Angiogenesis in Diabetic Nephropathy

Roy Zent, MD, PhD, and Ambra Pozzi, PhD

Summary: Angiogenesis, the formation of new blood vessels from pre-existing vasculature,
plays a key role in both physiologic and pathologic events, including wound healing, cancer,
and diabetes. Neovascularization has been implicated in the genesis of diverse diabetic
complications such as retinopathy, impaired wound healing, neuropathy, and, most recently,
diabetic nephropathy. Diabetic nephropathy is one of the major microvascular-associated
complications in diabetes and is the leading cause of end-stage renal disease worldwide. In
this review we describe the major factors involved in the pathologic glomerular microvascular
alterations in response to hyperglycemia and the possible use of anti-angiogenic therapies for

the treatment of diabetic nephropathy.
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iabetic nephropathy represents a major

cause of morbidity and mortality in type

1 and type 2 diabetic subjects and has
become the leading cause of end-stage renal
disease worldwide. Currently there is no spe-
cific therapy for this condition, which almost
invariably progresses to end-stage renal failure.
One of the hallmarks of diabetic nephropathy is
glomerular microvascular injury, which poten-
tially may be a therapeutic target for this dev-
astating medical condition. In this review we
describe (1) the major steps involved in angio-
genesis, (2) the pathologic glomerular vascular
changes observed in diabetic nephropathy, and
(3) the possible use of anti-angiogenic therapy
for the treatment of diabetic-induced renal vas-
cular damage.

ANGIOGENESIS

Angiogenesis is the formation of new blood
vessels from pre-existing vasculature. This pro-
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cess plays a key role in both physiologic and
pathologic events, including embryonic devel-
opment, menstruation, wound healing, tumor
growth, and diabetes. Angiogenesis is a multi-
step process that requires at least 4 indepen-
dent events by endothelial cells, including
detachment from basement membranes, prolif-
eration, migration, and maturation.! Normally
these events are regulated tightly by both pro-
angiogenic and anti-angiogenic factors, how-
ever, in pathologic events such as diabetes
there is increased synthesis of pro-angiogenic
factors with concomitant down-regulation of
anti-angiogenic molecules. This leads to in-
creased proliferation and migration of endothe-
lial cells, resulting in the formation of immature
and leaky vessels.

Proangiogenic Factors

The soluble molecules vascular endothelial
growth factor (VEGF) and angiopoietins (Ang 1
and Ang 2), are the best-characterized growth
factors that play a role in angiogenesis. The
VEGF family consists of at least 4 members,
VEGF-A, -B, -C, and -D.? VEGF-A, the most pre-
dominant, consists of at least 8 isoforms, with
VEGF165 the major form expressed in humans
(VEGF 164 in mouse). VEGF was first described
as a vascular permeability factor because of its
ability to induce leaky vessels. It exerts its ac-
tions by binding 3 different receptors selec-
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tively expressed on endothelial cells, VEGF re-
ceptor I (ie, VEGFR1, Flt-1), VEGF receptor 2 (ie,
VEGFR2, FIk-1), and VEGF receptor 3 (VEGFR3).3
Flt-1 is required for the recruitment of hemato-
poietic precursors and the migration of mono-
cytes and macrophages, whereas Flk-1 and
VEGFR3 are essential for the functions of vas-
cular endothelial and lymphendothelial cells,
respectively.? VEGF is probably the most potent
angiogenic factors and its up-regulation often is
observed in pathologic conditions, including
cancer, rheumatoid arthritis, and diabetes. Up-
regulated VEGF synthesis is accompanied by
increased endothelial cell migration, prolifera-
tion, and formation of immature vessels charac-
terized by leakiness and decreased vascular re-
sistance.

The angiopoietins belong to a family of at
least 4 members, with Ang 1 and Ang 2 being
the most predominant.* Both Ang 1 and Ang 2
exert their action by binding the same receptor
Tie-2, selectively expressed on endothelial
cells. Interestingly, Ang 1 and Ang 2 exert op-
posite effects on endothelial cell function. Al-
though Ang 1-mediated signaling via Tie-2
leads to vessel maturation, quiescence, and re-
duced leakage,>° Ang 2 blocks the Ang 1/Tie-2
signal resulting in increased angiogenesis, ves-
sel instability, and consequent leakage.”® More-
over, although Ang 1 promotes endothelial cell
adhesion, spreading, and formation of focal
contacts, Ang 2 enhances endothelial cell mi-
gration and tubulogenesis. Ang 1 and Ang 2,
unlike VEGF, are not considered complete an-
giogenic factors because they cannot trigger
angiogenic responses by themselves, but rather
they positively or negatively modulate VEGF-
induced endothelial cell function.® Interest-
ingly, Ang 2 expression can be up-regulated by
VEGF!? and it enhances VEGF-mediated angio-
genesis.* In pathologic events, such as cancer
or diabetes, increased VEGF synthesis often is
accompanied by increased Ang 2 levels with
decreased and/or unchanged levels of Ang 1.

Anti-angiogenic Factors

To ensure that there is not an overproduction
of blood vessels there are endogenous inhibi-
tors of angiogenesis that can be classified into 2

major categories: proteolytic fragments and
gene products.!! Among the proteolytic frag-
ments, extracellular matrix-derived and plas-
minogen-derived fragments have been shown
to inhibit angiogenesis by inhibiting endothelial
cell migration, proliferation, and tubulogenesis.
Some of these fragments include angiostatin (a
cleavage product of circulating plasminogen),
endostatin (a cleavage product of collagen
XVIID), the alNC1 domain of collagen IV,'? and
the a3NC1 domain of collagen IV.'113 In con-
trast, most of the gene product inhibitors have
pleiotropic effects that are not necessarily re-
lated to the regulation of angiogenesis. For ex-
ample, thrombospondin-1 and pigment epithe-
lium-derived factor (PEDF), which are well-
described inhibitors of angiogenesis in both
physiologic and pathologic conditions, can pro-
mote endothelial cell apoptosis by inducing the
Fas ligand.'* PEDF originally was isolated as a
protein secreted by cultured pigment epithelial
cells of fetal human retina,!> but later was
shown to possess plural effects, including neu-
ronal cell differentiation, protection of neurons
from various neurotoxic agents, and, most im-
portantly, angiogenesis inhibition.!® Moreover,
in retinal endothelial cells PEDF down-regulates
the levels of VEGF, thus preventing vascular
permeability and angiogenesis.!” Finally, there
are 2 inhibitors, soluble VEGF receptor 1 and
vasohibin, which are expressed only in endo-
thelial cells, and have selective activities against
endothelial cells themselves.!! Soluble VEGF re-
ceptor 1 selectively blocks VEGF signaling and
only inhibits VEGF-mediated effects, including
angiogenesis and vascular permeability. Vaso-
hibin is proposed to be the first negative feed-
back regulator of angiogenesis and it works by
interacting with specific endothelial cell intra-
cellular signaling pathways.

Fig. 1 summarizes the major pro-angiogenic
and anti-angiogenic factors that contribute to
the homeostasis of blood vessel formation.

DIABETIC NEPHROPATHY
AND VASCULAR DAMAGE

The clinical entity of diabetic nephropathy, the
most common cause of end-stage renal disease
in the developed world, is characterized ini-
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