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1 | INTRODUCTION

Hypertension is a primary risk factor of cardiovascular events.
Although hypertension is highly prevalent globally, a large percent-
age of individuals with hypertension do not have adequate blood
pressure control despite the use of multiple antihypertensive medi-
cations. Approximately 10%—15% of patients with hypertension live
with resistant hypertension (RHT), which makes them vulnerable to
numerous cardiovascular ailments, including coronary artery disease
(CAD), heart failure, renal disease, and stroke. It is caused by various
factors, including high salt intake, heavy alcohol consumption, obesity,
diabetes, kidney disease, and heart failure and is associated with a high
risk of cardiovascular disease and death.?2 However, despite various
studies on the genetic aspects of RHT, reports are inconsistent, and the
etiopathogenesis of the disease remains poorly understood.3-7
Several genome-wide association analyses have been performed in

910 and Japanese!! populations. ATP2B1, which

European,® Korean,
is located on chromosome 12g21.3, is one of the most studied genes
associated with the development of hypertension.'? This gene encodes
the plasma membrane CaZ*-ATPase isoform 1 (PMCA1), a protein
involved in CaZ* transportation and homeostasis in cells.1314 Systemic
knockout of ATP2B1 results in embryonic lethality. In our previous
study, ATP2B1-specific knockout mice showed elevated intracellu-
lar calcium concentrations in vascular smooth muscles and increased
blood pressure due to enhanced vasoconstriction.!> Mice with sys-
temic ATP2B1 knockout showed increased blood pressure owing
to decreased endothelial nitric oxide synthase activity in vascular
endothelial cells and decreased nitric oxide (NO) production in vascu-
lar endothelial cells and the aorta.'® Additionally, deletion of PMCA1in
the intestines of mice was found to affect bone mineral density.'” This
indicates that ATP2B1 knockout affects various tissues and increases
blood pressure.

In humans, there are reports of decreased mRNA expression in
the umbilical artery smooth muscle in rs11105378 alleles associated
with elevated blood pressure.'8 Further, allele carriers with highly RHT
had decreased mRNA levels in whole blood.!? Many studies have also
reported that decreased ATP2B1 mRNA expression is associated with
increased blood pressure.’® A recent systematic review and meta-
analysis underscored the involvement of the ATP2B1 rs17249754
polymorphism (G/A) and the rs2681472 polymorphism (A/G) in the
risk of blood pressure and hypertension, highlighting the possibility
of new genetic biomarkers for hypertension.2° Although ATP2B1 has
been identified as a major candidate gene for hypertension, evidence
regarding its genetic association with RHT is still limited. A previous
study reported that an intronic single nucleotide polymorphism (SNP)
(rs12817819) in ATP2B1 is associated with RHT in European Amer-
ican and Hispanic populations.’” However, this association remains
unexplored in the Japanese population.

The results of previous experiments in mice support that ATP2B1
may be involved in treatment resistance through various mechanisms
such as vasoconstriction!® and vasodilation.!® The association with
RHT has only been observed in one study in European American and
Hispanic populations,’? wherein, the ATP2B1 rs12817819 allele was

associated with increased risk for RHT in hypertensive participants
with documented CAD or suspected ischemic heart disease. Therefore,
this study aimed to establish whether the major SNPs in ATP2B1 were
associated with RHT in Japanese patients. We hypothesized that the
SNP of ATP2B1, if potent, may have a stronger association with RHT.

2 | METHODS

2.1 | Study design and setting

This prospective cross-sectional study was approved by the ethics
committee of Yokohama City University Hospital (protocol codes:
A201126001 and A130725005) and conducted in accordance with the
Declaration of Helsinki. Written informed consent to publish the data
was obtained from each patient.

This study was conducted at Yokohama City University Hospital and
Kobayashi Medical Clinic between August 2013 and March 2018. The
patients were recruited between August 2013 and February 2015. We
did not perform any power analysis; however, patients were recruited

based on defined inclusion and exclusion criteria.

2.2 | Patient selection

The patients undergoing treatment for lifestyle-related diseases (e.g.,
hypertension, dyslipidemia, or diabetes) were evaluated. The inclu-
sion criteria were patients of Japanese ethnicity who were under-
going treatment for lifestyle-related diseases and age >20 years at
baseline. The exclusion criteria were as follows: endocrine hyperten-
sion (primary aldosteronism, pheochromocytoma) and renal vascular
hypertension, insufficient data on office blood pressure and blood bio-
chemistry, and ineligible for inclusion as research patients as deemed
by the attending physician. We performed blood tests for endocrine
factors and ultrasound examinations to evaluate the patients. Patients
who were deemed eligible for the study underwent further thorough
examinations at specialized institutions before being included in the
study.

Patients with RHT were defined as those who could not achieve
the target blood pressure (office blood pressure < 140/90 mm Hg)
with three or more antihypertensive drugs (administered at opti-
mal doses), including diuretics, or those who required four or more
antihypertensive drugs for blood pressure control. Antihypertensive
drugs included angiotensin-converting enzyme inhibitors, aldosterone
receptor blockers, alpha and beta blockers, angiotensin receptor block-
ers, calcium channel blockers, central-acting agents, diuretics, and
direct vasodilators. We followed standard guidelines for the treatment
of hypertension?! and administered drugs when it was possible to con-
trol the patients’ blood pressure within the scope of routine practice.
We included patients who had been treated with the same drug for at
least 3 months and did not need a change of drugs. Patients with poorly
controlled hypertension or those who did not achieve the target blood

pressure with three antihypertensive medications, excluding diuretics,
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TABLE 1 SNPsin ATP2B1 associated with hypertension, atherosclerosis, and cardiovascular disease.

Qietal.?* (p =.017 for hypertension)

Kelly et al.?® (p = 7.5x10~1° for mean arterial pressure)

Heo et al.2¢ (p = 2.11x107° for hypertension; p = .005 for hyperlipidemia)

Wang et al.?” (p =.002—.004 for arterial stiffness; p = 4.6E - 05 for hypertension)
Lee et al.28 (p = .006 for salt-sensitive hypertension)

Kelly et al.?® (p = 3.4x10~7 for mean arterial pressure)
Kayima et al.2? (p = .01 for blood pressure)

Wang et al.2” (p = .015 for arterial stiffness, hypertension)
Xi et al.®% (p = .000 for hypertension)
Rhee et al.! (p =.040 for salt-sensitive hypertension)

Kulkarni et al.®? (p = .01 for cardiovascular disease in patients with chronic kidney disease)
Pike et al.33 (p = 1.4x10~ for blood pressure)

Wang et al.?> (p = .002—.004 for arterial stiffness, hypertension)
An et al.** (p =.0007 for decreased susceptibility of concurrent extra and intracranial

Luetal.®> (p = 5.68 x 10~1° for coronary artery disease)
Levy et al.8 (p = 2.1E—08 for hypertension)
Tabaraetal.’® (p = 4.1 x 10~ for hypertension)

Levy et al.? (p = 2.2E—08 for hypertension)

SNPs Associated with References
rs17249754 Hypertension, atherosclerosis,

metabolic syndrome,

salt-sensitive hypertension
rs2681492 Hypertension, mean arterial

pressure
rs2681472 Hypertension, salt-sensitive

hypertension, coronary artery

disease
rs11105354 Hypertension, myocardial infarction,

coronary atherosclerosis
rs1401982 Hypertension, arterial stiffness

stenosis)

rs7136259 Cardiovascular disease
rs11105364 Hypertension
rs11105378 Hypertension
rs11105368 Hypertension
rs2070759 Hypertension
rs12579302 Hypertension
rs12817819 Resistant-hypertension

Tabara et al.’® (p = 5.3 x 10~ for hypertension)
Levy et al.g (p = 2.2E—08 for hypertension)

Fontana et al.’? (p = 7.69 x 10~ for resistant-hypertension in Hispanics; p = 2.44 x 10~

for European Americans)

Abbreviation: SNP, single nucleotide polymorphism.

were excluded from the study. Blood pressure was measured at least
thrice while recording readings once a month.

2.3 | Sample preparation and genotyping

Patients were asked to gargle and scrub their oral cavity with a
special brush, and oral mucosal cells were collected.? DNA was
extracted using a QIAGEN DNA extraction kit (QUIQGEN, Venlo,
Netherland). Real-time polymerase chain reaction (PCR) of the sam-
ple DNA was performed using human GAPDH as the positive con-
trol. We performed PCR of the oral mucosa using Takara Tag DNA
polymerase and PCR components (Takara Bio, Shiga, Japan), follow-
ing the method by Andrisin and coworkers?? The following human
GAPDH primers were used?3: Forward- CCACCCATGGGCAAATTC-
CATGGCA; %GC54, TM (1MNa+) 76, TM (50mMNa-+) 54; Reverse-
TCTAGACGGGCAGGTCAGGTCCACC; and %GC63, TM (1MNa+) 79,
TM (50mMNa+) 57. The thermal cycler conditions were as follows:
94°C for 1 min; 94°C for 15 s; 68°C for 15 s, 33 times; 72°C for 30 s;

and final extension at 72°C for 5 min.

2.4 | Selection of SNPs

The 12 most frequently reported SNPs in ATP2B1 that were associated
with hypertension, atherosclerosis, and cardiovascular disease were

selected. Table 1 lists the selected SNPs with their background infor-
mation. DNA samples were genotyped using an lllumina Infinium bead
chip (RIKEN, Tokyo, Japan), according to the manufacturer’s instruc-
tions. Loci-specific primers for each SNP were designed using the
RIKEN Genesis. The linkage disequilibrium block structure and pattern
were determined using Haploview version 4.2 (Broad Institute, Boston,
USA))

2.5 | Statistical analysis

The primary outcome of the study was the diagnosis of RHT. The sec-
ondary outcomes were systolic and diastolic blood pressure, diagnosis
of hypertension, and the number of antihypertensive drugs. Primary
exposure was considered an SNP in the ATP2B1 gene. The following
covariates were considered: sex, clinical and behavioral characteris-
tics at baseline (age, body mass index [BMI], estimated glomerular
filtration rate (eGFR), fasting glucose, triglyceride, low-density lipopro-
tein cholesterol, high-density lipoprotein cholesterol, antihypertensive
medication use, and history of diabetes), and blood pressure. The
Hardy-Weinberg equilibrium (HWE) was separately tested among the
case and control groups using x2 goodness-of-fit tests with one degree
of freedom. Almost all SNPs were in HWE. Logistic regression mod-
els were used for association analysis. Systolic blood pressure (SBP)
and diastolic blood pressure (DBP) were compared using Student’s
t test. The number of antihypertensives was compared with that of
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TABLE 2 Comparison of baseline patient characteristics between
patients with controlled hypertension and with resistant hypertension
(n=2931).

Controlled Resistant

hypertension  hypertension

(n=888) (n=43) p value
Age, years 70.9 + 10.8 732 + 87 174
Women, n (%) 513(56.3) 34(50.7) .376
Body mass index (kg/m?) 238 + 3.6 25.6 + 4.7 .001
eGFR (mL/min/1.73m2) 69.4 + 16.0 58.7 + 190 <.001
Fasting glucose (mg/dL) 982 + 226 1041+ 21.1 .006
LDL cholesterol (mg/dL) ~ 117.5 + 29.3  120.7 + 22.8 .543
HDL cholesterol (mg/dL) 67.4 + 17.5 62.8 + 185 .399
Triglyceride (mg/dL) 111.6 + 65.6 1168 + 58.1 495
History of diabetes,n (%) 181(19.9) 21(31.3) .029

Note: Baseline data are expressed as the means + standard deviations or
counts (percentages).

Age, sex,BMI,eGFR, FBS, LDL,HDL, and TG are compared using Student’s t-
test. History of diabetes is compared using chi-square test. A p value of <.05
is considered statistically significant.

Abbreviations: eGFR, estimated glomerular filtration rate; HDL, high-
density lipoprotein; LDL, low-density lipoprotein.

the main classes of antihypertensives by using the chi-square test.
For each SNP, we compared the percentage of RHT in minor allele
homozygotes and major allele carriers using the chi-square test. The
associations between particular alleles (rs2681472 and rs1401982)
and other ATP2B1 SNPs were assessed using Haploview 4.2.3¢ For
two-group comparisons, we used the Student’s t-test for normally
distributed continuous variables and the Mann-Whitney U test for
non-normally distributed continuous variables. Categorical variables
were not included in this study. Pearson’s correlation analysis was used
to evaluate the relationships between the pairs of parameters. Odds
ratios (ORs) and 95% confidence intervals (Cls) were calculated to
evaluate the effects of different alleles and haplotypes. Bonferroni cor-
rections and permutation tests were used to correct the p-values of
the alleles. All statistical analyses were performed using SPSS statisti-
cal software version 22.0 (IBM Corp., Armonk, NY, USA). All tests were

two tailed, with statistical significance set at p < .05.

3 | RESULTS

Among the 1124 patients with lifestyle-related diseases (e.g., hyper-
tension, dyslipidemia, and diabetes) screened, 193 patients were
excluded because of inadequately controlled hypertension. Finally, 888
patients with controlled hypertension and 43 patients with RHT were
included in the analysis. Table 2 presents the characteristics of patients
with controlled and RHT. The RHT group was associated with a higher
BMI, lower eGFR, higher fasting glucose levels, and a higher proportion
of diabetes. In addition, in the RHT group, the average systolic blood

pressure was approximately 140 mm Hg with an average of four antihy-

TABLE 3 Comparison of blood pressure and antihypertensive
drug use between patients with controlled hypertension and with
resistant hypertension (n = 931).

Controlled Resistant
hypertension hypertension
(n=888) (n=43) pvalue
SBP (mm Hg) 1291+ 78 1394+ 90 <.001
DBP (mm Hg) 758 + 6.8 768 + 7.4 .149
MAP (mm Hg) 93.6 £ 5.9 977 £ 6.6 <.001
Number of antihypertensive 14 + 1.0 40 + 0.7 <.001
drugs (n)
Antihypertensive drug class
Calcium channel blocker, n 468 (51.4) 57(85.1) <.001
(%)
ARB, n (%) 414 (45.4) 57(85.1) <.001
ACE inhibitor, n (%) 26(2.9) 4(6.0) .144
Diuretic, n (%) 33(3.6) 54(80.6) <.001
B-blocker, n (%) 120(13.2) 40(59.7) <.001
a-blocker, n (%) 26(2.9) 32(47.8) <.001
Nitrate, n (%) 36(4.0) 9(13.4) .002
Others, n (%) 37(40.6) 8(11.9) .009

Note: Baseline data are expressed as the means + standard deviations or as
counts (percentages).

SBP, DBP, and MAP are compared using Student’s t-test. The number of
antihypertensives is compared using the Mann-Whitney U test, while the
classes of antihypertensives is compared using the chi-square test. A p value
of <.05 is considered statistically significant.

Abbreviations: ACE, angiotensin-converting-enzyme inhibitor; ARB,
angiotensin Il receptor blocker; DBP, diastolic blood pressure; MAP, mean
arterial pressure; SBP, systolic blood pressure.

pertensive medications. SBP and the number of antihypertensive drugs
used were significantly different in patients with RHT (Table 3).

Table 4 shows the percentage of patients with RHT for each of the
12 ATP2B1 SNPs. For each SNP, we conducted logistic regression anal-
ysis using the chi-square test to compare the percentage of RHT in
minor allele homozygotes and in major allele carriers. Among these
SNPs, 10 SNPs, excluding rs2070759 and rs12817819, as major alle-
les, were more significantly associated with RHT. After adjusting for
various factors such as age and sex, rs2681472 and rs1401982 was
still significantly associated with RHT (Table 5). Among these two alle-
les, we focused on the differences in patient background by genotype
for rs1401982, the genotype with the most significant association, and
found no differences in the main patient background, including blood
pressure (Table 6).

Although major allele carriers and minor allele homomorphic car-
riers showed no significant differences in blood pressure, the former
group used significantly more antihypertensive medications than the
latter. Furthermore, a large proportion of patients with major alleles
used more than four antihypertensive medications (Figure 1). These
findings suggest that major allele carriers of rs1401982 require a
greater number of antihypertensive medications than minor allele

homozygotes to achieve similar blood pressure levels. Figure 2 shows
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TABLE 4 Frequency of resistant hypertension according to SNPs
of ATP2B1.

Minor
SNPs allele MAF AA/Aa (%) aa(%) pvalue
rs17249754 A 0.340 5.8 0.8 .023
rs2681492 © 0.343 5.8 0.8 .015
rs2681472 G 0.346 5.8 0.8 014
rs11105354 G 0.123 58 0.9 .022
rs1401982 G 0.349 5.8 0.8 014
rs7136259 T 0.342 5.8 0.9 .023
rs11105364 G 0.341 5.8 0.8 .023
rs11105378 T 0.335 5.7 0.9 .035
rs11105368 C 0.342 5.8 0.8 .023
rs2070759 T 0.439 5.5 3.8 .362
rs12579302 G 0.340 5.8 0.8 .023
rs12817819 T 0.098 5.1 10 413

Note: For each SNP, we compared the frequency of resistant hypertension
between minor allele homozygote carriers and major allele carriers using a
chi-square test.

Logistic regression analysis; p < .05 is considered statistically significant.
Abbreviations: AA/Aa, major allele carrier; aa, minor allele homozygote;
MAF, minor allele frequency; SNPs, single nucleotide polymorphisms.

the linkage disequilibrium structure of the SNPs in ATP1B2. Associa-
tion analysis between rs2681472 and rs1401982 and other ATP2B1
SNPs showed that the two SNPs were in linkage disequilibrium with
rs11105378 (Figure 2), which was previously associated with mRNA
expression levels of ATP2B1.

4 | DISCUSSION

This study identified two ATP2B1 SNPs that were associated with RHT
in the Japanese population. In addition, rs1401982 was most closely
associated with RHT, and major allele carriers of rs1401982 required
significantly more antihypertensive medications. To our best knowl-
edge, this study is the first to identify ATP2B1 SNPs associated with
RHT.

Previous genome-wide and gene-centric studies have established
strong associations of the ATP2B1 locus with SBP and DBP, as well as
with hypertension.810:37.38 Among East Asians, ATP2B1 rs2681472 is
associated with a risk of CAD.3? Among the 29 000 participants from
the CHARGE consortium, the odds of developing hypertension was
higher by 17% for rs2681472 carriers.® Another meta-analysis high-
lighted a significant association of rs17249754(G/A) (OR = 1.19, 95%
Cl: 1.10-1.28) and rs2681472 (A/G) (OR = 1.15, 95% CI: 1.12-1.17)
with the risk of hypertension, as well as with high SBP and DBP.2°
The ATP2B1 genotypes rs2070759 and rs2681472 were also strongly
associated with the risk of hypertension in the Saudi population.3®
Another case-control study in West Africa that involved patients with
essential hypertension and normotensive individuals reported a strong
association between ATP2B1 rs17249754 and hypertension.*°

TABLE 5 Adjusted odds ratios for the probability of resistant
hypertension according to the SNPs of ATP2B1.

Minor Adjusted
SNPs allele MAF OR (95% Cl) p value
rs17249754 A 0.340 7.33(0.97—-55.64) .054
rs2681492 C 0.343 7.42(0.98-56.37) .053
rs2681472 G 0.346 7.60(1.00—57.65) <.050
rs11105354 G 0.123 6.57 (0.87—49.76) 069
rs1401982 G 0.349 7.62(1.01-57.81) .049
rs7136259 T 0.342 7.15(0.94—54.25) .057
rs11105364 G 0.341 7.33(0.97-55.64) .054
rs11105378 T 0.335 6.61(0.87-50.43) 069
rs11105368 C 0.342 7.33(0.97-55.64) .054
rs2070759 T 0.439 1.18(0.49-2.86) 715
rs12579302 G 0.340 7.33(0.97-55.64) 054
rs12817819 T 0.098 0.28 (0.03-2.77) 277

Note: Logistic regression analysis is adjusted for age, sex, body mass index,
systolic blood pressure, estimated glomerular filtration rate, fasting blood
glucose, low-density lipoprotein, high-density lipoprotein, triglycerides, and
history of diabetes.

Abbreviations: Cl, confidence interval; MAF, minor allele frequency; OR,
odds ratio; SNPs, single nucleotide polymorphisms.

TABLE 6 Patient characteristics by rs1401982 allele.

AA/Aa

(n =888) aa(n=43) p value
Age (years) 1294 + 8.3 130.6 + 6.9 120
Women, n (%) 759 + 6.7 759 + 7.5 965
Body mass index (kg/m?) 239 + 3.7 235 + 3.3 239
eGFR (mL/min/1.73m2) 69.1 + 164 672 + 153 218
Fasting glucose (mg/dL) 99.0 + 234 954 + 157 .099
LDL cholesterol (mg/dL) 117.7 + 29.2 1173 + 27.9 .882
HDL cholesterol (mg/dL) 672 + 17.8 669 + 162 .847
Triglyceride (mg/dL) 112.6 + 66.6 1062 + 55.6 .308
History of diabetes, n (%) 171 20.4 468

Note: Baseline data are expressed as the means + standard deviations or
counts (percentages).

Age, sex, BMI, eGFR, FBS, LDL, HDL, and TG are compared using Student’s
t-test. History of diabetes is compared using chi-square test.
Abbreviations: eGFR, estimated glomerular filtration rate; HDL, high-
density lipoprotein; LDL, low-density lipoprotein.

The ATP2B1rs12817819 allele is associated with an increased risk
of RHT in hypertension participants with CAD or suspected ischemic
heart disease.’” Fontana and coworkers!? used a gene-centric array
containing approximately 50 000 SNPs to identify polymorphisms
associated with RHT in hypertensive participants with CAD from
INVEST-GENES (the INnternational Verapamil-SR Trandolapril
STudy—GENEtic Substudy). The authors used logistic regression
analysis using an additive model adjusted for age, sex, randomized

treatment assignment, BMI, principal components for ancestry, and
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FIGURE 1 Major allele carriers of rs1401982 require more
antihypertensive medications.
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FIGURE 2 Haploview plot depicting pairwise linkage
disequilibrium between the 12 studied SNPs with respect to
Lewontin’s coefficient (D¢) and Pearson’s (r) statistics. SNPs
rs2681472 and rs1401982 is in linkage disequilibrium with
rs11105378. SNP, single nucleotide polymorphism.

other significant predictors of RHT. Replication of the top SNP was
conducted in 241 European American women from WISE (Women'’s
Ischemia Syndrome Evaluation). mRNA expression of rs12817819
was measured in whole blood to investigate its functional effect. The
authors found that ATP2B1 rs12817819 was associated with RHT
in INVEST cohorts. A consistent trend was observed at rs12817819
in WISE. Expression analyses revealed significant differences in
ATP2B1 expression by rs12817819 genotype. Our study showed that
in the Japanese population, ATP2B1 was associated not only with
hypertension, but also with its resistance to treatment. The ATP2B1
rs2681472 polymorphism is associated with salt sensitivity in the
Korean population®! and with blood pressure phenotypes in the
Chinese and Japanese populations.81141

Tabara and coworkers!® reported a possible association between
the rs1401982 minor allele and a higher risk of hypertension in
the Japanese population. In contrast, a negative correlation between
rs1401982 and hypertension was found in the Chinese population.?’
The ATP2B1 rs1401982G allele is found in 27.96%, 34.95%, and

39.05% of the Chinese population, respectively.*? In the present study,
the minor allele frequency of the ATP2B1 rs1401982G allele was
34.9%. Compared to non-RHT, RHT is associated with a higher risk of
all-cause mortality and adverse health outcomes, especially cardiovas-
cular events. In a study of 200 000 patients in the United States, RHT
was associated with an increased risk of major cardiovascular events
(myocardial infarction, congestive heart failure or stroke) (HR: 1.47,
95% Cl: 1.33-1.62, p < .001) within a median follow-up of 3.8 years.®
In another large cohort of 470 386 individuals with hypertension,
RHT was significantly associated with congestive heart failure (HR:
1.46, 95% Cl: 1.40—1.52), ischemic heart events (HR: 1.24, 95% Cl:
1.20-1.28), cerebrovascular accident (HR: 1.14, 95% Cl: 1.10-1.19),
end-stage renal disease (HR: 1.32, 95% Cl: 1.27—1.37), and all-cause
mortality (HR: 1.06, 95% Cl: 1.03—1.08).*3 Considering the morbid
health outcomes of RHT, strategic approaches that promote early
detection and monitoring of patients at risk are needed. Analysis of
ATP2B1 SNPs in patients with hypertension can also lead to early pre-
diction of RHT and screening of high-risk patients who are more likely

to require more antihypertensive medications.

4.1 | Decreased ATP2B1 mRNA expression is
involved in the mechanism of RHT

The current study showed that rs2681472 and rs1401982 were
associated with treatment-resistant hypertension. The rs11105378
genotype is associated with ATP2B1 mRNA expression in umbilical
artery smooth muscle cells.2® In our study, rs11105378 was in link-
age disequilibrium with rs2681472 and rs1401982. A previous study
involving Chinese participants found that rs1105378 was significantly
associated with hypertension.** Alleles such as SNPs rs2681492,
rs2681472, and rs17249754, which are in strong linkage disequilib-
rium with rs1105378, have been suggested as genetic markers for
the development of hypertension. Further, rs1105378 might be func-
tionally important. In our study, mRNA expression of ATP2B1 might
have also been decreased in the major allele carriers of rs2681472
and rs1401982, which were in linkage disequilibrium. Importantly,
the results suggest that decreased mRNA expression of ATP2B1 may
be associated with RHT via the same mechanism as the previously
reported increases in vascular tension and decreases in NO production

in mice.

4.2 | Limitations

This study has some limitations. Information on smoking and medi-
cation adherence was not available. Furthermore, nutritional intake
and physical activity were not considered as confounding factors in
our analyses. Since nutritional intake and physical activity are known
to reduce blood pressure*>~47 by improving the effects of drugs or
promoting a reduction in blood pressure in situations where pharma-
cological treatment alone is not effective, these could have impacted

the results. In addition, pseudo-treatment-resistant hypertension
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cannot be completely ruled out. The small number of patients with
RHT in this study and the small proportion of patients with RHT among
minor homozygotes suggest that SNPs in ATP2B1 may be involved in
decreased mRNA expression. However, the SNPs involved in mRNA
expression remain unclear. Further large-scale studies or studies
involving a large number of RHT patients are needed to confirm our
findings.

5 | CONCLUSIONS

ATP2B1 is associated with RHT in Japanese patients with lifestyle-
related diseases. Further studies are warranted to determine the
underlying mechanisms. We anticipate that examining ATP2B1
through blood tests in clinical settings could lead to personalized
treatments, including modifications in antihypertensive medications,
in the future. However, oral mucosa is easier and safer to obtain
DNA samples than blood. This test would lead to the identification of
individuals at risk for treatment-resistant hypertension, enabling the

estimation of the required tailored medications.
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