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1  | INTRODUCTION

The stiffening of large arteries is, to some degree, a natural process 
related to the course of ageing. However, this process has been found 
to be accelerated in patients with cardiovascular risk factors, notably 
in patients with arterial hypertension, diabetes mellitus, or chronic 
kidney disease.1–3 Increased aortic stiffness as determined by the 
measurement of pulse wave velocity (PWV) has been identified as an 
independent predictor of poor cardiovascular outcomes in patients 
with essential hypertension.4,5

Several in vitro investigations have indicated that aldosterone 
may directly induce vascular dysfunction, inflammation, and fibrosis in 
large arteries and, thus, lead to an increase in aortic stiffness.6,7 This 
concept has also been supported in humans through a variety of find-
ings: in normotensive patients, short-term systemic administration of 
aldosterone results in endothelial dysfunction and vasoconstriction.8,9 
Furthermore, PWV is greater in patients with primary hyperaldostero-
nism compared with patients with essential hypertension.10 In patients 
with essential hypertension, increased plasma levels of aldosterone 
were found to be associated with reduced arterial compliance.11

Drugs that block the mineralocorticoid receptor (MR) are increas-
ingly used to treat patients with treatment-resistant hypertension 
(TRH). A post hoc analysis of the Anglo-Scandinavian Cardiac Outcomes 
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Abstract
Vascular damage is aggravated in animal models of hypertension with mineralocorti-
coid (MR) excess and in hypertensive patients with primary hyperaldosteronism. MR 
antagonism has shown to provide effective blood pressure (BP)-control in patients 
with treatment resistant hypertension (TRH), but the concurrent effects on the vascu-
lature have not been examined. In a randomized, double-blinded, placebo-controlled 
parallel-group study, 51 patients with TRH received either eplerenone 50 mg or pla-
cebo for 6 months together with additional antihypertensives titrated to achieve a BP 
target of <140/90 mm Hg. Pulse wave velocity (PWV), augmentation index (AIx), aug-
mentation pressure (AP), AP normalized to a heart rate of 75/min (AP@HR75), renal 
resistive index (RRI), intima-media thickness (IMT) and urinary albumin excretion rate 
(UAER) were assessed before and after treatment. PWV was reduced only with 
eplerenone (from 11.3±3.6 to 9.8±2.6 m/s, P˂.001), but not with placebo (10.3±2.0 to 
10.1±1.8 m/s, P=.60), despite similar reductions in BP (−35±20/−15±11 mm Hg vs 
−30±19/−13±7 mm Hg, n.s.). Further, reductions in AP and AP@HR75 were greater 
with eplerenone, while changes in AIx, RRI, IMT and UAER were similar. Our data 
show that eplerenone beneficially affects markers of arterial stiffness and wave reflec-
tion in patients with TRH, independently of BP lowering. These data add to the evi-
dence that MR antagonism should be the preferred treatment option in TRH.
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Trial (ASCOT)12 showed that spironolactone at a median dose of 25 mg 
lowers blood pressure (BP) effectively when used as a fourth-line drug 
in TRH. Similarly, in the recently published Addition of Spironolactone 
in Patients With Resistant Arterial Hypertension (ASPIRANT) and 
PATHWAY-2 trials, addition of spironolactone was significantly more 
effective in achieving BP control in patients with TRH compared with 
placebo or other BP drugs, respectively.13,14 Due to limited specificity 
of spironolactone for the MR and concomitant blockade of androgen 
receptors, the development of gynecomastia is a common side effect 
that limits its usefulness. To overcome this issue, eplerenone has been 
developed with greater selectivity for the MR.15 We hypothesized that 
MR antagonism with eplerenone would have beneficial effects on 
vascular parameters beyond BP control in patients with TRH.

2  | MATERIAL AND METHODS

2.1 | Study design

The study was a single-center, prospective, randomized, double-blind 
parallel group study comparing eplerenone 50 mg vs placebo admin-
istered on top of other BP-lowering medications. Randomization was 
performed by a computer program. Double-blindness was secured 
through identical packaging of the study medication by our local phar-
macy. The treatment duration was 26 weeks and target office BP was 
<140/90 mm Hg in both groups. Hence, during the treatment period, 
addition of other antihypertensive agents was allowed, with the ex-
ception of MR antagonists.

2.2 | Study population

Fifty-one patients were recruited by our clinical research competence 
center in Erlangen-Nürnberg (www.crc-erlangen.de) for this study. 
All patients had TRH as defined by office BP ≥140/90 mm Hg de-
spite treatment with at least three antihypertensive agents including 
one diuretic agent and an angiotensin-converting enzyme inhibitor 
(ACEI) or angiotensin receptor blocker (ARB) in the highest tolerable 
dose. Main exclusion criteria were glomerular filtration rate <60 mL/
min/1.73 m2, any type of secondary hypertension, diabetes mellitus, 
and dyslipidemia. Patients with manifest cardiovascular disease (in-
cluding previous stroke/transitory ischemic attack, peripheral vascu-
lar disease, myocardial infarction, or any revascularization procedure) 
were also excluded from participation. Before enrollment in the study, 
written informed consent was obtained from each participant. The 
study protocol was approved by the institutional review board of the 
University of Erlangen-Nürnberg. The study was performed in adher-
ence to the principles of the Declaration of Helsinki and according 
to good clinical practice standards. The study was registered with 
ClinicalTrials.gov (NCT00138944).

2.3 | BP measurement

A standardized sphygmomanometer was used for office BP measure-
ments with the cuff size adjusted to the patient’s arm circumference. 

Office BP was the mean of three consecutive measurements with 
the patient seated for 5 minutes, and 24-hour ambulatory BP was 
performed by an automatic portable device (Spacelab No. 90207, 
Redmond, CA, USA). Measurement intervals were 15 minutes during 
the day (7 am to 10 pm) and 30 minutes during nighttime.

2.4 | Pulse wave velocity

Carotid-femoral PWV was determined using a SphygmoCor device 
(AtCor Medical, Sydney, NSW, Australia). Pulse waveforms of the 
common carotid artery and the femoral artery were obtained sequen-
tially and PWV was calculated as the distance between the supraster-
nal notch and the femoral artery recording site, divided by the time 
interval between the feet of the flow waves. Previous studies have 
found PWV to be highly reproducible.16,17

2.5 | Pulse wave analysis 

Radial artery waveforms were sampled by a noninvasive tech-
nique with the commercially available SphygmoCor System and 
calibrated to the brachial mean and diastolic BP of the same 
arm. Radial artery waveforms were recorded using high-fidelity 
applanation tonometry (Millar Instruments, Houston, TX, USA). 
Corresponding central (aortic) waveforms were then automati-
cally generated from the radial artery waveform by a validated 
transfer function. From the derived central waveforms, data on 
augmentation pressure (AP), augmentation pressure normalized to 
a heart rate of 75 beats per minute (AP@HR75), and on central 
augmentation index (AIx), defined as the pressure difference be-
tween these peaks, expressed as a percentage of central PP, are 
given. PWA has been found to be highly reproducible in previous 
studies.16,17

2.6 | Measurement of the IMT

Intima-media thickness (IMT) measurements of the right and left com-
mon carotid artery were obtained from the far walls according to the 
Mannheim carotid intima-media thickness consensus, using a Siemens 
G60S ultrasound machine with 10 MHz linear ultrasound transducer 
(Siemens Healthcare, Erlangen, Germany).18 IMT was found to be re-
producible in previous studies.17,19

2.7 | Ultrasonographic determination of the RRI

The B-mode measurements and the Doppler measurements of the 
renal resistive index (RRI) were performed using a Siemens G60S ul-
trasound machine with a 3.5-MHZ sector transducer. Patients were 
placed in a supine position and both the right and the left kidneys 
were evaluated for morphologic criteria in order to exclude patients 
with any difference in size or morphology between kidneys. A lobular 
artery was located in the upper, middle, and lower third of the kidney 
using color flow imaging. Three measurements of maximum systolic 
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blood flow velocity and minimum diastolic blood flow velocity were 
recorded on each kidney. The dimensionless RRI was calculated using 
the formula:

For analysis, RRI values from the six measurements were averaged. 
All ultrasonographic measurements were performed by the same ex-
aminers (TKS, BMWS). The repeatability of this method was found to 
be good in previous studies.17

2.8 | Urinary albumin excretion rate

Urine was collected over 24 hours to measure urinary albumin excre-
tion rate. Urine samples that contained <15 mg/kg body weight of 
creatinine over 24 hours were excluded because of assumed collect-
ing error. Urinary albumin excretion was determined by applying the 
standard laboratory method of nephelometry.

2.9 | Statistical analysis

All statistical analyses were performed using SPSS software package 
(SPSS for Windows 22.0, SPSS Inc, Chicago, IL, USA). Chi-square test 
was used to compare categorical variables. Student t test for paired 
samples was used for comparisons of normally distributed parameters 
before and after treatment. Student t test for unpaired samples was 
used for the comparison of treatment effects between the eplerenone 
and placebo groups. In addition, two-way analysis of variance was used 
to compare the effects of group allocation (eplerenone vs placebo), 
time (before vs after therapy), and their interaction (group*time). The 
level of significance was set to P<.05 (two-tailed) for the primary end 
point PWV. All other parameters were evaluated in an explorative way 
and therefore no correction for multiple testing was applied. All values 
are given as mean±standard deviation unless noted otherwise. Linear 

regression was performed to assess the effects of potential covariates 
on the reduction of PWV during the treatment phase. All explanatory 
variables were entered simultaneously into the model.

3  | RESULTS

3.1 | Demographic data

Demographic data are shown in Table 1. The treatment groups were 
comparable with regard to sex distribution, body mass index (BMI), 
and duration of hypertension. There was a slight but significant dif-
ference in age, as patients randomized to eplerenone were slightly 
older than patients randomized to placebo. The number of antihy-
pertensive drugs was similar between groups at baseline except for 
a greater number of patients taking α-blockers in the group allocated 
to placebo. During the treatment phase, which aimed at a reduction 
of BP <140/90 mm Hg (and which allowed the addition of antihyper-
tensive agents other than MR antagonists in both groups), the number 
of antihypertensive agents did not change in the patients allocated 
to eplerenone (P=.71 by paired t test), while there was an increase in 
the number of antihypertensive agents in the placebo group (P=.01 
by paired t test). As a result, the number of antihypertensive agents 
was slightly greater in the placebo group at the end of the treatment 
phase, as was the number of α-blockers and calcium channel block-
ers (Table 2, please note that the study medication, ie, eplerenone or 
placebo, was not counted towards the number of antihypertensive 
agents in this table).

3.2 | Laboratory assessments

Serum potassium values did not change in any of the two groups 
(eplerenone group: 4.2±0.4 mmol/L at baseline vs 4.2 mmol/L after 
treatment, P=.983; placebo group: 4.1±0.5 mmol/L at baseline vs 
4.0±0.5 mmol/L after treatment, P=.337). Further, serum creatinine 

RRI=(maximumsystolic velocity−minimumdiastolic velocity)∕

maximumsystolic velocity.

Eplerenone Placebo P Value

Age, y 62.2±6.9 57.7±7.8 .04

Men/women 19/6 22/4 .44

BMI, kg/m² 29.3±4.6 28.1±3.2 .28

Duration of hypertension, mo 214±146 166±158 .27

24 h-ambulatory BP, mm Hg 143±13/82±12 143±12/86±8 .99

No. of antihypertensives 3.8±0.6 3.9±0.8 .89

ACEIs, % 48 54 .68

ARBs, % 64 50 .32

Diuretics, % 100 100 1.00

Calcium antagonists, % 56 65 .50

ß-Blockers, % 76 62 .28

Sympatholytics, % 32 23 .48

α-Blockers, % 4 31 .01

Abbreviations: ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; 
BMI, body mass index; BP, blood pressure.

TABLE  1 Demographics of Study 
Participants
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concentration did not change in any of the groups (eplerenone group: 
0.9±0.2 mg/dL at baseline vs 0.9±0.2 mg/dL after treatment, P=.270; 
placebo group: 0.9±0.2 mg/dL at baseline vs 0.9±0.2 mg/dL after 
treatment, P=.493).

3.3 | Blood pressure

Office BP at enrollment was 166±21/91±15 mm Hg in the 
eplerenone and 159±19/94±8 mm Hg in the placebo group (P=.23 
for systolic and P=.47 for diastolic BP). 24-hour ambulatory BP was 
also similar between the two groups: 143±13/82±12 mm Hg vs. 
143±12/86±8 mm Hg (P=.99 and P=.21). Intensification of BP treat-
ment in the group allocated to eplerenone resulted in a decrease in 
office BP of −35±20/−15±11 mm Hg. Intensification of BP treat-
ment in patients allocated to placebo (but with discretionary adjust-
ments of BP therapy other than MR antagonists) resulted in an office 
BP decrease of −30±19/−13±7 mm Hg. In both groups, the reduc-
tions in office BP were significant, but there was no interaction of 
the response with group allocation (Pgroup*time=.3156 for office SBP 
[Figure 1A], Pgroup*time=.4544 for office DBP [Figure 1B]). Target BP 
(<140/90 mm Hg) was achieved in 46% of patients randomized to 
eplerenone and in 54% in the placebo group (not significant, P=.21). 
Reductions in 24 hour BP were also significant, but, again, there was 

no difference between the two treatment groups (Pgroup*time=.1330 for 
SBP, Pgroup*time=.3318 for DBP).

3.4 | Vascular markers

PWV at baseline was 11.3±3.6 m/s in the eplerenone group and 
10.3±2.0 m/s in the placebo group (P=.81). In the eplerenone group, 
PWV decreased to 9.8±2.6 m/s (P<.001). In the placebo group, there 
was no significant change of PWV 10.1±1.8 m/s (P=.60). There was a 
significant interaction between group allocation (eplerenone vs pla-
cebo) and treatment effect over time (Pgroup*time=.0270, Figure 2A). 
To study the relative role of BP reduction vs group allocation for the 
change in PWV during treatment, we performed linear regression 
analyses (Table 3). Only group allocation was identified as an inde-
pendent explanatory variable of PWV change (P=.017).

AIx was reduced in both groups after treatment, but there was no in-
teraction between group allocation and treatment effect (Pgroup*time=.6579 
[Figure 2B]). AP and AP@HR75 were also reduced in both groups after 
treatment. Again, there was an interaction between group allocation and 
treatment effect on AP and AP@HR75 (Pgroup*time=.0379 [Figure 2C] and 
Pgroup*time=.0468 [Figure 2D], respectively). Other related parameters 
derived from PWA are presented in Table 4.

In contrast, none of the other parameters of vascular damage were 
affected disparately between treatment groups (Figure 3A for IMT of 
the right common carotid artery, Figure 3B for IMT of the left common 
carotid artery, Figure 3C for RRI of the right kidney, and Figure 3D for 
RRI of the left kidney). Further, no change was noted in urine albumin-
to-creatinine ratio in either of the two groups (eplerenone: 15±19 mg 
at baseline vs 10±15 mg after treatment, P=.349; placebo: 11±8 mg at 
baseline vs 11±15 mg after treatment, P=.983).

4  | DISCUSSION

In this double-blind randomized clinical trial we demonstrated that 
several vascular markers were reduced in TRH by MR antagonism with 
low-dose eplerenone. This was observed when eplerenone was added 
to established treatment with ACEIs or ARBs in patients, and this effect 

F IGURE  1 Office systolic blood pressure (SBP; A) and diastolic blood pressure (DBP; B) before and after therapy with placebo or eplerenone

A B

TABLE  2 Antihypertensive Treatment at the End of the Study

  Eplerenone Placebo P Value

No. of antihypertensives 3.8±0.7 4.5±1.3 .02

ACEIs, % 40 46 .69

ARBs, % 68 71 .89

Diuretics, % 100 100 1.00

Calcium antagonists, % 60 88 .03

ß-Blockers, % 76 63 .32

Sympatholytics, % 28 50 .21

α-Blockers, % 04 25 .04

Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; ARBs, 
angiotensin receptor blockers.
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occurred independent of BP. This is of explicit clinical importance since 
increased arterial stiffness is associated with cardiovascular morbidity 
and mortality in hypertensive patients,4,5 and improvement in arterial 
stiffness is associated with improved cardiovascular outcome.20

5  | STUDY LIMITATIONS

Our findings are in line with several previous studies investigating 
the effects of spironolactone, such as the study by Davies and col-
leagues.21 In that randomized, double-blinded crossover study, the 
investigators showed a significant reduction in PWV by applica-
tion of spironolactone over 4 months in diabetic hypertensive pa-
tients.21 A major limitation of that study was the small sample size 
(10 patients). A similar benefit of MR antagonism was also observed 

in patients with chronic kidney disease.18 In patients with chronic 
kidney disease, the renin-angiotensin-aldosterone system plays a 
crucial role in the development of left ventricular hypertrophy and 
vascular stiffness.22 The Chronic Renal Impairment in Birmingham 
II (CRIB-II) trial therefore investigated the effect of the addition of 
spironolactone to ACEIs or ARBs in 112 patients with early chronic 
kidney disease. The additional use of an aldosterone antagonist was 
effective in improving arterial stiffness in these patients.23 In our co-
hort, by chance, patients in the eplerenone group were slightly older 
than in the placebo group. This even more highlights the positive 
findings with eplerenone treatment, as age is an important risk factor 
for impaired PWV.24

There are also some studies on eplerenone. The study by Eguchi 
and colleagues was able to demonstrate that eplerenone was more 
effective than placebo in patients with TRH, especially regarding re-
duction of home and ambulatory awake BP.25 In addition to the BP 
reduction, this study also demonstrated an improvement in flow-
mediated vasodilation.25 Similarly, in a prospective, randomized study 
in 16 hypertensive patients, Savoia and colleagues26 found that epler-
enone (compared with atenolol) was associated with reduced vascu-
lar stiffness and circulating inflammatory markers. Finally, White and 
colleagues27 studied the effects of eplerenone vs amlodipine on BP 
and PWV in patients with systolic hypertension over a treatment 
duration of 24 weeks. Eplerenone was as effective as amlodipine 
in the reduction of systolic BP, pulse pressure, and PWV. However, 

F IGURE  2 Pulse wave velocity (PWV; A), augmentation index (AIx; B), augmentation pressure (AP; C), and augmentation pressure normalized 
to a heart rate of 75 beats per minute (AP@HR75; D) before and after therapy with placebo or eplerenone

A B

C D

TABLE  3 Linear Regression Model for Explanation of the Change 
in PWV

Parameter

R2=.219, Corrected R2=.164, P=.031

Standard β Value P Value

Office SBP reduction .143 .402

Group (eplerenone vs 
placebo)

−.426 .017

Abbreviations: PWV, pulse wave velocity; SBP, systolic blood pressure.
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microalbuminuria was reduced to a greater extent with eplerenone 
than with amlodipine.

Our results are in contrast with some other reports.28–30 In those 
studies, the investigators did not find a beneficial effect on vascu-
lar stiffness with the administration of eplerenone. These studies, 
however, had several limitations including small sample size28–30 
or a relatively short-term treatment period of only 1 month.28,29 It 
could be argued that it might take more than 1 month of treatment 
to detect the beneficial effects of MR blockade on vascular stiffness. 
Furthermore, patients in these studies had serious comorbidities and 

thus the results cannot be compared with our hypertensive study 
group without severe comorbidities.

How can we explain the BP-lowering effects in the placebo group? 
In our study, all patients received ACEIs or ARBs and diuretics together 
with a third drug at baseline. To achieve target BP <140/90 mm Hg 
in both groups, forced titration of already prescribed agents as well as 
prescription of additional antihypertensive agents except for the use of 
MR antagonists was allowed, according to the discretion of the physi-
cian. At the end of study, the number of antihypertensive agents other 
than eplerenone or placebo was greater in the placebo group (Table 2).

Eplerenone Placebo

Before After P Value Before After P Value

Heart rate, beats per 
min

57±9 58±11 .337 56±9 55±7 .433

pSBP, mm Hg 167±26 131±12 <.001 159±17 136±14 <.001

pDBP, mm Hg 90±16 78±10 <.001 93±9 85±9 <.001

pPP, mm Hg 77±21 53±10 <.001 66±15 52±13 <.001

pMP, mm Hg 117±18 96±10 <.001 117±11 103±9 <.001

cSBP, mm Hg 159±26 123±12 <.001 151±18 129±14 <.001

cDBP, mm Hg 91±16 79±10 <.001 94±9 85±9 <.001

cPP, mm Hg 68±20 45±10 <.001 57±16 44±12 <.001

Abbreviations: cDBP, central diastolic blood pressure; cPP, central pulse pressure; cSBP, central sys-
tolic blood pressure; pDBP, peripheral diastolic blood pressure; pMP, peripheral mean pressure; pPP, 
peripheral pulse pressure; pSBP, peripheral systolic blood pressure.

TABLE  4 Central Aortic Parameters

F IGURE  3  Intima-media thickness (IMT) of the right (A) and left (B) common carotid artery and renal resistive index (RRI) of the right (A) and 
left (B) kidney

A

C

B

D
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Our other end points, IMT, RRI, and urinary albumin excretion 
rate have also been suggested as markers of target organ damage 
in TRH.31–33 However, we could not detect any beneficial effects of 
eplerenone on these other markers of vascular or renal injury. With re-
gard to IMT, it is possible that even a treatment duration of 26 weeks 
is not long enough to observe a significant reduction in this parameter.

6  | CONCLUSIONS

In patients with resistant hypertension, intensification of BP treat-
ment including use of eplerenone resulted in an improvement in 
markers of arterial stiffness and arterial wave reflection that appeared 
unrelated to the BP reduction. Since these markers have been related 
to worse cardiovascular outcomes,5,34 our data add to the evidence 
that supports the preferential use of MR antagonists in TRH.
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