pech eta/ recently
demonstrated that ANG II treatment combined with an 8% salt diet increased renal
NAD(P)H oxidase-derived superoxide formation above that of ANG II alone in
Sprague-Dawley rats (Pech, Sikka et al. 2006). Urinary 8-isoprostane levels were
not significantly altered in sp•l• and sP-mice on a high salt diet (n=4) (Figure 29).
However, following treatment with ANG-HS, spl- mice had significantly lower
levels of urinary 8-isoprostane than sp•l• controls (n=8). To confirm that these
differences in urinary oxidative stress markers were the result of renal differences,
we used DHE and DCF to examine renal ROS levels. DHE staining in kidney
sections of the sp•l• mice showed significantly lower levels of superoxide when
compared with spl- kidney sections (Figure 30). In accordance with this finding,
DCF staining showed diminished levels of H2 0 2 in the spl- kidneys when
compared with sp•l+ kidneys (Figure 31). These data demonstrate that spl- mice
display a decreased production of ROS in response to ANG-HS treatment
compared to their sp•l• counterparts.
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Urinary levels of 8-lsoprostane showed a reduction in oxidative

stress in the sp-'· ANG-HS group(* p<O.OS vs. sp+l+ NT, # p<O.OS vs. sp+l+ HT +
p<O.OS vs. sp+l+ ANG-HS).
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Figure 30. Top. Representative DHE staining of superoxide radicals in kidneys
from sp+t+ and sp'- ANG-HS animals (n=B). sp-1- ANG-HS mouse kidneys showed
decreased levels of superoxide (200x magnification).

Bottom: Quantification of

the pixel density of DHE stainings. * p<O. 05 vs. sp+l+ ANG-HS.
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Figure 31. Top. Representative DCF staining of superoxide radicals in kidneys
from

sp+l+

and SP1- ANG-HS animals (n=B). SP1- ANG-HS mouse kidneys showed

decreased levels of superoxide (200x magnification). Bottom: Quantification of
the pixel density of DCF stainings. * p<O. 05 vs.

sp+l+

ANG-HS.
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sp·'· Mice

have a Diminished Inflammatory Response to ANG-HS

Treatment
Several reports have indicated that renal damage resulting from treatment
with ANG II and a high salt diet is dependent on a renal inflammatory response
(Franco, Martinez et al. 2007; Franco, Sanchez-Lozada et al. 2008).

Navar's

group has shown that ANG II and a high salt diet resulted in an increased
activation of both MCP-1 and TGF-131 in the kidneys of male Sprague-Dawley rats
(Ozawa, Kobori et al. 2007). The activation of these proteins leads to a sustained
increase in macrophage infiltration to the renal interstitial space.

Franco et a/

have demonstrated that in salt-driven hypertension, renal ANG II concentrations
correlated with infiltration of macrophages and lymphocytes (Franco, Martinez et
al. 2006). Measurements of the urinary markers of inflammation MCP-1 and IL-1 13
indicated that following a high salt diet alone, there were no significant differences
between sp•l+ and spl· mice (n=4) (Figures 32 and 33, respectively). However,

sp•l+ mice have a significant increase in the levels of MCP-1 and IL-113 following
ANG-HS treatment that is partially ameliorated in spl· mice (n=8) (Figures 32 and
33, respectively). In an effort to verify that these changes were renal in origin, we
examined the number of infiltrating macrophages using Mac3 and F4/80. Analysis
of these markers showed significantly decreased staining in the spl· ANG-HS
kidneys,

relative to

sp•l+ ANG-HS

counterparts

(Figures

34

and

35).

Quantification of the Mac3 and F4/80 stainings revealed a significant diminution
(-3-fold and -2.4-fold, respectively) in the number of macrophages infiltrating the
tubulointerstitial space of spl· ANG-HS kidneys. These results show that renal
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inflammation is partially ameliorated in spl- kidneys following ANG-HS treatment
when compared with sp+l+ kidneys.
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Figure 32. ELISA assay of urinary IL-1/3 levels indicated that sp'· ANG-HS
animals have a diminished inflammatory response, compared to sp+t+ ANG-HS
animals(* p<0.05 vs. sp+t+ NT, # p<0.05 vs. sp+t+ HT, + p<0.05 vs. sp+t+ ANGHS).
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Figure 33. ELISA assay of urinary MCP-1 levels indicate that sp-t- ANG-HS
animals have a diminished inflammatory response (* p<0.05 vs. sp•t• NT, #
p<0.05 vs. sp•t• HT, + p<0.05 vs. sp•t+ ANG-HS).
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Figure 34. Top: IHC staining of Mac3 confirmed that there is a reduced renal
inflammatory response

in

the kidneys of SP1- ANG-HS animals (400x

magnification). Bottom: Quantification of the number of positive staining cells per
field.

* p<0.05 vs. sp+l+ ANG-HS.
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Figure 35. Top: IHC staining of F4180 confirmed that there is a reduced renal
inflammatory response

in

the kidneys of SP1- ANG-HS animals (400x

magnification). Bottom: Quantification of the number of positive staining cells per
field.

* p<O. 05 vs. sp+l+ ANG-HS.
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Specific Aim 3: To test the hypothesis that the lack of SPARC protein

in vivo protects against renal damage in mineralocorticoid-induced
hypertension.

Genetic Variation Renders sp+t+ and SF1" Mice Resistant to
Mineralocorticoid-Induced Hypertension
Previous studies have shown that multiple strains of mice, including C57/86,
normally develop hypertension when treated with DOCA (Johns, Gavras et al.
1996; Gross, Lippoldt et al. 1997; Wang, Hummler et al. 2002; Hartner, Cordasic et
al. 2003; Kirchhoff, Krebs et al. 2008). We therefore set out to investigate the role
of SPARC in DOCA-induced hypertension.
blood pressures of

SP1+ and

Using telemetry, we measured the

spl· mice treated with DOCA and 1% NaCI drinking

water. There were no increases in blood pressure in either sp+l+ or SP1- mice
following treatment with DOCA-salt (Figure 36). We investigated the efficacy of the
DOCA pellets used in the study via two experiments. First, we implanted DOCA
pellets from a separate production lot. Neither pellet elicited a change in blood
pressure in the sp+l+ or spl- mice (Figure 37). Second, we implanted the DOCA
pellets into a different colony of C57/86 mice (Figure 38). This different colony
developed severe hypertension 9 days into the treatment protocol, indicating that
the DOCA pellets were viable and capable of inducing hypertension. Together,
this data indicates that the parental colony of C57/B6 mice on which the spl· mice
were bred had a genetic resistance to mineralocorticoid-induced hypertension.
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Figure 36.

Telemetry measurements of the mean arterial pressures of DOCA-salt

(DOCA-s) sp+t+ and SP"1- mice (n=6) in a 14-day period.
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Figure 37.
(DOCA-s)

Telemetry measurements of the mean arterial pressures of DOCA-salt

sp+l+

and SP"1- mice (n=6) in

a 14-day period and

sp+l+

and SP"1- mice (n=2)

using a DOCA pellet from a different lot than the first groups in a 9-day period.
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Figure 38.

Telemetry measurements of the mean arlerial pressures of DOCA-salt

(DOCA-s) sp+l+ and SP"1- mice (n=6), sp+l+ and SP"1- mice (n=2) using a different lot of
pellets, and SP+1+(n=6) from a different colony of C57/B6 mice. Treatment periods ranged
from 9 -21 days.

IV. DISCUSSION
A growing body of evidence indicates a central role for the enhancement of
the RAAS in hypertension and renal injury (Ferrario 2006). Recent studies suggest
a role of matricellular proteins as downstream effectors of ANG II. Initial evidence
showed that ANG II mediated endothelial cell growth inhibition was in part
dependent on AT2-induced upregulation of TSP-1 (Fischer, Stoll et al. 2001).
Activation of TGF-131 in glomerular mesangial cells was reported to be dependent
on TSP-1. Furthermore, ANG II mediated expression of TSP-1 was contingent on
p38 MAPK and p46 JNK activation via the AT 1 receptor (Naito, Masaki et al. 2004).
These two studies show that matricellular proteins are integral to ANG II signaling
through both the major receptors, AT1 and AT2.

Osteopontin has also been

shown to be involved in ANG II signaling. In vascular smooth muscle cells, ANG II
induces osteopontin expression via a pathway involving ERK and Src kinases
(Abe, Nakashima et al. 2008). Previous studies into the role of SPARC in ANG 11induced hypertension have shown little more than simple upregulation of the
protein (Pichler, Hugo et al. 1996). In this dissertation, we investigated the role of
the matricellular protein SPARC in ANG 11-induced hypertension renal injury. We
show that not only is SPARC expression regulated by ANG II in the kidney, but that
renal injury due to ANG II hypertension, with or without a high salt diet, is
dependent on SPARC.
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Role

of SPARC

in

Renal

Injury

during

ANG

11-induced

Hypertension
Activation of the renin-angiotensin system has been reported to play a major
pathophysiological role in renal injury and ischemic cardiovascular events,
independent of effects on blood pressure (Wolf, Butzmann et al. 2003).
Angiotensin II has been implicated as a major contributor to renal and
cardiovascular injury by inducing ROS formation, inflammation, vascular fibrosis
and vascular remodeling (Mezzano, Ruiz-Ortega et al. 2001; Virdis and Schiffrin
2003; Touyz and Schiffrin 2004; Ruiz-Ortega, Ruperez et al. 2006). Studies have
shown that low-pressor doses of ANG II responsible for moderate increases in
blood pressure result in vascular, glomerular, and tubulointerstitial injury, marked
by cellular proliferation, inflammation, and fibrosis (Johnson, Alpers et al. 1992).
Glomerular and tubulointerstitial expression of SPARC has been reported to
be markedly elevated in passive and nephrotoxic Heymann nephritis, as well as in
5/6 nephrectomy and ANG 11-dependent hypertension (Fioege, Alpers et al. 1992;
Floege, Johnson et al. 1993; Pichler, Hugo et al. 1996; Wu, Cox et al. 1997).
Whereas SPARC is constitutively expressed at low levels in podocytes (glomerular
epithelial cells) under normal conditions, all three glomerular cell typespodocytes, mesangial cells, and endothelial cells-produce SPARC under
pathological conditions (Fioege, Alpers et al. 1992). We therefore tested the
hypothesis that genetic deficiency of SPARC attenuates renal damage in ANG 11induced hypertension. Using a model involving ANG II infusion, spl- mice were
shown to have significant ameliorations in a) the extent of urinary and renal ROS
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formation, b) the levels of urinary and renal inflammatory markers, and c) the
extent of renal matrix deposition. These renal changes in the spl- mice occurred
independently of changes in blood pressure.
Despite establishing an in vitro link between ANG II and SPARC
expression in cultured primary mesangial cells, our ANG II infusion studies did
not reveal significant increases in either significant glomerular damage or
expression of SPARC in sp+t+ HT animals, relative to NT controls (data not
shown). However, the observed amelioration of fibrosis associated with
tubulointerstitium and renal vessels in SP1- HT mice, relative to sp+t+ HT
counterparts is consistent with findings of Pichler et a/. (Pichler, Hugo et al.
1996), and can, in part, be the result of a transient increase in SPARC
expression following ANG II infusion. Interestingly, analysis of renal functional
data (proteinuria and microalbuminuria) did not reveal a statistically-significant
difference between HT sp+t+ and SP1- animals.
Previous work has established a link between ANG II infusion and increases
in vascular oxidative stress (Seshiah, Weber et al. 2002). This pro-oxidative effect
of ANG II is reported in endothelial and vascular smooth muscle cells, and is a
result of the hormonal actions of ANG II rather than its effects on blood pressure
(Seshiah, Weber et al. 2002).

Reports indicate that ANG II, through the AT-1

receptor, increases the expression of the NAD(P)H oxidase subunits p22phox and
Nox-1 (Chabrashvili, Kitiyakara et al. 2003). Our findings demonstrated that ANG
11-infused SPARC-null hypertensive mice display a significant diminution in renal
oxidative stress, independent of significant alterations in the expression of
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NAD(P)H oxidase subunits and superoxide dismutases. Changes in the activity
levels of NAD(P)H oxidases and the SODs in the absence of regulation of their
expression are possibilities that cannot be ruled out. Another possibility is that the
alteration of oxidative stress could come from other sources of excess superoxide
anions besides NAD(P)H oxidase.

These include the mitochondrial electron

transport chain (Liu, Fiskum et al. 2002), xanthine oxidase (McNally, Davis et al.
2003), and uncoupled nitric oxide synthase (NOS) (Andrew and Mayer 1999).
While there is some evidence demonstrating that SPARC can be regulated by NO
during glomerular inflammation (Walpen, Beck et al. 2000), to date there are no
studies indicating that SPARC is capable of regulating these oxidative stress
mechanisms.
Vascular and renal remodeling during hypertension has been shown to be
partially mediated by inflammatory cytokines (Savoia and Schiffrin 2006).

This

makes the inflammatory response a key step in renal and vascular injury resulting
from ANG If hypertension.

In animal and human studies, the pro-inflammatory

properties of ANG If have been reported in large conduit and small arteries, in the
heart, as well as in the kidney (Ruiz-Ortega, Bustos et al. 1998; Kiarash, Pagano et
al. 2001; Diep, El Mabrouk et al. 2002). Infiltration of monocytes/macrophages in
the renal perivascular space, as well as ANG If-mediated inflammatory damage in
small renal vessels, have been shown to be ameliorated by inhibition of nuclear
factor (NF)-KB-the main mediator of ANG If-induced inflammatory injury(Barnes
and Karin 1997; Hernandez-Presa, Bustos et al. 1997). Our present findings
illustrate a diminished inflammatory response in the spl- hypertensive mice. A
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decrease in the levels of urinary MCP-1 in the angiotensin hypertensive SP1" mice
correlated with a diminution of the number of infiltrating monocytes. This evidence
implicates SPARC as a potential regulator of the inflammatory response in ANG 11induced hypertension. Recent evidence has shown that leukocyte-derived SPARC
binds to VCAM-1, and that this binding is necessary for leukocyte transmigration
through the endothelial cell layer (Kelly, Allport et al. 2007). Additionally, SPARC
has been shown to disrupt F-actin cellular networks, resulting in intracellular gap
formation (Macko, Gelber et al. 2002).

Therefore, the diminished inflammatory

response in spl· hypertensive mice could be due to an inability of immune cells to
infiltrate the kidney.

This conclusion is supported by the decreased number of

infiltrating macrophages seen in spl· hypertensive mice.
It has been reported that addition of exogenous SPARC to cultured human
monocytes increases their expression of proteinases MMP-1 and MMP-9
(Shankavaram, DeWitt et al. 1997). Matrix metalloproteinases are key players in
vascular and renal remodeling and have been shown to be upregulated by ANG II
(Luchtefeld, Grote et al. 2005). On the other hand, it is known that glomerular and
tubular fibrosis are hallmarks of renal injury resulting from hypertension (Yoshioka,
Tohda et al. 1990).

TGF-~1

is well-established as a potent stimulator of

extracellular matrix production during renal injury (Border and Noble 1994), and its
induction by SPARC has been reported in mouse glomerular mesangial cells in
vitro, as well as in a rat model of glomerulonephritis (Bassuk, Pichler et al. 2000;

Francki, Motamed et al. 2003). Herein, we have demonstrated that SPARC
deficiency is associated with significant attenuations in urinary

TGF-~1

levels,
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MMP-2 activity, and deposition of extracellular matrix in angiotensin-dependent
hypertension.

Therefore, it can be hypothesized that SPARC expression in

response to ANG II hypertension plays a dual role in mediating renal matrix
remodeling through a) stimulation of the infiltration of monocytes and their
expression of MMPs, and b) augmentation of fibrosis via upregulation of TGF-P1.

Role

of SPARC

in

Renal

Injury due to ANG

11-induced

Hypertension Combined with a High Salt Diet.
Combination of ANG II infusion and a high salt diet has been shown to
increase renal injury above either treatment alone (Zheng, Liu et al. 2005). As
previously stated, ANG II induced renal damage through oxidative stress,
inflammation, and fibrosis. A high salt diet alone has been shown to have similar
effects on cardiovascular and renal injury. Salt overload promotes oxidative stress,
inflammation, and fibrosis in the kidney independent of hemodynamic changes
(Frohlich and Varagic 2004; Khalil 2006). In addition, ANG II combined with a high
salt diet-induced renal injury coincided with an increase in the matricellular protein
osteopontin (Zheng, Liu et al. 2005). With our results on the role of SPARC in
ANG 11-induced hypertension, we hypothesized that SPARC deficiency would
attenuate damage and renal functional loss in ANG II hypertension combined with
a high salt diet. Previous studies have indicated that a high salt diet, independent
of changes in MAP, can increase proteinuria and albuminuria in spontaneously
hypertensive rats (Matavelli, Zhou et al. 2007). Our results with ANG II treatment
alone showed no significant differences in proteinuria or albuminuria between
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sp•t•

and SP1- mice.

However, following ANG-HS, there was a significant

decrease in albuminuria in

sp-1-

mice compared to

sp•t•

counterparts.

This

indicates that under a severe insult to glomerulus, SPARC deficiency helps
maintain the integrity of the glomerular filtration barrier.
Salt overload has been shown to induce an overexpression of renal TGF-131
which can lead to renal fibrosis and glomerulosclerosis (Sanders 2006).

As

previously stated, ANG II is able to increase renal expression of TGF-131 and that
ANG II and a high salt diet combined act synergistically to increase TGF-131 (Wolf
2000; Zheng, Liu et al. 2005). Studies have shown that salt intake activates renal
TGF-131 expression by increasing the activities of p38 MAPK and p42/44 MAPK
(Ying and Sanders 2002; Ying and Sanders 2002).

ANG II activates TGF-131

through protein kinase C and p38 MAPK pathways (Weigert, Brodbeck et al.
2002).

We investigated the effect of SPARC deficiency on renal TGF-131

expression during ANG-HS treatment. There was a significant increase in both
urinary active TGF-131 and renal TGF-131 mRNA expression in the ANG-HS mice,
above that of ANG II alone.

Further, there was a significant decrease in both

urinary active TGF-131 and renal TGF-131 mRNA expression in
to

sp•t• counterparts following ANG-HS.

sp-1- mice compared

Correlating to the expression and activity

of TGF-131, PAS and Masson's trichrome staining revealed that renal perivascular
and tubulointerstitial fibrosis was decreased in the

sp-1-

mice compared to

sp•t•

counterparts. We hypothesize that SPARC plays a role in both TGF-131 expression
and the renal fibrosis seen in ANG-HS treatment, separately. However, because
of the known role of SPARC as a mediator of TGF-131 expression, it cannot be
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ruled out that the alterations in renal fibrosis are only the result of the loss of
SPARC on TGF-131 expression and activity (Francki, Bradshaw et al. 1999).
NAD(P)H oxidase has been shown to mediate the production of superoxide
in renal mesangial cells, thick ascending limb cells, and medullary cells (Jaimes,
Galceran et al. 1998; Zou, Li et al. 2001; Li, Viet al. 2002). Salt loaded rats
demonstrated an increase in renal cortical expression of the gp91phox and p47phox
subunits of NAD(P)H oxidase, with a concordant decrease in Mn-SOD expression
(Kitiyakara, Chabrashvili et al. 2003). ANG II infusion has been shown to increase
the expression of p22phox and Nox-1 in the kidney (Chabrashvili, Kitiyakara et al.
2003).

Since high salt diet and ANG II infusion act to increase expression of

distinct subunits of NAD(P)H oxidase, combining the two treatments should have
an additive effect on renal oxidative stress. Indeed, when we treated our mice with
ANG-HS, we observed an increase in oxidative stress above that of high salt or
ANG II alone.

In addition, SPARC deficiency diminished the levels of renal

oxidative stress following ANG-HS treatment.

Reductions in both superoxide

anions and hydrogen peroxide were observed, primarily in the renal cortex.
Studies have suggested that increases in renal oxidative stress can precede the
development of hypertension (Chabrashvili, Tojo et al. 2002). In our studies, there
was a significant decrease in renal oxidative stress in the spl· mice, but no
alterations in their blood pressures. This indicates that reduction in renal oxidative
stress is insufficient to alter blood pressure in the spl· mice treated with either
ANG II alone or ANG-HS. It has also been reported that ROS mediate several
pathways leading to renal injury, including:

hypertrophic response to ANG II
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(Hannken,

Schroeder et al.

1998),

increased

n:tatrix protein

production

(Catherwood, Powell et al. 2002), and renal cellular injury (Davis, Nick et al. 2001).
Since we do see significant diminutions in renal injury and fibrosis in spt- mice, the
decreases in oxidative stress may be affecting these injury pathways, while not
affecting blood pressure.
Infiltration of macrophages and lymphocytes into the tubulointerstitial space
has been identified as a consequence of salt-sensitive hypertension (Rodriguezlturbe, Pons et al. 2001). Increases in MCP-1 and renal interstitial infiltration of
macrophages have been shown to follow salt loading in Dahl-salt sensitive rats
(Fujii, Zhang et al. 2007). Inflammatory cell infiltration following salt loading can
lead to glomerular enlargement and fibrosis (Chao, Li et al. 2007). A recent study
showed that the serine protease inhibitor kallistatin was able to reduce the
expression of the pro-inflammatory proteins TN F-a, ICAM-1, VCAM-1, and NF-KB
in Dahl salt-sensitive rats fed a high salt diet (Shen, Hagiwara et al. 2008). In
addition to inducing inflammation through these pathways, a high salt diet can also
activate inflammation through induction of oxidative stress and activation of local
intrarenal ANG II pathways (Alvarez, Quiroz et al. 2002; Rodriguez-lturbe, Quiroz
et al. 2002; Rodriguez-lturbe, Zhan et al. 2003; Rodriguez-lturbe, Vaziri et al.
2004).

In our study, we found that in spl- mice treated with ANG-HS, urinary

markers of inflammation were decreased.

In accordance with this finding, we

observed diminished numbers of infiltrating macrophages in the kidneys of
mice following treatment.

sP'-

Data indicate that immunosuppresent drugs, such as

mycophenolate mofetil and rapamycin, are capable of decreasing arterial
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hypertension in renal transplant patients (Morales 2002). This would indicate that
inflammation plays a key role in the development of hypertension.

Since we

observed no changes in blood pressure of sp-1· mice treated with ANG-HS, we are
led to two possible conclusions: 1) The reduction in inflammation seen in sp-1·
mice is not significant enough to alter blood pressure, 2) The effect seen in the
kidneys of sp-1· mice does not apply systemically, and that it is in other organ
systems or the peripheral vasculature where the major effects of the treatment on
blood pressure occur.

Role of SPARC in DOCA-salt Hypertension-induced Renal Injury.
DOCA-salt

hypertension

is

a

model

of

phannacologically-induced

hypertension characterized by low renin and volume overload (Sun and Zhang
2005). DOCA, a synthetic mineralocorticoid, stimulates sodium reabsorption by
the collecting ducts via an increase in sodium channel activity (Sansom, Muto et al.
1987). Because it is a low renin model of hypertension, we used it to investigate
whether the effects seen in the ANG II and ANG II combined with high salt were
due to honnonal actions of ANG II or to a blunted response to elevated blood
pressure. However, we instead discovered that our mice were resistant to DOCAsalt hypertension. Initial telemetry results indicated that sp+l+ and sp-1- mice had
no increase in MAP. We investigated the efficacy of the DOCA pellets used in the
experiment by using pellets from a separate lot. Again, telemetry results showed
no increase in MAP of either sp+l+ or sp-1- mice. Since the sp+l+ and sp-1· mice
used in these experiments were of the same C57/B6 background, we investigated
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the hypothesis that a genetic variation in the parental C57/B6 strain from with the
mice were descended resulted in resistance to mineralocorticoid-induced
hypertension. We therefore examined a different colony of C57/B6 mice, to see if
we could induce hypertension through DOCA-salt treatment. These C57/B6 mice,
from a different colony, developed hypertension within 10 days.

These data

suggest that there is a genetic variation in the C57/B6 colony of mice used as the
background for the spl- mice that occurred before the backcross, as it was seen in
the sp•l•mice as well.

Because of this genetic variation, we were unable to

investigate the role of SPARC in DOCA-salt hypertension.
DOCA is a precursor molecule for the hormone aldosterone.

Mounting

evidence points toward aldosterone playing a primary role in human hypertension,
with elevated aldosterone levels found in 15% of hypertensive patients (Freel and
Connell 2004).

Studies have shown that aldosterone is capable of inducing

hypertension as well as renal inflammation and fibrosis in rats (Blasi, Rocha et al.
2003). DOCA is converted by 1113-hydroxlase into corticosterone, which is further
converted by aldosterone synthase (CYP11 B2) into aldosterone.

CYP11 B2

expression has been found in the cortex and medulla of the kidney, and can be
regulated by salt intake (Xue and Siragy 2005). A deficiency in 1113-hydroxlase or
CYP11 B2 would appear to be a possible reason for DOCA-salt resistance.
However, 1113-hydroxlase deficiency has been shown to be associated with
malignant hypertension (Hague and Honour 1983). While there is little information
on CYP11 B2 deficiency, evidence indicates that severe forms of preeclampsia are
characterized by low levels of aldosterone (Mohaupt 2008).

Genetic defects
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rendering the mineralocorticoid receptor inactive could account for the DOCA-salt
resistance of the mice in this study. Research has shown that mineralocorticoid
receptor antagonism by spironolactone and eplerenone reduces blood pressure,
inhibits enhancement of vascular endothelin-1 production, and restores NOmediated endothelial function (Quaschning, Ruschitzka et al. 2001).

Further,

evidence shows that the loss of mineralocorticoid receptors in the collecting duct
can be compensated for by epithelial sodium channels in the early connecting
tubule (Ronzaud, Lofting et al. 2007). In this case, complications arise only when
sodium levels are reduced.

Since our studies substituted 1% NaCI for normal

drinking water, the mice would have been subjected to elevated levels of sodium.
Therefore, deficiencies in renal mineralocorticoid receptors remain a possible
explanation for the resistance to DOCA-salt hypertension seen in our mice.

V. SUMMARY
The overall hypothesis of these studies is that loss of SPARC protein
alleviates the renal damage caused by ANG II hypertension, alone or in
combination with a high salt diet, by the reducing of renal fibrosis, oxidative stress,
and inflammation. To this end, we examined the renal injury from ANG II induced
and ANG-HS induced hypertension in

sp+l+ and spl- mice.

Our findings support

the conclusion that SPARC deficiency ameliorates renal fibrosis, inflammation, and
oxidative stress in ANG II induced and ANG-HS induced hypertension.
Specific Aim 1.

We have shown in this aim that the kidney damage

resulting from ANG 11-induced hypertension is ameliorated in spl- mice. This is
evidenced by a decrease in renal TGF-!31 and matrix deposition, reactive oxygen
species, and the inflammatory response that occurs during ANG 11-induced
hypertension.

However, since blood pressures of

sp+l+

and

sP'-

mice were

unchanged before or after ANG II treatment, we are unsure as to whether these
alterations are the consequence of altered ANG II signaling or a diminished renal
response to elevations in blood pressure.
Specific Aim 2.

We have shown in this aim that the kidney damage

resulting from ANG-HS hypertension is ameliorated in

sP'- mice.

As with ANG II

alone, we observed a decrease in renal TGF-!31 and matrix deposition, reactive
oxygen species, and the inflammatory response. In addition, we saw a significant
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decrease in the excretion of albuminuria in spl· mice, suggesting a protection of
the glomerular filtration barrier not seen in ANG II alone.
Specific Aim 3. In this aim, we set out to investigate whether the effects

seen in the ANG II and ANG II combined with high salt were due to hormonal
actions of ANG II or to a blunted response to elevated blood pressure. However,
an unforeseen complication arose when we discovered that the C57/B6 colony of
mice from which our sp+t+ and spl· mice were raised was resistant to DOCA-salt
hypertension.

This prevented us from investigating the effects of a low-renin

model of hypertension in SP1" mice.
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