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History and Perspectives

Karen B. Helle

Abstract Research on chromaffin cells dates back to 1856 when the venous out-
flow of chemical substances from the adrenal medulla into the circulation was first
described. The discovery of the chromaffin granules for storage of catecholamines
in 1953 was the next major break-through. Soon thereafter the co-storage of cate-
cholamines, ATP and uniquely acidic proteins was established, together making up
the isotonic storage complex within elements of the diffuse sympathoadrenal sys-
tem. The core proteins constitute a family of eight genetically distinct, uniquely
acidic proteins, characterized by numerous pairs of basic residues and collectively
named granins. A prohormone concept was formulated when the insulin-release
inhibiting peptide, pancreastatin, was identified as the mid sequence of porcine
chromogranin A. Subsequently, processing resulted in a range of peptides with anti-
fungal and antibacterial potencies, predominantly from chromogranin A, a few from
chromogranin B and one from secretogranin II. A wide range of biological activites
has since been documented, notably for the chromogranin A —derived peptides,
affecting endothelial stability, myocardial contractility, angiogenesis, cell adhesion
and tumor progression. A physiological role for full-length chromogranin A and
vasostatin-I as circulating stabilizers of endothelial integrity is now evident, while
the high circulating levels of chromogranin A in neuroendocrine tumors and inflam-
matory diseases remain an unsolved and challenging puzzle for future research.

Abbreviations

bCgA  bovine CgA | 43,

CA Catecholamines
CgA Chromogranin A
CgB Chromogranin B
GE-25  bCgAs7 301

PN-1 Protease nexin-1
PTH Parathyroid hormone
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PTX Pertussis toxin

Sgll Secretogranin II

VIF Vasoinhibitory factor — CgAz9 113
VS-1 Vasostatin I (CgA ;)

VS-1I Vasostatin II (CgA|_13)

WE-14  bCgAsi6.330

1 History

1.1 The First Hundred Years of the Chromaffin Cells

Research on chromaffin cells and granins can be traced back to the mid nineteenth
century when Vulpian (1856) described the venous outflow of chemical substances
from the adrenal medulla into the circulation. Half a century later the strong cardio-
vascular effects of the adrenomedullary substances (Oliver and Schifer 1895) led to
the chemical identification and synthesis of the first hormones, adrenaline and nor-
adrenaline (Stoltz 1904). We owe the first identification of catecholamines (CA) to
the function of the adrenergic neuron to Loewi, who in Loewi 1921 described the
so-called Accellerans-Stoff or Sympathin and its stimulating activity on the dener-
vated frog heart. Twenty five years later, Sympathin E was identified as noradrena-
line (Von Euler 1946).

1.2 The First Decade of the Chromaffin Granules

The discovery of the subcellular organelles responsible for the storage of CA in
the adrenomedullary chromaffin cells, i.e. the chromaffin granules, was a major
break-through (Blaschko and Welsch 1953, Hillarp et al. 1953). Soon thereafter
the chromaffin granules were shown to be electron-dense, membrane-limited
granules of 150-300 mp diameter (Lever 1955, Welzstein 1957, Hagen and
Barnett 1960, Coupland 1968). In parallel, the vesicles related to the storage of
noradrenaline in the adrenergic fibres (Von Euler and Hillarp 1956, Von Euler
1958, Dahlstrgm 1966) were demonstrated to be smaller and of varying size and
electron density both in the axons and in the terminals (De Robertis and Pellegrino
de Iraldi 1961). Biochemical studies, on the other hand, revealed that both types
of organelles bore a number of similarities, such as storing the respective CA
together with the energy-rich nucleotide ATP in a molar ratio of CA: ATP of
close to 4:1 in the adrenomedullary (Blaschko et al. 1956, Falck et al. 1956) and
of 5:1 in the adrenergic nerve granules (Schiimann 1958; Banks et al. 1969).
Moreover, in the adrenomedullary chromaffin cells these low molecular weight
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constituents were stored intragranularly at concentrations of about 0.55 and
0.13 M for CA and ATP respectively, i.e. strongly hypertonic if osmotically
active. This phenomenon led Hillarp in 1959 to the postulation of a third compo-
nent involved in the storage complex, possibly a protein, which could be respon-
sible for holding CA and ATP in an isotonic, non-diffusible form until discharge
from the stimulated cell.

1.3  The First Thirty Five Years of the Granins

The search for a specific macromolecule involved in the isotonic retention of CA
and ATP within the storage organelles was immediately directed to the core proteins
in the bovine adrenomedullary chromaffin granules (Helle 1966a, Smith and
Winkler 1967, Smith and Kirshner 1967). By means of an immunological identifi-
cation method (Helle 1966b) it was established that the enzymatically inactive pro-
tein, subsequently named chromogranin (Blaschko et al. 1967), was exocytotically
discharged from the stimulated adrenal gland in parallel with the co-stored CA and
ATP both in vitro (Banks and Helle 1965) and in vivo (Blaschko et al. 1967). Due
to the easy access from local slaughterhouses the bovine adrenals soon became a
convenient source of chromaffin cells and chromaffin granules (Smith and Winkler
1967), notably for research on the structural, chemical and functional properties of
the family of chromogranins, i.e. the granins (Huttner et al. 1991; Winkler and
Fischer-Colbrie 1992).

1.3.1 Glucose Homeostasis, Pancreastatin and the Prohormone Concept

The first chromogranin A (CgA) peptide to be recognized for its regulatory potency
was named pancreastatin due to its ability to inhibit the rapid phase of insulin
release from the glucose-stimulated porcine pancreas (Tatemoto et al. 1986;
Efendic et al. 1987). When identified as the mid-section of porcine and human
CgA (Huttner and Benedum 1987; Konecki et al. 1987), a novel concept was
coined, namely of the granins as putative prohormones for biologically active pep-
tides with regulating potentials (Eiden 1987). Subsequently, pancreastatin was
shown to be involved as a regulator of insulin action not only of glucose but also of
lipid and protein metabolism (Sanchez-Margalet and Gonzalez-Yanes 1998). In rat
hepatoma cells also the cell growth was inhibited, depending on the availability of
nitric oxide (NO) production (Sanchez-Margalet et al. 2001). The accumulated
literature supports the original observation of pancreastatin as an anti-insulin agent,
impairing glucose homeostasis by diminishing insulin sensitivity (see review by
Valicherla et al. 2013).
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1.3.2 Calcium Homeostasis and the N-Terminus of CgA

In the parathyroid gland CgA was originally described as parathyroid secretory
protein-I (Cohn et al. 1981), co-secreted from the gland with the parathyroid hor-
mone (PTH), i. e. the primary regulator of serum calcium concentrations. Peptides
containing the N-terminal sequence of CgA (CgA,_5) inhibit PTH-secretion as
effective as high physiological concentrations of calcium (Fasciotto et al. 1990).
Pancreastatin (bCgA,5 203) and parastatin (bCgAs,7_419) have also been shown to
inhibit PTH secretion, but not yet detected in the effluents from the parathyroid cells
in vivo. On the other hand, CgA, ;5 was detected both in the medium of cultured
parathyroid cells (Angeletti et al. 2000) and in the adrenomedullary effluents (Metz-
Boutigue et al. 1993). A binding to a 78 kDa protein was identified on the parathy-
roid cell surface, and the blockade by pertussis toxin indicates a G-protein-coupled
receptor. Moreover, the loop sequence CgA ;¢ 4 Was required for inhibition of PTH
secretion (Angeletti et al. 1996). Thus, inhibition of PTH secretion by CgA pre-
dominantly involves CgA,_, occuring either by an autocrine mechanism or via the
circulating concentrations of the processed peptide.

1.4 The Granins and their Derived Peptides

Detailed investigations of the eight members of the granin family, i.e. CgA, chromo-
granin B (CgB), secretogranin II (SgIl) and secretogranins III-VII, have since docu-
mented that these proteins are widely distributed in distinct patterns within the diffuse
neuroendocrine system of vertebrates (Helle 2004). Stimuli for release of the granins
derive from a wide range of environmental and intrinsic paths, raising the concentra-
tions of the intact prohormones and processed peptides in the extracellular space and
ultimately in the circulation. The degree of processing is extensive in the adrenomed-
ullary storage granules (Metz-Boutigue et al. 1993; Strub et al. 1995) and gives rise to
a wide range of peptides with a broad spectrum of biological potencies (Helle and
Angeletti 1994). The peptides derived from CgA are the vasostatins I and II, chromo-
fungin, chromacin, pancreastatin, catestatin, WE 14, chromostatin, GE25 and para-
statin and, in addition, the two most resent arrivals on the scene, serpinin (CgA 03 42s,
Koshimizu et al. 2010) and the vasoconstriction-inhibiting factor (VIF, CgAzy 3,
Salem et al. 2015). Vasostatin I (VS-I, CgA,_s5) and bovine catestatin (bCgAsz4 364)
were discovered and named according to their respective inhibitory potencies, on
vasodilation (Aardal and Helle 1992) and on CA secretion (Mahata et al. 1997). Since
then, notably VS-I and catestatin have been shown to be involved in regulation of a
wide range of mechanisms, such as endothelial permeability, angiogenesis, myocar-
dial contractility and innate immunity, however, in many tissue exhibiting oppositely
directed activities (Helle et al. 2007; Helle 2010a, b; Mahata et al. 2010).
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Peptides derived from CgB, being more extensively processed than CgA in
most systems and species (Strub et al. 1995), may have specific regulatory func-
tions yet to be unravelled. SglIl, on the other hand, serves a prohormone for only
one conspicuously active principle, secretoneurin (Kirchmair et al. 1993, Trudeau
et al. 2012), nevertheless engaged in a wide range of modulating activities related
to tissue repair (Helle 2010a). Stimulated polymorphonuclear neutrophils, when
accumulated in response to invading microorganism, tissue inflammation and at
sites of mechanical injury, represent a non-neuroendocrine source of CgA pep-
tides that may affect a wide range of cells involved in inflammatory responses
(Lugardon et al. 2000; Zhang et al. 2009). Among them we find the vascular endo-
thelium, the endocardium and the epithelial cells, other leucocytes, fibroblasts,
cardiomyocytes, vascular and intestinal smooth muscle cells (Helle et al. 2007;
Helle 2010a, b). Taken together, the release of CgA-derived peptides from gland
cells, nerve terminals and immunocytes would contribute to autocrine or para-
crine modulations locally while endocrine effects would result from their subse-
quent overflow to the circulation.

1.4.1 The Antimicrobial Peptides and Innate Immunity

Antimicrobial activities of peptides derived from the matrix of secretory granules in
the bovine adrenal medulla were first reported by Metz-Boutigue and colleagues in
1998. The first three peptides found to inhibit bacteria and fungal growth were
derived from the N-terminal domain of CgA (VS-I), the C-terminal end of CgB
(secretolytin) and the biphosphorylated C-terminal peptide of proenkephalin-A
(enkelytin). These peptides are active in a diverse range of organisms, including
prokaryotes, bivalves, frogs and mammals, suggesting an important role in innate
immunity, a mechanism shared by all vertebrates and present at birth as an evolu-
tionary ancient defence mechanism (Hoffmann et al. 1999; Metz-Boutigue et al.
2000). Another CgA peptide, catestatin, derived from CgA in keratinocytes, also
possess antimicrobial activity against gram-positive and gram-negative bacteria,
yeast and fungi, is active notably against skin pathogens and increases in skin in
response to injury and infection (Radek et al. 2008). So far, no antimicrobial activity
has been assigned to SN.

The innate immunity, independent of the adaptive immune responses, is used
by vertebrates as a means for short term protection against pathogenic microor-
ganisms. The need for new antimicrobial agents is now rapidly rising due to the
fast growing number of antibiotica-resistant bacteria. Accordingly, the interest in
antibacterial granin-derived peptides has grown exponentially. Their therapeutic
potentials are now under intensive elucidation in immunodeficient patients, in
chemotherapy, in organ grafting, and against antibiotica-resistant bacterial infec-
tions (Shooshtarizodeh et al. 2010).
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1.5 Functional and Clinical Aspects

At the very end of the second millennium a large body of data had accumulated on
the functional and clinical aspects of the granins and their derived peptides. As
assessed in a range of comprehensive reviews appearing in the first book on chro-
mogranins (Helle and Aunis 2000a), it was evident that granins were intimately
involved not only in the intracellular sorting to the secretory granules (Gerdes and
Glombik 2000) and release of the isotonic amine storage complex (Borges et al.
2000), but also in their transcription, expression and secretion (Taupenot et al. 2000;
Anouar et al. 2000; Kéhler and Fischer-Colbrie 2000). Notably, tissue-specific pro-
cessing both within the core and in the extracellular space, rendered the granins,
notably CgA, CgB and Sg II as the most conspicuous prohormones with widely
different effects and targets for their derived peptides (Aunis and Metz-Boutigue
2000; Metz-Boutigue et al. 2000; Parmer et al. 2000; Portela-Gomes 2000; Curry
et al. 2000; Ciesielski-Treska and Aunis 2000). Accordingly, the majority of proper-
ties assigned to the granins and their peptides up to the end of the twentieth century
appeared to fit into patterns of modulating strategies which might be called upon
when the organism was exposed to stressful situations requiring immediate protec-
tion via the vasculature, the heart, the pancreas, parathyroid and the innate immu-
nity system (Helle and Aunis 2000b). Moreover, since the discovery of CgA as a
circulating component in patients with phochromocytoma (O’Connor and Bernstein
1984), a large body of literature implicates granins, notably CgA, as markers for a
variety of diseases, such as neuroendocrine tumors, chronic heart failure and brain
disorders like Parkinson’s and Alzheimer’s (O’Connor et al. 2000).

Since the turn of the century the research interest in the granins, notably in CgA
and its derived peptides, has surged, as indicated by the registered 460 reviews since
year 2000 of a total of 630 on CgA since 1970. Similarly, the number of papers deal-
ing with VS-I and catestatin has grown steadily since their respective discoveries in
1992 and 1997, reaching a total of 76 and 154 for VS-I and catestatin in 2016. The
major achievements will be outlined in the following sections.

1.5.1 Vasostatins, Vasodilations, the Vascular Endothelium
and Angiogenesis

The human internal thoracic artery and saphenous vein were the first targets to be
examined for vascular responses to the N-terminal CgA,_ ;5 and CgA,_;; (Aardal
and Helle 1992; Aardal et al. 1993). The potent contractions to endothelin-1 (ET-
1) were suppressed, affecting the maximal sustained tension response but not the
potency for ET-1, independent of the endothelium and extracellular calcium.
Accordingly, the term vasostatins was assigned to these two N-terminal CgA
peptides, numbered according to length, i.e. as VS-I and VS-II. Moreover, the



History and Perspectives 7

arterial dilatations were independent of other constrictors over a functional range
of transmural pressures, and the intrinsic and concentration-dependent dilator
effects persisted at moderately elevated extracellular [K*] in both arteries (Brekke
et al. 2000; Brekke et al. 2002). Thus, in pressure-activated bovine resistance
arteries the naturally occurring VS-I appeared to have a direct dilator potential
involving hyperpolarization, acting via the N-terminal, loop-containing domain.
Moreover, as the dilator effect of CgA,_, in the coronary artery was diminished by
pertussis toxin (PTX) and abolished by antagonists to several subtypes of K* chan-
nels, the mechanism of action seemingly involves a Gai/o subunit and K* channel
activation in the signal pathway. Significant species differences in vasoactivity
were on the other hand apparent, as neither the rat betagranin peptide rCgA;_s; nor
the bovine chromofungin, bCgA,; ¢, had vasodilator effects in the rat cerebral
artery (Mandala et al. 2005).

The vascular endothelium appears by itself to be a significant target for granin-
derived peptides, e.g. VS-I (Ferrero et al. 2004; Blois et al. 2006a), catestatin (Theurl
et al. 2010) and secretoneurin (Kihler et al. 2002). Bovine aorta endothelial cells
internalizes bovine CgA (Mandala et al. 2000) and both human CgA (Hsiao et al.
1990) and human STACgA1-78 (Roatta et al. 2011) are distributed across the vas-
cular endothelium in two pools, a minor fraction in the blood and a major pool in
the interstitium. Moreover, CgA and VS-I protect the endothelial barrier against the
gap-forming, permeabilizing activity of TNFa (Ferrero et al. 2004) via a mecha-
nism involving cytoskeletal reorganization and downregulation of the transmem-
brane protein intercellular VE-cadherin, responsible for the cell-cell adhesion
(Ferrero et al. 2004). In contrast, catestatin (Theurl et al. 2010) as well as secreto-
neurin (Yan et al. 2006) impair the integrity of the endothelial barrier, however by
different mechanisms. Other studies have shown that VS-1 also inhibits endothelial
cell migration, motility, sprouting, invasion and capillary-like structure formation
induced by vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) (Belloni et al. 2007).

The most recent newcomer among vasoactive CgA peptides corresponds to the
C-terminal sequence of VS-II, CgAso_ 13, and has vasodilatory properties (Salem
et al. 2015). This peptide, named the vasoconstriction-inhibiting factor (VIF), acts
as a cofactor for the angiotensin II type 2 receptor. As the plasma concentration of
VIF was significantly increased in renal patients and patients with heart failure, it
seems evident that yet another CgA-derived player and yet other targets may be
involved in blood pressure regulation and vascular pathophysiology.

1.5.2 Vasostatins, Catestatin and Serpinin; Myocardial Contractility
and Protection against Ischemia-Induced Injury

A large body of evidence suggests that CgA, either present in circulation or pro-
duced by the heart itself, is a novel regulator of the heart. Indeed, under normal and
pathophysiological conditions alike, the heart is under constant exposure not only to
CA but also to the circulating CgA originating from the sympathoadrenal system.
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CgA may also derive locally from myocardial production, notably in ventricles of
heart failure patients (Pieroni et al. 2007). The full-length CgA dilates coronaries
and induce negative inotropism and lusitropism in the ex vivo perfused rat heart at
0.1-4 nM, but not at higher concentrations (Pasqua et al. 2013). Of note, analysis of
the perfusates showed that exogenous CgA was not cleaved by the heart, suggesting
that the myocardial effects were induced by the circulating, full-length protein.
However, the same study demonstrated that physically and chemically stimulated
rodent hearts could proteolytically process the intracardiac, endogenous CgA into
fragments (Glattard et al. 2006). Moreover, the increased plasma levels in chronic
heart failure (Ceconi et al. 2002), its over-expression in human dilated and hypertro-
phic cardiomyopathy (Pieroni et al. 2007) and the observation that the circulating
CgA provide prognostic information on long-term mortality, independent of con-
ventional risk markers in acute coronary syndromes (Jansson et al. 2009), all point
to a significant role of CgA in human cardiovascular homeostasis. Hence, the sys-
temic and intracardiac fates of full-length CgA and its fragments imply intriguing
new aspects of the myocardial handling of CgA under normal and pathophysiologi-
cal conditions.

To what extent the elevated circulating levels of CgA, VS-I and catestatin together
are beneficial or detrimental to the failing heart, remains unanswered. Taking into
account that an inflammatory response is caused by myocardial injury arising from
ischemic reperfusion (Anaya-Prado and Toledo-Pereyra 2002), a link between
plasma CgA and/or its fragments in cardioprotection seems plausible. For instance,
it is well established that the human recombinant VS-1 (hrSTACgA,.+5) precondi-
tions the rat heart against myocardial necrosis arising in response to reperfusion of
the ischemia-injured tissue, presumably involving the endothelial/endocardial ade-
nosine/nitric oxide signaling pathway (Cappello et al. 2007). In contrast, catestatin,
being without pre-conditioning effects, may modulate reperfusion injury during the
post-ischemic reperfusion period (Penna et al. 2010; Penna et al. 2014). Hence, it
seems likely that N- and C-terminal CgA fragments arising from processing of the
circulating and intracardiac pools of CgA in species-specific patterns, may exert
beneficial effects, not only under experimental conditions in animal models (Pasqua
et al. 2013), but also in the failing human heart in situ.

Although the two structurally different CgA peptides, VS-I and catestatin, both
exert negative myocardial inotropy, non-competitively inhibiting the
-adrenenoceptor on cardiomyocytes (Tota et al. 2008; Angelone et al. 2008), these
apparently converging effects on the heart may be less puzzling when realizing that
these two peptides may not reach peak concentrations in the same frame of time
(Crippa et al. 2013). The thrombin.induced C-terminal processing of the anti-
angiogenic, full length CgA into a catestatin-containing angiogenic fragment point
to a functional rationale, namely maintaining protection of the heart against exces-
sive adrenergic stimlation by CA, whether by VS-I or catestatin, regardless of the
quiescent or stimulus-activated state of the vasculature.
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The C-terminal peptide serpinin (CgA,o;.428, Koshimizu et al. 2010), is a novel
CgA-derived factor in cardiovascular modulations (Tota et al. 2012). This fragment
was first described for its ability to signal the increase in transcription of the serine
protease inhibitor, protease nexin-1 (PN-1), a potent inhibitor of plasmin released
during inflammatory processing causing cell death. Two other forms have since been
identified, (pGlu)serpinin and serpinin-Arg-Arg-Gly (Koshimizu et al. 2011a). In
addition to the serpinin-like effect on increasing the levels of PN-1, (pGlu)serpinin
also excerts anti-apoptotic effects of relevance to protection of neurons in the central
nervous system (Koshimizu et al. 2011b). Intriguingly, in the perfused rat heart both
serpinin and (p-Glu)serpinin excert positive inotropic and lusitropic effects via a
B1-adrenergic receptor/adenylate cyclase/cAMP/PKA pathway (Tota et al. 2012),
thus contrasting the inhibitory effects of VS-I and catestatin on the cardiac
2-adrenoceptor mediated activations. It remains to be seen to what extent and at
what stage in the C-terminal processing of the full-length CgA the concentrations of
serpinin and pGly-serpinin may reach their functional maxima (Loh et al. 2012).

1.5.3 Angiogenesis, Cell Adhesion and Tumor Progression

CgA appears to regulate angiogenesis and tumor growth in several models of solid
tumors (Corti 2010), affecting fibroblasts (Dondossola et al. 2010) and endothelial
cells (Corti and Ferrero 2012) in the tumor microenvironment. Recent studies have
reveled that the full-length CgA contains one anti-angiogenic site in the C-terminal
region (CgAyjo.439) (Crippa et al. 2013), and another site in a latent form in the
N-terminal domain CgA, 7. Proteolytic liberation is necessary for full activation of
the anti-angiogenic property of VS-I. Intriguingly, further processing of VS-1 leads
to the antimicrobial peptide CgA,;46, Originally named chromofungin (Lugardon
etal. 2001). Even this degradation product is able to cause negative inotropic effects
and, like the unprocessed VS-I, to elicit post-conditional protection against isch-
emia/reperfusion damage (Filice et al. 2015).

Given the potential ability of CgA and/or its fragments to regulate tumor vessel
biology, these molecules might also contribute to inhibit tumor growth, as shown in
mouse lymphomas (Bianco et al. 2016) and mammary adenocarcinomas genetically
engineered to release CgA locally (Colombo et al. 2002). In animal models both
CgA and VS-I reduced 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 (Dondossola et al. 2012). In certain
tumor patients the CgA plasma levels may reach up to 10-100-fold. Whether these
high levels of circulating CgA may also affect the growth and progression of non-
neuroendocrine tumors, remains a challenging question awaiting detailed analyses
of plasma concentrations of full-length CgA and VS-1 in these patients.
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1.5.4 A Physiological Role for the Circulating CgA

Fifty years ago when the exocytotic release of CgA into the effluents from the stim-
ulated adrenal medulla was first reported (Banks and Helle 1965; Blaschko et al.
1967), no functional significance was assigned to the released protein. Nearly
twenty years lapsed before the enzymatically inactive CgA was detected in the cir-
culation of pheochromocytoma patients (O’Connor and Bernstein 1984). After
another thirty years the N- and C-terminal domains in CgA have finally been quanti-
fied in normal plasma, thanks to highly refined immunochemical analyses, reveal-
ing subnanomolar levels of both full length CgA (0.1 nM) and VS-1 (0.4 nM)
(Crippa et al. 2013). This report was also the first to show that full-length CgA and
VS-1 exerted potent anti-angiogenic activity when performed with biologically rel-
evant concentrations in the various in vitro and in vivo assays. Rather unexpectedly,
the anti-angiogenic property of the intact CgA was converted to a potent pro-
angiogenic fragment corresponding to the catestatin-containing fragment CgA 373
upon blood coagulation in a thrombin-dependent manner (Crippa et al. 2013). Thus,
the full length CgA, VS-1 and the catestatin-containing peptide seemingly form a
balance of anti- and pro-angiogenic factors tightly regulated by proteolysis as a
functional response to tissue injury when repair of the damaged tissue is called for
(Crippa et al. 2013; Helle and Corti 2015). Hence, a physiological role is finally
apparent for the anti-angiogenic, full-length CgA and its N-terminal peptide VS-I
when circulating at normal concentrations, namely in maintaining the vascular
endothelium in a quiescent state by protecting its structural integrity and, in addi-
tion, protecting the myocardium against excessive B-adrenergic stimulation and det-
rimental effects of ischemia-induced injury.

1.5.5 Circulating CgA as a Marker for Inflammatory Diseases

Inflammatory processes, in particular those involving the cardiovascular system,
pose clinical challenges in diagnosing and therapy. For instance, the elevated plasma
CgA in chronic heart disease is a strong indicator of a relationship between high
plasma CgA and pro-inflammatory markers (Corti et al. 2000) as well as an indepen-
dent marker of mortality (Pieroni et al. 2007). Vascular inflammation may induce
pathological arterial changes and variable blood pressure. Moreover, endothelial
dysfunction is now recognized as a crucial factor in hypertension, with endothelial
NO production as essential for maintenance of vascular tone, being compromised as
a result of systemic and localized inflammatory responses (Watson et al. 2008).

1.6 Putative Receptors for CgA and CgA-Derived Peptides

Classical, high-affinity cell surface receptors have not yet been identified for most
of the CgA-derived peptides. The exception is the nicotinic acetylcholine receptor
for catestatin in the sympatoadrenal system mediating the autocrine inhibitory
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effect of catestatin on CA secretion (Mahata et al. 1997). On the other hand, bind-
ing studies have shown that VS-I and chromofungin engage in electrostatic and
hydrophobic interactions with membrane-relevant phospholipids at physiological
conditions, particularly with phosphatidylserine (Blois et al. 2006b). Moreover,
binding to membrane proteins with molecular weights 74 and 78 kDa were early
findings for VS-I both in cultured calf smooth muscle and parathyroid cells,
respectively (Angeletti et al. 1994; Russell et al. 1994). Similarly, a 70 kDa glyco-
protein coupled to two different G-proteins was detected as the receptor for pan-
creastatin in adipocytes and hepatocytes (Sanchez-Margalet et al. 1996;
Sanchez-Margalet et al. 2000). Also catestatin, eliciting histamine-release from rat
mast cells, does so via its cationic and amphipatic properties (Kriiger et al. 2003).
Thus, analogous to the cell penetrating properties of cationic and amphipatic pep-
tides in microorganisms (Metz-Boutigue et al. 2004), both VS-I and catestatin
have been postulated to interact with and penetrate into mammalian cells via their
cationic and amphipathic properties (Helle et al. 2007; Helle 2010b). Consistent
with this hypothesis VS-I was reported to activate PI3K-dependent e-NOS phos-
phorylation via binding to a heparin sulphate proteoglycan, leading to caveolae
endocytosis in bovine aortic endothelial cells (Ramella et al. 2010). A role for
heparin sulphate proteoglycan as a cell surface endocytosis receptor entry of mac-
romolecules in mammalian cells has recently gained strong support (Christianson
and Belting 2014). A selective binding of CgA and VS-I to the epithelial integrin
av6 was also recently demonstrated in a study of would healing in injured mice
(Curnis et al. 2012). Integrin avB6 belongs to a large family of heterodimeric trans-
membrane glycoproteins that attach cells to extracellular matrix proteins of the
basement membrane. Notably, the interaction of the RGD/a-helix motif of CgA
with avB6-integrin could regulate keratinocyte physiology in wound healing
(Curnis et al. 2012). Although av36 is upregulated in tissue repair and in cancer
(Bandyopadhyay and Raghavan 2009) it remains to be seen whether circulating
CgA and VS-I bind to this integrin also in cancerous tissues. An indirect involve-
ment of integrins was observed for VS-I via the phospholipid-binding amphiphilic
a-helix within the chromofungin sequence CgA47-66 and the hydrophilic
C-terminus CgA67-78 in murine and human dermal fibroblasts (Dondossola et al.
2010). This adhesion mechanism required cytoskeleton rearrangement but not pro-
tein synthesis, enhancing fibroblast adhesion to solid-phases.

G-protein-regulated signalling pathways coupled to Gai/o subunits are commonly
identified by their activation by PTX, the Bordetella pertussis toxin. So far, most
reports on binding of CgA-derived peptides to membrane proteins refer on PTX-
sensitive effects, suggesting coupling to G-proteins containing Gai-subunits.
Intriguingly, not only the glycoprotein receptor for parastatin in adipocytes and hepa-
tocytes was sensitive to PTX (Sanchez-Margalet et al. 1996), but also the dilator effect
of CgA,4 in the coronary artery (Brekke et al. 2002) and the inhibitory effect of VS-I
on gap-formation via a blockade of the activation of p3S8MAPK by PTX in pulmonary
and coronary arterial endothelial cells (Blois et al. 2006a). Likewise, the catestatin
induced release from rat mast cells was sensitive to PTX (Kriiger et al. 2003). On the
other hand, catestatin as well as VS-1 signal via AKT/PKB to eNOS mediating their
inhibitory effects in the rat heart (Angelone et al. 2008; Tota et al. 2008). Thus, in the
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rat heart different G-proteins may be involved in the NO-production by VS-I and
catestatin, both serving as non-competitive inhibitors of the f-adrenoceptor. Hence,
not only pancreastatin, but also VS-I and catestatin appear to interact with membrane
constituents via their membrane-penetrating properties, coupling to distinctly differ-
ent G-protein-coupled pathways, in some tissues involving PTX-sensitive Gai/o sub-
units (Helle 2010b).

2 Conclusions

While the research history of the adrenal chromaffin cells dates back to the mid
1850ies, our knowledge of the granins reflects research from the most recent six
decades. The accumulated literature has unraveled that these unique proteins serve
as prohormones for a range of regulatory peptides with widely different effects and
target tissues. Moreover, their properties seemingly fit into patterns of functionally
protective activities, e.g. in calcium, glucose and vascular homeostasis, in angiogen-
esis, tissue repair and heart physiology, with implications also for the diagnosis and
treatment of a wide range of neuroendocrine tumors, inflammatory pathologies and
cardiovascular diseases. Thus, the co-release of granins with CA and other biogenic
amines opens for a novel concept for the diffuse sympathoendocrine system, namely
that of buffering and counterbalancing the immediate responses to the stress-
activated system.

A dual role for the circulating full-length CgA is now apparent, protecting the
vascular endothelium by inhibiting angiogenesis under normal conditions, yet
accelerating local angiogenesis in response to tissue damage, e.g. after C-terminal
cleavage of the prohormone by thrombin. In additiom, the circulating pool of VS-I,
which seemingly contributes to preservation of endothelial cell quiescence, may
also serve to counter-balance the pro-angiogenic activity of catestatin-containing
fragments when released in the systemic circulation from various sites of injury.

Although classical members of the high-affinity, transmembrane-spanning
classes of receptors have yet to be linked to the effects of most of the CgA-derived
peptides, other receptor classes have been implicated; in addition to G-proteins for
VS-1, pancreastatin and catestatin, for VS-I also the cell surface endocytosis recep-
tor heparin sulphate proteoglycan and the epithelial, transmembrane glycoprotein,
the integrin avf6.

3 Perspectives

The few reports on CgA processing in patients so far published, indicate complex
and disease-related patterns of fragments. For instance, decreased levels of plasma
catestatin are characteristic of patients with essential hypertension and also in nor-
motensive subjects with a family history of hypertension and increased epinephrine
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secretion (O’Connor et al. 2002). On the other hand, elevated plasma levels of VS-I
occur in critically ill patients (Schneider et al. 2012) and of catestatin in patients
with coronary heart disease and after acute myocardial infarction (Liu et al. 2013;
Meng et al. 2013). On the other hand, in patients with chronic kidney disease and
heart failure a new fragment derived from VS-II (VIF), is elevated (Salem et al.
2015) while VS-I and fragments, lacking the anti-angiogenic C-terminal region of
CgA were increased in patients suffering from a rare form of systemic, inflamma-
tory large vessel vasculitis although the levels of the CgA fragments did not reflect
disease activity or extent (Tombetti et al. 2016). Hence, research into the patho-
physiological patterns of CgA and its processing in cardiovascular and inflamma-
tory diseases and in tumors emerges as a major challenge in order to assess whether
a given pattern of circulating CgA fragments is beneficiary or detrimental to the
survival of the afflicted patient.
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