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Overactivity of the epithelial sodium channel (ENaC) is
considered to be one mechanism underlying obesity-related
blood pressure (BP) elevation. In an open-labeled, nonpla-
cebo-controlled clinical trial (Clinicaltrials.gov: NCT-
01308983), the authors aimed to comprehensively evaluate
the effects of amiloride monotherapy, an ENaC blocker, on
BP and cardiovascular risk in young adults with prehyper-
tension (n=17). The mean body mass index of participants
was 28.45�1.30 kg/m2. Following 10 mg daily amiloride for
4 weeks, peripheral systolic BP (SBP), central SBP, and
carotid-radial pulse wave velocity were significantly

reduced by �7.06�2.25 mm Hg, �7.68�2.56 mm Hg, and
�0.72�0.33 m/s, respectively, whereas flow-mediated dila-
tion was significantly increased by 2.2�0.9%. Following
amiloride monotherapy for 4 weeks, a significant increase in
serum aldosterone was observed (5.85�2.45 ng/dL). ENaC
inhibition by amiloride may be used as an early intervention
to halt the progression to full hypertension and cardiovas-
cular disease in young adults with prehypertension. J Clin
Hypertens (Greenwich). 2014;16:47–53. ª2013 Wiley Peri-
odicals, Inc.

The Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure (JNC 7) introduced the new term
prehypertension for adults with systolic blood pressure
(SBP) of 120 mm Hg to 139 mm Hg and/or diastolic
blood pressure (DBP) of 80 mm Hg to 89 mm Hg to
recognize the negative impact of BP elevation on
cardiovascular disease (CVD) risk.1 Utilizing the
National Health and Nutrition Examination Survey
(NHANES) data from 1999 to 2006, Gupta and
colleagues2 reported the prevalence of prehypertension
in disease-free adults to be 36.3%. It is estimated that
approximately 40% of individuals with prehypertension
progress to hypertension within 2 years.3 As such, it is
critical to intervene early to stop the progression of
prehypertension to hypertension, and hypertension to
complicated hypertension later in life.

The JNC 7 recommends a lifestyle modification
approach including weight loss, dietary changes, and
regular aerobic exercise for the treatment of prehyper-
tension. In fact, several randomized controlled trials
have demonstrated the effectiveness of weight loss and
dietary changes. Specifically, reductions in sodium
intake and increased consumption of fruits and vegeta-
bles, ie, adoption of the Dietary Approaches to Stop
Hypertension (DASH) diet, have been shown to lower
BP over time and thus reduce the future risk of

hypertension and CVD.4–6 However, the effectiveness
of these lifestyle interventions has been inconsistent
outside of the controlled environment of clinical trials.7

There was low accordance with DASH dietary pattern
among adults with known hypertension in the United
States,8 suggesting that lifestyle modification is not only
hard to adopt, but also difficult to develop into habits in
daily life. To date, two clinical trials using pharmaco-
logic interventions have shown benefits of preventing
and/or delaying de novo hypertension in individuals
with prehypertension. Julius and colleagues3 showed a
66% relative risk reduction in the incidence of new-
onset hypertension following 2 years of treatment with
the angiotensin receptor blocker (ARB) candesartan as
compared with placebo in adults with prehypertension.
Using a similar pharmacologic approach, Luders and
colleagues9 reported a 34% relative risk reduction after
3 years in the development of hypertension in prehy-
pertensive patients who were randomly assigned to take
an angiotensin-converting enzyme (ACE) inhibitor,
ramipril, vs patients assigned to placebo.

Amiloride, a well-tolerated potassium-sparing diure-
tic, blocks the epithelial sodium channel (ENaC).
ENaC, comprised of a, b, and c subunits and primarily
expressed on the apical membrane of epithelial cells in
the renal cortical collecting duct, is known to play an
important role in BP homeostasis.10–12 A clinical trial
evaluating the usefulness of pharmacologic intervention
using diuretics, chlorthalidone plus amiloride, in indi-
viduals with prehypertension to reduce incidence of
hypertension and adverse CV events is currently
underway in Brazil.7 In the clinical trial, amiloride
(2.5 mg/d) is used to prevent the deleterious hypokale-
mia induced by chlorthalidone. However, the effects of
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pharmacologic blockade of ENaC by amiloride as
monotherapy remain unknown in individuals with
prehypertension.

Accumulating evidence indicates that central BP,
measured noninvasively, may be a stronger and more
accurate predictor of future CV events than peripheral
BP.13,14 Brachial artery flow-mediated dilation (FMD)
has been recognized as a valid and reliable noninvasive
biomarker of nitric oxide–dependent vasodilation and
endothelial function.15 Pulse wave velocity (PWV) is a
noninvasive surrogate marker of arterial stiffness.16 In
the present study, we aimed to investigate the effects of
amiloride monotherapy on peripheral and central BP as
well as on CVD risk including FMD and PWV in drug-
naive African American and Caucasian adults with
prehypertension.

METHODS

Experimental Design
This was an open-labeled, nonplacebo-controlled clin-
ical trial (Clinicaltrials.gov: NCT01308983).

Study Participants
Participants were recruited from local communities of
Augusta, Georgia, and surrounding areas via flyer
distribution and word of mouth. The inclusion criteria
were age between 18 and 35 years, Caucasian or African
American confirmed by self-report, and peripheral BP in
the prehypertensive range (ie, 120–139/80–89 mm Hg).
The exclusion criteria were history of any acute or
chronic medical illnesses, use of any prescription or over-
the-counter medications including vitamins or herbal
supplements, pregnant and breast-feeding women, and
serum potassium >5.5 mEq/L and/or serum creatinine
>1.4 mg/dL (or estimated glomerular filtration rate
<60 mL/min/1.73m2) at baseline. The study was
approved by the Human Assurance Committee of the
Georgia Regents University (GRU). All participants
provided written informed consent before testing. Of
61 participants screened, 17 prehypertensives were
enrolled to take 10 mg of daily amiloride for 4 weeks.
Amiloride was dispensed by the clinical research phar-
macy at GRU. All participants were instructed to take
amiloride in the morning with breakfast. Compliance
with the amiloride monotherapy was assessed by pill
counts at week 4.

Anthropometrics, Vitals, Blood, and Urine Collection
Height and body weight were measured to calculate
body mass index (BMI). Waist and hip circumferences
were assessed by a measuring tape at the level of the
umbilicus and around the widest portion of the
buttocks. Three peripheral BP and heart rate (HR)
readings, each 1 minute apart, were obtained by
automated Dinamap monitor (Critikon, Tampa, FL)
after 5 to 10 minutes of rest with the use of an
appropriately sized cuff wrapped on the nondominant
arm in the supine position. Three peripheral BP and HR

readings were averaged and used for final analysis.
Fasting blood and spot urine samples were collected at
baseline and at week 4, frozen at �80°C, and were later
used for the biochemical measurement.

Central BP and PWV Assessment
Central BP, carotid femoral PWV (CF-PWV), carotid
radial PWV (CR-PWV), and augmentation index
adjusted for heart rate at 75 (AI%HR75) were mea-
sured noninvasively using applanation tonometry
(Miller Instrument, Houston, TX) and SphygmoCor
device (AtCor Medical, Sydney, Australia).17 The
SphygmoCor device estimates the central BP by apply-
ing a generalized transfer function based on the tono-
metric readings of the radial pulse wave form.14

FMD Measurement
FMD was performed in accordance with the tutorial
on the ultrasound assessment of FMD.18 As described
previously,19 with the use of a 12-MHz linear trans-
ducer, simultaneous B-mode and blood velocity profiles
(duplex mode) of the brachial artery were obtained
(Logiq 7; GE Medical Systems, Milwaukee, WI).
A forearm occlusion cuff (D.E. Hokanson, Bellevue,
WA), placed immediately distal to the medial epicon-
dyle, was rapidly inflated to 250 mm Hg for 5 minutes
(E-20 rapid cuff inflator; D.E. Hokanson, Bellevue,
WA) to induce arterial occlusion and subsequent
reactive hyperemia of the brachial artery. Electrocar-
diographic gating (Accusync 72; Accusync Medical
Research, Milford, CT) was utilized to capture end-
diastolic arterial diameters for automated offline analy-
sis of brachial artery vasodilation (Medical Imaging
Applications, Coralville, IO).

Renin and Aldosterone Measurements
Plasma renin activity (PRA) was measured by radioim-
munoassay (Mayo Medical Laboratories, Rochester,
MN) and serum aldosterone concentration was mea-
sured by liquid chromatography-tandem mass spec-
trometry (Mayo Medical Laboratories). Interassay
coefficient of variations for PRA and serum aldosterone
were 15% and 18.1%, respectively.

Statistical Analyses
Descriptive statistics are presented as mean�standard
error of mean (SEM). Continuous data were checked for
normality using the Shapiro-Wilk test and quantile-
quantile plot. Following 4 weeks of amiloride mono-
therapy, changes in the outcome variables (peripheral
BP, central BP, FMD, CF-PWV, CR-PWV, AI%HR75,
serum electrolytes, urine electrolytes, PRA, and serum
aldosterone) were evaluated by a paired t test if the
variables were normally distributed or by Wilcoxon
signed rank test. Pearson’s correlation analysis was
performed to assess correlations among changes (mean
value at week 4 minus mean value at baseline) in FMD
and CR-PWV and changes in peripheral and central BP.
All tests were conducted two-sided and a P value ≤.05
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was considered statistically significant. Statistical
analyses were performed using SPSS software (version
19.0; IBM Inc, Chicago, IL).

RESULTS
Baseline clinical characteristics of participants are pre-
sented in Table I. The mean age and BMI were
26�1 years and 28.45�1.30 kg/m2, respectively. The
average compliance by pill counts was 92�2%. No
serious adverse event occurred during the course of a 4-
week study period.

Peripheral and Central BP
As shown in Table II, there were significant reductions
(D mean�SEM) in peripheral SBP (�7.06�2.25 mm
Hg) (Figure 1A), peripheral DBP (�4.35�1.67 mm
Hg), central SBP (�7.68�2.56 mm Hg) (Figure 1B),
and central DBP (�4.49�1.78 mm Hg) after 4 weeks of

amiloride monotherapy. No changes in HR and weight
from baseline to posttest were observed. Reductions in
peripheral and central BPs following amiloride mono-
therapy did not differ between Caucasians (N=9) and
African Americans (N=8).

FMD and PWV
A significant increase in FMD (2.2�0.9%) (Figure 1C)
and reduction in CR-PWV (�0.72�0.33 m/s)
(Figure 1D) were observed at posttest (Table II).
FMD/shear was also improved (0.06�0.03%/s�1,
AUC) at week 4. However, no significant changes were
observed in CF-PWV (�0.01�0.28 m/s) and AI%HR75
(�2.09� 1.67%) following amiloride monotherapy
(Table II).

Biochemical Variables
Biochemical changes after amiloride monotherapy are
summarized in Table III. At posttest, an increase in
serum concentrations of aldosterone was observed
(5.85�2.45 ng/dL). On the other hand, the magnitude
of rise in PRA was small and not significant
(0.16�0.18 ng/mL/h). There was a significant elevation
of aldosterone-renin-ratio at week 4 (3.80�1.29 ng/dL/
ng/mL/h). The concentrations of both serum potassium
(0.21�0.05 mEq/L) and serum creatinine (0.11�
0.05 mg/dL) were significantly elevated following
4 weeks of amiloride monotherapy.

Subgroup Analyses in Stage 2 Prehypertension
Participants with peripheral SBP of 130 mm Hg to
139 mm Hg and/or DBP of 85 mm Hg to 89 mm Hg
(ie, stage 2 prehypertension, N=6) had significantly
greater mean reductions in peripheral SBP
(�14.5�4.60 mm Hg, P<.01, Figure 2A) and central
SBP (�16.15�5.44 mm Hg, P<.01, Figure 2B) com-
pared with participants with peripheral SBP of 120 to
129 mm Hg and/or DBP of 80 mm Hg to 84 mm Hg
(ie, stage 1 prehypertension, N=11). Moreover, after 4
weeks of amiloride monotherapy in stage 2 vs stage 1
prehypertensive participants, improvements were also
greater in CF-PWV (�1.15�0.49 m/s, P=.01) and
AI%HR75 (�7.07�2.19%, P=.02).

DISCUSSION
To the best of our knowledge, this is the first clinical
trial that comprehensively evaluated the effects of
10 mg daily amiloride monotherapy for 4 weeks on
peripheral BP, central BP, and CVD risk in apparently
healthy prehypertensive individuals. The major findings
of this study include the following: (1) amiloride
decreased peripheral as well as central BP; (2) amiloride
improved endothelial function as evidenced by the
increase in FMD; (3) amiloride lowered peripheral
arterial stiffness as indicated by the reduction in CR-
PWV; (4) amiloride mediated improvements in FMD
and PWV might be independent of its BP-lowering
effects; and (5) amiloride treatment was associated with
an elevation of serum aldosterone.

TABLE I. Clinical Characteristics of Participants

Baseline (N=17)

Age, y 26�1

Men/women 11/6

Caucasians/African Americans 9/8

Height, cm 170.69�2.59

Weight, kg 84.32�4.57

BMI, kg/m2 28.45�1.30

Waist circumference, cm 99.87�3.02

WHR 0.89�0.01

Abbreviations: BMI, body mass index; WHR: waist to hip ratio. Values

are expressed as mean�standard error of the mean.

TABLE II. Effects of Amiloride on BP and CVD Risk

Baseline

(N=17)

4-Week

(N=17) P Value

BP, HR, and weight

Peripheral SBP, mm Hg 127.29�2.05 120.24�1.73 <.01

Peripheral DBP, mm Hg 68.59�2.29 64.24�2.08 .02

Central SBP, mm Hg 110.33�2.95 102.65�1.77 .01

Central DBP, mm Hg 69.86�2.40 65.38�2.15 .03

HR, beats per min 63.16�2.09 63.01�2.35 .94

Weight, kg 84.33�4.57 83.87�4.81 .50

CVD risk

FMD, % 5.3�0.8 7.4�0.8 .03

FMD/Shear, %/s�1, AUC 0.12�0.02 0.18�0.04 .05

CF-PWV, m/s 6.58�0.35 6.57�0.21 .96

CR-PWV, m/s 8.21�0.39 7.50�0.33 .04

AI%HR75, % 7.66�3.86 5.57�3.56 .23

Abbreviations: AI%HR75, augmentation index adjusted for heart rate

at 75; BP, blood pressure; CF-PWV, carotid-femoral pulse wave

velocity; CR-PWV, carotid-radial pulse wave velocity; DBP, diastolic

blood pressure; CVD, cardiovascular diseases; FMD, flow-mediated

dilation; HR, heart rate; SBP, systolic blood pressure. Values are

expressed as mean�standard error of the mean. P value was

obtained from paired t test or Wilcoxon signed rank test. Bold values

indicate significance.

The Journal of Clinical Hypertension Vol 16 | No 1 | January 2014 49

Amiloride in Young Prehypertensives | Bhagatwala et al.



Peripheral and Central BP
Overactivity of the ENaC has been considered as one
mechanism underlying obesity-related hypertension.10

Amiloride has been shown to produce variable effects
on peripheral BP in patients with hypertension.20–25

Previously, Saha and colleagues26 found that ENaC
inhibition by amiloride effectively lowered BP in
clinically obese patients with hypertension who were
already receiving other antihypertensive medications.
There is a scarcity of data on the peripheral BP-
lowering effects of amiloride monotherapy in individ-
uals with prehypertension. In a study conducted by
Pratt and colleagues27 involving young normotensive
individuals, no significant reduction in peripheral BP
was observed following 5 mg of daily amiloride for
4 weeks. In contrast, Stears and colleagues28 reported a
7/2 mm Hg reduction in peripheral SBP/DBP with
amiloride in titrated dosing with 20 mg/d as the
maximal dose for 4 weeks in elderly patients with
essential hypertension. In our study, the mean BMI was
28.45�1.30 kg/m2, suggesting that on average, parti-
cipants were overweight or obese. The extent of drop
in peripheral BP (ie, 8/4 mm Hg) by 10 mg/d amiloride
for 4 weeks in drug-naive prehypertensive individuals
was greater than what was reported by Stears and

colleagues in elderly treated hypertensive patients. The
greater decline in BP in our study could likely be the
result of missing placebo subtraction.29 However, it is
also possible that amiloride might be more effective for
young adults who are drug-naive vs elderly hyperten-
sive patients who, in general, are taking multiple
medications for a variety of chronic health issues. To
the best of our knowledge, the effects of amiloride
monotherapy on central BP in individuals with prehy-
pertension have not been explored until now. Our
finding that amiloride lowered central BP in individuals
with prehypertension appears to be in line with that of
Matthesen and colleagues who observed a reduction in
central BP by 10 mg daily amiloride for 4 weeks in
patients with arterial hypertension.30 Central BP,
owing to its proximity to the heart and central
vasculature, may be more important in the context of
future CV events.14 Accordingly, reducing central BP
using amiloride monotherapy may provide an added
benefit for the treatment of prehypertension that is not
recognized by measuring brachial peripheral BP alone.
In addition, in our subgroup analysis, we observed
almost 2-fold greater reductions in peripheral and
central SBP in individuals with stage 2 prehypertension
compared with those with stage 1 prehypertension.
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FIGURE 1. Effects of amiloride on peripheral systolic blood pressure (SBP), central SBP, flow-mediated dilation (FMD), and carotid-radial
pulse wave velocity (CR-PWV) in all participants (N=17). *P value <.05. (A) Effects of amiloride on peripheral SBP. (B) Effects of amiloride on
central SBP. (C) Effects of amiloride on FMD. (D) Effects of amiloride on CR-PWV.
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Also, improvements in CVD risk such as PWV and
augmentation index were noticeably higher in indivi-
duals with stage 2 vs stage 1 prehypertension. We

postulate that efficacy of amiloride might be enhanced
when BP is higher in drug-naive young adults.

FMD and PWV
In the present study, amiloride in a daily dose of 10 mg
for 4 weeks improved endothelial function assessed by
FMD in participants with prehypertension. Earlier,
Farquharson and Struthers31 observed no improvement
in stimulated endothelial function assessed by forearm
venous occlusion plethysmography with 1 month of
treatment with 5 mg daily amiloride. In contrast to our
findings, the disparity in their findings could be
explained by the differences in the doses of amiloride,
the techniques of assessing endothelial function, and
clinical characteristics of study participants. While all
participants in our study were apparently healthy and
medication-naive, Farquharson and Struthers studied
patients with mild to moderate congestive heart failure
who were taking other medications. In addition to
improving FMD, amiloride also lowered CR-PWV. The
study by Matthesen and colleagues30 also reported a
reduction in PWV with 10 mg of amiloride daily for
4 weeks in patients with arterial hypertension. The
exact mechanisms by which amiloride improves vascu-
lar function remain unknown. Evidence from in vitro
studies indicates that the ENaC that is present on
vascular smooth muscle cells mediates vasoconstric-
tion,32,33 while the endothelial ENaC exerts its delete-
rious effects on the endothelial cells by increasing cell
swelling and stiffness under the influence of aldosterone
and also by inhibiting nitric oxide production stimu-
lated by shear stress.34,35 Moreover, these actions of
ENaC on the endothelium were shown to be effectively
inhibited by amiloride. Taken together, we postulate
that amiloride improves FMD and PWV by blocking
vascular ENaC. However, the inhibitory effects of

TABLE III. Biochemical Changes After Amiloride
Treatment

Baseline

(N=17)

Week 4

(N=17) P Value

RAAS

Serum aldosterone,

ng/dL

5.58�0.89 11.42�2.36 .01

Plasma renin activity,

ng/mL/h

1.05�0.18 1.21�0.21 .41

ARR, ng/dL per ng/mL/h 6.04�1.19 9.84�1.61 <.01

Serum glucose

Fasting glucose, mg/dL 88.94�1.90 91.82�1.84 .17

Serum electrolytes

Potassium, mEq/L 4.12�0.05 4.33�0.06 .02

Sodium, mEq/L 139.25�0.86 141.25�0.51 .07

Chloride, mEq/L 108.06�1.04 107.82�0.46 .83

BUN, mg/dL 12.76�0.78 12.76�0.88 1.00

Creatinine, mg/dL 0.91�0.04 1.02�0.06 .05

eGFR, mL/min/1.73 m2 107.15�5.08 97.56�4.97 .17

Urine electrolytes

Potassium, mEq/L 33.91�6.09 33.73�6.23 .98

Sodium, mEq/L 133.93�17.42 138.93�18.13 .80

Chloride, mEq/L 147.40�16.50 150.13�16.69 .88

Sodium/potassium ratio 4.67�0.67 5.96�1.06 .35

Creatinine, mg/dL 154.25�26.97 129.43�20.06 .35

Abbreviations: ARR, aldosterone renin ratio; BUN, blood urea nitro-

gen; eGFR, estimated glomerular filtration rate-calculated using the

Modification of Diet in Renal Disease formula; RAAS, renin angio-

tensin aldosterone system. Values are expressed as mean�standard

error of the mean. P value was obtained from paired t test or Wilcoxon

signed rank test. Bold values indicate significance.
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FIGURE 2. Effects of amiloride on peripheral and central systolic blood pressure (SBP) reduction in stage 2 prehypertensive participants (N=6).
*P value <.01. (A) Effects of amiloride on peripheral SBP in stage 2 prehypertensive participants. (B) Effects of amiloride on central SBP in stage
2 prehypertensive participants.
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amiloride on other ion channels that are present in the
vasculature such as Na+/H+ exchanger and Na+/Ca+

exchanger cannot be fully excluded.36 Nonetheless, the
evidence suggests that amiloride, in a concentration
≤1 lmol/L (~5 mg/d amiloride), selectively and more
efficiently inhibits ENaC than other ion channels.36,37 It
is also possible that the decrease in BP by amiloride
caused by inhibition of tubular ENaC (ie, ENaC present
in kidney) might have accounted for the improvement in
FMD and PWV. However, in the correlation analysis,
mean changes in FMD and PWV did not correlate with
mean changes in either peripheral BP or central BP,
suggesting that amiloride-mediated improvement in
FMD and PWV could be independent of reduction in
BP. In other words, inhibition of vascular ENaC could
be independent of inhibition of tubular ENaC. Another
speculation is that increase in body potassium concen-
tration may improve endothelial dysfunction.38 How-
ever, Farquharson and Struthers31 did not notice a
decrease in endothelial dysfunction by amiloride despite
a 0.4 mEq/L rise in serum potassium.

Biochemistry
The level of serum aldosterone increased significantly
after 4 weeks of daily amiloride monotherapy, but the
elevation in PRA was small and insignificant. While
elevation in both serum aldosterone and PRA appears
to have been mediated through the renin-angiotensin-
aldosterone system, an additional direct stimulating
effect of potassium retention may contribute to a
greater increase in serum aldosterone vs PRA.39 Even
though we noted an increase in serum potassium
concentrations at posttest, the values remained within
normal physiological range. This indicates that short-
term amiloride monotherapy might be safe and well-
tolerable for treatment in drug-naive prehypertensive
participants. The possibility that accompanied by the
increase of aldosterone and the resultant activation of
the renin-angiotensin-aldosterone system (RAAS), amil-
oride may still be able to lower BP and improve CVD
risk could open up new RAAS-independent therapeutic
discovery opportunities. In addition, whereas the direct
effect of amiloride to block ENaC limits potassium
secretion, the subsequent increase of potassium
enhances aldosterone secretion. Future studies are
warranted to tease apart the effects of amiloride and
amiloride analogs on aldosterone stimulation to see if
they would be distinguished from their direct effect on
ENaC.40

Strengths and Limitations
The novelty of this study includes comprehensive
assessments of amiloride monotherapy on peripheral
and central BP as well as CVD risk such as FMD and
PWV in drug-naive prehypertensives. There were limi-
tations of our study. First, our study is limited by the
absence of a placebo arm or other active treatments for
comparison. Second, our sample size was relatively
small. Third, ambulatory BP measurement, which might

be very useful for correct interpretation of the results,
was not included in our study.

CONCLUSIONS
For the first time, we observed a significant improve-
ment in peripheral BP along with central BP, FMD, and
PWV following 10 mg of daily amiloride as monother-
apy in young adults with prehypertension, particularly
stage 2 prehypertension. Effects of amiloride on FMD
and PWV (ie, inhibition of vascular ENaC) appear to be
independent of its BP-lowering effects (ie, inhibition of
tubular ENaC). Amiloride is well-tolerated and devoid
of any major side effects, which make its use desirable as
early intervention to halt the progression to full hyper-
tension and CVD. Larger placebo-controlled, random-
ized clinical trials of amiloride with dose-ranging
regimen, longer-term treatment, and inclusion of ambu-
latory BP measurement are warranted.
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