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Abstract
Objective: Primary aldosteronism (PA) is divided into two major subtypes, aldosterone- Key Words
producing adenoma (APA) and bilateral idiopathic hyperplasia (IHA) and is associated > hypertension

with a higher risk of cardiovascular events. However, the nature of vascular function
in PA patients remains to be determined. The aim of this study was to determine the
vascular function and investigate the implications of vascular function assessments in

the patients.

endothelial function

v

» plasma aldosterone
concentration

Methods: Flow-mediated dilation (FMD), as an index of endothelial function, and cardio-
ankle vascular index (CAVI), as an index of arterial stiffness, were retrospectively
compared between 42 patients with APA, 37 patients with IHA, and 42 patients with
essential hypertension (EH). These values were also compared with background
factors, KCNJ5 mutation and clinical outcome in terms of blood pressure reduction after

adrenalectomy in the APA group.

Results: FMD was significantly lower in the APA group (4.8 + 2.1%) and IHA group

(4.1 £ 1.9%) than in the EH group (5.7 + 2.1%). CAVI did not differ significantly among
groups. Although no significant correlations were seen between FMD and background
factors in the IHA group, FMD correlated negatively with BMI and plasma aldosterone
concentration in the APA group (rs =-0.313, rs = —0.342, respectively). KCN/5 mutational
status was not associated with FMD value. High FMD was associated with blood pressure

normalization after adrenalectomy in the APA group.

Conclusions: Patients with PA displayed impaired endothelial function. Complete clinical

success after adrenalectomy was associated with preserved endothelial function. This
study provides a better understanding of FMD assessment in patients with PA.
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(2021) 10, 578-587

Introduction

Primary aldosteronism (PA) is defined as autonomous
aldosterone production from the adrenal glands and
represents the most common and treatable cause of
hypertension. Patients with PA had a significantly higher
risk of developing unexplained arterial fibrillation (1). PA
is characterized by two subtypes according to histological
features, including adrenal aldosterone-producing

adenoma (APA) and idiopathic hyperaldosteronism
(IHA). Whereas appropriate aldosterone production is
necessary for survival, excess aldosterone is associated with
inflammation, fibrosis, vascular damage, and end-organ
failure and induces vascular dysfunction and remodeling
(2). The incidence of cardiovascular morbidity is higher
among patients with PA than among those with essential
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hypertension (EH) (3). In addition, severe arterial stiffness
is associated with the absence of complete clinical success
in lateralized PA after adrenalectomy (ADX) (4).

Endothelial dysfunction is recognized as a major factor
in the development of atherosclerosis (5). Measurement of
flow-mediated vasodilation (FMD) of the brachial artery
has been widely used to assess the endothelial function in
humans as a reflection of endothelial nitric oxide (NO)-
mediated regulation of vascular tone and diameter. As a
result, FMD could be used as a prognostic marker for the
progression of atherosclerosis and future cardiovascular
events. Cardio-ankle vascular index (CAVI) is an index of
overall arterial stiffness of an artery from its origin at the
aorta to the ankle (6). Similar to FMD, the utility of CAVI as
a predictor of cardiovascular events has been demonstrated
(7). Both FMD and CAVI may be useful in assessing the
extent and severity of vascular dysfunction in patients
with PA, but the status of vascular dysfunction as assessed
by FMD and CAVI has not been elucidated in detail among
these patients.

The mechanisms underlying the tumorigenesis of APA
and autonomous aldosterone production remain largely
unknown. Somatic mutations in the potassium channel
encoded by the gene KCNJ5 were identified by Choi et al.
in 2011 as a candidate causally related to autonomous
aldosterone secretion. Two recurrent mutations (G151R
and L168R) have been reported to induce increased sodium
conductance and membrane depolarization, activating
voltage-gated Ca?* channels, and the attendant Ca*
influx then activates aldosterone synthesis and secretion
(8). Accumulating evidence suggests that KCNJ5 mutant
carriers are younger, have higher levels of aldosterone,
more severe hypokalemia, and better prognosis of
hypertension after ADX than nonmutant carriers (9, 10,
11, 12). However, whether KCNJ5 mutational status affects
the preoperative vascular damage induced by aldosterone
excess is unclear.

Although ADX is the first-line therapy for the treatment
of APA, the proportion of patients achieving clinical
success after ADX varies widely (13). Whether preoperative
FMD or CAVI is associated with clinical outcomes after
ADX remains unknown.

On the basis of these backgrounds, the present study
wasundertaken to: (i) compare vascular function as assessed
by FMD and CAVI among patients with APA, IHA and EH;
(ii) determine factors associated with vascular dysfunction,
including KCNJ5 mutations, among patients with APA and
(iii) investigate whether the preoperative vascular function
is associated with clinical outcomes among patients with
APA after ADX.

Flow-mediated vasodilation
in PA

Materials and methods
Study population

Thiswasaretrospective study enrolling 42 patients who had
been diagnosed with unilateral PA, 37 age- and BMI (BMI)-
matched patients with bilateral PA and 42 patients with EH
at Tokyo Women’s Medical University (TWMU) Hospital
between April 2012 and February 2020. The study protocol
was approved by the ethics committee at TWMU Hospital
(Approval Number 3480,3593). Consent was obtained
from each patient or subject after a full explanation of the
purpose and nature of all procedures used. At enrollment,
information on sex, age, and BMI was collected.

Diagnosis of PA

All patients were diagnosed with PA according to
the guidelines of the Japan Endocrine Society (14),
including case detection, confirmatory tests, and subtype
classification. Three confirmatory loading tests for the
diagnosis of PA were performed: the captopril challenge
test, the furosemide upright test, and the saline infusion
test. All patients with PA showed positive results in at
least two of these three tests. To avoid interfering with the
renin-angiotensin-aldosterone system, these patients were
treated with only calcium channel blockers or a-blockers
during the workup for PA. EH was diagnosed by excluding
secondary hypertension. PA was excluded according to a
normal ratio of plasma aldosterone concentration ((PAC)
pg/mL) to plasma renin activity ((PRA) ng/mL/h); that is,
an aldosterone-to-renin ratio (ARR) <200.

Subtype classification of PA

Patients with PA were allocated to two groups, that is,
APA group and IHA group, according to the results of the
adrenal venous sampling (AVS). The adrenal venous blood
aldosterone-to-cortisol ratio after cosyntropin stimulation
was calculated bilaterally. In AVS, selectivity index (SI),
lateralized ratio (LR), and contralateral ratio (CR) were
used. SI was defined as cortisol, g enar vein/COItiSOL ferior vena
«ava- Adrenal vein cannulation was considered successful
if the SI was >5 or cortisol in the adrenal vein was >200
pg/dL. LR was defined as (aldosterone/cortisol, g enar vein)/
(aldosterone/cortisol . rarateral adrenal vein)» ad CR was defined
as (aldosterone/cortisol ,uaiateral adrenal vein)/ (@ldOsterone/
COTtiSOL ferior vena cava). UTilateral PA was diagnosed from
LR > 4 after cosyntropin stimulation. All unilateral PA
patients underwent laparoscopic ADX of the dominant
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side based on AVS results. IHA group was defined when AVS
results showed LR < 2 in patients with PA (15).

Blood pressure measurement

Office blood pressure was measured with the patient in a
sitting position after resting for at least 5 min.

Blood and urinary examinations

Plasma potassium, creatinine, uric acid, cholesterol,
glucose, and hemoglobin Alc levels were measured using
standard methods. PAC and PRA were measured from
venous blood samples obtained with the patient in a sitting
position (for at least 15 min) at first admission.

Physiological tests for the diagnosis of
vascular failure

Percentage changes in brachial artery diameter were
calculated in response to increased FMD, as previously
described using a UNEXEF38G semi-automated diagnostic
ultrasound system (UNEX, Nagoya, Japan) (16, 17). CAVI of
arteriosclerosis was measured using a VaSera VS-1500AN
vascular screening system (Fukuda Denshi, Tokyo, Japan),
as previously described (18).

RNA extraction and detection of mutations in
KCNJ5 by PCR and direct sequencing

APA tissues were frozen in liquid nitrogen immediately
after surgical removal and maintained at -80°C until use.
Total RNA was extracted from APA using TRI REAGENT
(Molecular Research Center, Cincinnati, OH) according
to the instructions from the manufacturer. Synthesis of
cDNA was performed using a High Capacity cDNA RT Kit
(Thermo Fisher Scientific) and sequenced with specific
primer sets as reported previously (19).

Clinical outcome after adrenalectomy

The primary outcome was defined as achieving complete
clinical success after ADX according to the Primary
Aldosteronism Surgical Outcomes (PASO) consensus
(13). Hypertension was defined as ‘completely cured’ (C)
if patients remained normotensive without taking any
antihypertensive agents and as ‘partially cured’ (NC) if
patients maintained the same blood pressure as before
surgery on lower doses of antihypertensive agents.

Flow-mediated vasodilation
in PA
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All data are expressed as mean * s.D. or median and
interquartile range (IQR). Data were compared between
groups using the Wilcoxon rank-sum test. Univariate
correlations were determined by calculating Spearman
rank correlation coefficients. Multiple linear regression
analysis was performed to evaluate the strength of
correlations between each variable. Values of P < 0.05 were
considered significant. All analyses were performed using
JMP version 14 software (SAS Institute, Cary, NC).

Statistical analysis

Results

The basic clinical characteristics of all subjects are shown
in Table 1. No differences were found among the three
groups (APA, IHA and EH) with regard to age, sex, duration
of hypertension, BMI, blood pressure, renal function and
hemoglobin Alc. In the APA group, 41 patients (97%)
were hypokalemic (serum potassium< 3.5 mEq/L) and
potassium level was significantly lower than that in
the THA group. In contrast, fasting glucose levels were
significantly lower and low-density lipoprotein cholesterol
(LDL-c) levels were significantly higher in the IHA group
than in the EH group. As expected, APA and IHA groups
demonstrated higher PAC values compared to the EH
group. In addition, the APA group showed a higher PAC
value compared to the IHA group. As shown in results from
confirmatory tests of PA, ARR at 90 min of the captopril
challenge test was higher in the APA group (ARR 2540 (IQR
746.5-4195)) than in the IHA group (345 (IQR 245-479.8))
and PAC at 4 h of the saline infusion test was higher in
the APA group (391.5 pg/mL (IQR 283.2-540.2 pg/mL))
than in the IHA group (90.1 pg/mL (IQR 70.2-119 pg/mL))
(Table 1). The furosemide upright test was performed in
27 patients of the APA group and 34 patients of the IHA
group. PRA at 120 min of the furosemide upright test was
significantly lower in the APA group (0.4 ng/mL/h (IQR
0.2-0.8 ng/mL/h)) than in the IHA group (1.1 ng/mL/h
(IQR 0.6-1.5 ng/mL/h)). AVS results demonstrated that
median LR was 14.2 (IQR, 6.8-35.3) in the APA group and
1.4 (IQR, 1.15-1.8) in the IHA group. In particular, in the
APA group, CR suppression was recognized in 46 of the
47 patients (98%) after the cosyntropin stimulation. After
the diagnosis of unilateral PA, 42 patients underwent
adrenalectomy. Histological findings of all 42 patients
showed cortical adenoma, with hematoxylin and eosin
staining revealing tumor mainly comprising clear cells
with lipid-rich cytoplasm. Complete biochemical success
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Table 1 Clinical characteristics of all subjects.

PA
Characteristics APA IHA EH
n 42 37 42
Age 51+10 54 +10 53+10
Sex (male/female) 20/22 16/21 19/23
BMI (kg/m?) 242 +3.9 253+3.4 25.2+4.6
Duration of hypertension (years) 4.6 +3.3 3.9+4.0 40+6.0
Blood pressure (mmHg)
Systolic 144 £ 17 143 +£19 147 £10
Diastolic 89+12 88+ 14 89+12
Laboratory data
Creatinine (mg/dL) 0.77 £0.18 0.77£0.16 0.71 £0.11
eGFR (ML/min/1.73 m?) 76.7+£17.9 73.2+14.5 79.4+17.0
Serum potassium (mEq/L) 2.9+0.3F 40+0.3 N/A
LDL-cholesterol (mg/dL) 121 +31 133 +33" 117+ 24
HDL-cholesterol (mg/dL) 57 +18 61+15 60+ 16

Triglycerides (mg/dL)
Plasma glucose (mg/dL)

105.5 (70.8-161.5)
98 (91-110.2)

117.0 (80.0-150.5)
95 (88.5-103.5)"

99.5 (74.8-144.0)
98 (91-110.2)

Hemoglobin A1c (%) 5.6 (5.4-6.0) 5.7 (5.5-6.1) 5.6 (5.2-5.9)
Hormonal data

PAC (pg/mL) 506.1 + 269.4"7 222.0+67.0 93.8 +27.1

PRA (ng/mL/h) 0.25(0.1-0.4)"* 0.5 (0.3-0.9)" 0.85 (0.60-1.75)
Confirmatory test

ARR after CCT 2540 (746.5-4195)" 345 (245-479.8) N/A

PAC after SIT (pg/mL) 391.5(283.2-540.2)" 90 (70.2-119) N/A
LR in AVS after cosyntropin loading 14.2 (6.8-35.3)" 1.4(1.15-1.8) N/A

Data are expressed as mean + s.0. or median (25th-75th percentile).
*P <0.05vs EH; TP < 0.05 vs IHA.

APA, aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio; AVS, adrenal venous sampling; CCT, captopril challenge test; eGFR, estimated
glomerular filtration rate; EH, essential hypertension; FUT, furosemide upright test; IHA, idiopathic hyperaldosteronism; LR, lateralization ratio; N/A, not
applicable; PAC, plasma aldosterone concentration; PRA, plasma renin activity; SIT, saline infusion test.

as defined by the PASO consensus (13), such as correction
of hypokalemia without potassium supplementation, was
achieved in all 42 patients after ADX.

In all PA and EH patients, although sex differences in
FMD were not found (male 4.7 £ 2.2% vs female 5.1 £ 2.1%),
a significant correlation was found between age and CAVI
(rs=0.43, P < 0.05). Table 2 illustrates the FMD and CAVI
in patients with PA and EH. No significant difference in
FMD was seen between the APA group (4.8 + 2.1%) and IHA
group (4.1 + 1.9%), but FMD was significantly lower in the
APA and IHA groups than in the EH group (5.7 = 2.1%).

Table2 Comparison of FMD and CAVI in PA and EH.

PA
APA IHA EH

FMD (%) 4.8+2.1° 41+1.9 57+2.1

CAVI 79+1.3 7.8+1.0 7.8+1.1

Data are expressed as mean #s.p.

*P <0.05vs EH.

APA, aldosterone-producing adenoma; CAVI, cardio-ankle vascular index;
EH, essential hypertension; FMD, flow-mediated dilation; IHA, idiopathic
hyperaldosteronism; PA, primary aldosteronism.

Conversely, no significant difference in CAVI was apparent
among the APA, IHA, and EH groups (7.9 £1.3%, 7.8 £ 1.0%,
and 7.8 £ 1.1%, respectively).

Next, we analyzed correlations between FMD and
background factors. In the IHA group, no significant
correlations were seen between FMD and any background
factors. However, in the APA group, FMD correlated
negatively with BMI and PAC level (rs=-0.313, rs=-0.342,
respectively) (Fig. 1 and Table 3). Table 4 shows the results
of multiple regression analysis for the relationships of BMI,
PAC and age, as potential predictors of FMD (20) in the
APA group. This analysis has demonstrated BMI and PAC as
significantly associated with FMD.

Among 42 patients who underwent ADX, adrenal
tissues were obtained from 30 randomly selected patients
and freshly frozen. Thirteen of the 30 patients with APAs
displayed somatic mutations in the KCNJ5 gene. We
identified seven cases with p.G151R (two with a G-to-C
(c.451G>C) substitutions and five with G-to-A (c.451G>A)
substitutions) and six cases with L168R (all due to a T-to-G
substitution (c.503T>G)). Clinical characteristics of the 13
patients in the KCNJ5 mutant group and 17 patients in the
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wild-type group were compared. No significant differences
were found between groups with regard to age, sex, BMI,
duration of hypertension, blood pressure, renal function,
and potassium level. PAC level tended to be higher in
the KCNJ5-mutant group (683.6 £ 380.6 pg/mL) than in
the wild-type group (437.4 + 137.9 pg/mL), although the
difference was not significant (P=0.09). However, the
KCNJ5-mutant group showed higher PAC at 4 h of the
saline infusion test (507 pg/mL (IQR 387-771 pg/mL))
compared to the wild-type group (354 pg/mL (IQR 285-481
pg/mL)) (Table 5). In vascular function assessment,

Table 3 Univariate analysis of relationship between FMD and
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200 250 300 350 400

Figure 1

Correlations of FMD value with age, BMI, and PAC.
(A, B and Q) Patients with IHA. (D, E and F) Patients
with APA. FMD, flow-mediated dilation; PAC,
plasma aldosterone concentration.

500 1000 1500

PAC (pg/ml)

no significant difference in FMD (4.8 £ 1.4%, 4.5 £ 2.1%,
respectively) or CAVI (8.1 + 1.8, 8.0 £ 1.1, respectively) was
seen between the KCNJ5-mutant group and the wild-type
group (Fig. 2). In addition, we found that there were no
significant differences between FMD and systolic blood
pressure in both KCNJ5-mutant and wild-type groups
(rs=0.04, rs=0.07, respectively).

In the APA group, 20 patients were categorized as
C and 22 as NC (Table 6). Male sex was significantly
more frequent in the NC group than in the C group.
No significant differences were seen in age, duration of
hypertension, blood pressure, renal function or potassium
level between NC and C groups, but BMI was significantly
higher in the NC group (25.5 *+ 3.3 kg/m?) than in the
C group (22.8 + 4.0 kg/m?). PAC and ARR were similar
between NC and C groups, while PRA was significantly
higher in the NC group (0.3 (IQR 0.1-0.525)) than in
the C group (0.15 (IQR 0.1-0.3)). Among AVS results, no
significant differences in LR or CR were evident between
NC and C groups. FMD was significantly lower in the NC
group (4.0 £ 2.1%) than in the C group (5.7 + 1.8%) (Fig.
3A). Figure 3B shows FMD with the highest areas under the
receiver operating characteristics curves. A cut-off FMD of
4.3% was selected for complete clinical success after ADX,
offering 78% sensitivity and 80% specificity (AUC, 0.790).

Table 4 Multiple regression analysis of the factors associated
with FMD value in patients with APA.

variables.
APA IHA
rs P rs P
Age -0.065 0.682 -0.129 0.448
BMI (kg/m?) -0.313 0.044 -0.048 0.779
Blood pressure (mmHg)
Systolic -0.056 0.727 -0.198 0.239
Diastolic 0.030 0.853 -0.293 0.079
Laboratory data
Creatinine (mg/dL) -0.111  0.485 -0.206 0.220
eGFR (mL/min/1.73 m?) 0.031 0.846 0.327 0.052
Serum potassium 0.216 0.170 -0.067 0.693
(mEg/L)
LDL-cholesterol -0.085 0.594 -0.099 0.561
(mg/dL)
HDL-cholesterol 0.269 0.085 0.057 0.737
(mg/dL)
Triglyceride (mg/dL) -0.161 0310 -0.147 0.387
Plasma glucose -0.189 0.231 -0.198 0.240
(mg/dL)
Hemoglobin A1c (%) -0.251 0.109 -0.146  0.389
Hormonal data
PAC (pg/mL) -0.342 0.026 -0.175 0.301
PRA (ng/mL/h) 0.144 0.363 0.068 0.690

APA, aldosterone-producing adenoma; eGFR, estimated glomerular
filtration rate; FMD, flow-mediated vasodilation; IHA, idiopathic
hyperaldosteronism; PAC, plasma aldosterone concentration; PRA,
plasma renin activity. Bold indicates statistical significance, P < 0.05.

B t P
Age -0.07 -0.47 0.64
BMI (kg/m?) -0.30 -2.05 0.04
PAC (pg/mL) ~0.33 -2.29 0.03

Model-adjusted R?=0.19.

PAC, plasma aldosterone concentration. Bold indicates statistical

significance, P < 0.05.
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Table 5 Comparison of clinical characteristics between
patients with and without KCN/5 mutations.

APA
Characteristics KCNJ5 () KCNJ5 (+)
n 17 13
Age 53+12 50+ 10
Sex (male/female) 7/10 5/8
BMI (kg/m?) 23.6+4.4 23.8+£3.9
Duration of 45+ 3.8 2.8+2.0
hypertension (years)
Blood pressure (mmHg)
Systolic 142 £ 22 146 +£12
Diastolic 84 +12 93+10
Laboratory data
Creatinine (mg/dL) 0.8+0.2 0.7+0.2
eGFR (mL/min/1.73 m?) 73.4£16.1 86.0 +£ 20.5
Serum potassium 3.0£0.3 28+0.3
(mEg/L)
Hormonal data
PAC (pg/mL) 437.4 +£137.9 683.6 + 380.6
PRA (ng/mL/h) 0.1 (0.1-0.35) 0.3(0.1-0.4)
ARR 2826.1 +1884.6  4014.6 +4282.8
Confirmatory test
ARR after CCT 2915 (1060-4080) 2430 (624-5825)
PAC after SIT (pg/mL) 354 (285-481)" 507 (387-771)
AVS results
LR 13.3(6.8-25.6) 17.6 (9.9-40.0)
CR 0.27 (0.15-0.44) 0.3(0.14-0.41)

Data are expressed as mean * s.0. or median (25th-75th percentile).
*P < 0.05 vs KCNJ5-mutant group.

APA, aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio;
AVS, adrenal venous sampling; CCT, captopril challenge test; CR,
contralateral ratio; eGFR, estimated glomerular filtration rate; LR,
lateralized ratio, PAC, plasma aldosterone concentration; PRA, plasma
renin activity; SIT, saline infusion test.

Discussion

The major findings of this study were as follows. First,
vascular endothelial function, as assessed by FMD, was
impaired in the PA group compared with the EH group.
However, the degree of FMD attenuation was similar
between IHA and APA groups. Secondly, FMD correlated
significantly with BMI and PAC in the APA group. Thirdly,
the impaired FMD was associated with clinically worse
outcomes in the APA group after ADX. This study provides
further clinical evidence for the implications of vascular
endothelial function assessments in patients with PA.
Dysregulation of excess aldosterone is well known to
cause patients to be at high risk of refractory hypertension,
severe hypokalemia or related cardiovascular morbidity
and mortality (21). A recent study reveals that aldosterone
may have a pathophysiological role in microvascular
remodeling in patients with PA (22). Accumulating
evidence suggests that aldosterone plays important role in
the initiation and progression of endothelial dysfunction.

Flow-mediated vasodilation
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Figure 2

Flow-mediated dilation and cardio-ankle vascular index in patients with
APA grouped by KCNJ5 somatic mutations. CAVI, cardio-ankle vascular
index; FMD, flow-mediated dilation.

Several mechanisms have been shown to contribute
to aldosterone-induced endothelial dysfunction. In
particular, aldosterone itself was reported to directly limit
nitrogen oxide production by increasing the production of
endothelial reactive oxygen species (ROS) and decreasing
ROS scavenging capacity (23, 24). Also, the previous report
suggests an independent role of aldosterone in platelet
activation, thereby contributing to the cardiovascular
damage (25). Recent clinical studies have reported
significant endothelial dysfunction in patients with high
aldosterone levels by measuring FMD (26, 27, 28, 29, 30).
In the present study, compared to the EH group, patients
with PA displayed more severe endothelial damage as
indexed by FMD. In accordance with such previous studies,
our findings suggested that high levels of endogenous
aldosterone were associated with deteriorated vascular
function and dysfunction of the vessel endothelium.
Meanwhile, arterial stiffness as assessed by CAVI showed
no significant differences between patients with PA and
EH. This could be because endothelial dysfunction, as
evaluated by FMD, represents a fundamental component
of the atherosclerotic disease process and FMD
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Table 6 Comparison of clinical characteristics by complete
and partial clinical success after adrenalectomy.

Clinical outcome after adrenalectomy
(residual hypertension)

Characteristics

Complete remission Partial remission

n 20 22
Age 48 + 10 54+10
Sex (male/female) 6/14* 14/8
BMI (kg/m?) 22.8+4.0° 255+33
Duration of 3.6 +3.1 5.1+35

hypertension (years)
Blood pressure

(mmHg)
Systolic 139+£10 147 + 21
Diastolic 86+13 90 +£12.0
Laboratory data
Creatinine 0.7+0.2 0.8+0.2
(mg/dL)
eGFR (mL/min/ 78.5+18.2 752+17.8
1.73 m?)
Serum potassium 3.0£04 3.0+£0.3
(mEq/L)
Hormonal data
PAC (pg/mL) 421.5(315-626.5) 454 (361.8-544)
PRA (ng/mL/h) 0.15(0.1-0.3)" 0.3(0.1-0.525)
ARR 2702.5(1297.5-3827.5) 1240 (806.0-3870.4)
Confirmatory test
ARR after CCT 3247 (904-4595) 1799 (712-4195)
PAC after SIT 474 (299-732) 348 (276-443)
(pg/mL)
AVS results
LR 26.0+17.1 15.8+14.8
CR 0.22 (0.13-0.48) 0.36 (0.26-0.51)

Data are expressed as mean +s.0. or median (25th-75th percentile).

*P <0 .05 vs partial group.

APA, aldosterone-producing adenoma; ARR, aldosterone-to-renin ratio;
AVS, adrenal venous sampling; CCT, captopril challenge test; CR,
contralateral ratio; eGFR, estimated glomerular filtration rate; LR,
lateralized ratio; PAC, plasma aldosterone concentration; PRA, plasma
renin activity; SIT, saline infusion test.

evaluation is thus more sensitive than CAVI for detecting
atherosclerosis (31).

We further investigated the influence of subtypes of PA
on vascular function, as assessed by FMD. Unexpectedly,
however, the APA and IHA groups displayed similar FMD,
although the APA group demonstrated a higher PAC
than patients with IHA. The reason for this phenomenon
is unclear, but factors other than baseline aldosterone
concentration, such as higher LDL-c level and slightly (but
non-significantly) higher BMI and triglyceride and lower
estimated glomerular filtration rate in the IHA group might
have contributed to endothelial dysfunction in our patients
with PA (Table 1). In the APA group, high BMI and PAC
showed independent relationships with impaired FMD.
In contrast, in the IHA group, no significant correlations
existed between FMD and any vascular risk factors, such
as age, BMI, or PAC. The reasons for these differences in
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Figure 3

(A) FMD in patients with APA showing complete and partial clinical success
after adrenalectomy. (B) ROC analysis of FMD in patients with APA
showing complete clinical success. APA, aldosterone-producing adenoma;
FMD, flow-mediated dilation; ROC, receiver operating characteristic.

risk factors for endothelial dysfunction between the two
subtypes of PA remain unclear. One possibility is that
differences exist in the diversity of physiological and
hormonal circumstances (32), and further studies are
needed to address this issue. Metabolic syndrome (MetS)
is a frequent clinical condition in hypertensive patients
especially in PA patients (33). In addition, APA and IHA
may have different mechanisms to cause Mets (34). In
general, aldosterone excess is often present in obesity and
is closely associated with visceral adipose tissue, suggesting
its involvement in the pathogenesis of obesity-related
hypertension (35). On the other hand, although mouse
adipocytes have been reported to release aldosterone and
reduceendothelium-dependentrelaxation, humanconduit
artery perivascular adipose tissue (PVAT) does not produce
or release aldosterone (36). However, obesity-associated
PVAT leads to a change in the profile of the released
adipocytokines, resulting in a decreased vasorelaxing
effect. It has been reported that obesity-related factors may
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contribute to the pathogenesis of IHA (34). Since obesity
results in an imbalance between endothelium-derived
vasoactive factors favoring vasoconstriction, we expected
that positive relationship between FMD and BMI is found
in IHA group, as opposed to APA group. However, this
relationship was not found in this study. The reason for
this is unknown, however, it might be because BMIs do not
reflect the degree of visceral fat accumulation precisely.
The relationships among obesity, cardiovascular disorders,
and IHA are complex, and thus, further research is needed
to investigate the potential relationship between vascular
function and IHA in more depth.

The identification of somatic mutations in patients
with APA has provided new insights into the mechanisms
causing the dysregulation of adrenal
production (8). Clinically, KCNJ5 somatic gene mutations
have been frequently identified in Japanese patients with
APA (37). Kitamoto et al. demonstrated that KCNJ5-mutant
carriers had higher levels of PAC than nonmutant carriers
and may exhibit progressively advancing vascular damage
compared to that seen in nonmutant carriers (38). Of
note, Rossi et al. identified more severe echocardiographic
abnormalities, including LVH and higher LVM]I, in KCNJ5-
mutant carriers compared with nonmutant carriers (39).
We hypothesized that KCNJ5 mutational status provokes
functional consequences for vascular function in patients
with APA. However, in the present study, although PAC in
the KCNJ5-mutant group tended to be higher than that
in the wild-type group, KCNJ5 mutational status failed to
show significant relationships with FMD or CAVI.

The present investigation represents a pivotal study,
conducted in a relatively small group of patients with APA,
where numerous factors such as age, blood pressure, BMI,
and duration of hypertension might have affected FMD
and CAVI. Our hypothesis thus needs further prospective
follow-up studies in a larger number of patients.

Lower BMI has recently been identified as a predictive
factor for better clinical outcomes after ADX (40). In the
present study, BMI was significantly higher in the NC
group. In general, obesity is associated with alterations
in the production and secretion of lipids, lipoproteins
and adipokines, and these changes can impact negatively
on vascular endothelial function through the increased
use of proinflammatory pathways (41). The present data
demonstrated that incomplete clinical success after ADX
is associated with endothelial dysfunction as measured
by FMD. Considering the relationship between BMI and
FMD, reducing increased BMI in patients with APA may
be expected to prevent the impairment of FMD, in turn
improving clinical outcomes after ADX.

aldosterone
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Akey strength of the present study was that all patients
in this study underwent AVS, an invasive test requiring
advanced techniques for the subtype classification of
PA (42). Recent guidelines from the Endocrine Society
advocated AVS as the gold standard to distinguish
between subtypes of PA (21). The main limitation of
this study was the small sample size. In addition, data
regarding the duration of hypertension could not be
collected precisely in our study because of its retrospective
nature. Duration of hypertension may affect indices for
endothelial dysfunction. The present study was performed
as a retrospective investigation to collect possible cases
for tissue gene analysis. This study was not population-
based and may, therefore, include unknown selection
biases. Future investigations in large-scale, prospective,
multicenter trials are needed.

In conclusion, the present study demonstrated that
patients with PA display stronger vascular endothelial
dysfunction related to aldosterone excess compared
with those with EH. Aldosterone induces inflammation
and oxidative stress in the cardiovascular system and
contributes to cardiovascular disease, so the preferential
use of mineralocorticoid receptor antagonists in patients
with PA may provide significant long-term benefits for
the future progression of atherosclerosis. In addition,
the impairment of endothelial function correlated with
obesity in patients with APA, but not in patients with THA,
and clinical outcomes after ADX among patients with APA
may be affected by the existing deleterious endothelial
function induced by obesity.
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