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SPARC: a key player in the pathologies
associated with obesity and diabetes

Katarina Kos and John P H. Wilding

Abstract | SPARC (secreted protein acidic and rich in cysteine, also known as osteonectin or BM-40)

is a widely expressed profibrotic protein with pleiotropic roles, which have been studied in a variety of
conditions. Notably, SPARC is linked to human obesity; SPARC derived from adipose tissue is associated
with insulin resistance and secretion of SPARC by adipose tissue is increased by insulin and the adipokine
leptin. Furthermore, SPARC is associated with diabetes complications such as diabetic retinopathy and
nephropathy, conditions that are ameliorated in the Sparc-knockout mouse model. As a regulator of the
extracellular matrix, SPARC also contributes to adipose-tissue fibrosis. Evidence suggests that adipose
tissue becomes increasingly fibrotic in obesity. Fibrosis of subcutaneous adipose tissue may restrict
accumulation of triglycerides in this type of tissue. These triglycerides are, therefore, diverted and deposited
as ectopic lipids in other tissues such as the liver or as intramyocellular lipids in skeletal muscle, which
predisposes to insulin resistance. Hence, SPARC may represent a novel and important link between obesity
and diabetes mellitus. This Review is focused on whether SPARC could be a key player in the pathology of

obesity and its related metabolic complications.
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Introduction

SPARC (secreted protein acidic and rich in cysteine, also
known as BM-40) was initially identified in bone, in
1981, and is thus also known as osteonectin.! SPARC is
also highly expressed in several tumors, such as ovarian
and colorectal tumors and melanomas.” Since these early
studies SPARC was found to be ubiquitously expressed
and was studied in various pathological conditions
ranging from liver and kidney disease to Alzheimer
disease. SPARC was also found to be secreted by adipose
cells and circulating SPARC levels positively correlate
with BMI in humans.** These findings suggest that the
secretion of SPARC from adipose tissue may account for
the majority of circulating SPARC.? Given the profibrotic
qualities of SPARC and the evidence of fibrosis in adipose
tissue of individuals with obesity, a finding reported in
2008,° SPARC was proposed to contribute to the patho-
genesis of obesity-associated disorders, in particular by
promoting insulin resistance.’ In this Review we briefly
explain the various functions of SPARC, with a focus
on adipose tissue. We also examine the role of SPARC
in association with type 2 diabetes mellitus (T2DM) and
other obesity-related complications ranging from cardio-
vascular disease to cancer, and explore the potential of
SPARC as a therapeutic target.

Structure and general function of SPARC
SPARC is a glycoprotein of the extracellular matrix
(ECM) that binds calcium, collagen and hydroxyapatite.
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SPARC weighs 34 kDa, but owing to glycosylation the
secreted form migrates to 43 kDa on sodium dodecyl
sulfate polyacrylamide gel electrophoresis.® As a secreted
protein, SPARC is an extracellular regulatory macro-
molecule that does not contribute to the matrix structure,
but regulates the cell-matrix interaction.

Structure

SPARC is the product of a single gene localized on
chromosomal region 5q31-33, in the proximity of the
genes encoding macrophage colony-stimulating factor 1
(CSF1), interleukin 3 (IL-3), platelet-derived growth
factor (PDGF) and the 2 adrenergic receptor.” The
sequences of the SPARC gene and the protein it encodes
are highly conserved among species.® The structure of
the human protein consists of 286 residues and three
domains (Figure 1). The N-terminal domain of SPARC
is an acidic region that contains the major immuno-
logical epitopes of the protein.’ The second domain is a
cysteine-rich follistatin-like domain, which binds activin,
inhibin, heparin and proteoglycans and may regulate pro-
liferation of endothelial cells.® The C-terminal domain is
a calcium-binding extracellular domain, which includes a
binding site that interacts with endothelial cells and
binds fibril-forming collagens (the latter occurring with
increased affinity after cleavage of a single-bond peptide
by metalloproteinases).'*!?

General function
SPARC is counteradhesive (disrupts cell adhesion), a
modulator of cell-surface interaction and an inhibitor
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Key points

= An increase in the levels of SPARC is found in animals and human individuals
with obesity and insulin resistance

= Raised SPARC concentrations are associated with the development
of diabetes-associated complications

= SPARC is involved in strengthening bone but raised concentrations of the
protein are associated with increased cardiovascular risk

= Associations between SPARC and cancer have been postulated, but the exact
role of this protein in tumorigenesis is unclear

= SPARC antagonism may help in the prevention of obesity-related complications
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Figure 1 | Structure and functional properties of SPARC. a | Crystallographic
structure of human SPARC. The acidic domain is shown in green, the follistatin-like
domain in red and the extracellular domain in purple. b | Functional properties of
the three protein domains. Abbreviation: SPARC, secreted protein acidic and rich in
cysteine (also known as osteonectin or BM-40). Permission for part a obtained
from The American Society for Clinical Investigation © Bradshaw, A. D. &
Sage, E. H. J. Clin. Invest. 107, 1049-1054 (2001).***

of the cell cycle. This protein is expressed when tissues
undergo events that require changes in cell-matrix
and cell-cell contact, particularly tissue renewal, tissue
remodeling, and embryonic development.'* SPARC
modulates tissue physiology by altering the cell-ECM
interaction, cell proliferation and cell migration. Owing
to these properties, SPARC participates in wound
healing, angiogenesis, tumorigenesis and inflammation.™
These functions are facilitated by SPARC’s ability to
influence the activity of cytokines and growth factors,
such as vascular endothelial growth factor (VEGF),
which is the most potent and widely distributed angio-
genic mitogen for capillary endothelial cells,'*'® PDGE,
heparin-binding growth factor 2 (HBGF2, also known as
FGF2) and insulin-like growth factor 1 (IGF1)."” Box 1
provides more details about proteins that are known to
influence or are influenced by SPARC.

The regulation of SPARC gene expression and SPARC
protein function have been studied in most detail in bone,
where SPARC links organic and mineral phases of the
bone ECM.'® SPARC has also been detected in myoblasts,
myotubes and muscle fibers, where its levels increase
during muscle development and regeneration.'” Adipose
tissue cells are the major source of circulating SPARC in
obesity and this protein has important, although not yet
fully understood roles in adipose tissue physiology.>*

SPARC has been detected intracellularly and extra-
cellularly."* Once secreted, this protein is rapidly broken
down in the circulation by extracellular proteases and
its breakdown products are thought to be functional,
although evidence is still lacking.?! A putative receptor
for extracellular SPARC is integrin a5p1, which activates
the Wnt/f-catenin pathway.?? The complex structure of
SPARC, which contains three domains with different
properties, and the fact that protein binding depends on
physiological cell status and differs depending on type
of tissue add to the complexity of understanding the
mechanisms of action of this protein. Some studies have
described post-translational tissue-specific modifica-
tions caused by disulfide crosslinks between SPARC and
other cysteine-rich proteins or glycosylation of SPARC at
the follistatin-like domain, which may give SPARC
tissue-specific collagen-binding properties.” In addition,
several SPARC-like proteins with functional similarities
to SPARC have been identified. Of these, SPARC-like
protein 1 (also known as hevin) is expressed in the
human central nervous system, along with SPARC,* but
the extent to which they share functionality is not clear.
The characteristics of adipocyte-derived SPARC, includ-
ing its post-translational modifications and the binding
sites that are relevant for adipose tissue physiology, have
not been investigated in depth. Several reviews have been
published on SPARC’s complex nature.®!'***

Sparc-knockout mouse model

No mutations of SPARC have been identified in human
populations. Two different mouse gene knockout strains,
referred to as exon 4 or exon 6 Sparc-knockout lines, have
been generated; in both, the SPARC protein is completely
absent.” Sparc-knockout mice are characterized by low-
turnover osteopenia® and early cataract development.?*?’
Of note, the diameter of collagen fibrils in the dermis
increases and its tensile strength is reduced in these
mice; collagen content is also altered, with an increase
in type VI collagen and a decrease in type I collagen.?®
Furthermore, the size of subcutaneous adipose tissue
pads is increased in Sparc-knockout mice compared with
that in controls, despite similar body weight.* A poten-
tial explanation for this lack of difference in weight is that
the bone of knockout mice is osteopenic and might be
lighter than that of wild-type mice.?

SPARC and obesity

Obesity, defined as a BMI of more than 30 kg/m?, is
closely linked with an elevated risk of metabolic com-
plications, particularly T2DM?® and the metabolic
syndrome (which often precedes diabetes mellitus).**
Furthermore, individuals with obesity have an increased
risk of developing cardiovascular disease,* which is
partly due to the metabolic consequences of obesity, such
as T2DM. Obesity is also linked to an increased risk of
cancer and mortality caused by cancer, and is associated
with various cancers, such as those in the gastrointestinal
tract and endometrium.*® SPARC dysregulation has been
associated with a wide range of obesity-related disorders,
including T2DM and its complications, renal and liver
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disease, cardiovascular disease and obesity-associated
cancers (Table 1).

The following sections describe the changes in adipose
tissue associated with obesity and highlight SPARC as a
potential key factor contributing to fibrosis of adipose
tissue and obesity-associated complications.

Adipose tissue fibrosis

ECM changes in obesity

The composition and characteristics of the ECM in
adipose tissue change with obesity. Inmunostaining with
the fibrosis marker picrosirius red shows more fibrosis
in the subcutaneous adipose tissue of individuals with
severe obesity than in that of lean controls.”> Analysis
of the transcriptomic signature of subcutaneous white
adipose tissue in these individuals revealed that the adi-
pose tissue of those with obesity had increased expres-
sion of genes coding for ECM proteins that characterize
fibrosis, such as integrins (for example, the fibronectin
receptor) and members of the collagen family, including
the o chain of type IV collagen that is most abundant in
basal membranes and fibril-associated collagens. These
genes were co-expressed with genes coding for ECM
modulators, such as lumican and laminin B1 chain,
which have also a role in the initiation of inflammatory
phenomena.® A study in vitro has shown that disturbance
of the three-dimensional structure of ECM by increased
fibril-forming collagen content leads to increased rigidity
and compromises adipocyte differentiation.*

Consequences of fibrosis

An imbalance in collagen expression has been associated
with metabolic dysregulation and insulin resistance in
mice: for example, knockout of the Col6a3 gene, which
encodes the collagen a3(VI) chain, resulted in weakening of
the extracellular scaffold, enabling an expansion of adipo-
cytes within subcutaneous adipose tissue, accompanied
by reduced adipose tissue inflammation, and protected
mice from insulin resistance induced by a lipid-rich diet.*®
These findings suggest that fibrosis of the subcutaneous
adipose tissue may reduce its ability to store triglycerides,
which then overspill into the circulation, which results
in systemic hyperlipidemia and, ultimately, lipid infiltra-
tion of other organs. Ectopic adiposity contributes to the
pathophysiology of insulin resistance. This link is most
apparent in patients with familial lipodystrophy, in whom
storage of triglycerides in subcutaneous adipose tissue is
severely compromised.’—*

Classical sites of ectopic lipid deposition are the skeletal
muscle, in which lipids are stored within myocytes, and
the liver, in which increased adiposity may lead to non-
alcoholic steatohepatitis, which can progress to cirrhosis.
In addition, lipids can accumulate in pancreatic { cells
and impair pancreatic function. Increased lipid accumu-
lation is also found in the myocardium, epicardium and
as perivascular adipose tissue. Perivascular adipose tissue
surrounds all noncentral arteries and can influence blood
pressure and enhance atherosclerosis.***

In contrast to subcutaneous adipose tissue fibrosis,
which limits the expansion of this tissue and leads to

Box 1 | Modulators of SPARC and SPARC regulation

SPARC
Stimulators
= Insulin

= Leptin

= Heat shock

= Retinoic acid

= Dexamethasone

= Transforming growth factor f1
= Activin

= Bone morphogenetic protein 1
= Platelet-derived growth factor
= Insulin-like growth factor 1

= B-Adrenergic stimulation
Inhibitors

= Glucose

= Heparin-binding growth factor 2
= Interleukin 1

= TNF

= Phorbol-12-myristate-13-acetate
= Epidermal growth factor

= Pb?

= Platelet-derived growth factor
= Lipopolysaccharide

= Amyloid B A4 protein

= Stabilin 1

Molecules influenced by SPARC

Stimulated
= Plasminogen activator inhibitor 1

= Metalloproteinases

= Fibronectin

= Collagens

= RACa serine/threonine protein kinase (also known as
C-AKT or PKB)

Inhibited

= Vascular endothelial growth factor

= Leptin

= Lipopolysaccharide

= CAAT/enhancer-binding protein a and CAAT/
enhancer-binding protein

= Peroxisome proliferator-activated receptor y

= Laminin

= Transforming growth factor f1

metabolic complications, a combination of free expan-
sion of subcutaneous adipose tissue and reduction of
ectopic lipid stores is associated with improved insulin
sensitivity. This link has been experimentally demon-
strated by overexpressing adiponectin in leptin-deficient
ob/ob mice, a model of T2DM, which led to an increase in
subcutaneous adipose tissue stores and, despite increased
weight, improved insulin sensitivity.* Furthermore,
individuals with large subcutaneous abdominal adipose
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Table 1 | SPARC and obesity-associated disorders

Function

Obesity-associated complication

Inhibition of adipogenesis

Regulation of collagen

composition with profibrotic

characteristics
Osteoblastogenesis
Reduced angiogenesis

Tumorigenesis

Neuronal cell detachment

and cell death

Ectopic lipid deposition leading to fatty liver disease,
cardiovascular disease and insulin resistance

Heart failure, premature aging, renal and hepatic
fibrosis, and adipose tissue fibrosis, which leads
to ectopic lipid deposition

Strengthening bone composition
Diabetic retinopathy and adipose tissue hypoxia

Potentially furthers progression of obesity-associated
cancers

Alzheimer disease

tissue deposits have less ectopic lipid deposition than
individuals with obesity who have smaller subcutaneous
adipose tissue deposits, as most clearly demonstrated
in patients with lipodystrophy.** This finding supports
the concept that subcutaneous adipose tissue acts as a
‘metabolic sink’.***

Inflammation

Obesity is characterized by a proinflammatory state,
which may contribute to obesity-related complications.
The circulating levels of markers of systemic inflammation
are increased in obesity and this effect has been attrib-
uted to the increased adipose tissue mass. These markers
include adipokines (proteins secreted by adipocytes that
have paracrine and endocrine function), such as leptin,
and cytokines, such as tumor necrosis factor (TNF),
C-reactive protein (CRP), plasminogen activator inhibi-
tor 1 (PAI1) and interleukins.* The latter are secreted by
stromal cells such as macrophages, which infiltrate the
adipose tissue in obesity, and by adipocytes.**

Different adipose tissue compartments and/or lipid
depots differ in endocrine activity and contribution
to a proinflammatory state. The amount of visceral
(omental) adipose tissue, which is the inner abdominal
adipose compartment, has a stronger association with
obesity-related metabolic dysfunction, such as insulin
resistance and cardiovascular risk, than subcutaneous
adipose tissue, but ectopic adiposity (lipid infiltration of
various organs) may play an even more important role in
this pathologic state.””*® As visceral adipose tissue expan-
sion is enhanced when the subcutaneous adipose tissue
becomes unable to store further triglycerides, we argue
that it could in fact be considered as a site of ectopic
lipid deposition.

Although the direct initiating causes of obesity-induced
changes in the ECM that progress to adipose tissue fibro-
sis are unclear, studies of obesity-associated genes have
suggested that a proinflammatory environment may lead
to excessive synthesis of ECM components.>* The secre-
tion of chemoattractants, such as macrophage migration
inhibitory factor (MIF), by adipocytes controls infiltra-
tion of the adipose tissue by macrophages, and infiltrating
macrophages contribute to a proinflammatory state in
individuals with obesity.***

Hypoxia

Apart from inflammatory signals, hypoxia (reduced
tissue oxygenation) has also been implicated in the
induction of adipose tissue fibrosis.” Hypoxia of adipose
tissue has been observed in vivo in obese rodents®** and
also in humans with obesity.>* Reduced partial pressure
of oxygen in subcutaneous abdominal adipose tissue
was associated with changes in collagen expression and
decreased VEGF expression, which suggests that capil-
lary dropout is taking place. Capillary rarefaction in the
adipose tissue may, therefore, contribute to hypoxia, as
this type of tissue expands in obesity.**

Hypoxia activates the expression of hypoxia-inducible
factor 1a (HIFla) and inflammatory cytokines in
adipose tissue®® and induces macrophage infiltration, all
of which increase inflammation, and can, therefore, lead
to fibrosis.**** The expression of HIF1A (the gene that
encodes HIF1a) in adipose tissue increases with weight
gain and decreases with weight loss.>"*

In addition to adipocytes, adipose tissue consists of
adipose stromal cells that include adipocyte precursors,
which are mesenchymal preadipocytes derived from
stem cells, and also macrophages, endothelial cells and
a few smooth muscle cells. Macrophages induce inflam-
mation, but also release products that prime human
preadipocytes to acquire a profibrotic phenotype and
stimulate the synthesis of several ECM proteins from
these profibrotic cells.*” Preadipocytes secret SPARC
during their differentiation, but little is known about
the contribution of stromal cells to the maintenance
of the ECM during adipose tissue fibrosis.

Role of SPARC in adipose tissue

SPARC is secreted by most tissues but, in obesity, the
protein is predominantly secreted by adipose tissue.>*
SPARC is detected at much higher levels in subcutaneous
abdominal adipose tissue than in visceral adipose tissue
and is mainly produced by adipocytes, rather than by
stromal vascular cells.**” SPARC expression and secre-
tion during adipocyte differentiation is biphasic, with the
highest levels occurring in preadipocytes during the early
stages of differentiation; after a decline, protein levels are
again elevated in fully differentiated adipocytes.”” SPARC
secretion is increased in obese mice, including ob/ob
mice.?* In humans, SPARC mRNA expression is higher
in individuals with obesity than in individuals who are
not obese, increases with weight gain and decreases with
dietary-induced weight loss.?

Inhibition of adipogenesis

SPARC limits adipogenesis by inhibiting the differen-
tiation of preadipocytes to mature adipocytes.*® A pos-
sible mechanism underlying inhibition of adipogenesis is
the stimulation of the Wnt/f-catenin signaling pathway,
which leads to an increase of osteogenesis with decreased
adipogenesis. This latter effect is caused by inhibition of
expression of adipogenic transcription factors, including
CAAT/enhancer-binding protein o (C/EBPa), CAAT/
enhancer-binding protein  (C/EBPf) and peroxisome
proliferator-activated receptor y (PPARY).*® Furthermore,
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independently of changes in expression of transcription
factors, SPARC changes the ECM into which adipocytes
are embedded by enhancing the deposition of fibronectin,
but inhibiting the deposition of laminin.*® Conversion of
a fibronectin-rich ECM, where adipocyte differentiation
is limited,” to a laminin-rich ECM enables fusiform pre-
adipocytes to form spherical adipocytes.”® The inhibition
of laminin function impairs basal lamina formation and,
consequently, adipogenesis.*® SPARC causes changes on
fibril formation and contractility through integrin-linked
kinase activation.®

The lack of weight gain with increased adiposity
observed in the Sparc-knockout mouse model may be
explained by the potential for unrestrained subcutaneous
adipose tissue expansion. Sparc-knockout mice have
adipocytes of greater diameter, a larger amount of sub-
cutaneous and epididymal adipose tissue and a greated
number of adipocytes in epididymal adipose pads than
wild-type mice.” In humans, the secretion of SPARC is
higher in subcutaneous tissue, where it promotes fibro-
sis and inhibits adipogenesis, than in visceral adipose
tissue.’ These observations and the results from studies
on Sparc-knockout mice suggest that SPARC may limit
the expansion of subcutaneous adipose tissue also
in humans.

SPARC and leptin

SPARC is linked with leptin, one of the key secretory
products of adipose tissue.® Circulating levels of leptin
are strongly associated with adipose-tissue mass, in
whose regulation leptin is involved by a central feedback
mechanism (Figure 2a). Elevated concentrations of leptin
in the circulation and cerebrospinal fluid are sensed by
the arcuate nucleus of the hypothalamus and lead to sup-
pression of appetite; they also lead to activation of the
sympathetic axis via the tractus solitarius, which induces
lipolysis, and thus reduces adipose mass, in white adipose
tissue.®! Leptin secretion in human white adipose tissue
is in turn downregulated by f-adrenergic activation.®

SPARC and leptin gene expression and protein levels
are higher in subcutaneous adipose tissue than in visceral
adipose tissue.* Human SPARC gene expression is upregu-
lated by leptin in vitro, which may therefore contribute to
elevated SPARC levels in individuals with obesity, while
SPARG, in turn, reduces leptin expression (Figure 2a).>*
Thus, SPARC and leptin regulate each other by a local
feedback loop within adipose tissue and act to counteract
an increase in adipose tissue mass (Figure 2a).

SPARC levels in the heart can be experimentally
induced through B-adrenergic activation,*® and sympa-
thetic innervation might increase SPARC secretion in
adipose tissue, although this effect has not been proven.
SPARC gene and protein expression have also been
detected in the brain in mice, rats and humans,>** but
the physiological role of SPARC in the central nervous
system is currently not known. In particular, the pos-
sibility that SPARC has a direct role in the regulation of
energy balance has not been investigated, although its
peripheral interaction with leptin supports an indirect
role. SPARC is probably present in the cerebrospinal

Hypothalamus
Tractus solitarius
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Figure 2 | Regulation of adipose mass by SPARC and leptin. a | SPARC and leptin
regulate increases in adipose mass. Leptin and B-adrenergic stimulation are part
of a central feedback loop mechanism. b | The increased secretion of SPARC
furthers adipose tissue fibrosis, which promotes lipid deposition in various organs
and contributes to insulin resistance. Lipid deposition in the pancreas also
compromises the secretion of insulin. Lipid deposition and fibrosis within the
pancreas are associated with type 2 diabetes mellitus. Abbreviations:

CSF, cerebrospinal fluid; SPARC, secreted protein acidic and rich in cysteine

(also known as osteonectin or BM-40); WAT, white adipose tissue.

fluid, as it is secreted, among other cell types, by astro-
cytes and immune cells, which exist there at low concen-
trations. SPARC gene and protein expression were
detected in cell components of the blood-brain barrier,
such as ependymal cells, cells of the choroid plexus and
pia mater in mice.% We are not aware of any work that
has directly measured SPARC concentrations in the
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cerebrospinal fluid, however, and whether SPARC can
cross the blood-brain barrier is unknown.

An inverse correlation of adiponectin and SPARC levels
was found in human subcutaneous adipose tissue, whereas
no association was found with resistin in subcutaneous
or visceral adipose tissue.> An interaction of SPARC with
other adipokines has not been demonstrated.

Regulation of fibrosis

SPARC may be one of the key regulators of obesity-
induced adipose tissue fibrosis and associated meta-
bolic dysfunction by regulating ECM composition and
adipogenesis.®® Studies in vitro have shown that SPARC
increases fibronectin expression in mouse white adipose
tissue cells,* disrupts attachment of mouse and human
stromal vascular adipose tissue cells to the ECM?* and
enhances fibroblast migration by stimulating fibronectin
expression in mouse heart cells.®

SPARC expression may contribute to adipose tissue
fibrosis by inducing inflammation. SPARC is positively
correlated with CRP (measured by the high-sensitivity
CRP test) and expression of the chemoattractant MIF
in the adipose tissue. Elevated levels of SPARC are not,
however, correlated with circulating TNF or IL-6 levels®
and TNF was shown to inhibit secretion of SPARC
in vitro.”” Functional studies are necessary to clarify the
exact role of SPARC in inflammation and its underlying
regulatory pathways. Of interest, alternatively activated
macrophages—which are anti-inflammatory macro-
phages found in lean adipose tissue—express a recep-
tor called stabilin 1 that was shown to induce clearance
and degradation of SPARC.®® These findings suggest
that reduced clearance of SPARC in obesity-induced
inflammation may promote adipose tissue fibrosis.®

Energy restriction leads to reduction of SPARC concen-
trations in mice and humans and leads to a decrease of
HIF1a concentrations; conversely, HIF1a levels increase
with weight gain, as SPARC levels do.>*® A study in lung
cancer cells showed an association of SPARC with EPAS1
(also known as hypoxia-inducible factor 2a, or HIF2a),
which indicates a potential upregulation of SPARC by
hypoxia.” This upregulation could be mostly indirect,
by an increase in the concentration of leptin, whose
expression is induced by hypoxia in vitro (Figure 2b).”!

SPARC also inhibits VEGF-stimulated proliferation
of endothelial cells'*and was associated with reduced
angiogenesis—defined as formation of new blood vessels
from pre-existing vessels—in some cancers.”” Some
cleavage products of SPARC, however, have been shown
to stimulate angiogenesis.” Therefore, the exact effect of
SPARC on adipose microvasculature and circulation and
the subsequent risk of development of hypoxia remain
to be clarified.”

Of note, transforming growth factor p1 (TGF-p1),
which is one of the major profibrotic mediators, is
released predominantly by nonadipose cells in adipose
tissue and is upregulated in obesity.”* TGF-f1 increases
SPARC expression® and, as SPARC, is upregulated by
hypoxia, leptin and inflammatory cytokines, as shown
in pulmonary and renal fibrosis.”>””

SPARC and obesity-related diseases

SPARC and diabetes

Less is known about changes of ECM composition in
T2DM than in obesity. The subcutaneous adipose tissue
of individuals with obesity is more hypoxic and has higher
expression of collagen and fibronectin than that of lean
individuals.> The hypothesis that hypoxia induces insulin
resistance has been suggested,’®” but the adipose tissue
of patients with T2DM does not seem to be more hypoxic
than adipose tissue of healthy individuals,* though evi-
dence from large studies is lacking. Knockout of Col6a3
(the gene that encodes the a3 chain of type VI collagen)
in mice was associated with improved insulin resistance,
which suggests that collagens and ECM composition may
have a role in the pathogenesis of T2DM.* A functional
role of SPARC in this process remains to be determined.
However, an association of SPARC secreted by adipose
tissue and insulin resistance has been confirmed in
human individuals, independently of obesity.> Raised
leptin and insulin levels, the hallmarks of obesity-related
insulin resistance, drive SPARC secretion from adipose
tissue in vitro.?

SPARC has also been associated with diabetic retino-
pathy, as this protein is differentially expressed and
secreted by retinal endothelial cells of individuals with
and without T2DM.?* SPARC is also expressed and
secreted by retinal pigment basal membrane cells,®
which show basal membrane thickening and perme-
ability changes in patients with T2DM.*% Furthermore,
the expression of SPARC was increased in the vitreous
body of patients with proliferative diabetic retino-
pathy and, in rats, subretinal injection of a recombinant
adenovirus expressing SPARC increased preretinal neo-
vascularisation in rats, which was further enhanced by
addition of VEGE*

Sparc-knockout mice develop senile cataracts and have
impaired wound healing, two conditions that may com-
plicate poor glycemic control in T2DM.%#¢ Although
glucose seems to reduce SPARC levels in vitro,»?*
whether these pathologies are triggered by a reduction
of SPARC concentrations caused by hyperglycemia has
not been established.

In addition, SPARC has been implicated in the patho-
genesis of diabetic nephropathy, in which the basal
membrane is typically thickened and the synthesis
of ECM components increased. Patients with dia-
betic nephropathy have elevated circulating levels of
SPARC.* Furthermore, histological changes associated
with nephropathy are ameliorated in Sparc-knockout
streptozotocin-induced diabetic mice compared with
those in wild-type streptozotocin-induced diabetic
mice; these Sparc-knockout mice had reduced ECM
expansion around the mesangial cells of the kidney,
with diminished accumulation of type IV collagen
and laminin, and reduced accumulation of type I and
type IV collagen in the ECM of the interstitial tubules.®
Expression of the gene that encodes TGF-B1, which is
one of the growth factors regulated by SPARC, in renal
tissue was also reduced in these mice.® Human studies in
individuals who underwent renal biopsies for diagnostic
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reasons have shown that serum SPARC levels in indivi-
duals with T2DM were higher than those in controls and
that SPARC correlated with severity of glomerular diffuse
lesions, and with urinary albumin excretion and serum
creatinine concentrations.?”

SPARC s also expressed in the acinar cells of the pan-
creas in rats; gene expression is increased with inflam-
mation (pancreatitis) and lost with destruction of acinar
cells.”® SPARC has been found in the same type of cells
in human patients with chronic pancreatitis,” but no
studies have been performed to determine whether
this expression is associated with impairment of insulin
secretion. Of note, T2DM is associated with pancreatic
fibrosis, which is characterized by deposition of orga-
nized fibril-forming collagen and islet amyloid, and by
adipocyte infiltration.”>** Whether SPARC plays a part
in facilitating the fibrotic processes in a hyperglycemic
setting is not known, although several mechanisms have
been postulated, including upregulation of metallo-
proteinases, production of reactive oxygen species and
mineralocorticoid activation, and this might be an
important area for future research.

SPARC and cardiovascular disease
SPARC is essential to the regulation of the collagenous
ECM of the heart, which is characterized by more
insoluble fibril-forming collagen with a higher rate of
turnover than that of other tissues.”® In response to
experimental myocardial infarction, Sparc-knockout
mice experience increased cardiac rupture and cardiac-
related mortality and have disorganized granulation
tissue and immature collagenous ECM at the infarct
site.” By contrast, overexpression of SPARC in wild-type
mice improved collagen maturation after experimental
myocardial infarction and prevented cardiac dilatation.”
In addition, experimentally induced cardiac pressure
overload in mice (which mimics diastolic dysfunction, a
typical feature of human obesity-related heart disease)®
is associated with decreased levels of fibril-forming col-
lagen in Sparc-knockout animals compared with those
in wild-type mice.*®

Individuals with obesity have a higher risk of ische-
mic heart disease. In support of a role of SPARC in the
pathogenesis of this disease, f-adrenergic stimulation
increases SPARC expression and collagen content in rat
hearts after exposure to isoprenaline (a f-adrenergic
agonist, also known as isoproterenol).®* Furthermore,
elevated plasma SPARC concentrations have been found
in human patients with existing ischemic cardiovascular
disease.* In pig-tailed macaque (Macaca nemestrina), the
expression of SPARC and platelet-derived growth factor
(PDGF) genes in endothelial cells and vascular smooth
muscle cells is enhanced in advanced atherosclerotic
lesions.”” Furthermore, SPARC regulates the binding
of PDGF to its receptor in human fibroblasts in vitro.”
Further research is required to establish whether ele-
vated circulating SPARC, as found in obesity, damages
the heart. A review of the current understanding of the
relationship between SPARC and the heart has been
published this year.”®

Other obesity-related complications
Obesity is associated with increased incidence of cancer.”
Increased SPARC gene and protein expression have
been associated with worse prognosis of melanomas,
meningiomas and breast cancer by promoting invasion
and metastasis.”® SPARC may inhibit the progression of
tumors such as ovarian cancer.”” The role of SPARC in
cancer in the context of obesity is unclear, although this
factor seems to influence principally tumor progression
as opposed to tumor formation.'®

Obesity is also associated with an increased risk of
Alzheimer disease. Overexpression of SPARC in the brain
might be involved in the pathogenesis of Alzheimer-
associated neuronal atrophy by increasing neural cell
death by detachment from the ECM.'** SPARC gene and
protein expression in the vascular basement membrane
were reduced in rats following transient global brain
ischemia, 24 h after cerebral reperfusion,® and this
decrease in SPARC levels may have implications in pro-
moting a blood-brain barrier breakdown after ischemic
injury. The post-ischemic downregulation of SPARC was
reduced by placing the animals in hypothermic condi-
tions, which was also associated with reduced blood-
brain barrier breakdown.** The exact role of SPARC in
cerebrovascular disease remains, however, unclear.

Obesity is a condition characterized by subinflam-
matory changes. Besides the induction of SPARC by
inflammatory stimuli, SPARC’s role in initiation and
maintenance of inflammatory conditions is yet poorly
defined. SPARC binds to vascular cell adhesion protein 1
(also known as VCAM]1) to enable transendothelial
migration, and Sparc knock out substantially impairs
migration of leukocytes and neutrophils.'* Increased
SPARC levels have been identified in the synovial fluid
of patients with rheumatoid arthritis, a condition in
which levels of the proinflammatory cytokine leptin are
also elevated; the increase in SPARC may result from
leptin stimulation.'®?

SPARC and the skeletal system
Individuals with obesity have an increased bone mass.
An increased mechanical loading by total body mass is
currently thought to be the mechanism by which bone
is strengthened in obesity.'* SPARC, which is secreted by
osteoblasts into osteoid, may, however, also have a pro-
tective role against osteoporosis in these patients. Sparc-
knockout mice have low-turnover osteopenia, which
suggests that SPARC may strengthen bone. This effect
probably occurs by SPARC binding to integrin receptors,
thus modulating Wnt/B-catenin signaling, which leads to
decreased adipogenesis and increased osteogenesis.?**
A study on Sparc-null osteoblasts has suggested that
SPARC may also inhibit the Notch signaling pathway
and lead to enhanced osteoblast differentiation.!®

In contrast to the mechanisms for the potential pro-
tective effect of SPARC in bone remodeling, whether
SPARC has protective effects on cartilage is less clear.
Increased levels of the SPARC protein are found in carti-
lage of individuals with osteoarthritis or rheumatoid
arthritis.”” Achondroplasia is associated with a protein
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trafficking deficit, to which retention of SPARC in the
endoplasmatic reticulum of chondrocytes may con-
tribute, and accelerated vertebral disc degeneration is
found in Sparc-knockout mice.'**!"” Therefore, a careful
balance in the secretion of SPARC may be necessary for
normal physiology. Of note, leptin, which is increasingly
recognized as an important regulator of bone homeo-
stasis and has proinflammatory potential, may be respon-
sible for the raise in SPARC secretion that is observed in
inflammatory conditions associated with the progression
of arthritis in obesity.**!%

SPARC and aging

ECM composition changes with age; collagen degrada-
tion is reduced by a decrease in the concentration of
matrix metalloproteinases and collagen accumulation is
augmented by an increase in the concentration of inhibi-
tors of matrix metalloproteinases.'® Some age-related
pathologies might be explained by the effects of SPARC
on collagen fibril assembly and procollagen processing.''
SPARC is expressed at higher levels during development
and its secretion seems to decline progressively through-
out adult life.!!! Many phenotypic changes observed in
Sparc-knockout mice, such as accelerated vertebral disc
degeneration, osteoporosis and the development of cata-
racts mimic age-related changes. In addition, a reduced
expression of SPARC was shown in older donors of fibro-
blasts and endothelial cells in mice and humans, but, in
mouse cells, the effect of age on changes in collagen com-
position and reduced VEGF levels was reversed in part by
exposure of primary-cell fibroblast cultures to TGF-p1.""2
These findings are in contradiction with the observation
of increased SPARC expression in patients with Werner
syndrome, which is characterized by premature aging,'
and further studies are necessary to examine whether
the expression of SPARC in individual organs is equally
affected by aging.

Therapeutic manipulation of SPARC

Obesity-associated elevations of SPARC secretion may
have adverse effects on normal physiology; reduction
of SPARC levels or aspects of SPARC function may
thus have therapeutic potential. Weight loss reduces
SPARC expression,® but, as pharmacotherapy has
limited efficacy in weight management, we expect that
SPARC inhibition would not aid weight loss but could
potentially ameliorate obesity-associated complica-
tions. SPARC suppression has previously been used in
an experimental, in vitro model of cancer treatment:
the nonsteroidal anti-inflammatory drug NS398, a
selective inhibitor of prostaglandin G/H synthase 2
(also known as cyclooxygenase 2), suppressed SPARC
expression in lung cancer cell lines.''* The same drug
may have benefits in the treatment of colon cancer and
esophageal cancer, as it induced apoptosis in cell cancer
lines,''>!'¢ but this treatment has not yet been used clini-
cally. Furthermore, adenovirus-mediated inhibition of
SPARC expression reduced experimentally induced liver
fibrosis in rats.'”” Manipulation of SPARC may provide
new therapeutic avenues in obesity and its associated

complications, especially in the prevention and treat-
ment of the microvascular and macrovascular complica-
tions of diabetes mellitus, but further research into
the effects of SPARC inhibition in human physiology
is necessary.

Conclusions

SPARC, an extracellular glycoprotein, is expressed
ubiquitously, but predominantly in adipocytes. SPARC
is a regulator of adipocyte differentiation and composi-
tion of the ECM which, in obesity, is characterized by
increased collagen fibril content consistent with fibrosis.
Fibrosis of adipose tissue limits its capacity for expan-
sion and storage of triglycerides, which spread to the
circulation and are stored in organs such as the liver,
muscle and pancreas, and as perivascular adipose tissue.
This ectopic storage of lipids is linked with insulin resis-
tance and metabolic complications. Increased levels of
SPARC are found in obesity and this increase is most
likely due to increased SPARC secretion from adipose
tissue. SPARC may contribute to the development of
obesity-associated complications as a result of increased
ectopic triglycerid content, which also links obesity to
increased insulin resistance. As suggested by Naimi
and Van Obberghen,® the quality and expansibility of
adipose tissue might be more important than adipose
mass per se.

SPARC may independently contribute to the patho-
genesis of diabetic nephropathy and retinopathy, owing
to its profibrotic and angiogenic effects. Furthermore,
SPARC may contribute to the pathogenesis of other
obesity-associated disorders, including heart failure,
some obesity-associated cancers, premature aging and
osteoarthritis, whereas the elevated SPARC levels found
in obesity may be beneficial to the bone by supporting
its strength. Although suppression of SPARC could be a
promising therapy for obesity, as it could protect indivi-
duals from the adverse effects of this condition, includ-
ing development of T2DM, without affecting body
weight per se, further research is necessary to determine
its pharmacologic potential.

Review criteria

A literature search was performed on PubMed and
MEDLINE for articles and abstracts published from
January 1981 to November 2009. The search terms
“SPARC”, “osteonectin”, “adipose tissue”, “obesity”,
“insulin resistance” and “diabetes” were used to
identify reviews. The search terms “cardiovascular

»oows

disease”, “diastolic dysfunction”, “ischemic

»ow »ow

heart disease”, “cerebrovascular disease”, “stroke”,

“fatty liver disease”, “steatohepatitis”, “osteoarthritis”,
“atherosclerosis”, “diabetic retinopathy”, “cataract” and
“diabetic nephropathy” were used in combination with
“SPARC” and “osteonectin” to identify original research
papers and were supplemented by manual search of
bibliographies of pertinent articles. Conference abstracts
were screened for further leads. English-language
articles and abstracts, and a few abstracts of
non-English-language articles, were considered.
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