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Purpose: The renin–angiotensin system plays an important role in the central regulation of blood pressure (BP). Genetic variations of 
angiotensinogen (AGT) and angiotensin II type 1 receptor (AGTR1) may increase susceptibility to elevated BP and hypertension. This 
study investigated the effects of AGT rs699 and AGTR1 rs5186 single nucleotide polymorphisms (SNPs) on BP at baseline and at 
a 5-year follow-up.
Paticipants and Methods: The study population consisted of participants from the Electricity Generating Authority of Thailand 
cohort study (n=354); data were collected at baseline (2013) and 5 years later (2018). Genotyping of the two SNPs was performed 
using TaqMan® assay and statistical analyses were performed with SNPStats software.
Results: The frequencies of the two SNPs were within the Hardy–Weinberg equilibrium (p=0.22 for AGT rs699 and p=0.06 for 
AGTR1 rs5186). For each SNP, mutant genotypes were significantly associated with increased systolic BP and/or diastolic BP in the 
codominant and recessive models. Risk alleles of AGT rs699 and AGTR1 rs5186 were associated with increased odds of hypertension 
and hypertension with metabolic syndrome at follow-up.
Conclusion: Overall, our results suggest that polymorphisms of genes in the renin–angiotensin system increase susceptibility to the 
development and progression of hypertension and the development of the metabolic syndrome.
Keywords: angiotensinogen, angiotensin II receptor type 1, polymorphisms, hypertension, metabolic syndrome

Introduction
Hypertension is an important risk factor for total mortality and cardiovascular disease (CVD) worldwide.1 As a result, the 
World Health Organization set a target to reduce the prevalence of hypertension globally by 33% between 2010 and 
2030.1 There are several modifiable risk factors for hypertension, including obesity, an unhealthy diet (characterized by 
excessive energy, fat, sodium, and sugar intake), physical inactivity, smoking, and heavy alcohol consumption.2 For 
example, a cross-sectional study in China showed that tobacco exposure (≥1 pack per week) was associated with an 
increase of 0.014 mmHg systolic blood pressure (SBP) compared with no exposure,3 while a systematic review and 
meta-analysis found that men who consumed 21 to 30 g alcohol per day had a 16% increased risk of hypertension than 
those with alcohol consumption with <10 g/d.4 The link between cigarette smoking and hypertension is mediated by 
exposure to various toxicants in both primary (the stream of smoke inhaled directly by the person using the tobacco 
product) and secondhand cigarette smoke (smoke that comes from the burning end of a cigarette). These compounds can 
generate free radicals, activate endogenous free radical production (including overactivation of endogenous enzymes- 
induced ROS such as nitric oxide synthase, xanthine oxidase and NADPH oxidase), and increase cytokine production, 
which together cause hypertension through vasomotor dysfunction, leukocyte and platelet activation, and vascular 
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smooth muscle proliferation.5 In terms of alcohol intake, possible mechanisms leading to hypertension include stimula-
tion of vasoconstriction through oxidative stress, inflammation, and decreased nitric oxide; enhanced sympathetic 
activity; and activation of the renin–angiotensin system (RAS).6 Furthermore, there was a significant potentiating effect 
of overweight or obesity and dyslipidemia on blood pressure (BP) in 765 subjects with aged >15 year, no cognitive 
impairment, no serious illness or disability and diagnosis as hypertension by SBP ≥ 140 mmHg and/or DBP) ≥ 90 mmHg, 
or the patient was taking hypertensive medication.7 The results from this study highlighted the need for lifestyle 
modification to reduce the incidence of hypertension.7

In addition, there is well-established evidence of genetic susceptibility to hypertension, with genetic association 
studies revealing additional molecular mechanisms and pathways affecting BP, along with identifying potential new 
treatments.8 Since the RAS is crucial for the regulation and maintenance of BP, genetic variations of the components in 
this system contribute to the susceptibility of individuals to hypertension.9 The angiotensinogen (AGT) gene is located on 
the long arm of chromosome 1 (1q42–43), and consists of five exons and four introns. Single nucleotide polymorphisms 
(SNPs) of the AGT gene include rs699, which is a missense SNP due to a C to T substitution in exon 2, and results in an 
amino acid change from methionine to threonine. The rs699 threonine variant is a gain-of-function mutation associated 
with higher plasma AGT levels and BP.9 In addition, a meta-analysis from one hundred twenty-seven studies investigated 
the association of angiotensinogen gene polymorphisms with systolic or diastolic blood pressure, and risk of hyperten-
sion, or other CVDs found that the AGT rs699 polymorphism is significantly linked to hypertension (OR=1.09; 95% CI, 
1.01–1.19).10 Another candidate gene in the etiology of hypertension and other CVDs is angiotensin II receptor type 1 
(AGTR1), which is located on chromosome 3q21–25. The AGTR1 rs5186 (A1166C variant) is found in the 3′ UTR with 
possible effects on mRNA stability and transcription; this mutation increases angiotensin II (Ang II) levels, which 
increases BP.11 Potential effects of both SNPs on blood pressure have been proposed due to high amount of AGT is 
converted to angiotensin I by the action of renin and then converted to angiotensin II via angiotensin-converting enzyme 
(ACE). When angiotensin II binds to its receptors, such as AGTR1, it activates molecular pathways such as inflamma-
tion, vasoconstriction, oxidative stress, and sodium and water reabsorption, resulting in high blood pressure and 
hypertension.12

A case–control study found that individuals with the CC genotype of AGTR1 rs5186 were at a 2.4 times higher risk 
of developing essential hypertension than individuals with AC and AA genotypes, suggesting that AGTR1 upregulation 
plays an important role in essential hypertension.13 A previous study on peripheral arterial diseases patients investigating 
the effects of both of these RAS-related gene variants (AGT rs699 and AGTR1 rs5186), as well as ACE rs1799752 and 
angiotensin II receptor type 2 (AGTR2) rs35474657, found that carriers of variant genotypes had significantly higher 
levels of HDL-C, LDL-C and triglycerides (TG) than patients without these SNPs.14 In addition, a cohort study found 
that the AGT1R rs5186; A1166C single nucleotide polymorphism increased AGT1R and miR-155 expression in 411 
patients with carotid atherosclerosis.15

Given the strong association between genetic mutations and hypertension, both genetic and environmental factors 
should be considered in efforts to reduce hypertension at a population level. Most studies on the effect of RAS genetic 
polymorphisms on hypertension have been case–control observational studies. Therefore, data from a prospective cohort 
design, such as the Electricity Generating Authority of Thailand (EGAT) cohort study, may help establish the link 
between modifiable and non-modifiable risk factors associated with the development and progression of hypertension. 
This study aimed to investigate the effects of AGT rs699 and AGTR1 rs5186 and BP in a 5-year follow-up study of the 
EGAT cohort.

Materials and Methods
Study Design, Participants and Data Collection
In this study, we analyzed the data from male participants (n=354, age 45–60) in the health surveys of the EGAT cohort 
study at the baseline (2013) and 5-year follow-up (2018). A general overview of the study’s procedures was previously 
published.16 The baseline and 5-year follow-up characteristics of the participants were collected with the same 
questionnaire, which included lifestyle factors, as well as past and current medical history. All participants underwent 
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weight, height, waist circumference (WC), and BP measurements. BP was measured after a 5-min rest period using an 
automatic sphygmomanometer (Omron Health Care, Kyoto, Japan), which was performed by personnel who had been 
trained in the standardization of these procedures. Hypertension was diagnosed when SBP >140 mmHg and DBP >90 
mmHg.17 Metabolic syndrome (MS) was diagnosed based on the National Cholesterol Education Program Adult 
Treatment Panel III definition if three or more of the following five criteria were met: abdominal obesity (waist 
circumference ≥90 cm), high BP (systolic/diastolic BP ≥130 or ≥85, respectively), hyperglycemia (fasting blood glucose 
≥100 mg/dL), hypertriglyceridemia (triglyceride level ≥150 mg/dL), or low high-density lipoprotein (HDL)-cholesterol 
levels (<40 mg/dL).18 We included all male participants aged >45 years. Only participants with complete data of BP and 
antihypertensive use as well as demographic and clinical characteristics at the time of baseline and 5 years follow-up 
were included in our study. Exclusion criteria included metabolic diseases related to inherited metabolic disorders; use of 
drugs to treat hypertension; type 2 diabetes; dyslipidemia; acute or chronic liver and kidney disease; thyroid disorder; 
cancer; and other CVDs.

The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review 
Board of Faculty of Medicine Ramathibodi Hospital, Mahidol University (COA.MURA 2021/837 and 2023/97). In 
addition, informed consent was obtained from the study participants prior to study commencement.

Biochemical Measurements and Genetic Analysis
Blood samples were collected after fasting for 12 h. Biochemical analyses included HbA1C, fasting blood glucose, total 
cholesterol, TG, HDL-cholesterol, low-density lipoprotein (LDL)-cholesterol, urea nitrogen, and creatinine levels, which 
were measured using automated methods (Cobas-Mira, Roche, Milan, Italy). Genomic DNA was isolated from 3 mL of 
peripheral blood collected into EDTA tubes using the “salting-out” method.19 The rs699, and rs5182, SNPs were 
genotyped using the TaqMan method (Applied Biosystems, Foster City, CA). TaqMan SNP genotyping primers and 
probes were designed by Applied Biosystems (rs699 assay ID: C_1985481_20 and rs5186 assay ID: C_3187716_10). 
Oligonucleotides were synthesized and FAM and VIC fluorogenic markers were coupled to the extremities 5’ of the 
probes in order to reach allelic discrimination. The assays were performed following the manufacturer’s protocol using 2 
µL of DNA in 5 µL total volumes in 96-well plates. The TaqMan real-time polymerase chain reaction assays were 
performed using a cycling program of 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute, 
according to the manufacturer’s instructions.

Statistical Analysis
Data were analyzed using SPSS Statistics version 25.0 (IBM, Inc., Armonk, NY, USA). Data are presented as mean and SD 
for continuous data, and percentages (%) for categorical data. Comparisons between groups were performed using the 
independent t-test, chi-square test, and one way analysis of variance (ANOVA), depending on the data type and number of 
comparisons. We used SNPStats software20 for statistical analysis of genetic polymorphisms, consistency of results with the 
Hardy–Weinberg equilibrium, and logistic regression according to the response variable (quantitative or binary disease 
status). In addition, SNPStats software was used for analysis of single SNP multiple inheritance models (co-dominant, 
dominant, recessive, and over-dominant) and analysis of interactions (gene–gene) with adjusted covariates including age, 
BMI, smoking, and drinking. Differences were considered significant when the p-value was lower than 0.05.

Results
Participant Characteristics and Clinical Data
The demographic and clinical data in the study population (n=354) at baseline and at the 5-year follow-up are shown in Table 1. 
Mean age of participants at baseline was 52.70 ± 1.41 years. The BMI, WC, and waist-to-hip ratio of participants at follow-up 
was significantly higher than at baseline (all p<0.05) (Table 1). In addition, both SBP and DBP were significantly higher at the 
5-year follow-up than at baseline (140.66 ± 16.04 vs 133.31 ± 16.54 mmHg; 85.23 ± 6.59 vs 81.50 ± 10.23 mmHg, respectively; 
p<0.05). The number of smokers and drinkers did not change between baseline and follow-up. Most participants performed 
moderate physically activity (about twice a week) for the overall study period (66.1% at baseline and 63.0% at follow-up). At 
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baseline, 49.7% of individuals were diagnosed with hypertension, while 70.6% were diagnosed five years later. Of those with 172 
subjects with hypertension at 5 years follow-up, there were 78 (22%) new cases of hypertension. At follow-up, 29.4% of 
participants remained normotensive.

Association Between AGT and AGTR1 Polymorphisms and Individual Characteristics 
and Biochemical Parameters at Baseline
The AGT rs699 genotype frequencies were 71.5% for CC (wild-type), 27.1% for CT (heterozygous mutant type) and 1.4% 
for TT (homozygous mutant type) (Table 2). For AGTR1 rs5186, the wild-type AA, heterozygous mutant type AC and 
homozygous mutant type CC frequencies were 85%, 13.6% and 1.4%, respectively. The calculated allele frequencies of 
mutant alleles as T for AGT rs699 and C for AGTR1 rs5186 were 0.15 and 0.08, respectively. The genotype frequencies of 
both SNPs were within the Hardy–Weinberg equilibrium (p=0.22 for AGT rs699 and p=0.06 for AGTR1 rs5186).

Associations between both polymorphisms and baseline characteristics related to hypertension risk, such as age, 
obesity, hyperglycemia and dyslipidemia, were evaluated. For each SNP, wild-type group were compared with hetero-
zygous/mutant group (Table 3). The BMI of subjects with the AGT rs699 CT/TT genotype was significant higher than 
those with the CC genotype (25.60 ± 3.09 vs 24.07 ± 2.14 kg/m2). For AGTR1 rs5186, we found that subjects with the 
AC/CC genotype showed significantly higher HbA1C and TG levels than those with AA genotype (all p<0.05) (Table 3).

Table 1 General Characteristics of the Study Population at Baseline and at the 5-Year Follow-Up

Characteristics Baseline (N=354) Follow-Up (N=354)

Age (years) 52.70 ± 1.41 57.41 ± 2.43*
BMI (kg/m2) 24.56 ± 2.78 25.98 ± 2.56*

Waist circumference (cm) 91.66 ± 9.65 95.96 ± 7.32*

Waist-to-hip ratio 0.92 ± 0.05 0.99 ± 0.08*
SBP (mmHg) 133.31 ± 16.54 140.66 ± 16.04*

DBP (mmHg) 81.50 ± 10.23 85.23 ± 6.59*

Smoking, N (%)
● Nonsmoker 166 (46.9) 167 (47.2)
● Smoker 188 (53.1) 187 (52.8)

Alcohol consumption, N (%)
● Nondrinkers 141 (39.8) 144 (40.7)
● Drinkers 213 (60.2) 210 (59.3)

Physical activity, N (%)
● 1 time/week 41 (11.6) 62 (17.5)
● 2 times/week 234 (66.1) 223 (63.0)
● ≥3 times/week 79 (22.3) 69 (19.5)

Diagnosis of hypertension, N (%)*
● Yes 176 (49.7) 250 (70.6)
● No 178 (50.3) 104 (29.4)

Hypertension with smoking and/or alcohol consumption, N (%) 106 (60.2%) 172 (68.8%)

Changes in hypertension status between baseline and the 5-year follow-up, N (%)
● Hypertension 176 (49.7) 172 (48.6)
● Developed hypertension - 78 (22.0)
● Normotensive 178 (50.3) 104 (29.4)

Notes: *Significantly different from data at baseline (analysis with the t-test for continuous variables and the chi-square test for categorical variables, 
p<0.05). 
Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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Associations Between Genetic Variations of Each SNP with BP and the Haplotype of 
Both SNPs with BP and Risk of Hypertension/Hypertension with MS
Table 4 summarizes the results of BP at baseline and follow-up in relation to both SNPs, adjusted for BMI, HbA1C and 
TG levels. At baseline, the only significant associations between genotype and SBP and DBP were for AGT rs699, with 
higher BP in individuals with the TT genotype than those with the CC genotype in the co-dominant model (significant 
mean difference [SMD] 19.18 mmHg, 95% CI 4.62–33.75; p=0.032 for SBP and SMD 18.05 mmHg, 95% CI 8.94– 
27.15; p=0.004 for DBP), and in individuals with the TT–TC genotype than those with the CC genotype in the recessive 
model (SMD 19.36 mmHg, 95% CI 4.85–33.87; p=0.009 for SBP and SMD 17.91 mmHg, 95% CI 8.84–26.99; p=0.001 
for DBP). At the 5-year follow-up, possession of the CT and TT genotypes of AGT rs699 was significantly associated 
with higher SBP in the co-dominant (p=0.001), dominant (p=0.001) and over-dominant (p=0.001) models, while 
possession of the TT genotype was significantly associated with higher DBP in the co-dominant (p=0.008) and recessive 

Table 2 The Hardy–Weinberg Equilibrium for AGT rs699 and AGTR1 rs5186 in the Study Population (P<0.05 
Indicates Results are Not Consistent with the Hardy–Weinberg Equilibrium)

Polymorphisms Genotype/allele All Study Population (N=354)

Observed Number % Expected Number Chi-Square (p-value)

AGT rs699 CC 253 71.5 255.9 1.50 (0.22)
CT 96 27.1 90.1

TT 5 1.4 7.9

C (%) 85

T (%) 15

AGTR1 rs5186 AA 301 85 298.4 3.43 (0.06)

AC 48 13.6 53.2

CC 5 1.4 2.4

A (%) 92

C (%) 8

Abbreviations: AGT, angiotensinogen; AGTR1, angiotensin II receptor type 1.

Table 3 Baseline Characteristics of the Study Cohort Classified by SNPs and Genotype

Variables AGT rs699 AGTR1 rs5186

CC (N=253) CT/TT (N=101) AA (N=301) AC/CC (N=53)

Age 52.75 ± 1.37 52.57 ± 1.47 52.75 ± 1.41 52.45 ± 1.36
BMI (kg/m2) 24.07 ± 2.14 25.60 ± 3.09* 25.46 ± 3.94 24.88 ± 3.94

FBG (mg/dL) 101.73 ± 23.72 100.59 ± 16.97 101.87 ± 23.16 98.79 ± 13.39

HbA1C (%) 5.97 ± 0.92 5.82 ± 0.64 5.76 ± 0.66 5.96 ± 0.88*
TG (mg/dL) 153.08 ± 109.73 144.02 ± 70.80 143.11 ± 94.56 162.40 ± 86.30*

TC (mg/dL) 200.72 ± 42.91 195.01 ± 41.12 199.50 ± 43.39 196.72 ± 36.75

LDL-C (mg/dL) 132.69 ± 40.46 129.08 ± 38.11 132.19 ± 40.59 128.64 ± 35.00
HDL-C (mg/dL) 52.85 ± 13.99 52.66 ± 11.33 53.05 ± 13.28 51.34 ± 13.26

BUN (mg/dL) 13.52 ± 3.27 13.64 ± 3.06 13.60 ± 3.20 13.29 ± 3.27

Cr (mg/dL) 1.01 ± 0.15 1.01 ± 0.17 1.00 ± 0.15 1.03 ± 0.15

Notes: *Significantly different from CC and AA genotype, p<0.05. 
Abbreviations: AGT, angiotensinogen; AGTR1, angiotensin II receptor type 1; BMI, body mass index; BUN, blood 
urea nitrogen; Cr, creatinine; FBG, fasting blood glucose, HDL-C, high-density lipoprotein cholesterol; LDL-C, low- 
density lipoprotein cholesterol; SNP, single nucleotide polymorphism; TC, total cholesterol; TG, triglycerides.
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Table 4 Associations Between AGT and AGTR1 Polymorphisms and Changes in SBP and DBP at Baseline and at the 5-Year Follow- 
Up According to Mode of Inheritance

SNP Model Genotype N SBP: Mean (SE) Difference (95% CI) DBP: Mean (SE) Difference (95% CI)

Baseline

rs669 Codominant CC 253 133.32 (1.07) 0.00 81.15 (0.67) 0.00

CT 96 132.67 (1.53) −0.65 (−4.52–3.22) 81.63 (0.93) 0.47 (−1.94–2.89)

TT 5 152.50 (4.22) 19.18 (4.62–33.75)* 99.2 (3.92) 18.05 (8.94–27.15)**

P value 0.032 0.004

Dominant CC 253 133.32 (1.07) 0.00 81.15 (0.67) 0.00

CT–TT 101 133.65 (1.53) 0.33 (−3.50–4.16) 82.50 (0.98) 1.34 9 (−1.07–3.76)

P value 0.87 0.28

Recessive CC–CT 349 133.14 (0.88) 0.00 81.29 (0.55) 0.00

TT 5 152.50 (4.22) 19.36 (4.85–33.87)* 99.2 (3.92) 17.91 (8.84–26.99)**

P value 0.009 0.001

Over-dominant CC–TT 258 133.69 (1.07) 0.00 81.5 (0.68) 0.00

CT 96 132.67 (1.53) −1.02 (−4.91–2.86) 81.63 (0.93) 0.12 (−2.33–2.58)

P value 0.61 0.92

rs5186 Codominant AA 301 133.16 (0.93) 0.00 81.11 (0.57) 0.00

AC 48 135.29 (2.71) 2.13 (−2.92–7.19) 83.89 (1.92) 2.77 (−0.41–5.96)

CC 5 130.4 (9.08) −2.76 (−17.43–11.90) 84.6 (5.75) 3.49 (−5.75–12.73)

P value 0.65 0.19

Dominant AA 301 133.16 (0.93) 0.00 81.11 (0.57) 0.00

AC–CC 53 134.83 (2.58) 1.67 (−3.17–6.51) 83.95 (1.81) 2.84 (−0.21–5.89)

P value 0.50 0.69

Recessive AA–AC 349 133.46 (0.89) 0.00 81.49 (0.56) 0.00

CC 5 130.4 (9.08) −3.06 (−17.70–11.59) 84.60 (5.75) 3.11 (−6.15–12.36)

P value 0.68 0.51

Over-dominant AA–CC 306 133.12 (0.93) 0.00 81.17 (0.57) 0.00

AC 48 135.29 (2.71) 2.18 (−3.22–5.28) 83.89 (1.92) 2.72 (−0.46–5.90)

P value 0.40 0.095

5-year follow-up

rs669 Codominant CC 253 138.01 (0.91) 0.00 78.7 (0.55) 0.00

CT 96 143.51 (1.19) 5.50 (2.28–8.72)* 79.42 (1.18) 0.72 (−1.53–2.97)

TT 5 149.50 (0.14) 11.49 (−0.64–23.61) 92.1 (3.9) 13.40 (4.93–21.87)**

P value 0.001 0.008

Dominant CC 253 138.01 (0.61) 0.00 78.7 (0.55) 0.00

(Continued)
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(p=0.002) models. For the AGTR1 rs5186 variants, there were significant associations between the CC genotype and 
higher SBP in both the co-dominant (p=0.04) and recessive models (p=0.011). In addition, the AC and CC genotypes in 
the co-dominant model (p=0.0001) and the CC genotype in the recessive model (p=0.0001), were significantly associated 
with higher DBP (Table 4).

Haplotype results are presented in Table 5, which shows significant differences in SBP and DBP at baseline and 
follow-up between different haplotype groups. The frequency of the combinations of AGT rs699 and AGTR1 rs5186 
genotypes for CA, TA, CC and TC were 79%, 13%, 6% and 2%, respectively. At baseline, when wild-type AGT rs699 
and AGTR1 rs5186 alleles were used as a reference (C and A, respectively), the heterozygous mutant type TC was 
significantly associated with higher SBP (SMD 5.24 mmHg, 95% CI 4.27–14.76; p=0.03) and DBP (SMD 7.94 mmHg, 
95% CI 1.76–14.11; p=0.01). A similar trend of association between gene–gene interactions and BP was evident at the 
5-year follow-up. The TA haplotype was significantly associated with higher SBP (SMD 4.35 mmHg, 95% CI 1.23–7.48; 
p=0.006), as was the TC haplotype (SMD 13.19 mmHg, 95% CI 5.73–20.56; p=0.0001); the TC haplotype was also 
significantly associated with higher DBP (SMD 17.26 mmHg, 95% CI 11.42–23.11; p=0.0001).

The odds ratios of hypertension and hypertension with MS at the end of the study were also evaluated (adjusted for 
BMI, HbA1C and TG levels) (Figure 1). When using CA as a reference, the possession of the haplotypes TA and TC was 

Table 4 (Continued). 

SNP Model Genotype N SBP: Mean (SE) Difference (95% CI) DBP: Mean (SE) Difference (95% CI)

CT–TT 101 143.81 (1.13) 5.80 (2.64–8.95)* 80.05 (1.17) 1.35 (−0.8–3.58)

P value 0.001 0.24

Recessive CC–CT 349 139.53 (0.75) 0.00 78.90 (0.51) 0.00

TT 5 149.50 (0.14) 9.97 (−2.29–22.24) 92.10 (3.90) 13.20 (4.76–21.64)**

P value 0.11 0.002

Over-dominant CC–TT 258 138.24 (0.9) 0.00 78.96 (0.55) 0.00

CT 96 143.51 (1.19) 5.28 (2.06–8.50)* 79.42 (1.18) 0.46 (−1.81–2.73)

P value 0.001 0.69

rs5186 Codominant AA 301 139.45 (90.79) 0.00 78.31 (0.520) 0.00

AC 48 139.4 (2.17) −0.05 (−4.27–4.16) 81.28 (1.35) 2.67 (0.19–5.76)**

CC 5 155.33 (3.07) 15.88 (3.66–28.11)* 104.6 (4.13) 26.29 (18.20–34.37)**

P value 0.04 0.0001

Dominant AA 301 139.45 (0.79) 0.00 78.31 (0.52) 0.00

AC–CC 53 140.9 (92.08) 1.45 (−2.62–5.52) 83.48 (1.59) 2.17 (2.40–7.95)

P value 0.49 0.004

Recessive AA–AC 349 139.44 (0.74) 0.00 78.72 (0.49) 0.00

CC 5 155.33 (3.07) 15.89 (3.69–28.09)* 104.60 (4.13) 25.88 (17.77–33.99)**

P value 0.011 0.0001

Over-dominant AA–CC 306 139.71 (0.79) 0.00 78.74 (0.55) 0.00

AC 48 139.4 (2.17) −0.31 (−4.56–3.93) 81.28 (1.35) 2.54 (−0.39–5.48)

P value 0.88 0.09

Notes: *,** significant differences in SBP and DBP mean differences with p value <0.05 in each genetic model, respectively.
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significantly associated with increased odds of hypertension (OR=4.44, 95% CI 2.07–9.63 and OR=6.38, 95% CI 3.24– 
10.89, respectively; both p<0.001); only possession of the TA haplotype was significantly associated with increased odds 
of hypertension with MS (OR=3.75, 95% CI 1.80–7.78, p<0.001).

Discussion
Hypertension is a multifactorial disease partly determined by gene–environment and/or gene–gene interactions. 
Identification and investigation of genetic polymorphisms related to the molecular mechanisms of hypertension is 
required to shape both future research and therapeutic approaches;21 this study evaluated the associations between two 
SNPs of genes in the RAS system and BP.

Our analysis of hypertensive risk factors revealed that compared with baseline, SBP, DBP, BMI, WC, and waist-to- 
hip ratio were all significantly higher at follow-up. The study population’s BMI at baseline and follow-up were classified 
as overweight and obese, respectively, based on the Asia-Pacific classification of BMI categories.22 Excessive fat 

Figure 1 Odds ratios of hypertension and hypertension with metabolic syndrome depending on haplotype variations of AGT rs699 and AGTR1 rs5186.

Table 5 Association Between Haplotype Variations in AGT rs699 and AGTR1 rs5186 and SBP and DBP at Baseline and at 
the 5-Year Follow-Up

AGT rs699 AGTR1 rs5186 Frequency SBP: Mean Difference 
(95% CI)

P-value* DBP: Mean Difference 
(95% CI)

P-value**

Baseline

C A 0.79 0.00 - 0.00 -

T A 0.13 0.83 (−2.99–4.65) 0.67 1.37 (−1.04–3.79) 0.27

C C 0.06 −0.46 (−6–5.08) 0.87 0.56 (−3–4.12) 0.76
T C 0.02 5.24 (4.27–14.76) 0.03 7.94 (1.76–14.11) 0.01

P value for association 0.03 0.01

Follow-up

C A 0.79 0.00 - 0.00 -
T A 0.13 4.35 (1.23–7.48) 0.006 −0.08 (−2.16–2.00) 0.94

C C 0.06 −0.83 (−5.3–3.63) 0.71 2.00 (−0.96–4.96) 0.19

T C 0.02 13.19 (5.73–20.56) 0.0001 17.26 (11.42–23.11) 0.0001

P value for association 0.0001 0.0001

Notes: *,** significant differences in mean difference of SBP and DBP from CA haplotype (reference haplotype) with p-value < 0.05. 
Abbreviations: AGT, angiotensinogen; AGTR, angiotensin II receptor type 1; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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accumulation in the body can act as a potent mediator of hypertension through oxidative stress, inflammation and 
endothelial dysfunction, which result in vasoconstriction and vascular resistance.23 In addition, the key regulator of 
hypertension, the RAS, is associated with excess adiposity: overexpression of Agt in adipose tissue contributes to 
activation of the RAS, as well as to increased plasma concentrations of AGT and higher SBP, in mice.24 This association 
may explain the relatively high prevalence of hypertension (approximately 50% at baseline and 70% at follow-up) in our 
study.

We observed statistically significant associations between AGT rs699 and AGTR1 rs5186 and SBP and DBP at 
baseline and 5 years later. The association between increased levels of AGT and AGTR1 due to the AGT rs699 and 
AGTR1 rs5186 SNPs and the development of hypertension has been widely investigated. In our study, the minor allele 
frequency of these SNPs were comparable to previous reports in Thai,25 and Chinese26 populations, but lower than those 
found in European populations.27 We found that the variant alleles T (for AGT rs699) and C (for AGTR1 rs5186) were 
associated with higher BMI, HbA1C and TG levels compared with the wild-type alleles. The interaction between obesity, 
activation of the RAS, and hypertension has been mentioned in several experimental studies. These effects may be 
induced by AGT, which is expressed in and released by mature adipocytes.28 In addition, Ang II indirectly mediates 
AGTR1 expression to regulate adipose tissue growth and metabolism.29 There is also an association between RAS 
components and glucose metabolism: based on the mean of HbA1C levels among participants with the variant AGTR1 
rs5186 genotype in our study, these individuals could be classified as having prediabetes and hyperglycemia. In line with 
this, a previous report in a Tunisian population found that the risk of type 2 diabetes in individuals with a RAS-related 
SNP (AGT M235T, ACE I/D, or AT1R A1166C) was 1.9 times higher than in those without.30 This association may be 
mediated by Ang II, which decreases insulin secretion, induces systemic insulin resistance and interferes with the 
translocation of glucose transporter-4.31 Therefore, AGT rs699 and AGT1 rs5186 variants appear to be directly 
associated with systemic metabolism.

In addition, the present study revealed that AGT rs699 and AGT1 rs5186 polymorphisms were significantly 
associated with BP and hypertension, supported by SNPStats analysis of the genes individually and combined. 
Possession of mutant alleles of AGT rs699 and AGTR1 rs5186 was significantly associated with higher SBP and/or 
DBP at baseline and follow-up. These results agree with previous studies. For example, a prospective cohort study 
demonstrated that the AGTR1 rs5186 A1166C polymorphism was associated with increased BP in individuals with the 
CC genotype; in addition, at follow-up, there were more new cases of MS in participants with the CC and CA genotypes 
than those with the wild-type genotype.32 Another study found that the T allele of AGT rs699 and C allele of AGTR1 
rs5186 were associated with hypertension and MS.33 The association between these SNPs and hypertension is also 
supported by mechanistic studies.34–36 The AGTR1 rs5186 A1166C polymorphism is a functional mutation resulting in 
upregulation of AGTR1. Previous study in spontaneously hypertensive rats found that an increase in gene expression 
level of AT1R associated with increase in the extracellular signal-regulated kinase 1/2 (ERK2), affecting change of blood 
pressure.34 These associations may be explained by the role of ERK2 signaling pathway modulates vascular oxidative 
stress and subsequently mediates spontaneous tone in hypertension.35 Genetic variants of the AGT rs699 gene lead to 
increased production of AGT and Ang II: a previous study in rats found that infusion of Ang II was associated with 
endothelial dysfunction and progressive and sustained hypertension, mediated by activation of p38 mitogen-activated 
protein kinase and ROS generation.36 These results add to existing evidence of the effect of AGT rs699 and AGT1 
rs5186 genetic variations on hypertension.

We also found that combined variant alleles of both SNPs increased the odds of hypertension and hypertension 
with MS. Since high BP is an MS component and is associated with obesity, dyslipidemia, and insulin resistance, 
genetic factors that govern BP are likely to have a role in the development of MS. Indeed, a previous study found that 
individuals with the CC genotype of the AGTR1 rs5186 polymorphism were 2.8 times more likely to develop new- 
onset MS that those with the AA genotype.32 Ang II is a likely connecting factor between MS components, including 
obesity and dyslipidemia and the RAS: along with its classic function in BP control, Ang II also has a role in the 
differentiation, metabolism, and gene expression of adipocytes.37 In addition, mice lacking various components of the 
RAS have reduced adiposity, with proposed mechanisms including decreased food intake, elevated energy expenditure, 
reduced fat absorption, adipocyte hypotrophy, and decreased inflammation.38 Finally, chronic Ang II infusion in mice 
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stimulates hepatic TG production and subsequently leads to the development of insulin resistance.39 These findings 
suggest that, when involved in the RAS, genetic determinants of BP are also strongly associated with other MS 
components.

Furthermore, we built a network of AGT and AGTR1 gene interactions using GeneMania, (http://genemania.org) for 
potential prediction of both SNPs interactions on hypertension40 (Figure 2). Proposed hypotheses relate to in-depth 
mechanisms and the functional interaction of genes, including regulation of blood pressure by renin-angiotensin, 
regulation of angiotensin levels in blood, vasoconstriction, G-protein-coupled receptor activity, regulation of reactive 
oxygen species metabolic process, reactive oxygen species metabolic process, and regulation of nitric-oxide synthase 
activity. The strongest functional links in at least 3–4 functional areas of interaction were observed with the genes; Renin 
(REN), Angiotensin II Receptor Type 2 (AGTR2), Type-1 angiotensin II receptor-associated protein (AGTRAP), 
5-Hydroxytryptamine Receptor 2B (HTR2B), Janus kinase 2 (JAK2) and Glutamyl Aminopeptidase (ENPEP).

Our study has some limitations. First, we used data from the EGAT cohort study, with a relative small sample size of 
354 participants, and limited numbers of homozygous variant carriers for both SNPs. Future research with larger numbers 
of participants is required to establish a causal relationship and potential mechanisms underlying the associations 
between AGT rs699 and AGTR1 rs5186 polymorphisms and BP, hypertension, and MS. Second, our study analyzed 
only two SNPs of the RAS; studying additional genes in this system, such as ACE and AGTR2, would enable additional 
links between the RAS and dyslipidemia, insulin resistance, and CVD risk to be established. Finally, we only had data on 
exercise, smoking, and alcohol consumption as modifiable risk factors. Collection of data via food frequency 

Figure 2 A network of AGT and AGTR1 gene interactions using GeneMania, (http://genemania.org).
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questionnaires to determine dietary fat and sodium intake would have provided insight into the effects of diet as 
a modifiable risk factor on hypertension in susceptible individuals.

Conclusion
AGT rs699 and AGTR1 rs5186 polymorphisms were associated with increased BP, hypertension and MS. Our findings 
highlight the role of unmodifiable genetic variations in hypertension development. Strategies for lifestyle modifications in 
such individuals is necessary to treat risk factors and prevent the development of CVDs.
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