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Purpose: Endothelial dysfunction is a key mechanism in the development of hypertension and is closely linked to impairment of
endothelial nitric oxide synthase (eNOS) and hyperhomocysteinemia. Genetic polymorphisms of eNOS (rs1799983 and rs2070744)
are strongly associated with the risk of hypertension in individuals of Asian ethnicities. This study aimed to investigate the relationship
between these polymorphisms and the risk of hypertension associated with homocysteine levels.

Participants and Methods: For this cross-sectional study, we enrolled 370 Thai men aged 40-60 years from the Electricity
Generating Authority of Thailand cohort study for both variants genotyping by TagMan allelic discrimination analysis. Clinical,
anthropometric, and biochemical parameters were also analyzed.

Results: In the high blood pressure group (n = 267), systolic and diastolic blood pressure and triglyceride levels were higher in those
with homocysteine levels > 15 umol/L than in those with homocysteine levels < 15 pmol/L (p < 0.05). Significant risk of hypertension
was found in GG and GT of 151799983 (G894T), and in TT and TC of rs2070744 (T-786C), with higher ORs in heterozygous
genotypes (all p values < 0.05). Further evaluation of the interactions between SNPs and HCY revealed that individuals with the GT or
TC genotype, together with hyperhomocysteinemia, had an increased risk of hypertension (all p<0.05).

Conclusion: eNOS variants 151799983 and rs2070744 may be risk factors for hypertension linked to hyperhomocysteinemia. These
findings provide potentially useful healthcare strategies for the management of hypertension.
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Introduction

The global prevalence of hypertension has increased dramatically over the past two decades. The World Health
Organization reported that in 2020, an estimated 1.28 billion adults aged 30-79 years worldwide had hypertension, two-
thirds of whom were living in low- and middle-income countries." A cross-sectional study investigated the behavioral
and metabolic risk factors for noncommunicable diseases based on an analysis of a survey conducted among 2311 adults
(>18 years). The results showed that the prevalence of metabolic risk factors, including age, smoking, alcohol
consumption, and work status, was more pronounced in men and was related to high blood pressure, overweight and
obesity, cholesterol level, and blood glucose level.” In the Thailand National Health Security Office program, the
prevalence of hypertension among men was found to be 37.8%, of which 23.9% of cases were uncontrolled.®
Established mechanisms associated with the development of hypertension include hyperhomocysteinemia (plasma
concentration > 15 pmol/L), which is recognized as a risk factor for cardiovascular diseases including the onset of
hypertension.* The proposed mechanisms involve homocysteine (HCY)-induced vascular damage, including increased
smooth muscle cell proliferation, stimulated oxidation of the vascular endothelium, decreased vascular elasticity, and
increased sodium reabsorption.” The current study among patients with newly diagnosed primary hypertension reported
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an association between plasma total homocysteine levels and systolic blood pressure (SBP) (r = 0.696), diastolic blood
pressure (DBP) (r=0.585), and age (r= 0.286).° A cross-sectional study of 2615 Chinese people discovered that higher
HCY levels were substantially linked to hypertension risk and influenced by interactions with age, obesity, dyslipidemia,
and family history of the condition (all p < 0.05).”

Impairment of nitric oxide (NO) bioavailability can lead to endothelial dysfunction, which is a significant risk factor for
hypertension. NO production is based on the function of endothelial NO synthase (eNOS or NOS3), which metabolizes
l-arginine to NO. Decreased NO production promotes an imbalance in vascular homeostasis, leading to prothrombotic,
proinflammatory, and less compliant blood vessel walls.** Consequently, it is biologically plausible that functional eNOS
polymorphisms may serve as potential biomarkers for susceptibility to hypertension. Several eNOS polymorphisms
associated with hypertension have been identified. The eNOS single nucleotide polymorphism (SNP) rs1799983
(G894T) in exon 7 causes the replacement of glutamate by aspartate (Glu298Asp) and affects the structure and activity
of eNOS, thereby decreasing NO availability. The production of basal NO in patients with high blood pressure patients was
significantly lower than that in the healthy controls.'® Another SNP, rs2070744 (T-786C), indicates thymine-to-cytosine
conversion in the 5'-flanking region of eNOS. This polymorphism is associated with the development of hypertension via
the modulation of transcription, which influences translation efficiency, mRNA stability, and enzyme levels."®

A case-control study of hypertension in 154 participants (77 cases and 77 controls) revealed that the C allele of 1s2070744
(T-786C) is associated with an increased risk of developing essential hypertension.'" A study of 2459 Han Chinese participants
observed correlations between eNOS variants rs1799983 (G894T) and rs2070744 (T-786C) and the risk of essential
hypertension.'? According to a meta-analysis of 63,258 participants, both variants were significantly related to the likelihood
of developing hypertension. Analysis of the Asian subgroup indicated that both the T allele of rs1799983 (G894T) and the
C allele of 1s2070744 (T-786C) increased susceptibility to hypertension.'® Furthermore, the underlying molecular changes
caused by hyperhomocysteinemia-mediated endothelial dysfunction involve the inhibition of nitric oxide (NO) production,
directly interfering with the functions of eNOS, inactivating eNOS by upregulating caveolin-1, and decreasing the L-arginine
transport systems for eNOS—NO synthesis by suppressing the cationic amino acid transporter family.'*'> Another significant
cause of hypertension is HCY-induced oxidative stress, which results in an increase in the endogenous eNOS inhibitor
asymmetric dimethylarginine (ADMA).'® A previous study found that eNOS G894T and 4a/b gene polymorphisms associated
with total HCY levels have a substantial impact on blood pressure.'”

Based on the various causes of endothelial dysfunction, there are limited data indicating the influence of eNOS
polymorphisms and HCY on hypertension. Our findings deepen our understanding of hypertension and the complexity of
its physiological regulation at the molecular level. Therefore, we aimed to investigate the association between two
functional SNPs of eNOS, rs1799983 (G894T) and rs2070744 (T-786C), and their potential interaction with plasma HCY
levels in the development of hypertension in men.

Materials and Methods
Study Design, Participants and Data Collection

This was a cross-sectional study of Thai male participants (N=370) aged 40-60 years who were recruited from the
Electricity Generating Authority of Thailand (EGAT) cohort study in 2018 (the EGAT study began in 1985 and resurveys
participants every 5 years). The details of this cohort study have been described.'® We extracted information from
original datasets (in 2018) related to demographics, body composition/clinical measurement, laboratory tests, and
questionnaires contained in the EGAT database with specific high-risk group of age 40—-60 years. In addition, the
participants underwent physical examination and blood collection for biochemical analysis, and answered questionnaires
on demographic data and lifestyle factors. Participants with the following conditions were excluded from the study:
metabolic syndrome with medical treatment; secondary hypertension; cancer; metabolic disease (ie, thyroid, osteoar-
thritis, or immune disease) with pharmacological treatment; and chronic liver and kidney diseases. The study was
conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of the Faculty
of Medicine Ramathibodi Hospital, Mahidol University (COA.MURA 2021/230 and 2023/98). At the time of recruit-

ment, informed consent was obtained from each participant.
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Anthropometric and Biochemical Measurements

Participants visited the research site between 7:00 AM and 10:00 AM, after an overnight fast. Venous blood samples
were collected for DNA extraction and biochemical analysis, as follows: fasting blood glucose (FBS), glycosylated
hemoglobin A1C (HbA1C), total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), uric acid, creatinine, and blood urea nitrogen. These parameters were measured using an
automated method (Roche COBAS, Mannheim, Germany). Plasma HCY concentrations were determined using direct
electrochemiluminescence immunoassay (Abbott Laboratories, Abbott Park, IL, USA). This analysis is based on the
reaction of dithiothreitol to reduce bound or dimerized homocysteine (oxidized form) to free homocysteine.
Subsequently, free homocysteine is converted to S-adenosyl homocysteine. S-adenosyl homocysteine then contests
with acridinium-labeled S-adenosyl cysteine for a particle-bound monoclonal antibody.'® During the same visit, anthro-
pometric and blood measurements were obtained by trained research staff. Body mass index (BMI) was calculated using
the standard formula of body weight (in kilograms) divided by the square of height (in meters). SBP and DBP were
measured on the right arm in a semi-flexed position at heart level, with the participants in a supine position and after 10
min of rest. In adults, SBP >120 mmHg and DBP > 80 mmHg were considered indicative of high blood pressure.?’

Genetic Analysis

To discriminate between the eNOS G894T (rs1799983) G and T and eNOS —786T/C (rs2070744) T and C alleles,
TagMan Pre-Designed SNP Genotyping Assays (Applied Biosystems, USA) were used, including primers and fluores-
cently labeled (FAM and VIC) MGB probes, in accordance with the procedures recommended by the manufacturer.
Fifteen microliters of the reaction mixture (Master Mix, Primer-probe Assay, H,O) and 5 uL. of DNA were added to the
multiwell plates for each sample. The analysis was performed by RT-PCR (LC480; Roche, Basel, Switzerland). The PCR
procedure for both SNPS was as follows: denaturation at 95° °C for 600s, amplification (40 cycles) consisting of
denaturation at 95° °C for 15s, annealing at 60° °C for 60s, and cooling at 40° °C for 30s.

Statistical Analysis

Statistical analyses were performed using the SPSS statistical software version 25 (IBM, Inc., Armonk, NY, USA). The sample
size in this cross-sectional study was calculated based on the prevalence of hypertension cases ~33.42% in males aged 45—
59 years from the National Health Examination Survey Office, Health System Research Institute (2014).%' The minimum number
of participants was 340. All continuous variables were tested for normality using the Kolmogorov—Smirnov test. For data with
a normal distribution, the baseline characteristics for each group were reported as means, and standard deviations as well as for
non-normal variables were presented as median(IQR). Categorical variables are presented as numbers or frequencies (%) and
were compared using the chi-squared test. Differences between groups were analyzed using independent #-tests and analysis of
variance. Statistical significance was set at p <0.05. The SNPStats web tool (www.snpstats.net/start.htm) was used to evaluate the

association between the two eNOS SNPs and the susceptibility to hypertension. The overall genetic data were also analyzed,
including allelic and genotypic frequencies, to estimate the Hardy-Weinberg equilibrium, inheritance mode (co-dominant,
dominant, overdominant, and recessive), linkage disequilibrium (LD), association of eNOS SNP haplotypes with the risk of
hypertension, and interaction with plasma HCY. Hyperhomocysteinemia was defined as a plasma HCY level > 15 pmol/L. The
OR (odds ratio) for each genotype or both genotypes with respect to the reference genotype was adjusted for BMI, WC, WHR,
TG, and LDL-C.

Results

Baseline Characteristics of the Study Population

This study included 370 Thai men from the EGAT cohort study. Participants were assigned to either the normal blood
pressure group (103 participants) or the high blood pressure group (267 participants) based on their blood pressure levels.
The mean age of the study population was 57.68 £ 1.39 years, and there were no significant differences in age between
the normal blood pressure and high blood pressure groups (57.63 + 1.37 and 57.70 + 1.49 years, respectively). The high
blood pressure group had significantly higher BMI, waist circumference, waist-to-hip ratio, SBP, DBP, triglyceride level,
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and LDL-C level than the normal blood pressure group (p < 0.05). However, HCY levels in both groups were high
compared to the normal reference levels (5.00—15.00 pmol/L). There were no significant differences in smoking, alcohol

consumption, or family history between the two groups (Table 1).

Table | Characteristics, Biochemical Parameters, and Lifestyle Factors of the Study Population

Characteristics All Normal Blood Pressure High Blood Pressure
(N =370) Group (N = 103) Group (N = 267)
Age, years” 58 (56-60) 58 (56-60) 58 (54-62)
BMI, kg/m? 25.56 + 4.13 23.89 + 3.29 2621 + 4.24%
Waist circumference, cm 93.46 + 10.74 88.96 + 9.43 95.20 £ 10.72*
Waist-to-hip-ratio 0.94 £ 0.06 0.93 £ 0.06 0.95 + 0.05*
Systolic blood pressure, mmHg 132.29 £ 9.04 116.98 + 3.07 139.55 + 9.47*
Diastolic blood pressure, mmHg 78.09 + 4.87 70.15 +4.15 83.66 £+ 7.91*
Triglyceride, mg/dL 148.89 + 99.23 131.96 + 64.59 155.43 £ 109.98*
Total cholesterol, mg/dL 200.30 + 41.75 203.76 + 36.35 198.97 + 43.65
LDL-C, mg/dL 133.20 + 39.25 140.09 £ 33.92 150.54 + 40.87*
HDL-C, mg/dL 5243 + 13.03 51.63 £ 13.05 52.74 + 13.04
Fasting plasma glucose, mg/dL 101.37 £ 21.72 95.52 + 18.09 103.62 + 22.60
HbAIC, % 593 £ 0.84 5.80 £ 0.72 597 £ 0.88
Uric acid, mg/dL 6.29 £ 0.99 578 £ 1.29 6.22 £ 1.09

Blood urea nitrogen, mg/dL#

13.35 (9.85-17.55)

13.40 (9.90-17.60)

13.20 (9.70-17.40)

Creatinine, mg/dL"* 1.00 (0.80—1.16) 0.98 (0.92-1.02) 1.00 (0.95-1.8)
HCY, umol/L 17.87 + 4.52 17.01 +5.60 18.96 + 3.95
Smokingi N (%)
Nonsmokers 172 (46.9) 43 (41.7) 129 (48.3)
Ex-smokers 46 (12.4) 21 (20.4) 25 (94)
Smokers 152 (41.1) 39 (37.9) 113 (42.3)
Alcohol consumption, N (%)
Nondrinkers 72 (19.5) 23 (22.3) 49 (18.4)
Ex-drinkers 88 (23.8) 24 (23.3) 64 (24.0)
Occasional-drinkers 145 (39.2) 37 (35.9) 108 (40.4)
Current drinkers 65 (17.6) 19 (18.4) 46 (17.2)
Family history related to hypertension, N (%)
Yes 195 (52.7) 43 (41.7) 152 (56.9)
No 175 (47.3) 60 (58.3) 115 (43.1)

Notes: “Data were presented as median and interquartile range in parenthesis. *p < 0.05 compared with the normal blood pressure group.

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; HCY, homocysteine; LDL, low-density lipoprotein; HbAIC, glycosylated

hemoglobin AIC.
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Additionally, in the high blood pressure group, those with HCY >15 pmol/L had significantly higher SBP (145.57 +
15.72 vs 138.47 = 13.62 mmHg), DBP (82.65 £ 9.49 vs 78.16 £ 9.76 mmHg) and triglyceride levels (161.91 £ 119.52 vs
131.50 + 57.78 mg/dL) than those with plasma HCY < 15 pmol/L (p < 0.05) (Table 2).

Association of eNOS Variants rs1799983 (G894T) and rs2070744 (T-786C) with the

Risk of Hypertension and Plasma HCY Levels

In all study groups, the genotypic frequencies of eNOS rs1799983 (G894T) were 67.3% for GG, 28.4% for GT, and 4.3%
for TT. Regarding eNOS rs2070744 (T-786C), the genotypic frequencies were 79.7%, 19.5%, and 0.8% for TT, TC, and
CC, respectively. The minor allele frequencies of eNOS rs1799983 (G894T) and rs2070744 (T-786C) were 0.18 and 0.10,
respectively. The distributions of both variants were consistent with the Hardy-Weinberg equilibrium (¥2= 1.31 and 0.38
for rs1799983 and rs2070744, respectively; all p > 0.05).

Both variants were significantly associated with a high BP (Table 3). Additionally, we further examined the role of each
variant in the risk of hypertension using a genetic model of inheritance (codominant, dominant, recessive, overdominant,
and log-additive) and unconditional logistic regression analysis (Table 4). Odds ratios (ORs) were adjusted for BMI, WC,
WHR, and TG and LDL-C levels. Analysis of the results showed significant associations between the TT genotype in
rs1799983 and increased risk of hypertension under the codominant (OR = 15.97, 95% confidence interval [CI] = 2.03—
125.92, P =0.0001), dominant (OR = 5.05, 95% CI =2.89-8.81, P=0.0001), recessive (OR =10.87,95% CI=1.39-85.12,
P =0.0019), overdominant (OR =4.01, 95% CI =2.37-7.08, P=0.0001) and log-additive (OR =4.38, 95% CI1=2.61-7.36,
P = 0.001) models. For rs2070744, there were statistical relationships between the TC genotype and susceptibility to
hypertension in the codominant (OR = 2.16, 95% CI = 1.19-3.90, P = 0.0095), dominant (TC-CC; OR = 2.26, 95%
CI=1.25-4.07, P =0.0048), overdominant (OR =2.13, 95% CI = 1.18-3.85, P = 0.0098) and log-additive (OR =2.27, 95%
CI =1.28-4.03, P = 0.0033) models.

Table 2 Comparison Between Clinical and Biochemical Parameters Among Two Groups Based on Homocysteine Levels

Characteristics Normal Blood Pressure Group (N = 103) High Blood Pressure Group (N = 267)
HCY < I5 pmol/L HCY 215 pmol/L HCY < |5 pmol/L HCY 2 15 pmol/L
(N =37) (N = 66) (N =57) (N =210)
BMI, kg/m? 23.67 £ 3.45 24.02 £ 3.22 25.72 £ 438 26.34 £ 420
Waist circumference, cm 87.83 + 10.52 89.53 + 8.78 94.49 + 12.17 9541 + 10.33
SBP, mmHg 116.58 + 8.48 122.57 + 4.33 13847 + 13.62 145.57 + 15.72*%
DBP, mmHg 68.43 + 6.34 74.13 £ 497 78.16 £ 9.76 82.65 *+ 9.49*
Triglyceride, mg/dL 123.86 + 16.32 130.06 + 20.24 131.50 £ 57.78 161.91 £ 119.52*
Total cholesterol, mg/dL 168.59 + 22.01 170.23 + 26.31 199.80 + 46.83 198.73 £ 42.85
LDL-C, mg/dL 119.23 = 13.06 126.44 + 6.41 141.02 + 36.73 139.56 + 32.52
HDL-C, mg/dL 5321 £ 11.45 50.72 + 13.87 51.89 + 11.60 52.97 £ 1342
Fasting blood glucose, mg/dL 99.18 = 10.10 93.46 £ 6.14 103.49 + 30.48 106.65 + 20.02
HbAIC, % 5.04 £ 0.35 5.12 £ 0.53 5.95 £ 1.02 549 £ 0.84
Uric acid, mg/dL 6.07 = 1.20 5.96 £ 1.13 6.38 £ 1.33 6.24 £ 1.26
Blood urea nitrogen, mg/dL* 12.85 (9.57-15.84) 13.40 (10.33—-16.41) 13.43 (10.45-16.17) 13.49 (10.21-16.48)
Creatinine, mg/dL* 0.92 (0.82-1.00) 0.94 (0.84-1.09) 0.99 (0.84-1.13) 1.01 (0.86—1.09)

Notes: "Data were presented as median and interquartile range in parenthesis. *p < 0.05, compared with the HCY < |5 umol/L group.

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; HCY, homocysteine; LDL, low-density lipoprotein; HbAIC, glycosylated hemoglobin AIC.
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Table 3 Analysis of the Associations Between eNOS Genotypes and
Blood Pressure

SNP (rs) Genotype | N SBP (mmHg) | DBP (mmHg)

eNOS rs1799983 GG 249 133.85 = 16.40 77.78 £ 853
GT 105 | 146.90 + 18.94* | 83.0l + 10.18*
TT 16 | 153.10 £ 17.76* | 8829 +I1.50%*

eNOS rs2070744 TT 210 13644 = 17.71 78.48 £ 9.03
TC 158 | 143.48 £ 21.46% | 83.96 + 10.46*
CcC 3 153.83 + 14.02%% | 87.30 * 3.62**

Notes: *p < 0.05 and *p < 0.001 compared with rs1799983 GG and rs2070744 TT,
respectively.
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.

Table 4 Association of ENOS Polymorphisms with the Risk of Hypertension (= 130/80 mmHg) by Inheritance
Mode (Odd Ratios Were Adjusted for BMI, WC, WHR, TG and LDL-C)

SNP Model Genotype | Normal Blood High Blood OR (95% CI) P value
Pressure Pressure
Group, n (%) Group, n (%)
rs1799983 | Codominant GG 122 (85.9) 127 (55.7) 1.00 0.0001
GT 19 (13.4) 86 (37.7) 4.49 (2.53-7.95)
TT I (0.7) 15 (6.6) 15.97 (2.03-125.92)
Dominant GG 122 (85.9) 127 (55.7) 1.00
GT-TT 20 (14.1) 101 (44.3) 5.05 (2.89-8.81) 0.0001
Recessive GG-GT 141 (99.3) 213 (93.4) 1.00
TT I (0.7) 15 (6.6) 10.87 (1.39-85.12) 0.0019
Overdominant | GG-TT 123 (86.6) 142 (62.3) 1.00
GT 19 (13.4) 86 (37.7) 4.01 (2.37-7.08) 0.0001
Log-additive - - - 4.38 (2.61-7.36) 0.001
rs2070744 | Codominant TT 123 (86.6) 172 (75.4) 1.00
TC 19 (13.4) 53 (23.2) 2.16 (1.19-3.90) 0.0095
CcC 0 (0) 3(1.3) NA
Dominant TT 123 (86.6) 172 (75.4) 1.00 0.0048
TC-CC 19 (13.4) 56 (24.6) 2.26 (1.254.07)
Recessive TT-TC 142 (100) 225 (98.7) 1.00 0.12
cC 0 (0) 3(1.3) NA
Overdominant | TT-CC 123 (86.6) 175 (76.8) 1.00
TC 19 (13.4) 53 (23.2) 2.13 (1.18-3.85) 0.0098
Log-additive - - - 2.27 (1.28-4.03) 0.0033
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Table 5 Interaction Analysis of ENOS Polymorphisms with the Risk of Hypertension in Relation to Hyperhomocysteinemia (Odd
Ratios Were Adjusted for BMI, WC, WHR, TG and LDL-C)

SNP Plasma HCY < |5 pmol/L Plasma HCY 2 |5 pmol/L
eNOS Normal Blood High Blood OR (95% CI) Normal Blood High Blood OR (95% CI)
Pressure Group Pressure Pressure Group Pressure
(N) Group (N) (N) Group (N)
rs1799983 | GG 44 23 1.00 78 104 243 (1.354.38)
GT 7 16 4.75 (1.69-13.36) 12 70 10.58 (4.76-23.51)
TT | 3 6.02 (0.58-62.44) 0 12 —_—

p value for interaction = 0.42

rs2070744 | TT 45 28 1.00 78 144 2.78 (1.60—4.82)
TC 7 14 3.23 (1.15-9.05) 12 39 4.88 (2.18-10.93)
CcC 0 0 — 0 3 —

p value for interaction = 0.34

Abbreviations: HCY, homocysteine; OR, odd ratio.

Interactions between SNPs, the risk of hypertension, and hyperhomocysteinemia are shown in Table 5. The findings
also indicated influence of the GT genotype in rs1799983 (G894T) and the TC genotype in rs2070744 (T-786C) on the
risk of hypertension among individuals with plasma HCY < 15 pmol/L, with ORs of 4.75 (95% CI = 1.69-13.36) and
3.23 (95% CI = 1.15-9.05), respectively (all P<0.05). For hyperhomocysteinemia, significant risk of hypertension was
found in GG and GT of rs1799983 (G894T), and in TT and TC of rs2070744 (T-786C), with higher ORs in heterozygous
genotypes (OR = 10.58, 95% CI = 4.76-23.51 for GT and OR = 4.88, 95% CI = 2.18-10.93 for TC, all P<0.05).

Based on the results obtained using SNPStats, allelic associations calculated with D’ = 0.57 and R2 = 0.24 indicated that
both SNPs were in LD. Of the four eNOS constructed from the two SNPs, TT, GC, and TC were significantly associated with
an increased risk of hypertension in the logistic regression model adjusted for BMI. Among individuals with hyperhomocys-
teinemia, the TC haplotype conferred the highest risk of hypertension (OR = 16.35, 95% CI = 3.73-71.65).

Discussion

HCY is an established risk factor for hypertension and its associated complications. In this study, HCY levels were high
compared to the normal reference levels, and hyperhomocysteinemia significantly exacerbated the increases in SBP and
DBP in the high blood pressure group. These findings highlight the involvement of HCY in the regulation of BP. Similar
results were found in a cross-sectional study of patients diagnosed with primary hypertension, which showed positive
correlations between increased plasma total HCY levels and SBP, DBP, and age.® A previous study revealed that among
patients with hyperhomocysteinemia, increased plasma HCY was positively correlated with plasma asymmetric dimethy-
larginine but negatively correlated with plasma NO (all p < 0.001).** These findings indicate dysregulation of the NOS
pathway and the development of hypertension caused by HCY. Additionally, we found that participants with hyperten-
sion and hyperhomocysteinemia had higher TG levels than those with plasma HCY levels < 15 umol/L, which is
comparable to a study in a Chinese population.”” In multivariable logistic-regression analysis, participants with
hyperhomocysteinemia had risk of dyslipidemia, namely, low HDL-C and hypertriglyceridemia, with significantly
adjusted ORs of 1.406 (95% CI = 1.143-1.728) and 1.293 (95% CI = 1.096-1.524), respectively.”* The underlying
mechanism of these associations may involve: 1) HCY-induced expression of sterol regulatory element-binding proteins,
which subsequently increase the intracellular accumulation of total cholesterol and triglycerides; and 2) HCY-mediated
oxidative stress of the endoplasmic reticulum and prolonged expression of misfolded proteins, causing increased hepatic
biosynthesis and uptake of cholesterol and triglycerides.*
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eNOS plays an important role in the molecular mechanisms that regulate NO signaling. Frequently occurring SNPs in
the promoter (-786T/C of rs2070744) and exon 7 (G894T and Glu298Asp of rs1799983) of eNOS are the most well-
studied functionally associated variants.?® Several studies have found that eNOS polymorphic variations change the rate
of eNOS transcription and/or processing, thereby impairing its enzymatic activity and prompting extensive investigation
into their relevance in many diseases, including hypertension.> In the present study, we found significant associations
between eNOS rs1799983 and rs2070744 and the risk of hypertension. The allele frequencies of these SNPs among the
Thai population in this study (0.18 for rs1799983 and 0.10 for rs2070744) were similar to MAFs of 0.13 and 0.10 for the
two SNPs in Chinese®® and Korean®’ populations, but were lower than those in Europeans (0.25 for rs1799983 and 0.37
for rs2070744).*® In a previous study in Chinese men, those with the rs1799983 genotype had significantly higher SBP
and DBP than those with the wild-type genotype (161.8 +20.2 vs 154.3 + 8.1 mmHg, p = 0.013 and 102.8 + 9.6 vs 99.5
+ 7.8 mmHg, p = 0.02, respectively).”’ Additionally, analysis of covariance in male subjects with high blood pressure
revealed combined effects of this SNP, alcohol consumption, and smoking on SBP and DBP (p = 0.034 and p = 0.043,
respectively).?’

In this study, strong associations with the risk of hypertension were found for TT variants of rs1799983 in the
codominant, dominant, recessive, overdominant, and log-additive models and for TC-TT variants of rs2070744 in the
codominant, dominant, overdominant, and log-additive models (Table 4). Although the human eNOS gene is highly
polymorphic, the previously reported effects of these variants on susceptibility to hypertension have been inconsistent.
A genetic study among Han Chinese did not identify significant associations between eNOS polymorphisms (T-786C,
intron4b/a, and G894T) and EH in three genetic models using single-locus analyses.’® For T-786C, there was no
association between variant genotypes and risk of hypertension (OR = 1.12, 95% CI = 0.97-1.29, p = 0.137).
However, ORs in subgroup analyses by ethnicity only suggested positivity for hypertension in white individuals with
the 2786C allele and 2786CC genotype.®' Alter-native explanations for the effects of eNOS variants on hypertension
involve changes in the protein sequence and structure, causing enzyme dysfunction in the Glu298Asp (G894T) variant,
and a 50% decrease in transcription of eNOS in the T-786—C promoter substitution variant. Overall, these changes in
eNOS polymorphisms result in decreased NO production and vasoreactivity.*>

Further evaluation of the interactions between SNPs and HCY (Table 5) revealed that individuals with the GT or TC
genotype, together with hyperhomocysteinemia, had an increased risk of hypertension. We hypothesized that the
mechanism underlying this interaction might be linked to decreased NO bioavailability due to abnormal functioning of
eNOS and exposure of endothelial cells to HCY, causing increased superoxide anion (O2-.) via the uncoupling of eNOS
and formation of S-nitrosohomocysteine.*

Haplotype analysis undertaken for more accurate risk prediction revealed that haplotype 894T/-786C, which had
moderate LD, was associated with an increased risk of high blood pressure in our Thai study population (Table 6),
especially among those with hyperhomocysteinemia. Data supporting the effect of these polymorphisms on impaired
enzyme function and hyperhomocysteinemia-induced endothelial dysfunction in association with NO inhibition in the
development of hypertension are possible. A previous study genotyped two polymorphisms of eNOS in 105 high-blood

Table 6 Haplotype Analysis of ENOS Polymorphism and Risk of Hypertension (Odd Ratios Were
Adjusted for BMI, WC, WHR, TG and LDL-C)

Haplotype | Frequency OR (95% CI) OR (95% CI) OR (95% CI)
Total Plasma HCY < |5 pmol/L | Plasma HCY 2 I5 pmol/L
GT 0.757 1.00 1.00 2.88 (1.50-5.52)
TT 0.136 5.04 (2.70-9.41) 5.76 (1.79-18.56) 13.78 (5.68-33.45)
GC 0.057 2.46 (1.13-5.35) 8.09 (1.50-43.55) 4.70 (1.75-12.61)
TC 0.048 4.08 (1.63-10.20) 2.76 (0.63—12.06) 16.35 (3.73-71.65)
p value for global haplotype association = 0.001 | p value for interaction = 0.03
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pressure patients and identified 786C894G as the risk haplotype for metabolic syndrome susceptibility (p = 0.011).>*
However, a case-control study investigating rs1799983, a VNTR in intron 4, and rs2070744 in essential hypertension
found only significant ORs for the risk of hypertension in the haplotype of rs1799983 with intron 4 VNTR.? These
discrepancies may be due to differences in the sample size, age, hypertension criteria, other metabolic diseases, study
design, lifestyle factors, and ethnic differences within the distribution of eNOS genetic variants.

In this study, we provided evidence that eNOS polymorphisms and their interaction with hyperhomocysteinemia are
involved in the development of endothelial dysfunction through mechanisms of the NO pathway. The potential pathways
might be the functional impairment of eNOS by polymorphism, together with other possible causes such as inhibition of
this enzyme by HCY-induced ADMA level'® or interactions between eNOS genotype and decreased serum folate, leading
to elevated HCY level.*® Recent advances exemplifying the physiological role of NOS and the mechanisms of
dysfunctional and dysregulated NOS in cardiovascular disease have been proposed as therapeutic targets in cardiovas-
cular disease.>” Overall, the associations between these studies and our study can provide an important strategy in the
therapeutic approach for hypertension related to improved NOS activity and nutritional supplementation with folate and
vitamin B12 to reduce the risk of hyperhomocysteinemia. However, this study has several limitations. The small sample
size for subgroup genetic analysis may have reduced the power of the study to predict the risk of hypertension. Cross-
sectional studies limit to establish cause-and-effect relationships. Biomarkers related to NO levels and oxidative stress
(such as malondialdehyde and protein carbonyl) were not measured in our study. Further studies using these biomarkers
will provide supportive evidence for hypertension-related HCY and endothelial dysfunction. In addition, as is the case for
Thai populations, it may not be generalized for SNPs specifically in hypertension in specific geographic, racial, and
ethnic populations, including the identification of persons at risk for developing hypertension.

Conclusion

In this study, we demonstrated an association between genetic polymorphisms in exon 7 and the promoter region of
eNOS, together with high plasma HCY levels, with a causal role in hypertension through a key vascular mechanism of
endothelial dysfunction. This information on genetic susceptibility is valuable for vulnerable individuals and can be
applied in the development of molecular etiological strategies to prevent and treat hypertension.
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