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The main objective of this project was to determine the impact of genetic risk
and chronic environmental stress on measures of preclinical essential
hypertension (EH) (e.g., exaggerated cardiovascular reactivity, increased resting
hemodynamics and increased left ventricular mass [LVM]). A secondary
objective was to evaluate the moderating and interactive effects of ethnicity,
gender, body mass index [BMI] and anger expression on EH risk indices. Two
genes with relevance for blood pressure (BP) control (e.g., beta-2 adrenergic
receptor [ADRB2] gene and serotonin transporter [5-HTT] gene) were used to
define genetic risk. Chronic environmental stress was assessed by
socioeconomic status (SES) and subjective social status (SSS). The project
consisted of three sequential studies on a large, multiethnic cohort of young
adults (N>500). The first two studies were cross-sectional and based on the
analysis of cardiovascular reactivity, resting hemodynamics and LVM data
collected at a single visit. The third study was longitudinal and involved the
tracking of BP and LVM over a 15-year span from childhood to early adulthood.
In the first study, ADRB2 haplotype significantly interacted with anger
suppression in African Americans such that high anger suppressing carriers had
the highest resting SBP (p<.05) and TPR reactivity to a cold pressor task (p<.01 ).
In European Americans, ADRB2 'haplotype significantly interacted with BMI to
predict resting hemodynamics, such that carriers who were high in BMI showed

the highest SBP (p<.05). In the second study, a significant interaction between
the 5-HTI promoter region polymorphism (5-HTILPR) and social status was
found for cardiovascular reactivity, such that S allele homozygotes who were low
in SES and high in SSS exhibited the greatest BP and TPR reactivity to the video
game stressor (p-values<.05). No significant interaction was found between 5HTILPR and social status in the longitudinal study, however a significant 5HTILPR by BMI interaction was determined for LVM, such that obese LL
homozygotes had the greatest LVM over time (p<.001 ). Results from this project
expand what is currently known with regard to EH etiology and carry implications
for the prevention of EH through the early consideration of genetic,
environmental and demographic risk factors.

INDEX WORDS: Essential hypertension, ADRB2, 5-HTILPR, socioeconomic
status, cardiovascular reactivity, left ventricular mass, gender, ethnicity, body
mass index, anger expression.
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Introduction

Problem and Specific Aims
Essential hypertension (EH) is a major public health problem in the United
States, affecting over 65 million adults. 1 Another 59 million adults have aboveoptimal blood pressure (e.g., "pre-hypertensive"). 1 Together, EH and prehypertension are among the most important risk factors for coronary heart
disease (CHD), stroke, heart failure, and renal failure. 14
The early identification of individuals at risk for future EH carries major
implications for prevention and treatment. Exaggerated cardiovascular reactivity
to behavioral stress has been identified as an important EH risk factor,
particularly among individuals exposed to chronic environmental stress (for
review see Treiber et a1. 5). Individuals from chronically stressful environments
(i.e., low socioeconomic status [SES], low perceived social status, etc.) are at
greater risk for cardiovascular disease (CVD), including EH.S-9
Advances in EH genetics have led to the identification of potentially
deleterious polymorphisms that may impact blood pressure (BP) control. Initial
studies associating alterations in sympathetic nervous system (SNS) and
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serotonergic system (SS) genes with increased risk for EH have produced mixed
results. 1a-13 Inconsistency between gene association studies may be related in
part to differences in subject characteristics, such as ethnicity, gender, adiposity
and anger expression that are known to influence BP regulation. In addition,
many EH-gene association studies have limited phenotypic analysis to resting
hemodynamics, while the involved genes may have greater relevance for BP
regulation in individuals exposed to chronic and repeated acute environmental
stressors. 6•14"17
The premise for this study is that altered BP control systems (e.g., SNS and
SS) are important for EH development. We hypothesize that both genetic and
environmental factors impact these control systems, and 9ver time, the
accumulation of 'insults' (e.g., exaggerated vasoconstrictive forces, increased
sodium retention and total blood volume, etc.) leads to vascular and ventricular
remodeling, increased BP at rest, and ultimately, EH (Figure 1).

The specific aims of the proposed studies are to test the hypotheses
that: 1) Individuals with genetic predisposition for EH or 2) high
environmental stress will exhibit higher indices of EH risk, including:
a) exaggerated cardiovascular reactivity
b) increased resting hemodynamics
c) increased left ventricular mass (LVM)

3

Figure 1.
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3) Individuals who show combined risk (genetic + environmental) will
exhibit even higher cardiovascular reactivity, resting hemodynamics, and
greater LVM
4) Moderating and interactive influences of gender, ethnicity, BMI, and
anger expression will impact EH risk indices.
5) The genetic, environmental, and moderating/interactive factors above
will impact the development of resting hemodynamics and LVM over a 15year period from childhood to early adulthood.

The purpose of these aims is to determine the extent to which these
particular genes, environment, and gene-environment interactions contribute to
indices of EH risk. A large, multiethnic cohort (N=567) which has already been
well phenotyped was utilized for this work. The cohort has an average age of
23.1 +/- 2.5 years and has been evaluated at 12 visits over a 15-year span. The
advantage of this cohort is that it provides the opportunity to investigate the
influence of chronic stress exposure across a critical time of physical and
emotional growth. Genotyping was done by PCR, while chronic stress exposure
was quantified from measures of parental education, neighborhood SES and
subjective social status. Hemodynamic measurements were completed at rest
and under conditions of acute behavioral stress. LVM was measured by
echocardiography. In addition to the primary phenotypes (BP and LVM),
secondary analyses involving the measured parameters of total peripheral
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resistance (TPR), cardiac output (CO), and heart rate (HR) were included in this
work.
Attempts at unmasking the etiology of EH have produced a complex mix of
genetic, social, and behavioral risk factors that interact across different ethnic,
gender and age groups. Dissecting these relationships will be key for the long
term goal of this work: improved primary prevention and treatment of EH.

Background and Significance
EH is one of the most significant health problems facing developed countries
today. 18 In the United States alone, the prevalence of EH is 65 million, or nearly
1 in 3 adults. 1 Another 59 million adults, or approximately 28% of the population,
have pre-hypertension. 1 In pediatric populations, the incidence of EH is growing
and it is currently estimated that 2 million children and adolescents are
affected. 19•20
The burden of EH is large and increasing. EH is an important risk factor for
CHD, stroke, heart failure, and renal failure and in 2003, alone, was listed as a
contributing factor in 277,000 deaths in the United States. 14 From 1993 to 2003,
the age-adjusted death rate from EH grew 29.3%.

1

Beyond the human toll, the

direct and indirect cost of EH for 2006 is estimated at $63.5 billion. 1 An improved
understanding of how EH develops and how it may be prevented is clearly
needed.
The pathogenesis of CVD begins in childhood and progresses steadily into
adulthood. 21 -25 Along with traditional EH risk factors, exaggerated CV reactivity
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to environmental stress during childhood and adolescence has been found to
!

predict development of EH. 5 ·26 The association between CV reactivity to stress
and future increases in blood pressure is likely to be enhanced in individuals with
genetic predisposition for EH, such as positive family history for the disease. 27-31
Each of the 567 subjects involved in this project has at least one biological parent
or grandparent with physician-confirmed EH.
Recent advances in EH genetics have generated a list of polymorphisms
within candidate genes that may further define genetic predisposition for EH. 14•16
According to Luft, the most efficacious approach to identifying genetic variants
related to increased EH risk indices is to select polymorph isms from overlapping,
interconnected physiologic systems. 32 Based on this recommendation, we have
selected genetic variants from the SNS and SS that have been found to be
related to CVD or CVD-prone phenotypes.

Sympathetic Nervous System
Endogenous catecholamines act on beta-2 adrenergic receptors (ADRB2) to
mediate peripheral vasodilation. Alterations in the ADRB2 gene coding region, in
particular amino acids 16 (R->G) and 27 (Q->E), have been associated with
higher blood pressure and an increased risk for EH. 3340 Not all studies have
agreed on the identity of the detrimental allele, and some studies failed to find an
association between ADRB2 genetic variation and blood pressure. 4144
Two studies have tested the hypothesis that ADRB2 polymorph isms at amino
acids 16 and 27 are related to exaggerated cardiovascular reactivity to
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behavioral stress. 10•12 McCaffery et al. found no effect of the Arg16Giy
polymorphism on BP reactivity to mental arithmetic or the Stroop Color
Interference test. 12 By contrast, Li et al. reported a positive association between
Arg16Giy and BP reactivity to mental arithmetic and cold pressor task. 10 The
inconsistency between ADRB2 gene association studies on resting
hemodynamics and cardiovascular reactivity emphasize the need for further
characterization of ADRB2 gene variation and exploration of potential
interactions between ADRB2 and environmental risk factors.
Recently, an increased understanding of linkage disequilibrium across the
spectrum of ADRB2 variation has made haplotype analysis possible. 45 Thirteen
common ADRB2 single nucleotide polymorphisms (SNPs) have been found to
comprise 4 common ADRB2 haplotypes in African Americans (AAs) and 3 in
European Americans (EAs). 45 In this project, the association between ADRB2
and indices of EH risk will be assessed at the haplotype level.

Serotonergic System
The serotonin transporter (5-HTT) is responsible for both the neuronal and
platelet reuptake of serotonin. 46•47 A commonly occurring insertion/deletion
polymorphism in the promoter region of the 5-HTT gene was identified to have
important functionality. 48 •49 This polymorphic region, referred to as the 5-HTT
gene-linked polymorphic region (5-HTTLPR), is positioned -1 kb upstream of the
transcription start site. 50 •51 There are two main alleles: the long (L) allele,
containing a 44-bp insertion, is considered to be the wildtype; the short (S) allele
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lacking this 44-bp segment, is considered to be the minor allele. Presence of
one or two copies of the S allele results in significantly decreased expression of
the serotonin transporter. 48 •49 The S allele has been associated with coronaryprone psychiatric morbidity, including major depression,

52 56
"

while the 5-HTILPR

L allele has been linked to increased blood pressure and heart rate reactivity to
mental stress, 13 increased platelet reactivity, 57 increased risk for coronary artery
disease58 and increased risk for myocardial infarction (MI).

59 60
·

Gene-environment interactions and EH risk
Attempts to replicate the reported associations between BP phenotypes and
genetic polymorph isms have not always been successful. The extension of the
gene-disease model to include gene-environment interactions, when knowledge
of environmental experiences is available, may lead to a better understanding of
genetic risk in the etiology of EH. 14•16·61 An important environmental risk factor for
CVD is chronic exposure to life stress. Chronic stress during childhood and
adolescence (such as low SES and/or low perceived social status) predisposes
individuals to the development of EH.

62 63
•

Gender and Ethnicity
The potential moderating influences of gender and ethnicity were included in
the current model due to the established link between these factors and
enhanced EH risk. African Americans and males commonly exhibit greater
cardiovascular reactivity to behavioral stress, show higher resting hemodynamics
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and have greater LVM than European Americans and females,
respectively.

30 31 64 68
• • •

Anger Expression
A link between anger expression constructs (i.e., anger-out, anger-in, and
anger-control) and increased risk for EH has been established. 6s-72 High anger
suppression (measured as 'Anger-In') predicts increased resting blood pressure,
69 70
·

and cardiovascular reactivity to behavioral stress. 73 A recent study reported

a significant interaction between variation in the endothelin-1 (ET-1) gene and
anger management to predict vasoconstrictive stress reactivity?4 In light of this
finding, the link between anger expression and EH risk may be explained by
changes in specific BP control systems, including alterations in the SNS and SS.

Adiposity
An accumulating body of evidence indicates that adiposity is often associated
with increased BP at rest, heightened blood pressure .reactivity, 7s-78 and greater
LVM, 79 •80 supporting the inclusion of BMI as a potential moderating factor
between genetic variation in EH risk genes and preclinical EH phenotypes.
Additionally, the rising prevalence of both obesity and obesity-related
hypertension in the United States and other developed countries further
emphasizes the potential public health benefrts of studying interactions with
BMI.81-B3
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Statement of Significance
This project is important due to the expected decrease in morbidity and
mortality that would result from the primary prevention of EH and other CVD. 84
Thus, the long-term goal of this project is to elucidate the genetic, environmental,
and interactive pathways that contribute to EH risk, specifically exaggerated BP
stress reactivity, increased resting BP, and increased LVM. Such information will
be helpful in the development of effective primary prevention efforts to decrease
the incidence of EH and guide possible behavioral and pharmacogenomic
approaches for treatment.

II

Anger Suppression and Adiposity Modulate Association
between ADRB2 Haplotype and Cardiovascular Stress Reactivity

Joseph C. Poole, Harry C. Davis, Harold Snieder, Frank A. Treiber

ABSTRACT
Objectives: The purpose of this study was to examine how variation in the

ADRB2 gene, i~ .combination with the moderating influences of ethnicity, BMI and
anger expression style (Anger-In, Anger-Out) impacts BP at rest and in response
to acute laboratory stress. Methods: Four hundred fifty adolescents (mean age

=18.5 ± 2.7 years; 228 [124 males] EAs and 222 [110 males] AAs) completed
two stressors (video game challenge, forehead cold pressor). Hemodynamic
measures were taken before, during and after each stressor. Stressors were
separated by a 20-minute rest period. Results: Frequency of detrimental
haplotype (Giy16/Giu27) carrier status was greater among EAs than AAs (p<.05).
A significant three-way interaction between haplotype, BMI, and ethnicity for
resting SBP found the highest BP level to be among high BMI carriers, but only
for EAs. A separate three-way interaction was found to be significant for
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haplotype, anger-in and ethnicity such that high anger-in carriers showed the
highest level of resting SBP (p<.05) and TPR (p<.05) and the greatest TPR
reactivity to the cold pressor task (p<.01 ). Post-hoc analyses revealed these
interactions with anger-in were only present among AAs. No significant
interactions with anger-out for either ethnic group were observed. Conclusions:
This study demonstrates modulating influences of BMI and anger expression
styles upon ADRB2 gene associations with hemodynamic function at rest and in
response to laboratory stress, These findings ·support the hypothesis that
consideration of gene-environment interactions may better characterize the role
of ADRB2 variation in the development of stress-induced essential hypertension.
Key words: ADRB2, stress, anger, cardiovascular reactivity, ethnicity, BMI.

EH = essential hypertension; BP = blood pressure; SBP = systolic blood

=diastolic blood pressure; TPR =total peripheral resistance; CO
=cardiac output; ADRB2 =beta-adrenergic receptor; SNP =single nucleotide
polymorphism; BMI =body mass index; ET-1 =endothelin 1; AI =anger-in; AO
=anger-out; AC =anger-control; AA =African American; EA =European
pressure; DBP

American

INTRODUCTION
Alterations in peripheral vasodilation capacity have been implicated in the
etiology of essential hypertension (EH).

85

Catecholamine-mediated action at

beta-2 adrenergic receptors on endothelium and vascular smooth muscle
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represent an important vasodilatory mechanism. Decreased beta-2 adrenergic
receptor density results in increased blood pressure (BP) in response to
epinephrine

86

and pharmacologic blockade of these receptors significantly lowers

maximum dilation response to exogenous catecholamine 87 • BP may be further
impacted by the function of beta-2 adrenergic receptors expressed outside the
vasculature, particularly in the heart (cardiac structure and function), kidney (salt
and water excretion), and adipose tissue (mobilization of lipids). The beta-2
adrenergic receptor gene (ADRB2) has been well characterized and several
single nucleotide polymorph isms (SNPs) have been identified [for review see 88].
Two SNPs within the ADRB2 coding region (Arg16Giy and Gln27Giu) impact
receptor function in response to adrenergic stimulation. 45 •89"93 These
polymorphisms have been commonly associated with elevated resting blood
34 3640 92
•
•

pressure, 33·

though the identity of the detrimental allele (Arg/Giy at the 16

position, Gln/Giu at the 27 position) has differed across studies, and some
studies did not find an association.

4144

This inconsistency between studies may

be partly explained by the lack of consideration of potential blood pressurerelated modulating influence of subject characteristics (e.g., ethnicity, sex, BMI)
and psychosocial factors such as anger coping style. 16 The efficacy of
considering these potential effects within a gene-environment stress-induced
model of EH has recently been suggested. 16
Exaggerated hemodynamic reactivity to behavioral stress has been shown to
be predictive of hypertension.

26

Stress exposure protocols may be particularly

relevant for studying beta-adrenergic mediated changes. Two studies have

14
examined the relationship between ADRB2 gene polymorph isms and
hemodynamic reactivity to acute behavioral stress.

10 12
•

McCaffery et al. 12 found

an association between the Arg16Giy polymorphism and resting BP, but not in·
BP reactivity to mental arithmetic or the Stroop Color Interference test. Li et al. 10
reported a positive association between the Arg16Giy polymorphism with BP
both at rest and in response to mental arithmetic and cold pressor task. Possible
explanations for this inconsistency include the differential influence of specific
modulating factors and/or inherent differences between the European American 12
and European populations. 10 These findings further emphasize the need for in
depth consideration of potential gene-environment interactions in the link
between ADRB2 and altered risk for EH.
Associations between anger expression constructs (i.e., anger-out, anger-in,
and anger-control) and increased risk for EH have been reported. 6s-72 •94 •95 High
anger suppression (represented by 'Anger-In') has been shown to be associated
with increased blood pressure at rest,

70 71 94 95
• • •

and greater blood pressure

reactivity to behavioral stress. 73 By contr~st, some studies have reported 'AngerOut' (rather than Anger-In) to be the toxic component of anger expression, being
associated with higher resting BP 72 and increased carotid atherosclerosis. 59
Recently, an association between low anger management skills and exaggerated
vasoconstrictive reactivity to stress was observed in young adults, but only
among subjects who were carriers of a detrimental endothelin-1 (ET-1) allele?4
In light of this finding, the link between anger expression and cardiovascular
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reactivity may be explained by changes in specific BP control systems, including
alterations in beta-2 receptor mediated vasodilation.
Because beta-2 adrenergic receptors act on adipocytes to mediate fat
breakdown and energy balance, it has been suggested that ADRB2 variants may
be relevant to the etiology of obesity-related hypertension. 38 BMI may, therefore,
be an important factor that interacts with a detrimental ADRB2 variant to predict
EH risk. Further, an accumulating body of evidence indicates that adiposity is
often associated with increased blood pressure reactivity, 7s-78 supporting the use
of cardiovascular stress reactivity for studying potential interactions between
ADRB2 variation and adiposity.
A complicating feature of ADRB2 gene association studies is the fact that the
Arg16Giy and Gln27Giu polymorphisms occur in specific allele combinations
more frequently than would be expected by chance. This linkage disequilibrium
has been reported between the Arg16Giy and Gln27Giu loci, as well as with
additional ADRB2 SNPs. Indeed, Drysdale et al.

45

found that all known ADRB2

SNPs comprise 4 common haplotypes in African Americans and 3 common
haplotypes in European Americans, suggesting that combinations of ADRB2
SNPs may be more pertinent to BP control than single SNPs. Based on a review
of the relevant literature

37 92 96 97
• · • ,

including our own work

98

,

we contend that the

haplotype 16Giy/27Giu (containing both minor alleles) may be particularly
detrimental for BP control.
We hypothesized that the coupling of a detrimental ADRB2 haplotype with
high BMI or poor anger coping skills would result in exaggerated hemodynamic
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function, at rest and in response to acute laboratory stress. We focused on the
outcome variables that best captured ADRB2's role as a peripheral mediator of
resistance (i.e., systolic blood pressure [SBP], diastolic blood pressure [DBP],
and total peripheral resistance [TPR]). We tested this hypothesis in a multiethnic
cohort of young adults that participated in a competitive video game challenge
and a forehead cold stressor.

METHODS
Study Population
The cohort consisted of 450 subjects (222 African American and 228
European Americans; 220 males and 230 females; mean age of 18.5 ± 2.7
years) who are participants in a longitudinal study investigating the development
of stress-related cardiovascular disease risk factors. 99 The criteria used for the
classification of subjects as 'African American' or 'European American' was
based on parental self~report and is presented elsewhere. 99 Subjects had a
physician-verified family history of cardiovascular disease (EH and/or premature
myocardial infarction). 100
Protocol
The Institutional Review Board from the Medical College of Georgia approved
the study. Informed consent was obtained from each subject and in the case of
subjects <18 years old, parents provided consent. Subjects underwent a battery
of anthropometric assessments including height (em), weight (kg), waist
circumference, waist-to-hip ratio and skin-fold thickness according to established
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protocols. BMI was calculated as Kg/m 2 and standardized for age and sex.
Blood pressure measures were obtained with a Dinamap/Pediatric Vital Signs
Monitor (modei1846SX; Critikon). Heart rate and cardiac output (CO) were
measured with the thoracic bioimpedance monitor (NCCOM-3; Version 6; BoMed
Medical Manufacturing Ltd) and Total peripheral resistance was calculated as
mean arterial pressure (MAP)/CO (mmHg/Umin). MAP was estimated by (SBP +
2DBP)/3.
After being instrumented with a blood pressure cuff and bioimpedance
electrodes, subjects were placed in the supine position for an initial 20 min rest
period. Hemodynamic measurements were collected at minutes 11, 13, and 15.
Baseline hemodynamics were calculated as the average of minutes 13 and 15.
Reactivity was defined as change scores (peak- resting level). Following the
first rest period, subjects engaged in a competitive video game challenge (Atari
"Breakout") for 10 min according to a standardized protocol. 100 Hemodynamics
were recorded every 2 minutes during the video game challenge as well as
during each 20-minute recovery period. Following the video game challenge and
the post-video game recovery period, subjects completed a 1-minute forehead
cold stressor, 'Chilly Willy', according to a previously established procedure. 68•100
A large, zip locking bag filled with 6 cups of crushed ice and 1.5 cups of water (3"
to 5"C) was placed across the subject's forehead for 1 minute. CV responses
were recorded during the final 30 seconds of the stressor. Su_bjects concluded
the reactivity protocol with a final recovery period.
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Genotyping
Extraction of genomic DNA from plasma buffy coats or buccal swabs was
performed with the QiaAmp DNA Blood Mini Kit (Qiagen). For haplotype analysis,
2 common SNPs (allele frequency >.05) were selected for genotyping: G46A

'
(Giy16Arg) and C79G (Gin27Giu).
Genotyping was completed by PeR/restrictionenzyme digestion, as described elsewhere. 98 Carriers of the detrimental haplotype
were identified as those individuals having Gly at AA position 16 and Glu at AA
position 27. Haplotype frequencies for ADRB2 SNPs were estimated by PHASE
2.0.101

Anger Expression
The Spielberger Anger Expression Scale was used to measure the
multidimensional construct of anger expression. This 24-item Likert scale
captures three distinct components of anger expression: anger-in (AI) (i.e.,
suppression or inhibition of anger), anger-out (AO) (i.e., outward expression of
anger), and anger-control (AC) (i.e., effective anger restraint). Based on general
feelings or actions to anger-provoking situations, subjects assigned each item a
value ranging from 1 ("almost never'') to 4 ("almost always"). Since the literature
review indicated that AI and AO were strongly associated with BP control, only
those subscales were used in the data analysis. The Spielberger AI and AO
subscales have been found to have adequate internal consistency (.73< alpha
<.84) and 1-yeartest-retest reliabilities of .52 and .75, respectively. 102·103
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RESULTS
Descriptive characteristics of the cohort and resting hemodynamics by
ethnicity and haplotype carrier status are presented in Table 1. AAs were older,
higher in BMI, and had greater SBP, DBP, and TPR at rest than EAs (p<.05).
Hemodynamic differences remained significant after controlling for differences in
age. Detrimental haplotype (16Giy/27Giu) frequency was greater among EAs
(71.2%) than AAs (28.8%) (p<.001 ). Anger-In (AI) and Anger-Out (AO) did not
differ significantly by ethnicity (p> .05). Descriptive characteristics for reactivity
change scores by ethnicity and haplotype carrier status are presented in Table 2.
Significant differences by ethnic group were present for video game SBP and
DBP and cold pressor SBP and TPR, such that AAs showed greater reactivity
compared to EAs. The codon 16 and 27 polymorphisms were in strong linkage
disequilibrium for both African American (D"
European American subjects (D'

=0.97, ~ =0.42, P<.001) and

=1.0, ~ =0.22, P<.001 ).

To avoid inflation of the type 1 error rate owing to the consideration of multiple
dependent measures, a multivariate analysis was done using the following terms:
SBP, DBP, and TPR at rest; change scores in SBP, DBP, and TPR to the video
game stressor; change scores in SBP, DBP, and TPR to the forehead cold
stressor. Haplotype status (carrier or non-carrier of Gly16/Giu27), ethnicity, BMI,
anger in, anger out, and all two- and three-way interactions involving haplotype
were entered as independent variables. The potential confounder, gender, was
entered into the model as a control variable. This model was reduced by
eliminating non-significant interactions and main effects not included in significant
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higher order interactions. The final multivariate model had main effects for
gender, ·ethnicity, SMI, haplotype, AI, two-way interaction terms for haplotype by
ethnicity, haplotype by SMI, haplotype by AI, and ethnicity by AI, and three way
interaction terms for haplotype by ethnicity by SMI and haplotype by ethnicity by

AI.
The three-way interaction, haplotype by ethnicity by AI, was significant for
resting SSP and TPR and for TPR reactivity to forehead cold (all ps<.05). To
better interpret the importance of these three-way interactions, we further
analyzed the haplotype by AI interaction separately by ethnic group. These posthoc analyses revealed the haplotype by AI interactions in EAs to be nonsignificant (all p>.05). In AAs, the haplotype by AI interaction was significant,
such that carriers of the detrimental haplotype who were also high in AI showed
the greatest resting SSP (Fig. 1) and the greatest TPR reactivity to the forehead
cold stressor (all ps<.05) (Fig. 2). The haplotype by AI interaction for resting TPR
in AAs was not significant (p>.05). The haplotype by SMI by ethnicity interaction
was significant for resting SSP and DSP (ps<.04). In post-hoc analyses, the
haplotype by SMI interaction for resting SSP remained significant for EAs only
and revealed that high SMI carriers showed significantly higher resting SSP
compared to low SMI individuals and high SMI non-carriers (p<.001) (Fig. 3). To
distinguish between 'high' and 'low' SMI, we used the values 1 standard
deviation above and below the mean, respectively.
Significant main effects and two-way interactions were generally subsumed
within significant three-way interactions. The only significant effects not
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subsumed within these three-ways included: a significant main effect of BMI for
resting TPR and video DBP indicating that high BMI individuals had lower TPR at
rest and higher DBP reactivity to the video game stressor compared to their low
BMI counterparts; a significant haplotype by AI interaction for resting DBP
indicating that carriers of the Gly16/Giu27 allele who were the lowest in anger
suppression showed the lowest DBP at rest compared to all other groups; and a
significant ethnicity by AI interaction for SBP reactivity to forehead cold (p<.04)
indicating that AAs who were high in AI were more reactive to the ice stressor
compared to EAs and AAs who were low in AI.

DISCUSSION
In this study, we tested the hypothesis that carriers of a detrimental ADRB2
haplotype, particularly in combination with additional EH risk factors (e.g.,
unhealthy anger expression and BMI) would exhibit the highest levels of BP at
rest and in response to acute stress. We designated an ADRB2 haplotype
(consisting of a glycine residue at amino acid position 16 and a glutamate
residue at position 27) as unfavorable based on our previous gene association
study and additional reports of altered functionality of Gly16 and Glu2?. 37 •92 •96 ·97
A key finding from this study was a significant interaction between haplotype
carrier status and anger suppression in AAs for resting SBP. Carriers of the
detrimental haplotype who reported high levels of anger suppression had
significantly higher SBP than carriers with low anger suppression and noncarriers, irrespective of anger suppression status. Interestingly, low anger-
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suppressing carriers displayed the lowest SBP at rest. That is, this group had
lower resting SBP than non-carriers and high anger suppressing carriers. In
subsequent analyses this same group (low anger-suppressing carriers) displayed
lower DBP and TPR at rest. These findings suggest a potential protective
function of low-anger suppression among carriers of an otherwise harmful
haplotype.
An important issue stemming from our findings involves the differential impact
of ethnicity, anger suppression and ADRB2 haplotype on TPR reactivity between
the two stressors. The forehead cold stressor elicits extremely high
vasoconstrictive responses compared to the video game, particularly among
AAs. 104 Regarding the role of anger on stressor response, we speculate that
individuals who are prone to suppress feelings of anger may have done so in
response to the pain component of the forehead cold stressor. This may have
partially contributed to their vasoconstrictive mediated stress responses. We
further hypothesize that the difference in degree of TPR reactivity between the
video game (-2 mmHg/Umin ) and forehead cold stressor (-5-6 mmHg/Umin)
may partially explain the differential impact of the ADRB2 gene on effect size.
That is, the compensatory, vasodilatory function of ADRB2 would become more
important under conditions of greater vasoconstriction (i.e., the forehead cold
stressor). As a result, differences in effect size owing to an individual's physical
capacity to vasodilate would be more likely to be observed with the forehead cold
stressor. Thus, AAs with high anger suppression who were also carriers of a
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detrimental ADRB2 haplotype would be expected to show the greatest TPR
reactivity, particularly to the forehead cold stressor.
The interaction between ADRB2 haplotype carrier status and BMI upon
resting SBP in EAs is an interesting finding given the mixed literature on the link
between ADRB2 alteration and adiposity measures. 105-107 Notably, we found no
statistically significant associations between haplotype carrier status and BMI, or
additional adiposity-related measures (i.e., waist circumference, waist-to-hip
ratio, skin-fold thickness). These findings lend support to the viewpoint that
ADRB2 is more directly related to BP control than adiposity. 108 In EAs, the
significant interaction between haplotype and BMI indicated that the coincident
occurrence of both factors is particularly harmful, though this finding was not
replicated in the AA subjects.
These results carry important implications for the primary and secondary
prevention of EH. Early behavioral interventions aimed at reducing ineffective
anger expression (especially anger suppression) may hold particular value as a
preventive measure in AAs with a family history of EH. Similarly in EAs, and
particularly carriers of the detrimental ADRB2 haplotype, the preemptive use of
exercise and dietary interventions in individuals at risk for obesity may decrease
the likelihood of future blood pressure dysregulation and EH. In addition to these
primary prevention approaches, the prudent use of anti-hypertensive medications
(e.g., the use of beta-1 specific beta blockers or drugs other than beta blockers)
in individuals with known genetic and environmental features may increase the
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efficacy of treatment and reduce the incidence of EH-related sequelae, including
stroke, ischemic heart disease, and renal failure.
While we are excited by the potential implications of this study, the findings
must be interpreted cautiously due to limitations of the study design. All subjects
participating in this study had medically documented family history of
cardiovascular disease. Whether these results translate to the general
population is unknown. The ADRB2 allele frequencies in our subjects were in
line with studies that used random sampling from the population at large, but
important differences in BP risk profiles between our subjects and the general
population are possible. However, the prevalence of cardiovascular disease,
particularly EH, is quite high in the geographical region from which the cohort
was recruited (i.e., "stroke belt"). 109 , Thus, our findings involving these subjects
are likely to generalize to other individuals in this region. A second limitation of
this study is the cross-sectional design that provides a one-time 'snapshot' of
each subject. The advantages of using a longitudinal design for determining EH
risk profiles have been well established. Longitudinal assessment would help in
determining when significant differences between subgroups first appear,
allowing for the development of time-sensitive interventions.
Findings from this study indicate that adiposity and anger suppression may
play important ethnicity-specific roles as modulators of EH risk among carriers of
a detrimental ADBR2 haplotype. The physiolpgical pathways by which these
interactive effects may occur are largely unknown. Mills and Dimsdale have
suggested a potential beta-adrenergic receptor-mediated mechanism linking
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anger suppression and increased likelihood for cardiovascular disease. 73 They
found high beta-adrenergic receptor sensitivity and increased SBP reactivity to a
math stressor among subjects who routinely suppressed their anger. Altered
beta-2 adrenergic sensitivity has been linked to carriers of the Gly16 and Glu27
alleles. 89 •90 •92 Both in vitro and in vivo work (in animal models and humans) is
necessary to determine the extent to which inherited ADRB2 dysfunction affects
overall risk for hypertension and how the additional factors of BMI, anger, and
ethnicity impact this relationship. Additional evaluation of these relationships
within a longitudinal cohort framework would go far in elucidating the importance
of these factors in the etiology of EH.
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TABLE 1. Descriptive characteristics by ethnicity and ADRB2 Gly16/Giu27
carrier status.

Characteristics

European American
Carrier
Non-Carrier

N*
1~
Age (years)*
18.1±2.7
59
Gender(% male)
Body Mass Index (kg/m 2) *
24.0±5.6
111.2±1 0.3
Resting SBP (mmHg) *
59.6±6.2
Resting DBP (mmHg) •
Resting TPR (mmHg/Umin) • 15.3±4.2
15.1±3.6
Anger-In (raw score)
Anger-Out (raw score)
15.5±3.4
• Significant ethnicity difference at p<.05

M
18.1±2.6
46
23.8±5.9
109.1 ±9.9
59.5±6.8
15.0±4.0
14.4±3.7
15.5+3.4

. African American
Carrier
Non-Carrier
68
154
19±2.7
18.7±2.5
47
51
27.9±8.6
26.5±7.2
113.8±11.4
115.8±11.1
63.0±7.9
64.7±7.7
16.0±3.8
18.0±4.9
15.9±3.7
15.9±3.9
15.3+3.7
15.2±4.0
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TABLE 2. Stress reactivity change scores by ethnicity and ADRB2 Gly16/Giu27 carrier status.
European American
African American
Characteristics
Carrier
NonCarrier
NonCarrier
Carrier
!::. SBP to Video Game (mmHg) *
13.6±8.0
12±8.5
13.4±9.9
14.0±9.7
10.5±6.5
10.3±6.9
11.6±7.7
10.7±7.4
!::. DBP to Video Game (mmHg) *
!::. TPR to Video Game (mmHg/Umin)
2.2±1.9
2.1 ±1.6
2.2±2.0
2.2±2.4
16.8±14.1 16.9±11.3 21±17.6
!::. SBP to Cold Pressor (mmHg) *
19.2±12.9
17.8±8.6
!::. DBP to Cold Pressor (mmHg)
18.9±8.6
18.1 ±11.1 19.2±9.8
5.4+4.7
6.0+5.7
6.4+5.0
6.4+4.9
!::. TPR to Cold Pressor (mmHg/Umin) •
* Significant ethnicity difference at p<.05
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The Interaction Effect of Serotonin Transporter Gene Promoter
Polymorphism (5-HTTLPR) and Social Status on Cardiovascular
Stress Reactivity

Joseph C. Poole, Yanbin Dong, Varghese George, Frank A. Treiber

ABSTRACT
A functional polymorphism in the promoter region of the serotonin transporter
gene, 5-HTILPR, has been linked to alterations in cardiovascular reactivity to
stress, though findings have varied across studies. Social status impacts
cardiovascular stress reactivity and may interact with genetic predisposition to
further increase cardiovascular disease risk. The objective of this study was to
determine the impact of 5-HTILPR, alone and interacting with social status (both
objective and subjective measures), on hemodynamic reactivity to behavioral
stress. Subjects were 180 African American and 162 European American young
adults (168 male and 174 female; mean age= 23.5 ± 2.6 years). Hemodynamic
measurements (i.e., mean arterial pressure, total peripheral resistance, and heart
rate) were complet~d at rest and during a 10-minute video game challenge. After
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controlling for ethnicity and gender, a significant three-way interaction involving
carrier status, neighborhood socioeconomic status and subjective social status
was observed for cardiovascular reactivity, such that 5-HTILPR S allele
homozygotes who were low in neighborhood socioeconomic status and high in
subjective social status exhibited the greatest mean arterial pressure and total
peripheral resistance reactivity to the video game stressor (p-values<.05). We
conclude that 5-HTILPR is associated with altered hemodynamics during stress
and this effect is moderated by objective and subjective measures of social
status. Further work is required to determine the mechanisms by which
incongruent social status measures, together with 5-HTILPR status may impact
cardiovascular stress reactivity. These factors may aid in the development of
uniquely tailored interventions for the primary and secondary prevention of
stress-related essential hypertension. Key words: serotonin transporter, social
status, cardiovascular reactivity, socioeconomic status, stress.

INTRODUCTION

Exaggerated cardiovascular reactivity to behavioral stress is a risk factor for
5

future cardiovascular disease (CVD), including essential hypertension (EH). 26
Emerging evidence from gene association studies suggests that serotonin may
be an important moderator of altered stress reactivity, 11 •13 as well as other
cardiovascular disease risk factors including smoking, 110•112, alcoholism, 113•114
elevated serum cholesterol 115 and high fasting blood glucose. 116 The
serotonergic system impacts cardiovascular reactivity to stress by its role in
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central sympathetic nervous system (SNS) regulation, 117 its contribution to CVDrelated psychological risk, 11 8- 120 and the vasoconstrictive action of circulating
serotonin in the vasculature. 121 -123
The search for genetic variation in the serotonergic system has revealed
common polymorphisms in genes relevant to the synthesis, action, breakdown,
and reuptake of serotonin. The greatest interest has been in the reuptake of
serotonin by the serotonin transporter following the identification of a functional,
biallelic polymorphism in the regulatory region of the serotonin transporter gene
(5HTT). 51 This polymorphism, the 5HTT gene-linked polymorphic region (5HTTLPR), is characterized by the presence (long allele, 'L') or absence (short
allele, 'S') of a 44-bp repeat region. The S allele of 5-HTTLPR is associated with
124

a two-fold decrease in transcription of the 5HTT gene, 50•
mRNA expression,

125 126
•

lower midbrain 5HTT

reduced whole blood serotonin, 127 slower rates of
128

transporter-mediated serotonin uptake by platelets, 48 •

and a myriad of

psychological and behavioral phenotypes including depression, obsessivecompulsive disorder, and eating disorders. 129
Two recent studies have described associations between 5-HTTLPR and
cardiovascular stress reactivity to acute behavioral stressors. 11 •13 Williams et al.
reported lower heart rate (HR) and mean arterial pressure (MAP) reactivity to
anger and sadness recall tasks among SS homozygotes. 13 By contrast,
McCaffery et al. reported an association between the S allele and increased HR
reactivity to the Stroop Color-Word Interference Test and mental arithmetic..11
The association was qualified by gender, such that females who were
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homozygous for the S allele demonstrated greater HR reactivity to both stressors
than men and L-carrier women. No significant associations between 5-HTTLPR
genotype and systolic blood pressure or diastolic blood pressure reactivity were
observed. The lack of consistency between studies, including discrepant
identification of the detrimental allele, suggests that additional factors, such as
chronically stressful environment may moderate the association between 5HTTLPR genotype and cardiovascular stress reactivity. Support for this
assertion comes from a recent study in which exposure to stressful life events
moderated the association between 5-HTTLPR genotype and risk for major
depression. 52 Carriers of the S allele who were exposed to four or more stressful
life events were approximately two times more likely to have an episode of major
depression than both non-carriers and carriers with fewer stressful life events.
There is also evidence from both animal and human studies that serotonergic
activity is positively associated with social status. Variation in 5-HTTLPR length
is known to exist in simian primates, including rhesus monkeys (Macaca
mu/atta). 130•131 The S allele has been associated with lower cerebrospinal fluid
concentrations of the serotonin metabolite, 5-HIAA, in peer-reared rhesus
monkeys, indicative of decreased central serotonin turnover. 130 Peer-rearing, as
opposed to mother-rearing, is predictive of low social status among rhesus
monkeys, 132 presumably due to the impact of early maternal deprivation and
increases in environmental stress. In humans, low family socioeconomic status
(SES) was shown·to be positively associated with decreased prolactin response
to fenfluramine challenge, indicative of low serotonergic activity in the central
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nervous system. 133 In a separate study, this association was qualified by 5HTTLPR genotype, such that low SES individuals who were homozygous for the
S allele exhibited the lowest serotonergic activity. 134 Indeed, the suggestion has
been made that the simultaneous occurrence of a detrimental 5-HTTLPR
genotype along with a chronically stressful environment may place individuals at
particularly high risk for CVD. 13
The purpose of the present investigation is to test whether the 5-HTTLPR S
allele, in combination with low social status, as measured by neighborhood SES
and perceived social status within the community, is associated with exaggerated
cardiovascular reactivity to behavioral stress. We subjected 342 European and
African Americans to a 10-minute video game challenge and measured
hemodynamics before, during, and following the stress. Using a general linear
model approach, we assessed the main and interaction effects of 5-HTTLPR
genotype and social status, on MAP, total peripheral resistance {TPR) and HR
changes in r~sponse to stress.

METHODS
Study Population
The cohort consisted of 342 subjects (180 African American [AA] and 162
European American [EA]; 168 males and 174 females; mean age 23.5 ± 2.6
years ) who are participants in an ongoing longitudinal study of the etiology of
stress-related CVD risk factors. 99 Data analyzed for this study were collected
between May 2003 and January 2006 as part of follow-up evaluations conducted

36

an average of every 1.5 years. Subjects came from a wide range of
socioeconomic backgrounds, but were predominantly lower-middle class. All
subjects had a physician-verified family history of cardiovascular disease (i.e.,
essential hypertension or premature myocardial infarction). 100

Protocol

The study was approved by the Institutional Review Board from the Medical
College of Georgia. Each subject provided informed consent, unless the subject
was under the age of 18 at the time of the visit, then informed consent was
obtained from a parent. MAP was measured with a Dinamap/Pediatric Vital
Signs Monitor (modei1846SX; Critikon). HR and cardiac output (CO) were
measured with a bioimpedance monitor (NCCOM-3, version 6; BoMed Medical
Manufacturing Ltd.), and TPR (mmHg/L/minute) was calculated as MAP/CO.
Subjects were instrumented with a fitted blood pressure cuff and
bioimpedance electrodes and then placed in the supine position for an initial 20minute rest period. Hemodynamic measures were collected at minutes 11, 13
and 15. Baseline (resting) hemodynamics were calculated as the average of
minutes 13 and 15 and were used to determine reactivity change scores (ll

=

peak- baseline level). After completing the rest period, subjects engaged in a
competitive video game challenge (Atari "Breakout") for 10 minutes.
Hemodynamics were recorded every 2 minutes during the stress period and the
peak level was used for calculation of change scores.
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Genotyping
Genomic DNA was extracted from plasma buffy coats or buccal swabs using
the QiaAmp DNA blood Mini Kit (Qiagen). The promoter region polymorphism of
the serotonin transporter gene (5-HTTLPR) was genotyped using the polymerase
chain reaction (PCR) ·as described elsewhere. 124 PCR products were visualized
on gel electrophoresis and each subject's 5-HTTLPR status was recorded as SS
homozygous, SL heterozygous, or LL homozygous.

Measures of Social Status
Objective Social Status: Neighborhood SES
A measure of neighborhood SES was obtained for each subject based on the
US census tract block group data using subject's permanent mailing address.
These block group data included education attainment level, median household
income, median monthly renUmortgage, average home value, percent below
poverty level, percent unemployed, and percent of single women with children
(the last three factors were reverse scored). 135 All scores were transformed into
Z scores from which an average Z score was calculated for each subject (the
higher the Z score, the higher the neighborhood SES rank).
Subjective Social Status: Ladder
The MacArthur subjective social status (SSS) ladder for communities was
used to assess each subject's perceived standing within their community. 136
Subjects were instructed to place a mark next to the rung (1-10) on the ladder
where they saw themselves relative to others in the community.
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RESULTS

Descriptive characteristics for the cohort including resting and reactivity
hemodynamics by 5-HTILPR genotype are reported in Table 1. Frequency of
the 5-HTILPR genotype varied by ethnicity such that the LL genotype was more
common among AAs, the SL genotype was more common among EAs and the
SS genotype was equally divided between ethnic groups. The sample did not
differ in neighborhood SES or SSS by 5-HTILPR genotype. For the resting
hemodynamics, there was a significant association between genotype and
resting MAP, with LL homozygotes having higher MAP than either SL
heterozygotes or SS homozygotes. No other resting or reactivity hemodynamic
measure differed significantly by genotype.
Using the general linear model approach, we tested the effect of 5-HTTLPR
genotype, neighborhood SES and SSS on cardiovascular reactivity
~TPR

and

~HR)

(~MAP,

to the video game challenge. Gender and ethnicity were

entered into the model as control variables. The final model had main effects for
gender, ethnicity, 5-HTTLPR genotype, neighborhood SES, and S$S, two-way
interaction terms for genotype by neighborhood SES, genotype by SSS,
neighborhood SES by SSS, and a three way interaction term for genotype by
neighborhood SES by SSS.
The three-way interaction, genotype by neighborhood SES by SSS was
significant for MAP (p=.012) and TPR reactivity (p=.040) to the video game. The
three-way interaction for HR reactivity did not reach significance (p=.264). In
order to distinguish between "high" and "low" measures of neighborhood SES
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and SSS, we performed median splits. Plotting the significant interactions
revealed that the most reactive subgroup (for both MAP and TPR reactivity) were
the SS homozygotes with low neighborhood SES and high SSS (n=12) (Fig. 1 &
2). Based on these findings, further analyses were performed modeling the 5HTTLPR S allele in a dominant (S carriers vs. LL) and recessive (SS vs. L
carrier) fashion. Under the dominant model, the three-way interaction was nonsignificant for MAP, TPR and HR reactivity. The recessive model resulted in a
substantial improvement in p-values for the three-way interaction for MAP
(p=.003) and TPR reactivity (p=.01 0) (Table 2).

DISCUSSION
In this study, we tested the hypothesis that carriers of a detrimental serotonin
transporter allele, particularly in combination with low SES, would exhibit the
greatest cardiovascular reactivity to behavioral stress in a multi-ethnic cohort of
young adults. We designated the short 'S' allele of the serotonin transporter
gene promoter polymorphism (5-HTTLPR) as unfavorable based on previous
work that showed this allele to be associated with lower transporter expression
and phenotypes related to higher CVD risk (i.e., HR stress reactivity, clinical
depression, smoking, etc.). In an attempt to better understand the impact of
chronically stressful environments in our subjects, an objective measure of
neighborhood socioeconomic status and subjective social status within the
community were used in analyses.
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The most important finding from this study was a significant interaction
between 5-HTTLPR genotype and chronic stress as measured by indices of
social status to behavioral stress. Plotting the means for this interaction revealed
a surprising result- homozygous S allele carriers who were from lower SES
neighborhoods but saw themselves as higher in social status within their
community were the most reactive group. We expected the highest risk group to
be the S allele homozygotes that were low in both neighborhood SES and SSS,
however this group showed only modest stress reactivity. This unexpected
finding may shed light upon the serotonin transporter's role in EH risk, as well as
how genetic susceptibility for EH may be moderated by specific combinations of
chronic stress constructs.
Previous studies have assessed the relative impact of objective and
subjective social status on overall health. 13s-138 Considerably less is known about
how these two types of measures may potentially interact to enhance risk
profiles, especially for EH. Two studies by Dressler, Bindon and colleagues have
investigated the impact of these SES variables and their interaction on resting
blood pressure in American Samoa. 139•140 Among their findings is the
observation that individuals who attempt to maintain a lifestyle above their
economic resource level have significantly higher blood pressure at rest. They
term this phenomenon "lifestyle incongruity" and contend that it may serve as an
independent risk factor for EH. Whether the low neighborhood SES/high SSS
individuals in our study have true incongruence between resources and lifestyle
is not currently known. Establishing a more complete measure of lifestyle for our
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subjects, (i.e., the material style of life index141 ) will be necessary for future
testing of the impact of lifestyle incongruity on cardiovascular stress reactivity
within the context of the serotonin transporter genotype.
Important insight into potential serotonin-mediated mechanisms for
heightened stress reactivity may be gleaned from this study. The significant
interaction between 5-HTTLPR and social status held for both MAP and TPR
reactivity suggesting that the driving force for this effect is excessive
vasoconstriction. Serotonin is a potent vasoconstrictor

142

and serotonin handling

in the vasculature is critically dependent on platelet reuptake by the serotonin
transporter. 48 Why this effect is only seen among SS homozygotes with low
neighborhood SES/ high SSS may be related to upregulated SNS activity in
these individuals. Citing evidence from cardiovascular reactivity studies that
used persuasive speaking stressors, Dressier and Bindon describe how high
"lifestyle incongruity" could be expected to result in chronic SNS upregulation. 140
Serotonin augments the vasoconstrictive effects of epinephrine and
norepinephrine in blood vessels 143 and the coadministration-of ketanserin (an
anti-serotonergic) and the beta-blocker, propanolollowers blood pressure more
than monotherapy alone. 144 Thus, the extreme reactivity among the most reactive
group could potentially be related to the combined, synergistic impact of
serotonergic excess and heightened SNS activity.
The strength of the current report is its study population, the consistency of
the significant interaction across multiple measures of cardiovascular stress
reactivity, and the novelty of the findings with regard to the highest risk group
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(homozygous carriers with low neighborhood SES/high SSS). The majority of 5HTILPR gene association studies have been limited to EAs or Asian subjects.
The inclusion of approximately equal numbers of AAs and EAs is important,
especially considering that the significant three-way interaction reported here
occurs across ethnic groups. The average age of the cohort (23.5 years) is
important because of its potential utility for primary prevention of EH.
While we are excited by the findings, these results should be cautiously
interpreted due to inherent limitations of the study. All subjects in this study had
a family history of cardiovascular disease, thus the generalizability of these
results to the population at large is unknown. However, due to the population
characteristics of the geographical region from which subject recruitment
occurred (e.g., 'stroke-belt') 109 we believe that the generalizability of these
findings, at least within the southeastern region of the United States, is high.
While we included both AA and EAs in our analyses it is important to note that 5HTILPR S allele frequency differs between these ethnic groups. Consistent with
previous reports, we found S allele frequency among our subjects to be 29% for
AAs and 43% for EAs. 145·146 Interestingly, the SS homozygous group was
equally populated by AAs and EAs in o.ur sample. Because SS homozygotes (in
combination with low neighborhood SES and high SSS) showed the greatest
reactivity and, presumably, an increased risk for EH, we conclude that at least in
our sample, 5-HTILPR SS is an unfavorable genotype regardless of ethnic
group. Homozygosity for the 5-HTILPR S allele has previously been linked to

43
heightened cardiovascular reactivity to behavioral stress, though this effect was
only observed in women. 11
To our knowledge this is the first study to investigate the interaction between
the serotonin transporter gene and social status on cardiovascular stress
reactivity. Replication of these findings in an independent sample will be critical
for validation. We believe this is a worthwhile endeavor due to the important
implications of this work for the primary and secondary prevention of EH. Early
identification of individuals possessing both genetic and environmental EH risk
factors is critical for preemptive intervention.

Perspectives
The aim of this study was to test whether the minor allele of a 5-HTT gene
polymorphism (5-HTTLPR S allele), in combination with low objective and
subjective social status, was associated with exaggerated cardiovascular stress
reactivity. Our results showed that the interaction between 5-HTTLPR and social
status was significant, such that homozygous ca~riers that were low in objective
social status but high in self-reported social status were the most reactive for
MAP and TPR. The social status incongruity (e.g., low objective status/high
subjective status) found among the highest risk group agrees with previous
studies in which individuals high in "lifestyle incongruity" exhibited higher resting
BP. If the true moderator of 5-HTTLPR-Iinked risk is incongruence between
actual and perceived social status, behavioral interventions and educational
programs specifically targeting this population could have a major impact on EH
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incidence. Implications for the secondary prevention of EH include not only
behavioral interventions but also patient-specific pharmacological therapy. This
work as well as further testing of interactions between EH-candidate genes (i.e.,
SNS, renin-angiotension-aldosterone system, endothelial system, etc.) and both
objective and subjective social status measures may aid in the establishment of
discrete gene-environment profiles of EH risk and the development of novel
approaches for prevention of EH and its associated sequelae.
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Table 1. Descriptive Characteristics by 5-HTTLPR Genotype (Means ± Standard
Deviation)
Characteristics
N
Age (years)
Gender(% male)
Ethnicity (% AA) *
Neighborhood SES (Z score)
Ladder SSS (raw score)
Resting MAP (mmHg) *
Resting TPR (mmHg/Umin)
Resting HR (beats/min)
MAP reactivity (mmHg)
TPR reactivity (mmHg/Umin)
HR reactivity(beats/min)

LL
138
23.7±2.8
52
69
-.02 ± .7
6.6 ± 1.8
83.4± 8.9
17.2±4.9
65.1 ± 9.9
10.7 ± 7.9
1.5 ± 2.4
9.3 ± 6.9

5-HTTLPR genotype
SL
162
42
23.5 ± 2.5
22.9 ± 1.9
48
45
40
50
.07 ± .7
.25±.8
6.7 ± 1.9
6.8 ± 1.8
80.7 ± 8.3
80.2 ± 7.9
16.5 ± 4.9
17.0±4.1
64.0 ± 8.9
64.0 ± 10.5
11.9 ± 9.0
13.6 ± 12.0
1.6 ± 2.6
2.3 ± 2.5
8.9 ± 5.9
9.1 ± 6.9

ss

• Significant genotype difference at p<.05 (chi-square analysis or one-way
analysis of variance)
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Table 2. Significance levels for effects of three-way interaction (5-HITLPR X
neighborhood SES X social status ladder) on change scores within codominant,
dominant and recessive models
aMAP,

aTPR,

aHR,

mmHg

mmHg/Umin

beats/min

p

p

p

.012

.040

NS

NS

NS

NS

.003

.010

NS

Codominant model
SS vs. SL vs. LL
Dominant model
S carriers vs. LL
Recessive model
SS vs. L carriers

47

Figure 1.

-Cl 22
:z::
E 20
E
Ill 18
Ill
e:!
Ill 16

-.

~

--

•

0

II..

~

Low Neigh SES/
High SSS

- tJ - High Neigh SES/

~ 14
~
u 12
ca

e:!

• Low Neigh SES/
LowSSS

LowSSS
~

10

High Neigh SES/
HighSSS

8
LUSL

ss

Figure 1. Interaction of 5-HTTLPR genotype, Neighborhood SES, and SSS for
MAP reactivity (change score) in response to the video game challenge (means).
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Impact of the Serotonin Transporter Gene Promoter
Polymorphism (5-HTILPR) on Blood Pressure and Left
Ventricular Mass: A 15-Year Longitudinal Study

Joseph C. Poole, Xiaoling Wang, Gaston Kapuku, Harold Snieder, Frank A.
Treiber

ABSTRACT
Background: The serotonin transporter (5-HTT) mediates the neuronal and

platelet reuptake of serotonin. The gene encoding the serotonin transporter (5HTT) has emerged as a cardiovascular disease (CVD) candidate gene following
reports linking the L allele of the 5-HTT gene promoter polymorphism (5HTTLPR) to increased risk for myocardial infarction and exaggerated
hemodynamic l'tress reactivity. The objective of this study was to determine the
impact of 5-HTTLPR, alone and interacting with potential moderating risk factors
(i.e., ethnicity, gender, body mass index [BMI], and socioeconomic status [SES])
on blood pressure (BP) and left ventricular mass (LVM).
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Methods and Results: BP and LVM were measured 12 times over a 15-year
period in 281 African Americans (AA) and 286 European Americans (EA) (mean
age at start of study= 10). Individual growth curves across age were created for
systolic BP (SSP), diastolic BP (DBP) and LVM. BMI was calculated as weight in
2

kg/m and father's education level and marital status were used as measures of
SES. 5-HTTLPR genotype was not significantly associated with BP as a main
effect or in interaction with any of the moderating risk factors. The main effect of
5-HTTLPR on LVM was not significant, but a significant 5-HTTLPR interaction
with BMI was found for LVM such that obese LL homozygotes had the greatest
LVM across the entire age range (p=.0006). No significant interaction was found
between 5-HTTLPR and ethnicity, gender and SES for LVM development.
Conclusions: We observed a significant interaction between 5-HTTLPR
genotype and BMI on LVM development from childhood to young adulthood.
Implications for this finding include early identification of individuals at increased
risk for CVD. Key words: 5-HTTLPR, BMI, LVM, SES, gender, ethnicity.
Abbreviations:
CVD = cardiovascular disease; CNS = central nervous system; SHTT = serotonin
transporter gene; 5-HTTLPR = 5HTT gene-linked polymorphic region; Ml =
myocardial infarction; SSRI =selective serotonin reuptake inhibitor; LVM =left
ventricular mass; SES = socioeconomic status; HWE = Hardy-Weinberg
equilibrium.
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INTRODUCTION
The serotonergic system plays an important role i~ cardiovascular functioning
and serotonergic dysfunction has been linked to increased risk for cardiovascular
disease (CVD). 147-149 In the central nervous system (CNS), serotonin functions
as a neurotransmitter to influence mood, 150•151 food intake, 152 and sympathetic
nervous system output, 153•154 while in the vasculature." serotonin signals platelet
activation, 48•57•155 acts as a vasoconstrictor in the presence of endothelial
injury, 121- 123 and is a mediator of cardiac myocyte hypertrophy. 156-159 Regulation
of serotonergic activity in the CNS and vasculature is largely controlled by the
transporter-mediated uptake of serotonin into neurons and platelets,
respectively.
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Within the past five years, the gene encoding the serotonin transporter (5HTI) has emerged as a candidate gene for CVD. Interest in 5-HTT gene
variability has centered on an insertion/deletion polymorphism in the gene
promoter region (5-HTILPR). 51 This polymorphism has two main alleles: a short
'S' allele and a long 'L' allele that differ by a 44 bp region. Compared toSS and
SL genotypes, the LL genotype is associated with a two-fold increase in 5-HTI
mRNA and protein expression, greatly augmented uptake of serotonin into
neurons and platelets, and increased 5-HTI binding. 162
Despite the deficient 5-HTI gene transcription conveyed by the S allele of 5HTILPR and reports of increased risk of this allele for affective disorders, 52 •118·119
and increased stress reactivity among women, 11 evidence has been mounting
which implicates the L allele as the risk allele for CVD, including essential
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hypertension (EH). Williams et al. reported exaggerated heart rate (HR) and
mean arterial pressure (MAP) reactivity to recall tasks among L allele carriers. 13
Another study found an association between the LL genotype and coronary heart
8

disease,5 while two studies found that individuals with the LL genotype had a
significantly higher risk for myocardial infarction (MI). 59 •60 Moreover,
administration of a selective serotonin reuptake inhibitor (SSRI), that blocks
reuptake at 5-HTT, was protective for Mi. 163
To date, association studies involving 5-HTTLPR have been cross-sectional
and have not provided information on the impact of genetic predisposition on
between-subject differences in the development of CVD risk over time. Also,
these studies have been largely limited to middle-aged adults. The pathogenesis
of CVD begins in childhood and identification of specific genetic and
environmental factors which contribute to early preclinical indicators of CVD risk
(i.e., high resting blood pressure [BP] and increased left ventricular mass [LVM])
carries important implications for prevention. 164 Our group previously reported
that family history of essential hypertension was positively associated with
trajectories of systolic BP (SBP) and LVM in European American (EA) and
African American (AA) youth. 165 As we noted then, the further study of interindividual differences in BP and LVM with specific genetic markers is warranted.
The main purpose of the present investigation is to test whether the 5HTTLPR
L allele, alone and in interaction with potential moderating factors, is associated
with increased CVD risk. We tracked 281 AA and 286 EA subjects over a 15year period from childhood to early adulthood. Using longitudinal growth curve
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modeling, we assessed the impact of the 5HTTLPR L allele, alone and in
interaction with ethnicity, gender, body mass index (BMI) and socioeconomic
status (SES), upon resting BP and LVM. We report a significant geneenvironment interaction between 5HTTLPR genotype and BMI with potential
implications for primary prevention of CVD.

METHODS
Subjects
Subjects are among participants in an ongoing longitudinal study evaluating
genetic, biological, behavioral and environmental contributions to development of
cardiovascular risk factors beginning in childhood. The data encompass 12
assessments over a 15-year period (1989-2004). This cohort has been
described in detail previously.

99

Descriptive characteristics by ethnicity and

gender at first evaluation among those with available DNA (n=567) are shown in
Table 1. The data set is complicated because not all subjects had the same
number of visits, with subjects recruited into the study at different ages and
different years. However, over 83% of subjects had <!:5 visits with data on LVM
and <!:6 visits on BP, making this data set very informative for the study of BP and
LVM changes over time.
Subjects were classified as AA or EA according to criteria described
previously. 99 At baseline evaluation, subjects were normotensive for age and
gender and were apparently healthy based on parental reports of the child's
medical history. Eleven subjects began to take antihypertensive medication
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during the study, and the BP data obtained during this period were excluded from
analyses.
Subject recruitment, evaluation and attrition rate have been previously

'
described.

99

The Institutional Review Board at the Medical College of Georgia

had given approval for the study. The fact that 119 of the subjects were siblings
may have affected the significance of observed. effects. However, when siblings
were excluded from the analyses, results were virtually unchanged, so results for
the entire sample are reported here.

Measurements
On each laboratory visit after obtaining informed consent, anthropometric,
resting hemodynamic, and cardiac structure evaluations were conducted as
described elsewhere.
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SBP and diastolic BP (DBP) were measured with

the Dinamap Vital Signs Monitor (model1864 SX; Criticon Incorporated, Tampa,
FL). BP measurements were taken at 11, 13, and 15 minutes, during a 15-minute
supine relaxation period. The average of the last 2 readings was used to
represent SBP and DBP values. LVM was calculated using the necropsyvalidated formula of Devereux et al. 166 Intra- and inter- rater coefficients of
variation for all cardiac structures assessed were <1 0%.
SES was used as a proxy for environmental stress exposure 99 and indexed by
father's education level [low education leVel (<12 years), medium education level
(<::12 and <16 years) or high education level (<::16 years)] and marital status
[single-parent household (single, divorced, widowed, separated) or 2-parent
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household (married)] , because father's education level was the most influential
SES variable affecting SBP and LVM and marital status was the only SES
variable affecting DBP in previous studies involving this cohort99 •

Genotyping
DNA was extracted from plasma buffy coats or buccal swabs by using the
QiaAmp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA) or QuickExtract DNA
extraction Kit (Epicentre, Madison, WI, USA). 5-HTTLPR genotype was detected
by polymerase chain reaction, as previously described elsewhere with minor
modifications. 124 To prevent observer bias, the investigators were unaware of
sample origin and all gels were cross- checked by a separate investigator.

Statistical Analyses
The main purpose of our analyses was to test the effect of 5-HTTLPR on the
development of BP and LVM from childhood to adulthopd. We further
investigated whether the effect of 5-HTTLPR on BP and LVM were moderated by
ethnicity, gender, SES and/or BMI.

Growth Curve Modeling
All analyses in this study were conducted by using individual growth curve
modeling within a multilevel framework, a technique particularly suited for
longitudinal data analysis. 64 •99 In growth curve modeling a curve is fitted for each
individual subject. These curves (BP or LVM development with age) are
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characterized by their intercept (or level) and slope (rate of change). Addition of
independent variables to the model, such as 5-HTILPR, is aimed at explaining
between-subject variation (in level and slope) of the growth curves.

Analytical Strategy and Software

Three genetic models including codominant (3 genotype groups), dominant
(carriers of the S allele vs. homozygotes of the L allele) and recessive
(homozygotes of the S allele vs. carriers of the L allele) were tested for the effect
of 5-HTILPR on BP and LVM development. We first modeled the effects of age,
age 2 , ethnicity, gender, BMI, SES and their interactions on the development of
BP and LVM as described in detail previously. 99 Age was expressed as a
deviation from its mean of 16 years for the BP data set and 17 years for the LVM
data set. BMI was centered at its mean of 24.0 kg/m 2 and SES was coded as a
dummy variable for both data sets. After arriving at the most parsimonious full
'environmental' model including only significant terms, 5-HTILPR was added to
the model to test its main effect on the level of the growth curve. Effects on the
slope of BP and LVM curves were modeled as interactions of 5-HTILPR with
age. In the next step, the interaction of 5-HTILPR with ethnicity, gender, BMI,
and SES was modeled to examine whether the effect of the gene on BP and
LVM was moderated by these factors. For LVM, SBP was also added as a
predictor. 99 Hierarchic x2 tests were used to determine the significance of the
effects that were added to the model in each of the analysis steps.
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All multilevel modeling was performed using MLwiN software. 167 HardyWeinberg equilibrium (HWE) was tested separately in AAs and EAs by a

i

test

with 1 df. Ethnic differences in allele and genotype frequencies were tested with

x2 tests of 1 and 2 df, respectively.

To prevent inflated significance, these tests

were performed in data including only one of the sibs, chosen at random.

RESULTS

Table 2 shows genotype and allele frequencies of 5-HTILPR in EAs and AAs.
Significantly different allele and genotype frequencies were observed between
AAs and EAs. Compared to EAs, the S allele (39.5% vs. 24.0%) was less
common in AAs. The genotype distribution in EAs was in departure from HWE
{P<0.01 ). The fact that the genotype distributions of 5-HTILPR in AAs was in
HWE and that the investigators were unaware of sample origin indicated that the
deviations from HWE in EAs was not due to genotyping error.
Table 3 displays the results for the analyses of 5-HTILPR effects on SBP,
DBP and LVM levels based on the most parsimonious full'environmental' models
shown in the footnote. Under the three models, the main effects of 5-HTILPR
did not reach statistical significance for any of the three phenotypes. Also, this
polymorphism did not show significant interactions with age, that is, this
polymorphism did not affect the slope of the BP or LVM curves.
However, under the dominant model, a significant interaction between 5HTILPR and BMI on LVM levels (P=.0006) was observed. Figure 1 shows the
relation between predicted LVM levels and BMI by genotype groups at age 17.
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LL homozygotes displayed a steeper increase in LVM compared to S allele
carriers with increases in BMI. Further analyses splitting the sample in a nonobese (BMI <30kg/m 2 ) and an obese (BMI ~30kg/m 2 ) group according to the
subjects' average BMIIevels after 18 years old showed that the effects of the 5HTILPR on LVM levels was limited to the obese group (beta=-6.85 (S allele
carriers vs. LL homozygotes), P=0.044]. As shown in Figure 2, in the obese
subjects, S allele carriers (n=85) had a lower LVM levels than LL homozygotes
(n=58) across the studied age range. No significant interaction was found
between 5-HTILPR and ethnicity, gender and SES on BP or LVM development.

DISCUSSION
In this study we assessed whether the 5-HTI gene promoter polymorphism,
5-HTILPR, was related to trajectories of resting BP and LVM in a multi-ethnic
cohort. Data analyzed for this study was collected from the tracking of 567
subjects over a 15-year period spanning from childhood to early adulthood. The
result of analyses revealed two important findings concerning the impact of 5HTILPR on pre-clinical CVD states. First, no significant association was found
between 5-HTILPR alone, or in interaction with potential moderating factors and
BP. Second, a significant interaction between 5-HTILPR and BMI on LVM was
found, such that individuals who were obese (BMI ~30 kg/m 2 ) at age 18 who
were homozygous for the L allele had the greatest LVM across the entire age
range of the study.
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The negative BP findings from this study are somewhat unexpected in light of
the known effects of serotonin in the vasculature, 121"123 ·143 the BP lowering effects
of serotonin antagonism

168 169
•

and findings from Williams et al. that linked the 5-

HTTLPR LL genotype to exaggerated BP reactivity. 13 Increased BP reactivity to
stress is generally thought to be predictive of future increases in BP at rest. 5·26
Because the subjects in Williams et al. were significantly older than subjects in
our cohort, our attempt to observe differences in resting BP may be premature.
Another study investigated the association between 5-HTTLPR genotype and
cardiovascular stress reactivity and found the SS genotype to be associated with
increased HR reactivity among females. 11 Although the LL genotype has been
more commonly associated with CVD risk, we considered a co-dominant model
to test for an association between our outcome measures and the S allele. The
interaction between 5-HTTLPR genotype and gender for resting BP and LVM
was found to be non significant in our sample. Again, the subjects in the study
described by McCaffery et al. were significantly older than our subjects, and this
may partially explain the lack of consistency. Moreover, each of these studies .
was cross-sectional and the findings may represent discrete, age-specific effects
that would not necessarily be reflected in a longitudinal analysis.
The most important positive finding from this study was a highly significant
interaction between 5-HTTLPR and BMI on LVM. Plotting the means for this
interaction (as shown in Figure 1) revealed individuals that were homozygous for
the L allele showed a higher increase of LVM with increases in BM I. In fact,
subjects from the obese (BMI 2::30kg/m 2 ) subgroup maintained the greatest LVM
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across the entire age range (Figure 2). This is a remarkable finding primarily
because of the clinical implications of increased LVM beginning in childhood.
The link between increased LVM and increased risk for cardiovascular morbidity,
including myocardial infarction and congestive heart failure, has been
established. 170 Elucidating the genetic and environmental forerunners of
increased LVM is important for the identification of high risk individuals and the
development and implementation of new approaches for CVD prevention.
Enhanced serotonergic activity in the.vasculature has been previously
implicated in the pathogenesis of left ventricular hypertrophy (LVH) via both
receptor-dependent158•159 and receptor-independent 156•157 mechanisms.
Additionally, findings from pharmacological studies support the hypothesis that
heightened serotonergic activity is related to increased LVM. Two studies
'
reported significant regression of LVH in cardiac patients following administration
172

of the anti-serotonergic drug ketanserin. 171 •

Ketanserin's primary mechanism

of action is through antagonism of 5-HT2a receptors present in cardiac tissue,
vascular smooth muscle cells and platelets.
Though not testable in the present study, there is evidence that serotonergic
dysfunction and obesity impact LVM via a common pathway. In a study involving
obese patients with LVH and mild hypertension, the administration of the SSRI
sertraline resulted in significant reductions in weight, blood pressure, and LVM. 173
Indeed, it is known that serotonergic activity in the CNS is upregulated in human
obesity, 174 and the role of obesity as a strong independent risk factor for LVH has
been established. 79 ·80
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To our knowledge this is the first study to address a potential association
between the serotonin transporter gene and left ventricular mass in humans. Our
report of a significant interaction between 5-HTTLPR and BMI on LVM measured
over a 15-year period in a multiethnic cohort is in agreement with previous
reports identifying the 5-HTTLPR L allele as a risk allele for CVD. As in any gene
• association or gene-environment interaction study, the replication of this finding
in an independent sample will be a necessary step towards realizing the
implications of this work for CVD prevention. Future studies addressing possible
mechanisms whereby the 5-HTTLPR L allele and obesity in combination may
predispose for cardiac hypertrophy will be important. The potential exists for the
development of novel interventions targeting the behavioral and biological
aspects of CVD etiology as presented here.
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Table 1. Descriptive Characteristics of the BP and LVM Samples by Ethnicity and
Gender
EAs
AAs
Measures
Males
Females
Males
Females
149

137

130

151

Mean age at first visit, y

12.0±3.6

11.8±3.8

12.1 ±3.6

11.9±3.2

BMI at first visit, kg/m2

19.6±4.3

20.5±5.5.

21.6±5.9

23.0±7.7

Father's education level (y)

14.1±2.5

13.9±2.2

12.7±2.4

12.9±2.0

Single-parent household, %

12.8

13.3

27.7

35.8

SBP at first visit, mmHg

106.3±9.4

102.9±8.2

DBP at first visit, mmHg

56.4±5.5

57.3±5.8

59.9±6.1

61.0±6.5

81.9

86.1

88.5

88.7

Number of subjects

Subjects with

~6

BP measures,%

LVM at first visit, g
Subjects with

~5

LVM measures, %

119.2±40.6 102.7±31.2
83.9

80.9

110.4±12.5 107.1±9.8

133.8±41.8 107.9±30.4
86.2

Note: Values are mean± SD. BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; LVM, left ventricular mass; EA,
European Americans; AA, African Americans
* n 566

=

82.1
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Table 2. Genotype and Allele Frequencies of 5-HTTLPR in European and African
Americans
Ethnicity

Genotype

N
LL

LS

ss

EAs

286

84

178

24

AAs

281

159

109

. 13

p·

Allele frequency

<0.001

EA, European Americans; AA, African Americans
*Excluded sibs

L

s

0.605

0.395

0.760

0.240

p•

<0.001
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Table 3. Results of Growth Curving Modeling Analysis of 5-HTTLPR on BP and
LVM
SBP, mmHg*

DBP, mmHg*

p

f3
Codominant model

f3

NS

LVM, g*

p

f3

NS

p
NS

LS vs. LL

-0.415

NS

-0.442

NS

-2.979

NS

SS vs. LL

0.497

NS

-0.179

NS

-1.999

NS

-0.318

NS

-0.413

NS

-0.264

NS

0.741

NS

0.073

NS

-2.871

NS

Dominant model
S carriers vs. LL
Recessive model
SS vs. L carriers

SBP, systolic blood pressure; DBP, diastolic blood pressure; LVM, left ventricular mass.
*Based on the full environment models:
SBP = 114.2 (cons)+ 0.71 (age)- 0.057 (age

2

)

+ 3.14 (ethnicity)- 7.11 (gender)+ 0.22

(ethnicity x age)- 0.67 (gender x age) + 0.05 (gender x age2 ) + 0.28 (BMI)- 0.022 (BMI x
age) + 0.002 (BMix age

2

)-

1.64 (medium education level) -1.036 (high education level)

DBP = 56.3 (cons) + 0.46 (age) + 0.04 (age2) + 2.91 (ethnicity) +1.84 (gender)+ 0.07 (gender x
age) + 0.14 (ethnicityx age)- 0.027 (gender x age2) + 0.021 (ethnicityx age2)- 0.21 (BMI) +
1.13 (single-parent household)
LVM = 145.6 (cons)+ 3.39 (age)- 0.41 (age 2 ) + 3.47 (ethnicity)- 35.5 (gender) -3.02 (gender x
age) + 0.34 (gender x age

2

)

+ 2.86 (BMI)- 0.87 (BMI x ethnicity) + 0.33 (SBP)
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Figure legend
Figure 1. Predicted LVM levels and BMI by genotype groups at age 17.
Figure 2. Raw LVM levels across age by obesity and genotype groups.
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Unpublished Research

ADRB2

Using a multivariate model, we tested the hypothesis that ADRB2, alone, or in
combination with SES, was associated with hemodynamics at rest and in
response to stress (e.g., video game challenge and forehead cold pressor task)
and LVM. Haplotype status (carrier or non-carrier of Gly16/Giu27), ethnicity, and
SES (parental education level) were entered as main effects, followed by the
three two-way interactions and the single three-way interaction (haplotype by
ethnicity by SES). Gender, was entered into the model as a control variable.
This analysis yielded no significant effects for two-way or three-way interactions
(ps>.15). A significant main effect for ethnicity was found for resting and
reactivity hemodynamics (p<.01 ). Post-hoc analysis revealed that this effect was
present at the univariate level such that AAs had greater resting and reactivity
measures than EAs for all outcomes except TPR reactivity to the video game
stressor and DBP reactivity to the cold pressor task.
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5-HTTLPR
Using a growth curve model, we tested two hypotheses related to the
development of BP and LVM in a longitudinal cohort. First we tested the
hypothesis that 5-HTTLPR genotype, SES and their interaction were associated
with BP and LVM across the 15-year period. Using the same outcome
measures, we then tested the significance of the interaction between 5-HTTLPR
and a new variable we created (e.g., "social status incongruity"). All main and
interaction effects were found to be non-significant (p-values> .1 0).

ADBR2 By 5-HTTLPR Interaction
Using data collected at the most recent subject visit, we used a general linear
model to test the hypothesis that individuals who were carriers of both the
detrimental ADRB2 haplotype and the 5-HTTLLPR LL genotype and were high in
BMI would exhibit the greatest resting hemodynamics, cardiovascular stress
reactivity, and LVM. These analyses revealed no new main effects or interaction
effects for ADRB2 haplotype, 5-HTTLPR genotype or BMI for any indices of EH
risk.

VI

Discussion

The results from these studies as presented in Chapter 11-V together
contribute to a growing literature on EH genetics and the impact of potential
gene-environment interactions on EH risk. The first manuscript reports findings
from analyses involving an important SNS gene, ADRB2, while the second and
third manuscripts concern a genetic variant essential to serotonin regulation,
5-HTTLPR.
In the general discussion that follows, I will first summarize the steps taken to
generate the three manuscripts and unpublished research, with special attention
'

given to the progression of analyses from a cross-sectional study of the impact of
ADRB2 on cardiovascular stress reactivity to a longitudinal study looking at the
effect of 5-HTTLPR on resting BP and LVM. This section will include a
discussion of how the specific aims of the project were met. The remainder of
the chapter will be devoted to an integration of findings across studies. This
discussion will be divided between: 1) a synthesis of how the SNS and SS may
contribute to increased risk for EH via shared pathways, and 2) an assessment of

7n
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the discrepancy between 5-HTTLPR studies with regard to identification of the
detrimental genotype.

Summary of steps

I began by investigating how variation in the ADRB2 gene alone, and in
combination with traditional indices of chronic life stress, impacted cardiovascular
stress reactivity, resting hemodynamics and LVM. Because ADRB2 haplotype
frequencies differed by ethnicity, this variable was included in the three-way
interaction: ADRB2 haplotype by ethnicity by SES. These analyses yielded no
significant main or interaction effects involving ADRB2 or SES. I proceeded to
test the interactive effects of anger expression and BMI in separate three-way
interactions. The decision to use anger expression and BMI in the original
proposal was based on evidence from the literature, including two recent studies
from our group, 74•175 1inking these variables to increases in EH risk indices. This
step revealed significant three-way interactions involving ADRB2 by anger
suppression by ethnicity and ADRB2 byBMI by ethnicity.
The sample was separated by ethnic group and reanalyzed using the nested
two-way interactions. Carrier status interacted with environmental risk to predict
poorer BP control across ethnic groups; however, the specific interactive factor
differed between EAs and AAs. The ADRB2 by anger interaction was only
significant for AAs for resting SBP and TPR reactivity to the cold pressor task.
Carriers of the detrimental ADRB2 haplotype showed higher resting SBP and
TPR reactivity if they were high in anger suppression, while subjects with low
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anger suppression who were carriers exhibited low resting SSP and TPR
reactivity to the cold pressor task. In EAs, the interaction between ADRS2 and
SMI was significant for resting SSP and indicated that high SMI carriers had
higher resting SSP compared to non-carriers and low-SMI carriers.
The ethnicity-specific effects for the interactions ADRS2 by anger suppression
and ADRS2 by SMI were novel and in support of the fourth part of my specific
aims. However, the lack of a significant relationship between ADRS2 and
measures of chronic life stress for any of the hemodynamic phenotypes
suggested that the variance in EH risk indices might be explained by additional
genetic and/or environmental factors.
Support for a role of the serotonin transporter gene in determining risk for EH
grew out of two studies that found a significant impact of 5-HTTLPR on
cardiovascular reactivity to behavioral stress. 11 •13 At about the same time,
serotonergic activity was found to be positively associated with SES, 133 and this
relationship was qualified by 5-HTTLPR genotype. 134 And, in the health
psychology literature, the definition of chronic life stress was being expanded to
include subjective measures of social status. 13s.138 The convergence of these
reports uncovered additional genetic and environmental risk factors for EH and
served as the impetus for the second study- testing the hypothesis that carriers
of the 5-HTTLPR S allele who were low in objective and subjective social status
would show the greatest cardiovascular reactivity to behavioral stress.
In the second study, the interaction between 5-HTTLPR genotype and social
status (objective and subjective measures) was significant for MAP reactivity and
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TPR reactivity to the video game stressor. Plotting the means for this interaction
revealed that, in contrast to our hypothesis, the most reactive subgroup were the
SS homozygotes who were low in neighborhood SES but high in the subjective
measure of social status. This revelation was unexpected and we consulted the
literature for additional reports of this phenomenon. In a series of studies on
American Samoa, Dressler and Bindon reported that incongruity between
objective SES and self-reported lifestyle was associated with increased BP at
rest. 139•140 They coined the term "lifestyle incongruity" to describe individuals who
had limited resources but attempted to maintain a higher SES lifestyle. Although
we were unable to determine whether the most reactive subgroup in our sample
had true "lifestyle incongruity" as defined by Dressler and Bindon, we created a
variable called "social status incongruity" (= subjective social status Z scoreneighborhood SES Z score) to facilitate future study of this concept.
The results presented in Chapter Ill were obtained from analyses on data
collected over a 2-year period constituting the most recent visit for each subject.
In contrast to this cross-sectional design, longitudinal data has the advantage of
offering information on the impact of genetic susceptibility on the development of
between-subject differences in EH risk indices. For the third study, we utilized a
database containing longitudinal measures of BP and LVM on a cohort of 567
African Americans (AA) and European Americans (EA). Measurements in these
subjects were obtained 12 times over a 15-year period spanning from childhood
to early adulthood.
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The main and interaction effects of 5-HTTLPR genotype and SES were not
significant for BP or LVM under the growth curve modeling framework. Further
analyses revealed a significant interaction between 5-HTTLPR and BMI such that
LL homozygotes who were obese had greater LVM than individuals with other
genotypes and obese LL homozygotes. The identity of LL as the detrimental
genotype differed from the study in Chapter Ill that reported SS homozygotes to
be the highest risk genotype group. Potential explanations for this inconsistency
will be addressed later in this discussion.
Overall, the results described above provide insight into specific effects of
genetic and environmental factors on EH risk indices.

With the exception of an

effect of 5-HTTLPR on resting MAP in Chapter Ill which was found to be
significant, the effects described by the manuscripts were gene-environment
interactions, rather than main effects. Therefore, it is reasonable to conclude that
the collective findings of this project do not support the hypothesis that the main
effects of the genetic factors or chronic life stress, as defined in this project,
impact indices of EH risk. The 5-HTTLPR by social status interaction for
exaggerated MAP and TPR reactivity supports the third specific aim, that genetic
risk in combination with chronic life stress should predict the greatest increases
in EH risk indices. The findings from Chapters II and IV strongly support the
fourth specific aim that hypothesized that the interactive effects of gender,
ethnicity, BMI and anger expression would impact indices of .EH risk. The
significant 5-HTTLPR by BMI interaction for LVM from Chapter IV also supports
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the fifth specific aim that hypothesized gene-environment interactions would
impact the development of resting hemodynamics and LVM.

SNS and SS interactions
The etiology of EH likely involves multiple gene-gene and gene-environment
interactions. 176"178 While several novel strategies have recently been suggested
to identify these interactions, a more traditional approach is to identify genetic
variability in overlapping BP-control systems. 179-181 Indeed, part of the impetus
for selecting polymorphisms from the SNS and SS was evidence from the
literature suggesting physiological overlap between these systems in BP
regulation including: the ability of serotonin to amplify catecholamine-induced
vasoconstriction; 143 •182"184 the requirement of serotonin for beta adrenergicmediated cardiac hypertrophy; 158 the ability of serotonin to increase renin in a
beta adrenergic receptor pathway;

185

and the importance of the serotonin

transporter and the beta-2 adrenergic receptor for glucose control. 116•186
In this project, we considered the possibility of 'crosstalk' between the SNS
and SS by probing for general trends across studies. We noted a significant
gene by BMI interaction that held for the ADRB2 study and the longitudinal 5HTTLPR study. The ADRB2 by BMI interaction, which was found in EAs,
indicated that carriers of the detrimental haplotype who were overweight had the
highest resting SBP at a single visit. The 5-HTTLPR by BMI interaction was
significant for LVM in the longitudinal study and showed that obese L allele
homozygotes had the greatest LVM across the entire age range.
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Based on the modest consistency of the gene by BMI interaction, and the
increased sympathetic and serotonergic activity that has been reported in obese
individuals, 174•187•188 we tested the hypothesis that individuals who were "double
carriers", (e.g., carriers of the detrimental ADRB2 haplotype and the 5-HTTLLPR
LL genotype) and high in BMI would exhibit even greater EH risk. We performed
these analyses on the three EH risk indices (i.e., resting BP, cardiovascular
stress reactivity, and LVM) measured at the most recent subject visit. These
analyses revealed no new main effects or interaction effects involving ADRB2
haplotype, 5-HTTLPR genotype or BMI for any of the indices of EH risk.
A potential explanation for these negative findings may be a lack of power to
detect higher order interactions due to sample size constraints. Because we
considered ADRB2 haplotype status, and ADRB2 haplotype frequency varies
widely by ethnic group, the model contained a four-way interaction term (ADRB2
by 5-HTTLPR by BMI by ethnicity). Further analysis revealed that the highest
risk group (e.g., obese double carriers) was comprised of only 12 subjects (9 EA
and 3 AA). Certainly, a larger study sample will be necessary to test potential
interactions between multiple genes, BMI and ethnicity.

The detrimental 5-HTTLPR genotype: SS or LL?
The incongruent findings presented in this project with regard to the identity of
a detrimental 5-HTTLPR genotype for EH risk requires interpretation. We hoped
to· gain further insight into this issue by reviewing the more studied question of
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whether 5-HTTLPR was associated with altered risk for frank CVD or CVDrelated psychiatric disease (i.e., depression, anxiety, neuroticism).
Over 300 studies have been conducted addressing the potential association
of 5-HTTLPR with neuropsychiatric and cardiovascular phenotypes (for review
see Murphy et al. 129). While the majority of these studies have reported
significant findings for the phenotype of interest, the identity of the detrimental 5HTTLPR genotype(s), especially for CVD risk, remains unclear. Much attention
has recently been given to a potential pathway by which 5-HTTLPR, through its
effects on depression risk, indirectly predisposes individuals for heart
disease. 189•190 The 5-HTTLPR SS genotype has most often been associated with
affective disorders, especially depression. 52 •191 •193 By contrast, the LL genotype
has readily been linked to increased risk for CAD, 58 Ml,59 ·60 poor glucose
handling, 116 increased platelet serotonin uptake,48 and increased platelet
activation. 57
One potential explanation for the lack of consensus regarding which is the
unfavorable 5-HTTLPR genotype is the functional difference between central and
peripheral serotonin. Because they are physically isolated from each other in the
body via the blood-brain-barrier, central and peripheral serotonin represent
independently acting systems. 194 In fact, differential regulation of serotonin
synthesis and action between central and peripheral systems has been shown
(for review see Maurer-Spurej 194). In the CNS, released serotonin stimulates
post-synaptic receptors to perpetuate signal transduction. In the vasculature,
serotonin acts at effector sites to mediate platelet activation, vasoconstriction,
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and cell hypertrophy. A genetic variant that would functionally increase the
amount of extracellular serotonin, such as the 5-HTTLPR L allele, would be
expected to have varying effects in the CNS compared to the periphery.
The term 'gene pleiotropy' refers to the ability of a single gene to influence
multiple phenotypes. Typically, this phenomenon refers to a single variant that
has pleiotropic effects. 5-HTTLPR, in contrast, may represent an unusual case
of pleiotropy in which opposing homozygous states predispose for different
phenotypes (Figure 2.). This 'polymorphism pleiotropy', resulting from the
differential impact of central and peripheral serotonin may help explain why the 5HTTLPR gene-association literature, including our own work, is mixed.
To test the hypothesis of 5-HTTLLPR pleiotropy and the potential
heterozygous advantage conferred by the SL genotype will require the use of a
well-phenotyped cohort in which the associations with both psychiatric and
cardiovascular outcomes may be assessed. Since many of the associations
between 5-HTTLPR and phenotypes involved interactions with additional factors,
the interactive effects of background environmental stress and additional
moderating factors should be included. This work will help unravel the
complicated role of 5-HTTLPR on CVD risk, and may eventually lead to practical
applications of 5-HTTLPR genotyping for the primary and secondary prevention
ofCVD.
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Summary

The etiology of essential hypertension (EH) is multifactorial involving
contributions from genes and environmental factors. The primary goal of this
project was to the test the hypothesis that individuals with genetic predisposition
and/or high chronic life stress would be higher in EH risk indices (e.g., increased
BP reactivity, increased resting BP & increased LVM). A secondary goal was to
examine the potential moderating and interactive effects of gender, ethnicity, BMI
and anger expression. This project involved three sequential studies on a large,
multiethnic cohort (N>500}. The first two studies (Chapters II and Ill) were crosssectional and based on the analysis of resting hemodynamics, cardiovascular
reactivity and LVM data collected at a single visit. The third study (Chapter IV)
was longitudinal and involved the tracking of BP and LVM over a 15-year span
from childhood to early adulthood.
The main findings from the first study included a significant interaction
between a detrimental ADRB2 haplotype and anger suppression for resting
hemodynamics and cardiovascular reactivity in African Americans (AAs), such
that carriers who were high in anger suppression exhibited the greatest resting
SBP and TPR reactivity to a forehead cold stressor. The same ADRB2

Of\
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haplotype interacted with BMI in European American (EA) subjects to predict
resting hemodynamics, such that carriers who were high in BMI showed the
highest SBP. Based on these findings, we conclude that ADRB2 haplotype has
modest ethnicity-specific effects on EH risk indices with interactions with anger
suppression (for AAs) and BMI (for EAs).
The major positive findings from the 5-HTTLPLR studies implicate two
different 5-HTTLPR genotypes as being potentially associated with increased EH
risk. In Chapter Ill, we found a significant three-way interaction involving 5HTTLPR, neighborhood socioeconomic status and subjective social status for
cardiovascular reactivity, such that 5-HTTLPR S allele homozygotes who were
low in neighborhood socioeconomic status and high in subjective social status
exhibited the greatest mean arterial pressure and total peripheral resistance
reactivity to the video game stressor (p-values<.05). However, in the longitudinal
study, a significant 5-HTTLPR interaction with BMI was found for LVM such that
obese LL homozygotes had the greatest LVM over time (p=.0006). From these
studies and consideration of the relevant literature, we conclude that 5-HTTLPR
holds potential as an EH-risk polymorphism. The identity of the detrimental 5HTTLPR variant appears to depend on moderating effects from additional factors
as well as the intermediate phenotype of interest. We suspect this pleiotropy
may be related to whether the pathophysiology is primarily central or peripheral
in its course.
We had limited ability to test potential gene-gene interactions involving
ADRB2 haplotype and 5-HTTLPR genotype due to the large sample sizes

needed for this type of work (Chapter V). A modest measure of consistency
across ADRB2 and 5-HTILPR studies implicated BMI as a common moderator
of EH risk conferred by these genes. Further study of this phenomenon as well
as the testing of potentially important interactions with additional genetic and
environmental risk factors in a larger, epidemiological cohort could provide much
needed insight into the etiology of EH.
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