
ORIGINAL ARTICLE

CYBA (p22phox) variants associate with blood pressure
and oxidative stress markers in hypertension:
a replication study in populations of diverse altitudes

Rahul Kumar1,5,6, Samantha Kohli1,2,6, Zahara Ali1, Kanika Duhan1, Rekhbala Ram1, Mohit Gupta3,
Sanjay Tyagi3, Ghulam Mohammad4 and MA Qadar Pasha1,2

CYBA (p22phox) is an integral constituent of the NADPH oxidases and is consequently a main component of oxidative stress,

which is strongly associated with hypertension. This study investigates the contribution of CYBA polymorphisms toward the

complex etiology of hypertension in two ethnically different populations, one located at a high altitude and the other at a low

altitude. The significance of CYBA single nucleotide polymorphisms and their correlation with clinical and biochemical

phenotypes were investigated in age- and ethnicity-matched unrelated permanent high-altitude residents (43500m) comprising

245 controls and 241 patients. The results were replicated in a second population comprising 935 controls and 545 patients

who lived at a low altitude (o200m). The analysis of covariance revealed that CYBA risk alleles and their haplotypes, rs8854A/

rs9932581G/rs4873C and rs8854G/rs9932581G/rs4873C, were positively correlated with clinical parameters, for example,

systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure (MAP), and biochemical parameters, for

example, 8-isoPGF2α level, and inversely correlated with catalase activity in patients compared with controls (P⩽0.01, each).

Conversely, the protective alleles and their haplotype, rs8854G/rs9932581A/rs4873T, were inversely correlated with SBP, DBP,

MAP and 8-isoPGF2α level, and positively correlated with catalase activity (P⩽0.001, each). Furthermore, correlation analysis

between the clinical and biochemical parameters revealed a positive correlation of SBP, DBP and MAP with 8-isoPGF2α levels

and a negative correlation with catalase activity in both populations (Po0.0001, each). CYBA (p22phox) variants influence the

markers of oxidative stress and are associated with hypertension.
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INTRODUCTION

Reactive oxygen species (ROS)-induced oxidative stress (OS) plays a
vital role in the pathophysiology of cardiovascular diseases including
essential hypertension.1,2 Several experimental models of hypertension
and clinical hypertension have shown increased production of ROS3–7

with evidence of reduction in blood pressure (BP) when ROS
scavenging molecules were used.8–10 ROS are produced by a variety
of systems that involve several enzymes, such as xanthine oxidase,
cyclooxygenases, lipoxygenases and NADPH oxidase.11 OS is
associated with diminished antioxidants and the activation of
vasoconstrictors.7 Among these vasoconstrictors, isoprostanes formed
by the free radical-catalyzed peroxidation of arachidonic acid are
potent vasoconstrictors.12 The metabolite 8-iso prostaglandin F2α
(8-isoPGF2α) is considered to be a promising marker of oxidative
injury in both animals and humans.13,14 Conversely, catalase (CAT),

an antioxidant enzyme, protects cells from oxidative damage.15

Notably, in most of the experimental hypertension models studied
to date, higher ROS production coupled with decreased antioxidants is
associated with increased BP.7,16 Therefore, evaluating ROS produc-
tion by assessing the 8-isoPGF2α levels along with the CAT activity
can be crucial in hypertension management.
The biological regulation of BP, to a greater extent, is based on the

complex interactions between environmental and genetic factors.
Studies have revealed the role of the cytochrome b-245, alpha
polypeptide (CYBA) gene in cellular redox homeostasis.17 Numerous
genetic polymorphisms have been reported within the promoter and
exonic regions of CYBA. A few of these polymorphisms are known to
influence gene expression and NADPH oxidase activation, leading to
elevated free radical formation along with antioxidant deficiency.18,19

The genetic variants of CYBA have been associated with diverse
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cardiovascular diseases that share a similar pathology with
hypertension.20–25 The association of CYBA polymorphisms with
hypertension has been studied in Asian and Caucasian populations
but not without conflicting findings.18,19,26–29 To our surprise, there is
sparse literature on the role of CYBA in high-altitude (HA) hyperten-
sion; CYBA, being a vital marker of OS,18,19 may also play a crucial
role in the pathogenesis of hypertension at a HA (⩾3500m). HA
enhances a hypobaric hypoxia environment that tends to create OS.23

Although human adaptation to HA is understandably a result of
advantageous genetic variations and selective pressure, a significant
number of people may differ in their genetic make-up and as a
consequence may fail to tolerate the extreme OS and become
hypertensive. On the basis of these concepts, we hypothesized that
CYBA variants may contribute to the clinical endpoints of hyperten-
sion in HA populations via oxidant and antioxidant redox imbalances
and thus to essential hypertension pathophysiology. Notably, we
replicated the study in a lowland population with a larger sample size
and robust statistical power to ascertain the role of CYBA variants in
the pathophysiology of hypertension. Furthermore, this study is the
first of its type to show association of CYBA variants with essential
hypertension in Indian populations at two diverse altitudes: one
population at ⩾ 3500m under hypobaric hypoxia environment and
the other population living at ~ 250m under normoxic environment.
To test our hypothesis in a case–control design, we set forth three
major objectives: first, to determine systolic BP (SBP), diastolic BP
(DBP), mean arterial pressure (MAP), 8-isoPGF2α level and CAT
activity; second, to screen genetic variants of CYBA individually and as
haplotypes; and finally to correlate the genetic outcome with clinical
and biochemical levels in age- and ethnicity-matched unrelated
subjects of HA and lowland populations.

MATERIALS AND METHODS

Study participants
The study protocol and consent form were approved by the human ethics
committees of CSIR-Institute of Genomics and Integrative Biology (IGIB)
Delhi, Govind Ballabh (GB) Pant hospital New Delhi and Sonam Norboo
Memorial (SNM) Hospital, Leh, Jammu and Kashmir. Prior to written consent,
subjects were informed of the objectives, study organization and implications of
their participation. Age-, gender- and ethnicity-matched unrelated participants
from two different populations were recruited. First, the HA population, that is,
highlanders (HLs), residing at ⩾ 3500m was recruited through the hyperten-
sion and general outpatient clinic of SNM hospital. This population comprised
241 hypertensive patients (HHLs) and 245 normotensive controls (NHLs).
Second, the lowland North-Indian population, that is, lowlanders (LLs),
residing at o200m was recruited through the hypertension and general
outpatient clinic of GB Pant hospital. This population comprised 545
hypertensive patients (HLLs) and 935 normotensive controls (NLLs). The
clinicians administered a detailed questionnaire about environmental factors,
life style, health, clinical history, residential region and hemodynamic
parameters.

Inclusion and exclusion criteria and clinical assessment
The inclusion and clinical assessment criteria for both the populations were
similar. Recruitment criteria for HHLs and HLLs included the following: age
25–60 years, SBP ⩾ 140mmHg and/or DBP ⩾ 90mmHg (JNC VII) and
absence of antihypertensive medication. Recruitment criteria for NHLs and
NLLs included the following: age 25–60 years, SBP o120 and DBP o80mm
Hg, absence of family history of hypertension and any medication. Participants
with a history of coronary artery disease, cerebrovascular disease, stroke,
secondary hypertension, diabetes mellitus and renal diseases were excluded.
Moreover, a significant number of subjects were excluded for reasons such as a
lack of consent for the study, medication use, and to maintain both the age
limit and the male to female ratio.

All subjects rested for 5min prior to BP measurement. The clinician
recorded three BP measurements, with the subject in a supine position, using
a calibrated mercury sphygmomanometer with the appropriate adult cuff size.
The point at which the first of two or more Korotkoff sounds were heard was
recorded as the SBP and the disappearance of the Korotkoff sound as the DBP.
A venous blood sample (10ml, and after overnight fasting) was taken from
each subject; subjects were in a supine position during the procedure. Blood
plasma was used for the estimation of biochemical parameters. Genomic DNA
was isolated from peripheral blood leukocytes using a modified salting-out
protocol.30 The isolated DNA and plasma samples were stored at − 80 °C if not
used immediately.

Biochemical parameters
The plasma 8-isoPGF2α levels were measured using a competitive ELISA kit
(Assay Designs, Farmingdale, NY, USA). CAT enzymatic activity was quantified
using spectrometry by measuring the rate of catalytic elimination of hydrogen
peroxide. The rate of disintegration of hydrogen peroxide into water and
oxygen by CAT is proportional to its catalytic activity. Estimations were
performed in duplicate on a high-throughput SpectraMaxplus384 spectro-
photometer (Molecular Devices, Sunnyvale, CA, USA). Routine biochemical
parameters, for example, total cholesterol, triglycerides, glucose and uric acid,
were estimated on an Autoanalyzer (Elecsys 2010, Roche, Germany). The intra-
and inter-assay coefficient of variations were o10% for all the measurements.

Selection and genotyping of CYBA single nucleotide
polymorphisms (SNPs)
SNPs were selected based on their location in the gene, clinical and functional
relevance, and their tagging with other SNPs from the genotype data available
in the international HapMap project (http://hapmap.ncbi.nlm.nih.gov). Three
SNPs were eventually selected for this study. The SNPs rs8854G/A (−1442G/A)
and rs9932581A/G (−930A/G) are located in the promoter region. The allele
rs9932581G is known to increase the transcriptional activity of the promoter as
it lies in a potential binding site for the C/EBP (CCAAT/enhancer-binding
protein) transcription factor.19 The third SNP rs4673C/T (242C/T or H72Y),
located on exon 4, changes the amino acid histidine to tyrosine in the potential
heme-binding site resulting in the loss of oxidative function and superoxide
production.19 The SNPs rs8854G/A, rs9932581A/G and rs4673C/T were
genotyped using SNaPshot ddNTP primer extension PCR (Applied Biosystems,
Foster City, CA, USA). Two observers independently read and confirmed all the
genotypes; discrepancies, if any, were resolved by repeating PCR-RFLP and
SNaPshot.

Linkage disequilibrium (LD) and haplotypes
The extent of association, that is, the Lewontin’s coefficient (D′) and squared
correlation coefficient (r2) for pairwise LD was calculated by Haploview-v4.0.31

Haplotypes were estimated from genotypes using software PHASEv2.1.1.32 The
order of SNPs in inferred haplotypes was based on their physical location,
starting from SNPs at the upstream promoter region to downstream.
A frequency cutoff of 2% was applied to both populations separately, and
haplotypes with o2% frequency were excluded from the analysis. The
distribution of each haplotype was compared using multivariate logistic
regression analysis. Depending upon the P-value and odds ratio (OR), the
haplotypes were categorized as significant risk and/or protective haplotypes.

Correlation analysis
First, the individual genetic variants and haplotypes of CYBA were correlated
with clinical parameters, that is, SBP, DBP and MAP. Second, the genetic
outcomes were correlated with the two biochemical parameters, that is,
8-isoPGF2α level and CAT activity in both the patients and controls of the
two populations. Third, the correlation between the clinical and biochemical
parameters was also performed to understand their synchronized effect.

Statistical analysis
Unpaired Student's t-test was performed to compare the differences in
baseline characteristics and demographic features between the two groups.
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A goodness-of-fit test was used for testing the Hardy–Weinberg Equilibrium,

and a χ2 test compared the genotype and allele frequencies of CYBA

polymorphisms between the controls and patients in the two populations.

Risk prediction for hypertension was estimated by OR at 95% confidence

interval using multivariate logistic regression by SPSS-12 (SPSS, Chicago, IL,

USA). Haplotype distribution was compared by multiple regression analysis

based on the frequency of each individual haplotype vs. all combined in each

population. Furthermore, the clinical characteristics and biochemical para-

meters were tested for normal distribution using the Shapiro-Wilk test and

expressed as the mean± s.d. The 8-isoPGF2α levels were log-transformed

before analysis to follow a normal distribution. The categorical and continuous

variables between patients and controls of the two populations were analyzed

with a general linear model. The power of the sample size to detect the

association at α= 0.05 was calculated using SPSS-12. A P-value of o0.05 after

adjustment for confounding factors and Bonferroni’s correction for multiple

testing was considered statistically significant. As the total number of SNPs was

three, the P-value was therefore multiplied by three for Bonferroni’s

correction test.

RESULTS

Demographic and phenotypic profiles
The main characteristics of the two study populations are presented in
Table 1. In HHLs and HLLs, the SBP, DBP and MAP and 8-isoPGF2α
levels were significantly higher, whereas CAT activity was significantly
lower compared with NHLs and NLLs (Po0.0001, each). The

distribution of the clinical and biochemical parameters followed a
normal distribution in both the groups (P40.05).

Single-locus association analyses
The allele and genotype frequencies of the three studied polymorph-
isms were in Hardy–Weinberg Equilibrium (P40.05) for the controls
and patients in both populations. When checked for tagging with
other SNPs, the three SNPs were observed as singleton in all the
HapMap populations. HHLs, in a comparative allele frequency
analysis, revealed a similar allelic distribution pattern for the studied
CYBA SNPs with HapMap Han Chinese (Beijing, China, CHB) and
Japanese (Tokyo, Japan, JPT) (P40.05; Supplementary Figure 1a);
whereas HLLs were closer to HapMap Northern and Western
European ancestry (CEU), Gujarati Indians (Houston, Texas, GIH)
and Mexican ancestry (Los Angeles, California, MEX) (P40.05;
Supplementary Figure 1b). The results of the single-locus analyses
are shown in Table 2. The multiple-logistic regression analysis, after
adjustment for potential confounding factors, revealed overrepresenta-
tion of the CYBA genotypes rs9932581GG+GA and rs4873CC+TC in
HHLs compared with NHLs (P= 0.034 and P= 0.135, respectively).
As a consequence, the rs9932581G and rs4873C alleles were signifi-
cantly prevalent in HHLs and were associated with an increased risk of
hypertension (P= 0.047, OR= 1.30; P= 0.024, OR= 1.47). Similarly,
the genotypes rs8854AA+GA, rs9932581GG+GA and rs4873CC+TC
were overrepresented in HLLs compared with NLLs (P= 0.012,

Table 1 Baseline demographic and clinical characteristics of HL and LL controls and patients

HLs LLs

Parameters NHLs HHLs NLLs HLLs

n 245 241 P-value 935 545 P-value

Gender
Male 225 (92%) 215 (89%) 836 (90%) 495 (91%)

Female 20 (8%) 26 (11%) 99 (10%) 50 (9%)

Clinical characteristics
Age (year) 47.9±12.0 48.8±8.1 NS 46.6.0±12.7 46.5±12.3 NS

BMI (kg m−2) 22.0±5.6 23.0±6.3 NS 23.7±3.7 24.5±2.9 NS

SBP (mmHg) 115.4±9.7 156.5±19.3 o0.0001 115.6±7.0 159.8±16.8 o0.0001

DBP (mmHg) 72.3±7.6 96.8±12.7 o0.0001 75.5±4.8 96.2±7.7 o0.0001

MAP (mmHg) 86.8±7.4 116.5±12.7 o0.0001 88.8±4.9 117.4±9.6 o0.0001

Biochemical parameters
Total cholesterol, mmol l−1 — — — 2.9±0.7 3.0±1.1 NS

Triglyceride, mmol l−1 — — — 1.2±0.4 1.2±0.5 NS

Uric acid, mg dl−1 — — — 4.7±1.0 4.7±1.7 NS

Glucose, mg dl−1 — — — 99.5±21.0 101.0±22.0 NS

Proteinurea Nil Nil — Nil Nil —

Specific biochemical parameters
8-isoPGF2α (pg ml−1) 3.3±0.9 5.8±1.3 o0.0001 2.3±0.6 4.8±0.8 o0.0001

Catalase (U ml−1) 29.7±8.9 16.5±4.8 o0.0001 35.8±9.2 25.9±8.4 o0.0001

Life style/history
Diet (nonveg) 12% 23% — 15% 25% —

Family history (HT) None 73% — None 75% —

Alcohol None None — 6% 10% —

Smoking history None None — 9% 12% —

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HLs, high-landers; HHLs, hypertensive HLs; HLLs, hypertensive LLs; HT, hypertension; LLs, low-landers; MAP, mean arterial
pressure; n, number of subjects; NHLs, normotensive HLs; NLLs, normotensive LLs; SBP, systolic blood pressure.
Data are presented as mean± s.d.
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Po0.001 and P= 0.001, respectively). As a consequence, the rs8854A,
rs9932581G and rs4873C alleles were significantly prevalent in HLLs
and were associated with an increased risk of hypertension (P= 0.004,
OR= 1.43; Po0.001, OR= 1.38; Po0.001, OR= 1.42).

LD and haplotype analysis
To understand the extent of involvement and the relationship among
the CYBA SNPs, pairwise LD was assessed by D′ and r2. The pairwise
LD was similar for both patients and controls of the two populations.
The haplotype analysis was also performed in both populations. A
total of five haplotypes were identified after an overall cutoff frequency
of 42% (Table 3). However, the logistic regression analysis and
Bonferroni’s correction for multiple testing after adjustment for seven
confounding factors, that is, age, gender, BMI, alcohol, smoking, TG
and cholesterol, revealed two haplotypes rs8854A/rs9932581G/rs4873C
and rs8854G/rs9932581G/rs4873C as risk conferring in both HLs
(OR= 2.3, OR= 1.2, respectively) and LLs (OR= 1.6 and OR= 1.3,
respectively). Conversely, a single haplotype, rs8854G/rs9932581A/

rs4873T, was significantly prevalent in NHLs and NLLs and appeared
to be protective haplotypes (OR⩽ 0.7, P= 0.001 each). The omnibus
global test for the haplotypes also showed a significant association with
hypertension in both populations (Po0.0001, each).

Correlation analyses
Single locus vs. clinical parameters. In HHLs, the general linear model
revealed that the rs9932581G risk allele was correlated with an increase
of 3.6 mmHg SBP (P= 0.040), and rs4873C was correlated with an
increase of 4.8 mmHg SBP and 3.5mmHg MAP (P⩽ 0.038,
Figure 1a). In NHLs, however, rs9932581G was correlated with an
increase of 1.3 mmHg SBP and rs4873C was correlated with an
increase of 2.0 mmHg DBP (P= 0.021, Supplementary Figure 2a).
Similarly, in HLLs, rs9932581G and rs4873C were correlated with an
increase of 2.4 and 4.0mmHg SBP (P= 0.005; P= 5.21E-6), 1.1 and
1.8mmHg DBP (P= 0.006; P= 2.01E-5) and 1.6 and 2.5 mmHg
MAP (P= 0.001; P= 3.41E-7), respectively; another risk allele,
rs8854A, was also correlated with an increase of 1mmHg MAP

Table 2 Genotype and allele distribution of the CYBA polymorphisms in HL and LL controls and patients

HLs, distribution (%) Biostatistics LLs, distribution (%) Biostatistics

SNP/rsID Genotypes/alleles NHLs (n=245) HHLs (n=241) OR (95% CI) P-value NLLs (n=935) HHLs (n=545) OR (95% CI) P-value

rs8854G/A rs8854GG 237 (97%) 229 (95%) Reference — 727 (78%) 397 (73%) Reference —

rs8854GA 08 (3%) 11 (5%) 1.50 (0.59–3.84) 0.393 196 (21%) 130 (24%) 1.33 (1.00–1.75) 0.047

rs8854AA 00 (0%) 01 (0%) — 0.457 12 (1%) 18 (3%) 2.72 (1.19–6.21) 0.018

rs8854AA+GA

(Dominant model)
08 (3%) 12 (5%) 1.62 (0.65–4.08) 0.303 208 (23%) 148 (27%) 1.41 (1.08–1.84) 0.012

rs8854G 482 (98%) 469 (97%) Reference — 1650 (88%) 924 (85%) Reference —

rs8854A 08 (2%) 13 (3%) 1.72 (0.70–4.22) 0.234 220 (12%) 166 (15%) 1.43 (1.12–1.81) 0.004

rs9932581A/G rs9932581AA 71 (29%) 50 (21%) Reference — 213 (23%) 70 (13%) Reference —

rs9932581GA 115 (47%) 121 (50%) 1.53 (0.98–2.39) 0.064 444 (47%) 285 (52%) 1.95 (1.40–2.72) o0.001

rs9932581GG 60 (24%) 70 (29%) 1.67 (1.00–2.77) 0.047 278 (30%) 190 (35%) 2.12 (1.49–3.02) o0.001

rs9932581GG+GA

(Dominant model)
71 (71%) 191 (79%) 1.58 (1.03–2.40) 0.034 722 (77%) 475 (87%) 2.01 (1.47–2.76) o0.001

rs9932581A 257 (52%) 221 (46%) Reference — 870 (47%) 425 (39%) Reference —

rs9932581G 235 (48%) 261 (54%) 1.30 (1.00–1.67) 0.047 1000 (53%) 665 (61%) 1.38 (1.17–1.63) o0.001

rs4673T/C rs4673TT 15 (6%) 08 (3%) Reference — 181 (19%) 70 (13%) Reference —

rs4673TC 70 (29%) 58 (24%) 1.56 (0.61–3.94) 0.352 408 (44%) 225 (41%) 1.58 (1.12–2.23) 0.010

rs4673CC 160 (65%) 175 (73%) 2.16 (0.89–5.26) 0.090 346 (37%) 250 (46%) 2.00 (1.41–2.83) o0.001

rs4673CC+TC

(Dominant model)
230 (94%) 233 (97%) 1.96 (0.81–4.73) 0.135 754 (81%) 475 (87%) 1.77 (1.28–2.45) 0.001

rs4673T 100 (20%) 74 (15%) Reference — 770 (41%) 365 (33%) Reference —

rs4673C 390 (80%) 408 (85%) 1.47 (1.05–2.06) 0.024 1100 (59%) 725 (67%) 1.42 (1.20–1.68) o0.001

Abbreviations: HLs, high-landers; HHLs, hypertensive HLs; HLLs, hypertensive LLs; LLs, low-landers; n, number subjects; NHLs, normotensive HLs; NLLs, normotensive LLs; OR, odds ratio. P and
OR were calculated using multivariate logistic regression analysis after adjustment for age, gender, body-mass index, smoking, alcohol, TG and cholesterol.

Table 3 Distribution of CYBA haplotypes between controls and patients of HLs and LLs

HLs, distribution (%) Biostatistics LLs, distribution (%) Biostatistics

Haplotypes NHLs HHLs χ2 P-value OR (95%CI) NLLs HLLs χ2 P-value OR (95%CI)

rs8854A/ rs9932581G/rs4673C 06 (1%) 13 (3%) 2.9 0.090 2.3 (0.9–6.2) 162 (9%) 139 (13%) 13.5 0.0002 1.6 (1.3–2.1)

rs8854G/ rs9932581A/rs4673C 178 (36%) 178 (37%) 0.04 0.845 1.0 (0.8–1.3) 354 (19%) 193 (18%) 0.5 0.472 0.9 (0.7–1.1)

rs8854G/ rs9932581A/rs4673T 76 (16%) 43 (9%) 10.3 0.001 0.5 (0.3–0.8) 474 (25%) 217 (20%) 10.1 0.001 0.7 (0.6–0.9)

rs8854G/ rs9932581G/rs4673C 205 (42%) 217 (45%) 1.2 0.265 1.2 (0.9–1.5) 549 (29%) 380 (35%) 7.5 0.006 1.3 (1.1–1.5)

rs8854G/ rs9932581G/rs4673T 23 (5%) 31 (6%) 1.0 0.313 1.3 (0.8–2.3) 273 (15%) 134 (12%) 3.3 0.071 0.8 (0.6–1.0)

Abbreviations: HLs, high-landers; HHLs, hypertensive HLs; HLLs, hypertensive LLs; LLs, low-landers; n, number subjects; NHLs, normotensive HLs; NLLs, normotensive LLs; OR, odds ratio;
χ2, Chi square value. P-values are obtained by permutation test for each haplotype frequency compared between the two groups. χ2 and OR were calculated using multivariate logistic regression
analysis after adjustment for age, gender, body mass index, smoking, alcohol, TG and cholesterol.
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(P= 0.006, Figure 1b). In NLLs, however, the three risk alleles, that is,
rs8854A, rs9932581G and rs4873C correlated with increased SBP, DBP
and MAP but did not reach significance (P40.05), Supplementary
Figure 2b.

Single locus vs. biochemical parameters. In HHLs, the general linear
model revealed that the risk alleles rs9932581G and rs4873C were
correlated with a decrease of 1.8 and 2.8 U ml− 1 CAT activity
(P⩽ 4.37E-07, Figure 2a) and an increase of 0.9 and 0.6 pg ml− 1

8-isoPGF2α level, respectively (P= 2.39E-14 and P= 8.46E-05, respec-
tively, Figure 2a). Similarly, in HLLs, the risk allele rs4873C was
correlated with a decrease of 2.3 U ml− 1 CAT activity (P= 0.001,
Figure 2b), whereas the rs8854A, rs9932581G and rs4873C risk alleles
were correlated with an increase of 0.3–0.5 U ml− 1 8-isoPGF2α level
(P= 6.21E-06, P= 1.22E-08 and P= 8.98E-19, respectively, Figure 2b).
In the NHLs and NLLs, the risk alleles were correlated with marginal

decrease in CAT activity and an increase in 8-isoPGF2α level
(Supplementary Figure 3a and b).

Haplotypes vs. clinical parameters. In HHLs, the rs8854A/
rs9932581G/rs4873C and rs8854G/rs9932581G/rs4873C risk haplo-
types were correlated with an increase of 6.7 and 3.5 mmHg SBP, 5.6
and 0.6mmHg DBP, and 5.9 and 1.5mmHg MAP, respectively
(Figure 1c). Conversely, the rs8854G/rs9932581A/rs4873T protective
haplotype was marginally correlated with a decrease of 4.2 mmHg
SBP, 2.7 mmHg DBP and 3.2 mmHg MAP (Figure 1c). In NHLs, the
rs8854A/rs9932581G/rs4873C and rs8854G/rs9932581G/rs4873C risk
haplotypes were correlated with an increase of 0.5 and 1.7 mmHg
SBP, 5.6 and 0.9 mmHg DBP, and 3.9 and 1.2 mmHg MAP,
respectively (Supplementary Figure 2c). Conversely, the rs8854G/
rs9932581A/rs4873T protective haplotype was correlated with a
decrease of 3.3 mmHg SBP, 3.4 mmHg DBP and 3.4mmHg MAP,
(P⩽ 0.0009, Supplementary Figure 2c).

Figure 1 Correlation analyses for CYBA SNPs with clinical parameters SBP, DBP and MAP in (a) HHLs (b) HLLs and for CYBA haplotypes with clinical
parameters SBP, DBP and MAP in (c) HHLs (d) HLLs. The x axis represents (a) and (b) individual CYBA SNPs and the respective alleles embedded in the
bars and, (c) and (d) individual CYBA haplotypes. The y axis represents clinical data as the mean± s.d. The general linear model was used to calculate
significance level (P) after adjustment for age, gender, smoking, alcohol, triglyceride, cholesterol and Bonferroni’s correction test. The numerator and
denominator represent (a) and (b) frequency of protective and risk allele, respectively and, (c) and (d) frequency of remaining haplotypes (R) and studied
haplotype (H), respectively. A full color version of this figure is available at Hypertension Research.
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In HLLs, the rs8854A/rs9932581G/rs4873C and rs8854G/
rs9932581G/rs4873C risk haplotypes were correlated with an increase
of 7.0 and 3.9mmHg SBP, 2.4 and 1.9mmHg DBP, and 3.9 and
2.5 mmHg MAP, respectively, (P⩽ 6.7E-05, Figure 1d). Conversely,
the rs8854G/rs9932581A/rs4873T protective haplotype was correlated
with a decrease of 5.4 mmHg SBP, 3.1 mmHg DBP and 3.9mmHg
MAP (P⩽ 1.1E-0.6, Figure 1d). In NLLs, the rs8854A/rs9932581G/
rs4873C and rs8854G/rs9932581G/rs4873C risk haplotypes were
correlated with an increase of 2.8 and 0.8 mmHg SBP (P⩽ 0.02),
1.0 and 0.3 mmHg DBP, and 1.6 and 0.5mmHg MAP (P⩽ 0.05,
respectively, Supplementary Figure 2d). Conversely, the rs8854G/
rs9932581A/rs4873T protective haplotype was correlated with a

decrease of 3.3 mmHg SBP, 3.4 mmHg DBP and 3.4mmHg MAP
(P⩽ 0.0008, Supplementary Figure 2d).

Haplotypes vs. biochemical parameters. In HHLs, the rs8854A/
rs9932581G/rs4873C and rs8854G/rs9932581G/rs4873C risk haplo-
types were correlated with a decrease of 2.9 and 1.6 U ml− 1 CAT
activity, respectively (P⩽ 0.007, Figure 2c) and an increase of 1.8 and
0.5 pg ml− 1 8-isoPGF2α level (P⩽ 1.46E-5, Figure 2c), respectively.
Conversely, the rs8854G/rs9932581A/rs4873T protective haplotype
was correlated with an increase of 1.6 U ml− 1 CAT activity
(P⩽ 0.0009, Figure 2c) and a decrease of 1.9 pg ml− 1 8-isoPGF2α
level (P⩽ 2.24E-17, Figure 2c). In NHLs, the rs8854A/rs9932581G/

Figure 2 Correlation analyses for CYBA SNPs with biochemical parameters catalase activity and 8-isoPGF2α level (pg ml−1) (U ml−1) in (a) HHLs and (b)
HLLs and for CYBA haplotypes with biochemical parameters catalase activity and 8-isoPGF2α level (pg ml−1) (U ml−1) in (c) HHLs and (d) HLLs. The x axis
represents (a) and (b) individual CYBA SNPs and the respective alleles embedded in the bars and, (c) and (d) individual CYBA haplotypes. The y axis
represents biochemical data as the mean± s.d. The general linear model was used to calculate significance level (P) after adjustment for age, gender,
smoking, alcohol, triglyceride, cholesterol and Bonferroni’s correction test. The numerator and denominator represent (a) and (b) frequency of protective and
risk allele, respectively and, (c) and (d) frequency of remaining haplotypes (R) and studied haplotype (H), respectively. A full color version of this figure is
available at Hypertension Research online.

CYBA variants in hypertension
R Kumar et al

503

Hypertension Research



rs4873C and rs8854G/rs9932581G/rs4873C risk haplotypes were
marginally correlated with a decrease of 0.9 and 1.6 U ml− 1 CAT
activity, respectively, and an increase of 0.1 and 0.2 pg ml− 1

8-isoPGF2α level, respectively; (Supplementary Figure 3c). Conversely,
the protective haplotype rs8854G/rs9932581A/rs4873T was correlated
with an increase of 3.7 U ml− 1 CAT activity (P⩽ 0.001,
Supplementary Figure 3c) and a decrease of 0.3 pg ml− 1 8-isoPGF2α
level (P⩽ 0.01, Supplementary Figure 3c).
In HLLs, the rs8854A/rs9932581G/rs4873C and rs8854G/

rs9932581G/rs4873C risk haplotypes were correlated with a decrease
of 3.9 and 1.8 U ml− 1 CAT activity, respectively (P⩽ 0.02, Figure 2d),
and an increase of 1.3 and 0.2 pg ml− 1 8-isoPGF2α level, respectively
(P⩽ 0.001, Figure 2d). Conversely, the rs8854G/rs9932581A/rs4873T
protective haplotype was correlated with an increase of 4.2 U ml− 1

CAT activity (P⩽ 1.35E-8, Figure 2d) and a decrease of 1.3 pg ml− 1

8-isoPGF2α level (P⩽ 3.89E-105, Figure 2d). In NLLs, the rs8854A/
rs9932581G/rs4873C and rs8854G/rs9932581G/rs4873C risk haplo-
types were correlated with a decrease of 1.2 and 0.1 U ml− 1 CAT
activity, respectively, and an increase of 0.2 and 0.1 pg ml− 1

8-isoPGF2α level, respectively (P⩽ 1.66E-6, Supplementary Figure
3d). Conversely, the rs8854G/rs9932581A/rs4873T protective haplo-
type was correlated with an increase of 1.3 U ml− 1 CAT activity
(P⩽ 0.04, Supplementary Figure 3d) and a decrease of 0.2 pg ml− 1

8-isoPGF2α level (P⩽ 2.95E-7, Supplementary Figure 3d).

Correlation between clinical and biochemical parameters. As shown in
Figures 3a and b, MAP showed a significant negative correlation with
CAT activity in the highland groups, that is, HHLs (P= 4.08E-09) and
NHLs (P= 1.59E-6), as well as in both the lowland groups, that is,
HLLs (P= 5.79E-16) and NLLs (P= 6.46E-23). Furthermore, as shown
in Figures 3c and d, MAP showed a significant positive correlation
with 8-isoPGF2α in both the highland groups, that is, HHLs
(P= 1.19E-25) and NHLs (P= 3.15E-7), as well as in both the lowland
groups, that is, HLLs (P= 3.00E-50) and NLLs (P= 8.27E-74).
Similarly, SBP and DBP showed significant negative correlation with
CAT activity in the highland groups, that is, HHLs (P= 1.61E-11 and
P= 0.015, respectively) and NHLs (P= 2.21E-5 and P= 2.61E-5,
respectively), as well as in both the lowland groups, that is, HLLs
(P= 2.67E-20 and P= 3.16E-07, respectively) and NLLs (P= 6.69E-28
and P= 4.76E-13, respectively). Furthermore, these parameters
showed a significant positive correlation with 8-isoPGF2α in both
the highland groups, that is, HHLs (P= 3.75E-12 and P= 4.01E-12,
respectively) and NHLs (P= 4.21E-4 and P= 1.29E-6, respectively), as
well as in both the lowland groups, that is, HLLs (P= 1.16E-30 and
P= 7.87E-27, respectively) and NLLs (P= 5.96E-39 and P= 2.50E-10,
respectively).

DISCUSSION

This study was performed in two different populations residing in
contrasting environmental conditions, and the findings supported our
hypothesis. The analysis of covariance revealed that CYBA risk and
protective alleles and their haplotypes were correlated differentially
with clinical and biochemical parameters. Of interest, our results
successfully revealed the potential role of CYBA polymorphisms in
hypertension susceptibility in two ethnically diverse populations
residing at two contrasting altitudes.
Single locus analysis revealed that the three SNPs followed

goodness-of-fit test in both populations. The presence of alleles, that
is, rs8854A, rs9932581G and rs4673C, was associated with a higher
risk for hypertension in both populations even after adjustment for
potential confounders. The same risk alleles, in other populations,

have been shown to be associated with cardiovascular diseases
including hypertension.18–24,33 When compared with the HapMap
populations for allele frequencies, the HLs exhibited similarity to CHB
and JPT, whereas LLs exhibited similarity to CEU, GIH and MEX.
Hypertension, being a multigenic disorder, is not mediated by a

single variation. Hence, haplotype analysis was performed to deter-
mine the combined effect of individual associations. The outcomes
were encouraging as the two haplotypes, that is, rs8854A/rs9932581G/
rs4673C and rs8854G/rs9932581G/rs4673C, were associated with the
risk of hypertension and a single haplotype rs8854G/rs9932581A/
rs4673T was associated with protection. The combined effect of SNPs
compared with individual SNPs was more substantial with higher odds
of hypertension susceptibility. The risk variants on the promoter and
exonic regions seem to enhance the impairment of the redox balance
and hence higher BP phenotypes.18,19,26–29

The general linear model revealed the correlation of the risk alleles
of CYBA with elevated clinical and biochemical parameters in both
HLs and LLs; in accordance, the risk haplotypes were also significantly
correlated with elevated BP and 8-isoPGF2α levels and reduced
CAT activity. The correlation was more significant in hypertensive
groups compared with normotensives. These results inferred that the
risk alleles individually or in combination made an appreciable
contribution to increased OS in the body, and thus to increased
susceptibility to hypertension. A recent study in spontaneously
hypertensive rats also demonstrated that increased CAT activity might
cause higher total antioxidant stress and that lower hydrogen peroxide
levels contribute to hypertension pathogenesis.34 Importantly, there
was a proportional correlation between the clinical and biochemical
parameters, which suggested a synergism among these parameters
and the genetic markers in both a healthy state or a pathological
condition.
To further understand the downstream effect of genotypic altera-

tions on the immediate phenotype, two biochemical markers of OS,
for example, CAT and 8-isoPGF2α were investigated. CAT, an
antioxidant enzyme with high specific activity, along with glutathione
peroxidase protects hemoglobin from oxidative damage. CAT catalyzes
the rapid decomposition of hydrogen peroxide that otherwise may
contribute to higher levels of lipid peroxidation products, which
includes 8-isoPGF2α.35 In tissues, 8-isoPGF2α is produced primarily
from esterified arachidonic acid by non-enzymatic reactions catalyzed
by free radicals and is known to be involved in the pathogenesis of
various diseases.36 The depleted CAT activity may be responsible for
excessive ROS production and the observed elevated 8-isoPGF2α levels
in the patients. This condition along with the inflammatory process
may create an ideal OS environment that enhances vascular
damage.15,35 Although ROS can be both beneficial and damaging in
biological systems depending on the environment,16,15–17 the oxidant–
antioxidant imbalance in hypertensive patients in the present study
revealed a shift towards oxidants suggesting its contribution to the
pathophysiology of the disease.16,17 Additionally, it has been reported
that OS (as measured by high DNA damage and lower total
antioxidant status) is significantly highest for the non-dipper hyper-
tensive group followed by the dipper hypertensive group compared
with the control group.37

It was apparent that the risk alleles in association with elevated BP
and OS marker and reduced antioxidants led to vascular endothelial
cell dysfunction. Such a change was reported to disturb the
endothelium-derived relaxing factors such as nitric oxide, prostacyclin
and endothelium-derived hyperpolarizing factor, or increased produc-
tion of contracting factors such as endothelin-1 and thromboxane
A2.12 It may also indicate that the increased activity of signaling
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pathways of vascular smooth muscle contraction such as Ca2+, protein
kinase C, mitogen-activated protein kinase and Rho kinase may
enhance vasoconstriction.38 In fact, in our studies we have consistently
observed reduced levels of nitric oxide, a potent vasodilator, in
hypertensive patients.39–42

Overall, the assessment of the two populations the present study
support the use of CYBA genetic variants as susceptible and/or
predisposing hypertension markers. To bolster genetic association of
low-sample-sized HLs, the results were replicated in LLs with a power
of association of more than 80%. These genetic markers are associated
with reduced antioxidant capability, elevated oxidant products and
with differential BP phenotype, suggesting their role in susceptibility to
hypertension. We are the first to demonstrate the association of CYBA
variants with clinical and biochemical parameters in both diseased and
normal state in a HA population and validated the findings in a low-
altitude population. Despite the different environmental conditions,
both populations complemented the genetic, clinical and biochemical
findings.

The study can potentially provide a platform to elucidate the
causative effect of CYBA genetic markers using in vivo and in vitro
molecular studies. The genotype–phenotype correlations in two
distinct populations substantially suggest the possibility of pharmaco-
logical interventions. In patients, the higher frequency of risk alleles
and their significant association with increased oxidants and reduced
antioxidant levels initiate the probable mechanisms of BP heritability
and hypertension physiopathology. Similarly, in controls, the dom-
inance of protective alleles and their significant association with
decreased oxidants and increased antioxidant levels initiate the body’s
vascular homeostasis maintenance mechanisms. This study contrib-
uted to the insight into hypertension genetics and to future translation
of genetic findings into hypertension prophylaxis and treatment.
Genotype–phenotype correlation results provide promising advance-
ments in the understanding of hypertension pathogenesis, which
provides new insights into BP control and a cure for hypertension.
The understanding of the interactions of clinically and functionally
relevant CYBA variants coupled with levels of catalase activity and

Figure 3 Correlation analyses between MAP and catalase activity in (a) HLs and (b) LLs and correlation analyses between MAP and 8-isoPGF2α level in
(c) HLs and (d) LLs. The x axis represents (a) and (b) catalase activity (U ml−1) and, (c) and (d) 8-isoPGF2α level (pg ml−1). The y axis represents clinical
data (mmHg). The MAP is correlated with catalase activity in (a) HLs and (b) in LLs, respectively, in patients and controls. The MAP is correlated with
8-isoPGF2α level in (c) HLs and (d) LLs, respectively, in patients and controls. A two-tailed P-value of o0.05 after multiple Bonferroni’s correction test was
considered statistically significant. R2 represents regression co-efficient and P represents significance level. A full color version of this figure is available at
Hypertension Research online.
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8-isoPGF2α in hypertension encourage better BP management pro-
tocols to help decrease the morbidity and mortality rates related to
cardiovascular diseases. Nevertheless, the limitations of the study
cannot be overlooked. Foremost is the smaller sample size of the
HA population; similarly, the selection of few CYBA markers and the
functional validation of the identified variants are limitations.
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