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Simple Summary: Primary aldosteronism (PA) is the most common form of secondary hypertension
and induces various cardiovascular injuries. Aldosterone-producing adenoma (APA) is one of the
major forms of PA. The occurrence of APA is closely correlated with somatic mutations, including
KCNJ5. We described here the impact of KCNJ5 somatic mutations on arterial stiffness excluding
the influence of age, sex, and blood pressure status. We found KCNJ5 mutation carriers had similar
arterial stiffness before surgery, but greater improvement of arterial stiffness after adrenalectomy
compared with non-carriers. Hence, APA patients with KCNJ5 mutations had a greater improvement
in arterial stiffness after adrenalectomy than those without mutations.

Abstract: Primary aldosteronism is the most common form of secondary hypertension and induces
various cardiovascular injuries. In aldosterone-producing adenoma (APA), the impact of KCNJ5
somatic mutations on arterial stiffness excluding the influence of confounding factors is uncertain. We
enrolled 213 APA patients who were scheduled to undergo adrenalectomy. KCNJ5 gene sequencing
of APA was performed. After propensity score matching (PSM) for age, sex, body mass index, blood
pressure, number of hypertensive medications, and hypertension duration, there were 66 patients in
each group with and without KCNJ5 mutations. The mutation carriers had a higher aldosterone level
and lower log transformed brachial–ankle pulse wave velocity (baPWV) than the non-carriers before
PSM, but no difference in log baPWV after PSM. One year after adrenalectomy, the mutation carriers
had greater decreases in log plasma aldosterone concentration, log aldosterone–renin activity ratio,
and log baPWV than the non-carriers after PSM. Only the mutation carriers had a significant decrease
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in log baPWV after surgery both before and after PSM. KCNJ5 mutations were not correlated with
baseline baPWV after PSM but were significantly correlated with ∆baPWV after surgery both before
and after PSM. Conclusively, APA patients with KCNJ5 mutations had a greater regression in arterial
stiffness after adrenalectomy than those without mutations.

Keywords: KCNJ5 somatic mutation; pulse wave velocity; aldosterone-producing adenoma;
adrenalectomy; propensity score matching; arterial stiffness

1. Introduction

Primary aldosteronism (PA) is the most common form of secondary endocrine hyper-
tension, which accounts for 5–15% of all cases of hypertension [1–3]. Excessive aldosterone
results in various vascular structure injuries. Previous animal studies have shown that
aldosterone infusion in uninephrectomized rats accompanied with a high sodium diet
could cause increased arterial stiffness associated with fibronectin accumulation [4]. In
addition, this effect was independent of wall stress as shown by normotensive controls and
reversal of vascular damage by treatment with an aldosterone antagonist [4]. In clinical
studies, increased carotid–femoral pulse wave velocity (PWV), which represents increased
arterial stiffness, has been noted in patients with PA compared to patients with essential
hypertension (EH) after adjusting for all clinical variables including 24 h blood pressure [5].
These effects on arteries have been shown to be reversed after adrenalectomy [6,7].

Aldosterone-producing adenoma (APA) is one of the major subtypes of PA, and
it can be cured by adrenalectomy [8,9]. Channelopathies resulting from somatic mu-
tations have been identified as the main pathogenesis of APA in recent years [10–14].
Mutations of the KCNJ5 gene (coding for G protein-activated inward rectifier potassium
channels [10]) are the most common, with a prevalence rate of around 40% in Western
countries [15–17] but 55–75% in Asian countries [18–21]. Some common clinical pheno-
types in both Western and Asian APA patients with KCNJ5 mutations have been observed,
including younger age, higher aldosterone level, lower potassium level, and higher hy-
pertension cure rate [15–17,22]. However, differences in sex and tumor size have not been
found in most Asian studies [20,23,24].

Previous studies have reported associations between KCNJ5 somatic mutations and
worse left ventricular remodeling but better recovery after adrenalectomy [22,25]. However,
only a few studies have investigated the impact of KCNJ5 somatic mutations on arterial
stiffness. Previous studies have reported a lower PWV in APA patients with KCNJ5
mutations compared to those without mutations [23,24]. However, a younger age in
patients with mutations would cause a lower PWV, which would then interfere with the
interpretation of the effect of KCNJ5 mutations. In contrast, an earlier study from our group
showed that APA patients with KCNJ5 mutations had comparable PWV to patients without
KCNJ5 mutations both before and after matching for age, sex, and body mass index [26]. In
addition, the influence of KCNJ5 mutations on the change in PWV after adrenalectomy is
still unclear.

This study was designed to investigate the role of KCNJ5 mutations on arterial stiffness
and its reversal after adrenalectomy. We used propensity score matching (PSM) analysis to
attenuate possible confounding factors.

2. Materials and Methods
2.1. Patients

In this prospective study, we enrolled 213 APA patients who were scheduled to
undergo adrenalectomy from January 2007 to May 2019 at National Taiwan University
Hospital. The medical histories, including demographic data, severity of blood pressure,
and medications of all patients were reviewed carefully. Serum biochemical and brachial–
ankle pulse wave velocity (baPWV) data were acquired at the initial evaluation of the
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patients, and again 1 year after adrenalectomy. Cure was defined as patients who had
normalized blood pressure (systolic blood pressure (SBP) < 140 mmHg and diastolic blood
pressure (DBP) < 90 mmHg) independently of any antihypertensive drugs after adrenalec-
tomy, which is the same as the definition of “completely clinically cured” proposed by the
Primary Aldosteronism Surgical Outcomes (PASO) group [27]. Informed consent was ob-
tained from all patients prior to inclusion in the study, and the study was approved by the
Ethics Committee of National Taiwan University Hospital (approval number: 200611031R).

2.2. Laboratory Measurements

Plasma aldosterone concentration (PAC) was measured using a commercial radioim-
mune assay kit (Aldosterone Maia Kit; Adaltis Italia, Bologna, Italy). Plasma renin activity
(PRA) was measured according to the generation of angiotensin-I in vitro using a commer-
cial radioimmune assay kit (DiaSorin, Stillwater, MN, USA). The aldosterone-to-renin ratio
(ARR) was calculated as the PAC divided by the PRA.

2.3. Diagnostic Criteria for Aldosterone-Producing Adenomas

The diagnosis of APA was confirmed according to the consensus of the Taiwan Society of
Aldosteronism [28] and “modified four corner criteria” after adrenalectomy [29,30] as follows:
(1) excess aldosterone production in accordance with an ARR > 35, TAIPAI score > 60% [31],
and seated post-saline loading PAC > 16 ng/dL or urine aldosterone > 12 µg/24 h [32];
(2) adenoma on a CT scan; (3) lateralization of excessive aldosterone secretion according
to adrenal venous sampling or dexamethasone suppression NP-59 single-photon emission
computed tomography (SPECT/CT) [33]; (4) adenoma in histopathological analysis after
adrenalectomy, and subsequently either a biochemical cure pattern with improvement of
hypertension or clinical cure pattern of hypertension without antihypertensive drugs.

2.4. Arterial Stiffness Evaluation

We measured the baPWV of the patients in a supine position with an autonomic
waveform analyzer (Colin VP-2000, Omron Inc., Kyoto, Japan) after a rest of at least
15 min. The analyzer recorded bilateral brachial and tibial arterial pressure waveforms,
phonocardiogram, and electrocardiogram. The time difference from brachial to ankle
arterial pressure wave was determined according to the wave front velocity theory [34].
The distance between arm and ankle was expressed as a linear equation of height. The
baPWV was calculated as the distance divided by the time difference. Finally, the average
of right and left baPWV values in each patient was used for further analysis.

2.5. Adrenalectomy

All of the APA patients underwent laparoscopic adrenalectomy via a lateral trans-
peritoneal approach by experienced laparoscopic surgeons.

2.6. Histopathologic Studies

Adrenal specimens were blindly assessed by an experienced pathologist. Nodules
comprised of adrenal cortical cells and clearly demarcated by a pseudo-capsule were
defined as adenomas [35]. Adenomas were differentiated from nodular hyperplasia if they
were isolated and well-circumscribed [36].

2.7. Genomic DNA Extraction and Sequencing of the KCNJ5 Gene

Adrenal specimens were stored at −80 ◦C after adrenalectomy. Genomic DNA was
extracted using a QIAamp DNA mini kit (Qiagen, Hilden, Germany) from 213 peritumoral
adrenal cortices.

We analyzed the coding regions of the genomic DNA via exome sequencing. The
entire coding sequence (exons 2–3) and flanking regions of the KCNJ5 gene were amplified
and sequenced using four sets of gene-specific primers as reported previously [37] (listed
in Table S1). GoTaq® Master Mix (Promega Corporation, Madison, WI, USA) was used
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for the PCR reactions with an annealing temperature of 58 ◦C. GenepHlow™ Gel/PCR
Kits (Geneaid, Taipei, Taiwan ROC) were used to extract DNA fragments from PCR.
Sanger sequencing of PCR products was carried out using a 3730 DNA Analyzer (Applied
Biosystems, Foster City, CA, USA).

2.8. Statistical Analysis

SPSS for Windows version 25.0 (SPSS Inc., Chicago, IL, USA) with the R-3.3 plugin
extension was used for the propensity score matching (PSM) analysis. A 1:1 matching ratio
was adopted. Propensity scores were assessed using a non-parsimonious multiple logistic
regression model including the following probable confounding variables in patients with
and without KCNJ5 somatic mutations: age, sex, body mass index (BMI), SBP, DBP, number
of hypertensive medications, and duration of hypertension. The balance of the selected
covariates for matching between the matched groups was subsequently examined.

All continuous variables were presented as mean ± SD. Non-normally distributed
variables were presented as median and interquartile range, including PAC, PRA, and
ARR. The equality of two proportions was evaluated using the Pearson chi-square test.
Comparisons of continuous data between two groups were conducted using the Student’s
t test for normally distributed variables or the Wilcoxon rank-sum test for non-normally
distributed variables. Comparisons of continuous data before and after adrenalectomy
were performed using paired t tests. PAC, PRA, and ARR data were log-transformed due
to non-normal distribution as determined by the Kolmogorov–Smirnov test for further
regression analysis. Correlations of KCNJ5 mutations with baseline log baPWV and the
change in log baPWV after adrenalectomy before and after PSM were analyzed using linear
regression analysis with different adjustment models.

3. Results
3.1. Clinical and Biochemical Data of All APA Patients before and after Matching

Of the 213 APA patients who received adrenalectomy, 126 (59.2%) had KCNJ5 somatic
mutations. Of these 126 mutation carriers, sequencing of adenoma specimens demon-
strated that 75 patients had p.Gly151Arg (c.451G > A or c.451G > C), 45 had p.Leu168Arg
(c.503T > G), 3 had p.Thr158Ala (c.472A > G), and 3 had p.Glu145Gln (c.433G > C) muta-
tions in the heterozygous state.

The KCNJ5 mutation carriers were younger (p < 0.001), had a shorter duration of
hypertension (p = 0.018), higher DBP (p = 0.003), higher aldosterone level (p < 0.001), higher
ARR (p = 0.003), and lower potassium level (p < 0.001) (Table 1).

After 1:1 PSM for age, sex, BMI, SBP, DBP, duration of hypertension, and number of
hypertensive medications, there were 66 patients in each group (KCNJ5 mutation carrier
group and non-carrier group). The matched APA patients with KCNJ5 mutations had a
lower rate of angiotensin-converting enzyme inhibitor (ACEI) or angiotensin II blocker
(ARB) use (p = 0.037), higher aldosterone level (p = 0.012), higher ARR (p = 0.017), and
lower potassium level (p < 0.001) than the non-carriers (Table 1).

3.2. baPWV of All APA Patients before and after Matching

Before PSM, the patients with KCNJ5 mutations had a lower log baPWV (p = 0.046)
compared to the non-carriers (Table 1). After PSM, there was no significant difference in
log baPWV between the two groups (Table 1).

3.3. The Change in Clinical Data after Adrenalectomy before and after Matching

One year after adrenalectomy, the APA patients with KCNJ5 mutations had a signifi-
cantly higher cure rate (79% vs. 61%, p = 0.004) before PSM, and borderline higher cure
rate (79% vs. 64%, p = 0.055) after PSM.

Before PSM, the APA patients with KCNJ5 mutations had a greater decrease in SBP
(p = 0.002), DBP (p = 0.003), number of hypertensive drugs (p = 0.001), log PAC (p < 0.001),
log PRA (p = 0.034), and log ARR (p = 0.001), and greater increase in creatinine (p = 0.009)
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and potassium (p < 0.001) compared to the patients without KCNJ5 mutations (Table 2).
After PSM, the decrease in log PAC (p = 0.033) and log ARR (p = 0.015) and increase in
potassium (p < 0.001) were still significantly higher in the matched APA patients with
KCNJ5 mutations than in those without KCNJ5 mutations (Table 2).

Table 1. Baseline clinical data of APA patients with and without KCNJ5 mutations before and after PSM.

Variables Before Propensity Score Matching After Propensity Score Matching *

Patient Characteristics KCNJ5 (+)
(n = 126)

KCNJ5 (−)
(n = 87) p KCNJ5 (+)

(n = 66)
KCNJ5 (−)

(n = 66) p

Age, years 47.3 ± 10.3 55.3 ± 10.5 <0.001 50.3 ± 9.6 52.5 ± 10.1 0.190
Sex, male 53(42%) 36(36%) 0.921 27(41%) 27(41%) 1.000

Height, cm 164 ± 8 163 ± 9 0.213 163 ± 8 163 ± 9 0.763
Weight, kg 66 ± 13 67 ± 14 0.774 67 ± 12 66 ± 14 0.930

Body mass index, kg/m2 24.5 ± 3.5 25.1 ± 3.8 0.248 24.9 ± 3.7 24.8 ± 3.7 0.914

Duration of hypertension, years 6.5 ± 6.0 9.0 ± 8.6 0.018 7.0 ± 6.1 8.4 ± 8.5 0.281

SBP, mm Hg 156 ± 22 151 ± 21 0.114 153 ± 22 152 ± 21 0.930
DBP, mm Hg 94 ± 15 89 ± 13 0.003 90 ± 14 90 ± 13 0.923

Diabetes mellitus 10(8%) 12(14%) 0.189 8(12%) 7(11%) 0.786
Dyslipidemia 21(17%) 20(23%) 0.321 15(23%) 15(23%) 1.000

Number of anti-hypertensive drugs 2.1 ± 1.1 1.9 ± 1.1 0.251 1.9 ± 1.0 2.0 ± 1.0 0.670

Hypertension medication type

ACEI/ARB 50(40%) 44(50%) 0.172 26(39%) 38(58%) 0.037
α -Blocker 34(27%) 15(17%) 0.097 15(23%) 13(20%) 0.673
β -Blocker 44(35%) 30(34%) 0.858 20(30%) 22(33%) 0.711

CCB 93(74%) 57(65%) 0.183 45(68%) 44(67%) 0.854

Diuretics except aldosterone antagonist 8(6%) 9(10%) 0.210 3(5%) 8(12%) 0.118

Aldosterone antagonist 37(29%) 18(21%) 0.203 19(29%) 12(18%) 0.153
Vasodilator 9(7%) 6(7%) 0.963 3(5%) 4(6%) 0.700

Laboratory parameters
Creatinine, mg/dL 0.87 ± 0.34 0.89 ± 0.29 0.694 0.89 ± 0.42 0.92 ± 0.31 0.718

Potassium, mmol/L 3.3 ± 0.6 3.8 ± 0.4 <0.001 3.3 ± 0.6 3.8 ± 0.5 <0.001
PAC †, ng/dL 51(45) 34(23) <0.001 46(42) 34(22) 0.012

PRA †, ng/mL/h 0.17(0.52) 0.28(0.70) 0.171 0.17(0.45) 0.36(0.78) 0.090

ARR †, ng/dL per ng/mL/h 271(737) 134(429) 0.003 254(619) 118(361) 0.017

Log PAC 1.69 ± 0.28 1.53 ± 0.27 <0.001 1.66 ± 0.29 1.55 ± 0.27 0.026
Log PRA −0.74 ± 0.73 −0.60 ± 0.82 0.167 −0.75 ± 0.71 0.54 ± 0.89 0.133
Log ARR 2.44 ± 0.78 2.12 ± 0.80 0.005 2.41 ± 0.73 2.08 ± 0.86 0.022

baPWV †, cm/s 1554(428) 1661(445) 0.088 1559(414) 1571(422) 0.831
log baPWV 3.20 ± 0.07 3.22 ± 0.08 0.046 3.21 ± 0.07 3.21 ± 0.08 0.530

Values are expressed as mean SD, median (interquartile range), or number (percentage). SBP, systolic blood pressure; DBP, diastolic
blood pressure; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II blocker; ARR, aldosterone–renin ratio; CCB, calcium
channel blocker; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone–renin activity ratio. * 1:1 matched
for age, sex, BMI, SBP, DBP, duration of hypertension, and number of anti-hypertension drugs between the KCNJ5(+) and KCNJ5(−)
groups. † Expressed as median and interquartile range.

For the change in log baPWV, the APA patients with KCNJ5 mutations had a signifi-
cantly greater decrease than the patients without KCNJ5 mutations both before (p = 0.014)
and after (p = 0.040) PSM (Figure 1A,D).

3.4. Paired Comparisons of Clinical Data in All Patients before PSM before and after
Adrenalectomy, and Comparisons of Parameters 1 Year after Surgery between the APA Patients
with and without Mutations

Before PSM, both the APA patients with and without KCNJ5 mutations had significant
decreases in SBP, DBP, number of hypertensive drugs, and log ARR, and both groups had
significant increases in creatinine, potassium, and log PRA after adrenalectomy (Table 3).



Cancers 2021, 13, 4313 6 of 13

However, only the APA patients with KCNJ5 mutations had a significant decrease in log
PAC (p < 0.001) and log baPWV (p < 0.001) after adrenalectomy, which was not found in
the patients without KCNJ5 mutations (Figure 1B,C).

Table 2. Changes of clinical data of APA patients with and without KCNJ5 mutation after adrenalectomy before and after PSM.

Variables Before Propensity Score Matching After Propensity Score Matching *

Patient Characteristics KCNJ5 (+)
(n = 106)

KCNJ5 (−)
(n = 74) p KCNJ5 (+)

(n = 58)
KCNJ5 (−)

(n = 58) p

∆SBP, mmHg −26 ± 22 −16 ± 22 0.002 −24 ± 23 −16 ± 23 0.085
∆DBP, mmHg −13 ± 16 −7 ± 13 0.003 −10 ± 14 −7 ± 14 0.142

∆Number of
hypertensive drugs −1.7 ± 1.1 −1.2 ± 1.1 0.001 −1.6 ± 1.1 −1.3 ± 1.1 0.052

∆Creatinine, mg/dL 0.19 ± 0.36 0.07 ± 0.22 0.009 0.18 ± 0.38 0.06 ± 0.23 0.427
∆Potassium, mmol/L 1.1 ± 0.7 0.4 ± 0.6 <0.001 1.1 ± 0.8 0.5 ± 0.6 <0.001

∆log PAC −0.24 ± 0.35 −0.05 ± 0.35 <0.001 −0.19 ± 0.36 −0.04 ± 0.35 0.033
∆log PRA 0.99 ± 0.95 0.68 ± 0.99 0.034 0.99 ± 0.93 0.67 ± 1.03 0.082
∆log ARR −1.23 ± 1.04 −0.72 ± 1.00 0.001 −1.18 ± 1.02 −0.71 ± 1.00 0.015

Values are expressed as mean SD, median (interquartile range). SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma
aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone–renin activity ratio. * 1:1 matched for age, sex, BMI, SBP, DBP,
duration of hypertension, and number of anti-hypertension drugs between the KCNJ5(+) and KCNJ5(−) groups.
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Figure 1. The changes in log baPWV after adrenalectomy between the APA patients with and without KCNJ5 mutations
before and after PSM. (A) Before PSM, the decrease in log baPWV after adrenalectomy was significantly greater in the patients
with KCNJ5 mutations than in those without mutations. (D) Even after PSM, the decrease in log baPWV after adrenalectomy
was still significantly greater in the patients with KCNJ5 mutations than in those without mutations. (B,C) Before PSM, only
the patients with KCNJ5 mutations had a significant decrease in log baPWV, and this was not seen in the patients without
KCNJ5 mutations. (E,F) After PSM, still only the patients with KCNJ5 mutations had a significant decrease in log baPWV,
and again this was not seen in the patients without KCNJ5 mutations. APA, aldosterone-producing adenoma; baPWV,
brachial–ankle pulse wave velocity.
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Table 3. Paired comparisons of clinical data and pulse wave velocity data of all patients before and after adrenalectomy
according to the status of KCNJ5 mutations and the comparisons of parameters after operations between APA patients with
and without mutations.

Variables KCNJ5 (+) KCNJ5 (−)

Patient Characteristics Baseline
(n = 106)

Post-OP 1Y
(n = 106) p Baseline

(n = 74)
Post-OP 1Y

(n = 74) p p §

SBP, mm Hg 157 ± 22 130 ± 16 <0.001 152 ± 21 136 ± 19 <0.001 0.044
DBP, mm Hg 95 ± 15 82 ± 11 <0.001 89 ± 12 82 ± 11 <0.001 0.862

Number of hypertensive drugs 2.1 ± 1.1 0.4 ± 0.8 <0.001 1.9 ± 1.1 0.7 ± 1.0 <0.001 0.010

Creatinine, mg/dL 0.88 ± 0.36 1.07 ± 0.61 0.001 0.90 ± 0.31 0.96 ± 0.33 0.014 0.171
Potassium, mmol/L 3.3 ± 0.7 4.4 ± 0.4 <0.001 3.8 ± 0.5 4.2 ± 0.4 <0.001 0.081

Log PAC 1.71 ± 0.26 1.47 ± 0.23 <0.001 1.53 ± 0.27 1.49 ± 0.26 0.262 0.589
Log PRA −0.74 ± 0.78 0.99 ± 0.95 <0.001 −0.55 ± 0.84 0.68 ± 0.99 <0.001 0.248
Log ARR 2.45 ± 0.82 1.21 ± 0.65 <0.001 2.08 ± 0.81 1.36 ± 0.73 <0.001 0.182

Log baPWV * 3.20 ± 0.07 3.16 ± 0.08 <0.001 3.22 ± 0.08 3.21 ± 0.09 0.127 <0.001

Values are expressed as mean SD, median (interquartile range). SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma
aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone–renin activity ratio; baPWV, brachial–ankle pulse wave velocity.
* There were 103 patients and 65 patients with and without KCNJ5 mutations, respectively, that took a PWV exam one year after operation.
§ p value comparing the parameters after operations between APA patients with and without KCNJ5 mutations.

In addition, the patients with KCNJ5 mutations had a significantly lower SBP (p = 0.044),
number of hypertensive drugs (p = 0.010), and log baPWV (p < 0.001) 1 year after adrenalec-
tomy compared to those without mutations.

3.5. Paired Comparisons of Clinical Data in Matched Patients before and after Adrenalectomy

After PSM, both the APA patients with and without KCNJ5 mutations had significant
decreases in SBP, DBP, number of hypertensive drugs, and log ARR, and both groups
had significant increases in potassium and log PRA after adrenalectomy (Table 4). How-
ever, only the APA patients with KCNJ5 mutations had a significant increase in creatinine
(p = 0.001) and decrease in log PAC (p < 0.001) and log baPWV (p < 0.001) after adrenalec-
tomy, which was not found in the patients without KCNJ5 mutations (Figure 1E,F).

Table 4. Paired comparison of clinical data and pulse wave velocity data of matched * patients before and after adrenalectomy
according to the status of KCNJ5 mutations.

Variables KCNJ5 (+) KCNJ5 (−)

Patient Characteristics Baseline
(n = 58)

Post-OP 1Y
(n = 58) p Baseline

(n = 58)
Post-OP 1Y

(n = 58) p p §

SBP, mm Hg 154 ± 23 131 ± 15 <0.001 152 ± 20 136 ± 19 <0.001 0.092
DBP, mm Hg 92 ± 14 81 ± 10 <0.001 90 ± 12 84 ± 11 0.001 0.194

Number of hypertensive drugs 2.0 ± 1.0 0.4 ± 0.8 <0.001 2.0 ± 1.0 0.7 ± 1.0 <0.001 0.013

Creatinine, mg/dL 0.91 ± 0.45 1.09 ± 0.75 0.001 0.94 ± 0.32 1.01 ± 0.35 0.083 0.469
Potassium, mmol/L 3.3 ± 0.7 4.3 ± 0.4 <0.001 3.8 ± 0.5 4.3 ± 0.4 <0.001 0.472

Log PAC 1.68 ± 0.30 1.49 ± 0.22 <0.001 1.55 ± 0.27 1.50 ± 0.26 0.339 0.836
Log PRA −0.75 ± 0.77 0.24 ± 0.62 <0.001 −0.52 ± 0.91 0.15 ± 0.75 <0.001 0.462
Log ARR 2.42 ± 0.79 1.24 ± 0.64 <0.001 2.07 ± 0.86 1.35 ± 0.72 <0.001 0.390

log baPWV † 3.21 ± 0.06 3.17 ± 0.07 <0.001 3.22 ± 0.08 3.20 ± 0.09 0.154 0.045

Values are expressed as mean SD, median (interquartile range). SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma
aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone–renin activity ratio; baPWV, brachial–ankle pulse wave velocity.
* 1:1 matched for age, sex, BMI, SBP, DBP, duration of hypertension, and number of anti-hypertension drugs between the KCNJ5 (+) and
KCNJ5 (−) groups. † After PSM, there were 55 patients and 52 patients with and without KCNJ5 mutations, respectively, that took a PWV
exam one year after operation. § p value comparing the parameters after operations between APA patients with and without KCNJ5
mutations.
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In addition, the matched patients with KCNJ5 mutations had a significantly higher
number of hypertensive drugs (p = 0.013), and log baPWV (p = 0.045) 1 year after adrenalec-
tomy compared to those without mutations.

3.6. Correlation of KCNJ5 Mutations with Baseline log baPWV and the Change in log baPWV
before and after PSM

Before PSM, the patients with KCNJ5 mutations were correlated with baseline log PWV
in Model 1 analysis (p = 0.046, without adjustments) (Table 5). However, after adjusting
for age and sex (Model 2 analysis), the correlation between KCNJ5 mutations and baseline
log PWV was no longer significant. This was also found in subsequent analysis models. In
contrast, the patients with KCNJ5 mutations were correlated with the change in log PWV in
all of the analysis models, including unadjusted (Model 1, p = 0.014), adjusted for age and sex
(Model 2, p = 0.017), adjusted for age, sex, SBP, and DBP (Model 3, p = 0.043), and adjusted for
age, sex, SBP, DBP, hypertensive drugs, and hypertension duration (Model 4, p = 0.039).

Table 5. Correlation of KCNJ5 mutations with baseline log baPWV and the change of log baPWV after adrenalectomy of
APA patients before and after PSM.

Pre-PSM Post-PSM

Model Pre-OP log baPWV ∆ log baPWV Pre-OP log baPWV ∆ log baPWV

Model 1 β = −0.137, p = 0.046
(−0.043, 0.000)

β = −0.190, p = 0.014
(−0.046, −0.005)

β = −0.055, p = 0.530
(−0.036, 0.019)

β = −0.199, p = 0.040
(−0.051, −0.001)

Model 2 β= 0.065, p = 0.293
(−0.009, 0.029)

β= −0.194, p = 0.017
(−0.047, −0.005)

β= 0.004, p = 0.959
(−0.023, 0.024)

β= −0.191, p = 0.049
(−0.050, 0.000)

Model 3 β= 0.025, p = 0.644
(−0.013, 0.021)

β= −0.161, p = 0.043
(−0.043, −0.001)

β= −0.002, p = 0.980
(−0.021, 0.020)

β= −0.194, p = 0.036
(−0.049, −0.002)

Model 4 β = 0.020, p = 0.721
(−0.014, 0.020)

β = −0.166, p = 0.039
(−0.043, −0.001)

β= −0.001, p = 0.982
(−0.021, 0.021)

β = −0.187, p = 0.043
(−0.048, −0.001)

Model 1 unadjusted. Model 2 adjusted for age, sex. Model 3 adjusted for age, sex, SBP, DBP. Model 4 adjusted for age, sex, SBP, DBP,
number of hypertensive drugs, hypertension duration.

After PSM, the patients with KCNJ5 mutations were not correlated with baseline
log PWV in any of the analysis models (Table 5). In contrast, the patients with KCNJ5
mutations were correlated with the change in log PWV in all of the analysis models,
including unadjusted (Model 1, p = 0.040), adjusted for age and sex (Model 2, p = 0.049),
adjusted for age, sex, SBP, and DBP (Model 3, p = 0.036), and adjusted for age, sex, SBP,
DBP, hypertensive drugs, and hypertension duration (Model 4, p = 0.043).

4. Discussion

The major findings of this study were as follows. First, the APA patients with KCNJ5
mutations had lower baseline baPWV compared to those without mutations; however,
there was no difference after matching for age, sex, and blood pressure. Second, after
adrenalectomy, the patients with KCNJ5 mutations had a greater decrease in baPWV com-
pared to those without mutations both before and after matching. Third, only the patients
with KCNJ5 mutations had a significant improvement in baPWV after adrenalectomy, and
this was not seen in those without mutations either before or after matching. Finally, KCNJ5
mutations were correlated with the change in baPWV even after adjusting for age, sex, and
baseline blood pressure status both before and after matching.

Arterial stiffness can be caused by various etiologies, including age, hypertension,
and hyperglycemia. PWV is a global cardiovascular indicator of arterial stiffness [38]. A
pulse wave is produced from the ejection of blood from the heart. PWV is the speed of a
pulse wave propagating to the periphery and is calculated as the distance of a pulse wave
travelled divided by the time difference [39]. baPWV was developed around 20 years ago,
and it is widely used to measure PWV due to its simplicity, convenience, and reliable
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reproducibility, especially in Japan and Asian countries [40,41]. Recent studies have shown
that baPWV is a good predictor of cardiovascular events [42–45]. In a meta-analysis
including 18 studies [43], Vlachopoulos et al. reported that an increase in baPWV of
1 m/s was correlated with increases of 12%, 13%, and 6% in total cardiovascular events,
cardiovascular mortality, and all-cause mortality, respectively.

In a vascular smooth muscle cell study, aldosterone was shown to increase collagen
synthesis [46]. In an animal study, aldosterone infusion accompanied with a high sodium
diet in rats was shown to cause increased arterial stiffness as evidenced by fibronectin accu-
mulation. Moreover, this effect was independent of wall stress as shown by normotensive
controls and reversal of vascular damage by treatment with an aldosterone antagonist [4].
In clinical studies, patients with PA have also been shown to have a higher PWV compared
to patients with EH [5], even after adjusting for blood pressure [5,47], and this effect was
reversed after adrenalectomy [6,7]. In addition, the severity of PWV has been correlated
with serum aldosterone level [48]. Taken together, these studies all imply that excessive
aldosterone increases arterial stiffness.

The KCNJ5 gene is the most common site of somatic mutations in APA patients,
especially in Asian countries [18–21]. KCNJ5 mutations have been reported to increase
intracellular calcium concentrations and induce activation of calcium signaling, leading to
the overexpression of CYP11B2 and increase in aldosterone production [10]. APA patients
with KCNJ5 mutations have been reported to be younger, have a higher aldosterone level,
lower potassium level, and higher hypertension cure rate compared to those without
mutations in previous studies [15–17,22]. However, age, blood pressure and aldosterone
level may influence the PWV in APA patients, and this may account for the diverse results
reported in previous studies about the effect of KCNJ5 mutations on PWV [23,24,26].

Our previous study revealed that APA patients with KCNJ5 mutations had a higher
left ventricular mass, and subsequently a greater regression in mass after adrenalectomy
than those without mutations [25]. However, the impact of KCNJ5 mutations on the change
in PWV after adrenalectomy is still uncertain. In a study from Japan, Kitamoto et al. [23]
reported a lower baseline baPWV in patients with KCNJ5 mutations compared to those
without mutations, and only patients with mutations had a significant decrease in baPWV.
However, their study only enrolled a relatively small number of cases with follow-up
baPWV data after adrenalectomy (33 with mutations and 5 without mutations), and
subsequent data of comparisons in changes between the two groups were not available.
In addition, the baseline age was younger in the patients with mutations, which may
have interfered with the interpretation of lower baseline baPWV and greater change in
baPWV in the patients with mutations, since younger patients generally have a lower
baPWV after excluding other confounding factors. In contrast, an earlier study from our
group showed that APA patients with KCNJ5 mutations had a comparable PWV to patients
without mutations both before and after matching for age, sex, and body mass index [26]. In
addition, the post-operative decrease in PWV was numerically higher in the APA patients
with KCNJ5 mutations, although the difference did not reach significance (p = 0.106). This
may have been due to the small number of enrolled patients [26].

In the present study, before PSM, the APA patients with KCNJ5 mutations had a
lower baPWV compared to those without mutations, however there was no difference after
matching for age, sex, and blood pressure status. Before PSM, the patients with mutations
were younger and had a shorter duration of hypertension, which may have contributed
to the lower baPWV compared to those without mutations. However, after matching for
age and blood pressure status, including the duration of hypertension, the difference in
baPWV between the two groups diminished. This implies that a younger age and shorter
hypertension duration may have accounted for the lower baPWV in the patients with
KCNJ5 mutations before PSM.

In the current study, we also found that the patients with KCNJ5 mutations had a
larger decrease in baPWV after adrenalectomy both before and after PSM compared to
those without mutations. This finding was not shown in a previous study in Japan [23]. Our
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previous study showed a numerically higher baPWV post-operatively but without signifi-
cance in APA patients with KCNJ5 mutations comparable to those without mutations [26],
and the current study confirms this finding both before and after PSM. Comparing the
current study with our previous study, we enrolled more patients in the current study,
which may be why the difference in baPWV reached statistical significance. The possible
causes of a greater decrease in baPWV after surgery in patients with KCNJ5 mutations
include the following. First, the decreases in serum PAC level and ARR were greater in
the patients with KCNJ5 mutations than in those without mutations both before and after
PSM. One previous study showed a correlation between serum aldosterone level and the
severity of PWV [48]. Therefore, a greater decrease in aldosterone level after adrenalectomy
may contribute to greater reversal of baPWV. Second, the rate of residual hypertension
was lower in the patients with KCNJ5 mutations after adrenalectomy. In addition, SBP
(before PSM) and the number of hypertensive drugs (before and after PSM) were lower
in the patients without KCNJ5 mutations. Taken together, these findings imply better
blood pressure status in the patients with KCNJ5 mutations compared to those without
mutations. The association between hypertension and arterial stiffness has been well
established [49]. Therefore, this may account for the smaller reversal in baPWV after
surgery in the patients without mutations. Third, in another recent study by our group,
we found that the presence of KCNJ5 mutations was associated with a lower incidence
of subclinical hypercortisolism [50]. APA patients with subclinical hypercortisolism have
been reported to have a higher incidence of comorbidities, including heart disease, cardio-
vascular events history, diabetes, and metabolic syndrome [51]. The higher incidence of
subclinical hypercortisolism and subsequent comorbidity in APA patients without KCNJ5
mutations compared to those with KCNJ5 mutations may therefore also contribute to a
smaller reversal in baPWV after surgery.

Limitations

There are several limitations to this study. First, even though we used PSM to decrease
discrepancies in age, sex, BMI, blood pressure, duration of hypertension, and number
of hypertensive medications between the patients with and without KCNJ5 mutations,
unknown bias is still possible, and this may have caused an imbalance in baPWV between
the two study groups. Second, we did not check somatic mutations other than KCNJ5,
such as ATP1A1, ATP2B3 [52], CACNA1D [53], and CTNNB1 [54], hence we had no idea
about the effects of these genes on baPWV. Third, the usage rates of ACEIs/ARBs in the
APA patients with KCNJ5 mutations were lower compared to those without mutation after
matching. However, in previous studies, ACEIs or ARBs have been shown to improve
arterial stiffness in patients with hypertension [55–57]. Therefore, the lower usage rates
of ACEIs/ARBs in the patients with mutations may have caused the smaller decrease in
baPWV, but this did not affect the final result of greater reversal of baPWV in patients with
mutations. Fourth, since KCNJ5 gene mutations present heterogeneity between Asian and
Western populations, the results of this study may not be completely applicable to Western
populations. Fifth, the use of aldosterone antagonists may influence the study results.
However, the number of patients who use aldosterone antagonists was small, and it was
not adequate for subgroup analysis. Sixth, we did not have the long-term follow-up data
of baPWV of these patients. Whether the discrepancy of the changes of baPWV between
the two groups persists or not is uncertain.

5. Conclusions

Compared to the APA patients without KCNJ5 mutations, those with KCNJ5 mutations
had comparable baseline arterial stiffness but a greater regression in arterial stiffness after
adrenalectomy independently of age or blood pressure.
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