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Summary. Transforming growth factor-B (TGF-8) is a
key regulator of extracellular matrix (ECM), and may
mediate the development of glomerulosclerosis with
accumulation of mesangial matrix. Mesangial cells
secrete TGF-f3 in response to common in vitro fibrogenic
stimuli. Yet mesangial immunostaining for active TGF-
B1 is frequently negative in chronic glomerular disease.
TGF-8 is rather expressed and/or activated by podocytes
in both mesangial and podocyte diseases. Activated
TGF-/Smad signaling by podocytes may induce
connective tissue growth factor (CTGF or CCN2) and
vascular endothelial growth factor (VEGF) expression.
Podocyte CTGF seems to have paracrine effects on
mesangial cells to stimulate CTGF expression. CTGF
appears to stimulate the fibronectin-matrix assembly via
enhanced cell-surface expression of a581 integrin in the
mesangium of diseased glomeruli. Podocyte VEGF-A
overexpression also seems to play a paracrine role on
mesangial cells to upregulate VEGF/VEGF receptor
systems and to overproduce matrix proteins. Thus,
paracrine CTGF and VEGF may contribute to mesangial
matrix accumulation in chronic glomerular disease,
culminating in the development of glomerulosclerosis.
Together, these data bring new mechanistic insights into
our understanding of the pathogenic role of TGF-8-
induced CTGF and VEGF in mesangial matrix
expansion in chronic progressive glomerular disease.
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Introduction

Glomerulosclerosis frequently complicates most
renal diseases, and is characterized by the collapse of the
glomerular tuft and mesangial matrix accumulation.
Transforming growth factor-8 (TGF-B) is a key regulator
of extracellular matrix (ECM), and is secreted as latent
complexes. Mesangial cells secrete TGF-8 in response to
common in vitro fibrogenic stimuli (Lee and Song,
2009a). Yet mesangial immunostaining for active TGF-
B1 is frequently negative in chronic glomerular disease,
possibly because large latent TGF- complexes secreted
by mesangial cells are stored in the mesangial matrix
(Lee and Song, 2009b). TGF-8 is rather expressed and/or
activated by podocytes in both chronic mesangial and
podocyte diseases. This podocyte TGF- may induce
connective tissue growth factor (CTGF or CCN2) and
vascular endothelial growth factor (VEGF) in chronic
glomerular disease (Lee and Song, 2009b; Lee, 2011a,
2012).

It is postulated that podocyte-derived VEGF and
CTGF stimulated by TGF-B could act upon the
mesangial cells to stimulate mesangial matrix synthesis,
culminating in glomerulosclerosis in chronic glomerular
disease (Lee and Song, 2009b; Lee, 2011a, 2012). This
review will discuss the mechanisms by which TGF--
induced CTGF and VEGF by podocytes could contribute
to mesangial matrix accumulation in chronic glomerular
disease. In addition, therapeutic strategies to inhibit
CTGF- and VEGF-induced mesangial matrix expansion
will be discussed.

Activation of latent TGF-B in chronic glomerular
disease

TGF-B is secreted as latent complexes, which are
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stored in the ECM. Most cells secrete TGF-8 as part of a
large latent complex, in which latent TGF- binding
protein (LTBP) is linked to the latency-associated
peptide (LAP)-TGF- complex. Multiple proteinases of
the serine protease family, such as plasmin, first cleave
LTBP. Then soluble large latent complex is released
from the ECM, which is subsequently activated by
another proteolytic event that releases TGF- from LAP
(Koli et al., 2001, 2008).

Latent TGF-B is activated in vivo by several
mechanisms, such as proteolysis, thrombospondin-1
(TSP-1), reactive oxygen species (ROS), and some
integrins (for review, see Lee and Song, 2009b).

Incomplete activation of latent TGF-B by mesangial cells
in the diseased glomeruli

Mesangial cells secrete TGF-B in response to
common in vitro fibrogenic stimuli (Lee and Song,
2009a), and produce matrix proteins in chronic
glomerular disease. Mesangial immunostaining for
active TGF-B1, however, is frequently negative in
chronic glomerular disease, such as IgA nephropathy
(IgAN), focal segmental glomerulosclerosis (FSGS) and
diabetic nephropathy. Instead, podocytes covering the
sclerotic segments exhibit increased expression of TGF-
B1 protein (Kim et al., 2002, 2003; Wahab et al., 2005a).

Plasmin can release the large latent TGF-6 complex
from the mesangial matrix by cleaving LTBP at the
amino terminal hinge region (Taipale et al., 1992).
Plasmin-mediated TGF- activation, however, may be
neutralized via feedback inhibition, since TGF-8-
induced production of plasminogen activator inhibitor-1
(PAI-1) decreases active plasmin formation in mesangial
cells. In rats with anti-Thy 1.1 nephritis, a murine model
of mesangiopathy, accumulation of mesangial matrix
progressed in association with enhanced mesangial fibrin
deposition (Liu et al., 2004). Thus, the mesangial cell
surface surrounded by an enlarged matrix may not
express sufficient plasmin to activate latent TGF-
B1.

In high glucose-treated mesangial cells, endogenous
TSP-1 is the main activator of high levels of latent TGF-
B1 (Yevdokimova et al., 2001). Yet the effects of TSP-1
on TGF-B1 activation are relatively weak in
experimental diabetic nephropathy (Daniel et al., 2007;
Lee and Song, 2009a,b). In addition, TGF-B1-stimulated
arteries in either plasminogen- or TSP-1-deficient mice
show no difference in either active or total TGF-81
secretion as compared with those in wild-type animals
(Otsuka et al., 2007). It is not clear whether TSP-1 alone
is able to directly activate latent TGF-6 in chronic
glomerular disease.

Together, large latent TGF- complexes secreted by
mesangial cells may be stored in the mesangial matrix,
from which incompletely activated latent TGF- may be
released (Lee and Song, 2009b; Lee, 2011b). In this
regard, TGF-B may not directly induce mesangial matrix

synthesis in chronic glomerular disease.
Activation of latent TGF-B by podocytes

Unlike mesangial cells, podocytes do not
overexpress TGF-B1 in response to common in vitro
metabolic stimuli (Iglesias-de la Cruz et al., 2002; Chen
et al., 2005). Podocytes seem to respond to paracrine
TGF-B coming from the mesangial cells in chronic
mesangial disease (Wolf et al., 2005; Lee and Song,
2009b). Soluble forms of latent TGF- complex may be
localized to the podocyte surface after its release from
the mesangial matrix (Lee and Song, 2009b). In
addition, biomechanical strain may induce de novo TGF-
3 expression by podocytes in progressive podocyte
disease. Podocyte-derived plasmin, matrix metallo-
proteinases (MMPs) and TSP-1, and particularly
angiotensin II (Ang II)-induced oxidative stress may
activate the latent TGF- in podocytes in the diseased
glomeruli (Lee, 2011a, 2012).

Altogether, expression of TGF-B1 by podocytes is
increased, not only in progressive podocyte disease, but
also in chronic mesangial disease.

Mesangial matrix expansion in progressive podocyte
diseases via activation of TGF-B signaling

TGF-B is overexpressed by podocytes in progressive
podocyte diseases (Kim et al., 1999, 2003; Sayers et al.,
1999; Patek et al., 2003; Wahab et al., 2005a), in which
expansion of the mesangial matrix is frequently present
in association with glomerulosclerosis (Lee and Koh,
1993; Kim et al., 1995; Lee and Lim, 1995; Gregory et
al., 1996; Patek et al., 2003; Taneda et al., 2003).

In Smad3-knockout diabetic mice, mesangial matrix
expansion is prevented (Wang et al., 2007), as shown in
the anti-TGF-B-treated or TGF-B type II receptor-
deficient diabetic mice (Ziyadeh et al., 2000; Chen et al.,
2003; Kim et al., 2004). Indeed, activation of the TGF-
/Smad signaling by podocytes in diseased glomeruli
appears to lead to overproduction of ECM in the
mesangial areas, resulting in the formation of
glomerulosclerosis (Kim et al., 2003; Patek et al., 2003;
Lee and Song, 2009b).

Cross-talk mechanisms linking the podocyte TGF-B
with mesangial matrix accumulation

The podocyte TGF-B, the active form of which has a
very short half-life in plasma, is unlikely to traverse the
GBM to promote sclerosis in the adjacent mesangium. In
this regard, some TGF-8-induced humoral factors
produced by podocytes seem to have fibrogenic effects
on mesangial cells (Lee and Song, 2009b).

In chronic glomerular disease, podocyte-derived
VEGF and CTGF stimulated by TGF- might be
transported across the GBM to capillary lumen to act
upon the mesangial cells (Lee and Song, 2009b; Lee,
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2011a,b, 2012).
Role of CTGF (CCN2)

CTGF is a member of the CCN family of
matricellular proteins and is one of the TGF-B-induced
immediate early genes. Among the CCN proteins, only
CCN2 (CTGF) has been shown to have profibrotic
properties, acting downstream of TGF-81 (Gortendorst,
1997). CTGF is strongly implicated in the pathogenesis
of diabetic nephropathy and possibly other fibrotic
disease (Wahab et al., 2001, 2005a,b).

CCN proteins appear not to have specific high-
affinity receptors. CCN2 provides independent adhesive
functions by acting through integrins and heparin sulfate
proteoglycans and facilitating interactions with the ECM
(Chen et al., 2004b).

Induction of CTGF by TGF-B in podocytes

TGF-B induces CTGF in podocytes (Ito et al., 2001),
although induction of CTGF by TGF-8 is generally
restricted to the mesenchymal cell lineages (Leask et al.,
2001, 2003; Kantarci et al., 2006). TGF-B potently
induces CTGF by the classical Smad pathway via Smad-
binding element (SBE) located within the CTGF
promoter (Holmes et al., 2001).

Effects of CTGF on podocytes

In normal murine or human glomeruli, CTGF
protein is mainly expressed by podocytes (Yokoi et al.,
2008; Ito et al., 2010), although some authors could not
detect it (Wahab et al., 2001; Roestenberg et al., 2006).
Podocyte-specific CTGF-transgenic mice show normal
renal histology without proteinuria (Yokoi et al., 2008).
Thus, CTGF alone does not likely act on podocytes or
other glomerular cells. Coexisting glomerular damage or
co-stimulatory signals, such as TGF-3, may be required
before high levels of podocyte CTGF protein translate
into overt disease (Mason, 2009).

In podocytes of diabetic humans and wild-type mice
with CTGF overexpression, phosphorylated Smad1-, 5-,

Table 1. Expression of CTGF in glomerular disease.

and -8 (pSmad1/5/8) staining is reduced. In contrast,
nuclear staining of pSmad1/5/8 is preserved in
podocytes of diabetic CTGF+/- mice. Bone
morphogenetic protein (BMP)-7 induces phospho-
rylation of Smad1/5/8 and counteracts the fibrogenic
action of TGF-B. Thus, CTGF overexpression in
podocytes may induce loss of BMP signaling activity in
diabetic nephropathy (Turk et al., 2009).

In vitro, treatment of podocytes with recombinant
CTGF modified the actin cytoskeleton, and induced the
phosphorylation of focal adhesion kinase and
extracellular signal-regulated kinase. It did not stimulate
podocyte mRNA expression of TGF-81 and CTGF, but
increased that of fibronectin, and collagens I, III and IV
(Fuchshofer et al., 2011).

Together, TGF-B-induced CTGF may diminish BMP
signaling and stimulate ECM synthesis in podocytes in
chronic glomerular disease.

Paracrine effects of podocyte CTGF on mesangial CTGF
expression

In human diabetic glomeruli, CTGF is
overexpressed in mesangial areas and in podocytes (Ito
et al., 1998, 2010; Wahab et al., 2001, 2005a). Yet
conflicting results, possibly related to podocyte loss,
were also described (Baelde et al., 2007). In murine
models of diabetic nephropathy, glomerular CTGF
protein levels increase initially in podocytes and later in
parietal epithelial and mesangial cells (Roestenberg et
al., 2006) (Table 1). Besides upregulation of podocyte
CTGF, mesangial immunostaining for CTGF is positive
in patients with IgAN, crescentic GN and diffuse
proliferative lupus nephropathy, where its intensity
becomes stronger as the mesangial lesions progress (Ito
et al., 2010). During the early stage of the anti-Thy-1.1
nephritis, CTGF mRNA expression is present, confined
to the podocytes and glomerular parietal epithelial cells.
At day 7, however, mesangial cells express CTGF
mRNA (Ito et al., 2001) (Table 1). Of note, induction of
diabetes in podocyte-specific CTGF-transgenic mice
results in an increased mesangial CTGF expression with
more severe mesangial expansion than diabetic wild-

Diseases CTGF References
Podocyte mesangial
FSGS NC Increased Ito et al., 1998
PA-induced FSGS increased Absent Fuchshofer et al., 2011
Diabetic nephropathy Increased Increased Wahab et al., 2001, 2005; Roestenberg et al., 2006; Yokoi et al., 2008; Ito et al., 2010
IgA nephropathy Increased Increased Ito et al., 1998, 2010
Anti-Thy1.1 nephritis Increased Increased Ito et al., 2001
DPLN Increased Increased Ito et al., 2010
Crescentic GN Increased Increased Ito et al., 1998, 2010

CTGF, connective tissue growth factor; DPLN, diffuse proliferative lupus nephropathy; FSGS, focal segmental glomerulosclerosis; GN,

glomerulonephritis; NC, no comment; PA, puromycin aminonucleoside.
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type mice (Yokoi et al., 2008). Treatment of cultured
mesangial cells with recombinant CTGF strongly
autoinduced its own message (Riser et al., 2000; Wahab
et al., 2001). In sum, podocyte CTGF seems to have
paracrine effects on mesangial cells to stimulate CTGF
expression in chronic glomerular disease.

Effects of CTGF on mesangial matrix expansion,
particularly on fibronectin matrix deposition

CTGF is increased particularly in the glomeruli of
patients with mesangial matrix expansion (Ito et al.,
1998, 2010; Wahab et al., 2001, 2005a; Suzuki et al.,
2003). In the glomeruli of rats with chronic puromycin
aminonucleoside-induced FSGS, CTGF is overexpressed
by podocytes, and fibronectin and types I, IIl and IV
collagens are increased mainly in the mesangium
(Fuchshofer et al., 2011) (Table 1). Treatment with
CTGF antisense oligonucleotides significantly reduced
the mesangial matrix expansion in diabetic mice (Guha
et al., 2007).

In mesangial cells, CTGF stimulates fibronectin
(Riser et al., 2000; Blom et al., 2001; Wahab et al., 2001;
Crean et al., 2002; Weston et al., 2003), collagen (Riser
et al., 2000; Gore-Heyer et al., 2002), PAI-1 (Wahab et
al., 2001), MMP-2, tissue inhibitor of MMP (TIMP)-1
and TIMP-3 (McLennan et al., 2004) expression. CCN2
directly binds to fibronectin and the fibronectin receptor
integrins a4 B1 and a5 and syndecan 4 (Weston et al.,
2003; Chen et al., 2004b). The promoter region of
fibronectin does not contain any SBEs (Wahab and
Mason, 2004), and CTGF effects on fibronectin
production appear to be TGF-6 independent. In contrast,
the transcription of some other matrix proteins, such as
collagen, PAI-1 and TIMP-1, is TGF--dependent, and
their promoter contains SBEs (Mason and Wahab, 2003).

Fibronectin is secreted by numerous cell types,
including human mesangial cells, and is widely
distributed in ECM in vivo. The soluble fibronectin is
polymerized into an insoluble fibrillar matrix in a
regulated stepwise process (Schwarzbauer and Sechler,
1999; Geiger et al., 2001; Schwarzbauer and DeSimone,
2011; To and Midwood, 2011). The a561 integrin
receptor is key to fibronectin fibril formation
(Schwarzbauer and Sechler, 1999; Geiger et al., 2001).
Upon binding to integrins and other cell-surface
receptors, fibronectin is unfolded from its compact
structure into an extended structure exposing binding
sites. Then, fibronectin-fibronectin intermolecular
interactions occur. Maturation of fibronectin fibrils
involves gradual conversion into a detergent-insoluble,
stable matrix (McKeown-Longo and Mosher, 1985;
Schwarzbauer and Sechler, 1999). Once assembled,
fibronectin fibrils are continuously polymerized and
remodeled within the fibrillar matrix on the cell surface
(Sottile and Hocking, 2002) (Fig. 1).

In cultured mesangial cells, both TGF- and CTGF
stimulate total fibronectin synthesis, insoluble
fibronectin matrix deposition and the cell-surface

expression of a581 integrin (Weston et al., 2003).
Blocking antibody to o581 integrin inhibits fibronectin
matrix deposition by mesangial cells (Weston et al.,
2003). CTGF also increases fibronectin expression in
mesangial cells in a B3 integrin-dependent manner,
which stimulates p42/p44 mitogen-activated protein
kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K) activation (Crean et al., 2002).

Patients with various glomerular diseases show
increased total fibronectin staining in the mesangium
(Oomura et al., 1989; Van Vliet et al., 2001; Kim et al.,
2002). Fibronectin and its receptor, a5B1 integrin, are
overexpressed in the glomeruli of patients with IgAN
and diffuse proliferative lupus nephropathy (Kuhara et
al., 1997). Despite heavy mesangial accumulation of
fibronectin protein in IgAN, its mRNA expression is
almost negligible (Kim et al., 2002). CTGF may increase
fibronectin mRNA expression in kidneys of rats with
unilateral ureteral obstruction (UUO) (Yokoi et al., 2002,
2004) and of diabetic mice (Guha et al., 2007). Yet it is
not clear whether CTGF actively upregulates mesangial
fibronectin mRNA expression in chronic glomerular
disease.

To sum up, CTGF appears to stimulate the
fibronectin-matrix assembly via enhanced cell-surface
expression of a5B81 integrin in the mesangium of
diseased glomeruli (Fig. 1).

Fibronectin is a major ECM protein serving as a
scaffold for further deposition of fibronectin molecules

Mesangial cell
:?ngm e Podocyte
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CTGF 1 | Active T6F-6 |

Fibronectin matrix assembly —>
Fibronectin fibrils HH

Fibronectin fibrils
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Fig. 1. Hypothetical pathway for mesangial matrix accumulation by
transforming growth factor-B (TGF-B)-induced connective tissue growth
factor (CTGF) in chronic glomerular disease. Activated TGF-B/Smad
signaling in podocytes may overproduce CTGF, which may have
paracrine effects on mesangial cells to stimulate CTGF expression. In
mesangial cells, CTGF stimulates the cell-surface expression of a5B1
integrin. Through binding to integrin receptors and interactions between
fibronectin molecules, fibronectin is polymerized into a fibrillar matrix.
Fibronectin matrices may also act as scaffolds for further fibronectin and
collagen deposition resulting in mesangial matrix accumulation. TGF-B
R’, TGF-B receptor.
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and collagen (Mao and Schwarzbauer, 2005;
Schwarzbauer and DeSimone, 2011). Fibronectin binds
to collagen by its collagen-binding domain, located in
the N-terminal part of the molecule. Pre-existing three-
dimensional matrices act as scaffolds for further
fibronectin deposition; new fibrils colocalize with the
pre-existing matrix (Mao and Schwarzbauer, 2005).

In summary, TGF-B-induced CTGF by podocytes
may induce mesangial matrix expansion, particularly
through a561 integrin-dependent fibronectin matrix
deposition in chronic glomerular disease, culminating in
the development of glomerulosclerosis (Fig. 1).

Role of VEGF

VEGF or VEGF-A is a secreted dimeric
glycoprotein. VEGF-A is almost exclusively expressed
by podocytes in the developing and mature glomerulus,
and plays an essential role in the formation and
maintenance of a functional glomerular filtration barrier
(Eremina et al., 2003). In addition, VEGF-A seems to
participate in TGF-B1-induced glomerular fibrosis
(Wang et al., 2004; Chen et al., 2005). There are many
isoforms of VEGF-A that are named according to their
number of amino acids, i.e. VEGF,,, VEGF s,
VEGF 4, VEGF, . Two receptor tyrosine kinases have
been i(ientified for VEGF: VEGF receptor-1 (VEGFR-1;
Flt-1, fms-like tyrosyl kinase-1 where fms refers to
feline McDonough sarcomavirus) and VEGFR-2 (human
KDR, kinase domain receptor; mouse Flk1, fetal liver
kinase-1). In normal kidneys, VEGFR-2 is expressed
mainly by endothelial cells (Ferrara et al., 2003; Foster,
2009; Sison et al., 2010), but podocytes of adult mice
also express VEGFR-2 (Ku et al., 2008; Veron et al.,
2010). The most abundant isoform of VEGF-A
expressed by kidney is VEGF (s (VEGF, 4, in mouse)
(Schroppel et al., 1998), whicil predominantly signals
through VEGFR-2 (Ferrara et al., 2003). Paracrine
VEGF-A signaling seems to occur between podocytes
and adjacent endothelial and mesangial cells, which

Table 2. Expression of VEGF/VEGF receptors in glomerular disease.

express VEGF receptors (Thomas et al., 2000; Ferrara et
al., 2003; Foster, 2009; Sison et al., 2010). In addition,
VEGF-A/VEGFR-2 autocrine loop appears to exist in
podocytes (Ku et al., 2008; Veron et al., 2010).

Induction of stimulatory VEGF 4 in damaged podocytes
in chronic glomerular disease

Both TGF-B1 and Ang II stimulate VEGF
expression in cultured podocytes (Iglesias-de la Cruz et
al., 2002; Chen et al., 2005). In the glomeruli of diabetic
animals, VEGF is increased in the podocytes (Cooper et
al., 1999; Wendt et al., 2003; Sung et al., 2006) (Table
2). Yet its expression is also decreased in the podocytes
of patients with diabetic nephropathy, diffuse
proliferative lupus nephropathy, crescentic
glomerulonephritis and membranous nephropathy
(Shulman et al., 1996; Honkanen et al., 2003) (Table 2).
The downregulation of podocyte VEGF-A could be
attributed to podocyte loss in chronic glomerular disease
(Bailey et al., 1999; Baelde et al., 2007).

VEGF (sb cannot phosphorylate VEGFR-2
effectively, and consequently blocks VEGF (A
activation of VEGFR-2. Differentiated human podocytes
secrete significant amounts of VEGF b protein. When
podocytes dedifferentiate or are injured in glomerular
disease, there is a switch from inhibitory VEGF, b
expression to stimulatory VEGF (A expression (Cui et
al., 2004).

Wilms’ tumour suppressor gene, WT1, is essential
for normal podocyte function. Mutations of WT1 induce
Denys-Drash syndrome (DDS) characterized by diffuse
mesangial sclerosis. Podocytes obtained from patients
with DDS express high levels of VEGF s, but lack
VEGF, (b (Schumacher et al., 2007). Podocytes in DDS
mice show overexpression of TGF-8 in association with
intraglomerular hypertension or other second injury
(Patek et al., 2003). Injured podocytes in other podocyte
diseases also exhibit TGF-B1 overexpression. Thus,
TGF-B1 overexpressed by damaged or dedifferentiated

Diseases Podocyte VEGF Mesangial VEGF/VEGF References
receptors
Protein-overload nephrosis NC Increased Horita et al., 1998
Membranous nephropathy Decreased Increased Honkanen et al., 2003
Diabetic nephropathy Increased or Increased Bailey et al., 1999; Cooper et al., 1999; Tsuchida et al., 1999;
decreased Wendt et al., 2003; Sung et al., 2006
Denys-Drash syndrome Increased NC Schumacher et al., 2007
IgA nephropathy NC Increased Noguchi et al., 1998; Thomas et al., 2000
Anti-Thy1.1 nephritis NC Increased Iruela-Arispe et al., 1995
DPLN Decreased NC Shulman et al., 1996
Crescentic GN Decreased NC Shulman et al., 1996

DPLN, diffuse proliferative lupus nephropathy; GN, glomerulonephritis; NC, no comment.
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podocytes may induce stimulatory VEGF s expression
in chronic glomerular disease.

Effects of podocyte VEGF on glomerular pathology

Cultured podocytes possess both VEGFR-1 and
VEGFR-2 (Guan et al., 2006). Yet VEGFR-1 is not
detected in podocytes of normal glomerulus (Ku et al.,
2008). VEGF increases a3(IV) collagen via VEGFR-1
and PI3K in podocytes (Chen et al., 2004a).

Diabetic animals with increased VEGF expression in
the podocytes show GBM thickening and mesangial
expansion (Cooper et al., 1999; Wendt et al., 2003; Sung
et al., 2006). Moderately increased podocyte VEGF 4, in
adult transgenic mice induced VEGFR-2 phospho-
rylation in podocytes, glomerulomegaly, GBM
thickening, mesangial expansion and glomerulosclerosis
(Veron et al., 2010). Moderate upregulation of podocyte
VEGF in mice at postnatal day O rarely led to the
development of FSGS after 6 weeks of induction (Sison
et al., 2010). By contrast, transgenic mice
overexpressing VEGF ., in podocytes showed global
collapse of the glomeruiar tuft and death at 5 days of age
(Eremina et al., 2003).

In summary, moderately increased podocyte VEGF-
A overexpression seems to play autocrine and paracrine
roles on podocytes and mesangial cells, respectively, to
overproduce matrix proteins, resulting in GBM
thickening, mesangial matrix expansion and
glomerulosclerosis.

Upregulation of mesangial VEGF/VEGF receptor
systems in chronic glomerular disease

In normal kidney, weak mesangial KDR (VEGFR-2)
staining is present in humans (Thomas et al., 2000),
while VEGFR-2 is not expressed in mesangial cells of
mice (Sison et al., 2010). In biopsy samples from IgAN
and nephrotic syndrome, strong specific staining for both
Flt-1 and KDR is detected in mesangial cells (Thomas et
al., 2000).

VEGF-A is not detected in mesangial cells of normal
glomerulus. Cultured mesangial cells, however, express
VEGF, the activity of which is enhanced by protein
kinase C-activating agent or TGF-B (Iijima et al., 1993).
Upregulation of mesangial VEGF has been described in
humans and animals with mesangial disease, such as
IgAN (Noguchi et al., 1998), diabetic nephropathy
(Tsuchida et al., 1999), and anti-Thy1.1 nephritis (Iruela-
Arispe et al., 1995). Furthermore, VEGF protein
expression was significantly increased in mesangial
areas in human membranous nephropathy (Honkanen et
al.,2003) (Table 2).

Systemic injection of albumin to rats caused
podocyte abnormalities, possibly via protein overload of
the cell. In rats with subtotal renal ablation, protein-
laden podocytes upregulate TGF-61 gene, which
precedes the development of glomerulosclerosis (Abbate
et al., 2002). Upregulation of mesangial VEGF and KDR

mRNA has also been described in rats with protein-
overload nephrosis (Horita et al., 1998).

In summary, mesangial VEGF/VEGF receptor
systems are upregulated in chronic glomerular diseases,
in which TGF-B1 is frequently overexpressed by
podocytes, suggesting that TGF-1-induced VEGF may
act on mesangial cells to activate paracrine VEGF-A
signaling (Fig. 2).

Other experiments in association with VEGF-induced
mesangial matrix expansion

In cultured mesangial cells, VEGF increases
collagen and fibronectin synthesis by a MAPK-
dependent mechanism (Amemiya et al., 1999; Wang et
al., 2004).

Transgenic rabbits with VEGF overexpression in
kidney showed mesangial matrix expansion and
glomerular hypertrophy, culminating in the development
of glomerulosclerosis (Liu et al., 2007), while anti-
VEGEF attenuates mesangial matrix expansion in diabetic
mice (Flyvbjerg et al., 2002). Bortoloso et al. (2004)
found that glomerular VEGF,; mRNA levels, but not
VEGF (s mRNA levels, are directly related to mesangial
matrix expansion in patients with diabetic nephropathy.

In summary, TGF-B-induced VEGF by podocytes in
chronic glomerular disease may play a paracrine role in
mesangial cells to upregulate VEGF/VEGF receptor
systems and to overproduce matrix proteins, resulting in
mesangial matrix expansion (Fig. 2).

‘Mesangial cell

= e Podocyte
VEGF
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Fig. 2. Hypothetical pathway for mesangial matrix accumulation by
TGF-B-induced vascular endothelial growth factor (VEGF) in chronic
glomerular disease. Activated TGF-B signaling pathway in podocytes
may overproduce VEGF, which may have paracrine effects on
mesangial cells. VEGF stimulates the expression of VEGF receptor-1
(VEGFR-1) and VEGFR-2 in mesangial cells. Through binding to
VEGFR-1 and VEGFR-2, VEGF stimulates fibronectin and collagen
synthesis in mesangial cells resulting in mesangial matrix accumulation.
Col, collagen; TGF-B R’, TGF-B receptor.
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Interaction between CTGF and VEGF

CTGF is induced by VEGEF in retinal vascular cells
(Suzama et al., 2000). CTGF can bind to VEGF 5, and
this interaction inhibits the binding of VEGF . to
endothelial cells and VEGFR-2. In this regard, the
angiogenic activity of VEGF s seems to be inhibited by
CTGF (Inoki et al., 2002).

VEGF‘121 can also bind to the CT domain of CTGF.
Despite this interaction, the binding ability of VEGF ,,
to VEGFR-2 was not decreased (Inoki et al., 2002).
Thus, possible fibrogenic activity of VEGF121
(Bortoloso et al., 2004) may not be inhibited by CTGF in
chronic glomerular disease.

Transportation of VEGF and CTGF from podocytes
across the GBM to capillary lumen

The GBM is an array of randomly oriented fibers
with fluid-filled interstices. It constitutes most of the
glomerular hydraulic resistance, while being highly
permeable to solutes, and does not seem to be
particularly charge or size selective (Haraldsson et al.,
2008b). Transport of VEGF and CTGF across the GBM
is influenced by diffusive flux in and convective flux
out.

The Peclet number (Pe) is a dimensional parameter
that measures the importance of convection relative to
diffusion (Haraldsson et al., 2008b). A Pe above unity
indicates that transport occurs mainly by convection, and
a Pe of less than 1 reflects diffusion-dominated transport.
Pe increases with molecular size. Molecular mass of
VEGF is 45 kD. The Stokes-Einstein radius of VEGF is
26 A. The Pe in GBM for VEGF is estimated to be
0.063, indicating that VEGF is transported by diffusion
across the GBM (Haraldsson et al., 2008a). In the same
context, CTGF, with a molecular mass of 38 kD, may
also be transported across the GBM to capillary lumen
simply by diffusion. Indeed, diffusion dominates the
transport of most solutes in the GBM (Haraldsson et al.,
2008a).

Similar to glomerular endothelial cells, mesangial
cells are connected to glomerular capillary lumen. Thus,
podocyte VEGF and CTGEF transported across the GBM
to capillary lumen can act on mesangial cells.

Therapeutic strategies to prevent mesangial matrix
expansion in chronic glomerular disease

CCNZ2 inhibitors

Pentoxifyline, a potent inhibitor of CTGF, inhibits
CTGF expression by interfering with Smad3/4-
dependent CTGF transcription, blocking the
profibrogenic effects of CTGF on renal cells (Lin et al.,
2005).

Treatment with CTGF antisense oligonucleotides in
diabetic mice significantly reduced the mesangial matrix
expansion with decreased renal cortical expression of

fibronectin, type I collagen, and PAI-1 mRNAs (Guha et
al., 2007). Renal fibrosis was reduced after siRNA- and
antisense-mediated CTGF knockdown in rats
undergoing chronic allograft nephropathy (Luo et al.,
2008) and UUO (Yokoi et al., 2002, 2004). In addition,
the expression of known TGF-f targets was inhibited by
antisense CTGF knockdown in the 5/6 nephrectomy
model (Okada et al., 2005).

Inhibitors of fibronectin matrix deposition

Blocking antibody to the a581 integrin inhibits
fibronectin matrix deposition by mesangial cells (Weston
et al., 2003).

Fibronectin polymerization inhibitor, pUR4, Inhibits
vascular wall thickening by reducing the excess
deposition of fibronectin and collagen I in arteries after
induction of atherosclerosis (Chiang et al., 2009).

VEGF inhibitors

Soluble VEGFR-1 (sFlt-1), a splice variant of
VEGFR-1, binds to VEGF with high affinity, and has
potent and selective VEGF inhibitory action (Kendall
and Thomas, 1993). Neutralization of physiologic levels
of VEGF with sFlt-1 can cause renal disease (Li et al.,
2007; Sugimoto et al., 2003). By contrast, inducible
overexpression of sFlt-1 in podocytes of diabetic mice
ameliorates mesangial matrix expansion by inhibiting
podocyte-expressed VEGF-A activity (Ku et al., 2008),
although systemic overexpression of sFIt-1 accelerates
tubulointerstitial injury (Kosugi et al., 2010).

Monoclonal anti-VEGF, s antibody treatment
decreased albuminuria and glomerular hypertrophy in
streptozotocin-induced diabetic rats (De Vriese et al.,
2001). It also attenuated mesangial matrix expansion in
diabetic db/db mice (Flyvbjerg et al., 2002).

Treatment with pan-VEGF receptor tyrosine kinase
inhibitor, SU5416, did not inhibit glomerular VEGF
elevation or mesangial matrix expansion in diabetic
db/db mice, though it reduced proteinuria (Sung et al.,
2006). A potent intracellular tyrosine kinase inhibitor,
BIBF 1120, inhibits a variety of growth factor receptors,
including VEGF receptors, which regulate fibrogenic
pathways (Hilberg et al., 2008). Recently, BIFF 1120 has
been shown to slow the progression of disease in
patients with idiopathic pulmonary fibrosis (Richeldi et
al.,2011).

Thus, targeting CTGF and VEGF may be a useful
preventive measure to inhibit mesangial matrix
expansion in chronic glomerular disease.

Conclusions

Activated TGF-/Smad signaling by podocytes may
induce CTGF/CCN2 and VEGF expression in
podocytes. Podocyte CTGF seems to have paracrine
effects on mesangial cells to stimulate CTGF expression
in chronic glomerular disease, which may induce a531
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integrin-dependent fibronectin matrix deposition.
Podocyte VEGF-A overexpression also appears to play a
paracrine role in mesangial cells to upregulate
VEGF/VEGF receptor systems and to overproduce
matrix proteins. Thus, paracrine CTGF and VEGF may
contribute to mesangial matrix accumulation in chronic
glomerular disease, culminating in the development of
glomerulosclerosis. Together, these data bring new
mechanistic insights into our understanding of the
pathogenic role of TGF-B-induced CTGF and VEGF in
mesangial matrix synthesis in chronic progressive
glomerular disease.
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