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Abstract

Catestatin (CST), an endogenous anti-hypertensive/anti-adrenergic peptide, is a novel regulator of 

cardiovascular physiology. Here, we report case-control studies in two geographically/ethnically-

distinct Indian populations (n≈4000) that showed association of the naturally-occurring human 

CST-Gly364Ser variant with increased risk for hypertension (age-adjusted odds ratios: 1.483, 

p=0.009 and 2.951, p=0.005). Consistently, 364Ser allele carriers displayed elevated systolic (up 

to ~8 mmHg, p=0.004) and diastolic (up to ~6 mmHg, p=0.001) blood pressure. The variant allele 

was also found to be in linkage disequilibrium with other functional SNPs in the CHGA promoter 

and nearby coding region. Functional characterization of the Gly364Ser variant was carried out 

using cellular/molecular biological experiments (viz. peptide-receptor binding assays, nitric oxide 

[NO], phospho extracellular regulated kinase [ERK] and phospho endothelial nitric oxide synthase 
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[eNOS] estimations) and computational approaches (molecular dynamics simulations for 

structural analysis of wild-type [CST-WT] and variant [CST-364Ser] peptides, and docking of 

peptide/ligand with beta-adrenergic receptors [ADRB1/2]). CST-WT and CST-364Ser peptides 

differed profoundly in their secondary structures and showed differential interactions with 

ADRB2; while CST-WT displaced the ligand bound to ADRB2, CST-364Ser failed to do the 

same. Furthermore, CST-WT significantly inhibited ADRB2-stimulated ERK activation 

suggesting an antagonistic role on ADRB2 unlike CST-364Ser. Consequently, CST-WT was more 

potent in NO production in human-umbilical-vein-endothelial-cells as compared to CST-364Ser. 

This NO producing ability of CST-WT was abrogated by ADRB2 antagonist ICI 118551. In 

conclusion, CST-364Ser allele enhanced the risk for hypertension in human populations, possibly 

via diminished endothelial NO production due to altered interactions of CST-364Ser peptide with 

ADRB2 as compared to CST-WT.
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Chromogranin A (CHGA) is a ~50-kDa soluble, acidic glycoprotein that plays an essential 

role in the formation of catecholamine secretory vesicles in neuronal, endocrine and 

neuroendocrine tissues1. Expression levels of CHGA have been found to be elevated in 

rodent models of both genetic2, and acquired forms of hypertension3. Elevated plasma 

CHGA levels are associated with clinical severity and serve as independent prognostic 

indicators in patients with complicated myocardial infarction4, acute coronary syndromes5, 

and chronic heart failure6.

CHGA also acts as a pro-hormone and gets cleaved to give rise to several bioactive 

peptides7, including vasostatin (human CHGA1–76, a vasodilator and suppressor of inotropy/

lusitropy)8, pancreastatin (PST; human CHGA250–301, a dysglycemic hormone)9, catestatin 

(CST; human CHGA352–372, an anti-hypertensive and cardio-suppressive agent), parathyroid 

hormone release inhibitor parastatin (human CHGA356–428)10, and serpinin (human 

CHGA411–436, a myocardial beta-adrenergic-like agonist)11. CST was discovered initially as 

a physiological brake of the adreno-sympathetic-chromaffin system due to its potent 

catecholamine release-inhibitory function12, 13, which it manifests by acting specifically on 

the neuronal nicotinic acetylcholine receptor14, 15. Plasma CST level is diminished in 

hypertensive individuals and even in the normotensive offspring of the established 

hypertensive patients, suggesting its pathogenic role in development of hypertension16. 

Consistently, severe hypertension in CHGA knockout (and thereby, CST-lacking) mice is 

rescued by the exogenous administration of CST, revalidating its role as an anti-hypertensive 

molecule17. Many functionally active DNA variants have been discovered in the promoter, 

coding and 3′-untranslated regions of the human CHGA gene7, 18. Re-sequencing of the 

CST expressing region of CHGA in several human populations has revealed the occurrence 

of a number of single nucleotide polymorphisms (SNPs) (Supp. Table S1). A previous report 

from our laboratory has confirmed the presence of the Gly364Ser (rs9658667) variation and, 

in addition, discovered a novel SNP, Gly367Val (rs200576557) in a Chennai (South India) 
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population19. In this report, we analyzed the effect of the Gly364Ser variation on metabolic/

cardiovascular disease states in a larger sample size (n=3200 individuals) in the Chennai 

population. As part of a replication study, we also genotyped the variant in a geographically/

ethnically distinct North Indian population from Chandigarh (n=760 individuals). In both the 

populations, the 364Ser allele showed strong associations with elevated blood pressure (BP) 

levels and hypertension.

CST peptides have been found to dose-dependently reduce the effect of beta-adrenergic 

stimulation20. This reduction is mediated by a nitric oxide (NO) releasing action of CST in 

endocardial endothelial cells, rather than a direct myocardial action of the peptide. Studies in 

the ex vivo models of Langendorff-perfused rat heart21, amphibian (Rana esculenta) heart22, 

and fish (Anguilla anguilla) heart23, have also documented the anti-adrenergic as well as 

cardiac inotropy/lusitropy modulatory effects of CST. Based on these observations, we 

questioned whether regulation of NO generation by CST peptides is due to their direct 

interactions/effects on beta-adrenergic receptors (ADRB1/2). To understand the mechanistic 

basis of differential BP manifestations in the individuals due to CST peptides, we performed 

biochemical studies to assess NO generation, extracellular regulated kinase [ERK] 

activation, endothelial nitric oxide synthase [eNOS] phosphorylation and the direct binding 

of CST peptides to ADRB1/2. In addition, we used a comprehensive set of computational 

tools including molecular modelling, docking and molecular dynamics simulations to 

analyse the potential of CST-WT and CST-364Ser peptides to bind to ADRB1/2. 

CST-364Ser peptide exerted altered interactions with ADRB2 and led to diminished 

endothelial NO production (as compared to the CST-WT peptide) which may account for the 

increased risk for hypertension in 364Ser carriers.

 METHODS

The detailed methodologies are included in the Supplementary Information.

 Human subjects and study design

The present case-control study recruited 3200 and 760 unrelated human volunteers in 

Chennai (South India) and Chandigarh (North India), respectively. The detailed 

demographic and clinical parameters are given in the Supp. Tables S2 and S3.

Each subject gave informed, written consent for the use of their blood samples for genetic 

and biochemical analyses in this study. This study was approved by the Institute Ethics 

Committee at IITM in accordance with Declaration of Helsinki (reference number: IITM 

IEC No. 2007008).

The exon-7 region of CHGA was re-sequenced in 1763 subjects to detect the presence of 

SNPs in the CST, PST and parastatin domains. Another 2197 subjects were genotyped for 

the Gly364Ser SNP by Taqman® allelic discrimination method. We also re-sequenced the 

CHGA promoter region in 581 study subjects using specific primers19.
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 Data representation and statistical analysis

The experimental data results and the phenotypic characteristics in the human study are 

expressed as mean ± SE. Allele frequencies were estimated by gene counting. A Pearson’s 

χ2 test was employed to compare the distribution of the genotypes. Statistical analysis was 

carried out using the Statistical Package for Social Sciences (SPSS) version 21.0. Haploview 

4.2 was used for linkage disequilibrium (LD) analysis24. A p value of <0.05 was chosen as 

statistically significant. The power of the study was calculated using Quanto version 1.2.4.25. 

Meta-analysis was carried out using the OpenMeta[Analyst] software 

(www.cebm.brown.edu/open_meta/).

 Synthesis of CST Peptides

The CST wild-type (CST-WT, SSMKLSFRARAYGFRGPGPQL) and CST-364Ser variant 

(CST-364Ser, SSMKLSFRARAYSFRGPGPQL) peptides were synthesized by solid phase 

method and purified as described previously19.

 Measurement of NO levels and eNOS activity in cultured human umbilical vein 
endothelial cells (HUVECs)

Experimental procedures involving umbilical cords were reviewed and approved by the IIT 

Madras institutional ethics committee in accordance with Declaration of Helsinki revised in 

2000 (reference number: IITM IEC No. 2009024). HUVECs were isolated from umbilical 

cords by digestion with collagenase as described previously26. NO levels in HUVECs were 

measured by 4, 5-Diaminofluorescein diacetate (DAF-2 DA) method as described 

previously27. Activation of eNOS in HUVECs by CST peptides was assessed by Western 

blotting and detection of phospho-eNOS-Ser1177.

 Isolation of ADRB1/2-expressing plasma membranes, radio-ligand binding and 
competition binding assays

HEK-293 cells stably expressing ADRB1/2 were treated with isoproterenol and CST 

peptides. Activation of ERK as a measure of ADRB1/2-activation in ADRB1/2 HEK-293 

cells was assessed by immunoblotting and detection of phospho-ERK as described 

previously28.

Purification of plasma membranes from control HEK-293 and ADRB1/2 HEK-293 cells was 

performed as described previously29, 30. To test the level of ADRB1/2 expression, [125I]-

cyanopindolol saturation radio-ligand binding was performed on the isolated plasma 

membranes. Competition binding was performed by incubating 20 μg of plasma membranes 

with saturating concentrations of CST-WT and CST-364Ser peptides in the range of 10 

pmol/L to 1 mmol/L.

 Homology modeling of ADRB1/2 receptors and CST peptides and analysis of peptide-
receptor interactions

The crystal structure of ADRB2 with resolution 2.4 Å, was obtained from protein data bank 

(PDB ID:2RH1)31. The structure of ADRB1 was modelled by using the structure of ADRB2 

as a template. The 3D structures of CST-WT and CST-364Ser were generated following a 
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similar protocol as proposed earlier32. The residue Gly364 in the NMR structure of CST 

(PDB ID:1LV4) was mutated to 364Ser using Modeller 9v1333. Short energy minimizations 

were performed on both the peptide structures to optimize the side chain positions. The 

minimized structures were subsequently subjected to 300 nanoseconds explicit water 

molecular dynamics (MD) simulations to generate an ensemble of refined CST-WT and 

CST-364Ser conformations.

Protein-protein dockings of CST peptides on ADRB1/2 were performed using ZDOCK 

algorithm34. During molecular docking, CST peptides were allowed to search the 

extracellular region of the ADRB1/2 receptors to identify the best binding location. Out of 

the 100 binding modes of CST peptides to ADRB1/2, the best docked complex was 

identified based on the ZDOCK score.

All the structural figures were rendered using Visual Molecular Dynamics (VMD)35. The 

CST-ADRB2 interactions were identified using PDBsum36, and cyanopindolol-ADRB2 

interactions were identified using LigPlot+37.

 RESULTS

 Discovery and occurrence of the CST Gly364Ser SNP in Indian populations

Re-sequencing of the CST region of CHGA in 1763 subjects from an urban Chennai (South 

Indian) population consisting of type 2 diabetes (DM) / hypertension (HTN) cases and 

controls led to discovery of two variants: Gly364Ser (rs9658667) and Gly367Val 

(rs200576557). Because the Gly364Ser variation was common (>5% minor allele frequency 

[MAF]), we genotyped additional 918 subjects for this SNP by Taqman® allele 

discrimination method in the same population. We also genotyped the SNP in a population 

of Coronary Artery Disease (CAD) patients from the same region (Chennai). The Gly364Ser 

SNP, which is caused by an A to G transition at the 9559 bp position leading to the 

substitution of codon GGC by codon AGC at the 364th amino acid position of the mature 

CHGA protein (Supp. Fig. S1), was found to occur at 6.34% MAF, i.e., in ~13% of the study 

population (Supp. Table S4). We then carried out a second replication study in a population 

from Chandigarh (North Indian) consisting of hypertensive cases and controls. Here, 

surprisingly, we found the SNP at a much lower MAF (3.48%), i.e., only in ~7% of the 

population, without the presence of a single homozygous variant in 760 individuals (Supp. 

Table S4).

Genotype frequencies were found to be in Hardy-Weinberg Equilibrium (HWE) in the 

Chennai DM/HTN (χ2=1.286, p=0.256), Chennai CAD (χ2=0.250, p=0.617), Chandigarh 

HTN (χ2=1.047, p=0.306) and Chandigarh controls (χ2=0.142, p=0.706) populations. The 

Chennai controls population, however, showed a departure from HWE (χ2=6.799, p=0.009). 

On closer observation of the genotypes in this population, we found that the presence of only 

two homozygous variants accounted for this departure.

 364Ser allele is associated with hypertension in independent populations

The Chennai population was divided into different disease groups (DM, HTN and CAD) and 

logistic regression analysis was carried under both the genotype (GG vs. AG and GG vs. 
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AA) and dominant (GG vs. AG+AA) genetic models. Due to the small number of 

homozygous-variant individuals (n=18), the recessive model was not used. Gly364Ser allele 

was found to be associated with hypertension under both the models, with unadjusted odds 

ratios (OR) of 1.440 (95% confidence interval [CI]=1.072–1.933, p=0.015) for GG vs. AG 

and 1.385 (CI=1.039–1.846, p=0.026) for GG vs. AG+AA (Table 1). The associations 

retained significance even after adjusting individually for age, sex, body mass index (BMI) 

as well as all three factors together (Table 1). An additional adjustment for anti-hypertensive 

medications along with age, sex and BMI also showed significant association for GG vs. AG

+AA at OR=1.694 (CI=1.018–2.819, p=0.042). Interestingly, stronger associations of the 

364Ser allele with hypertension were detected in a subgroup (having BMI <24) of this 

population under both dominant genetic model (unadjusted OR=1.856, CI=1.234–2.792, 

p=0.003; age-adjusted OR=1.983, CI=1.312–2.997, p=0.001; sex-adjusted OR=1.856, 

CI=1.227–2.809, p=0.003) and GG vs. AG genotype model (unadjusted OR=1.754, 

CI=1.155–2.662, p=0.008; age-adjusted OR=1.854, CI=1.216–2.826, p=0.004; sex-adjusted 

OR=1.775, CI=1.164–2.709, p=0.008). The 364Ser allele also showed higher frequency in 

subjects having any of the three disease states (DM/HTN/CAD); although the unadjusted 

ORs were not significant, adjustment with age yielded modestly significant ORs of 1.325 

(CI=1.024–1.714, p=0.032) and 1.299 (CI=1.011–1.667, p=0.041) under the genotype and 

dominant models, respectively.

The replication population (Chandigarh) also showed strong association of the 364Ser allele 

with hypertension. Since there were no homozygous variant individuals identified in this 

population, the logistic regression analysis based on both genotype and dominant models 

yielded the same results. The unadjusted OR was highly significant at 2.662 (CI=1.420–

4.990, p=0.002) (Table 1). The association persisted even after adjusting for age at 

OR=2.951 (CI=1.390–6.265, p=0.005), sex at OR=2.639 (CI=1.389–5.013, p=0.003) and 

age & sex together at OR=2.862 (CI=1.359–6.028, p=0.006) (Table 1). Adjusting for 

smoking and dyslipidemia as well (data for which was not available for a large section of our 

study subjects) would have made this study stronger.

 Association of 364Ser variant with elevated BP levels in independent populations

In the primary Chennai population, there was a significant trend of increased BP levels in 

the carriers of the 364Ser allele as compared to the wild-type individuals. Initially, we 

compared the BP levels among the different genotype groups in 2069 individuals from the 

overall DM/HTN population. The variant individuals had ~2.5 mmHg higher systolic blood 

pressure (SBP, p=0.045), ~1.5 mmHg higher diastolic blood pressure (DBP, p=0.074) and ~2 

mmHg higher mean arterial pressure (MAP, p=0.043) levels than the wild-type individuals. 

Next, to adjust for the effect of the anti-hypertensive medications, 60 individuals without 

information for anti-hypertensive medication were removed and the analysis was repeated 

after adjusting BP for medication in the remaining 2009 individuals38. After drug 

adjustment, 364Ser carriers displayed ~3 mmHg higher SBP (p=0.047), ~2 mmHg higher 

DBP (p=0.045) and ~2.5 mmHg higher MAP (p=0.030) levels as compared to Gly364 

carriers (Fig. 1A, 1B, 1C). Adjusting for age via ANCOVA further strengthened the 

association for SBP (p=0.031), DBP (p=0.044) and MAP (p=0.025) (Table 2).
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In the Chandigarh population as well, we found 364Ser to be associated with elevated BP 

levels. The variant allele carrying individuals showed ~8 mmHg higher SBP (p=0.004), ~6 

mmHg higher DBP (p=0.001) and ~7 mmHg higher MAP (p=0.001) levels than the wild-

type individuals (Fig. 1A, 1B, 1C). For the hypertensive cases, the pre-treatment BP levels 

were considered for association.

We further divided our Chennai and Chandigarh populations into different BP ranges and 

calculated the frequencies of the 364Ser allele in each range. With an increase in the severity 

of the disease there was an increase in the percentage of people harboring the variant allele 

(for Chennai: linear-by-linear association χ2=3.99 and p=0.046, for Chandigarh: linear-by-

linear association χ2=12.89 and p=0.0003) (Fig. 1D, 1E).

The unadjusted power of the study for the hypertensive Chennai population was 65.6% and 

on adjusting for age, sex and BMI, the power of the study stood at 73.1%. For the 

Chandigarh population, the unadjusted power was 98.5%, while power adjusted for age and 

sex was 98.3%.

 364Ser allele is in linkage disequilibrium (LD) with CHGA promoter SNPs and 
neighboring exon-7 coding variants

Previous studies have discovered the occurrence of common SNPs in the CHGA promoter as 

well as coding regions18, 19, 39. Many of these SNPs have been found to be functionally 

active, either in altering the transcriptional activity of the promoter18 or the potencies of the 

peptides they are found in18, 32, 39, 40. We had the complete genotyped data for 581 

individuals for the Gly364Ser SNP, 8 CHGA promoter SNPs [−1106G→A (rs9658628), 

−1018A→T (rs9658629), −1014T→C (rs9658630), −988T→G (rs9658631), −462G→A 

(rs9658634), −415T→C (rs9658635), −89C→A (rs7159323), −57C→T (rs9658638)] and 3 

other neighboring SNPs in the CHGA exon-7: Gly297Ser (rs9658664), Arg381Trp 

(rs729940), Glu403Glu (rs729939). To test whether the Gly364Ser variant is likely to be 

segregated with any of these other common SNPs, and whether association with the variant 

is also being contributed by them, we carried out an LD analysis using the genotyped data 

for the 581 subjects. The Gly364Ser variant was found to be in LD with 7 out of the 11 

polymorphisms: 4 in promoter (−1106G→A, −1018A→T, −415T→C and −57C→T) and 3 

in CHGA exon-7 (Gly297Ser, Arg381Trp and Glu403Glu) (Supp. Fig. S2).

 CST peptides differ in nitric oxide (NO) production ability in human umbilical vein 
endothelial cells (HUVECs)

In order to investigate the increase in BP levels in the presence of the 364Ser allele, we 

tested whether the wild-type and variant peptides differ in their efficacies in inducing NO 

production in vascular endothelial cells. Initially, we treated HUVECs with two doses of 

CST-WT (0.1 nmol/L and 1 nmol/L), both of which significantly increased (p<0.001) the 

NO levels as compared to the basal condition (Fig. 2A). The NO indices followed the order: 

1 nmol/L CST-WT (2.50) > 0.1 nmol/L CST-WT (2.35) > basal (1.90) (Fig. 2B). Since at 

both the doses the peptide showed significant effect, we then chose to continue with a dose 

of 1 nmol/L to compare the activities of the variant and the wild-type peptide. Treatment of 

HUVECs with CST-WT or CST-364Ser showed that NO indices were increased with both 
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the peptides compared to basal (p<0.001), but however, the increase with CST-WT was 

significantly higher than CST-364Ser variant (p<0.001) (Fig. 2C); the NO indices in 

HUVECs were in the following order: CST-WT (22.85) > CST-364Ser (19.26) > basal 

(16.85) (Fig. 2D). Interestingly, when both the peptides were added in an equimolar ratio as 

a representative of the heterozygous condition, the NO index (19.89) was in between that of 

the wild-type and variant peptide (Fig. 2C and 2D).

In view of the direct links between stimulation of cardiovascular beta-adrenergic receptors 

and NO generation41, we sought to test whether the NO effects of the CST peptides are 

routed through their interactions with the beta-adrenergic receptors ADRB1 and ADRB2. 

Accordingly, we treated HUVECs with ADRB1/2 antagonists (viz. CGP 20712 for ADRB1 

and ICI 118551 for ADRB2), followed by treatment with the CST peptides. The ADRB2 

antagonist was found to significantly blunt the NO increasing effect of the CST-WT peptide 

(NO index for CST-WT: 9.09 vs. NO index for CST-WT+ICI 118551: 8.01) while it did not 

do the same in the case of CST-364Ser peptide (NO index for CST-364Ser: 8.80 vs. NO 

index for CST-364Ser+ICI 118551: 8.36) (Fig. 2E and 2F). ADRB1 antagonist failed to 

show any inhibition of the NO levels produced by both peptides (Supp. Fig. S3).

Next, to assess the effect of CST peptides on eNOS activity, we checked the phosphorylation 

levels of eNOS at Ser1177 residue, after treatment with the CST peptides. CST-WT increased 

the phosphorylation at Ser1177 of eNOS as compared to CST-364Ser (Fig. 2G). Since 

phosphorylation at Ser1177 leads to activation of eNOS, these results suggest an overall 

higher eNOS activity in cells treated with CST-WT.

 Differential interactions of CST peptides with beta-adrenergic receptors (ADRB1/2): 
experimental evidence

We then tested the interactions of the CST peptides with ADRB1/2 to see whether their 

altered interactions with either of the receptors can explain their differential NO effects. 

Competition binding assays were performed with [125I]-cyanopindolol using HEK-293 cells 

stably expressing human ADRB1/2. The levels of ADRB1/2 expression were assessed by 

performing radio-ligand binding using saturating concentrations of [125I]-cyanopindolol on 

plasma membranes isolated from ADRB1/2 expressing HEK-293 cells. ADRB1 HEK-293 

cells showed ~109-fold (p<0.0001) higher levels of ADRB1 expression (Supp. Fig. S4A) as 

HEK-293 cells have very sparse endogenous expression of ADRB1. ADRB2 HEK-293 cells 

showed ~16-fold (p<0.0001) higher level of ADRB2 expression compared to control 

HEK-293 cells (Fig. 3A) as HEK-293 cells do have some level of endogenous ADRB2s. 

Plasma membranes from ADRB1/2 HEK-293 cells were then subjected to an indirect 

competition ligand binding assay wherein we tested for the ability of increasing doses (10 

pmol/L to 1 mmol/L) of CST-WT or CST-364Ser peptides to displace saturating 

concentrations of labelled cyanopindolol. In ADRB2 HEK-293 cells, CST-WT peptide 

competitively displaced the [125I]-cyanopindolol with increasing concentrations (p<0.0001, 

F=2300, R2=0.998) in contrast to CST-364Ser peptide which did not displace or compete 

with cyanopindolol (Fig. 3B). However, in ADRB1 HEK-293 cells, both the peptides failed 

to displace [125I]-cyanopindolol with increasing concentrations (Supp. Fig. S4B).
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To further check whether binding of these peptides has consequences in beta-adrenergic 

signalling, receptor activation was assessed by determining the phosphorylation status of 

extra-cellular regulated kinase (ERK). ADRB1/2 HEK-293 cells were pre-treated with either 

CST-WT or CST-364Ser peptide followed by ADRB agonist isoproterenol stimulation. 

While in ADRB2 HEK-293 cells, pre-treatment with CST-WT inhibited ADRB2-mediated 

ERK activation (p<0.0001) CST-364Ser had no appreciable effects in altering ERK (Fig. 3C 

and 3D). Interestingly, treatment with equimolar ratios of CST-WT and CST-364Ser elicited 

a similar response to that of CST-WT alone (Fig. 3E and 3F). In ADRB1 HEK-293 cells, on 

the other hand, both the peptides failed to show any detectable effects in altering ERK levels 

(Supp. Fig. S4C and S4D). These studies suggest that CST-WT may be acting as an 

inhibitor/antagonist to ADRB2 function in contrast to CST-364Ser which does not alter the 

ADRB2 function. Moreover, this differential effect seems to be limited to the ADRB2 

receptor only and not the ADRB1 isoform.

 Structures of the CST peptides and their differential interactions with beta-adrenergic 
receptors (ADRB1/2): computational analysis

In order to explore whether the differential effects of the peptides in vitro can be attributed to 

any structural differences between them we generated in silico models of CST peptides and 

CST-ADRB1/2 complexes, and performed structural analysis on them using protein-protein 

modeling and molecular dynamics (MD) simulations (Fig. 4). The CST-WT structure was 

found to comprise of a metastable anti-parallel β-sheet and a random coil (Fig. 4A). Its N-

terminal β-strand was stabilized by interactions between Lys355, Leu356 and Ser357, 

whereas the C-terminal β-strand was stabilized by Gly369, Pro370 and Gln371. 

Interestingly, the mutation of Gly364 to 364Ser drastically changed the secondary structural 

content of CST. CST-364Ser displayed a metastable 310 helix and a stable α-helix in the 

central region (Fig. 4B). The 310 helix was stabilized by residues Leu356, Ser357 and 

Phe358 and the stable α-helix was comprised of Arg361, Ala362, Tyr363, and Ser364. All 

residues of the time-averaged structures of both peptides from simulations are in the allowed 

regions of the Ramachandran plot (Supp. Fig. S5), thus validating the proposed models of 

the peptides.

The binding of CST peptides to ADRB1/2 was explored via protein-protein docking in 

which both CST-WT and CST-364Ser were allowed to sample the extracellular region of the 

modeled ADRB1/2 (Supp. Fig. S6) independently. In case of ADRB1, both the CST 

peptides did not show any significant binding to the ADRB1 active site (Supp. Fig. S7). On 

the other hand, in case of ADRB2, they were found to bind to different locations of the 

receptor (Fig. 4C). While the “thumb-like” structure of CST-WT could fit into the ligand 

entry site of ADRB2 due to its shape complementarity, CST-364Ser failed to dock into the 

ligand entry site due to its linear stretched structure and difference in secondary structural 

content compared to CST-WT. It instead bound to the outer surface of the receptor, away 

from the CST-WT binding site. A brief 50 ns MD simulation was performed on each of 

these CST-ADRB2 complexes in lipid bilayer for further refinement, but no significant 

change in binding mode was observed. The ZDOCK score (calculated based on surface 

complementarity, electrostatistics, and statistics potential) was 1197 for CST-WT & ADRB2 

and 1067 for CST-364Ser & ADRB2, implying better binding of CST-WT to ADRB2.
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To reconfirm the binding of CST-WT to ADRB2, the high-affinity ligand cyanopindolol was 

docked to the peptide-receptor complexes. In >100 attempts for protein-ligand docking 

through AutoDock42, cyanopindolol could never bind to the CST-WT-ADRB2 complex, 

while it bound effectively to the CST-364Ser-ADRB2 complex in all the attempts. This 

further proves the complete occlusion of the receptor’s ligand binding pocket by CST-WT 

and out-of-pocket binding of CST-364Ser to ADRB2 (Fig. 4C).

To check the competitive binding of CST-WT and cyanopindolol to ADRB2, we produced 

the cyanopindolol-ADRB2 complex by protein-ligand docking (Fig. 4D). Very similar to the 

available crystal structure of cyanopindolol-ADRB1 complex (PDB ID: 4BVN)43, 

cyanopindolol was found to bind to the hollow region of ADRB2 formed by the seven 

transmembrane helices. A closer look at the interactions involved in the CST-WT-ADRB2 

and cyanopindolol-ADRB2 complex formation revealed that even though cyanopindolol 

binds deep into the pocket, there were two common ADRB2 residues (viz. Phe165 and 

Thr167) which interacted with both CST-WT (Fig. 5A) and cyanopindolol (Fig. 5C). Of 

note, ADRB2:Thr167 interacts with CST-WT:Gly364 strongly through hydrogen bonds 

during the CST-WT-ADRB2 complex formation, thus, making CST-WT:Gly364 a crucial 

residue for complex formation. Therefore, it is not surprising that a mutation at this 

particular residue of CST makes its binding to ADRB2 active site weaker or there is no 

binding. The interactions in the CST-364Ser-ADRB2 complex formation involve 0 hydrogen 

bonds (in contrast to 8 in CST-WT-ADRB2 complex) and 1 salt bridge. The remaining 

interactions are hydrophobic in nature, including the ones involving 364Ser, making this 

binding a very weak one (Fig. 5B). An analysis of the Gly364Ser mutation using the 

polyphen-2 tool (which estimates the possible impact of an amino acid substitution on the 

structure and function of a human protein with the help of sequence, phylogenetic and 

structural information characterizing the substitution) predicted this particular SNP to be 

‘possibly damaging’ with a score of 0.528 (sensitivity: 0.8; specificity: 0.9)44.

 DISCUSSION

 Catestatin: a CHGA-derived anti-hypertensive peptide

Recent studies have provided ample evidence to testify CST as a multifunctional peptide 

with diverse roles in the regulation of cardiovascular/metabolic functions45, 46. Given that its 

precursor CHGA is a candidate gene for essential hypertension47, CST’s role as an anti-

hypertensive agent has been an interesting topic of research. The primary evidence for this 

was found when the administration of exogenous CST resulted in the rescue of the 

hypertensive and hyperadrenergic phenotypes exhibited by CHGA knock-out mice17, 48. The 

role of CST as a potent vasodilator in vivo has also been well documented both in rats 49 as 

well as in humans50. CST also seems to be capable of modulating the components of the 

brainstem circuitry (rostral and caudal ventrolateral medulla) that regulate BP51, 52.

 The occurrence of the Gly364Ser SNP in diverse ethnic world populations

The discovery of a functionally active variant of CST (Gly364Ser) in a Southern Californian 

population held promise of providing small, yet important, clues in elucidating the 

mechanism for the development of hypertension18. However, owing to the vast difference in 
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the genetic make-up of the different ethnic populations across the world, it would be 

irrational to generalize the magnitude and direction of allelic effect sizes across 

populations53, 54. A study in the PAGE (Population Architecture using Genomics and 

Epidemiology) consortium of multi-ancestry populations has very ably demonstrated that 

differential LD between common polymorphisms (tagSNPs) and functional variants within 

diverse populations significantly contribute to diluting the effect sizes among these 

populations55. The immense variation in the distribution of genotypes for the Gly364Ser 

polymorphism in different world populations foreshadows a similar distortion in the effect 

sizes in these populations (Supp. Table S5). Overall, the SNP seems to be occurring in three 

strata of ethnic groups. The first stratum, with a high allelic frequency (6–8%), includes the 

Asian and Hispanic groups. The European ethnicity forms the second stratum, which has a 

moderate frequency (2–5%). The third stratum, with the lowest frequency (0–1%), consists 

of the African populations. In our previous study19, we reported the discovery of the 

Gly364Ser polymorphism in an urban Chennai population (n=1010 individuals) at an MAF 

of ~8.0%. In this study, we have expanded the sample size to 3200 individuals consisting of 

DM/HTN/CAD/controls from the same population. 364Ser allele displayed a MAF 6.34% in 

the Chennai DM/HTN/CAD population which seems to be consistent with the frequencies 

observed in other Asian populations. Interestingly, the ethnically-distinct Chandigarh 

population displayed a much lesser MAF of 3.48% which is closer to that observed in the 

European stratum than the Asian one. The distribution of the genotype frequencies differed 

significantly between Chennai DM/HTN/CAD population and Chandigarh population 

(χ2=18.01 and p=0.0001). Thus, CST region of CHGA seems to be displaying significant 

genetic variations among different world ethnic populations. In the evolutionary context, the 

364Ser variant has not been detected in other mammals (Supp. Fig. S8). Some mammals 

(e.g. Giant panda), however, have Asp at the 364th position.

 Association of the CST 364Ser allele with hypertension

The logistic regression analysis revealed a very significant association of the 364Ser allele 

with hypertension in both the primary (Chennai) as well as the replication (Chandigarh) 

populations (Table 1). This was supported by the observation of elevated BP levels in the 

364Ser carriers in both the study populations. Despite the difference in the frequency of the 

Gly364Ser polymorphism in these two ethnically distinct populations, its effect on BP levels 

seems to replicate well. The higher occurrence of the variant allele in the population with an 

increase in BP ranges further provides the evidence of association of the 364Ser allele with 

hypertension (Fig. 1D and 1E). Overall, the 364Ser allele seems to act as a risk allele for 

hypertension development in Indian populations.

Why has Gly364Ser not been detected in the genome-wide association studies (GWAS) 

carried out on cardiovascular diseases till date? Firstly, most of these GWAS were carried 

out in either European or American populations wherein the MAFs for this SNP are much 

lower than those in Indian populations (Supp. Table S5). Owing to the low MAFs, very large 

sample sizes would be required to identify any significant association with this SNP in these 

populations. Secondly, almost all the genechip arrays (for example, Illumina Human550K 

Bead chip and Illumina Human610K Bead chip) used in these reported studies as well as 

other studies carried out among Asians56, 57, did not harbour the Gly364Ser SNP. Therefore, 
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the fact that these GWAS did not identify Gly364Ser as a risk variant for hypertension is not 

surprising.

We found the 364Ser allele to be in LD with the CHGA promoter SNPs at −1106, −1018, 

−415 and −57 bp positions (Supp. Fig. S2). The 8 SNPs in the CHGA promoter form 

haplotypes which differ from each other in terms of their transcriptional activity18. The 

minor alleles at −1018, −415 and −57 bp positions of the CHGA promoter give rise to one of 

the 5 common CHGA promoter haplotypes (GTTTGCCT) which shows higher promoter 

activity as compared the wild-type consensus haplotype (GATTGTCC)18. This would mean 

that the 364Ser carriers may have a more active promoter leading to greater levels of the 

parent CHGA molecule being produced. Elevated levels of CHGA are associated with 

elevated BP levels58. Therefore, the hypertensive effect of the 364Ser allele might be getting 

manifested through increased CHGA promoter activity as well. 364Ser allele is also in 

modest LD with Gly297Ser, a functionally active SNP in PST that seems to alter the risk for 

type-2 diabetes in an Indian population32. Thus, the association of the 364Ser allele with 

elevated plasma glucose levels (Supp. Fig. S9) may be an effect of it being a ‘by-stander’.

Of note, in a Southern Californian population, the 364Ser allele displayed association with 

diminished DBP levels, especially in men; however, the effect was not consistently observed 

for SBP or in women39. Conversely, the 364Ser allele was associated with elevated SBP and 

MAP levels in a Japanese population (Table 2)59. Thus, 364Ser allele seems to exert 

directionally concordant effects on BP in several Asian populations (South Indian, North 

Indian and Japanese) although not in Caucasians. This is similar to a previous study 

reporting that the 12Ala allele in the peroxisome proliferator-activated receptor-γ2 did not 

offer the same ‘protective’ role in Indians as it did in Caucasians60. Such contradictory 

associations of an allele provide evidence for heterogeneity in different populations and 

underscore the need for carrying out association studies in diverse ethnic populations to 

draw more accurate conclusions in each population.

 Mechanistic basis for elevated BP level in the carriers of 364Ser: influence of the 
endothelial NO pathway

It is well established that the endothelium plays an important role in regulating arterial BP. 

The manifestation of hypertension through impaired endothelial-dependent vasodilation as 

well as reduced NO production has been well-documented in both animal 61, 62 and 

human 63, 64 studies. It is, therefore, not surprising that the hypertensive and hyperadrenergic 

phenotype in the CHGA-KO mice was accompanied by lowered NO levels65. The 

attenuation of such a phenotype on the exogenous administration of CST would therefore 

have to route through restoration of NO levels. In a study carried out in BAE-1 (bovine 

aortic endothelium) cells20, CST-WT was shown to induce a wortmannin-sensitive, Ca2+-

independent increase in NO production and eNOS Ser1179 phosphorylation while 

CST-364Ser was, found to be ineffective. CST-WT has also been shown to dose-dependently 

induce a NO-cGMP dependent cardio-suppression in the in vitro frog heart66. In light of 

this, we asked whether CST-WT and CST-364Ser differ in their ability to generate NO in 

HUVECs. Indeed, CST-364Ser displayed lower efficacy to produce NO in HUVECs (Fig. 

2D), thus corroborating the elevated BP levels in the 364Ser allele carrying individuals. 
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Consistently, carriers of 364Ser allele showed diminished (by ~1090 mm/sec) brachial artery 

pulse-wave velocity (indicating increased endothelial dysfunction) in a Japanese 

population59. eNOS is known to be activated via phosphorylation at its Ser1177 

residue71, 7267, 68. HUVECs treated with CST-WT showed increased levels of 

phosphorylation at Ser1177 sites of eNOS as compared to HUVECs treated with CST-364Ser 

(Fig. 2G). In case of CST-WT, there was a ~3.8-fold increase in Ser1177 phosphorylation 

levels over basal; CST-364Ser, on the other hand, showed only a ~2.2-fold increase in 

Ser1177 phosphorylation levels over basal. This is indicative of increased eNOS activity in 

case of CST-WT as compared to CST-364Ser which goes in corroboration with our 

observations of increased NO levels on treatment with CST-WT as compared to CST-364Ser 

in HUVECs.

Direct links between stimulation of cardiovascular beta-adrenergic receptors and NO 

generation in endothelial cells are well-established41. In isolated human umbilical vein, the 

vasorelaxation response to either the non-selective beta-adrenergic agonist isoproterenol or 

to the cAMP analogue dibutyryl cAMP is attenuated by the NOS inhibitor NG-monomethyl-

L-arginine (L-NMMA). Thus, the beta-adrenergic-receptor-mediated vasorelaxation 

response in this system seems to be largely NO-dependent and mediated through the 

elevation of cAMP levels69. Likewise, in HUVECs as well, it has been shown that either 

beta-adrenergic-receptor-stimulated or beta-adrenergic-receptor-independent elevation of 

intracellular cAMP levels results in increased NOS activity69. In HUVECS, the inhibition of 

eNOS activity in the presence of the ADRB2 antagonist ICI 118551 and not ADRB1 

antagonist CGP 20712 shows that this effect is mediated exclusively through ADRB270. 

Consistently, we found that the elevation in NO levels mediated by CST-WT peptide was 

abrogated in the presence of ICI 118551 but not CGP 20712 (Fig. 2F and Supp. Fig. S3).

Based on the above findings, we postulated that our in vitro observation of differential 

effects of CST peptides on NO production via regulation of eNOS activity in HUVECs 

might be due to the differential yet direct binding of CST peptides to the ADRB2. Indeed, 

our computational analysis showed that, by virtue of differences in secondary structures, 

CST-WT blocks the binding of the ligand to ADRB2 (by competing with it for the active 

site) while CST-364Ser binds at a site that keeps the agonist binding pocket within ADRB2 

intact (Fig. 4C). Consistent with the computational prediction, competitive binding assays 

showed that while CST-WT was able to significantly displace the high-affinity beta-

adrenergic receptor ligand cyanopindolol, CST-364Ser failed to do the same even at high 

concentration (Fig. 3B). Furthermore, the inhibition of agonist isoproterenol-stimulated 

increase in phospho-ERK levels by CST-WT (but not by CST-364Ser) in ADRB2 HEK-293 

cells points towards an anti-adrenergic role of the wild-type peptide but not the variant 

peptide (Fig. 3C and 3D). This is consistent with a previous report that CST-WT lowers the 

phospho-ERK levels in Langerdoff-perfused rat hearts21.

In contrast to the effective ability of CST-WT to bind to ADRB2, our computational studies 

show that CST peptides bind to the outer surface of the ADRB1 receptor, and are thus 

incapable of blocking the agonist binding pocket in the receptor. These observations are 

further supported by our competitive binding assays with ADRB1 (Supp. Fig. S4B). Thus, 

the anti-adrenergic role of CST-WT seems to be mediated primarily through the ADRB2 
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receptor and may underlie the differential blood pressures observed with the variants being 

expressed in patients.

 CONCLUSIONS

We discovered a naturally-occurring, common genetic variation, Gly364Ser, within the anti-

hypertensive peptide catestatin [CST], a proteolytic fragment of the prohormone 

chromogranin A that is expressed in secretory vesicles of endocrine, neuroendocrine and 

neuronal cell types. The 364Ser allele showed association with elevated levels of systolic 

blood pressure, diastolic blood pressure and mean arterial pressure in human subjects across 

two independent and ethnically/geographically distinct Indian populations. Corroborating 

these findings, the carriers of the 364Ser allele displayed enhanced risk for hypertension. 

This is on same lines of a recent Japanese study which found similar associations of the 

364Ser allele with hypertension in their population. Genetic association studies of this 

chromogranin A locus with hypertension and other metabolic diseases need to be carried out 

in additional ethnic populations to evaluate whether the results are of general importance 

across the overall world population as well. Our in cella and in silico analyses provided 

molecular/mechanistic underpinnings for the diminished effects of the CST-364Ser peptide 

(as compared to the CST-WT peptide) in the modulation of the endothelial NO pathway (via 

differential binding to ADRB2 and differential activation of ERK and eNOS 

phosphorylation) that might lead to an increased disease risk in carriers of the 364Ser allele. 

A schematic of our hypothesis/findings are presented in Fig. 6. These results have 

implications for inter-individual variations in blood pressure homeostasis and ultimately for 

pathogenesis of hypertension.

 PERSPECTIVES

The neuroendocrine secretory granule protein chromogranin A is emerging as an important 

regulator of cardiovascular pathophysiology; it acts as precursor for several bioactive 

peptides including the anti-hypertensive and cardioprotective peptide catestatin. We 

discovered a non-synonymous genetic variation (Gly364Ser that occurs in a large section of 

the Worldwide human population) within the catestatin domain. The 364Ser allele was 

associated with profound elevated blood pressure (up to ~8 mmHg systolic and ~ 6 mmHg 

diastolic) and enhanced risk (by ~48%) for hypertension in its carriers in several Asian 

populations. These findings contribute towards potential clinical use of functional genetic 

variations to predict the risk for hypertension and preventive intervention in asymptomatic 

patients for better management of cardiovascular disease burden.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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 NON-STANDARD ABBREVIATIONS AND ACRONYMNS

CHGA chromogranin A

CST catestatin peptide

CST-WT catestatin wild-type peptide

CST-364Ser catestatin variant peptide

ADRB1 beta1-adrenergic receptor

ADRB2 beta2-adrenergic receptor

ERK extracellular regulated kinase

NO nitric oxide

eNOS endothelial nitric oxide synthase

MAF minor allele frequency

LD linkage disequilibrium

DM type-2 diabetes mellitus

HTN essential hypertension

CAD coronary artery disease

HUVECs human umbilical vein endothelial cells

HEK human embryonic kidney cells

DAF-2 DA diaminofluorescein diacetate
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NOVELTY AND SIGNIFICANCE

What is new?

• This is the first study that analyzes the association of the Gly364Ser 

variant in the anti-hypertensive peptide catestatin with the risk for 

hypertension in independent Asian populations.

• The present study provides evidence for the direct interaction of 

catestatin peptides with beta-2 adrenergic receptor for the first time to 

our knowledge.

What is relevant?

This study identifies a novel blood-pressure regulating locus that seems to play an 

important role to alter the risk for hypertension in several Asian populations.

Summary

Directionally-concordant replication of the association of catestatin 364Ser variant allele 

with elevated blood pressure in independent human populations suggests a causal role for 

this genetic variant. Consistently, the 364Ser allele enhanced the risk for hypertension in 

these study populations. Moreover, our receptor-peptide interaction studies provided 

evidence for differential interactions of the wild-type and variant catestatin peptides with 

beta-2 adrenergic receptor that might be responsible for the altered risk for hypertension 

in their carriers.
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Figure 1. Allele-specific associations of the CST Gly364Ser variation with blood pressure
Panels A, B and C: Data are shown as mean ± SE. SBP (A), DBP (B) and MAP (C) levels 

in the carriers of 364Ser allele were higher (analyzed by independent samples t-test using 

SPSS version 21.0) than the wild-type individuals in the overall Chennai and Chandigarh 

populations.

Panels D and E: Data are shown as percentage. The percentage of individuals harboring the 

364Ser allele showed an increase with increase in the range of the MAP levels in both the 

Chennai (D) and Chandigarh (E) populations.
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Figure 2. Effect of CST peptides on NO production in HUVECs
The fluorescence intensities (NO indices) were calculated by Image J analysis and plotted as 

mean ± SE. The experimental groups were compared by one-way ANOVA followed by 

Tukey’s multiple comparison post-test.

Panels A and B: Representative images for the treatment of HUVECs with different doses 

of CST-WT (0.1 nmol/L and 1 nmol/L). ***p<0.001; one-way ANOVA F=15.71, p<0.0001, 

n=50 cells/condition.

Panels C and D: Representative images for the treatment of HUVECs with CST peptides. 

***p<0.001; one-way ANOVA F=37.15, p<0.0001, n=450 cells/condition. The order for 

efficacy of peptides in NO production: CST-WT>CST-WT+Ser>CST-364Ser>basal.

Panels E and F: Representative images for the treatment of HUVECs with CST peptides 

and ADRB2 antagonist ICI 118551. ***p<0.001; one-way ANOVA F=19.65, p<0.0001, 

n=450 cells/condition.

Panel G: Representative western blot of 3 independent experiments showing phosphorylated 

Ser1177-eNOS (peNOS) and total eNOS (teNOS) levels upon treatment of HUVECs with 

CST peptides. The peNOS/teNOS values have been indicated below each lane.
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Figure 3. Binding of CST peptides to ADRB2 receptor and downstream effects
Panel A: ADRB2 HEK-293 cells showed ~16-fold higher expression of ADRB2 (p<0.0001 

by 2-tailed unpaired t-test) as compared to control HEK-293 cells. Data are shown as 

ADRB2 levels normalized with total protein.

Panel B: Data are shown as percentage binding of the radio-ligand cyanopindolol. With 

increasing doses of CST-WT (10 pmol/L to 1 mmol/L) the ligand got completely displaced 

(p<0.0001, F=2300, R2=0.998) while with increasing doses of CST-364Ser, there was no 

effect. The experimental groups were compared by one-way ANOVA followed by Tukey’s 

multiple comparison post-test.

Panels C and D: Representative western blot (C) and quantitative representation of the 

densitometric analysis from 4–6 independent experiments (D) showing phosphorylated ERK 

(pERK) and total ERK levels upon treatment with CST peptides and isoproterenol (ISO). 

ISO (10 μmol/L) showed an increase in pERK levels at 5 min in the vehicle (VEH) 

condition, reflecting the activation of ADRB2. However, this increase was inhibited upon 

pre-treatment with CST-WT (10 μmol/L). ****p<0.0001. On the other hand, pre-treatment 

with CST-364Ser (10 μmol/L) showed levels of activation similar to the vehicle. The 

experimental groups were compared by 2-tailed t-test.

Panels E and F: Representative western blot (E) and quantitative representation of the 

densitometric analysis from 4 independent experiments (F) showing phosphorylated ERK 

(pERK) and total ERK levels upon treatment with equimolar ratios of CST-WT and 

CST-364Ser peptides and isoproterenol (ISO). ISO (10 μmol/L) showed an increase in 

pERK levels at 5 min in the vehicle (VEH) condition. However, this increase was inhibited 

upon pre-treatment with CST-WT+Ser (10 μmol/L). *p<0.05. The experimental groups were 

compared by 2-tailed t-test.
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Figure 4. Structures of CST peptides and complexes of CST peptides/cyanopindolol with ADRB2 
receptor
The time averaged structures of CST-WT (A) and CST-364Ser (B) are shown in cartoon 

representation. The 364Ser mutation in the CST-364Ser peptide is shown in a stick 

representation. (C) Snapshots of CST-WT (left) and CST-364Ser (right) docked to ADRB2. 

ADRB2: violet, beta-sheet in CST-WT: yellow, alpha-helix in CST-364Ser: purple and 310-

helix in CST-364Ser: blue. (D) Snapshot of the docked complex of cyanopindolol (red, van 

der Waals representation) and ADRB2 (violet, cartoon representation).
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Figure 5. Molecular interactions in the complexes of CST peptides or cyanopindolol with ADRB2
Panels A and B: Binding interactions in CST-WT-ADRB2 (A) and CST-364Ser-ADRB2 

(B) complexes. Hydrogen bonds: blue lines, hydrophobic contacts: orange lines and salt 

bridges: red lines. Each residue is color-coded based on its nature with aliphatic residues in 

grey; aromatic residues in pink; negatively charged residues in red; positively charged 

residues in cyan; neutrally charged residues in green; Pro and Gly in orange and Cys in 

yellow. Gly364Ser polymorphism: red stars.

Panel C: Binding interactions of cyanopindolol with ADRB2. Hydrophobic interactions: red 

spiked semi-circles and hydrogen bonding interactions: green dotted lines with distance 

values indicated.

Common interacting residues of ADRB2 with CST-WT and cyanopindolol are highlighted 

using purple boxes in Panel A and purple circles in Panel C, respectively.
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Figure 6. A schematic representation of the plausible mechanistic basis for the effects of CST 
peptides on BP via modulation of NO pathway
The CST-364Ser peptide does not interact at the ligand binding site of ADRB2 unlike CST-

WT owing to differences in their secondary structures. Their differential interactions with 

ADRB2 result in diminished antagonization of ADRB2 and enhanced activation/ 

phosphorylation of ERK by CST-364Ser. The altered ERK activation between the CST 

peptides may result in diminished phosphorylation of eNOS-Ser1177 and consequently lower 

eNOS activity in the case of CST-364Ser. These cellular/molecular processes lower the NO 

levels in vascular endothelial cells in the carriers of CST 364Ser allele leading to endothelial 

dysfunction and thereby increasing their risk for hypertension.
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