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Abstract

Background: Elevated arterial stiffness in patients with primary aldosteronism (PA] can be
reversed after adrenalectomy; however, the effect of medical treatment with mineralocorticoid
receptor antagonist [(MRAs] is unknown.

Objectives: The aim of this study was to evaluate the effect of MRAs and compare both
treatment strategies on arterial stiffness in PA patients.

Design: Prospective cohort study.

Methods: We prospectively enrolled PA patients from 2006 to 2019 who received either
adrenalectomy or MRA treatment (spironolactone). We compared their baseline and 1-year
post-treatment biochemistry characteristics and arterial pulse wave velocity (PWV] to verify
the effects of treatment and related determinant factors.

Results: A total 459 PA patients were enrolled. After 1:1 propensity score matching for
age, sex and blood pressure (BPJ, each group had 176 patients. The major determinant
factors of baseline PWV were age and baseline BP. The adrenalectomy group had greater
improvements in BP, serum potassium level, plasma aldosterone concentration, and
aldosterone-to-renin ratio. The MRA group had a significant improvement in PWV after

1 year of treatment (1706.2 = 340.05 to 1613.6 = 349.51cm/s, p<0.001). There were

no significant differences in post-treatment PWV (p=0.173) and improvement in PWV
(p=0.579) between the adrenalectomy and MRA groups. The determinant factors for an
improvement in PWV after treatment were hypertension duration, baseline PWV, and the
decrease in BP.

Conclusion: The PA patients who received medical treatment with MRAs had a significant
improvement in arterial stiffness. There was no significant difference in the improvement in
arterial stiffness between the two treatment strategies.
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Introduction

Primary aldosteronism (PA) is a curable hyper-
tensive disease characterized by the excessive pro-
duction of aldosterone, accounting for about 10%
of all patients with hypertension.! Long-term
exposure to high levels of aldosterone leads to
increased arterial wall stiffness and atherosclero-
sis through endothelial dysfunction and collagen
synthesis in the vascular wall.2> This can be
assessed by pulse wave velocity (PWYV), which is
calculated as the distance between two points in
the body divided by the pulse wave transit time. A
higher PWYV indicates a stiffer arterial wall. PWV
is widely used as a non-invasive method to evalu-
ate arterial wall stiffness,® as arterial sampling for
direct measurements of wall stiffness in human
subjects is not practical in clinical settings.

In addition to vascular damage, excess aldoster-
one can also cause cardiac and renal dysfunction
and structural damage beyond that caused by
high blood pressure (BP).”!> Compared with
essential hypertensive patients, PA patients
have more cardiovascular events including stroke,

similar
pre-treatment
arterial stiffness

similar
improvement in
arterial stiffness

coronary artery disease, and even atrial fibrilla-
tion.!* However, the adverse consequences result-
ing from long-term exposure to high aldosterone
levels in PA patients, including myocardial fibro-
sis, atrial fibrillation, and arterial wall stiffness,
are reversible after treatment.!>-17

The standard treatment for PA is either surgery
(adrenalectomy) or medical therapy (mineralo-
corticoid receptor antagonists, MRAs), depend-
ing on the clinical diagnosis (laterization) and
patients’ preference.!® Arterial stiffness measured
by PWV in patients with aldosterone-producing
adenoma (APA; a major subtype of PA) has been
demonstrated to significantly improve after adre-
nalectomy.!® MRA was also proposed as an effec-
tive agent in reversal of arterial stiffness
represented by PWV.20 However, few studies
have investigated and compared treatment out-
comes as assessed by PWYV after adrenalectomy
and MRA therapy in primary aldosteronism.
Therefore, we conducted this study to (1) under-
stand the effect of MRA treatment on improving
arterial stiffness in primary aldosteronism, and
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(2) compare the improvements in arterial stiffness
between the two treatment strategies.

Methods

Patients

We prospectively enrolled PA patients from 2006
to 2019 at National Taiwan University Hospital.
All of the patients were registered in the Taiwan
Primary Aldosteronism Investigation (TAIPAI)
registry. The inclusion criteria were patients: (1)
with a confirmed diagnosis of PA and (2) who
underwent baseline brachial-ankle PWV meas-
urements at enrollment. The exclusion criteria
were (1) patients age < 18-year-old, (2) patients
refused to participate in the study, (3) patients
lost to follow-up 1-year after adrenalectomy or on
MRA treatment, and (4) patients with other sec-
ondary hypertension, including but not limited to
renovascular hypertension, Cushing’s syndrome,
hyperthyroidism, and pheochromocytoma.

We recorded the patients’ detailed medical informa-
tion including medical history, biochemistry, BP,
and PWYV at the first evaluation (defined as the
baseline), and at a scheduled follow-up evaluation
12-months after PA-specific treatment (adrenalec-
tomy or MRA therapy). All patients received
spironolactone as the MRA treatment. The study
was approved by the Institutional Review Board of
National Taiwan University Hospital, and informed
consent in a written format was obtained from all
patients.

Diagnosis of primary aldosteronism

According to previously published protocols and
algorithms,2!:22 the patients who met the follow-
ing criteria were diagnosed with PA: (1) autono-
mous excess aldosterone production with an
aldosterone-to-renin ratio (ARR) > 35, (2) a
TAIPAI score > 60%, and (3) post-saline loading
plasma aldosterone concentration (PAC) > 10ng/
dL, or ARR>35 (ng/dL)/(ng/mL-h) in a post-
captopril test, or PAC > 6ng/dL in a fludrocorti-
sone suppression test.

The PAC was measured using a commercial
radio-immune assay kit (Aldosterone Maia Kit;
Adaltis Italia, Bologna, Italy). Plasma renin activ-
ity (PRA) was measured as the generation of

angiotensin-I i wvitro using a commercial radio-
immune assay kit (Cisbio, Bedford, MA).

Diagnosis of APA/ idiopathic adrenal

hyperplasia

A diagnosis of APA in the PA patients was based
on the following criteria: (1) adenoma on a pre-
operative computed tomography (CT) scan, (2)
lateralization of aldosterone secretion confirmed
by adrenal vein sampling or dexamethasone sup-
pression NP-59 single photon emission computed
tomography (SPECT)/CT, or (3) pathologically
proven adenoma after adrenalectomy/cure of
hypertension or improvement in hypertension,
biological parameters after adrenalectomy.??

A diagnosis of idiopathic adrenal hyperplasia (IHA)
PA patients was based on the following criteria: (1)
bilateral diffuse enlargement of adrenal glands on a
CT scan, (2) non-lateralization of aldosterone
secretion in adrenal vein sampling or during a dexa-
methasone suppression NP-59 SPECT/CT, or (3)
pathologically reported diffuse cell hyperplasia for
those who underwent adrenalectomy.22

PWV measurements

We used an automatic waveform analyzer (Colin
VP-2000, Omeron Inc., Japan) to measure the
patients’ PWV. Each measurement was done after
a 15-minute resting period in the supine position.
The analyzer simultaneously recorded pulse
waves of bilateral brachial arteries, phonocardio-
gram and electrocardiogram. Occlusive cuffs were
wrapped around the upper arms and ankles and
connected to oscillatory and plethysmography
sensors to measure and analyze BP and pulse
waveforms. Wave front theory was applied to esti-
mate the conduction time differences. The bra-
chial-ankle PWV at each side was obtained by
dividing the brachial-ankle distance by the differ-
ences in conduction time. The average PWV from
both sides was used in the analysis.

Statistical analysis

For sample size calculation, based on the results
from a previous study,?? a minimum 74 patients
in adrenalectomy and 74 patients in MRA treat-
ment group is required to achieve a type I error of
0.05 and a power of 99%.
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Continuous variables were expressed as
mean *= SD. The pre- and post-treatment results
were compared using the paired z-test. To balance
confounders between the two treatment strategy
groups, we performed 1-to-1 propensity score
matching for age, sex, pre-treatment systolic BP
(SBP) and diastolic BP (DBP) in order to elimi-
nate the influences of these factors on PWV.

We analyzed the relationship between treatment
method and outcomes with univariable analysis.
We used Pearson’s correlation analysis and uni-
variable analysis to determine the potential candi-
dates associated with pre- and post-treatment
PWV and APWYV. Factors with a significant cor-
relation (p<0.05) were further tested in multi-
variable linear regression analysis with stepwise
selection to identify the independent predicting
factors. We wused 2-way repeated measures
ANOVA to evaluate the effect of treatment type
on outcome. PAC, PRA and ARR were log-trans-
formed because of their non-normality, as tested
by the Kolmogorov-Smirnov test. p values less
than 0.05 were considered statistically significant.

Table 1. Baseline characters.

All statistical analyses were conducted on IBM®
SPSS® Statistic 25™ ed.

Results

Clinical and biochemical characters before and
after propensity score matching

Before propensity score matching, compared with
the MRA group, the patients in the adrenalec-
tomy group were younger, and used more
kinds of anti-hypertensive medications. For the
biochemical findings, the adrenalectomy group
had a lower serum potassium level, lower log-
transformed PRA, higher log-transformed ARR,
and lower PWV (Table 1).

After 1:1 propensity score matching for age, sex,
pre-treatment systolic and diastolic BP, there
were 176 patients in each group. Compared with
the MRA group, the adrenalectomy group used
more kinds of anti-hypertensive medications, had
a lower average dose of spironolactone, lower
serum potassium level, lower log-transformed

Pre-matched

Propensity score matched

Operation MRA p Operation MRA p
(n=264) (n=195) (n=176) (n=176)
Diagnosis 264, 100% 64, 33% <0.001** 176, 100% 52, 29.5% <0.007**
(APA n, %)
Age [year] 51.17%£11.17 55.09 +12.38 <0.001**  52.74+10.87 53.16 +11.15 0.723
Sex (M: F) 125:139 93:102 0.942 78:98 85:91 0.456
Body height (cm) 163.72 +8.38 163.13+7.56 0.438 163.35+8.76 163.27+7.62 0.925
Body weight (kg) 68.31+13.98 67.62 + 13.02 0.591 67.94+14.41 67.72+13.15 0.88
BMI 25.33+3.96 25.29 +3.79 0.910 25.27 +3.88 25.28 +3.83 0.98
HTN duration 7.91+73 8.6 +8.77 0.371 8.56 +7.72 7.43+75 0.161
(year)
SBP (mmHg) 156.13 + 21 153.06 + 20.46 0.119 153.63 + 19.48 154.24 + 20.37 0.775
DBP (mmHg) 93.5+13.98 91.08 + 13.47 0.063 92.21+12.97 92.3+13.18 0.951
MAP (mmHg) 114.38 +15.19 11.74 +14.64 0.063 112.68 +13.86 112.94 + 14.44 0.864
[Continued)
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Table 1. (Continued)

Pre-matched

Propensity score matched

Operation MRA p Operation MRA p
(n=264) (n=195) (n=176) (n=176)

No. of HTN 2.29+1.26 1.97+1.21 0.007* 2.28+1.29 1.91+1.18 0.006*

medications

HTN medication type
ACE inhibitor/ 119 (45.1%) 83 (42.6%) 0.593 79 (44.9%) 72 (40.9%) 0.452
ARB
a-blocker 72 (27.3%) 47 (24.15%) 0.445 45 (25.6%) 42 (23.9%) 0.712
B-blocker 105 (39.8%) 67 (34.4%) 0.235 72 (40.9%) 61 (34.7%) 0.228
CCB 201 (76.1%) 124 (63.6%) 0.003* 133 (75.6%) 111 (63.1%) 0.011*
Diuretics other 28 (10.6%) 19 (9.6%) 0.764 23 (13.1%) 11 (6.3%) 0.03*
than aldosterone
antagonist
Vasodilator 17 (6.4%) 13 (6.7%) 0.923 11 (6.3%) 11 (6.3%) 1
Aldosterone 63 (23.9%) 32 (16.4%) 0.047* 38 (21.6%) 29 (16.5%) 0.223
antagonist
Aldosterone 19.86 + 25.72 42.95+13.13 <0.001* 21.84+26.69 42.9 +13.34 <0.001**
antagonist dose
(spironolactone,
mg/day)

Laboratory Parameters
Cre (mg/dL) 0.92 0.4 0.9 = .28 0.457 0.89 +0.35 0.89+0.28 0.917
K (mEq/L) 3.53+0.65 3.81+0.52 <0.001**  3.57+0.64 3.81+0.52 <0.007**
PAC (ng/dL) 60.94 + 41.37 50.83 + 28.32 0.001*  58.89+39.13 52.11 + 29.24 0.067
PRA (ng/mL/h) 0.72 +2.87 0.64+0.91 0.72 0.59 = 1.61 0.66+0.9 0.614
ARR 1223.5+2729.96  528.93+1172.21  <0.001**  1287.07 +2829.24  478.94+1098.9  <0.001**
log_PAC 1.7+0.29 1.64+0.22 0.052 1.68+0.29 1.66+0.23 0.341
log_PRA -0.74 * .7 -0.53+0.62 0.001* -0.76 =0.71 -05+0.6 <0.001**
log_ARR 2.43+0.76 2.18 +0.64 <0.001**  2.44+0.78 2.16+0.62 <0.0071**
PWV (cm/s) 1654.02 =309.78  1730.82 + 356.23 0.014* 1645.36 +303.53 1706.2 + 340.05 0.077

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARR, aldosterone to renin ration; BMI, body-mass index;
BSA, body surface area; CCB, calcium channel blocker; Cre, serum creatinine level; DBP, diastolic blood pressure; HTN, hypertension; K, serum
potassium level; MAP, mean arterial blood pressure; MRA, mineralocorticoid antagonist; log_, log-transformed; PAC, plasma aldosterone
concentration; PRA, plasma renin activity; PWV, pulse wave velocity; SBP, systolic blood pressure.

*p < 0.05.
**p < 0.001.
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Figure 1. (a) Comparison of pre-treatment PWV, (b] the change in PWV in adrenalectomy group after treatment, (c] the change in
PWV in MRA group after treatment, (d) comparison of post-treatment PWV, and (e) comparison of the change in PWV after treatment.

PRA, and higher log-transformed ARR. However,
the pre-treatment PWYV became similar after pro-
pensity-score matching (Table 1) [Figure 1(a)].

Determinant factors for baseline PWV

We used Pearson correlation analysis to identify
the potential clinical determinant factors for base-
line PWYV and tested the significance of the candi-
dates with univariable linear regression analysis.
The candidates with significant correlations
(p<0.05) were further entered into a multivaria-
ble linear regression model. The results showed
that baseline PWV was determined by the
patients’ age, and baseline mean BP (Table 2).

Clinical and biochemistry parameters improved
after both treatments

BP, serum potassium level, characteristic bio-
markers in PA patients (PAC, PRA, ARR) and PWV
all significantly improved after treatment in both
groups. Serum creatinine level increased significantly

1 year after treatment in both groups; however, the
average serum creatinine level was still within
normal range (Table 3) [Figure 1(b) and (c)].

Comparison of the treatment results between
adrenalectomy and MRA treatment
Post-treatment SBP, DBP, log-transformed
PAC, and log-transformed ARR were signifi-
cantly lower in the adrenalectomy group than in
the MRA group. The adrenalectomy group also
had greater improvements in SBP, DBP, serum
potassium level, log-transformed PAC, and log-
transformed ARR. The serum creatinine level in
the adrenalectomy group increased slightly more
than in the MRA group after treatment. As for
PWYV, there were no significant differences in
post-treatment PWV and improvement in PWV
between the two treatment types (Table 4)
[Figure 1(d) and (e)]. By 2-way repeated meas-
ures ANOVA, the type of treatment did not have
main effect on PWV (F score 0.379, p value
0.539, partial eta squared 0.002).
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Table 2. Determinant factors for baseline PWV.

Uni-variable linear regression Multi-variable linear regression

(adjusted R? = 0.384)

B (95% C.1.) p B (95% C.1.) p

Height (cm] -4.42 (-8.54~-0.3) 0.036

Weight (kg) ~1.82 (~4.29~0.64) 0.146

BSA (m?) -155.67 (-328.55~17.21) 0.077

BMI -2.03 (-10.87~6.8) 0.651

Sex -16.25 (-84.29~51.79) 0.639

Age (year) 15.61 (12.99~18.22) <0.001* 15.91 (13.1~18.72) <0.001*
HTN duration [year) 12.92 (8.68~17.17) <0.001*

No. of HTN medication 46.61(19.72~73.5) 0.001

Baseline MBP (mmHg) 7.16 (4.87~9.44) <0.001 7.23 (5.24~9.21) <0.001*
Baseline Cre (mg/dL) 205.53 (99.67~311.4) <0.001

Baseline K (mEq/L) 44.88 (-12.22~101.97) 0.123

Baseline log_PAC 19.28 (-112.14~150.7) 0.773

Baseline log_PRA -26.11(-77.08~28.85) 0.314

Baseline log_ARR 25.04 (-22.29~72.37) 0.299

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARR, aldosterone to renin ration; BMI,
body-mass index; BSA, body surface area; CCB, calcium channel blocker; Cre, serum creatinine level; DBP, diastolic blood

pressure, HTN, hypertension; K, serum potassium level; MBP, mean blood pressure; MRA, mineralocorticoid antagonist;
log_, log-transformed; PAC, plasma aldosterone concentration; PRA, plasma renin activity; SBP, systolic blood pressure.

*p < 0.001.

Determinant factors for the improvement in PWV

We used the same method as in the previous sec-
tion to identify the determinant factors for the
improvement in PWYV after treatment. The results
showed that hypertension duration, baseline
PWYV, and improvement in mean arterial BP were

strongly associated with the improvement in
PWYV (Table 5).

Discussion

There are four major findings in this study. First,
the PA patients who received medical treatment
with a MRA had significant improvements in
arterial wall stiffness. Second, there was no sig-
nificant difference between the two treatment
strategies. Third, baseline PWV was determined
by age and baseline BP. Fourth, the improvement

in PWYV after treatment was determined by hyper-
tension duration, pre-treatment PWYV, and
improvement in BP.

PWYV is widely used as a non-invasive method to
measure arterial stiffness.® High BP is well known
to have a major impact on vascular physiology,
causing vascular remodeling, endothelial dys-
function, and arterial wall stiffness through com-
plex molecular and cellular mechanisms.?4 This is
consistent with our results, in that we found that
baseline BP was a strong determining factor for
both baseline PWV and post-treatment improve-
ment in PWV, similar with a previous study.?>

In addition to the effects of high BP, aldosterone
can influence vascular smooth muscle and
endothelium via genomic and non-genomic
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Table 3. Treatment results (propensity-score-matched).

Operation group MRA group

Pre-treatment 1year p Pre-treatment 1year p
SBP (mmHg]  153.63+19.48  135.11+16.5 <0.001 154.24+2037  1425+20.46  <0.001
DBP (mmHg)  92.21+12.97 83.09+10.39  <0.001 923+13.18  87.03+11.58  <0.001
MBP 112.68+13.86  100.43+11.65 <0.001 112.94+14.44 10552+13.53  <0.001
(mmHg)
Cre (mg/dL] 0.89+0.35 1.05+0.54 <0.001 0.89 +0.28 0.98+0.36 <0.001
K (mEaq/L) 3.57 +0.64 4.35+0.46 <0.001 3.81+0.52 4.23+05 <0.001
log_PAC 1.68+0.29 1.47 +0.23 <0.001 1.66+0.23 1.69 +0.25 0.168
log_PRA -0.76 +0.71 0.23+0.63 <0.001 -0.5+0.6 0.03+0.72 <0.001
log_ARR 2.44+0.78 1.24+0.65 <0.001 2.16+0.62 1.66+0.72 <0.001
PWV (cm/s) 164536 +303.53 1566.48+295.57 <0.001 1706.2+340.05 1613.6+349.51 <0.001

ARR, aldosterone to renin ration; BMI, body-mass index; BSA, body surface area; Cre, serum creatinine level; DBP,
diastolic blood pressure; K, serum potassium level; log_, log-transformed; MBP, mean blood pressure; PAC, plasma
aldosterone concentration; PRA, plasma renin activity; PWV, pulse-wave velocity; SBP, systolic blood pressure.

mechanisms,2%27 impair vascular tone, cause sys-
temic inflammation, and lead to early atheroscle-
rosis.?® Small artery remodeling (increased
collagen, fibronectin and intercellular adhesion
molecule-1 [ICAM-1]) has been reported in
aldosterone-treated rats,2° and increased fibronec-
tin, elastin, and collagen have been reported in
the large arteries of hyperaldosteronism rats.3?
Various mediators have been shown to participate
in mineralocorticoid receptor (MR)-related vas-
cular remodeling, including platelet-derived
growth factor (PDGF), angiotensin II, and
endothelin-1, mostly by activating the receptors
located in the walls of vascular smooth muscle
cells.3! In animal studies, excessive aldosterone
has been demonstrated to induce perivascular
macrophage infiltration,3? vascular remodeling
with direct effects on smooth muscle cells,33 and
periaortic collagen deposition.34

Endothelial cell MRs (EC-MRs) have been cor-
related with vascular stiffness and dysfunc-
tion,3%-3¢ and to contribute to arterial wall stiffness
by promoting the expressions of sodium ion chan-
nels. This may cause EC stiffness and affect adja-
cent smooth muscle cells.?73 MRAs may reduce

arterial stiffness by blocking EC-MRs.% In addi-
tion, MRAs may limit extracellular matrix turno-
ver, and hence reduce tissue fibrosis.*!

In our present and previous studies, we found that
PAC, PRA and ARR were not determining factors
for baseline or post-treatment improvement in
PWV. This indicates that these characteristic bio-
markers are not appropriate parameters to evalu-
ate the exact physiological impacts of chronic
exposure to elevated aldosterone on the cardiovas-
cular system of PA patients. Twenty-four-hour
urine aldosterone has been proposed to be a better
predictor of cardiovascular damage in PA patients
than traditional biochemical markers.+?

In the present study, both surgery and medical
treatment resulted in significant improvements in
BP and arterial wall stiffness, as well as in other
PA characteristic biochemical parameters, includ-
ing PRA, ARR and serum potassium level. Both
groups had significant elevations in post-treat-
ment serum creatine level (although still within
normal limits), and the increase in the adrenalec-
tomy group was slightly higher than that in the
MRA group. However, a previous study reported
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Table 4. Comparison of post-treatment Results, propensity-score-matched.

Operation (n=176) MRA (n=176) p
Post-treatment SBP 135.11+16.5 142.5+20.46 <0.001**
Post-treatment DBP 83.09 + 10.39 87.03+11.58 0.001*
Post-treatment MAP 100.43 +11.65 105.52 + 13.53 <0.001**
Post-treatment Cre 1.05+0.54 0.98+0.36 0.17
Post-treatment K 4.35+ 0.46 4.23+05 0.022*
Post-treatment log_PAC 1.47+0.23 1.69 +0.25 <0.001
Post-treatment log_PRA 0.23+0.63 0.03+0.72 0.005*
Post-treatment log_ARR 1.24+0.65 1.66+0.72 <0.001**
Post-treatment PWV 1566.48 + 295.57 1613.6 + 349.51 0.173
ASBP (mmHg) -18.52+ 19.25 -11.74+21.99 0.002*
ADBP (mmHg) -9.13+12.48 -5.26+14.18 0.007*
AMBP (mmHg) -12.26 =13.61 -7.42+15.8 0.002*
ACre (mg/dL) 0.15+0.27 0.09+0.16 0.014*
AK (mEq/dL) 0.78 +0.75 0.42 +0.57 <0.001**
Alog_PAC -0.22+0.37 0.03+0.31 <0.001**
Alog_PRA 0.99 +0.97 0.53 +0.86 <0.001**
Alog_ARR -1.21+1.05 -0.5+0.84 <0.001**
APWV -78.88+217.9 -92.6 + 245.27 0.579

ARR, aldosterone to renin ration; AARR, change in aldosterone to renin ratio; baPWV, brachial-ankle pulse wave velocity;

AbaPWV, change in brachial-ankle pulse wave velocity; BMI, body-mass index; BSA, body surface area; Cre, serum
creatinine level; DBP, diastolic blood pressure; ADBP, change in DBP; K, serum potassium level; AK, change in serum
potassium level; log, log-transformed; MBP, mean blood pressure; PAC, plasma aldosterone concentration; APAC, change
in plasma aldosterone concentration; PRA, plasma renin activity; APRA, change in plasma renin activity; SBP, systolic

blood pressure; ASBP, change in SBP.
*p < 0.05.
**p < 0.001.

a better-long term outcome with adrenalectomy
than MRA treatment.43 Therefore, our data may
represent only a short-term effect rather than
long-term outcomes.

We found greater improvements in BP, serum
potassium, PAC and ARR in the adrenalectomy
group, but similar improvements in arterial stiff-
ness between the adrenalectomy and MRA
groups. This is consistent with a previous study

which reported that spironolactone treatment
could also reduce arterial stiffness independently
of controlling BP.#4

To focus on the influence of treatment method and
eliminate other confounding factors, we used 1:1
propensity score matching for age, sex and BP.
Before propensity score matching, the MRA group
had higher brachial-ankle PWYV than the adrenal-
ectomy group. After matching, there was no
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Table 5. Determinant factor to APWV.

Uni-variable linear regression

Multi-variable linear regression
(adjusted R?2 = 0.282)

B (95% C.1.) p p
Treatment -13.72 (-62.36~34.91) 0.579
Height (cm) -0.86 (-3.83~2.12) 0.571
Weight (kg) 0.56 (~1.21~2.33) 0.533
BSA 20 (-104.47~144.47) 0.752
BMI 4.61(-1.71~10.92) 0.152
Sex 7.07 (-41.72~55.86) 0.776
Age (year) 0.46 (~1.76~2.67) 0.684
HTN duration (year) 3.33(0.15~6.5) 0.04* 7.66 (4.79~10.53) <0.001**
No. of HTN medication 7.24 (-12.34~28.82) 0.468
Baseline MBP (mmHg) -3.53 (-5.21~-1.84) <0.001**
Baseline Cre (mg/dL) -34.59 (-111.69~42.51) 0.378
Baseline K (mEq/L) -14.14 (-55.19~26.9) 0.498
Baseline log_PAC -19.38 (-113.58~74.82) 0.686
Baseline log_PRA 6.95 (-29.63~43.53) 0.709
Baseline log_ARR -8.52 (-42.49~25.4¢6) 0.622
Baseline baPWV (cm/s) -0.26 (-0.33~-0.18) <0.001**  -0.31(-0.38--0.24)  <0.001**
AMBP (mmHg) 5.2 (3.66~6.74) <0.0071** 5.32 (3.51~7.12) <0.001**
ACre (mg/dL) -178.76 (-285.32~-72.17) 0.001*
AK (mEq/L) -11.77 (-47.13~23.6) 0.513
Alog_PAC 42.98 (-24.72~110.68) 0.213
Alog_PRA -27.78 (-53.37~-2.17) 0.034*
Alog_ARR 29.38 (5.62~53.13) 0.015*

ARR, aldosterone to renin ration; AARR, change in aldosterone to renin ratio; BMI, body-mass index; BSA, body surface
area; Cre, serum creatinine level; ACre, change in serum creatinine level; DBP, diastolic blood pressure; ADBP, change in
DBP; K, serum potassium level; AK, change in serum potassium level; log, log-transformed; MBP, mean blood pressure;
PAC, plasma aldosterone concentration; APAC, change in plasma aldosterone concentration; PRA, plasma renin activity;
APRA, change in plasma renin activity; PWV, pulse wave velocity; SBP, systolic blood pressure; ASBP, change in SBP.

*p < 0.05.
**p < 0.001.

significant difference in PWV between the two
groups, showing that PWYV is highly correlated directly comparing the outcome of arterial stiffness
with those factors. To the best of our knowledge,

this is by far the largest prospective cohort study

after surgical and medical treatment in PA patients.
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Numerous studies regarding the effects of anti-
hypertensive medication on arterial wall stiffness
have been proposed. Among them the medication
targeting on renin-angiotensin (RAS) system are
generally viewed superior in reducing arterial
stiffness than other classes.*>4% There are no sig-
nificant differences in prescribed with angioten-
sin-converting enzyme inhibitor (ACEI) or
angiotensin-receptor blocker (ARB) between our
two treatment groups after propensity-score
matching. Beyond the BP lowering effects, ACEI
might also reduce inflammation, oxidative stress,
cause smooth muscle relaxation, vascular wall
recomposition and increase arterial compliance.4®
ARB could decrease central BP and arterial stiff-
ness as well.47-48 Calcium-channel blocker (CCB)
such as amlodipine is effective in improving arte-
rial stiffness.# This might result from reduction
in terminal peripheral resistance and stiffness of
smaller muscular arteries. However, CCB present
weaker effects in decreasing arterial stiffness than
ARB.5% Diuretics other than MRA (mainly thi-
azide) are one of the major first-line anti-hyper-
tensive medication classes.’! Despite their
significance in decreasing BP, they exerted less
effects on arterial stiffness than other classes. The
depletion in sodium and water while treated with
hydrochlorothiazide may trigger the RAAS sys-
tem which offset the BP-lowering benefits to arte-
rial stiffness.52 ACEI/ARB, CCB or diuretics had
been observed with more favorable effects on
arterial stiffness than conventional beta-blockers.
However, newer beta-blocker such as nebivolol
which exerts protective effects on oxidative stress,
increases NO and improved small artery distensi-
bility index and endothelial function, presents
more prominent benefits on arterial stiffness than
the older atenolol.>3

In PA patients, aldosterone has been shown to
induce vascular wall inflammation,>* vascular cal-
cification35 and perivascular fibrosis.>® Aldosterone
also increases early atherosclerosis and promotes
plaque formation by activating the MR on smooth
muscle cells.>” This activation could also enhance
active stiffness by direct increase in vascular myo-
genic tone and agonist-dependent contraction.>8
Aldosterone may also increase arterial stiffness
through interfering serum potassium level while
hypokalemia in PA patients is correlated with their
arterial stiffness®® as well as cardiac structural
change and dysfunction.®® The reversal of arte-
rial stiffness by MRAs potentially results from

blocking MR activation and regulating serum
potassium level.®! Our present and previous stud-
ies confirmed that the arterial stiffness caused by
excess aldosterone in PA patients is effectively
reversed after treatment with MRAs.

There are several limitations to this study. First,
the choice of treatment was influenced by the
result of lateralization. When diagnosed with APA,
many patients are treated by adrenalectomy, while
those diagnosed with idiopathic hyperaldosteron-
ism are always treated with MRAs. This may have
interfered with our results, and further studies are
needed to clarify this issue. Second, we only pro-
vided the results after 1 year of follow-up. A longer
follow-up period is needed to clarify the long-
term effects of each treatment in PA patients.
Third, based on our prospective-enrollment-ret-
rospective-analysis design the vast variety of med-
ication combination in the study population could
not adequately avoid the confounding effect of
each drug.

Conclusion

The PA patients who received medical treatment
with MRAs had a significant improvement in
arterial stiffness. There was no significant differ-
ence in the improvement in arterial stiffness
between the two treatment strategies.

Declaration

Ethics approval and consent to participate

This study was approved by the Institutional
Review Board of the National Taiwan University
Hospital, Taiwan (NTUH REC No.
200611031R). All participants provided written
informed consent prior to participation.

Consent to publication
Not applicable.

Author contributions

Che-Wei Liao: Conceptualization; Data cura-
tion; Formal analysis; Investigation; Methodology;
Writing — original draft.

Yen-Tin Lin: Data curation; Investigation;
Methodology; Writing — review & editing.

Cheng-Hsuan Tsai: Data curation; Investiga-
tion; Methodology; Validation; Writing — review &
editing.

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj

THERAPEUTIC ADVANCES in

Chronic Disease

Volume 14

Yi-Yao Chang: Data curation; Investigation;
Methodology; Validation; Writing — review &
editing.

Zheng-Wei Chen: Data curation; Methodology;
Writing — review & editing.

Ching-Chu Lu: Methodology; Writing — origi-
nal draft; Writing — review & editing.

Chien-Ting Pan: Data curation; Investigation;
Writing — review & editing.

Chin-Chen Chang: Data curation; Investigation;
Resources; Writing — review & editing.

Bo-Ching Lee: Data curation; Investigation;
Validation; Writing — review & editing.

Yu-Wei Chiu: Data curation; Investigation;
Supervision; Writing — review & editing.

Wei-Chieh Huang: Data curation; Investigation;
Validation; Writing — review & editing.

Kuo-How Huang: Investigation; Resources;
Validation; Writing — review & editing.

Tai-Shuan Lai: Data curation; Resources;
Validation; Writing — review & editing.

Chi-Shen Hung: Data curation; Investigation;
Supervision; Validation; Writing — review &
editing.

Vin-Cent Wu: Data curation; Investigation;
Resources; Supervision; Validation; Writing —
review & editing.

Xue-Ming Wu: Formal analysis; Investigation;
Validation; Writing — review & editing.

Yen-Hung Lin: Conceptualization; Data cura-
tion; Funding acquisition; Investigation; Method-
ology; Resources; Supervision; Writing — review
& editing.

Acknowledgements

We are greatly thankful to Hsing-Fen Lin for his
advises to the statistical analyses while completing
the manuscript and revision. We also appreciate the
assistance from the staff of the Second Core Lab in
the Department of Medical Research in National
Taiwan University Hospital and all the members in
the TAIPAI study group (Appendix 1).

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This research
was supported by grants from the National

Science and Technology Council (former:
Ministry of Science and Technology, 106-2314-
B-002-048-MY3, 109-2314-B-002-247-MY3,
110-2314-B-002-134-MY3, 111-2314-B-002-
044), National Taiwan University Hospital
(NTUH 110-A141, 110-S5120, 111-N0092,
111UN-0039, VN110-14, VN111-11), National
Taiwan University Hospital Hsin-chu branch
(105-HCHO035, 106-HCHO013, 108-HCHO023,
109-HCHO023) and National Taiwan University
Cancer Center NTUCCS-111-13)

Competing interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Availability of data and materials

Correspondence and requests for data and mate-
rials should be addressed to Xue-Ming Wu
and Yen-Hung Lin (email: austinr34@gmail.
com)

ORCID iDs
Che-Wei Liao
7156-5381

https://orcid.org/0000-0001-

Cheng-Hsuan Tsai https://orcid.org/0000-

0003-2859-5117

References
1. Rossi GP, Bernini G, Caliumi C, et al. A
prospective study of the prevalence of primary
aldosteronism in 1,125 hypertensive patients. ¥
Am Coll Cardiol 2006; 48: 2293-2300.

2. Callera GE, Touyz RM, Tostes RC, er al.
Aldosterone activates vascular p38MAP kinase
and NADPH oxidase via c-Src. Hypertension
2005; 45: 773-779.

3. Strauch B, Petrak O, Wichterle D, et al. Increased
arterial wall stiffness in primary aldosteronism
in comparison with essential hypertension. Am ¥
Hypertens 20065 19: 909-914.

4. Bernini G, Galetta F, Franzoni F, et al.
Arterial stiffness, intima-media thickness and
carotid artery fibrosis in patients with primary
aldosteronism. J Hypertens 2008; 26: 2399-2405.

5. Holaj R, Rosa ], Zelinka T, ez al. Long-
term effect of specific treatment of primary
aldosteronism on carotid intima-media thickness.
J Hypertens 2015; 33: 874—882; discussion 882.

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj
mailto:austinr34@gmail.com
mailto:austinr34@gmail.com
https://orcid.org/0000-0001-7156-5381
https://orcid.org/0000-0001-7156-5381
https://orcid.org/0000-0003-2859-5117
https://orcid.org/0000-0003-2859-5117

C-W Liao, Y-T Lin et al.

6. Asmar R, Benetos A, Topouchian ], ez al.
Assessment of arterial distensibility by automatic
pulse wave velocity measurement. Validation and
clinical application studies. Hypertension 1995;
26: 485-490.

7. Rossi GP, Sacchetto A, Pavan E, ez al.
Remodeling of the left ventricle in primary
aldosteronism due to Conn’s adenoma.
Circulation 1997; 95: 1471-1478.

8. Rossi GP, Sechi LA, Giacchetti G, er al. Primary
aldosteronism: cardiovascular, renal and
metabolic implications. Trends Endocrinol Metab
2008; 19: 88-90.

9. Tsuchiya K, Yoshimoto T and Hirata Y.
Endothelial dysfunction is related to aldosterone
excess and raised blood pressure. Endocr ¥ 2009;
56: 553-559.

10. Sechi LA, Colussi G, Di Fabio A, ez al.
Cardiovascular and renal damage in primary
aldosteronism: outcomes after treatment. Am ¥
Hypertens 20105 23: 1253-1260.

11. Kuo CC, Wu VC, Tsai CW, er al. Relative
kidney hyperfiltration in primary aldosteronism: a
meta-analysis. ¥ Renin Angiotensin Aldosterone Syst
20115 12: 113-122.

12. Wu VC, Kuo CC, Wang SM, et al. Primary
aldosteronism: changes in cystatin C-based
kidney filtration, proteinuria, and renal duplex
indices with treatment. ¥ Hypertens 2011; 29:
1778-1786.

13. Rossi GP, Seccia TM, Maiolino G, et al.
The cardiovascular consequences of
hyperaldosteronism. Ann Endocrinol (Paris) 2021;
82:174-178.

14. Milliez P, Girerd X, Plouin PF, ez al. Evidence
for an increased rate of cardiovascular events in
patients with primary aldosteronism. ¥ Am Coll
Cardiol 20055 45: 1243-1248.

15. Lin YH, Lin LY, Chen A, er al. Adrenalectomy
improves increased carotid intima-media
thickness and arterial stiffness in patients with
aldosterone producing adenoma. Atherosclerosis
2012; 221: 154-159.

16. Lin YH, Wu XM, Lee HH, ez al. Adrenalectomy
reverses myocardial fibrosis in patients with
primary aldosteronism. ¥ Hypertens 2012; 30:
1606-1613.

17. Pan CT, Liao CW, T'sai CH, et al. Influence
of different treatment strategies on new-onset
atrial fibrillation among patients with primary
aldosteronism: a nationwide longitudinal cohort-
based study. ¥ Am Heart Assoc 2020; 9: ¢013699.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Huang KH, Yu CC, Hu YH, er al. Targeted
treatment of primary aldosteronism — the
consensus of Taiwan Society of Aldosteronism.
F Formos Med Assoc 2019; 118: 72-82.

Liao CW, Lin LY, Hung CS, er al. Time course
and factors predicting arterial stiffness reversal
in patients with aldosterone-producing adenoma
after adrenalectomy: prospective study of 102
patients. Sci Rep 2016; 6: 20862.

Sakima A, Arima H, Matayoshi T, ez al. Effect of
mineralocorticoid receptor blockade on arterial
stiffness and endothelial function: a meta-analysis
of randomized trials. Hypertension 2021; 77:
929-937.

Chao CT, Wu VC, Kuo CGC, er al. Diagnosis
and management of primary aldosteronism: an
updated review. Ann Med 2013; 45: 375-383.

Wu VC, Hu YH, Er LK, ez al. Case detection
and diagnosis of primary aldosteronism — the
consensus of Taiwan society of aldosteronism.
¥ Formos Med Assoc 2017; 116: 993-1005.

Strauch B, Petrak O, Zelinka T, ez al.
Adrenalectomy improves arterial stiffness in
primary aldosteronism. Am F Hypertens 2008; 21:
1086-1092.

Harvey A, Montezano AC and Touyz RM.
Vascular biology of ageing-Implications in

hypertension. ¥ Mol Cell Cardiol 2015; 83:

112-121.

Strauch B, Petrak O, Zelinka T, ez al.
Adrenalectomy improves arterial stiffness in
primary aldosteronism. Am F Hypertens 2008; 21:
1086—-1092.

Mihailidou AS, Tzakos AG and Ashton AW.
Non-genomic effects of aldosterone. Vizam Horm
2019; 109: 133-149.

Hermidorff MM, de Assis LV and Isoldi MC.
Genomic and rapid effects of aldosterone: what
we know and do not know thus far. Heart Fail
Rev 2017; 22: 65-89.

Chen ZW, Tsai CH, Pan CT, ez al. Endothelial
dysfunction in primary aldosteronism. Int ¥ Mol
Sci 2019; 20: 5214.

Pu Q, Neves MF, Virdis A, er al. Endothelin
antagonism on aldosterone-induced oxidative
stress and vascular remodeling. Hypertension
2003; 42: 49-55.

Lacolley P, Labat C, Pujol A, et al. Increased
carotid wall elastic modulus and fibronectin in
aldosterone-salt-treated rats. Circulation 2002;
106: 2848-2853.

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj

THERAPEUTIC ADVANCES in

Chronic Disease

Volume 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

McCurley A and Jaffe IZ. Mineralocorticoid
receptors in vascular function and disease. Mol
Cell Endocrinol 20123 350: 256-265.

Blasi ER, Rocha R, Rudolph AE, et al.
Aldosterone/salt induces renal inflammation and
fibrosis in hypertensive rats. Kidney Int 2003; 63:
1791-1800.

Pruthi D, McCurley A, Aronovitz M, er al.
Aldosterone promotes vascular remodeling

by direct effects on smooth muscle cell
mineralocorticoid receptors. Arterioscler Thromb
Vasc Biol 2014; 34: 355-364.

Park JB and Schiffrin EL. Cardiac and vascular
fibrosis and hypertrophy in aldosterone-infused
rats: role of endothelin-1. Am ¥ Hypertens 2002;
15: 164-169.

Jia G, Aroor AR, DeMarco VG, et al. Vascular
stiffness in insulin resistance and obesity. Front
Physiol 2015; 6: 231.

Moss ME, Carvajal B and Jaffe IZ. The
endothelial mineralocorticoid receptor:
contributions to sex differences in cardiovascular
disease. Pharmacol Ther 2019; 203: 107387.

Oberleithner H, Riethmuiller C, Schillers H, ez al.
Plasma sodium stiffens vascular endothelium and
reduces nitric oxide release. Proc Natl Acad Sci
USA 2007; 104: 16281-16286.

Jia G, Habibi J, Aroor AR, ez al. Enhanced
endothelium epithelial sodium channel signaling
prompts left ventricular diastolic dysfunction in
obese female mice. Merabolism 2018; 78: 69-79.

Jia G, Habibi J, Aroor AR, et al. Epithelial sodium
channel in aldosterone-induced endothelium
stiffness and aortic dysfunction. Hypertension
2018; 72: 731-738.

Sakima A, Arima H, Matayoshi T, er al. Effect of
mineralocorticoid receptor blockade on arterial
stiffness and endothelial function. Hypertension
2021; 77: 929-937.

Zannad F, Alla F, Dousset B, et al. Limitation
of excessive extracellular matrix turnover may
contribute to survival benefit of spironolactone
therapy in patients with congestive heart
failure: insights from the randomized aldactone
evaluation study (RALES). Rales Investigators.
Circulation 20005 102: 2700-2706.

Hung CS, Ho YL, Chang YY, er al. Twenty-four-
hour urinary aldosterone predicts inappropriate
left ventricular mass index in patients with
primary aldosteronism. Scientific WorldFournal
2013; 2013: 294594.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Chen YY, Lin YH, Huang WG, ez al.
Adrenalectomy improves the long-term risk of
end-stage renal disease and mortality of primary
aldosteronism. ¥ Endocr Soc 2019; 3: 1110-1126.

Aryal SR, Siddiqui M, Sharifov OF, ez al.
Spironolactone reduces aortic stiffness in patients
with resistant hypertension independent of blood
pressure change. ¥ Am Heart Assoc 2021; 10:
e019434.

Boutouyrie P, Lacolley P, Briet M, ez al.
Pharmacological modulation of arterial stiffness.
Drugs 20115 71: 1689-1701.

Dudenbostel T and Glasser SP. Effects of
antihypertensive drugs on arterial stiffness.
Cardiol Rev 20125 20: 259-263.

Mahmud A and Feely J. Arterial stiffness and the
renin-angiotensin-aldosterone system. ¥ Renin-
Angiotensin-Aldosterone Syst: FRAAS 2004; 5:
102-108.

Dhakam Z, McEniery CM, Cockcroft JR, ez al.
Atenolol and eprosartan: differential effects on
central blood pressure and aortic pulse wave
velocity. Am ¥ Hypertens 20065 19: 214-219.

Ichihara A, Kaneshiro Y, Sakoda M, er al.
Add-on amlodipine improves arterial function
and structure in hypertensive patients treated
with an angiotensin receptor blocker. ¥ Cardiovasc
Pharmacol 2007; 49: 161-166.

Munakata M, Nagasaki A, Nunokawa T, ez al.
Effects of valsartan and nifedipine coat-core on
systemic arterial stiffness in hypertensive patients.
Am F Hypertens 2004; 17: 1050-1055.

Wang TD, Chiang CE, Chao TH, ez al. 2022
guidelines of the Taiwan Society of Cardiology
and the Taiwan hypertension society for the
management of hypertension. Acta Cardiol Sin
2022; 38: 225-325.

Matsui Y, Eguchi K, O’Rourke MF, er al.
Association between aldosterone induced by
antihypertensive medication and arterial stiffness
reduction: the J-CORE study. Atherosclerosis
2011; 215: 184-188.

Agabiti-Rosei E, Porteri E and Rizzoni D.
Arterial stiffness, hypertension, and rational use
of nebivolol. Vasc Health Risk Manag 2009; 5:
353-360.

van der Heijden C, Smeets EMM, Aarntzen E,

et al. Arterial wall inflammation and increased
hematopoietic activity in patients with primary
aldosteronism. ¥ Clin Endocrinol Metab 2020; 105:
e¢1967-e1980.

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj

C-W Liao, Y-T Lin et al.

55.

56.

57.

58.

59.

60.

Zhang X, Zhou X, Huang Z, et al. Aldosterone is
a possible new stimulating factor for promoting
vascular calcification. FBL 2021; 26: 1052-1063.

Bernini G, Galetta F, Franzoni F, ez al.

Arterial stiffness, intima-media thickness and
carotid artery fibrosis in patients with primary
aldosteronism. ¥ Hypertens 2008; 26: 2399-2405.

McGraw AP, Bagley J, Chen WS, ez al.
Aldosterone increases early atherosclerosis

and promotes plaque inflammation through a
placental growth factor-dependent mechanism.
F Am Heart Assoc 2013; 2: e000018.

Buffolo F, Tetti M, Mulatero P, et al.
Aldosterone as a mediator of cardiovascular
damage. Hypertension 2022; 79: 1899-1911.

Chang YY, Chen A, Chen YH, er al.
Hypokalemia correlated with arterial stiffness but
not microvascular endothelial function in patients
with primary aldosteronism. ¥ Renin-Angio-Aldo
Syst 20155 16: 353-359.

Lin YH, Wang SM, Wu VC, ez al. The
association of serum potassium level with
left ventricular mass in patients with primary
aldosteronism. Eur ¥ Clin Invest 20115 41:
743-750.

61. Sun Y, Byon CH, Yang Y, ez al. Dietary
potassium regulates vascular calcification and
arterial stiffness. ¥CI Insight 2017; 2: €94920.

Appendix 1

Membership of the Taiwan Primary Aldosteronism
Investigation (TAIPAI) Study Group: Tai-Shuan Lai;
Vin-Cent Wu; Shao-Yu Yang; Kao-Lang Liu; Chin-
Chen Chang; Bo-Chiag Lee; Shuo-MengWang; Kuo-
How Huang; Po-Chih Lin; Yen-Hung Lin; Lian-Yu
Lin; Shih-Cheng Liao; Ruoh-FangYen; Ching-Chu Lu;
Shih-Chieh Jeff Chueh (National Taiwan University
Hospital, Taipei, Taiwan); Chieh-Kai Chan (NTUH
Hsin-Chu branch); Leay-Kiaw Er; Ya-Hui Hu; Chia-
Hui Chang; Che-HsiungWu; Yao-Chou Tsai (Taipei
Tzu Chi Hospital, Buddhist Tzu Chi Medical Founda-
tion, Taipei, Taiwan); Chen-Hsun Ho (Taipei Medical
University-Shuang Ho Hospital, Ministry of Health
and Welfare); Wei-Chieh Huang (Taipei Veterans Gen-
eral Hospital); Ying-Ying Chen (MacKay Memorial
Hospital); Kwan-Dun Wu (National Taiwan University
Hospital, Taipei, Taiwan N'TUH, Director of Coordi-
nating Center).

Visit SAGE journals online

journals.sagepub.com/
home/taj

®SAGE journals

journals.sagepub.com/home/taj


https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj

