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Abstract Chromogranin A (CHGA) is ubiquitously

expressed in secretory cells of the endocrine, neuroendo-

crine, and neuronal tissues. Although this protein has long

been known as a marker for neuroendocrine tumors, its role

in cardiovascular disease states including essential hyper-

tension (EH) has only recently been recognized. It acts as a

prohormone giving rise to bioactive peptides such as va-

sostatin-I (human CHGA1–76) and catestatin (human

CHGA352–372) that exhibit several cardiovascular regula-

tory functions. CHGA is over-expressed but catestatin is

diminished in EH. Moreover, genetic variants in the pro-

moter, catestatin, and 30-untranslated regions of the human

CHGA gene alter autonomic activity and blood pressure.

Consistent with these findings, targeted ablation of this

gene causes severe arterial hypertension and ventricular

hypertrophy in mice. Transgenic expression of the human

CHGA gene or exogenous administration of catestatin

restores blood pressure in these mice. Thus, the accumu-

lated evidence establishes CHGA as a novel susceptibility

gene for EH.
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Introduction

Essential hypertension (EH) is a major public health

problem due to its high prevalence (*30–45%) in urban

populations [1–3]. It is an asymptotic, chronic disorder that

contributes to serious health complications including

myocardial infarction, congestive heart failure, stroke, end-

stage renal disease (ESRD), and retinal damage. EH is

regarded as a ‘‘complex genetic trait’’ caused by multiple

susceptibility genes and unhealthy lifestyles involving

gene–gene as well as gene–environment interactions that

determine the onset and severity of the disease [2, 4, 5].

Various approaches such as candidate-gene approach,

genome-wide scanning, ‘‘intermediate phenotype’’

approach, and comparative genomics in animal models are

utilized to identify the genes underlying pathogenesis of

EH. The major susceptibility genes for EH known thus far

belong to several molecular pathways/systems including

the renin-angiotensin-aldosterone system that influences

vascular volume homeostasis and vascular tone, the sym-

pathetic nervous system that modulates heart rate, cardiac

contraction, and vascular tone, and the kallikrein–kinin

system that affects renal salt handling and vascular tone, as

well as factors involved in endothelial function and vaso-

activity such as endothelin and nitric oxide [2, 5–8].

However, only a partial understanding of the underlying

mechanisms has been achieved. Indeed, it is not yet clear

how many genes are involved in the pathogenesis of EH

and how they interact among themselves and other genes.

Therefore, the search for the genetic basis of EH is ongoing

in order to identify and characterize all susceptibility genes

and molecular variants that modulate blood pressure [9–

11].

Chromogranin A (CHGA; molecular weight 48 kDa), a

well-studied member of the granin family of proteins, is

B. S. Sahu � P. J. Sonawane � N. R. Mahapatra (&)

Cardiovascular Genetics Laboratory,

Department of Biotechnology,

Indian Institute of Technology Madras,

Chennai 600036, India

e-mail: nmahapatra@iitm.ac.in

Cell. Mol. Life Sci. (2010) 67:861–874

DOI 10.1007/s00018-009-0208-y Cellular and Molecular Life Sciences



co-stored and co-released with catecholamines from secre-

tory vesicles in adrenal medulla and postganglionic

sympathetic axons [12–18]. It binds with calcium and cate-

cholamines [19, 20], interacts with several proteins in

regulated secretory pathways [21], and plays a crucial role in

the biogenesis of the catecholamine secretory chromaffin

vesicles [22–25]. Moreover, CHGA also acts as a prohor-

mone giving rise to several biologically active peptides by

proteolytic cleavage such as vasostatin-I (human CHGA1–76,

a vasodilator), chromacin (human CHGA176–197, an

anti-microbial agent), pancreastatin (human CHGA250–301,

a dsyglycemic hormone), and catestatin (human

CHGA352–372, a potent inhibitor of catecholamine release

from chromaffin cells and adrenergic neurons, and an anti-

microbial agent) [26–31]. Notably, plasma CHGA levels are

elevated in chronic heart failure patients and associated with

clinical severity and prognosis [32]. More recently, circu-

lating CHGA levels have been shown to be an independent

prognostic indicator in patients with complicated myocardial

infarction [33] as well as in acute coronary syndromes [34].

In view of these intracellular and extracellular functions

as well as association with cardiovascular disease states,

we hypothesize that CHGA is a susceptibility gene for

hypertension. Indeed, systemic ablation of Chga gene

caused elevation of blood pressure in mice, and hyperten-

sion in these mice was rescued by transgenic expression of

the human ortholog or by exogenous administration of

catestatin [25]. Moreover, in humans, DNA variants in the

promoter region, in the catestatin peptide region, and the

30-untranslated region (UTR) alter autonomic activity and

blood pressure [35–37]. These and other experimental data

from cellular, molecular, physiological, and clinical studies

providing phenotypic links between CHGA and EH are

discussed in this review.

Gene structure and tissue-specific expression of CHGA

Human CHGA gene (MIM 118910; Accession number

NM_001275) spans 12,194 bp in the locus 14q32.12 and

consists of 8 exons giving rise to a 2,043-nucleotide

transcript, of which 1,374 nucleotides are processed for

translation into a 457 residue protein (having an 18

residue signal peptide) while 260 and 409 bp remain as

50- and 30- UTRs, respectively (Fig. 1; [38, 39]). The

mouse chomogranin A gene (Accession number

NM_007693) located in chromosome 12 has similar

genomic organization and it translates to a 463 residue

polypeptide also having an 18 residue signal peptide

[40]. Although the human and mouse CHGA differ in

primary sequence as well as length, both have a high

content of acidic amino acid residues (implicated for the

involvement of this protein in the sorting and packaging

of hormones and neuropeptides into secretory granules

[12]) and a high degree of conservation at the N- and C-

terminal domains (suggested to be important for pro-

hormone-like properties of the protein [41]).

CHGA is ubiquitously expressed in secretory cells of the

endocrine, neuroendocrine, and neuronal tissues [12]. In

normal humans, adrenal medulla was reported to be the

major tissue source of CHGA while other neuroendocrine

tissues possessed only 0.04–25% of the immunoreactivity

Fig. 1 Schematic organization of the human CHGA gene and its

protein product. Top panel The human CHGA gene spanning

12,194 bp in chromosome 14 (from base position 92459198 to

92471391) consists of 8 exons separated by seven introns (UCSC

Genome Browser refGene NM_001275). UTR Untranslated region,

Ex exon, Int intron. Bottom panel The translated protein product

consists of 457 amino acids, of which the first 18 residues serve as the

signal peptide (SP). The mature protein undergoes proteolytic

cleavage to generate several bioactive peptides. Localizations of the

vasoactive peptide vasostatin-I (1–76 amino acids; VST) and

catecholamine release inhibitory peptide catestatin (352–372 amino

acids; CST) are indicated. The schemes are not drawn to scale
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found in the adrenal medulla, the rank order of concen-

tration (lg/g wet wt) being adrenal medulla [ pituitary [
pancreas [ stomach [ small intestine (jejunoileum) [
brain (frontal cortex) [ parathyroid [ thyroid [42]. A

similar tissue-specific pattern of CHGA expression was

observed in a ‘‘humanized’’ mouse model expressing the

human CHGA gene instead of the mouse ortholog [25].

Consistent with these findings, transgenic mice expressing

mouse chga promoter–firefly luciferase reporter also dis-

played neuroendocrine-tissue specific expression of the

transgene [43]. Very recently, CHGA has been detected in

rat bulbospinal neurons in the rostral ventrolateral medulla,

a key cardiovascular nucleus of the brain stem [44].

CHGA is also expressed in various cardiac cell types.

For example, immunohistochemical studies revealed the

presence of CHGA in the secretory granules of nonadr-

energic myoendocrine atrial cells of rat heart. Notably,

CHGA co-localized with the atrial natriuretic peptide in

these myoendocrine granules and appeared to undergo

proteolytic processing to a greater extent than in the

adrenal medulla [45]. Additionally, immunohistochemical

studies in serial sections from atrial and ventricular

regions of rat heart demonstrated localization of CHGA

along with the calcium channel alpha 1E subunit in

Purkinje fibers of both atrium and ventricle [46]. Con-

sistent with these findings, CHGA-derived vasostatin-

containing peptides were identified in rat heart extracts,

indicating their role in cardiac physiology by an auto-

crine/paracrine mechanism [47]. More recently,

convincing evidences of production and release of CHGA

in human ventricular myocardium were provided by

Pieroni et al. [48]. They measured [0.5 lg of CHGA/g

left ventricular myocardial tissue in patients with dilated

and hypertrophic cardiomyopathy by ELISA using four

different monoclonal antibodies. It was also shown that

CHGA co-localized with the brain nartiuretic peptide

(BNP) in ventricular cardiomyocytes and that there was a

strong correlation between CHGA and BNP circulating

levels. Although CHGA protein was not detectable in the

normal myocardial tissue by immunohistochemistry and

ELISA, the presence of CHGA mRNA in normal myo-

cardium was confirmed by RT-PCR [48]. The myocardial

overproduction of CHGA may contribute to the regulation

of heart remodeling in patients with myocardial infarc-

tion, cardiomyopathies, and heart failure. It is also

noteworthy that CHGA and its proteolytic fragments,

including vasostatin-I and catestatin, have been detected

in polymorphonuclear neutrophils (PMNs) [30, 49] that

are known to accumulate at sites of inflammation. Con-

sistently, over-expression of CHGA and its positive

correlation with the inflammation markers procalcitonin

and C-reactive protein in serum has recently been repor-

ted in patients with systemic inflammatory response

syndrome [50]. These observations indicate possible roles

for CHGA and/or its peptide-derivatives in inflammatory

responses and local modulation of cardiac functions.

Circulating CHGA level is elevated in hypertension

and cardiovascular disease states

Since CHGA is ubiquitously distributed in dense-core

secretory granules of the endocrine and nervous systems

and is co-secreted with catecholamines and neuropeptides

into the circulation, it may serve as a valuable indicator of

sympathoadrenal activity under both physiological and

pathological conditions [12]. Indeed, plasma CHGA con-

centration correlates with catecholamine release rate [51],

indicating that measurement of CHGA levels may yield

insights into the pathogenesis of EH. In normal humans,

plasma CHGA levels have been reported to range from 0.5

to 5 nM in the literature (recently reviewed in [41]). Such a

wide range of concentrations may be due to various dif-

ferences among the different studies, including the

specificity of the antibodies used for the radioimmunoas-

says. Interestingly, even the time of collection (morning,

afternoon, or night) of the blood sample also led to sig-

nificant differences (up to 40% increase from morning to

night) in an Italian population of healthy individuals

reflecting circadian rhythms in plasma CHGA [41, 52].

Although this study [52] did not detect a difference in

plasma CHGA levels between the two groups, phenotypic

links between CHGA and EH have been repeatedly

observed in other studies [53–56]. Notably, two studies in

Southern California populations showed significant eleva-

tions (*4.1 vs *2.7 nM [54] and *2.1 vs *1.3 nM [56])

of plasma CHGA concentrations in EH as compared to the

normotensive controls. The releasable sympathoadrenal

vesicular stores of CHGA have also been observed to be

elevated in EH [56]. Moreover, studies in twin subjects

displayed significant heritability in plasma CHGA con-

centration [37, 56]. Consistent with these findings in

humans, expression of this gene was observed to be sig-

nificantly higher in adrenal glands of rat and mouse models

of genetic hypertension [57–59], supporting the phenotypic

association between elevated CHGA and EH. However,

given that the numbers of individuals investigated in these

reports were small, further studies in large populations are

required to establish the association between plasma

CHGA levels and EH.

The serum CHGA concentration was shown to increase

substantially (up to 10–20 nM depending on the severity of

the disease) in chronic heart failure in a study comprising

160 Italian subjects [32]. The CHGA level in the circula-

tion was also reported to be elevated in complicated

myocardial infarction in 217 patients included in the
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OPTIMAAL (Optimal Trial in Myocardial Infarction with

the Angiotensin II Antagonist Losartan) trial [33] and in

acute coronary syndromes in a Swedish population of

1,268 patients [34]. These studies documented that the

circulating CHGA level can serve as an independent

prognostic indicator in patients with complicated myocar-

dial infarction [33] as well as an independent predictor of

long-term mortality and heart failure hospitalizations in

acute coronary syndromes [34]. The plasma CHGA levels

were also observed to be significantly higher (*3.0 vs

1.3 nM) in patients with dilated cardiomyopathy and

hypertrophic cardiomyopathy than controls in an Italian

population [48]. The increased circulating CHGA level in

these patients is thought to be significantly contributed by

cardiomyocytes, assuming constant release of CHGA from

myocardial cells [48] and considering the plasma half-life

of CHGA to be 18.4 min [60].

Thus, the elevated CHGA concentration in the circula-

tion is linked to EH, myocardial infarction, and

cardiomyopathy, reflecting an important role of this protein

as a biomarker for cardiovascular disease states.

Systemic deletion of chga in mice results in alteration

of autonomic/cardiovascular physiology

To study the physiological role of CHGA in general and

specifically whether it plays a role in regulation of blood

pressure, a knockout mouse model was generated by sys-

temic deletion of chga gene using loxP-Cre recombination

strategy [25]. Homozygous knockout (chga-/-) mice dis-

played severe hypertension [up to *44 mmHg higher

systolic blood pressure (SBP) and up to *26 mmHg

higher diastolic blood pressure (DBP)] as compared to

wild-type (chga?/?) mice. Heterozygous knockout

(chga?/-) mice also displayed hypertension with blood

pressure values closer to those for chga-/- mice, indicating

that both copies of the gene are essential for maintaining

normal blood pressure. Of note, the elevated blood pressure

in chga-/- mice was rescued to normalcy by ‘‘humaniza-

tion’’ of these mice at the CHGA locus (by generation of

chga-/-CHGA?/? mice that contain two copies of human

CHGA gene), suggesting that the human gene probably

functions identically to the murine ortholog, at least with

respect to blood pressure maintenance [25].

In view of the elevated SBP and DBP in chga-/- mice,

the left ventricle (LV) morphology in these mice was

studied by transthoracic echocardiography. Significant

increases in the LV wall thickness (both septal and free

wall), LV mass as well as LV internal diameter (cavity

size) at both end systole and end diastole were detected in

chga-/- mice [25]. Although the mechanism underlying

such alteration of cardiac physiology in these knockout

mice has not yet been studied, substantially increased

afterload due to severe hypertension in these mice may lead

to the LV hypertrophy and progression to LV cavity

dilation.

Association of naturally occurring human genetic

variants of CHGA with blood pressure variation

Re-sequencing the CHGA gene has led to the discovery of

several variations in the promoter, 50-UTR, coding region,

30-UTR, as well as intronic regions adjacent to the exons

[61]. Some of those variants have been found to alter blood

pressure and autonomic activity in human populations

(listed in Table 1 and described below).

The Gly364Ser variant of human catestatin occurring at

*3% allele frequency caused profound changes in cardiac

activity in two Southern California populations [62]. Car-

riers of the 364Ser allele displayed increased baroreceptor

sensitivity, increased cardiac parasympathetic activity, and

decreased cardiac sympathetic activity. Consistent with the

enhanced baroreceptor sensitivity, the pressor response was

significantly less in Gly/Ser heterozygotes when compared

with Gly/Gly homozygotes following cold stress [62]. The

Gly364Ser variant was also associated with significant

alterations in resting blood pressure. For example, Gly/Gly

homozygotes displayed *5–6 mmHg higher DBP and

*13 mmHg higher SBP than Gly/Ser heterozygotes [62].

Intriguingly, this lower blood pressure effect (and hence a

reduced risk of developing hypertension) for the 364Ser

genotype was confined to men [62]. These observations

may be explained by an action of this peptide at the central

nicotinic–cholinergic synapses in the nucleus of the tractus

solitarius in brain stem, although the exact molecular

mechanism underlying such alterations in cardiovascular

functions associated with the uncommon Gly364Ser vari-

ant of catestatin remains to be elucidated.

More recently, two studies in Southern California pop-

ulations were also carried out to explore association of any

common genetic variation at the CHGA locus with regu-

lation of blood pressure.

One case–control study focused on CHGA promoter

variants in 919 subjects: 204 hypertensives and 715 nor-

motensives [36]. It was observed that the G-462A variant

predicted resting/basal BP in the population with the G

allele displaying higher SBP and DBP [36]. Intriguingly,

the G/A genotype (heterozygosity) was associated with

higher SBP and DBP than G/G and A/A genotypes [36],

suggesting molecular heterosis [63]. Of note, in a cohort of

predominantly normotensive twin pairs, the most common

promoter haplotype TTGTC (designated as ‘‘Haplotype A’’

that contains the G-462 allele, indicated in bold type; allele

frequency *57%) displayed higher post-cold stress DBP
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as compared to another common haplotype CGATA (des-

ignated as ‘‘Haplotype B’’; allele frequency *23%),

suggesting the promoter Haplotype A as a risk factor

genotype for EH [36].

How might be these CHGA promoter variants play a role

in the control of BP? Earlier reports documented that both

hypertensive and still-normotensive subjects with family

history of hypertension (hence at genetic risk) may display

altered autonomic function and CHGA expression [54, 64].

Indeed, the CHGA Haplotype A (containing the G-462

allele)-luciferase reporter plasmid showed higher expres-

sion of the reporter gene than the Haplotype B-luciferase

reporter plasmid in PC12 adrenal chromaffin cells and

AtT20 pituitary corticotrophe cells [36]. Consistent with

this observation, the CHGA promoter bearing the G-462

allele displayed *25% higher activity than the -462A

allele on the background of Haplotype A [36], clearly

showing an alteration of gene expression by these common

Table 1 CHGA SNPs and haplotypes associated with variation in blood pressure

SNP or haplotype

(location, domain)

Study population(s) Associated phenotype(s) References

T/C (at -1,014 bp in promoter) Twins (mostly normotensive)

of European ancestry

The C allele predicted lower post-

cold stress DBP (lower risk of

developing hypertension)

[36]

T/G (at -988 bp in promoter) Twins (mostly normotensive)

of European ancestry

The G allele was associated with

lower post-cold stress DBP

(lower risk of developing

hypertension)

[36]

G/A (at -462 bp in promoter) Twins (mostly normotensive)

of European ancestry

Hypertensive versus normotensive

(*90% European and *10%

Mexican ancestries)

The A allele predicted lower post-

cold stress DBP (lower risk of

developing hypertension)

G/A genotype (heterozygous)

predicted higher SBP and DBP

over G/G and A/A genotypes

[36]

C/T (at ?11,825 bp with respect to

the cap site, i.e. at ?87 bp in 30-
UTR)

Twins (mostly normotensive)

of European ancestry

Hypertensive versus hypotensive

people of European ancestry

C allele was associated with higher

SBP after cold-stress (higher

magnitude in men than women)

C/C genotype predicted higher

basal SBP and DBP than C/T or

T/T genotypes, especially in

men

[37]

G/A (at ?9,559 bp in exon 7;

amino acid variation

Gly364Ser)

Hypertensive versus normotensive

and hypotensive people of

European ancestry

Gly/Ser heterozygotes displayed

lower post-cold stress BP than

Gly/Gly homozygotes;

Significantly lower resting BP

values in Gly/Ser heterozygote

men than Gly/Gly homozygotes

(Ser as protective allele in men)

[62]

Haplotype CGATA (involved

SNPs T-1014C, T-988G, G-

462A, T-415C and C-89A in

promoter)

Twins (mostly normotensive) of

European ancestry

Blunted blood pressure response to

cold-stress (lower risk of

developing hypertension)

[36]

Haplotype GGCC (involved SNPs

-462 G in promoter, 246Glu/G
[at ?8,540 bp] in Exon 6,

Arg381/C [at ?9,610 bp] in

exon 7, ?87C in 30-UTR)

Hypertensive versus hypotensive

people of European ancestry

Dose-dependently (based on copy

number) predicted higher DBP

in men

[37]

Haplotype ATC (involved SNPs

G-462A,T-415C and C-89A in

promoter)

Hypertensive-ESRD patients

versus controls of African

ancestry

*2.6-fold higher risk of

hypertension

[97]

Haplotype TC (involved SNPs

C?87T in 30-UTR and

G12602C in 30-end)

Hypertensive-ESRD patients

versus controls of African

ancestry

*2.7-fold higher risk of

hypertension

[97]

The base positions are numbered (?/-) with respect to the cap (transcription initiation) site

BP Blood pressure, DBP diastolic blood pressure, SBP systolic blood pressure, ESRD end stage renal disease
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promoter polymorphisms. Such transcriptional control of

CHGA by promoter variants may be an early control point

in the development of cardiovascular risk in view of the

crucial role of CHGA in the formation of catecholamine

storage vesicles as well as in the regulation of transmitter

release to the circulation [22, 24, 25].

Another study investigated individuals with extreme

blood pressures: 189 and 175 hypertensive men and women

versus 281 and 383 hypotensive men and women [37]. These

subjects were selected on the basis of their DBP: the inclu-

sion criteria being DBP values of C96 and B61 mm for men

while C92 and B59 mm for women, thus high and low blood

pressure groups differed by more than 33 mmHg DBP. It was

found that a common genetic variant in the CHGA UTR

(C?87T) was strongly associated with EH, especially in

men. Subjects with C/C genotype displayed up to *12 and

*9 mmHg higher SBP and DBP, respectively, than those

with T/T genotype. The most common haplotype GGCC

(consisting of the promoter G-462A, coding exon6 Glu[-

G]246Asp, coding exon7 Arg[C]381Trp and 30-UTR

C?87T SNPs; occurring at *55% frequency) in this pop-

ulation dose-dependently (from 0 ? 1 copy ? 2 copies)

predicted higher DBP in men [37], thus showing progressing

elevation of DBP by the ?87C allele in the context of the

GGCC haplotype. Notably, the ?87C allele was also asso-

ciated with significantly higher plasma concentration of

CHGA [37], an observation consistent with the over-

expression of CHGA in EH as reported in earlier studies [54,

56, 64]. Moreover, the C?87T variant also predicted blood

pressure response to cold stress in normotensive twin pairs:

the C allele that was associated with higher basal blood

pressure in the population displayed increased systolic blood

pressure response to stress by *12 mmHg [37], suggesting

it as a risk factor allele for EH.

Although the detailed mechanism by which this 30-UTR

SNP alters the blood pressure is not known, similar to the

case of the promoter ‘‘Haplotype A’’ (discussed above),

this may be mediated by alteration of CHGA expression

because CHGA is a key regulator of sympathochromaffin

activities [22, 24, 25]. Indeed, in cultured chromaffin cells

transfection of CHGA 30-UTR/luciferase reporter, expres-

sion plasmids showed *30% higher reporter activity in the

case of the C allele (that was associated with higher blood

pressure) in comparison with the T allele [37]. The altered

CHGA expression in turn is expected to modulate cate-

cholamine storage and release processes [24, 25].

Consistent with this suggestion, reduction of endogenous

CHGA expression by siRNA in chromaffin cells caused up

to 75% depletion of catecholamine storage vesicles [37].

Thus, the C-allele (occurring at *73% frequency) of the

common 30-UTR variant C?87T emerged as a risk factor

for hypertension in males (although not in females) of

European ancestry [37]. The mechanism of this

sex-dependent effect associated with this genetic variant

remains to be elucidated. Nevertheless, influence of this

variant on environmental stress-evoked change (as noted

above) in BP indicates an early pathogenetic role.

Cardiovascular activities of the CHGA peptides

Consistent with elevated blood pressure and LV hypertro-

phy of chga-/- mice [25], a number of studies have

reported that some CHGA-derived peptides modulate car-

diovascular processes and may play important roles in

regulation of blood pressure. In this section, we will pro-

vide an up-to-date overview of the relevant literature on the

two peptides vasostatin-I, and catestatin (Fig. 1) that have

been relatively well studied.

Vasostatin-I

This 76-residue, N-terminal peptide (that contains three

amphipathic domains: CHGA1–16, CHGA17–38, and

CHGA47–66 [35]; Fig. 1) is highly conserved across

vertebrate species, from zebrafish to mammals, display-

ing *80% sequence homology [65]. It has been reported

to exert several modulatory effects of cardiovascular

relevance [66]. Studies on isolated segments of human

blood vessels (internal thoracic artery and saphenous

vein) showed that vasostatin-I inhibited endothelin-1

(ET-1)-induced vasoconstriction and that the inhibitory

effect was independent of endothelium and extracellular

calcium [26, 67, 68]. Vasostatin-I also displayed inhibi-

tory effect in pressure-activated bovine coronary and

adrenal resistance arteries [69, 70]. The mechanism of

the vasodilatory effect of vasostatin-1 remains unclear,

partly because any cell surface receptor has not yet been

identified, although similar sized vasostatin-I binding

proteins have been detected in calf aorta smooth muscle

cells [68] and bovine parathyroid cells [71]. Neverthe-

less, involvement of a Gai/0 subunit has been suggested

since pertussis toxin diminished the vasodilatory effect in

coronary artery [72].

Another important cardiovascular regulatory function

associated with vasostatin-I is protection of the integrity

of endothelial barrier. It has been shown that vasostatin-I

inhibits TNF-a-induced gap formation in arterial endo-

thelial cells of bovine pulmonary and coronary origin,

suggesting its effect on endothelial barrier dysfunction in

venous as well as arterial vascular beds [73]. Vasostatin-

I also partially inhibits thrombin- and VEGF-induced

permeability of HUVEC cells [74]. Although the recep-

tors or molecular targets on endothelial cells underlying

these effects of vasostatin-I is unclear, involvement of

p38MAP kinase signaling cascade via a pertussis toxin
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(PTX)-sensitive mechanism has been hypothesized

(Fig. 2; [41]). However, since endothelial dysfunction is

associated with pathophysiology of cardiovascular

disease states including EH [75–77], vasostatin-I may

have modulatory role in EH by virtue of its endothelial

barrier-protective function.

Fig. 2 Plausible molecular mechanisms of action of the CHGA-

derived peptides vasostatin-I and catestatin in various cell types. A

schematic of the major signaling pathways by which these peptides

may exert their cardiovascular activities is presented. Catestatin acts

on (1) mast cells to stimulate release of the vasodilator histamine in a

receptor-independent manner via inhibitory heterotrimeric G-proteins

[41], (2) chromaffin cells/neurons to inhibit exocytotic release (that

involves intracellular free Ca2?-triggered docking of catecholamine

storage vesicles on the cytoplasmic membrane) of catecholamines via

non-competitive blocking of nAChR [29], (3) endocardial endothelial

cells to activate release of the vasorelaxant NO via Protein kinase B

signaling to eNOS [95]. Vasostatin-I acts on (1) endothelial

endocardial cells to modulate NO release via the PTX-sensitive Gi/

0-Akt-eNOS signaling similar to catestatin [82] and (2) endothelial

cells to inhibit endothelial dysfunction via down-regulation of p38

MAP kinase phosphorylation involving protection of Gia subunit of Gi

proteins, which tonically inhibit downstream signaling through Hsp

27 and the contractile apparatus [41]. ER Endoplasmic reticulum, GC
Golgi complex, NM nuclear membrane, CM cytoplasmic membrane,

CHGA chormogranin A, Ach Acetylcholine, nAChR nicotinic acetyl

choline receptor, NO nitric oxide, Akt Protein kinase B, eNOS
endothelial nitric oxide synthase, PI-3K phosphoinositide 3-kinase,

MAPK mitogen activated protein kinase, HSP heat shock protein
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Several recent studies have reported that vasostatin-I

also exerts negative myocardial inotropy (i.e., inhibition of

myocardial contraction) both under basal and beta-adre-

nergic-stimulated conditions [78–81]. In isolated and

perfused frog heart, vasostatin-I inhibited myocardial ino-

tropy and counteracted the positive inotropism evoked by

the beta-adrenergic agonist isoproterenol [78, 80]. Like-

wise, in Langendorff-perfused rat heart, the native rat

CHGA1–64 peptide corresponding to the human N-terminal

vasostatin-I (rCHGA1–64, which contains the disulphide

bridge between Cys17 and Cys38 residues) induced nega-

tive inotropism and lusitropism (i.e., inhibition of

myocardial relaxation) under basal conditions [82]. The rat

CHGA1–64 peptide also resulted in coronary dilation [82],

consistent with vasostatin-induced vasodilation in human

thoracic artery, saphenous vein [26], and bovine coronary

arteries [69]. It is, however, noteworthy that the human

recombinant vasostatin-I (in contrast with the rCHGA1–64)

did not alter the coronary pressure although it displayed

similar effects on myocardial contraction and relaxation

parameters in the rat heart under unstimulated conditions

[83], indicating distinct species-specific vasomotor sensi-

tivities against homologous versus heterologous vasostatin

peptides. The rCHGA1–64 also counteracted isoproterenol-

and ET-1-induced positive inotropic effects and ET-1-

dependent coronary constriction in the rat heart [82]. This

is consistent with the abolition of isoproterenol-induced

positive inotropism in the rat heart by the human recom-

binant vasostatin-I [83]. Notably, ET-1 plays important

physiological roles in the regulation of normal cardiovas-

cular function, and excessive generation of ET-1 has been

linked to major cardiovascular pathologies, including

hypertension and heart failure [84]. Therefore, the dem-

onstration of the potent vasodilatory action of the

rCHGA1–64 peptide in ET-1 pre-constricted coronaries [82]

is of crucial pathophysiological relevance. It is conceivable

that, in addition to its anti-adrenergic activity, rCHGA1–64

may function as a cardiac counter-regulatory modulator

during exaggerated cardiac hyperactivity, such as neuro-

endocrine cardiomyopathy and myocardial necrosis [82].

The rCHGA1–64 peptide also reduced papillary muscle

contractility under both basal conditions and with beta-

adrenergic stimulation [82]. On the other hand, the human

recombinant vasostatin-I had no effect on basal contrac-

tility of rat papillary muscle although the peptide

significantly reduced the effect of isoproterenol-stimulation

[85], suggesting a more specific action of the rCHGA1–64

peptide in the rat heart. However, both rCHGA1–64 and

human recombinant vasostatin-I peptides promote NO

release from endocardial endothelial cells in a calcium-

independent/phosphatidylinositol 3-kinase (PI3K)-depen-

dent manner [82, 85]. Additionally, preconditioning with

the human vasostatin-I displayed a marked protective

effect against the cardiac ischemia-evoked left ventricular

infarction [86].

Taken together, cardiodepressive and cardioprotective

effects of vasostatin-I appear to involve the PTX-sensitive

G-proteins -NO -cyclic GMP -PKG and adenosine A1

receptor -PKC signaling pathways (Fig. 2; [82, 83, 86]).

Thus, although a direct function of vasostatin-I in blood

pressure regulation has not yet been reported, endogenous

vasostatin-I may play important roles under pathophysio-

logical conditions particularly in the presence of intense

adrenergic stimuli (e.g., myocardial stress) providing ben-

eficial effects for the stressed heart via vasodilation,

protection of endothelial structural integrity, and counter-

activity of cardiac contraction and relaxation. Therefore,

this multifunctional peptide acting as a modulator of car-

diovascular elements may indirectly contribute to the

regulation of systemic blood pressure.

Catestatin

A growing body of evidence shows that this 21 residue,

cationic and hydrophobic peptide (Fig. 1) plays important

roles in the regulation of blood pressure and cardiac

function [87]. The plasma catestatin concentration was

reported to inversely correlate with hypertension. For

example, the plasma catestatin level was diminished in not

only established hypertensives but also in their still nor-

motensive offspring. This is in contrast with the

observation that the plasma concentration of the parent

molecule CHGA is elevated in hypertensive individuals,

indicating deficiency in the processing of this prohormone

in hypertension. Notably, family history was observed to

have a strong influence: despite having similar blood

pressures, normotensive subjects with a positive family

history displayed significantly lower catestatin levels than

those having a negative family history [88]. Thus, the

decline in plasma catestatin may be a very early event

(even pre-hypertensive) in the course of development of

hypertension rather than a late response to the disease state,

suggesting a pathophysiologic role of catestatin.

What might be the mechanism of catestatin-mediated

blood pressure regulation? Studies in adrenal chromaffin

cells [29, 89, 90], in voltage-clamped Xenopus laevis

oocytes [91] as well as in mice [43] documented that this

peptide acts as a potent antagonist of nicotinic cholinergic

receptor, the physiological trigger to efferent autonomic

outflow. Therefore, diminished catestatin in circulation

may result in augmented catecholamine secretion. Indeed,

in addition to lower plasma catestatin levels, individuals

with a positive family history of hypertension displayed

*2-fold elevation in urinary epinephrine excretion than

those with a negative family history [88]. Corroboratively,

the resting arterial plasma norepinephrine concentration
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was reported to be *1.7-fold higher in these subjects when

compared with those having no family history of EH [92].

Consistent with such apparent tonic sympathoinhibitory

effect of catestatin, subjects with lower plasma catestatin

displayed higher blood pressure elevations to cold stress

[88]. The enhanced pressor response to a sympathoadrenal

stressor in catestatin-deficient subjects suggests an adren-

ergic mechanism whereby diminished circulatory catestatin

may lead to the development of hypertension in later years

of life [88]. Thus, the diminished plasma catestatin level

emerges as an ‘‘intermediate phenotype’’ for EH.

Consistent with these observations in humans, infusion

of exogenous human catestatin resulted in a substantial

reduction (from 138 to 98 mmHg) of elevated SBP in

chga-/- mice. The SBP of wild-type (chga?/?) mice was

also found to decrease (from 104 to 88 mmHg), after

catestatin injection (Fig. 3; [25]. Although the exact

mechanism of the depression of blood pressure after

catestatin infusion is not yet known, the antagonistic

activity of this peptide to nicotinic cholinergic receptor

may play an important role by acting as a ‘physiological

brake’ on transmitter release from the sympathochromaffin

system (Fig. 2). In corroboration with this explanation,

plasma catecholamine levels in chga-/- mice (that lack

catestatin because of the absence of the parent molecule)

were *2-fold higher than those in chga?/? mice [25]. Of

note, in an experimental rat model, catestatin displayed

vasodepression activity by augmentation of histamine

release into the circulation [93], possibly via stimulation of

mast cells in a receptor-independent manner involving

PTX-sensitive inhibitory GTP-binding proteins (Fig. 2;

[41]). However, it is not yet known whether the hypoten-

sive effect of catestatin in mice is contributed by the

vasodilatory action of histamine released from mast cells.

More recently, it has been reported that (similar to va-

sostatin-I) catestatin also acts as a cardio-suppressive agent

exhibiting reduction of stroke volume and stroke work,

inhibition of the positive inotropic effect evoked by iso-

proterenol/ET-1, in isolated avascular frog heart [94]. The

underlying mechanism involves eNOS, cGMP, and ET-1

receptor since pre-treatment with inhibitors of these sig-

naling molecules abolishes this catestatin effect [94].

Catestain has also been reported to exhibit negative inot-

ropism and negative lusitropism under basal conditions,

and to inhibit/counteract isoproterenol- or ET-1-induced

positive inotropism and coronary constriction in Lange-

ndorff-perfused rat heart model [95], similar to vasostatin-

I. Angelone et al. [95] also tested the myocardial effects of

two naturally occurring human variants of catestatin (viz.

Gly364Ser and Pro370Leu) along with the wild-type pep-

tide. In contrast to the wild-type catestatin, the Gly364Ser

variant did not affect basal cardiac performance but abol-

ished isoproterenol-induced positive inotropism and

lusitropism, while Pro370Leu variant decreased the RPP

(an index of cardiac work) and inhibited/reduced isopro-

terenol-induced positive inotropism and lusitropism [95].

The inotropic and lusitropic effects of catestatin are abol-

ished by inhibition of beta2-adrenergic receptors, Gi/o

protein, nitric oxide, or cGMP, indicating involvement of

beta2-adrenergic receptors-Gi/o protein-nitric oxide-cGMP

signaling mechanisms (Fig. 2; [95]). These cardio-protec-

tive effects of catestatin reveal a new cardiovascular role

for this anti-hypertensive peptide, particularly under

harmful conditions of abnormal systemic/intra-cardiac

excitatory stimuli (e.g., as catecholamines and ET-1) tar-

geting the heart as seen in hypertensive cardiomyopathy.

Thus, both vasostatin and catestatin exert cardiosup-

pressive effects in experimental animal models. Although

detailed molecular mechanisms are not yet established,

both peptides appear to rely on the release of NO from

endocardial endothelium cells (Fig. 2). It remains to be

explored whether these peptides act in an additive or

competitive manner in ex-vivo (Langendorff model) as

well as in vivo conditions.

These two CHGA-derived peptides may also exert

beneficial effects during cardiovascular dysfunction pro-

voked by inflammation. For example, chromofungin

(CHGA47–66, that corresponds to the antifungal domain of

Fig. 3 Catestatin infusion results in lowering of blood pressure in

mice. Systolic blood pressure (SBP) was measured before and

120 min after injection of catestatin (20 nmol/25 g body weight,

intraperitoneally; expected to result in a concentration of *4 lM in

the extracellular space) to four chga knock out (chga-/-) and four

wild-type littermate (chga?/?) by telemetry (chga-/-). The data for

generating this plot were taken from [25]. The data were evaluated by

unpaired Student’s t test with the InStat 3 program (GraphPad

Software). An exaggerated lowering of SBP was observed in the case

of chga-/- mice displaying anti-hypertensive effect of the peptide
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vasostatin-I) and catestatin have recently been shown to

stimulate exocytosis from PMNs (the central effectors in

innate immune response to inflammatory stimuli) by

inducing calcium influx [96]. Both these peptides penetrate

into the PMNs, bind with calmodulin, and activate store-

operated calcium channels via calcium-independent phos-

pholipase A2. This study clearly depicts immunomodulatory

function of the vasostatin-I fragment and catestatin, sug-

gesting important roles for these CHGA-derived peptides as

mediators in the cross-talk between the neuroendocrine and

immune systems, which may be relevant in several cardio-

vascular pathological conditions.

Conclusions and perspectives

A number of phenotypic studies (for example, over-

expression of the CHGA mRNA in genetically hyperten-

sive rodents [58, 59], higher plasma concentration of the

CHGA protein in hypertensive individuals [54, 56], and

lower concentration of plasma catestatin in established

hypertensives, as well as their still normotensive offspring

[88]) over the past several years led to the development of a

hypothesis that the CHGA gene may be linked to EH.

Consistent with this hypothesis, ablation of the gene in

mice was observed to result in major alterations of auto-

nomic/cardiovascular physiology including severe

hypertension and left ventricular hypertrophy [25], pro-

viding a direct association of this gene with EH.

Interestingly, the hypertension in chga-/- mice was res-

cued by ‘‘humanization’’ of these mice at the CHGA locus

or by exogenous administration of catestatin [25], implying

a hypotensive effect of the CHGA-derived catestatin pep-

tide. However, because CHGA also gives rise to the

vasoactive peptide vasostatin-I in vivo, the rescue of

hypertension by expression of human CHGA might also

have resulted in or been contributed by vasostatin-I.

Therefore, generation and functional characterization of

mouse models that specifically cannot produce catestatin

and vasostatin-I peptides may provide better insight into

the individual role of these peptides in the pathogenesis of

hypertension.

Vasostatin-I may also function as a cardiocirculatory

homeostatic stabilizer because it is a potent inhibitor of

cardiac contraction and relaxation, a non-competitive

counter-regulator of beta-adrenergic stimulation and a

protecting agent in ischemic preconditioning [81], although

this peptide (unlike catestatin) has not directly been asso-

ciated with pathogenesis of hypertension. Nonetheless, the

observation that the native rat vasostatin peptide

rCHGA1–64 functions as a potent vasodilator on ET-1 pre-

constricted coronaries [82] is of crucial pathophysiological

relevance in view of significant roles of ET-1 in hyper-

tension and heart failure [84]. Moreover, functional

interactions among vasostatins, catecholamines, and neu-

ropeptides are likely to be important for maintaining

vascular homeostasis, particularly under intense cardio-

excitatory stimuli [81, 95].

Complementary to observations in mice and rats

implicating a pathogenetic role for CHGA in hypertension,

the human Gly364Ser variant of catestatin was strongly

associated with blood pressure variation and prediction of

risk for EH (Gly as the risk factor allele), especially in men

[62]. It is noteworthy that no naturally occurring variant of

the vasostatin-I peptide has so far been reported. Further-

more, it is also not known whether the plasma

concentration of vasostatin-I is diminished in patients with

established hypertension and those with a genetic risk for

this disorder, as observed in the case of catestatin. This

investigation may not only provide a direct association of

this peptide with EH, it would also be crucial towards

understanding whether the proteolytic processing of CHGA

to these active peptides of cardiovascular relevance takes

place in a uniform manner or a particular peptide is pro-

cessed preferentially over others in EH. More recently,

common variations in CHGA promoter region (viz. G at the

-462 position instead of A and TTGTC haplotype con-

taining the G-462 allele as risk factor genotypes) have been

associated with alteration of blood pressure in humans [36].

Additionally, a common UTR variant (C?87T) and the

most common haplotype, GGCC, containing the C?87

allele was strongly associated with EH [37] in men. The

underlying mechanism of blood pressure regulation by

promoter/UTR variants is likely to be alteration of CHGA

expression that would change the autonomic tone causing

sustained alterations in blood pressure in the later period of

life. Taken together, common genetic variants at the CHGA

locus influence blood pressure and risk for EH, at least in

people of European ancestry. Of note, two CHGA haplo-

types have recently been shown to increase the risk for

hypertension in ESRD-patients of African ancestry [97].

Thus, the accumulated experimental evidence estab-

lishes CHGA as a novel susceptibility gene for EH.

Replication studies in subjects with different ancestries will

permit assessment of the role of CHGA in EH in the gen-

eral population that may ultimately lead to the possible

clinical application of both the genotypic data (certain

genetic variants as risk factor/protective alleles) and phe-

notypic data (circulating levels of CHGA and its

proteolytically-cleaved peptides as biomarkers) for man-

agement of cardiovascular diseases.
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