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ABSTRACT
Objective Impairment of the renin-angiotensinogen-
aldosterone system (RAAS), one of the characteristics of
essential hypertension (EH), imbalances vascular
homeostasis. Despite inconsistent reports on individual
single nucleotide polymorphisms (SNPs) as a major
predictor of EH, interactions among RAAS genetic
variants are rarely investigated.
Methods Using SNP markers, we studied potential
interactions between angiotensin 1 converting enzyme
(ACE), angiotensinogen (AGT), angiotensin II-type 1
receptor (AGTR1), and α adducin (ADD1) variants and
their correlation with clinical endpoints in 545
individuals with hypertension and 400 age- and
ethnicity-matched unrelated controls. Generalised
multifactor dimensionality reduction (GMDR) analysis
identified the models for genotype interaction.
Results Although the results on single genes were
significant, gene-gene interactions were more reliable
and promising as markers in predisposing hypertension.
The best models to represent association of multi-locus
interactions with augmented hypertension susceptibility
were: (a) within gene 4-locus model comprised of AGT
SNPs −217G/A, −20A/C, −6G/A and 235M/T
(p=0.022, OR 6.1); and (b) between genes 5-locus
model comprised of AGT −217G/A, −20A/C, −6G/A,
235M/T and ACE I/D (p=0.05, OR 4.6). Stratification of
4- and 5-locus GMDR models on the basis of risk alleles
from ≤1 to ≥7 increased the ORs from 2.8 to 36.1 and
from 0.9 to 16.1, respectively. Moreover, compared to
≤1 risk alleles the ≥7 interacting risk alleles in both 4-
and 5-locus models showed an increment of 14.2% and
11.1% in systolic blood pressure, 7.7% and 1.1% in
diastolic blood pressure, and 10.5% and 5.1% in mean
arterial pressure, respectively, in patients.
Conclusions Interactions among the genetic loci of
RAAS components may be used as a predictor for
susceptibility to hypertension.

INTRODUCTION
Essential hypertension (EH) represents a progres-
sive global burden due to the amplified incidence
of adult morbidity and mortality.1 EH is regarded
as a complex disease that results from both genetic
and environmental interactions. The genetic com-
ponents of blood pressure (BP) regulation pathways
are implicated in the predisposition to EH, as 40–
60% of BP variability is genetically determined.2 3

The last two decades have witnessed remarkable
progress in the field of hypertension; however, uni-
fying the global predisposing markers of the disease
remains to be accomplished, and the lack of such
markers hampers progress in the field of

comprehensive personalised medicine. These fail-
ures can be attributed to two reasons. First, there is
a lack of genetic information from all the ethnici-
ties, because hypertension related traits and genetic
mechanisms work differently across races and eth-
nicities.4 5 Second, there is a lack of reports on
interaction studies among multiple loci of
EH-implicated pathway(s); single genetic variants
have shown modest effects and may not be influen-
tial.4 6 7 Of note, non-linear interactions between
the different loci likely play a key role in disease
susceptibility compared to single variant.8–10

Among the various pathways, the renin-angioten-
sin-aldosterone system (RAAS) has been well
documented in the regulation of BP and vascular
homeostasis.11 RAAS components like angiotensi-
nogen, the product of AGT, is the only known
precursor protein cleaved by renin to the decapep-
tide angiotensin (Ang) I, precursor of Ang II.
Angiotensin-converting enzyme, encoded by ACE,
is a zinc-dependent peptidase responsible for
hydrolysing Ang I into the biologically active vaso-
constrictor Ang II. The latter, a potent vasopressor
hormone, regulates aldosterone secretion and
sodium reabsorption, thereby increasing BP
through binding to AGTR1 encoded type 1 recep-
tor. In addition, adducin 1 (ADD 1), a family
member of heterodimeric cytoskeleton proteins, is
known to alter vascular homeostasis by increasing
renal sodium reabsorption and thereby may be
involved in the pathophysiology of EH.12

Therefore, genetic variations in the RAAS compo-
nents, angiotensinogen (AGT), angiotensin 1 con-
verting enzyme (ACE), angiotensin II-type 1
receptor (AGTR1), and α adducing (ADD1) are
logically oriented toward increasing our under-
standing BP regulation. We therefore hypothesised
that interaction between the loci of RAAS compo-
nents may be pertinent in understanding the patho-
physiological mechanism underlying EH.
To address this issue, 10 genetic variants from

AGT, ACE, AGTR1, and ADDI were screened in a
well-characterised North Indian cohort with a
case–control design. Our emphasis has been to
understand the contribution of each allele in the
interacting mode. Here we describe the efficiency of
the non-linear interaction within and between genes
(epistasis), and their influence on clinical endpoints,
especially BP, represented by systolic BP (SBP), dia-
stolic BP (DBP), and mean arterial pressure (MAP).

SUBJECTS AND METHODS
Study subjects and recruitment criteria
The study protocol and consent form were
approved by the human ethics committees of the
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Council of Scientific and Industrial Research-Institute of
Genomics and Integrative Biology (CSIR-IGIB), Delhi and
Govind Ballabh (GB) Pant Hospital, New Delhi; the latter is a
hospital specialising in cardiovascular diseases. We recruited 545
patients with EH, and 400 age-, gender- and ethnically-matched
unrelated North Indian controls through the hypertension and
outpatient clinics of the GB Pant Hospital. A detailed question-
naire about environmental factors, lifestyle, health, clinical
history, residential region and haemodynamic parameters was
administered by the clinicians. Written informed consent was
obtained from each participant.

Recruitment criteria for patients included: age 25–60 years,
SBP ≥140 mm Hg and/or DBP ≥90 mm Hg ( Joint National
Committee VII), and absence of antihypertensive medication.
Recruitment criteria for controls included: age 25–60 years, SBP
<120 mm Hg and DBP <80 mm Hg, absence of family history
of hypertension, and no medication usage. Participants with a
history of coronary artery disease, cerebrovascular disease,
stroke, diabetes mellitus, renal diseases, and those on antihyper-
tensive medication were excluded from the study. All subjects
were asked to remain at rest for 5 min before BP measurement
using a calibrated mercury sphygmomanometer with appropri-
ate adult cuff size. Three measurements of BP, with the subject
in the supine position, were recorded. Ten millilitres of blood
was drawn from each subject after overnight fasting. Isolated
DNA and plasma samples from blood were stored at −80°C, if
not used immediately.

Assessment of biochemical parameters
Plasma ACE activity was measured by a kinetic method.13

Estimations were performed in duplicate on a high-throughput
SpectraMax384 Spectrophotometer (Molecular Devices,
Sunnyvale, California, USA). Routine biochemical parameters,
for example, total cholesterol, triglycerides, glucose, uric acid,
and creatinine, were estimated on an Autoanalyzer (Elecsys
2010, Roche, Germany). The intra- and inter-assay coefficients
of variation were <5% for all the measurements.

Selection of ACE, AGT, AGTR1, and ADD1 single nucleotide
polymorphisms and genotyping
Ten single nucleotide polymorphisms (SNPs) from AGT, ACE,
AGTR1, and ADD1 were selected based on their location and
clinical and functional relevance. Details of the studied SNPs
including the nature of the SNP, its position, base pair change,
amino acid change, and importance with respect to the study are
portrayed in online supplementary table S1. Briefly, five out of
seven AGT SNPs, for example, −532C/T (rs5046), −217G/A
(rs5049), −152G/A (rs11568020), −20A/C (rs5050), and −6G/A
(rs5051), belong to the promoter region and two non-
synonymous SNPs, 174T/M (rs4762) and 235M/T (rs699),
belong to exon 2. The selected AGT promoter SNPs are either
part of core-promoter element 1 or lie in the upstream of pro-
moter and play a critical role in transcriptional regulation,14 15

whereas amino acid substitution of non-synonymous AGT SNPs
increases not only the risk of high BP but also increases the
plasma AGT concentration.5 11 The I/D polymorphism
(rs4646994) of ACE represents the presence (insertion allele, I)
or absence (deletion allele, D) of a 287 bp marker in intron 16.
The ACE D allele is associated with elevated ACE concentrations
in various cardiovascular diseases and serves as a risk allele for
EH.13 16–19 AGTR1 1166A/C (rs5186) polymorphism is located
in the 30 untranslated region. Recently, it has been shown that the
C allele of 1166A/C polymorphism interferes with the base-
pairing complementariness between AGTR1 mRNA and

microRNA-155, and thereby increases AGTR1 protein expres-
sion that is associated with increased risk of cardiovascular dis-
eases.20 ADD1 polymorphism 614G/T (rs4961/Gly460Trp) is a
non-synonymous polymorphism. It has been shown that this
SNP leads to stimulation of sodium–potassium–ATPase activity in
renal tubular cells, which increases renal sodium reabsorption
and is involved in BP control.21 Genomic DNAwas isolated from
peripheral blood leucocytes using a modified salting-out proto-
col.22 Genotyping was performed using PCR-restriction frag-
ment length polymorphism (RFLP) or SNaPshot ddNTP primer
extension PCR (Applied Biosystems, Foster City, California,
USA). Details of the primers and PCR conditions for the poly-
morphisms are summarised in online supplementary tables S2
and S3. Two observers independently read and confirmed all the
genotypes; discrepancies, if any, were resolved by repeating
PCR-RFLP and SNaPshot.

Gene–gene interactions
Gene–gene interactions among AGT, ACE, AGTR1, and ADD1
were studied using the generalised multifactor dimensionality
reduction (GMDR, V.0.9) statistical software package.23 GMDR
is a data mining approach for analysing interactions within and
between genes. It gives the best genetic models for disease pre-
diction, after adjusting for various confounding factors, for
example, age, gender, body mass index (BMI), smoking,
alcohol, triglyceride, and cholesterol. It also identifies non-linear
interactions among discrete genetic and environmental attri-
butes, adjusting for covariates. The best models obtained by this
software were selected on the basis of higher scores of testing
accuracy (TA), training balance, and cross validation consistency
(CVC). These models were further analysed using multivariate
logistic regression analysis.

Correlation analysis
To examine the effect of genetic variants on the clinical end-
points, the correlation of each of the individual and interacting
genotypes of AGT, ACE, AGTR1, and ADD1 with clinical para-
meters—that is, SBP, DBP, and mean arterial pressure—was
analysed.

Statistical analysis
The differences in baseline characteristics and demographic fea-
tures between the two groups were compared by unpaired
Student’s t tests. A goodness-of-fit test was used for testing the
Hardy-Weinberg Equilibrium (HWE). A χ2 test compared the
genotype and allele frequencies between the two groups by
SPSS v.15 (SPSS Inc, Chicago, Illinois, USA). The risk prediction
for EH was estimated by the OR at 95% CI using multivariate
logistic regression in SPSS v.15. Gene–gene interactions were
looked for using GMDR.23 Further, the genotype–phenotype
correlation was analysed with a general linear model (GLM). A
value of p<0.05, after adjustment for confounding factors and
Bonferroni’s correction for multiple testing, was considered stat-
istically significant.

RESULTS
Comparison of demographic and clinical characteristics
The main clinical and demographic characteristics of the two
study groups are presented in table 1. Patients had significantly
higher BMI (p=0.047), SBP, DBP, and MAP (p<0.0001 each),
and higher concentrations of specific and routine biochemical
parameters, for example, ACE, cholesterol and triglyceride,
when compared with controls (p<0.0001; table 1). Distribution
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of the clinical and biochemical parameters followed a normal
distribution in both controls and patients (p>0.05).

Single-locus association analyses
The allele and genotype frequencies of the 10 studied poly-
morphisms were in HWE (p>0.05, see online supplementary
table S4) for both the groups. The multiple logistic regression
analyses of the single locus are shown in table 2 and online sup-
plementary table S5. As shown in table 2, AGT SNPs −532C/T
and −217G/A were associated significantly with EH under the
additive model (p=8.4E−04, OR 1.7; p=0.001, OR 1.6,
respectively); SNP −20A/C was associated under dominant
(p=7.9E−11, OR 3.2), recessive (p=0.001, OR 3.1), and addi-
tive (p=1.3E−12, OR 3.2) models; SNP −6G/A was associated
under dominant (p=5.8E−06, OR 2.6) and additive (p=2.4E
−08, OR 2.8) models, whereas SNP 235M/T was associated
under dominant (p=8.6E−04, OR 2.0), recessive (p=2.4E−12,
OR 3.9), and additive (p=4.8E−09, OR 3.0) models after adjust-
ment with seven confounding factors and Bonferroni’s correction
for multiple testing. As a consequence, the alleles −532T,
−217A, −20C, −6A, and 235T were significantly prevalent in
patients and associated with increased risk of EH (p=0.002, OR
1.5; p=0.004, OR 1.4; p=2.1E−10, OR 2.1; p=1.5E−06, OR
1.7; p=2.6E−14, OR 2.4, respectively, see online supplementary
table S5). Further, the ACE I/D polymorphism showed a slight
difference under the recessive (p=0.043, OR 1.6) model of
inheritance. As a consequence, the D allele was more prevalent in
patients, although it did not cross the significance threshold
(p=0.123, see online supplementary table S5). The remaining
SNPs AGT −152G/A and 174T/M, AGTR1 1166A/C, and ADD1
460G/T did not differ significantly between patients and controls
(p>0.05, table 2).

Multi-locus interaction analyses
GMDR analysis was used to evaluate the impact of interactions
among the genotypes of the 10 SNPs of AGT, ACE, AGTR1, and
ADD1 in EH. GMDR analysis after adjustment with seven con-
founding factors revealed a 4-locus model comprised of AGT
SNPs, for example, −217G/A, −20A/C, −6G/A, and 235M/T, as
the best within-gene disease predicting model with a prediction
error of 0.26 (TA=0.69, CVC=10/10, OR 6.1, 95% CI 1.3 to
29.1, p=0.022; figure 1). Similarly, GMDR analysis after adjust-
ment with seven confounding factors revealed a 5-locus model
comprised of AGT −217G/A, −20A/C, −6G/A, 235M/T, and
ACE I/D as the best between-genes disease predicting model
with a prediction error of 0.22 (TA=0.66, CVC=9/10, OR 4.6,
95% CI 1.0 to 21.7, p=0.05; figure 1).

Furthermore, as shown in figure 2, the 4- and 5-locus GMDR
models having 8 and 10 alleles, respectively, were stratified on
the basis of risk alleles in increasing number (n ≤1 to ≥7). The
multivariate logistic regression analysis after adjustment with
seven confounding factors and Bonferroni’s correction test for
multiple testing revealed a significant and continuous increase in
the OR from 2.8 to 36.1 as we moved from n=2 to ≥7 risk
alleles, respectively, in the 4-locus model (p=0.002–5.21E−06)
compared to OR for n ≤1 risk allele. Similarly, a continuous
increase in the OR from 0.9 to 16.1 was observed as we moved
from n=2 to ≥7 risk alleles, respectively, in the 5-locus model
(p=0.881–3.77E−08) compared to OR for n ≤1 risk allele.

Correlation analyses
Single-locus versus clinical characteristics
As shown in figure 3, GLM after adjustment for seven con-
founding factors and Bonferroni’s correction for multiple
testing revealed a significant positive correlation for AGT SNPs
−217G/A, −20A/C, and −6G/A, and ACE I/D polymorphism
with BP phenotypes at dominant, recessive, and additive
models. As a consequence, the risk allele −217A correlated with
2.4 mm Hg higher SBP (p=0.033), whereas risk alleles −20C,
−6A, and 235T correlated with 3.0, 3.5, and 6.9 mm Hg higher
SBP (p=1.3E−03; p=6.3E−04, p=2.3E−12, respectively); 1.2,
1.3, and 1.6 mm Hg higher DBP (p=0.03; p=0.015; p=6.6E
−04, respectively); and 1.8, 1.9, and 3.3 mm Hg higher MAP
(p=9.9E−04; p=1.3E−03; p=3.3E−09, respectively). The ACE
risk allele D correlated with 3.0 mm Hg higher SBP (p=1.6E
−04) and 1.4 mm Hg higher MAP (p=0.003).

Multi-locus interactions versus clinical characteristics
The analysis of covariance after adjustment with seven con-
founding factors revealed significant differences between the SBP,
DBP, and MAP when analysed against 4- and 5-locus models
with both having risk alleles n ≤1 to ≥7 (pANCOVA<0.0001,
each). As shown in figure 4, stratification of the interacting
4-locus model with risk alleles in increasing number (n=2 to ≥7)
revealed elevation of 2.6–12.5 mm Hg MAP (p=0.104–5.88E
−05) relative to the values of respective parameters in the model
with ≤1 risk allele. Similarly, stratification of the 5-locus model
with risk alleles in increasing number (n=2 to ≥7) revealed an
increase of −3.3 to 6.5 mm Hg in MAP (p=0.810–0.010) rela-
tive to the model with ≤1 risk allele.

DISCUSSION
The present study investigated genetic variants of AGT, ACE,
AGTR1, and ADD1, and their interactions and influence on clin-
ical traits related to EH. Individual loci of the AGT genes
showed association with EH in dominant, recessive, and

Table 1 Demographic and clinical phenotypes of the studied
participants

Patients Controls
Parameters n=545 n=400 p Value

Gender
Male 501 (92%) 368 (92%)
Female 44 (08%) 32 (08%)

Clinical characteristics
Age, year 51.6±10.9 50.0±9.7 NS
BMI, kg/m2 24.3±4.1 23.7±4.3 0.047
SBP, mm Hg 160.2±19.3 115.9±9.4 <0.0001
DBP, mm Hg 97.2±9.6 76.4±6.6 <0.0001
MAP, mm Hg 117.6±13.7 90.5±6.9 <0.0001
Alcohol consumption 55 (10%) 24 (06%) 0.030
Smoking history 66 (12%) 36 (09%) 0.150
Family history of hypertension 425 (78%) (00) 00% <0.0001

Biochemical parameters
ACE, U/L 106.3±32.7 86.0±31.2 <0.0001
Total cholesterol, mmol/L 3.3±1.2 2.6±1.3 <0.0001
Triglyceride, mmol/L 1.3±0.8 1.0±0.6 <0.0001
Uric acid, mg/dL 4.8±1.5 4.7±1.5 NS
Glucose, mg/dL 101.0±23.0 99.2±26 NS
Serum creatinine, mg/dL 1.15±0.45 1.14±0.44 NS

Data are presented as mean±SD. p Values were calculated using EPIINFO v.6 (Center
for Disease Control, Atlanta, Georgia, USA) software. A value of p<0.05 was
considered statistically significant.
ACE, angiotensin converting enzyme; BMI, body mass index; DBP, diastolic blood
pressure; MAP, mean arterial pressure; n, number of participants; NS, non-significant;
SBP, systolic blood pressure.
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additive models. As a consequence, a higher OR was observed
for alleles −532T, −217A, −20C, −6A, and 235T and these are
considered as risk conferring alleles. Furthermore, using GMDR
analysis, augmented risk for EH was observed for the within-
gene interacting 4-locus model of AGT and the between-genes
interacting 5-locus model comprising AGT and ACE. The inter-
actions among the loci were more apparent when patients were
classified on the basis of increasing numbers of risk alleles. The
increment in the number of risk alleles in patients correlated

with increased OR for the disease (EH). Furthermore, the cor-
relation with consistent increases in clinical phenotypes like SBP,
DBP, and MAP strengthened the outcome of this study.

Our findings on individual components of RAAS were signifi-
cant as they revealed higher OR for EH in dominant, recessive,
and additive modes of inheritance, specifically for AGT poly-
morphisms after adjustment with potential seven confounding
factors. ACE I/D polymorphism also differed significantly under
the recessive model. Accumulating literature reveals the AGT and

Table 2 Risk analyses of AGT, ACE, AGTR1, and ADD1 polymorphisms with hypertension under different genetic models

Genes/SNPs Models Comparisons χ2 p Value OR (95% CI)

AGT −532C/T
(rsID:5046)

Dominant CC vs CT+TT 1.58 0.209 1.2 (0.9 to 1.8)
Recessive CC+CT vs TT 0.58 0.445 1.4 (0.6 to 3.1)
Additive CC vs CT vs TT 11.15 8.4E−04 1.7 (1.2 to 2.3)

−217G/A
(rsID:5049)

Dominant GG vs GA+AA 0.99 0.319 1.2 (0.8 to 1.7)
Recessive GG+GA vs AA 1.19 0.276 0.7 (0.4 to 1.3)
Additive GG vs GA vs AA 10.46 0.001 1.6 (1.2 to 2.2)

−152G/A
(rsID:11568020)

Dominant GG vs GA+AA 0.01 0.925 1.0 (0.6 to 1.9)
Recessive GG+GA vs AA – – –

Additive GG vs GA vs AA 3.26 0.071 1.7 (1.0 to 3.0)
−20A/C
(rsID:5050)

Dominant AA vs AC+CC 42.27 7.9E−11 3.2 (2.2 to 4.5)
Recessive AA+AC vs CC 10.28 0.001 3.1 (1.6 to 6.3)
Additive AA vs AC vs CC 50.27 1.3E−12 3.2 (2.3 to 4.4)

−6G/A
(rsID:5051)

Dominant GG vs GA+AA 20.54 5.8E−06 2.6 (1.7 to 4.0)
Recessive GG+GA vs AA 0.23 0.631 1.1 (0.8 to 1.6)
Additive GG vs GA vs AA 31.16 2.4E−08 2.8 (2.0 to 4.1)

174T/M
(rsID:4762)

Dominant TT vs TM+MM 3.48 0.062 0.6 (0.4 to 1.0)
Recessive TT+TM vs MM 1.89 0.169 0.3 (0.1 to 1.6)
Additive TT vs TM vs MM 0.69 0.406 0.8 (0.6 to 1.3)

235M/T
(rsID:699)

Dominant MM vs MT+TT 11.12 8.6E−04 2.0 (1.3 to 3.0)
Recessive MM+MT vs TT 49.16 2.4E−12 3.9 (2.7 to 5.8)
Additive MM vs MT vs TT 34.26 4.8E−09 3.0 (2.1 to 4.4)

ACE I/D
(rsID:4646944)

Dominant II vs ID+DD 0.00 0.983 1.0 (0.7 to 1.4)
Recessive II+ID vs DD 4.10 0.043 1.6 (1.0 to 2.4)
Additive II vs ID vs DD 1.01 0.315 1.2 (0.9 to 1.6)

AGTR1 1166A/C
(rsID:5186)

Dominant AA vs AC+CC 0.60 0.439 1.2 (0.8 to 1.8)
Recessive AA+AC vs CC 1.31 0.253 0.5 (0.1 to 1.7)
Additive AA vs AC vs CC 0.11 0.740 1.1 (0.7 to 1.6)

ADD1 614G/T
(rsID:4961)

Dominant GG vs GT+TT 2.38 0.123 1.3 (0.9 to 1.8)
Recessive GG+GT vs TT 0.14 0.710 0.9 (0.4 to 1.9)
Additive GG vs GT vs TT 3.30 0.069 1.3 (1.0 to 1.8)

p Value, χ2 and OR were calculated using multivariate logistic regression analysis after adjustment for age, gender, BMI, smoking, alcohol, triglyceride and cholesterol. Dominant model:
A single copy of mutant allele is enough to modify the risk; hence, heterozygous and homozygous (mutant) genotypes have the same risk. Recessive model: Two copies of mutant allele
are necessary to change the risk. Hence, heterozygous and homozygous (wild-type) genotypes have the same effect. Additive model: Each copy of mutant allele modifies the risk in an
additive form. Hence, a combination of the two genotypes with weights 2 and 1, respectively, homozygous (mutant) and heterozygous to homozygous (wild-type), is compared. A value
of p<0.05 was considered statistically significant.
BMI, body mass index; SNPs, single nucleotide polymorphisms.

Figure 1 Identification of the best interacting genetic models of within- and between-genes, AGT, ACE, AGTR1, and ADD1 using generalised
multifactor dimensionality reduction (GMDR). † Best GMDR models for each analysis, on the basis of higher testing accuracy and cross validation
consistency. AGT, angiotensinogen gene; ACE, angiotensin 1 converting enzyme gene; ADD1, α adducin gene; 2L to 7L, 2-locus to 7-locus GMDR
models carrying best interacting genotypes after adjustment for age, gender, body mass index, smoking, alcohol, triglyceride and cholesterol.
p Values and OR at 95% CI were calculated by permuting the patients and controls 1000 times.
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ACE genetic variants as an important area of research in hyper-
tension;24–28 and a good amount of work has been done in the
Indian population, especially in those in South Indian.29–32

Importantly, the current observations are in accordance with our
previous reports on cohorts of the same ethnicity.25 26 The litera-
ture on RAAS components is consistently in agreement with our
findings, but with certain conflicts.15 16 24 33–35 However, these
conflicts could be attributed to the ethnic variations and/or the
lack of non-linear interactions among the loci of gene(s).5 36

Although the single locus results on the RAAS components
were encouraging (but for the fact that complex diseases like
EH are multigenic and multifactorial), we looked for gene–gene
interactions using the GMDR approach. Of note, the attributed
inconsistencies and the magnitude of low power to detect an
association with individual SNPs can be improved using gene–
gene interaction analysis.36 37 The epistatic evaluation in multi-
factorial disease like EH further increases the predictive accuracy
of genotype–phenotype correlations.7 In our analyses, the best
within-gene disease-conferring model was the 4-locus model of
AGT comprising the SNPs −217G/A, −20A/C, −6G/A, and
235M/T. Compared to the individual risk alleles, the interaction
among risk alleles further increased the OR for EH. Next, the
best disease-conferring model between genes was the 5-locus

model comprising the variants AGT −217G/A, −20A/C, −6G/A,
235M/T, and ACE I/D. Similar to the 4-locus model, the stratifi-
cation of the 5-locus model on the basis of increased numbers
of risk alleles revealed a higher OR for EH compared to individ-
ual risk alleles; it thus supported the role of RAAS epistasis in
the regulation of BP.8 33 34 Of relevance, the appearance of AGT
−217G/A, −20A/C, −6G/A, 235M/T, and ACE ID variants in
the best models can be attributed to the notion of loci-specific
interactions.8 Our results suggested that interactions between
the risk variants of the AGT gene might be enough to impair
vascular homeostasis.

The significant association of multi-locus interactions and the
increase in the risk for EH at the genetic and clinical level
support the notion that gene–gene and gene–environment inter-
actions may play fundamental roles in the development of EH
and other complex diseases.6 8–10 26 36 38 This study exposed
the interaction between loci of AGT and ACE as a potential
disease modifier to influence the biological and biochemical
pathways underlying the disease pathophysiology compared to
individual loci of respective genes. With regard to correlation
analysis, our findings signified a major contribution of epistasis
towards compromised BP phenotypes. The key clinical endpoint
that determines hypertension phenotypes is SBP ≥140 mm Hg

Figure 2 Risk analyses of best
generalised multifactor dimensionality
reduction (GMDR) models with
essential hypertension corresponding
to the increasing number of risk
alleles. 4-locus and 5-locus represent
within angiotensinogen (AGT) and
between AGT and angiotensin 1
converting enzyme (ACE) best models,
respectively. n, number of the
classified risk alleles in the respective
models. N, number of cases and
controls in each classified risk alleles.
p Value and OR at 95% CI were
calculated after adjustment for age,
gender, body mass index, alcohol,
smoking, triglyceride and cholesterol
using multivariate logistic regression
analysis and Bonferroni’s correction for
multiple testing.

Figure 3 Correlation of clinical parameters with AGT, ACE, AGTR1, and ADD1 polymorphisms under different genetic models. p Values and
correlation coefficient (β) at 95% CI were calculated after adjustment for age, gender, smoking, alcohol, triglyceride and cholesterol, and
Bonferroni’s correction for multiple testing using SPSS v.15. DBP, diastolic blood pressure; MAP, mean arterial pressure; SBP, systolic blood pressure.
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and/or DBP ≥90 mm Hg, therefore their correlation with
genetic variants seems pertinent.39 Although the single locus
correlation with BP phenotypes was apparent, the GLM
revealed a significant linear correlation of multi-locus interac-
tions with clinical endpoints, for example, SBP, DBP, and MAP.
Compared to ≤1 risk allele the ≥7 interacting risk alleles in
both 4- and 5-locus models showed increments in SBP (14.2%

and 11.1%), DBP (7.7% and 1.1%), and MAP (10.5% and
5.1%), suggesting that the interactions of genetic loci played an
important role in determining the observed phenotypes.6 40 The
elevated RAAS-related biochemical parameters ACE, aldosterone
and Ang II and their correlation with increased BP phenotypes
are implicated in disease pathophysiology.11 Overall, our find-
ings not only support previous reports but also provide an
insight into the significant interaction of risk variants of the
AGT gene and show the possible role of gene-to-gene inter-
action with the ACE gene in the susceptibility for EH.

Inconsistencies in genetic association studies are attributed
mainly to population stratification and limited sample size. To
disparage population stratification, we recruited patients and
controls from the same region. The multi-locus analyses also
highlighted the need to have a much higher sample size to
strengthen the findings, so as to define the underlying mechan-
isms in the pathophysiology of hypertension. Although the
plasma concentrations of ACE were measured, measurement of
other RAAS related biochemical parameters and their correl-
ation with genetic and clinical parameters would have further
substantiated the study’s findings.

In conclusion, the interactions among genetic loci of RAAS
have a notable interactive effect and are associated with altered
clinical phenotypes and consequently EH. This study advocates
further investigation of the potential interactions among genetic
loci in order to contribute robust information toward decipher-
ing the pathophysiological mechanisms underlying complex
diseases.
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Figure 4 Influence of the increasing
number of risk alleles in the 4-locus
and 5-locus best generalised
multifactor dimensionality reduction
(GMDR) model on clinical parameters.
n, number of cases in each classified
risk alleles. Inset in bars represents
correlation coefficient (β) at 95% CI
after adjustment for age, gender,
smoking, alcohol, triglyceride and
cholesterol, and Bonferroni’s correction
for multiple testing and p value. The
general linear model was used to
calculate β and p values. MAP, mean
arterial pressure.

Key messages

What is already known about this subject?
The biological regulation of blood pressure comes, to a greater
extent, from the complex interactions between environmental
and genetic factors. Large numbers of studies have reported the
association of various genetic variants of the renin-angiotensin-
aldosterone system (RAAS) with essential hypertension (EH).
However, the attempt towards unifying global predisposing
markers for EH has failed due to the lack of genetic information
on interactions among multiple loci of EH-implicated pathway
(s); a single genetic variant due to its modest effect may not be
influential.

What does this study add?
The interactions among risk alleles of RAAS genetic loci, in
particular AGT, has a notable interactive effect and is associated
with increased blood pressure phenotypes, for example, systolic
blood pressure, diastolic blood pressure, and mean arterial
pressure. Conversely, the interaction among protective alleles
showed a profound reduction in blood pressure phenotypes. We
also showed that potential interaction among genetic loci, for
example, AGT and ACE genes, holds robust information in
deciphering pathophysiological mechanisms underlying complex
diseases.

How might this impact on clinical practice?
This study unravels the interaction among the RAAS genetic
variants, and their influence on clinical traits related to EH. The
outcome may pave the way in unifying ethnicity-based global
predisposing markers for EH that might assist towards
development of comprehensive personalised medicines.
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