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Abstract

Emerging evidence supports a novel view of hypertension as a disease of inadequate or aberrant responses to angiogenic
growth factors (AGF). Patients with hypertension have reduced microvascular density, with some evidence supporting a
primary role for rarefaction in causing hypertension. Two clinical models have demonstrated a link between inhibition of
AGF activity and hypertension. A major side effect of bevacizumab, a monoclonal antibody to vascular endothelial growth
factor (VEGF), is hypertension. Pre-eclampsia is accompanied by high circulating levels of soluble VEGF receptor-1, which
forms inactive complexes with VEGF and placental growth factor (PlGF). Paradoxically, early studies have demonstrated
high circulating levels of AGF in hypertension. Several mechanisms may account for this finding including increased
vascular stretch, tissue ischemia, compensatory responses, decreased clearance or a combination of these mechanisms. High
AGF in hypertension could contribute to clinical sequelae such as peripheral and pulmonary edema, microalbuminuria, and
progression of atherosclerosis. However, a role for altered angiogenesis in the pathogenesis of hypertension or its sequelae
has not been established. Novel studies to understand the roles of AGF in hypertensive patients are warranted.

Abbreviations: EGFR – epidermal growth factor receptor; ELISA – enzyme linked immunosorbent assay; eNOS –
endothelial type nitric oxide synthase; EPC – endothelial progenitor cells; EPO – erythropoietin; ERK1/2 – extracellular
signal-related kinase 1/2; ET-1 – endothelin-1; ACE(-2) – angiotensin converting enzyme (-2); AGF – angiogenic growth
factor(s); AKT – protein kinase B; AM – adrenomedullin; ASCOT – the Anglo Scandinavian Cardiac Outcomes Trial; AT –
angiotensin II receptor; BK – bradykinin; CHF – congestive heart failure; FGF-1 – fibroblast growth factor-1 (acidic FGF);
GLUT1 – glucose transporter 1; HGF – hepatocyte growth factor; HIF1a – hypoxia inducible factor-1a; IC – intracoronary;
IGF-1 – insulin-like growth factor-1; IV – intravenous; KDR – kinase insert domain-containing receptor; LVH – left
ventricular hypertrophy; NEPs – neutral endopeptidases; PDGF-AB – platelet derived growth factor-AB; PE – prolyl
endopeptidases; PGI2 – prostacyclin; PKB – protein kinase B; PlGF – placental growth factor; SC – subcutaneous; SHR –
spontaneously hypertensive rats; SU1498 – 4-amino-5-(4-cholorophenyl)-7-(t-butyl)pyrazolo; [3,4-d]pyrimidine; SVR –
systemic vascular resistance; TGF-b – transforming growth factor-beta; VEGF – vascular endothelial growth factor;
VEGFR-2 – VEGF receptor-2; VIVA – VEGF in Ischemia for Vascular Angiogenesis (clinical trial); VTI 4-[(40-chloro-20-
fluoro)phenylamino]-6,7-dimethoxyquinazoline

Introduction

Hypertension is a common but incompletely understood
disease. Hypertension-related diseases including stroke,
myocardial infarction and heart failure pose an enormous

burden to health care expenditures. As the United States
population ages, an even higher prevalence of hypertension
can be expected. Trials of anti-hypertensive agents show
that more than two drugs are almost always required for
optimum blood pressure control. Therefore, new strategies
to lower blood pressure and identify patients at high risk for
complications could have a strong beneficial impact on
public health.
In this review, we will consider the vasomotor effects of

angiogenic growth factors (AGF), the hypertensive effect of
vascular endothelial growth factor (VEGF) inhibition, and
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the potential clinical significance of elevated AGF levels in
hypertensive patients. Our paper will complement and
extend another recent review [1].

Rarefaction

It would be rather difficult to propose a link between
angiogenesis and hypertension without evidence for ana-
tomical changes in the vasculature of hypertensive patients.
Hypertensive patients are known to exhibit rarefaction, or a
reduced density of microvessels in various tissues and
organs [2]. Since the majority of the total vascular resistance
occurs in vessels that are less than 150 lm in diameter [3],
vascular rarefaction could contribute to increased vascular
resistance. Furthermore, these same vessels also exhibit the
greatest vasodilatory response to shear stress and other
stimuli. The earliest description of rarefaction was by
Hutchins and Darnell in 1974 [4] who found reduced
arteriolar density in the cremasteric muscles of spontane-
ously hypertensive rats (SHR). Importantly, these rats
exhibited rarefaction during the pre-hypertensive state.
However, once hypertension occurs, rarefaction develops
or worsens over a relatively short time interval. For
example, rats made hypertensive by a surgical reduction
of renal mass and administration of a high salt intake
developed endothelial damage followed by rarefaction after
only three days [5].
Although rarefaction could be a consequence of hyper-

tension, there is also some evidence to support a primary
role for rarefaction in the process of hypertension. In human
subjects, skin capillary rarefaction has been described in
normotensive young adults with a genetic propensity to
develop high blood pressure [6, 7]. Vascular rarefaction can
be detected in patients with only mild or borderline
hypertension [8] and progresses in parallel with the severity
of hypertension. Rarefaction has been described in a variety
of tissues including the nail fold [9], skeletal muscle [10],
and forearm skin [11] in hypertensive patients.
Hypertension is not the only stimulus for rarefaction.

Animal models also have suggested that rarefaction devel-
ops during aging [12, 13]. A reduction in angiogenesis
potential has been noted in the aged [14, 15], and
hypertension is quite prevalent in the elderly [16].
Therefore, studies to examine links between rarefaction,
impaired angiogenesis and hypertension in the geriatric
population are warranted. Rarefaction can also develop in

young animals with a normal blood pressure. Normotensive
rats fed with a high salt diet exhibit rarefaction compared
with controls on a low salt diet [5].

Vasomotor effects of angiogenic growth factors and their
receptors

More than a decade ago, Ku et al. demonstrated that VEGF
induces endothelium-dependent relaxation of isolated ca-
nine coronary arteries [17]. VEGF preferentially dilates
arterioles and venules without an effect on medium-sized
arteries and veins [18]. Subsequently, several studies in
humans and animals have demonstrated a hypotensive effect
of a variety of AGF (Table 1 [19–27]). In the VIVA (VEGF
in Ischemia for Vascular Angiogenesis) trial, both intracor-
onary and intravenous infusions of recombinant human
VEGF produced falls in systolic blood pressure of up to
22% at the highest doses [19]. The infusion of FGF-2 (basic
fibroblast growth factor) in rabbits was shown to dilate the
abdominal aorta and iliac arteries [20]. Both basic and acidic
FGFs produce a dose-dependent hypotensive response in
anesthetized rats [20]. Similarly, a single intracoronary
injection of basic FGF has been shown to produce a
hypotensive effect in patients, although the dose response
has been more variable [21–23].
Many AGF induce angiogenesis via a pathway that

involves ligation with their receptors, followed by activation
of a common set of intracellular signaling pathways [28, 29].
These include activation of AKT/protein kinase B (PKB)
which stimulates the phosphorylation of eNOS, resulting in
augmented, calcium-independent activity leading to en-
hanced nitric oxide production [30]. VEGF not only enhances
eNOS activity, but also upregulates the message and protein
levels of eNOS in human endothelial cells [31]. Thus, the
generation of nitric oxide is an intrinsic component of the
responses to a variety of AGF. A reduction in nitric oxide
production is associated with a diminished angiogenic
response, as demonstrated using inhibitors of eNOS [32,
33] and eNOS knockout mice [34]. AGF vary in their
dependence on the NO synthase pathway for inducing
angiogenesis. For example, NO production appears to be
more essential for VEGF than for bFGF induced angiogenesis
[33]. Suppression of PKC d activity via NO synthase activity
is required for VEGF – but not for bFGF – induced EC
migration and proliferation [35]. Furthermore, there may be
NO-independent mechanisms for AGF-induced vasodilation.

Table 1. Hemodynamic effects of AGF.

AGF Animal/human Route Effect Reference

VEGF Patients with CAD IC, IV Hypotensive [19]
FGF-2 Patients with CAD IC Hypotensive [21–23]
EGF CD rats IV Initial pressor then hypotensive [24]
EGF Cynomolgus monkeys IV Hypotensive [24]
HGF SD rats with MI/CHF IV fl SVR [25]
IGF-1 Postmenopausal women SC Hypotensive [26]
Adrenomedullin Healthy volunteers IV Hypotensive [27]

The hemodynamic effects of a variety of AGF when administered to animals or humans are tabulated.
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VEGF-induced vasodilation, for example, may be partially
attributable to PGI2 synthesis [36].
Recently, very interesting data have emerged suggesting

that VEGFR-2 is sensitive to shear stress and can be
activated in the absence of ligand to enhance nitric oxide
production [37]. It is possible that integrin receptors, which
have known roles in angiogenesis [38], arteriolar dilation
[39] and mechanotransduction of shear stress [40] form
functional receptor complexes with VEGFR-2. Indeed,
some evidence suggests that a complex of the vitronectin
receptor (avb3) and VEGFR-2, is necessary for mechano-
transduction [41]. Stimulation of VEGFR-2 at 12 dynes/cm2

(simulating arterial level laminar shear stress), produced
more intense and more sustained phosphorylation of the
receptor itself, AKT, eNOS, and ERK1/2 than did ligand-
mediated activation [37]. Furthermore, the VEGFR-2 tyro-
sine kinase inhibitors SU1498 and VTI were able to inhibit
flow-mediated dilation [37]. Together, these in vitro, animal
and human studies point to a significant role for AGF and
their receptors in regulating vasomotor tone at the level of
the microvasculature.

Hypertensive effect of inhibition of VEGF

Studies with bevacizumab, a recombinant humanmonoclonal
antibody to VEGF, have demonstrated that inhibition of
VEGF induces or exacerbates hypertension in some patients.
Bevacizumab has been used as anti-angiogenic therapy for a
variety of tumors including renal cell carcinoma, colorectal
carcinoma, and breast carcinoma [42–44]. In a study by Yang
et al., patients with clear cell renal carcinoma were randomly
assigned to placebo, low dose bevacizumab or high dose
bevacizumab [42]. The primary endpoints included time to
disease progression and response rates. Patients treated with
high dose bevacizumab had a clear reduction in tumor
progression. However, the high dose group also experienced
hypertension in more than one-third of the treated patients.
There was also a significant increase in the prevalence of
proteinuria in the high dose group. Hypertension has also
been reported as a side effect of the VEGF receptor tyrosine
kinase inhibitor PTK787/ZK222584 [45]. These studies
support the concept that VEGF is necessary for maintenance
of a healthy endothelium and further suggest that VEGF
exerts a hypotensive effect in vivo.

Angiogenic growth factor levels in hypertension

An analysis of 248 patients with hypertension and other
cardiovascular risk factors from the ASCOT trial demon-
strated a positive correlation between more severe hyper-
tension and higher VEGF levels [46]. This is somewhat a
paradoxical finding given in our previous discussion that
lower VEGF levels might pre-dispose to a hypertensive
state. The first concern would be that total VEGF (VEGF
plus soluble VEGFR-1) rather than exclusively free, active
VEGF was measured in this study. However, soluble
VEGFR-1 was independently measured and was also found

to be lower in the most hypertensive patients [46].
Furthermore, von Willebrand’s factor (vWF) was found to
be significantly elevated with hypertension [46]. The
authors suggested that VEGF was increased secondary to
endothelial cell injury, since vWF was known to be released
by this mechanism. Of further interest from this study was
the finding that VEGF levels were significantly reduced
after six months of intensive cardiovascular risk factor
management. Soluble VEGFR-1 levels increased slightly
while vWF levels decreased [46]. These findings are
consistent with the hypothesis that higher levels of VEGF
are produced in response to endothelial trauma and that
improved blood pressure control leads to reduced VEGF
levels.
Several other AGF have been studied in hypertensive

patients. Hepatocyte growth factor (HGF) is also elevated in
hypertensive patients, with a significant correlation between
both systolic and diastolic blood pressures and circulating
HGF concentration [47]. Furthermore, HGF concentration is
reduced when the blood pressure is lowered, and a similar
reduction is achieved with calcium antagonist, ACE inhibitor
or a combination of these therapies [47]. Insulin growth
factor-1 (IGF-1) has AGF activity, and induces NO produc-
tion [48–50]. Levels of insulin growth factor binding protein-
1 (IGBP-1) are elevated in hypertension [51]. FGF-2 levels
are elevated in mild-moderate hypertension compared with
normotensive controls [52]. PDGF-AB levels are not elevated
in hypertensive patients compared to controls, except in the
subset of hypertensive patients with microalbuminuria [52].
Endothelin-1 (ET-1), which stimulates angiogenesis directly,
as well as indirectly by inducing VEGF [53] is elevated in
hypertensive patients [52]. Transforming growth factor-b1
has a complex role in angiogenesis with deficits in its
signaling pathway causing impairments of vascular develop-
ment and physiology [54]. The plasma concentration of active
and total TGF-b1 levels are significantly higher in patients
with essential hypertension compared with normotensive
controls [55]. SerumTGF-b1 levels are higher in hypertensive
blacks than whites [56] and in obese hypertensives compared
with nonobese hypertensives [57]. TGF-b1 may contribute to
hypertension by stimulating ET-1 production by the endo-
thelium, while suppressing nitric oxide production, and
promoting renin release from juxtaglomerular cells [58].
TGF-b1 promotes extracellular matrix deposition and is
involved in the development of LVH, arterial stiffness and
renal fibrosis in hypertensive patients [58]. Adrenomedullin, a
potent vasodilator [59] that also stimulates angiogenesis [60],
is elevated in hypertensive patients compared with controls
and declines after anti-hypertensive therapy [61].

Clinical significance of angiogenic growth factors,
including the example of pre-eclampsia

Pre-eclampsia has emerged as an example of the hyperten-
sive effect of withdrawing AGF stimulus to the endothe-
lium. Pre-eclampsia affects about 5% of pregnant women
and is characterized by the onset of hypertension and
proteinuria during the second trimester. In the most severe
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forms, renal failure, thrombocytopenia, liver and brain
edema, and seizures may occur [62]. Several recent studies
have demonstrated that pre-eclamptic patients have elevated
levels of a soluble form of VEGF receptor-1 (sVEGFR-1)
also known as soluble Flt-1(sFlt-1) [63–67]. Soluble VEGF
receptor-1 forms complexes with VEGF and placental
growth factor (PlGF), reducing the levels of free active
AGF. PlGF is an AGF with homology to VEGF [68]. In an
animal model, intravenous infusions of soluble VEGFR-1
induced hypertension and proteinuria in both pregnant and
non-pregnant rats [63], providing direct support for this
receptor in the pathogenesis of pre-eclampsia.
This revolutionary understanding of the pathogenesis of

pre-eclampsia and the example of bevacizumab both
highlight the importance of PlGF and VEGF in maintain-
ing normal endothelial function. With the withdrawal of
free PlGF and VEGF, hypertension and glomerular dys-
function occur over a relatively short time period. VEGF
and PLGF have been shown to induce the mobilization of
endothelial progenitor cells (EPCs) that are involved in
endothelial cell repair at sites of vascular injury [69]. Thus,
there is emerging evidence that VEGF (and other AGF) are
necessary to maintain normal endothelial health. In this
capacity, AGF protect against endothelial dysfunction, a
role that extends beyond the classical domain of angio-
genesis.
In order to assess the clinical significance (Table 2) of

AGF we should first reconsider the origin of VEGF, HGF,
and other growth factors (Figure 1). As discussed, in one
model, these factors could be produced in response to
endothelial damage caused by hypertension. However, there
is little direct evidence for VEGF release by this mecha-
nism. Instead, the effect of hypertension may be produced
through an exaggerated cyclical mechanical stretch, which
has been shown to induce VEGF [70, 71], as well as HIF1a
[72] expression. If AGF are released by increased mechan-
ical stretch, then growth factors would simply be markers of
the severity of hypertension and would perhaps be no more
useful than von Willebrand’s factor or, for that matter, the
blood pressure value itself.
It is also possible that AGF are elaborated in response to

tissue ischemia. In a rat model of hypertension, HIF1a and
VEGF are induced in medial SMC during arterial remod-
eling, probably reflecting medial hypoxia [73]. If this
hypothesis is correct, then VEGF and HGF could be useful
to monitor the extent of tissue ischemia and should be
elevated in concert with other hypoxia inducible genes.
HIFa in combination with HIFb, which is constitutively
expressed, produces the active hypoxia inducible factor.
HIF, in turn, induces a variety of gene products including
VEGF, PDGF, TGFa, TGFb, EGFR, EPO, GLUT1, IGF-1
and eNOS [74].
Another intriguing possibility is that AGF are induced, as

a compensatory mechanism, by other factors that contribute
directly to the elevated blood pressure. Examples would
include the induction of VEGF by ET-1 [53] and angioten-
sin II [75, 76]. A final possibility is that AGF are released to
maintain endothelial health in the setting of hypertension-
induced endothelial dysfunction.

If AGF are released in hypertension in response
to ischemia, then an accompanying question must be
answered: Why do these factors not promote angiogenesis,
thereby restoring adequate blood flow to ischemic tissues? It
is possible that the endothelium in hypertensive patients is
resistant, at a cellular or post-receptor level, to AGF. Animal
models support this concept. For example, both basal NO
(before VEGF) and VEGF-induced NO production is
blunted in SHR rats compared to WKY controls [77].
Finally, AGF may be cleared at a slower rate in hypertensive
patients as documented for VEGF in SHR [77].

Table 2. Potential clinical significance of elevated VEGF levels in
hypertension.

Potential clinical significance of elevated VEGF levels in hypertension

Possible marker for Increased mechanical stretch [70–72]
Tissue ischemia/hypoxia [73]
Endothelial dysfunction/resistance [77]
Platelet activation/thrombosis [86, 87]

Possible contributor to Pulmonary and peripheral edema [78]
Encephalopathy [80–82]
Plaque angiogenesis/ progression [83]
Pro-thrombotic state [87]
Inflammatory state [84, 85]
Nephropathy/albuminuria [88–92]

Other AGF would have similar effects. HGF, IGF-1 and TGF-b1 might
additionally contribute to the development of left ventricular hypertrophy
[47, 50, 51, 55–58].

Figure 1. Possible origins and actions of AGF in hypertension. AGF may
be released in response to increased mechanical stretch (mechanism A; [70–
72]). Several mediators of hypertension including angiotensin II and ET-1
have been reported to induce VEGF production by endothelial cells (B [53,
75, 76]). This effect could serve to counter the hypertensive effect of these
agents or be viewed as a compensatory response to hypertension-induced
endothelial dysfunction. With hypertension-induced vascular hyperplasia,
medial SMC may become hypoxic, elaborating HIF1a, (C [73]) which
induces the expression of several AGF. Misdirected AGF activity, acting on
capillaries at remote sites, may contribute to edema, hypertensive
encephalopathy, nephropathy, and plaque angiogenesis. Some AGF may
also exert pro-inflammatory and pro-thrombotic effects [84–87]. Endothe-
lial cell resistance to AGF activity may lead to lack of adequate
angiogenesis, thereby promoting rarefaction, which could be a factor
contributing to the development or severity of hypertension.
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Although we cannot pinpoint the exact mechanism by
which AGF are elevated in hypertensive patients, we can
speculate that, regardless of their origin, these factors might
contribute to clinical features in certain patients (Table 2). In
support of this concept is the finding that patients with
hypertension-related complications have significantly higher
levels of HGF than patients with hypertension who have an
uncomplicated course [47]. AGF enhance endothelial cell
permeability. The strongest agent is VEGF which was co-
discovered as ‘vascular permeability factor’ (VPF) [78].
Elevated VEGF levels could contribute to peripheral and
pulmonary edema by enhancing endothelial cell permeabil-
ity. From the Framingham study, approximately 15% of
patients with hypertension developed congestive heart
failure after 15 years [79]. It is unclear what biochemical
features place these patients at risk of CHF, while 85%
remain free of this complication. Studies are warranted to
examine the levels of VEGF in patients with hypertension
who present with congestive heart failure symptoms vs.
those who are asymptomatic. Similarly, the pathophysiology
of hypertensive encephalopathy involves cerebral vasodila-
tation and disruption of the blood brain barrier, both
potentially initiated by elevated levels of AGF [80–82].
Finally, elevated AGF could promote atherogenesis. In-
creased endothelial permeability is recognized as an early
event in atherogenesis [83]. Misdirected angiogenesis could
enhance the growth of the microvasculature in atheroscle-
rotic plaques. VEGF can stimulate T cell activation [84] and
endothelial adhesion molecule expression [85], potentially
contributing to the inflammatory states that stimulate the
progression of atherosclerosis. Furthermore, VEGF is
released during platelet activation [86] and can trigger
tissue factor expression [87], indicating that this AGF can
potentially be both a marker for and a contributor to a pro-
thrombotic state. These links could help explain the
accelerated progression of atherosclerosis observed in
hypertensive patients.
A basal level of VEGF appears essential for maintaining

the health of the kidney. Mice with podocyte specific
heterozygosity for VEGF develop renal disease manifest as
proteinuria and endotheliosis, the same renal lesion ob-
served in pre-eclampsia [88]. In diabetic patients, glomer-
ular VEGF mRNA levels were found to be inversely
correlated with albumin excretion rates [89]. On the other
hand, mice with renal-specific overexpression of VEGF
develop a ‘collapsing glomerulopathy’ [90]. Furthermore,
increased levels of VEGF have been associated with the
development of microalbuminuria in an ambulatory popu-
lation [91] and elevated levels of VEGF is a risk factor for
the development of microalbuminuria in Type I diabetics
[92]. VEGF may induce microalbuminuria by afferent
glomerular arteriolar vasodilation and enhanced EC perme-
ability. ET-1, FGF-2 and PDGF-AB levels are elevated in
hypertensive patients with microalbuminuria compared to
hypertensive patients without microalbuminuria and to
normotensive controls [93]. Early clinical trials with FGF-
2 have also reported proteinuria as a significant side effect
[21, 94]. Thus, it appears that both deficient and excessive
AGF could contribute to hypertensive nephropathy.

Possible contributions of decreased angiogenesis to
hypertension in the elderly

The prevalence of hypertension, especially systolic hyper-
tension, increases in the elderly. Vasan et al. have shown
that a normotensive person of 65 years has a 90% risk of
developing hypertension if he/she lives to be 85 years old
[95]. VEGF [96], IGF-1 [97, 98] and perhaps other AGF
decrease with aging. Thus, there may be a more direct
correlation between withdrawal of AGF and hypertension in
the elderly, but further studies to clarify the relationship are
needed. Circulating EPCs were also found to decrease as a
function of aging [96]. Recent work has demonstrated that
circulating EPCs can contribute to angiogenesis in the adult,
constituting an amalgam of the concepts of angiogenesis
and vasculogenesis. Therefore, both the age-related decline
in VEGF and EPCs could contribute to the decline in
angiogenesis potential [99].

The interactions between the renin-angiotensin and
kallikrein systems and angiogenesis

The components of the renin-angiotensin system have been
shown to function as growth factors as well as to regulate
blood pressure and homeostasis. Two of the components,
the octapeptide Ang II and the heptapeptide Ang-(1-7), act
in opposition as tissue growth regulators (Figure 2). Ang II
induces angiogenesis in several in vivo models [100–103],
including the chroioallantoic membrane assay [102] and the
corneal pocket model of the rabbit [103]. Angiotensin II
infusion increases capillary density in several animal models
[101–103]. Angiotensin II has several stimulatory effects on
angiogenesis including the induction of VEGF [75, 76],
HIF1a [104], and VEGFR-2 [105] expression. The pro-
angiogenic effects of angiotensin II appear to be mediated
by the AT1 receptor [101, 106, 107]. In mice lacking the
AT1 receptor, angiogenesis induced by hind-limb ischemia
[108] or myocardial infarction [109] is reduced compared
with wild type mice. As predicted from these observations,
AT1 receptor antagonists, losartan and candesartan, and
ACE inhibitors, captopril and perindopril, have been
reported to inhibit angiogenesis in animal models and in
the cornea [108–110].
Ang II can also act at the AT2 receptor and activation of

the AT2 receptor has been reported to have an inhibitory
effect on angiogenesis. In further support of this concept,
vascular density and perfusion were augmented in AT2
knock out mice compared with wild type controls in a hind-
limb ischemia model [111]. Angiotensin II has been
reported to inhibit VEGF mediated tube formation by
endothelial cells through AT2 activation [112]. However,
the role of the AT2 receptor is not without controversy [113,
114], and further studies are required to understand the
effects of Ang II on angiogenesis via the AT2 receptor. Part
of the controversy may depend on the preponderance of
AT1 vs. AT2 receptors in the tissue and animal model
studied [115], and the uncovering of the actions of the AT2
receptor when the AT1 receptor is blocked.
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Angiotensin-(1-7), a recently discovered peptide of the
RAS [116–121], inhibits angiogenesis and smooth muscle
proliferation. Freeman et al. [117] and Zeng et al. [118]
showed that nanamolar concentrations of Ang-(1-7) inhib-
ited mitogen-stimulated growth of cultured rat thoracic
aortic vascular smooth muscle cells through activation of
a specific receptor antagonist of Ang-(1-7), [D-Ala7] Ang-
(1-7). Ang-(1-7) has anti-proliferative properties in vivo,
reducing neointimal formation following balloon catheter
injury to the rat carotid artery [119]. Using a mouse sponge
model of angiogenesis, Machado et al. [120] demonstrated
opposing actions of Ang II (stimulatory) and Ang-(1-7)
(inhibitory) on angiogenesis and fibrovascular tissue
growth. In addition, AT1 (Losartan) and AT2 (PD-123319)
antagonists and ACE inhibitors did not reverse this anti-
angiogenic effect [121], whereas D-Ala-Ang-(1-7) (A779)
inhibited the anti-angiogenic effects. In addition, the
mechanism of Ang-(1-7) induced inhibition of angiogenesis
involved the release of NO since NOS inhibitors abolished
the response.
In some studies, therapy with angiotensin converting

enzyme inhibitors has been associated with increased
angiogenesis [122–124]. For example, quinaprilat is nearly
as effective as VEGF in a hind-limb ischemic model [124].
Recent studies have implicated bradykinin (BK), which
induces endothelial nitric oxide and prostacyclin synthesis,
as the mediator of ACE inhibitor-induced angiogenesis. In
addition to catalyzing the conversion of angiotensin I to
angiotensin II, ACE also degrades BK [125]. Thus, ACE
inhibitors would augment levels of BK. The angiogenic
effect of BK is primarily mediated by B2 receptors since B2
receptor null mice do not exhibit increased capillary density
in response to ACE inhibitors [126].
Along with Ang II and Ang-(1-7), another protein of the

renin-angiotensin system, angiotensinogen (AGT), has been
shown to have an effect on angiogenesis. AGT is cleaved
by renin to form Ang I, leaving a large fragment intact
called des(angiotensin I)angiotensinogen (des[Ang I]AGT).
Celerier et al. have found that both AGT and des[Ang
I]AGT have the ability to inhibit angiogenesis as measured
by in vitro capillary tube formation and chorioallantoic
membrane assay [127]. The opposing effect of Ang II
(predominantly pro-angiogenic) vs. its precursor, AGT,
(anti-angiogenic) emphasizes the complexity of the role of
the rennin-angiotensin system on angiogenesis. It is
believed that local conditions, such as clearance rates of
the proteins or presence of renin, may determine whether
the effect of Ang II or AGT is the predominant one
observed on angiogenesis [128]. The inhibition of angio-
genesis by des[Ang 1]AGT is analogous to the effect of
domain 5 of high molecular weight kininogen [129]. Both
are precursors of products that stimulate angiogenesis (BK
and angiotensin II).
In conclusion, the RAS system, a major force in regulating

blood pressure has both stimulatory and inhibitory effects on
angiogenesis. The direction and magnitude of the effects may
depend on the activity of activating enzymes and the
distribution of receptor subtypes within specific tissues. It is
clear that more research needs to be done in this field.

Summary and implications

Rarefaction is documented in the capillaries and the
arterioles of hypertensive and elderly patients. However, it
is currently unclear whether rarefaction is a cause of or
simply a response to hypertension, and whether rarefaction
represents an impairment of angiogenesis. Even though
early studies have documented elevated levels of VEGF
and HGF in hypertensive patients, the hypotensive proper-
ties of these and other AGF could be diminished by
endothelial dysfunction and resistance. It is conceivable that
VEGF or other AGF could be used therapeutically to lower
blood pressure, although caution must be exerted since
hypotension has been reported in hypertensive animals
treated with VEGF [77]. However, it is more likely that
therapies to improve endothelial health by cigarette cessa-
tion, reduction in cholesterol and triglyceride levels, weight
loss, or novel strategies could be exploited to enhance the
responses to endogenous levels of VEGF and other AGF.
Further studies are warranted to determine whether VEGF,
HGF and other AGF contribute to manifestations of
hypertension including edema, congestive heart failure,
hypertensive encephalopathy, and renal insufficiency.
Refinements in the assays for VEGFs and HGFs are
needed to distinguish between free and total levels of these
growth factors. Potential inhibitors of AGF including
soluble receptors, should be measured simultaneously to
assess the global angiogenic potential.
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