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Abstract: Objectives: Gap junction protein alpha 5 (GJA5), also termed connexin 40 (Cx40), exerts a pivotal role in the 
mediation of vascular wall tone and two closely-linked polymorphisms in the GJA5 promoter (-44G>A and +71A>G) 
have been associated with enhanced susceptibility to essential hypertension (EH) in men. The present investigation 
aimed to ascertain whether a novel common polymorphism within the upstream regulatory region of GJA5 (tran-
script 1B), -26A>G (rs10465885), confers an increased risk of EH. Methods: For this investigation, 380 unrelated 
patients with EH and 396 unrelated normotensive individuals employed as control persons were enrolled from the 
Chinese Han-ethnicity population, and their GJA5 genotypes and plasma renin concentrations were determined 
by Sanger sequencing and an automated chemiluminescent immunoassay, respectively. The functional effect of 
the GJA5 variant was explored in cultured murine cardiomyocytes by dual-light reporter gene analysis. Results: The 
GJA5 variant conferred a significantly increased risk for EH (OR: 2.156; 95% CL: 1.661-2.797, P < 0.0001), and sig-
nificantly increased plasma renin levels were measured in patients with EH in comparison with control individuals 
(46.3±7.2 vs 37.4±6.9, P < 0.0001). A promoter-luciferase analysis revealed significantly diminished activity of the 
promoter harboring the minor allele for this variation in comparison with its wild-type counterpart (165.67±16.85 
vs 61.53±8.67, P = 0.0007). Conclusions: These findings indicate that the novel variant upstream of the GJA5 gene 
(-26A>G) confers a significantly increased vulnerability of EH in humans, suggesting potential clinical implications 
for precisive prophylaxis and treatment of EH.
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Introduction

Hypertension, also called high blood pressure, 
remains the most common cardiovascular dis-
ease worldwide, with an estimated prevalence 
of 47% in American adults over 20 years of age 
(52% for males and 43% for females), which 
equates to ≈122 million adult persons suffer-
ing from hypertension [1]. The prevalence of 
hypertension increases drastically with increas-
ing age, rising from ≈21% in those 20-34 years 
old to ≈55% in those 45-55 years old, and up to 
≈84% in those ≥ 75 years old [1]. The lifetime 
risk for hypertension in people aged from 20 to 
85 years is > 80% [2]. Hypertension contrib-

utes to poor health-correlated quality of life 
[3-7] and confers a substantially enhanced risk 
for various complications in multiple target 
organs, including dysfunction of the vascular 
endothelium and smooth muscle contractile 
machinery [8-10], thoracic aortic calcification 
and aneurysms [11-13], gestational preeclamp-
sia [14-16], chronic kidney disease [17-19], cog-
nitive impairment or dementia [20, 21], isch-
emic cerebral stroke [22-26], myocardial infarc-
tion [27], cardiac structural remodeling and 
heart failure [28-32], arrhythmias [33], and 
even for premature cerebrovascular and cardio-
vascular death [34-38]. In a study of adult sub-
jects 18-30 years old, at baseline, who suffered 
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hypertension prior to 40 years of age, the inci-
dence of cardiovascular disease was 3.15 per 
1000 person-years in those subjects with stage 
1 hypertension and 8.04 per 1000 person-
years in those subjects with stage 2 hyperten-
sion, over an average follow-up of 19 years 
[39]. In a recent meta-analysis, each 10-mm 
Hg increase in blood pressure conferred an 
increased relative risk for cardiovascular dis-
ease of 1.25 in females and 1.15 in males, and 
for cardiovascular mortality of 1.16 in females 
and 1.17 in males [40]. During the 10-year peri-
od between 2009 and 2019, the mortality 
caused by hypertension increased by 34.2%, 
and the actual number of deaths resulting from 
hypertension rose by 65.3% [1]. In contrast, the 
elimination of hypertension reduced cardiovas-
cular death by 30.4% among male individuals 
and 38.0% among female individuals [1]. 
However, in a multi-national study of adult indi-
viduals affected with hypertension, ~56% of 
study individuals knew their diagnosis of hyper-
tension, ~44% were administered with anti-
hypertensive therapy, and ~17% had well-con-
trolled blood pressure [41]. Therefore, hyper-
tension remains a leading contributor to the 
global morbidity and mortality, giving rise to ≥ 
10 million deaths annually [1], which under-
scores the urgent necessity for identifying the 
etiology of hypertension.

Although the etiologies of hypertension have 
not been full elucidated, it is generally under-
stood that hypertension is a multi-factorial 
complex disease with both non-heritable envi-
ronmental and heritable pathogenic factors 
implicated with the pathogenesis of hyperten-
sion, including the autonomic nervous sys- 
tem, cardiovascular system, endocrine system, 
vasopressor/vasodepressor hormones, renal 
function, body fluid volume, obstructive sleep 
apnea, pregnancy, and many others [42-48]. In 
approximately 95% of hypertensive patients 
who had no recognized causes, such hyperten-
sion is termed essential hypertension (EH) 
caused by the interplay of non-inherited and 
inherited risk factors, while the remaining 5% of 
patients are categorized to secondary hyper-
tension, of which about 1% are monogenic dis-
eases [48]. Via pan-genomic scanning with 
polymorphic genetic markers followed by link-
age analysis, several genes were identified to 
be responsible for hypertension encompassing 
APOE, NPPA and NPPB, which highlights the 

crucial roles of these genes in the control of 
blood pressure [48]. Nevertheless, aggregating 
evidence demonstrates the polygenic nature of 
EH in humans, with an estimated heritability of 
15%-30% for diastolic blood pressure and 15%-
40% for systolic blood pressure, respectively, 
and indicates that uncommon monogenic dis-
eases merely represent an outermost end of 
the distribution [48]. Hence recently, investiga-
tors have been concentrating on the identifica-
tion of the genetic polymorphisms associated 
with increased susceptibility to EH by analysis 
of candidate genes and genome-wide associa-
tion study [48]. Up to date, over 1000 genetic 
loci have been linked to blood pressure, explain-
ing roughly 6% of heritability based on the sin-
gle nucleotide polymorphism (SNP), though the 
biological significance of these genetic loci 
remains largely unclear [48].

Recently, two completely linked SNPs (rs11- 
552588 +71A>G; rs35594137 -44G>A) in pro-
moter A of the GJA5 gene, which encodes gap 
junction protein alpha 5, also termed connexin 
40 (Cx40), were related to significantly decrea- 
sed promoter activity and increased vulnerabil-
ity to both atrial fibrillation and EH [49-53]. 
Moreover, a new common SNP (rs10465885 
-26A>G) in promoter B of the GJA5 gene was 
demonstrated to significantly decrease the 
expression of Cx40 variant 2 and total Cx40 
expression in human atria and was implicated 
with a significantly enhanced risk for atrial fibril-
lation [54]. Given the pivotal role of Cx40 in the 
molecular pathogenesis of EH [52-55], it is jus-
tified to make the hypothesis that the common 
SNP (rs10465885 -26A>G) in promoter B of 
the GJA5 gene is associated with a significantly 
enhanced invulnerability to EH in humans. The 
major purpose of the work was to ascertain  
the association of the GJA5 polymorphism 
rs10465885 with EH, providing a new molecu-
lar target for precision medicine in patients 
with EH.

Materials and methods

Study participants

This study abides by the principles of the 
Helsinki declaration. The research protocol was 
approved by the institutional Ethics Committee 
of Shanghai Fifth People’s Hospital, Fudan 
University (approval code: 2018-220). Written 
informed consent for the clinical and genetic 
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investigations was obtained from each study 
participant prior to the commencement of the 
present investigation. For the current research, 
380 unrelated patients with EH and 396 unre-
lated normotensive individuals employed as 
controls were enlisted from the Chinese Han-
ethnicity population in the same geographical 
area of Shanghai, China. Control people were 
age- and sex-matched with patients. Blood 
pressure was measured three times utilizing a 
standardized mercury sphygmomanometer on 
the same arm after five minutes of rest in the 
sitting position by a trained physician blind to 
the genotypes of the study participants, with 
the mean of three subsequent measurement 
values being used in the analysis. In terms of 
the Chinese guidelines revised in 2018 for the 
prevention and treatment of hypertension, 
hypertension was diagnosed with systolic blood 
pressure ≥ 140 mmHg, diastolic blood pres-
sure ≥ 90 mmHg, or use of prescribed antihy-
pertensive medications according to the par-
ticipant’s medical records [56]. Normotension 
was defined as systolic blood pressure < 120 
mmHg and diastolic blood pressure < 80 mmHg 
without taking antihypertensive medications 
[56]. All study individuals experienced a de- 
tailed clinical appraisal, encompassing a review 
of personal, medical, and familial histories, 
physical examination, echocardiogram, electro-
cardiogram, and routine biological assays. The 
inclusion criteria of this investigation were: 1) 
all patients with EH met the diagnostic criteria 
of hypertension, 2) signed informed consent 
forms to participate in the present investiga-
tion, 3) aged 18 years or more, and 4) Han-race 
Chinese people. The exclusion criteria were: 1) 
under 18 years of age, 2) other Chinese ethnic 
minorities, 3) not signed the informed consent 
form, 4) missing information during the collec-
tion of clinical data, and 5) patients with  
secondary hypertension or with coronary  
artery disease, primary cardiomyopathy, valvu-
lar heart disease, cerebrovascular disease, 
acute or chronic infection, liver cancer, renal 
dysfunction, or diabetes mellitus. Blood sample 
was drawn from each study subject for clinical 
biochemical analysis and extraction of genomic 
DNA used for genetic studies.

Genotyping GJA5

Extraction of genomic DNA was implemented 
from whole blood leucocytes utilizing a genom-

ic DNA purification kit (Qiagen, Germany) as per 
the manufacturer’s procedure protocol and 
verified on 1.2% agarose gel by electrophore-
sis. The quality as well as concentration of the 
purified DNA was assayed utilizing a spectro-
photometer (NanoDrop Technologies, USA). 
The processed DNA was quickly preserved in  
a refrigerator (Sanyo, Japan) at -80°C until  
further analysis. The GJA5 polymorphism of 
rs10465885 (-26A>G) was genotyped through 
polymerase chain reaction (PCR)-sequencing of 
the amplicons from genomic DNA. The genomic 
DNA sequences of the GJA5 gene were derived 
from the GenBank database (accession num-
ber: NC_000001.11) at the official website 
(https://www.ncbi.nlm.nih.gov/nuccore/NC_00
0001.11?from=147756199&to=147773351&
report=genbank&strand=true). The primer pair 
for amplification of the region encompassing 
the polymorphism (-26A>G) in the GJA5 gene 
(transcript variant B) was designed as follows 
with the online program Primer3Plus (https://
www.primer3plus.com): 5’-CTCTGTCCACAGGC- 
AGGAAG-3’ and 5’-CCCTCAAGCTGAGCCTCTTC- 
3’, with the product size being 575 bp. Am- 
plification of genomic DNA fragments by PCR 
was performed on a PCR instrument (Thermo 
Fisher Scientific, USA) using the above-men-
tioned primers and a HotStar Taq DNA poly-
merase kit (Qiagen, Germany). The total amount 
of the PCR mixture was equal to 25 μL, includ-
ing 12.25 μL of distilled deionized water, 5 μL 
of 5X Q solution, 1 μL of each primer (20 μM), 2 
μL of dNTP (2.5 mM each), 1 μL of genomic DNA 
(100 ng/μL), 2.5 μL of 10X buffer and 0.25 μL 
(5 U/μL) of HotStar Taq DNA Polymerase 
(Qiagen, Germany). The PCR program was set 
as follows: 95°C for 15 min, then 36 thermal 
cycles of 94°C for 30 sec, 62°C for 30 sec and 
72°C for 1 min, with final elongation at 72°C for 
8 min. The amplified products were separated 
via gel electrophoresis, visualized by staining 
with ethidium bromide and extracted employ-
ing a gel extraction kit (Qiagen, Germany). The 
extracted products underwent sequencing PCR 
with a cycle sequencing kit (Applied Biosystems, 
USA). The volume of the sequencing-PCR mix-
ture was equal to 10 μL, containing 4 μL of dis-
tilled deionized water, 1 μL of sense or anti-
sense primer (1 μM), 4 μL of Premix, and 1 μL of 
the isolated amplicons (50 ng/μL). The 
sequencing-PCR conditions were: 36 thermal 
cycles of 95°C for 20 sec, 50°C for 15 sec and 
60°C for 1 min. The sequencing PCR products 



A novel GJA5 variant predisposing essential hypertension

1262 Am J Transl Res 2023;15(2):1259-1270

were purified with a PCR isolation kit (Qiagen, 
Germany) and sequenced on a DNA sequenc-
ing apparatus (Applied Biosystems, USA) follow-
ing the manufacturer’s protocol. The sequenc-
ing data were used to genotype GJA5 in  
the study subjects focusing on the SNP 
rs10465885.

Biochemical assay

Collection of venous blood specimens and sep-
aration of serum/plasma as well as storage of 
samples, were fulfilled as previously described 
[56]. Measurements of routine biochemical 
indicators, including total cholesterol, fasting 
blood glucose, total triglyceride as well as 
serum creatinine, were performed using an 
automated analyzer (Beckman Coulter, USA). 
The concentration of plasma renin was deter-
mined with a renin assay kit (Nichols Institute 
Diagnostics, USA) as per the manufacturer’s 
protocol.

Construction of recombinant reporter plasmids

As described elsewhere [54], an 859-bp pro-
moter fragment (from -765 bp to +94 bp rela-
tive to the first base pair of exon 1B) was ampli-
fied by PCR from genomic DNA of the subject 
homozygous for the G or A allele at the promot-
er SNP of GJA5 transcript B, using the HotStar 
Taq DNA Polymerase Kit (Qiagen, Germany) and 
a specific pair of primers (5’-CTCGCTAGCCTGA- 
CCCCATCTTTCCCCATAA-3’ and 5’-CTCCTCGAG- 
TTGCTGCCTTGTGTTGTAATCCTC-3’). The A or G 
allele-containing promoter fragment was dou-
bly digested with the restriction enzymes of 
NheI (NEB, USA) and XhoI (NEB, USA), separat-
ed by gel electrophoresis, isolated utilizing a 
gel isolation kit (Qiagen, Germany), and then 
subcloned at the NheI-XhoI sites into a promot-
er-less pGL3-Basic vector (Promega, USA). The 
DNA sequences of both the G and A allele-con-
taining recombinant vectors were validated by 
direct sequencing to ensure that the SNP site in 
promoter B of GJA5 was the only site of DNA 
sequence discordance between the two recom-
binant vectors.

Cell transfection and dual-reporter gene analy-
sis

HL-1 cells (murine atrial cardiomyocytes) were 
cultured as described previously [54]. HL-1 
cells were cultivated in an antibiotic-free medi-

um in 12-well plates for 24 h before transfec-
tion with the transfection reagent Lipofectamine 
3000 (Invitrogen, USA). Cells were co-transfect-
ed with the same amount (1 μg) of either the A 
or G allele-containing promoter-luciferase plas-
mid and 1 μg of the pSV-ß-Galactosidase 
Control Vector (Promega, USA) as an internal 
control to normalize transfection efficiency. As 
a negative control, cells were co-transfected 
with the same amount (1 μg) of the empty 
pcDNA3.1 plasmid and the control vector. 
Three independent experiments were executed 
in triplicate with each expression plasmid. Cells 
were lysed 48 h later, and the cell lysates were 
analyzed in triplicate for firefly luciferase and 
ß-galactosidase activity with a dual-light re- 
porter analysis kit (Thermo Fisher Scientific, 
USA), and the mean background-subtracted 
luciferase/ß-galactosidase levels were calcu-
lated as the relative promoter activity for each 
well [54].

Statistical analysis

Normality was evaluated for continuous vari-
ables using the Kolmogorov-Smirnov test. Data 
were presented as means ± standard devia-
tions for continuous variables. Student’s un- 
paired t-test was conducted for the comparison 
between the two groups. One-way ANOVA with 
a Tukey-Kramer HSD post hoc test was used to 
make multiple comparisons. To analyze the cat-
egorical variables expressed as numbers and 
percentages, the Chi-square test was applied. 
A two-tailed P-value of < 0.05 indicated a sta-
tistical difference.

Results

Demographical and baseline clinical features 
of the study subjects

In the current investigation, 380 unrelated 
patients with EH were clinically assessed in 
comparison with 396 unrelated normotensive 
individuals. No significant differences (P > 
0 .05) existed between the hypertensive and 
normotensive groups in sex, age, body mass 
index, serum total cholesterol, serum low-den-
sity lipoprotein, serum high-density lipoprotein, 
fast blood glucose, serum triglyceride, serum 
creatinine, or serum uric acid. However, there 
were significant differences (P  < 0 .05) observed 
between the two groups in blood pressure and 
plasma renin concentration, and the hyperten-
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sive group had significantly increased diastolic 
blood pressure, systolic blood pressure, and 
plasma renin concentration (P  < 0 .05). The 
demographical information and baseline clini-
cal data of the study individuals are shown in 
Table 1.

Frequencies of GJA5 alleles and genotypes in 
hypertensive patients and normotensive indi-
viduals

The SNP (rs10465885 -26A>G) in promoter B 
of the GJA5 gene was detected in 380 patients 
with EH and 396 normotensive subjects 
employed as controls by PCR-sequencing anal-
ysis. Consistent with the previous study [54], 
three genotypes (G/G, A/G and A/A) were 
observed in both patients and controls. The 
representative electrophoretic chromatograms 
exhibiting three genotypes (G/G, A/G and A/A) 
of the GJA5 gene (rs10465885) were shown in 
Figure 1.

The frequencies of genotypes and alleles of 
rs10465885 in promoter B of GJA5 in EH 
patients and normotensive control people are 
given in Table 2. As shown in Table 2, the fre-
quencies of the A/A, A/G and G/G genotypes 
for the GJA5 gene rs10465885 in EH patients 
were 56.58%, 36.05% and 7.37%, respectively, 

which in normotensive controls were 75.25%, 
22.22% and 2.53%, respectively. There existed 
a significant difference in the genotypical fre-
quency between the patient and control groups 
(for A/A: x2 = 30.18, P < 0.0001; for A/G: x2 = 
18.02, P < 0.0001; for G/G: x2 = 9.767, P = 
0.0009). The frequencies of A and G alleles of 
the GJA5 gene rs10465885 in patients with EH 
were 74.61% and 25.39%, respectively, which 
in normotensive controls were 86.36% and 
13.64%, respectively. There existed significant 
difference in the frequency of alleles between 
the EH patient and healthy control groups (x2 = 
34.3, P < 0.0001), and significant association 
of the G allele of the GJA5 polymorphism 
rs10465885 with enhanced risk for EH (odds 
ratio (OR) = 2.156, 95% confidence limits (CL) = 
1.661-2.797, P < 0.0001). Additionally, the gen-
otypes of the GJA5 polymorphism rs10465885 
in EH patients were in conformity with the 
Hardy-Weinberg equilibrium (χ2 = 0.8954, P > 
0.05), which in normotensive controls were 
similar (χ2 = 1.2655, P > 0.05).

Notably, among the 380 EH patients, 72 
(18.95%) had electrocardiogram-documented 
atrial fibrillation, of whom 11 carried A/A alleles, 
56 carried A/G alleles, and 15 carried G/G 
alleles. There existed a significant difference in 

Table 1. Demographical and baseline clinical data of the study subjects 
Variable Hypertensive group (n = 380) Normotensive group (n = 396) Statistics
Age (years) 46.8±5.3 47.1±6.1 t = 0.7301; P = 0.4656
Sex (M/F) 202/178 210/186 χ2 = 0.0013; P = 0.9716
BMI (kg/m2) 23.6±1.8 23.4±1.6 t = 1.6374; P = 0.1019
SBP (mmHg) 157.2±12.3 117.5±8.4 t = 52.6895; P < 0.0001*
DBP (mmHg) 95.8±7.9 76.4±6.7 t = 36.9453; P < 0.0001*
TC (mmol/L) 4.5±1.0 4.4±0.9 t = 1.4654; P = 0.1432
TG (mmol/L) 1.5±0.7 1.5±0.6 t = 0.0000; P > 0.9999
HDL (mmol/L) 1.2±0.3 1.2±0.4 t = 0.0000; P > 0.9999
LDL (mmol/L) 3.1±0.8 3.0±0.7 t = 1.8552; P = 0.0640
FBG (mmol/L) 4.8±0.9 4.7±0.8 t = 1.6374; P = 0.1019
K+ (mmol/L) 4.3±0.4 4.3±0.3 t = 1.4654; P = 0.143
Na+ (mmol/L) 141.8±3.1 140.4±3.5 t = 0.0000; P > 0.9999
SC (μmol/L) 78.6±9.2 77.9±8.4 t = 1.1076; P = 0.2684
SUA (μmol/L) 318.9±27.5 320.1±31.7 t = 0.5623; P = 0.5741
PRC (mIU/L) 46.3±7.2 37.4±6.9 t = 17.5834; P < 0.0001*
Data are presented as mean ± standard deviation or number (percentage) of study subjects. Notes: M: male; F: female; BMI: 
Body Mass Index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; TC: Total Cholesterol; TG: Triglyceride; HDL: 
High-Density Lipoprotein; LDL: Low-Density Lipoprotein; FBG: Fast Blood Glucose; SC: Serum Creatinine; SUA: Serum Uric Acid; 
PRC: Plasma Renin Concentration. *Significant differences between the hypertensive and normotensive groups (P < 0.05). 
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the incidence of atrial fibrillation between the 
wild-type genotype and each mutant-type geno-
type (for A/A vs A/G: χ2 = 69.43, P < 0.0001; for 
A/A vs G/G: χ2 = 60.88, P < 0.0001). However, 
no significant difference existed in the inci-
dence of atrial fibrillation between the two 
mutant-type genotypes (A/G vs G/G: χ2 = 1.529, 
P = 0.2168).

Association of GJA5 genotypes with plasma 
renin concentration in hypertensive patients

The plasma renin concentrations of 380 hyper-
tensive patients with different genotypes of the 

54.8333 and P = 0.00211; for A allele 
(165.6667±16.8471) vs G allele (61.5333± 
8.6674), t = 104.1333 and P = 0.00006.

Discussion

In the current case-control study, the minor 
allele of the GJA5 polymorphism, rs10465885, 
was first found to confer an enhanced risk of 
EH in humans and was first associated with an 
increased plasma renin concentration, sug-
gesting that GJA5 loss-of-function variation is 
an alternative molecular pathogenesis of EH, 
probably by increasing renin release.

Figure 1. Representative electrophoretic chromatograms displaying the 
SNP rs10465885 in the GJA5 gene. A. Representative sequence tracings 
from an individual homozygous (A/A) for the SNP in promoter B of GJA5; 
B. Representative sequence tracings from an individual heterozygous 
(A/G) for the SNP in promoter B of GJA5; C. Representative sequence 
tracings from an individual homozygous (G/G) for the SNP in promoter B 
of GJA5.

GJA5 gene rs10465885 are pre-
sented in Table 3. There existed 
significant difference in the plas-
ma renin concentration among 
the EH patients with different 
genotypes of the GJA5 gene po- 
lymorphism rs10465885 (F = 
2085.41, P < 0.0001). Multiple 
comparisons were performed 
between A/A and A/G (t = 
18.4113, P < 0.0001), between 
A/A and G/G (t = 68.0408, P < 
0.0001), and between A/G and 
G/G (t = 44.9372, P < 0.0001).

The variation of GJA5 promoter 
B reduces promoter activity in 
transfected cells

As shown in Figure 2, HL-1 cells 
transiently transfected with the 
reporter plasmid harboring the 
allele G at the polymorphism site 
of promoter B displayed 2.69-
fold decrease luciferase activity 
when compared with the HL-1 
cells transiently transfected with 
the vector carrying the A allele, 
indicating a significant differ-
ence (165.6667±16.8471 vs 
61.5333±8.6674: t = 9.51997,  
P = 0.00068). When comparison 
among three groups (negative 
control, A allele and G allele) was 
performed, similar statistical  
significance was achieved (F = 
162.32, P = 5.975e-06): for  
negative control (6.7±1.6) vs A  
allele (165.6667±16.8471), t = 
158.9667 and P < 0.0001; for 
negative control (6.7±1.6) vs  
G allele (61.5333±8.6674), t = 
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It is generally understood that the renin-angio-
tensin-aldosterone system (RAAS) exerts a cen-
tral role in the mediation of blood pressure [42, 
57]. RAAS is a consecutive hormonal frame-
work, which links the renal, adrenal, and cardio-
vascular system, and functions as a specific 
hormonal cascade to regulate arterial blood 
pressure and sodium balance, hence maintain-

the minor GJA5 genotypes result in a signifi- 
cant decrease in promoter activity in Cx40-
expressing cells of vascular and cardiac origin 
[52, 54]. Decreased promoter activity might 
lead to lower Cx40 expression in vivo, which 
could increase the risk for hypertension via the 
compromised regulation of vasomotor response 
and control of vascular tone, as supported by 
the research results from Cx40-knockout mice 
[52]. Moreover, Cx40 was also involved in the 
mediation of renin release [60]. Another study 
revealed that 40Gap27, a Cx40-mimetic pep-
tide, interfered with Cx40-regulated gap-junc-
tional communication by binding the Cx40-
docking sites, and in the rats with 40Gap27 
administered, decreased renal blood flow and 
increased arterial blood pressure were ob- 
served [61]. Collectively, these results together 
with the current study indicate that Cx40 exerts 
a pivotal role in the long-term mediation of 
blood pressure by affecting renal hemodynam-
ic function.

Gap junctions are an array of intercellular chan-
nels, which are constituted by the docking of 
two hemichannels from a pair of neighbouring 
cells, with each hemichannel constructed by 
the assembly of six Cxs [62]. Cx is a transmem-
brane protein with an intracellular C-terminus, 
four transmembrane domains, one cytoplasmic 
loop, two extracellular loops, and an intracellu-
lar N-terminus [62]. To date, four distinct iso-
forms of Cxs, including Cx40, Cx45, Cx43 and 
Cx37, are discovered to be expressed amply in 
the endothelial cells and smooth muscles of 

Table 2. The frequencies of genotypes and alleles of the 
GJA5 gene rs10465885 in hypertensive patients and 
normotensive controls

Group n
Frequency of genotype Frequency of allele
A/A A/G G/G A G

EH 380 215 137 28 567 193
NT 396 298 88 10 684 108
Notes: EH: Essential Hypertension; NT: normotension.

Table 3. Plasma renin concentrations of 380 hyperten-
sive patients with different genotypes of the GJA5 gene 
polymorphism rs10465885

A/A (n = 215) A/G (n = 137) G/G (n = 28)
PRC (mIU/L) 35.1±5.8 48.3±7.6 125.7±11.2
Note: PRC: Plasma Renin Concentration.

ing the homeostasis of fluid and electro-
lytes [57, 58]. RAAS is not merely con-
fined to systemic circulation but also 
exists locally in specific tissues encom-
passing the heart and blood vessels 
with an action of paracrine [57]. 
Abnormal RAAS function may contribute 
to the occurrence of hypertension and 
the emergence of its associated end-
organ damage in the heart, kidney, brain 
and blood vessels, and genetic varia-
tions of the different genes encoding 
RAAS have been implicated with the 
susceptibility to EH [57, 58]. Accordingly, 
inhibition of RAAS has been a main ther-
apeutic strategy for controlling EH and 
reducing its related organ injuries [59]. 
Recent investigations have shown that 

Figure 2. Decreased promoter B activity by the varia-
tion of GJA5. The ratio of firefly luciferase activity to 
β-galactosidase activity is given after transient trans-
fection of HL-1 cells with reporter plasmids prompted 
by the GJA5 transcript B promoter with G/G or A/A 
genotype at the promoter B polymorphism, or with a 
promoter-less vector (-). For each expression plasmid 
used, three independent experiments were fulfilled 
in triplicates. Data show the means of the results 
derived from three experiments. The student’s t-test 
was utilized to compare the two groups (G vs A: t = 
8.0540, P = 0.00129).
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blood vessels as well as in the kidney [52]. 
Exception for Cx37, all these Cxs are also 
expressed highly in the heart [52]. Gap junction 
channel connects the plasma membranes of 
neighboring cells, creating a cell-to-cell path-
way, and thereby enabling the direct exchange 
of ions and small molecules (with molecular 
mass < 1 kD) between adjacent cells [62]. Be- 
sides, under specific conditions such as para-
crine signaling or pathological conditions, hemi-
channels may also functionally serve as trans-
membrane channels in cells, hence enabling 
the diffusion of ions as well as small molecules 
[62]. In addition to playing pivotal roles in the 
exchange of electrochemical substance be- 
tween neighboring cells, gap junction channels 
have also been validated to regulate renin 
release in the kidney, and regulate vascular 
reactivity and vasomotor tone, thus are closely 
related to blood pressure [60, 63].

Association of the polymorphisms of Cx-coding 
genes with EH has been studied. Firouzi and 
colleagues [52] genotyped GJA5 in 191 cases 
with EH, 198 normotensive subjects, and 178 
twin pairs as a healthy control population, and 
found that two-closely linked polymorphisms  
of rs35594137 (-44G>A) and rs11552588 
(+71A>G) in promoter A of GJA5 were related to 
EH in males, but not in females, demonstrating 
an important contribution of the uncommon 
alleles or genotypes (-44AA/+71GG) to the 
increased risk of EH. Additionally, in the control 
individuals a considerable effect of GJA5 geno-
type on systolic blood pressure was observed, 
with a significantly enhanced systolic blood 
pressure in women harboring the minor GJA5 
genotypes compared with that in non-carriers 
[52]. Schmidt and coworkers [53] made a 
sequencing analysis of exon 1A and exon 2 of 
GJA5 in 178 probands (26 suffered from  
left ventricular hypertrophy, 112 were hyper-
tensive, 29 normotensive, and 11 unknown), 
and found that the GJA5 polymorphisms of 
rs35594137 and rs11552588 were associat-
ed with EH as well as left ventricular hypertro-
phy predominantly in males. Wang and part-
ners [64] made a genetic analysis of the poly-
morphisms of the genes encoding Cx37 (rs16- 
30310), Cx40 (rs35594137 and rs11552588), 
and Cx43 (rs1925223) in 1176 subjects (585 
cases with EH and 591 normotensive persons 
as controls) and found that the polymorphisms 
of Cx43 rs1925223 and Cx37 rs1630310 were 

involved in EH. However, there was no associa-
tion of the Cx40 polymorphisms of rs11552588 
and rs35594137 with the development of EH. 
In the present research, the polymorphism 
rs10465885 in promoter B of GJA5 was dem-
onstrated to be associated with EH. These find-
ings underscore the key roles of Cxs in the 
molecular pathogenesis of EH.

It is interesting that the current research 
reveals a significant association of the polymor-
phism rs10465885 in GJA5 with atrial fibrilla-
tion in patients with EH. Wirka et al [54] previ-
ously associated the polymorphism rs104- 
65885 in GJA5 with lone atrial fibrillation. 
Moreover, multiple pathogenic mutations in the 
genes encoding Cx40, Cx43 and Cx45 have 
been identified to be responsible for atrial fibril-
lation [65-69]. These findings highlight the criti-
cal roles of Cxs in the molecular pathogenesis 
of cardiac arrhythmias.

Conclusion

In conclusion, the present study firstly indicates 
that a previously described GJA5 promoter B 
polymorphism, rs10465885, confers enhanced 
susceptibility to EH, and is associated with 
increased plasma renin concentration. Further 
investigations with a greater number of sam-
ples are necessitated to validate the associa-
tion of the polymorphism of GJA5 promoter B 
with the occurrence of EH. Our current findings 
suggest potential clinical implications for per-
sonalized treatment of EH in a subset of 
patients.
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