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Abstract
BACKGROUND—The cardiometabolic syndrome comprised of multiple correlated traits, but its
origin is incompletely understood. Chromogranin A (CHGA) is required for formation of the
catecholamine secretory pathway in sympathochromaffin cells. In twin pair studies, we found that
CHGA traits aggregated with body mass index (BMI), as well as its biochemical determinant
leptin.

METHODS—Here we used the twin method to probe the role of heredity in generating such risk
traits, and then investigated the role of risk-trait-associated CHGA promoter genetic variation in
transfected chromaffin cells. Trait heritability (h2) and shared genetic determination among traits
(pleiotropy, genetic covariance, ρG) were estimated by variance components in twin pairs.

RESULTS—CHGA, BMI, and leptin each displayed substantial h2, and the traits also aggregated
with several features of the metabolic syndrome (e.g., insulin resistance, blood pressure (BP),
hypertension, catecholamines, and C-reactive protein (CRP)). Twin studies demonstrated genetic
covariance (pleiotropy, ρG) for CHGA, BMI, and leptin with other metabolic traits (insulin
resistance, BP, and CRP). We therefore investigated the CHGA locus for mechanisms of
codetermination with such metabolic traits. A common functional variant in the human CHGA
promoter (G-462A, rs9658634, minor allele frequency ~21%) was associated with leptin and CRP
secretion, as well as BMI, especially in women; marker-on-trait effects on BMI were replicated
across twin populations on two continents. In CHGA promoter/luciferase reporter plasmids
transfected into chromaffin cells, G-462A alleles differed markedly in reporter expression. The
G-462A variant disrupted predicted transcriptional control by a PPARγ/RXRα motif and
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costimulation by PPARγ/RXRα and their cognate ligands, differentially activated the two alleles.
During chromatin immunoprecipitation, endogenous PPARγ bound the motif.

CONCLUSIONS—Multiple features of the metabolic syndrome are thus under joint (pleiotropic)
genetic determination, with CHGA as one such contributory locus: a common polymorphism in
the promoter (G-462A) of CHGA predicts such heritable metabolic traits as BMI and leptin.
CHGA promoter variant G-462A was not only associated with such metabolic traits but also
disrupted a PPARγ/RXRα motif and responded differentially to characteristic trans-activators of
that motif. The results suggest novel links between the catecholaminergic system and risk for the
metabolic syndrome as well as systemic hypertension.

Keywords
adrenal; blood pressure; BMI; C-reactive protein; catecholamine; chromaffin; chromogranin;
hypertension; leptin; metabolic syndrome; twin study

Systemic hypertension clusters with multiple other cardiovascular risk traits, including
several features of the metabolic syndrome. The adipocyte-secreted, appetite-suppressing
hormone leptin, encoded by the LEP locus at human chromosome 7q31,1 functions as a
regulator of not only food intake but also neuroendocrine outflow, metabolism, and fat
accumulation.2 In addition to its endocrine effects, leptin influences autonomic and
cardiovascular traits. Central nervous system leptin infusion increases sympathetic nervous
system activity,3 and chronic hyperleptinemia increases heart rate and arterial blood
pressure; such effects are abolished by α plus β adrenergic blockade, indicating mediation
by adrenergic activity.4,5 Haynes et al. reported that leptin activates sympathetic responses
in vascular and renal districts,6 while Prior et al. found that visceral fat accumulation leads
to leptin-dependent sympathetic activation.7 Thus, leptin is associated with blood pressure
and contributes to the occurrence of hypertension through sympathetic activation in
resistance vessels or kidney.8,9 Indeed, leptin is elevated in established hypertension,10 and
early increases in leptin secretion predict later incident hypertension.11,12

Chromogranin A (CHGA), a 48-kDa acidic polypeptide,13,14 is the major protein costored
and coreleased with catecholamines from secretory vesicles in adrenal medulla and
postganglionic sympathetic axons.15 Catecholamine storage vesicles (or chromaffin
granules) of the adrenal medulla contain remarkably high concentrations of CHGA,
catecholamines, ATP, and Ca2+, wherein CHGA seems to bind and store both
catecholamines and Ca2+.16 CHGA is required for the formation of catecholamine secretory
vesicles in chromaffin cells,17 and its expression may be sufficient to induce a regulated
secretory system even in nonsecretory cells.18 We systematically discovered genetic
variation across the CHGA locus in several human populations19 and found that genetic
variants in the CHGA promoter may regulate environmental stress-induced changes in blood
pressure.20 During targeted ablation of the Chga locus in the mouse, we found substantial
changes in leptin expression, in both adipocytes and plasma.21 Here, we explore whether
CHGA promoter polymorphism contributes to heritable human metabolic trait variation and
whether leptin levels influence blood pressure and hypertension differentially by gender.
Our results suggest novel functional links in humans between the adrenergic pathway,
leptin, the metabolic syndrome, and hypertension.

METHODS

University of California San Diego twin pairs—Twin recruitment included access to
a population birth record-based twin registry,22 as well as by newspaper advertisement, as
described.23 The 362 subjects in the twin heritability and allelic association studies were all
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white (European ancestry) with 121 monozygotic pairs (25 male pairs and 96 female pairs)
and 60 dizygotic pairs (13 male pairs, 43 female pairs, and 4 male–female pairs). Zygosity
was confirmed by use of either >100 microsatellites (chromosomes 1 and 2) for self-
identified dizygotic twins or single nucleotide polymorphism data (11–177 single-nucleotide
polymorphisms) as well as the TH (TCAT)n microsatellite 23 for self-reported monozygotic
and dizygotic pairs. Ethnic status was ascertained by self-identification of participants, and
also for both parents and all four grandparents. Twins were between 18 and 81 years of age
(with a mean of ~41 years). Definitions of twin subject characteristics have been
published.24 Study participants were twin volunteers from southern California. Written
informed consent was obtained from each participant, and the research protocol was
approved by the institutional review board of University of California San Diego (UCSD).
Blood pressure status (high vs. normal) was defined by history (medical record or self-
report), presence or absence of antihypertensive medications, and measurement of seated
blood pressure by arm cuff (hypertension: either/or ≥140/≥90 mm Hg systolic blood
pressure (SBP)/diastolic blood pressure (DBP), or both). None of the subjects had a history
of renal failure, and serum creatinine concentrations were ≤1.5 mg/dl. The prevalence of
obesity (defined as body mass index (BMI) ≥30 kg/m2) was 13.0%. Supplementary Table S1
online provides detailed descriptive statistics for UCSD twins, divided by gender.

Australia twin pairs—These subjects enabled replication of the BMI associations only
(leptin was not measured). Characteristics of twin pairs from Queensland Institute of
Medical Research in Brisbane (Queensland, Australia) have been reported.25 They
completed a questionnaire in 1989, a telephone interview in 1993–1994, and provided a
blood sample in 1993–1996. Zygosity was determined from responses to questions about
physical similarity and the inability of others to tell them apart, supplemented by blood
group information and extensive microsatellite or single-nucleotide polymorphism
genotyping. Participants gave informed consent to the questionnaire, interview, and blood
collection, and the studies were approved by the appropriate ethics review committees.
Blood pressure was measured on the occasion when blood was collected, with the subjects
sitting, using an automated blood pressure recorder (Dinamap 845 Vital Signs Monitor;
Critikon, Tampa, FL). The mean of two results taken at 1-min intervals was calculated.
Supplementary Table S1 online provides the descriptive statistics of Queensland Institute of
Medical Research twins by gender; the mean age was ~44 (men)–~46 (women) years.

Physiological phenotyping in vivo—Subjects were studied before genotyping.
Brachial arterial cuff blood pressure (in mm Hg) and heart rate (beats/min) were obtained in
seated subjects with a DynaPulse device (PulseMetric; Vista, CA), as previously described
and validated.26 Triplicate determinations of blood pressure and heart rate were made, until
each value was within ± 10% of the mean value in that individual.

Biochemical phenotyping
Leptin—Leptin was measured by radioimmunoassay with [125I]-human leptin (~135 μCi/
μg; Linco Research; St. Charles, MO; Cat. #HL-81K), in 100 μl samples of EDTA-plasma,
as described.27 Blood samples in subjects who had not consumed food for at least 3 h were
drawn into EDTA anticoagulant tubes, and the plasma was frozen at −70 °C prior to assay in
batch. The lower limit of leptin detection was 0.5 ng/ml (in 100 μl plasma), and the assay
did not recognize insulin, proinsulin, C-peptide, glucagon, or IGF-1. Assay coefficients of
variation were as follows: within-assay 3.4–8.3% and between-assay 3.6–6.2%. Recovery of
exogenous human leptin added to serum was 103–105%.

Catecholamines—Spot/untimed urine samples were collected and similarly stored at
−70°C. Batched, previously unthawed samples were subjected to a sensitive radioenzymatic

Rao et al. Page 3

Am J Hypertens. Author manuscript; available in PMC 2013 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



assay based on catechol-O-methylation.28 Intra-assay coefficients of variation were as
follows: norepinephrine 4% and epinephrine 13%. Inter-assay coefficients of variation were
as follows: norepinephrine 10% and epinephrine 16%. Urine catecholamine values were
normalized to creatinine excretion in the same sample.

Other assays—Plasma insulin was measured by immunoassay, while high sensitivity C-
reactive protein (CRP) was measured by ELISA,24 in a high-sensitivity sandwich
immunoassay for quantitative determination of CRP. Plasma glucose, and plasma and urine
electrolytes were measured by autoanalyzer (Beckman-Coulter; Brea, CA).

Calculations—BMI, a measure of body fat based on height and weight that applies to both
adult men and women, was estimated as (weight in kg)/(height in m)2. Endogenous insulin
sensitivity (or resistance) was estimated from plasma glucose and insulin values by
HOMeostatic Assessment model (HOMA); an index of insulin resistance29 and QUantitative
Insulin sensitivity ChecK Index (QUICKI); an index of insulin sensitivity.24

Molecular methods: Function of CHGA promoter variant G-462A—Genomics,
cell culture, CHGA promoter/luciferase reporter plasmids, transfection/transcription/reporter
assay, and chromatin immunoprecipitation are detailed in Supplementary Methods online.

Statistical analyses—Data were stored in Microsoft Access, and analyses were
conducted in SAS (Statistical Analysis System; Cary, NC), or Sequential Oligogenic
Linkage Analysis Routines (SOLAR). Descriptive statistics (mean ± s.e.m.) were computed
across all of the twins, using generalized estimating equations (GEE; PROC GENMOD), in
SAS (Statistical Analysis System), to take into account intra-twin-pair correlations.30 Raw
CHGA116–439, CHGA361–372, and CRP values were log10-transformed, resulting in
improved normality of the distribution for parametric statistical analyses. Analyses were
routinely adjusted for the covariates of age and sex. Trait-on-trait nonparametric Spearman
correlations were performed with one individual per twin pair, to avoid false-positive
conclusions from nonindependent observations.

Estimates of heritability (h2 = VG/VP, where VG is additive genetic variance and VP is total
phenotypic variance) were obtained using the variance-component methodology
implemented in the SOLAR package31 available at http://www.sfbr.org.solar/. This method
maximizes the likelihood assuming a multivariate normal distribution of phenotypes in twin
pairs (monozygotic vs. dizygotic) with a mean dependent on a particular set of explanatory
covariates. The null hypothesis (H0) of no heritability is tested by comparing the full model,
which assumes genetic variation (VG), and a reduced model, which assumes no genetic
variation, using a likelihood ratio test. Heritability estimates were adjusted for age and sex,
because of the effects of these covariates on several traits (Table 1). Pleiotropy (genetic
covariance for two correlated, heritable traits, i.e., the cross-product of trait heritabilities)32

was estimated as the parameter ρG in SOLAR.32 SOLAR also estimated the environmental
covariance, as parameter ρE.

Bioinformatics—Promoter motif matches used the TRANSFAC-7.0-Public-200533

position weight matrix database http://www.gene-regulation.com, accessed by the graphical
user interfaces at Chip Mapper 34 http://mapper.chip.org/mapper or JASPAR35 at http://
jaspar.genereg.net/. Interspecies multiple sequence alignments were done at Clustal-W
version-2.0.10 at http://www.ebi.ac.uk/Tools/clustalw2/index.html.
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RESULTS

Twin phenotypes: Descriptive statistics of twin study populations, stratified
by sex—Supplementary Table S1 online describes the UCSD twin subject population (n =
362 individuals). Women (n = 282) had higher plasma leptin (P = 7.39E-12), urinary
norepinephrine (P = 3.10E-03), CHGA361–372 (P = 3.00E-02), and CRP (P = 5.55E-04),
though lower SBP (P = 0.005) than men (n= 80).

Leptin, BMI, and hypertension—Figure 1 stratifies subjects by blood pressure (BP)
status (hypertensive (n = 37/362, or ~10%) vs. normotensive (n = 325)) and illustrates the
effects of BP and family history stratification on the quantitative traits leptin (Figure 1a) and
BMI (Figure 1b). Despite the relatively small number of subjects with hypertension in the
twin cohort, we observed that subjects with hypertension also displayed elevated leptin (P =
0.014, Figure 1a) and BMI (P = 0.005, Figure 1b). We also found that positive family
history for hypertension was associated with elevated leptin (P = 0.035, Figure 1a) and BMI
(P = 0.043, Figure 1b). In n = 1465 Australia/Queensland Institute of Medical Research
twins, BMI was also higher in those with hypertension (n= 155, P= 7.97E-4).

Plasma leptin quantiles: Aggregated traits—Table 1 shows multiple traits in twin
stratified by the leptin median value of ~9.87 ng/ml. Individuals with higher plasma leptin
displayed a number of significant trait differences, biochemical (chromogranin,
catecholamine, and inflammatory), metabolic (plasma insulin, QUICKI, and HOMA), and
physiological (SBP/DBP/hypertension). Once again, several of the traits are components of
the cardiometabolic syndrome.

Pleoitropy (shared h2): Genetic covariance with leptin—We tested several
heritable leptin-correlated traits for shared genetic determination (pleiotropy, ρG) with leptin
(Table 2). Leptin shared significant genetic determination with BMI, SBP/DBP, glucose,
insulin, HOMA, QUICKI, CRP, CHGA116–439, and CHGA361–372. By contrast, several
correlated traits also shared significant environmental determination (environmental
covariance, ρE) with leptin: BMI, insulin, HOMA, CHGA116–439, CHGA361–372, and C-
reactive protein; these six traits displayed both ρG and ρE with leptin. Figure 2a illustrates
two examples of traits displaying different patterns of codetermination with leptin: BMI,
CRP, and CHGA116–439 with significance for both ρG and ρE, and CHGA361–372, with
significant ρG but not ρE.

BMI stratification in twin pairs: Aggregated traits—Multiple physiological and
biochemical traits differed in UCSD twins upon BMI stratification about the median (23.8
kg/m2) into upper vs. lower quantiles (Table 3). The higher BMI group displayed greater
SBP/DBP (and frequency of hypertension), insulin, HOMA (insulin resistance), leptin,
CHGA361–372, and C-reactive protein, with lower QUICKI (insulin sensitivity) than the
lower BMI group. Since higher and lower BMI groups differed in age and sex, genetic
marker-on-trait analyses were adjusted for these two demographic traits.

Pleiotropy (shared h2): Genetic covariance with BMI—We tested several heritable
BMI-correlated metabolic traits for shared genetic or environmental determination (Table 4).
The results indicate that BMI shares genetic determination (pleiotropy, ρG) with SBP/DBP,
glucose, insulin, HOMA, QUICKI, leptin, CHGA116–439, and C-reactive protein. By
contrast, five correlated traits also shared significant environmental determination
(environmental covariance, ρE) with BMI: insulin, HOMA, leptin, CHGA116–439, and C-
reactive protein; these five traits displayed both ρG and ρE with BMI. Figure 2b illustrates
traits displaying different patterns of codetermination with BMI: leptin, CRP, and
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CHGA116–439 with significance for both ρG and ρE, but CHGA361–372 with significance for
neither ρG nor ρE.

CHGA promoter polymorphism: Pleiotropic effects of G-462A on leptin and
metabolic traits—Because the leptin and CHGA traits displayed genetic covariance
(Table 2, Figure 2a), we tested whether CHGA promoter variant G-462A influenced the
leptin trait; we focused on G-462A because this variant plays the major functional role
within the CHGA promoter block.19 The G-462A minor allele (in bold) was associated with
lower leptin (P = 0.031, Figure 3a), BMI (P = 0.027, Figure 3b), and C-reactive protein (P =
0.048, Figure 3a) in UCSD twins.

Interactive effects of CHGA promoter polymorphism and sex: Replication
across populations—In UCSD twins (Supplementary Table S1 online), women had ~2-
fold higher leptin than men, while BMI did not differ between the sexes. We then tested
whether the CHGA G-462A effect varied by sex. In UCSD twins, there was a significant (P
= 0.005) genotype-by-sex interaction on leptin (Figure 4a), though not BMI (Figure 4b). In
women, leptin differed substantially between homozygote (G/G, A/A) classes (P = 2.54E-4,
Figure 4a). The allele -462A was associated with both lower leptin (P = 0.029, Figure 4a)
and BMI (P = 0.003, Figure 4b) in UCSD female twins. In men, G-462A was not associated
with either leptin or BMI.

Replication—The gene-by-sex effects on BMI were replicated in an independent
(Australia/Queensland Institute of Medical Research) twin sample. We found that there was
significant genotype-by-sex interaction on BMI (P = 0.0294); the minor allele (in bold) at
position G-462A predicted lower BMI in Australian female twins (P= 0.046), though not in
male twins (Figure 4c).

Leptin and BMI: Correlated traits or covariates—Since leptin and BMI are highly
correlated (Spearman rho = 0.535, P = 3.85E-28; Table 2, UCSD twins), we evaluated
whether entry of BMI as a covariate affected statistical predictions of leptin. Inclusion of
BMI as a covariate abrogated the significant predictions of leptin by BP (Figure 1a) and
CHGA genotype in the entire UCSD cohort (Figure 3a, b); however, significant prediction
of leptin by CHGA genotype persisted in women (Figure 4a). Since the leptin and BMI traits
are correlated (Table 2), it is difficult to discern the sequential causal pathway of the CHGA
gene effect upon the clinical traits; however, genetic covariance estimates (Figure 2a, b)
document joint heritability between leptin, CHGA, and BMI, indicating that these traits
experience partial determination by a shared set of genes.

CHGA polymorphism: Role of promoter variant G-462a and trans-activation
Sequence conservation and alignment—G-462A is located in a region highly
conserved across sequenced primates (Figure 5a, b), with the G allele likely ancestral in the
primate lineage (based on chimpanzee G). Since G-462A exhibited pleiotropic effects on
multiple metabolic syndrome traits BMI, leptin, C-reactive protein, and BP,20 we focused on
this variant. G-462A displayed a partial consensus match for two transcription factor binding
motifs, of the nuclear hormone receptor variety: a PPARγ/RXRα heterodimer (DR1, direct
repeat) motif and a PPARγ homodimer (Pal3, palindrome) motif. At the PPARγ/RXRα
heterodimer motif, the A allele provided a better match than G (9/12 vs. 8/12 bp; Figure 5a),
while at the PPARγ homodimer motif, the A allele also displayed a better match (8/12 vs.
7/12 bp; Figure 5a). Among sequenced mammals, all had either G or A at the equivalent
position of human G-462A (Figure 5a, b).
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PPARγ and retinoic acid stimulation of CHGA G-462A—To probe the significance
of the putative PPARγ/RXRα motifs, we tested the effect of PPARγ and its
thiazolidinedione ligand rosiglitazone, by cotransfection with CHGA promoter/reporters
bearing either G-462A allele (Figure 5c). Each promoter variant was stimulated ~1.6-fold by
PPARγ/rosiglitazone, though the increment did not differ by G-462A allele (Figure 5c).
Upon addition of retinoic acid (Figure 5c), both G-462A promoter variants were further
activated, but the increment was greater for the -462A allele.

Chromatin immunoprecipitation—After immunoisolation of nucleosomes, PCR with a
152-bp amplicon spanning G-462A detected PPARγ binding to the CHGA promoter on
both alleles (G and A; data not shown).

DISCUSSION

Overview: Leptin, BMI, and heredity—We first noted the association of CHGA genetic
variation with leptin and then found that CHGA genetic variation or secretion predicted not
only leptin but also BMI and CRP in a series of twin pairs. We demonstrate that both leptin
and BMI are substantially heritable (Tables 2 and 4), and each aggregates with multiple
traits: SBP/DBP, glucose, insulin, HOMA, QUICKI, leptin, CHGA116–439, CHGA361–372,
and CRP (Tables 1 and 3). Individuals with higher plasma leptin and BMI displayed a
number of significant trait differences, both biochemical (chromogranin, catecholamine, and
inflammatory) and metabolic (insulin resistance; Tables 1 and 3), and both plasma leptin and
BMI are associated with systemic hypertension (Figure 1a, b, Tables 1 and 3).

An unusual feature of this study was the use of the twin method, to dissect out complex
features of the mode of inheritance of leptin and BMI, including heritability and pleiotropy
(Tables 2 and 4). Since CHGA shared heritability with both leptin and BMI (Tables 2 and
4), we tested the CHGA locus for effects on the BMI and leptin traits; we found that
common functional variation in the CHGA promoter exerted pleiotropic effects on both
traits (Figure 3b); moreover, we found the minor (A) allele at G-462A was associated with
lower levels of both leptin and BMI.

We found that plasma leptin is approximately twofold greater in female than male subjects
(13.3 ± 0.45 vs. 6.67 ± 0.85, P = 2.59E-11; Supplementary Table S1 online). In a large
cross-sectional study of children of both sexes, girls had higher leptin concentrations than
boys,36 a finding evident even in the youngest age group studied. Tome et al. even found sex
differences in leptin measured in umbilical cord serum at birth, suggesting differences in the
regulation of leptin production by fetal adipose tissue.37 Sexual dimorphism in serum leptin
persisted even after accounting for the effects of body fat.38 Likewise, we found that
G-462A was associated with BMI in both UCSD and Australian female twins (Figure 4c).

In mice with targeted ablation of the Chga locus, we previously found substantial elevations
in leptin expression in both adipose tissue and plasma;21 such reciprocal (opposite) changes
between Chga and Lep gene expression are mirrored by the inverse overall correlation
between CHGA116–439 and leptin protein expression in the UCSD twins (Spearman rho =
−0.153, P = 4.00E-03; Table 2). Overall, the results suggest novel functional links between
adrenergic pathways, the metabolic syndrome and hypertension.

Catecholamines and leptin in hypertension—Thomopoulos et al. observed that free
leptin predicts incident hypertension in a Danish cohort.39 Leptin may regulate blood
pressure through sympathetic activation.40 In our study, we found elevated plasma leptin
level was associated with systemic hypertension: mean leptin was significantly higher in
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hypertensive than normotensive individuals (P = 0.014) (Figure 1), as well as in subjects
with positive family history of hypertension (P = 0.035) (Figure 1).

Such effects of leptin on BP might be mediated through several pathways: interaction
between leptin and insulin,41 up-regulation of angiotensinogen,42 or actions of leptin on its
receptor in the hypothalamus.43,44 Leptin activates sympathetic responses in vascular and
renal districts.6,45 Indeed, we found that leptin aggregates with norepinephrine more
significantly than does BMI (Tables 1 and 3), suggesting that leptin itself may participate in
sympathetic activation.6

Previous studies demonstrate that CHGA plays a pivotal role in the sympathochromaffin
system, both in formation of secretory vesicles and in regulation of transmitter release.13,17

Genetic variation at the CHGA locus alters transmitter storage and secretion in both humans
and experimental animals.46 We have previously demonstrated that the G-462A variant in
the CHGA promoter alters autonomic activity and blood pressure.20 Thus, our results
suggest novel functional links between autonomic activity and leptin.

Complex inheritance of leptin: Genetic pleiotropy—The twin design allowed us to
explore pleiotropy (shared genetic determination of two or more traits), documented as the
genetic covariance (Table 2) between correlated traits. Of the many traits correlated or
associated with leptin, genetic pleiotropy (ρG) occurred with BMI, SBP/DBP, CHGA,
glucose, insulin, HOMA, and QUICKI. What specific genes might jointly contribute to such
traits? We explored the role of genetic variation at the CHGA locus, since CHGA and leptin
shared ρG (Table 2), yet polymorphisms at other genes not directly scored in this report
could jointly contribute to multiple facets of the metabolic syndrome. Heritability for leptin
and BMI traits has been reported previously, with evidence of shared genetic
determination.47,48

Functional nature of CHGA promoter polymorphism—CHGA is required for the
formation of catecholamine secretory vesicles in chromaffin cells, and its expression may be
sufficient to induce a regulated secretory system even in nonsecretory cells.18

Previously, we found that the proximal promoter region of CHGA governs its transcription,
under both basal circumstances and secretory stimulation, consistent with the notion of
“stimulus–secretion–synthesis” or “stimulus–transcription” coupling.49–51 The cyclic AMP
response element site in the very proximal CHGA promoter was initially identified to be
crucial in neuroendocrine-specific expression of CHGA,52,53 and its response to secretory
stimulation. Previously we reported that interindividual expression differences were
maximally effected by promoter variant G-462A, which influenced not only transcriptional
strength in transfected promoter/reporter constructs, but also exhibited an effect on basal and
stress-augmented BPs in the population.20 Here we found that G-462A altered a consensus
PPARγ/RXRα transcriptional motif;54 site-directed mutagenesis of the site altered the
response to PPARγ/RXRα activated by the cognate ligands rosiglitazone/retinoic acid
(Figure 5c), and the motif bound endogenous PPARγ.

Of note for the potential physiological significance of these results, transcripts for both
PPARγ and RXRα are highly expressed in PC12 chromaffin cells55 (NCBI Gene
Expression Omnibus/GEO http://www.ncbi.nlm.gov/geo, datasets GDS2555,55 GDS1234,56

and GDS103857). Indeed, when PPARγ and RXRα are coexpressed, the PPARγ/RXRα
heterodimer (Figure 5c), rather than the PPARγ/PPARγ homodimer (Figure 5c), tends to be
activated by PPARγ ligands.54 Previously we noted that CHGA G-462A may disrupt the
recognition motif for another member of the nuclear hormone receptor family, COUP-TF (or
“chicken ovalbumin upstream promoter” element-binding transcription factor);20 however,
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unlike PPARγ/RXRα, COUP-TF does not have a known activating ligand, and the G-462A
region motif match for COUP-TF (at 7–8 of 12 bp) is slightly inferior to the match for
PPARγ/RXRα (at 8–9 of 12 bp; Figure 5a).

Several findings in this study suggested that polymorphism in the promoter of CHGA might
be functionally important for interindividual variation in autonomic as well as metabolic
syndrome traits. First, the promoter variant G-462A was associated with BMI and leptin
(Figure 3b). Second, the promoter variant G-462A influenced gene expression in cella.20

Third, the changes conferred by allelic variation at G-462A seemed to be directionally
consistent: the -462A (minor) allele decreased gene expression both in cella 20 and in vivo
(Figure 3a–c). Finally, the findings on BMI were consistent in vivo between two
independent twin samples (Figure 4a, b).

Advantages and limitations of this study
Advantages—We used the classical twin design in the search for trait-associated
polymorphisms.58 Multiple phenotypes were measured in twins, which permitted estimation
of trait heritability and genetic covariance (shared heritability) as well as defining the effects
of particular genetic variants at CHGA on the correlated traits. We probed the effects of
CHGA variation upon early “intermediate” phenotypes for disease and confirmed the effects
of CHGA G-462A variation upon BMI in an independent group (Australia twin pairs).

Limitations—To minimize artifacts in genetic association, we initially confined our
analyses to only one ethnicity, and the majority of the study subjects were healthy. Thus we
cannot readily extrapolate our conclusions to other population groups, or other
cardiovascular diseases.

We conclude that CHGA shares joint genetic determination (or pleiotropy) with such
phenotypes as BMI, SBP/DBP, glucose, insulin, HOMA, and QUICKI, as well as the
emerging risk trait of leptin (Table 1). Based on pleiotropic genetic control of leptin and
BMI with CHGA (Tables 2 and 4), we tested the role of CHGA genetic variation and found
that promoter G-462A contributes to both BMI and leptin traits (Figure 3b). The findings are
consistent with a cascade of events (Figure 3a–c), beginning with differential stimulation of
G-462A by PPARγ/RXRα, and eventuating in altered leptin and BMI. Our results thus
propose novel pathophysiological links between the CHGA gene, leptin, multiple features of
the metabolic syndrome, and hypertension and suggest new strategies for probing the role
and actions of PPARγ/RXRα, CHGA, and leptin within this setting (Figure 6).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Blood pressure (BP): Aggregation with leptin and BMI traits in twin pairs. Traits are age-
and sex-adjusted. Statistical analyses were by generalized estimating equations (GEE).
Family history (FH) was obtained by self-report of the individual; positive family history
was defined as onset of hypertension in one or both parents, before the age of 60 years. *P <
0.05. (a) Leptin, hypertension, and family history. BP status (normotensive (NT) vs.
hypertensive (HT)) status (χ2 = 6.04, P = 0.014*), or family history of hypertension (χ2 =
4.43, P = 0.035*): effects on the leptin quantitative trait; (b) BMI, hypertension, and family
history. BP status (χ2 = 7.961, P = 0.005*), or family history of hypertension (χ2 = 4.08, P
= 0.043*): effects on the BMI quantitative trait. BMI, body mass index.
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Figure 2.
Genetic pleiotropy: Codetermination of traits in twin pairs. The diagonal lines are the
theoretical lines of identity (Y= X). Results are shown as the mean ± s.e.m. for the
covariance estimates, plotting RhoG (genetic covariance) as a function of RhoE
(environmental covariance). Significance of RhoG or RhoE estimates is shown by P values.
*P < 0.05. (a) Genetic pleiotropy for leptin with correlated traits; (b) genetic pleiotropy for
BMI with correlated traits. BMI, body mass index; CHGA, chromogranin A; CRP, C-
reactive protein; DBP, diastolic blood pressure; HOMA, HOMeostatic Assessment model.
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Figure 3.
Pleiotropic effects of CHGA promoter variant G-462A on multiple metabolic syndrome
traits in UCSD twins. *P < 0.05. (a) Joint effects of CHGA promoter variant G-462A on
leptin (P = 0.031*) and CRP (P = 0.048*) are illustrated; (b) joint effects of CHGA
promoter variant G-462A on leptin (P = 0.031*) and BMI (P = 0.027*) are illustrated. BMI,
body mass index; CHGA, Chromogranin A; CRP, C-reactive protein; GEE, generalized
estimating equations; UCSD, University of California San Diego.
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Figure 4.
CHGA promoter variant G-462A: Sex-dependent effects on traits in twins. The effect of
CHGA promoter variant G-462A on traits leptin is illustrated separately for men and
women. *P < 0.05. (a) Leptin in UCSD twins. There is a significant overall effect for
genotype (P = 0.011*), as well as an effect in women alone (P = 2.54E-4*); (b) BMI in
UCSD twins. There is a significant overall effect for genotype (P = 0.007), as well as an
effect in women alone (P = 0.002); (c) BMI in Australia (QIMR) twins. There is a
significant effect in women alone (P = 0.046), as well as a gene-by-sex interaction (P =
0.029). BMI, body mass index; CHGA, Chromogranin A; GEE, generalized estimating
equations; QIMR, Queensland Institute of Medical Research; UCSD, University of
California San Diego.
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Figure 5.
Human CHGA promoter common variant G-462A: transcriptional motif disruption. (a)
PPARγ/RXRα heterodimer recognition motif is shown as two direct repeats (RGGTCA)
separated by a one nucleotide spacer. Italics: Position of G-462A (rs9658634). Bold: Match
to PPARγ/RXRα heterodimer DR1 (direct repeat) motif. PPARγ/RXRα heterodimer DR1
motif: MA0065 at JASPAR <http://jaspar.genereg.net>. Computed at ref. 54; (b) PPARγ
homodimer recognition motif is shown as one direct repeat (RGGTCA) and one inverted
repeat (TGACCT) separated by a three nucleotide spacer. Italics: Position of G-462A
(rs9658634). Bold: Match to PPARγ homodimer Pal3 (palindrome) motif. PPARγ
homodimer Pal3 motif: MA0066.1 at JASPAR <http://jaspar.genereg.net>. Computed at ref.
54; (c) human CHGA promoter G-462A and nuclear receptor activation: effects on
transcriptional activity in chromaffin cells. Allele G-462 occurs naturally as part of Hap-A
(TTgTC); on the Hap-A background, G-462 was point mutated to -462A, creating
nonnatural/artificial haplotype TTaTC. Results for TTgTC vs. TTaTC are compared with t-

Rao et al. Page 18

Am J Hypertens. Author manuscript; available in PMC 2013 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://jaspar.genereg.net
http://jaspar.genereg.net


test. Chromaffin (PC12) cell transfection results are shown. A PPARγ expression plasmid
(pCMV promoter) was cotransfected with CHGA promoter haplotypes into PC12 cells,
wherein stimulation was 10 μM rosiglitazone alone (left), vs. 10 μM rosiglitazone plus 1
μM retinoic acid (right). *P < 0.05. CHGA, chromogranin A.
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Figure 6.
Human CHGA promoter variant G-462A: integrated hypothesis for metabolic traits. A
framework hypothesis is shown for the actions of PPARγ/RXRα on CHGA promoter
variant G-462A, to influence metabolic syndrome traits, and ultimately blood pressure. BMI,
body mass index; CHGA, chromogranin A.
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