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Abstract Half a century after the discovery of chro-
mogranin A as a secreted product of the catecholamine
storage granules in the bovine adrenal medulla, the phys-
iological role for the circulating pool of this protein has
been recently coined, namely as an important player in
vascular homeostasis. While the circulating chromogranin
A since 1984 has proved to be a significant and useful
marker of a wide range of pathophysiological and patho-
logical conditions involving the diffuse neuroendocrine
system, this protein has now been assigned a physiological
“raison d’etre” as a regulator in vascular homeostasis.
Moreover, chromogranin A processing in response to tissue
damage and blood coagulation provides the first indication
of a difference in time frame of the regulation of angio-
genesis evoked by the intact chromogranin A and its two
major peptide products, vasostatin-1 and catestatin. The
impact of these discoveries on vascular homeostasis,
angiogenesis, cancer, tissue repair and cardio-regulation
will be discussed.
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Introduction

Two decades after the reports by Banks and Helle [1] and
Blaschko and collaborators [2] on the exocytotic release of
catecholamines and chromogranin A (CgA) [3] from the
bovine adrenal medulla, O’Connor and Bernstein were the
first to demonstrate that human CgA could serve as a
conspicuous circulating marker for a wide range of neu-
roendocrine tumors of the diffuse neuroendocrine system.

Soon thereafter, the primary structure of bovine CgA
was deduced independently by two groups, lachangelo and
Eiden, and Huttner and Benedum [4, 5]. Moreover, that
same year Tatemoto et al. [6] demonstrated that the pan-
creatic glucose-induced insulin release was inhibited by a
porcine peptide, pancreastatin, that structurally matched
with the mid-sequence of CgA. These discoveries led
Eiden to postulate that CgA could be the pro-hormone for
pancreastatin, while Huttner and Benedum stressed that the
pro-hormone function of the widely distributed CgA might
not be limited to that of pancreastatin [7, 8]. The most
exciting possibility was in their opinion that CgA works as
a pro-hormone not only for pancreastatin but also for other,
as yet undefined, biologically active peptides.

Two such peptides were soon to be identified, notably
the N-terminal vasostatin-1 (CgA;_76) [9] and catestatin
(CgAj3s2_372) [10]. These peptides were discovered for their
ability to regulate vasoconstriction and catecholamine
secretion, respectively, and found later also to be involved
in the regulation of angiogenesis, myocardial contractility
and innate immunity [11].

The distribution and the structure of CgA and CgA-
derived peptides have been the subject of extensive
research in a wide range of laboratories since 1984 [11,
12]. However, whether circulating full-length CgA
(CgA|_439) has also a direct hormonal function and how,
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Fig. 1 Schematic
representation of three different
ELISAs with different
specificity for full-length CgA
and fragments. a. Schematic
representation of full-length B
human CgA;_439. The regions
corresponding to vasostatin-1
(CgA_76, N-terminal region),
catestatin (CgAs3s, 372), and
C-terminal region 410-439 are

also represented with box and
circles. b—d Schematic
representation of three CgA-
ELISAs with different

specificity [13]. These assays

are based on the use of the same
capture antibody (a monoclonal
antibody against an epitope

present in the N-terminal region

of CgA and vasostatin-1) and of
three different detection

antibodies against epitopes

located in the central region of

CgA (non-selective ELISA for

intact and processed CgA) (b),

or against the six C-terminal C
residues of full-length CgA
(selective ELISA for intact

CgA) (c), or the six C-terminal
residues of vasostatin-1

(selective ELISA for

vasostatin-1) (d)
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when and to what extent it is processed under normal and
pathophysiological conditions, has until recently remained
an open question. Recent studies have shed some light on
this issue, showing that physiologically relevant levels of
circulating CgA can exert important physiological func-
tions on vascular homeostasis, angiogenesis, tissue repair
and cardio-regulation [13-16]. The impact of these dis-
coveries will be discussed in the following.

Circulating levels of CgA and its fragments in normal
and pathological conditions

In normal subjects CgA circulates at slightly sub-nano-
molar concentration (about 0.5—-1 nM), as measured with
immunoassays unable to discriminate between full-length
CgA and fragments. Using more specific assays (see
Fig. 1 for a schematic representation of CgA and assays),
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we have recently shown that the circulating pool is
heterogeneous, consisting of full-length CgA (about
0.1 nM) and a larger proportion of fragments lacking
part of, or the entire, C-terminal region [13]. In addition,
normal plasma contains a considerable amount of va-
sostatin-1 (about 0.3-0.4 nM) [13]. Other fragments, not
detected by these assays, might be also present. For
example, catestatin has been reported to be present in
circulation at concentrations ranging from 0.03 nM [17]
to 0.33 nM [18] or even up to 1.5 nM [19] in normal
subjects. The discrepancies between these values might
be related to the use of different antibodies that detect
catestatin as well as larger precursors with different
efficiency. The molecular entities containing the catest-
atin sequence detected by these studies were not
characterized.

Elevated serum levels of immune-reactive CgA have
been found in patients with neuroendocrine tumors, heart
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failure, renal failure, hypertension, rheumatoid arthritis,
diabetic retinopathy, atrophic gastritis, inflammatory bowel
disease, sepsis and other inflammatory diseases or in sub-
jects treated with proton pump inhibitors, a class of drugs
commonly used to treat acid peptic disorders [11].

A limited number of studies have been published
regarding the circulating levels of CgA fragments in
pathological conditions. In patients with diabetic retinop-
athy an attenuation of CgA processing was apparent [20],
while recent studies have shown that vasostatin-1 plasma
levels are increased in critically ill patients [21]. In these
patients vasostatin-1 concentrations above 0.44 nM (>1.4-
fold higher than normal values), are associated with poor
outcome [21]. Other investigators showed that the catest-
atin levels, measured using an anti-catestatin antibody
capable of cross-reacting with free peptide and full-length
CgA, are decreased in patients with essential hypertension
and in normotensive subjects with a family history of
hypertension and increased epinephrine secretion [19].
Furthermore, plasma catestatin levels, measured with a
commercial assay kit, are increased in patients with coro-
nary heart disease and after acute myocardial infarction
[18, 22]. However, as mentioned above for normal sub-
jects, the catestatin-containing molecular entities detected
by these assays in plasma were not characterized.

Novel regulatory roles of circulating CgA and its
fragments

CgA and angiogenesis

Up to today we have been at a loss when it comes to grasp
the in vivo impact of the normal, low nanomolar levels of
circulating CgA. We are even further away from under-
standing the functional relevance of the elevated levels of
plasma CgA characteristic of various forms of neuroen-
docrine tumors, or of inflammatory and cardiovascular
diseases. The recent report by Crippa et al. [13] has thrown
new light on the properties of the circulating CgA and how
they may change upon processing in healthy subjects. This
study showed that full-length CgA and vasostatin-1 are
endowed with potent anti-angiogenic activity in various
in vitro and in vivo assays performed with biologically
relevant concentrations. These findings imply a novel,
unforeseen role for the circulating full-length CgA and
vasostatin-1 at normal concentrations, namely in mainte-
nance of the vascular endothelium in a quiescent state.
Rather unexpectedly, blood coagulation caused, in a
thrombin-dependent manner, an almost complete loss of
the anti-angiogenic intact CgA and formation of a pro-
angiogenic fragment corresponding to CgA;_373 [13]. This
fragment contains the catestatin sequence (CgAszs>_372)

and, like catestatin, can induce secretion of basic fibroblast
growth factor (bFGF), a potent pro-angiogenic factor, from
cultured endothelial cells [13, 15]. Thus, circulating CgA
and CgA-derived polypeptides seemingly form a balance
of anti- and pro-angiogenic factors tightly regulated by
proteolysis. Based on these findings, a model has been
proposed that thrombin-induced alteration of this balance
may provide a novel mechanism for triggering angiogen-
esis in pathophysiologic conditions characterized by
prothrombin activation, e.g. in tissue damage and repair
[13] (see Fig. 2 for a schematic representation of this
model).

Structure—activity relationship studies have shown that
CgA contains a functional anti-angiogenic site in the
C-terminal region 410439 [13] and a latent (or less
active) site in the N-terminal region, corresponding to
vasostatin-1 (Fig. 2a). Thus, proteolytic cleavage and
liberation of the vasostatin-1 fragment is also necessary
for full activation of its anti-angiogenic activity. Previous
studies have shown that about half of the intra-granular
fraction of CgA in the bovine adrenal medulla is pro-
teolytically processed at cleavage sites located at both N-
and C-terminal regions of the protein, including Q76 and
K78 [23]. This may explain the presence of vasostatin-1
in circulation even in normal subjects. Other studies have
shown that vasostatin-1 can inhibit endothelial cell
migration, motility, sprouting, invasion and capillary-like
structure formation induced by vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor
(bFGF) [24], further supporting the concept that vasost-
atin-1 has an anti-angiogenic activity.

Although both circulating vasostatin-1 and CgA might
exert anti-angiogenic effects, we speculate that these
polypeptides have different roles in the spatiotemporal
regulation of angiogenesis. An appealing possibility is that
circulating CgA has the dual role of inhibiting angiogenesis
in normal conditions, yet accelerating local angiogenesis in
damaged tissues, e.g. after cleavage by thrombin. In con-
trast, the circulating pool of vasostatin-1 might serve to
preserve endothelial cell quiescence in normal conditions
and to counter-balance, at the systemic level, the pro-
angiogenic activity of CgA-derived fragments released in
the systemic circulation from injured sites (Fig. 2b).

Intriguingly, vasostatin-1 and catestatin exert opposite
effects on the formation of new blood vessels. While va-
sostatin-1 appears to inhibit angiogenesis, catestatin can, in
contrast, activate endothelial cell chemotaxis, proliferation,
angiogenesis and vascularization, while inhibiting endo-
thelial cell apoptosis [15]. Thus, changes in the relative
levels of the pro-/anti-angiogenic forms of CgA-related
polypeptides arising locally and systemically as a conse-
quence to altered secretion and/or proteolytic processing,
caused by thrombin and possibly by other proteases,
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Fig. 2 Schematic representation of the CgA-dependent angiogenic
switch activated by thrombin. a Anti-angiogenic sites. The full-length
CgA is an anti-angiogenic molecule with the active site in the
C-terminal region 410—439. A latent or less active site in the
N-terminal region corresponds to vasostatin-1. Proteolytic cleavage at
Q76 liberates vasostatin-1, exerting anti-angiogenic activity at
physiological concentrations [13]. Both full-length CgA and vasost-
atin-1 can inhibit bFGF and VEGF, two potent pro-angiogenic
factors. Pro-angiogenic sites: full-length CgA contains also a latent
pro-angiogenic site within residues 352-372 (corresponding to the

emerge as relevant mechanisms for the spatiotemporal
regulation of the CgA-related angiogenic balance.

CgA and the endothelial barrier function

Studies performed in murine models showed that low doses
of CgA can enhance the endothelial barrier function in
normal tissues and protect vessels from vascular leakage
induced by tumor necrosis factor alpha (TNF), a well-
known inflammatory cytokine [25]. In vitro experiments
showed that low-dose CgA can inhibit the TNF-induced
disassembly of VE—cadherin dependent junctions and gap
formation in endothelial cell monolayers and, conse-
quently, the paracellular transport of macromolecules [25,
26]. Notably, also the N-terminal fragment of CgA, va-
sostatin-1, can inhibit the formation of gaps in endothelial
cell monolayers and the permeability to macromolecules
induced by TNF, VEGF and thrombin [25, 27]. Thus, it
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catestatin region). Cleavage of CgA at residue R373 by thrombin
generates the fragment CgA;_373 that, like catestatin, can promote
angiogenesis by inducing the release of bFGF from endothelial cells
[13, 15]. b The angiogenic switch. Schematic representation of the
thrombin-activated angiogenic switch in CgA. According to this
model, systemically circulating CgA and vasostatin-1 maintain
endothelial cell quiescence by their anti-angiogenic potencies. Local
activation of thrombin, e.g. in damaged tissues, increases CgA | 373 at
the expense of full-length CgA, shifting the local balance toward a
pro-angiogenic state [13]

seems that intact CgA and its N-terminal fragment at low
concentrations close to physiological levels can preserve
the endothelial barrier integrity against the disrupting
activity of different inflammatory and pro-angiogenic
stimuli.

Regarding the mechanism of action, we have shown
previously that vasostatin-1 can inhibit TNF-induced
phosphorylation of p38-MAPK, by a pertussis toxin-sen-
sitive ~ mechanism, as well as VEGF-induced
phosphorylation of ERK in endothelial cells [24, 27], i.e.
two signaling pathways that have been implicated in
endothelial permeability [28, 29]. Furthermore, the results
of high throughput expression profiling of endothelial cells
treated with CgA, alone or in combination with TNF,
suggest that CgA can affect the expression of many pro-
teins involved in the regulation of cell cytoskeleton
rearrangement, a process critical for endothelial cell shape
change and vascular permeability [26].
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CgA in cardiovascular regulation and inflammation

A growing body of evidence suggests that CgA can con-
tribute to regulate the cardiovascular physiology. The
heart, under normal or pathophysiological conditions, is
under constant exposure to the circulating CgA derived
from the neuroendocrine system. CgA may also derive
locally from myocardial production, notably from the dis-
eased ventricle [30]. Under normal conditions, myocardial
CgA is expressed at low levels, only detectable by PCR and
ELISA, but in the presence of dilated and hypertrophic
cardiomyopathy, the protein is also immunologically
detectable in tissue sections [30]. The importance of CgA
in human cardiovascular homeostasis is suggested by its
increased plasma levels and prognostic value in chronic
heart failure [31, 32], its overexpression in human dilated
and hypertrophic cardiomyopathy [30], and its prognostic
value in acute coronary syndromes, independent of con-
ventional risk markers [33]. A regulatory role of CgA in
cardiovascular physiology is also suggested by the results
of experimental studies performed with ex vivo perfused
rat hearts, showing that 0.1-4 nM full-length CgA can
dilate coronaries and induce negative inotropism and lu-
sitropism [16]. Remarkably, also the CgA fragments can
work as cardio-regulatory hormones, in certain cases with
opposite functions. While, full-length CgA, vasostatin-1
and catestatin depress myocardial contractility and relax-
ation, counteract the P-adrenergic-induced positive
inotropism, and modulate coronary tone (via a nitric oxide-
dependent mechanism) [16], a fragment corresponding to
the C-terminal region CgAyi1_436, called serpinin, enhan-
ces myocardial contractility and relaxation (via a
B-adrenergic-cAMP-PKA and nitric oxide-independent
pathway) [16, 34-37]. Analysis of the effluents from
ex vivo perfused rat hearts showed that exogenous CgA
was not cleaved by the heart, suggesting that the circulat-
ing, full-length protein can directly induce myocardial
effects [16]. However, the same study demonstrated that
physically and chemically stimulated rodent hearts can
proteolytically process the intracardiac endogenous CgA
into fragments. Hence, the systemic and intracardiac fate of
full-length CgA and its fragments imply yet other intrigu-
ing aspects of the myocardial handling of CgA under
normal and pathophysiological conditions.

Interestingly, plasma CgA, which has emerged as an
independent marker of mortality in chronic heart failure
[30], correlates with TNFa and soluble TNF receptors in
these patients [38], pointing to a relationship between high
plasma CgA and pro-inflammatory markers. Inflammatory
processes, in particular those involving the cardiovascular
system, pose clinical challenges in diagnosing and therapy
and are acknowledged as pathologic conditions of high
clinical significance [39]. Vascular inflammation may

induce pathological arterial changes and variable blood
pressure, and has been associated with target-organ damage
and future cardiovascular complications [40]. Considering
the known capability of CgA to inhibit TNF-induced
endothelial activation, barrier alteration and vascular
leakage [12] the secretion of CgA, in concert with soluble
TNF receptors, may contribute to reduce the potentially
deleterious effects of TNF on the vascular endothelium.
An inflammatory response is also caused by the myo-
cardial injury arising from ischemic reperfusion (I/R), due
to oxidative damage triggering stress-signaling processes
that eventually result in myocardial apoptosis and cell
death [41]. Apoptosis is a contributor to human myocardial
infarction and occurs within 24 h after ischemia, inducing
massive losses of myocytes and increasing the suscepti-
bility to cardiac dysfunction [42]. In search of novel
therapeutic strategies following myocardial infarction,
numerous studies report on ligands and intracellular sig-
naling pathways that may control apoptosis in
cardiomyocytes exposed to I/R. Taking into account that
CgA is predictive of mortality in patients with chronic
heart failure and after acute myocardial infarction, whether
elevated circulating levels of CgA are beneficial or detri-
mental to the heart, has remained an open question.
Nevertheless, it is well established that the human recom-
binant vasostatin-1 preconditions the rat heart against the
myocardial necrosis that arise in response to reperfusion of
the ischemia-injured tissue [43, 44]. The mechanism for
vasostatin-1 eliciting such a protection against ischemic
injury appears to involve the endothelial adenosine/nitric
oxide signaling pathway [45]. In contrast, catestatin is
without pre-conditional effects, yet modulates the reper-
fusion injury when present during the 2 h post-ischemic
reperfusion period. The outcome depends, however, on the
mode of ischemia. After global ischemia post-conditioning
with catestatin decreased the final reperfusion injury [46],
while catestatin significantly enhanced the infarct size
when the ex vivo rat heart had been exposed to regional
ischemia [47]. In the latter study two forms of catestatin-
containing CgA fragments were detected, a 55 kDa form
being most prominent in the control heart. Intriguingly, the
experimental I/R procedure significantly increased the
percentage of a catestatin-containing 27 kDa peptide in the
necrotic zones at the expense of the 55 kDa form, indi-
cating that the experimental conditions as such had caused
CgA processing [47], distinctly different from the previ-
ously reported processing into the vasostatin-1 like,
betagranin-containing peptides [48]. CgA is also present in
the murine heart. In this species catestatin-related peptides
are present both in the cardiocytes and in the heart extracts,
consistent with the presence of CgA in cardiac secretory
granules [49]. Moreover, the intracardiac processing was
far more extensive in the hearts than in the adrenal
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medulla, giving rise to three main catestatin-containing
fragments in the cardiac extracts, while the full-length CgA
was virtually absent [49]. Thus, different N- and C-termi-
nal CgA fragments may derive from processing of the
circulating and intracardiac pools of CgA in species-spe-
cific patterns, not only in the failing or infarcted human
heart in situ but also under experimental conditions in
animal models [16].

Endothelial cell dysfunction and increased cardiovas-
cular mortality and morbidity are also associated with
rheumatoid arthritis [50], a systemic disease characterized
by endothelial activation, synovial involvement, bone
erosions and with TNFo as a main actor in the pathogen-
esis. The concentration of circulating CgA in patients with
rheumatoid arthritis is higher than in the synovial tissues
and is assumed to be of systemic origin [51]. Importantly,
CgA,_73, like the sera from rheumatoid arthritis patients,
inhibited the TNFo-mediated vascular inflammation [52],
suggesting that enhanced levels of CgA may contribute to a
negative feedback loop that limits the activation of endo-
thelial cells in rheumatoid arthritis. Further work is needed
to establish the relative ratio of full-length CgA to N- and
C-terminal processed products in these patients.

CgA in vascular regulation of cancer development

The main reason for the increased circulating levels of CgA
in patients with neuroendocrine tumors is that neoplastic
cells, in these diseases, store CgA in secretory granules and
release it in abnormal amounts, first in the tumor micro-
environment and subsequently into the circulation. For
these reasons CgA is widely used as a serological marker
for neuroendocrine tumor diagnosis and monitoring [3, 53—
57]. Notably, the CgA plasma levels, as measured with
immunoassays that are unable to discriminate full-length
CgA and fragments of CgA, are increased up to 10-100-
fold in certain patients, implicating that the blood vessels
of neuroendocrine tumors are typically exposed to extre-
mely high concentrations of CgA and/or its fragments.
Given their potential ability to regulate tumor vessel biol-
ogy, these CgA molecules might also contribute to regulate
tumor growth. This view is supported by the observation
that mouse lymphomas and mammary adenocarcinomas
genetically engineered to release CgA showed a reduced
growth rate compared to wild type cells [58]. Although
these findings demonstrate that CgA, locally produced,
might indeed contribute to regulate tumor growth, the
degree of CgA proteolytic processing was not character-
ized in this study. Considering that tumors in patients and
animal models may generate different fragments, with
potentially different biological effects, further studies are
necessary to clarify the role of local CgA in neuroendo-
crine tumor progression.
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Another important issue that deserves to be discussed is
whether circulating CgA can affect the growth and pro-
gression of non-neuroendocrine tumors, i.e. of tumors
unable to release CgA locally, but still exposed to the CgA
released by the neuroendocrine system into the blood. A
recent study performed in animal models has shown that
CgA and vasostatin-1 can reduce the trafficking of tumor
cells from tumor-to-blood, from blood-to-tumor and from
blood-to-normal tissues (i.e. the tumor “self-seeding” and
metastasis processes), by enhancing the endothelial barrier
function and reducing the trans-endothelial migration of
cancer cells [26]. Furthermore, the findings that patho-
physiological levels of CgA can regulate angiogenesis
(discussed above) suggest that low levels of full-length
CgA or changes in its fragmentation may also affect the
growth of primary tumors. Although this hypothesis is
supported by the observation that low-dose vasostatin-1
(20 ng, daily) can reduce angiogenesis and tumor growth in
three different murine models [13], the key question that
remains to be addressed is whether circulating full-length
CgA and the other fragments can also affect angiogenesis
and tumor growth and how, when and where this protein is
processed in different pathological conditions.

Relevant to this discussion is also the observation that
full-length CgA shows biphasic dose-response curves in
angiogenesis assays, with maximal effects at 1 nM CgA
and progressive loss of activity at higher concentrations
[13]. This may further complicate the interpretation of the
biological effect of CgA in patients with endocrine versus
non-neuroendocrine tumors, considering the markedly
different local CgA concentrations in tumors and the
potentially different proteolytic processing in these clinical
settings.

Putative receptors and mechanisms

Two aspects have remained unanswered for decades,
namely the question of receptors and the concentrations
needed to obtain the reported effects of the intact CgA and
of the major peptides, vasostatin-1 and catestatin.

Bovine endothelial cells can bind and internalize 1 nM
123 labeled CgA [59], which implicates the presence of
high affinity binding sites on these cells. Specific high
affinity binding proteins with Kd of ~40 nM and an
apparent molecular weight of 75 kD have been identified
for vasostatin-1 and the N-terminal domain CgA;_4 in
cultured calf smooth muscle cells [60] and parathyroid
cells [61]. In bovine aortic endothelial cells a mechanism
involving the interaction of vasostatin-1 with heparan sul-
fate proteoglycans, caveolae endocytosis and a
phosphoinositide 3-kinase (PI3K)-dependent eNOS phos-
phorylation has been also proposed [62]. This hypothesis is
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based on observation that caveolae-dependent endocytosis
induced by vasostatin-1 was significantly reduced by hep-
arinase III and wortmannin, a specific PI3K inhibitor, and
that these compounds abolished the vasostatin-1-dependent
phosphorylation of eNOS [62]. Interaction of vasostatin-1
with proteinase K resistant binding sites, likely phospho-
lipids, and consequent enhancement of cell adhesion to
solid phases has been observed in murine and human
dermal fibroblasts [63]. Biochemical binding studies per-
formed in the Langmuir apparatus showed that vasostatin-1
and peptide CgAs7_¢6, at 5—10 nM concentrations, can
engage in electrostatic and hydrophobic interactions with
membrane-relevant phospholipids at physiological condi-
tions, particularly with phosphatidylserine [27].

The first indication of a defined receptor for the full-
length CgA and its N-terminal fragment vasostatin-1 stems
from a recent study on wound healing in injured mice [64].
A selective binding of CgA and vasostatin-1 to integrin
avp6 was demonstrated in the low nanomolar range. The
binding region contains the RGD motif (CgAyz_45) fol-
lowed by an amphipathic a-helix (CgA47_¢3), both crucial
for binding affinity and selectivity. No binding has been
observed, to other RGD-dependent and -independent inte-
grins, such as avB3, avB5, avB8, a561, alBl, a3B1, a6l4,
o667 and o981, in the low nanomolar range. However, it is
noteworthy that various peptides of different length con-
taining the integrin-binding region of vasostatin-1 could
recognize, in the low micromolar range, also the integrin
avB3 [64]. For example, in competitive binding assays the
peptide CgAz9_g3 could bind avB3 and avB6 with a Ki of
1.7 uM and 7 nM, respectively. Thus, both integrin av33
and avB6 are recognized by these peptides, although with
markedly different affinities. The significance and potential
physiological relevance of the interactions av6 and av33
will be discussed in the following.

The avB6-integrin is an epithelial-specific integrin that
work as a receptor for the extracellular matrix (ECM)
proteins fibronectin, vitronectin, tenascin and the latency
associated protein (LAP) on TGF-B1 [65-67]. This integrin
has been shown to modulate cancer cell invasion, inhibit
apoptosis, regulate the expression of matrix metallopro-
teases (MMP) and is involved in TGF-1 maturation [65,
67]. Integrin ovB6 is upregulated in keratinocytes and
epithelial cells during tissue repair and in cancer [67] and
regulates keratinocyte physiology in wound healing [64,
68]. Interestingly, full-length CgA, but not a mutant having
RGD replaced with the inactive RGE motif, could regulate
keratinocyte physiology and promote wound healing in
mice [64], suggesting that the RGD/integrin interaction is
important for the physiological functions of CgA in wound
healing. The relevance of this interaction for the homeo-
static regulation of the cardiovascular system and tumor
vessels remains to be investigated. Regarding oavB3, this

integrin is emerging as an important player for endothelial
cell biology during angiogenesis and tumor growth [69,
70]. Although its low affinity for CgA peptides (in the low
micromolar range) argues against a direct role as a receptor
for circulating CgA and peptides at physiological levels, it
is possible that this interactions is relevant locally, i.e. at
sites where CgA is produced and released in the tissue
microenvironment at high concentrations, for example in
neuroendocrine tumors. Furthermore, the interactions with
this integrin might occur on endothelial cell membranes
after interaction with high affinity binding sites (discussed
above).

While the nicotinic acetylcholine receptor is a well-
established mediator of the autocrine inhibitory effect of
catestatin on catecholamine secretion in the sympato-
adrenal system [10], receptors for this fragment on other
target cells have yet to be identified. Catestatin-induced
proliferation, migration and anti-apoptotic effects in
endothelial cells are mediated via G protein, MAPK and
Akt, and further mediated, indirectly, via induction of
bFGF and bFGF-receptor signaling [15].

Characteristic membrane-penetrating properties have
been assigned to both vasostatin-1 and catestatin, and
pertussis toxin sensitivity is shared by a number of their
responses, notably in the vascular and cardiac endothelium
[14]. Pertussis toxin-sensitive, receptor-independent acti-
vation via heterotrimeric G proteins and G alpha i/o
subunits have been proposed as possible mechanisms for
the inhibitory effects of these two structurally different
CgA peptides on vascular and cardiac elements [14].

Although further work is definitely necessary to eluci-
date the receptors of CgA and its fragments in
cardiovascular homeostasis, the results so far accumulated
undoubtedly highlights the complexity of the “chromogr-
anin A system”, in terms of ligands and receptor
mechanisms potentially involved. The complexity of this
system is further highlighted by the observation that full-
length CgA shows a biphasic dose-response curve in
angiogenesis and cardio-regulatory assays, with a dose-
dependent activity at 0.1-1 nM and paradoxical loss of
activity when the concentration is increased above
5-10 nM [13, 16]. Whether the biphasic dose—-response
curves derive from responses to receptors with antagonistic
effects is not understood and remains a challenge.

Conclusions

The full-length CgA and its major fragment vasostatin-1
have recently been shown to exert a novel role in angio-
genesis when circulating at physiologically relevant, sub-
nanomolar concentrations. In particular, the recent findings
have demonstrated that the circulating intact CgA and
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vasostatin-1 can act as important anti-angiogenic factors,
thereby preserving endothelial quiescence during normal
situations. Moreover, the angiogenic switch, evoked by
thrombin-induced C-terminal processing of CgA yielding
catestatin-containing fragments, suggests a pro-angiogenic
role for the processed CgA with important implications in
tissue repair. A model for the functional consequences of
this unique angiogenic switch is presented. As presently
reviewed, these discoveries have wide implications, not
only for our understanding of the contributions of systemic
and locally produced CgA to cardiovascular homeostasis
and tumor development, but also for treatment of a wide
range of inflammatory pathologies and diseases with an
angiogenesis component.
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