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Abstract 

Aims The epithelial sodium channel (ENaC) is expressed in cultured endothelial cells and 

inhibitory coupling to eNOS activity has been proposed. The present study tested the 

hypothesis that ENaC blockers increase systemic NO-products and lower blood pressure in 

patients and mice, depending on eNOS. 

 

Methods NO-products and cGMP were measured in diabetes patient urine and plasma 

samples before and after amiloride treatment (20-40 mg for two days, plasma n=22, urine 

n=12 and 5-10mg for eight weeks, plasma n=52, urine n=55). Indwelling catheters were 

implanted in the femoral artery and vein in mice for continuous arterial blood pressure and 

heart rate recordings and infusion.  

 

Results Treatment with amiloride for two days increased plasma and urine NO-products, 

while plasma cGMP decreased and urinary cGMP was unchanged in patient samples. Eight 

weeks of treatment with amiloride did not alter NO-products and cGMP. In mice, amiloride 

boli of 5, 50 and 500 µg/kg lowered heart rate and arterial blood pressure significantly and 

acutely. Benzamil had no effect on pressure and raised heart rate. In hypertensive eNOS
-/-

 and 

L-NAME-treated mice, amiloride lowered blood pressure significantly. L-NAME infusion 

significantly decreased NO-products in plasma; amiloride and eNOS-deletion
 
had no effect. 
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An acetylcholine bolus resulted in acute blood pressure drop that was attenuated in eNOS
-/-

 

and L-NAME mice. ENaC subunit expressions were not detected consistently in human and 

mouse arteries and endothelial cells. 

 

Conclusion Amiloride has an acute hypotensive action not dependent on ENaC and eNOS 

and likely related to the heart.  

 

Keywords: Hypertension, benzamil, diabetes, EnNaC, Nitric oxide, L-NAME 

 

Introduction 

The amiloride-sensitive epithelial sodium channel (ENaC) mediates sodium transport across 

the apical membrane of renal, intestinal, lung and sweat gland epithelia and has been 

identified in cultured human endothelial cells 
1-3

, where it has been named EnNaC 
4
. 

Aldosterone 
5
 and elevated extracellular NaCl increased surface abundance of EnNaC in 

human cultured endothelial cells 
6
 and EnNaC activity was proposed to “stiffen” endothelial 

membranes and to inhibit endothelial nitric oxide synthase (eNOS) activity and nitric oxide 

(NO) synthesis 
6, 7

. Reduced NO synthesis is a hallmark of endothelial dysfunction 
8
 and the 

in vitro findings indicated that EnNaC activity may contribute to endothelial dysfunction and 

development of hypertension. The physiological importance of EnNaC at the systemic level 

is, however, not clear. The ENaC-blockers amiloride and benzamil acutely reduced 

phenylephrine-induced contractions of isolated rat mesenteric arterial rings in an 

endothelium-dependent manner 
7
. These in vitro findings opened the possibility that the 

antihypertensive effect of ENaC blockers could include promotion of NO synthesis in vivo. 
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The authors’ group described a significant antihypertensive action of amiloride in an eight 

week treatment period in diabetes patients 
9
 and a rapid antihypertensive effect was 

corroborated in a short two-day intervention study with amiloride 
10

. This significant acute 

blood pressure response to amiloride prompted the hypothesis that clinically used ENaC-

blockers lead to rapid endothelial NO formation in vivo due to disinhibition of eNOS. The 

primary objectives of the present study were to analyze whether the ENaC-blocker amiloride 

(for two-days or eight weeks of treatment in hypertensive diabetic patients) increased levels 

of NO-products in urine and plasma and to determine directly whether intravenous 

administration of ENaC-blockers (amiloride and more ENaC-selective benzamil) leads to an 

acute (seconds to minutes) eNOS- and NO-dependent reduction in arterial blood pressure in 

mice. In addition, a potential tissue correlate was investigated by mapping of ENaC subunit 

mRNA transcripts in human and mice arterial vasculature. 

 

Results 

Arterial blood pressure and NO-related products after amiloride in patient intervention 

studies 

Treatment with high-dose short term (two-days) oral amiloride (20-40 mg/day) in type 1 

diabetes patients with or without nephropathy decreased systolic and diastolic arterial blood 

pressure significantly (7.5±2.4 /4.3±1.8 mmHg reduction, respectively)
10

 while plasma and 

urine NO-products increased significantly (figure 1A-B). There was no difference in response 

between nephropathy and non-nephropathy group (Supplement table S1), therefore data 

shown in figure 1A-D and E were pooled. The decrease in blood pressure was not 

significantly related to the increase in plasma NO-products (Figure 1E) or urine NO-products 

(Figure S1-A, supplement). Plasma cGMP decreased in response to amiloride while urine 
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cGMP was unchanged (figure 1C-D).  Plasma NO-product concentration correlated 

significantly and directly to urinary NO-product concentration after treatment with amiloride 

(supplement Figure S1C), this correlation was not observed before treatment (Supplement 

Figure S1B). There were no significant relations between NO-products and cGMP in urine 

and plasma (not shown). Amiloride plasma concentration was 79±7 nmolxL
-1

 12 hours after 

administration of the last dose of amiloride with no difference between groups (Figure 1F). 

As we previously found, eight weeks of treatment with low-dose amiloride (5-10 mg) in type 

2 diabetes patients with treatment-resistant hypertension lowered significantly average 

daytime arterial blood pressure by 6.3/3.0 mm Hg; nighttime pressure  (7.1/2.8 mm Hg) and 

24–hour blood pressure (6.1/3.6 mm Hg) 
9
, but did not result in any detectable changes in 

plasma (n=52) or urine (n=55) NO-products or cGMP (Supplement Figure S2).  

 

Acute administration of ENaC blockers in C57BL6  mice 

Conscious, freely moving mice showed circadian rhythm in mean arterial blood pressure 

(night: 110±0.6 vs. day: 101±0.9 mmHg, p<0.0001, n=17) and heart rate (night: 632±4 vs. 

day: 589±5 bpm, p=0.003, n=17) in the days preceding the experiment (Supplement Figure 

S3 A-B). On the day of acute experiments, three doses of amiloride or benzamil were 

administered at ten minute interval while arterial blood pressure and heart rate were 

monitored (figure 2A-B). The lowest dose of amiloride (5 μg/kg) significantly lowered blood 

pressure by approximately 10 mmHg, compared to the initial vehicle, while no further 

reduction in blood pressure was observed at 50 and 500 μg/kg amiloride (figure 2A and C left 

side). The three doses of amiloride rapidly and significantly lowered heart rate (Figure 2A 

and C right side). In separate experiments, more ENaC-selective benzamil was administered 

in similar doses (n=6). At baseline days before intervention, mean arterial pressure was 
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significantly lower in the benzamil series the first night of measurement and thereafter 

pressure was not significantly different from the amiloride series at any point (Supplement 

figure S3 A). There was no difference in heart rate between the two series (Supplement figure 

S3 B). Benzamil did not lower blood pressure compared to the initial vehicle (0.01% 

dimethylsulfoxide (DMSO)) (figure 2B and D left side). The second dose of benzamil (50 

μg/kg) increased heart rate significantly (figure 2B and D right side). There was no difference 

in responsiveness to amiloride between male and female mice (Supplement figure S4). 

Plasma concentration of NO-products was not different between groups (figure 2E). 

 

Acute effect of amiloride in eNOS
-/-

 mice and L-NAME-pretreated mice 

Mice with disrupted eNOS gene (eNOS
-/-

) displayed a significantly higher baseline arterial 

blood pressure (average 24-hour blood pressure 129±1 mmHg compared to WT mice 106±2 

mmHg, figure S3A vs. C – Supplement, n=10) with a circadian rhythm. No significant 

difference in baseline heart rate was observed from control but circadian variation was 

abolished (supplement figure S3B vs. D). Three consecutive boli of amiloride (5, 50 and 500 

μg/kg) were administered at ten minute intervals while arterial blood pressure and heart rate 

(figure 3A) were monitored. Compared to the initial vehicle bolus injection, the lowest dose 

of amiloride had borderline significant effect (p=0.12) while the two higher doses lowered 

blood pressure significantly (figure 3C left panel). In response to amiloride, blood pressure 

did not decrease to the same absolute level in eNOS-/- mice compared to C57BL6  control 

mice but the amiloride–induced decrease in blood pressure (delta value) was not significantly 

different between strains (Figure 3C-right panel). Heart rate was numerically, but not 

statistically (p=0.08), changed by amiloride in eNOS
-/-

 mice (figure 3C middle panel). No 

difference in plasma NO-products was observed between eNOS
-/- 

mice and WT mice (figure 
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3E, left panel). Inhibiting NO synthases with continuous infusion of L-NAME (30 

mg/kg/day, n=9) significantly and moderately increased blood pressure (figure S3E - 

Supplement Digital Content), while it had no effect on heart rate (Supplement figure S3F). 

After three days of chronic L-NAME administration, amiloride boli  significantly lowered 

blood pressure at the lowest and highest doses while the middle dose was at the limit of 

significance (Figure 3B and D-left). Heart rate did not change significantly (Figure 3B-right 

panel and D). Plasma concentration of NO products was significantly reduced by L-NAME 

(figure 3E right panel). Acetylcholine was given at termination in all experimental series and 

significantly lowered blood pressure in all series (supplement figure S5a-c). The response to 

acetylcholine boli differed between control mice (from amiloride-benzamil series, n=16), 

eNOS
-/-

 mice (n=10) and L-NAME-treated mice (n=9) such that it was prolonged 

significantly by 6 times in control C57BL6 mice compared to L-NAME-treated and eNOS
-/-

 

mice (supplement figure S5i). Acetylcholine led to an immediate increase in heart rate in all 

series (Supplement figure S5d-f) that was significantly larger in the L-NAME mice 

(supplement figure S5j).  Sodium nitroprusside was given terminally to eNOS
-/-

 mice (n=10) 

and lowered blood pressure and increased heart rate (supplement figure S5g, h). The blood 

pressure response to SNP in eNOS
-/-

 was significantly different from the response to 

acetylcholine in eNOS
-/-

 (Supplement figure S5 g vs. c) with 5 times longer average time to 

return to baseline (P<0.0001 n=10, not shown).    

 

Human and murine vascular ENaC subunit expression 

RT-PCR analysis of ENaC subunit expression in human renal arteries showed faint bands, 

compared to kidney cortex, for α and β subunits, but not for γ ENaC, while mammary artery 

displayed no amplification signal (Figure 4A-B). Only with reverse transcription was 
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amplification observed (Figure 4A-D). A consistent amplification signal was observed for β-

actin and the endothelial marker CD31 in both mammary and renal arteries (Figure 4 A and 

B). In cultured human aortic endothelial cells (HAEC, figure 4C), no signal was obtained for 

ENaC subunits while positive controls (β-actin and CD31) showed significant signal at 

similar cycles of amplification (Figure 4C). As in mammary artery, mouse aorta yielded no 

amplification signal from each of αβγENaC subunit compared to renal cortex (m.C, Figure 

4D). There was a positive signal for housekeeping TATA box binding protein (TBP) and 

endothelial marker CD31 (Figure 4D). 

 

Discussion 

The present study aimed to translate earlier findings on the significance of epithelial sodium 

channel, ENaC for NO synthesis within cultured endothelia to the in vivo setting. Data 

showed that amiloride reduced arterial blood pressure in diabetes patients and acutely in 

mice, however, this was not corroborated in mice by ENaC-selective benzamil. Blood 

pressure decline in patients did not relate to NO-products/cGMP and did not depend on eNOS 

or NOS activity in mice. These general findings indicate that acute antihypertensive effects 

related to amiloride are present in vivo which are independent of eNOS and ENaC. The 

promotion of urine Na
+
 excretion is likely a crucial factor for the antihypertensive action in 

patients after 48h
10

.  

Patient samples were from two interventional clinical studies investigating the effect of short-

term (two-days, 20-40 mg/day) 
10

 and long-term (eight weeks, 5-10 mg) 
9
 oral treatment with 

amiloride. Although the plasma concentration of amiloride was found within the range where 

endothelial ENaC would be inhibited 
11

 an increase in urine and plasma NO-products was 

only observed in the high-dosing, two-day, interventional study, which is compatible with the 
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hypothesis that blocking EnNaC offsets NO synthesis. However, the increase in NO-products 

did not relate significantly to the decrease in blood pressure and plasma cGMP actually 

decreased while urine cGMP did not change. Vascular cGMP is also influenced by natriuretic 

peptides BNP and ANP that likely decrease in response to a blood pressure decrease and thus 

could account for the observed fall in cGMP.  Some variability in responses could be caused 

by the fact that most patients received inhibitors of angiotensin converting enzyme/ANGII-

AT1 receptors which would tend to lower aldosterone and according to in vitro data, lower 

endothelial ENaC activity
6
 The possibility also exists that the effect of amiloride is through 

altered endothelial “stiffness” independent of changes in NO. Such an effect would reduce 

preferentially systolic pressure, which was actually observed in the short term amiloride 

protocol.
6
 Taken together, these data imply that the changes in NO products in vivo did not 

drive the blood pressure response. The two-day treatment regimen mobilized significant 

extracellular salt and water, reduced weight, increased renin and aldosterone and caused 

tachycardia 
10

. Thus, the renal action probably prevailed to reduce blood pressure and a likely 

decrease in BNP/ANP could relate better to cGMP changes. Upon eight weeks of treatment 

in diabetic hypertensive patients, no change in NO indices was measured although a 

significant reduction in blood pressure was observed 
9
. Na

+
 conductance through EnNaC 

causes swelling 
12

 and membrane stiffening 
13

 of cultured endothelial cells pre-stimulated 

with aldosterone. Of note, only with elevated extracellular Na
+ 

concentration and aldosterone 

(0.45mmol/L) was an inhibitory action of ENaC on eNOS activity recorded
6
 which would not 

occur in vivo in the present settings.  The present measurement of continuous arterial blood 

pressure in conscious mice showed that intravenous administration of amiloride, but not 

benzamil, reduced heart rate and blood pressure simultaneously while NO levels were 

unchanged. Calculated plasma level for the lowest dose, 5 µg/kg amiloride would be ~25 

ng/mL~109 nmol/L (estimated in a 20g mouse from the assumption that amiloride distributes 
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equally in total ECV and that ECV is 20% of total body weight), well within the range where 

ENaC is inhibited but below most other known targets 
11, 14, 15

. A lack of effect on baseline 

blood pressure of endothelial ENaC was corroborated by recent data showing no difference 

between wildtype mice and mice with endothelial deletion of α-ENaC
16

 

These data suggest that the observed acute blood pressure lowering effect exerted by 

amiloride was not caused by eNOS-derived NO formation in the endothelium after blocking 

of EnNaC but rather caused by an effect on the heart which was blunted in eNOS
-/-

 mice. 

Previous data have shown that amiloride has a negative chronotropic action on isolated 

sinoatrial node
17

 and in dog heart.
18

  In vitro data corroborate these in vivo data since the 

negative modulation of NO synthesis through inhibition of eNOS in single cultured 

endothelial cells 
7
 was observed only under the unusual condition of elevated extracellular 

[Na
+
] combined with elevated aldosterone (0.45mmol/L) 

19
.  More recent data with benzamil 

application showed no effect on baseline NO formation in line with the present observations 

but inhibited acetyl-choline induced NO release in stark contrast to predicted from single 

cells data.
16

 Long-term amiloride in fat-fed mice improved endothelial function and reduced 

aortic stiffness in mice without affecting blood pressure 
20

.  Amiloride has vasodilatator 

properties in humans 
21

 and in dogs 
22

 and the compound relaxes aortic rings and increases 

cGMP in rats 
7, 23

. However the concentrations of amiloride in the cited in vivo and ex vivo 

studies reached levels (>500 nmol/L) where amiloride also targets Na
+
/H

+
 exchangers 

14
 and 

α-and β-adrenoceptors 
15

 that could confound interpretation of the observed vasodilator 

effect. Prostacyclin, another endothelial vasodilator has previously been ruled out to account 

for amiloride-induced vascular relaxation and to be stimulated by amiloride
24, 25

. The fact that 

plasma NO-products were not altered in mice treated by amiloride and benzamil and that 

blood pressure drop was maintained after L-NAME administration and in eNOS
-/-

together 

supports that amiloride lowered blood pressure independent of NOS. Impaired 



A
cc

ep
te

d
 A

rt
ic

le
 

 

This article is protected by copyright. All rights reserved. 

responsiveness to acetylcholine confirmed that endothelial NO formation was attenuated in 

both eNOS
-/-

 and L-NAME treated mice. At baseline, the eNOS
-/-

 mice displayed similar 

plasma levels of NO-products as WT mice.  This apparent paradox has been observed 

previously 
26

 and is due to an upregulation of other NOS isoforms (inducible NOS and 

neuronal NOS) 
27

 or due to compensatory mechanisms for NOS-independent production of 

NO 
28

. These mice still displayed hypertension, indicating that these mechanisms are not fully 

able to compensate for the loss of eNOS. L-NAME, which blocks all isoforms of NOS, 

reduced plasma NO-products to about half, conferring validity of the assay and compatible 

with dietary and other contributions of nitrite/nitrate measured as NO-products 
29, 30

. 

A contribution to vascular myogenic responses by ENaC activity in vascular smooth muscle 

31
 would be compatible with the observed effect by amiloride; however, it was not mimicked 

by benzamil and is therefore not a likely explanation. ENaC has been implicated in the 

afferent signaling mechanism in the arterial baroreceptors 
32

. If amiloride/benzamil blocked 

this mechanism, dis-inhibition of the vasomotor center would be followed by a blood 

pressure and heart rate increase. An increase in heart rate was observed at 50 µg/kg benzamil 

although blood pressure was not significantly affected and amiloride significantly lowered 

heart rate and blood pressure. Finally, amiloride and benzamil both reduced blood pressure 

and sympathetic efferent traffic in hypertensive rodent models when infused directly in to the 

cerebral ventricles
33, 34

. Such a contribution cannot be ruled out in the present study. In 

general, NO-mediated responses are segmentally heterogenous and predominate in conduit 

vessels, and in agreement, eNOS displays stronger expression in arteries compared with 

smaller resistance vessels 
35

. Any potential control exerted by EnNaC of eNOS activity 

should therefore be best studied in conduit arteries. The lack of blood pressure lowering 

effect by benzamil and lack of increase in NO-products in mice is compatible with the 

absence of αβγENaC transcripts in the mouse aorta. In humans, only renal arteries exhibited 



A
cc

ep
te

d
 A

rt
ic

le
 

 

This article is protected by copyright. All rights reserved. 

faintly α and β ENaC products while no subunits were expressed in mammary arteries and 

cultured endothelial cells with highly significant amplification of endothelial markers. 

Previous data showed αβγENaC protein and mRNA in rodent cultured vascular smooth 

muscle cells 
36

 and endothelial cells 
19

 although others have reported absence of detectable of 

αβγENaC from arterioles of the rat 
37

. Likewise, αENaC transcripts are present in cultured 

human endothelial cells 
2, 3

 but the current study could not reproduce this in human aortic 

endothelial cells. There are no data to support presence of the hetero-multimeric α, β and γ-

subunit ENaC complex in isolated intact human vasculature or its endothelium. The α-subunit 

is the aldosterone-sensitive part and is a minimal requirement to induce a residual inward Na
+
 

current and form a functional pore 
38

. It is concluded that the antihypertensive effect of ENaC 

blockers is due primarily to an effect on renal epithelial but not endothelial ENaC-eNOS 

interaction. This observation does not rule out that non-epithelial ENaC could contribute to 

modulate blood pressure by effects on vascular inflammation, sympathetic efferent activity or 

arterial stiffness and the functional significance of non-renal ENaC expression should be 

further explored.  

 

Materials and Methods 

Mice Mice were housed at the Biomedical Laboratory at The University of Southern 

Denmark. The animal experimental protocol was approved by the Danish Animal 

Experiments Inspectorate under the Danish Ministry of Justice (2015−15−0201−00479) and 

animal care followed the guidelines of the National Institutes of Health. Wild type (WT) 

control mice in all interventional series with blood pressure measurement and tissue 

collections were of the strain C57BL/6J (Taconic Farm Inc., Ry, Denmark). Animals had at 

least one week to acclimatize before surgery was performed and were between nine and 

fourteen weeks old. eNOS
-/- 

mice were of the strain C57BL/6J NOS3 and were bred for more 



A
cc

ep
te

d
 A

rt
ic

le
 

 

This article is protected by copyright. All rights reserved. 

than 15 generations in the local animal facility. Equal amounts of male and female mice were 

included in all experimental groups. Mice were kept on a 12:12-h light-dark cycle and had 

free access to tap water and normal chow. 

 

Blood pressure recording in mice  Continuous recordings of mean arterial blood pressure 

and heart rate and undisturbed intravenous infusion of drugs were obtained by implanting 

chronic indwelling catheters in the femoral artery and vein of control C57BL6 mice and 

eNOS
-/-

 mice, as previously described 
39

. Mice recovered four days before baseline mean 

arterial blood pressure and heart rate recordings were initiated. During collection of baseline 

recordings, data were collected every five minutes. Three doses (5, 50, 500 μg/kg) of ENaC 

blockers amiloride and more selective benzamil were administered intravenously (i.v.) in 

separate series in 50 μL bolus injections at ten minute interval; ten minutes after the last dose, 

200 µL of blood was collected from the arterial line. Two hours later acetylcholine (5 μg/kg) 

(all mice) and sodium-nitroprusside (SNP; 1 μg/kg) (only eNOS
-/-

) were administered in 

bolus as positive controls. To investigate the possible involvement of endothelial nitric oxide 

synthase (eNOS), amiloride was administered to eNOS
-/-

 mice. In a separate, series amiloride 

was given  to control C57BL/6J  mice with blockade of nitric oxide synthase (NOS), obtained 

by three days of continuous infusion of Nω-Nitro-L-Arginine methyl esther (L-NAME, 30 

mg/kg/day). 

 

Experimental series Acute administration of amiloride After four days of baseline blood 

pressure and heart rate recordings (eight days after surgery) amiloride was administered in 

boli in WT mice and in eNOS
-/-

 mice. Amiloride hydrochloride hydrate was purchased from 

Sigma Aldrich (A7410, Steinheim, Germany). Amiloride solutions were prepared freshly in 
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isotonic glucose at the day of experiment and were protected from light by covering with tin 

foil. Three doses of amiloride were administered (5, 50 and 500 μg/kg) in boli (each bolus 

was 50 μL) intravenously (i.v.), at ten minute intervals. Ten minutes prior to amiloride 

administration 50 μL isotonic glucose were administered as control vehicle-bolus. Ten 

minutes after administration of the last dose of amiloride, 200 μl of blood was collected from 

the arterial line. Two hours after, 5 μg/kg acetylcholine (Sigma Aldrich, A6625) was 

administrated i.v. as a positive control both for endothelial/cardiac responsiveness and to 

ensure correct placement of the intravenous catheter. In eNOS
-/-

 mice, 1 μg/kg sodium 

nitroprusside (SNP) (Sigma Aldrich) was also administered as a positive control. Arterial 

blood pressure and heart rate recordings were collected every tenth second during 

experiment.  

Acute administration of benzamil Benzamil hydrochloride hydrate (B2417) was purchased 

from Sigma Aldrich. Three doses of the highly selective ENaC blocker benzamil (5, 50 and 

500 μg/kg) were administered in the same manner as for amiloride except benzamil was 

dissolved in dimethylsulfoxide (DMSO) and then further in isotonic glucose to a 

concentration of DMSO of maximum 0.01%. Before benzamil was administered a vehicle 

containing 0.01% DMSO in isotonic glucose was administered. Ten minutes after 

administration of the last dose of benzamil 200 μl blood were collected from the arterial line 

and after two hours 5 μg/kg acetylcholine was administered. The effect of benzamil was 

compared to that of vehicle (0.01% DMSO in isotonic glucose). Arterial blood pressure and 

heart rate recordings were collected every tenth second.  

Effect of amiloride after blocking of NOS activity with Nω-Nitro-L-Arginine methyl esther (L-

NAME.) Eight days after surgery, chronic i.v. infusion of 30 mg/kg/day L-NAME (Sigma 

Aldrich, N5751) were initiated. Chronic infusion of L-NAME continued for three days, 

before acute experiments with amiloride were conducted in the same manner as in WT mice.  
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When statistical analyses of effect of ENaC blockers were performed, the mean arterial 

pressure and heart rate was averaged at each dose, from administration and over ten minutes, 

and was used as intraindividual control. The effect of each drug dose was compared to the 

mean arterial pressure response or heart rate to initial vehicle in each mouse.  

 

Intervention with high-dose amiloride for two days in type I diabetic patients In a previous 

study, the effect of oral two-days intervention with amiloride on Na+ excretion and blood 

pressure in long-term type 1 diabetes patients with and without nephropathy was investigated 

10
. The study was approved by the Regional Scientific Ethics Committee for Southern 

Denmark (S-20130061). The dispensing and use of amiloride was approved by the Danish 

Health and Medicines Authority (2013061668) and the study was registered at 

ClinicalTrials.gov (NCT01918488). The study was performed in accordance with the 

Helsinki Declaration and the International Conference on Harmonization–Good Clinical 

Practice rules. All patients gave written informed consent to participate in the study 
10

. 

Briefly, type I diabetic patients with and without (controls) diabetic nephropathy were 

included in the study. Patients received a standardized NaCl diet aiming of a total NaCl 

content of 200 mmol per day (11.8 g) for six days. On the last two days, the patients were 

given 20 or 40 mg amiloride daily, depending on their body weight (20 mg <75 kg and 40 mg 

>75 kg). At day four and six spot urine and plasma were collected. Nine nephropathy and 

eight control subject were considered compliant with respect to salt intake. The primary 

outcome of this study was a significant and similar increase in Na+ excreation, weight loss 

and reduction in arterial systolic blood pressure by 7.5±2.4/4.3±1.8 mmHg (p=0.0067 and 

p=0.0325) in the nephropathy group, while only systolic blood pressure was lowered 

significantly by 4.8±2.0 (p=0.04) in the non-nephropathy group
10

. Aliquots of plasma and 

spot urine from day four and six were stored at -80°C. Since no significant differences were 
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obtained in plasma amiloride concentration, urine and plasma NO products (NOx), and 

plasma and urine cGMP, obtained in the present study, data from nephropathy and controls 

were pooled (see table S1).  

 

Intervention with low-dose amiloride in type II diabetic patients with resistant hypertension 

for eight weeks Type-2 diabetes patients with treatment-resistant hypertension from an 

intervention  study with spironolactone 
40

 were invited to participate in an open-label, non-

randomized clinical study where the effect of treatment with amiloride for eight weeks was 

explored. The study protocol was approved by the Ethical Committee of the Region of 

Southern Denmark, #S-20090135, and at the Danish Medicines Agency, EudraCT 2009-

017033-22. The study was performed in accordance with the Helsinki Declaration and the 

International Conference on Harmonization–Good Clinical Practice rules. Good Clinical 

Practice monitoring was done by the Department of Clinical Pharmacology, Odense 

University Hospital. The study was registered at clincalTrials.gov as NCT02122731
9
. 

 

Briefly, following a wash-out period of minimum two weeks, 60 patients were treated with 

amiloride (5-10 mg/day) for eight weeks. Amiloride was added to the anti-hypertensive 

medication. If blood pressure after four weeks was still at or above 130/80 mmHg, the dose 

was titrated to 10 mg/day amiloride. Urine and plasma samples were collected at baseline and 

after eight weeks of treatment. The primary outcome from this study was that blood pressure 

was significantly reduced by 6.3/3-0 mmHg 
9
. Plasma (n=52) and urine (n=55) samples at 

baseline and after eight weeks of treatment were available for analyses of NO products (NOx) 

and cGMP. 
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Plasma and urine analyses Amiloride concentration was determined using HPLC analyses 

as previously described 
41

. Nitrite/nitrate colometric assay kit from Cayman Chemical, Ann 

Arbor, MI, USA (No. 780001) was used. Plasma was diluted 1:2 and urine was diluted 1:10-

1:30. Samples from patients were run in duplicates, while analyses in mice plasma were only 

determined in a single sample (due to the small amount of plasma). Cyclic guanosine 

monophosphate (cGMP) levels were measured with ELISA kits in paired urine and plasma 

samples from two published interventional studies 
10

 
9
 Cayman Chemical (No. 581021). 

Plasma was diluted 1:2 while urine was diluted 1:500. All samples were run in duplicates. 

None of the patients received spironolactone. Patient characteristics and clinical baseline data 

are contained in supplement and publications 
9, 10, 40

. Amiloride concentration was measured 

by HPLC analyses as described previously 
41

. Reverse transcription polymerase chain 

reaction (RT-PCR) analyses for ENaC subunits in human renal and mammary arteries, 

human aortic endothelial cells (HAEC) and mouse aortae were obtained using standard 

methods. 

 

ENaC mRNA detection by polymerase chain reaction (PCR) Presence of mRNA for ENaC 

subunits was mapped in human kidney cortex, renal arteries, mammary arteries and human 

cultured aortic endothelial cells (HAEC) (Lonza, Basel, Switzerland). Renal kidney cortex and 

renal arteries were obtained from patients with renal cancer followed informed written 

consent, and the present use was approved by the Ethics Committee of Region of Southern 

Denmark (#20010035 until December 2014, from 2015 on #S-2014-0159) internal mammary 

arteries were obtained from patients who underwent coronary artery bypass grafting (#S-

20100044) and primary human aorta endothelial cells (HAEC) were extracted and 

cryopreserved during surgery. Tissue were cut into small pieces with a scalpel and transferred 

to a 2.0 ml Eppendorf tube. One ml Trizol was added and the mixture was homogenized. 
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Samples were incubated at room temperature for ten minutes. Then, 200 µl of chloroform 

were added and the samples were vortexed for 15 seconds before ten minutes incubation at 

room temperature. Then samples were centrifuged at 12,000 g for 15 minutes at 4ᵒC. The 

upper colorless phase was transferred to a new 1.5 ml Eppendorf tube. Next, 500 µl 

isopropanol were added and the samples vortexed during 15 seconds, before ten minutes of 

incubation at room temperature. Again, the samples were centrifuged at 12,000 g for ten 

minutes at 4ᵒC. The supernatant was removed and discarded. The samples were washed with 

500 µl 75 % ethanol and vortexed for five seconds and centrifuged for five minutes at 7500 g 

at 4ᵒC. Then, the ethanol was removed and the RNA pellet air-dried. Finally, 20 µl of 

RNAse-free water were added and the samples were frozen overnight at -20ᵒC. The next day, 

they samples were heated to 65ᵒC for three minutes and vortexed during 30 seconds. The 

RNA concentration was measured with a Nano photometer (IMPLEN, Munich, Germany); 

RNA from three to four different patients and mice was pooled. 

 

Purified RNA was converted to complementary DNA (cDNA) with a iScript™ cDNA 

synthesis kit (Bio-Rad, Hercules, CA, USA) according to the provided protocol. First, 1 µg of 

RNA template was mixed with 4 µl of 5x iScript Reaction Mix and 1 µl of iScript reverse 

transcriptase. This mix was supplemented with RNAse free water to a total of 20 µl. Negative 

control samples were made without adding reverse transcriptase (-RT). The cDNA synthesis 

was accomplished using a Thermal cycler (VWR ® Doppio, Radnor, PA, USA) with the 

following cycles: five minutes at 25ᵒC, 30 minutes at 42ᵒC and five minutes at 82ᵒC. The 

cDNA was stored at -20ᵒC. Next, 1 μL of cDNA was added together with 10 μM of forward 

primer, 10 μM of reverse primer, 10 μL of OneTaq ® 2X MM w/Standard Buffer (#MO482S 

– New England BioLabs, Ipswich, MA, USA). Primers were obtained from Sigma Aldrich 

and sequences of used primer pairs are listed in supplement table S2. Samples were 
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supplemented with water in a 20 μl reaction. The mixture was amplified in a thermal cycler 

(Doppio). Denaturation was carried out at 94°C for 15 seconds (135 for the first cycle), 

followed by an annealing step at 60°C for 15 seconds (for mouse α- and βENaC the annealing 

step was carried out at 65°C for 30 seconds) and an extension step at 68°C for 45 seconds 

(165 for the last cycle) to a total of 35 cycles.  The PCR products were electrophoresed on a 

2% agarose gel with GelRed™ Nucleic Acid stain (Biotium, Hayward, CA, USA) in Tris-

Boric acid EDTA (TBE) buffer along with a molecular weight marker (GeneRuler 50 bp 

DNA ladder, ThermoFisher Scientific, Waltham, MA, USA). The gels were photographed 

using GelDoc 2000 (Bio-Rad) .  

 

Statistical evaluation All data were tested for normal distribution by D’Agostino & Pearson 

omnibus normality test. All normally distributed data were presented as means±standard error 

of mean (SEM). Non-normally distributed data were log-transformed and tested again for 

normal distribution. Log transformed data are presented in semilogarithmic diagrams with 

geometric means. If normal distribution were still not obtained, a non-parametric analysis 

was applied (Mann Whitney test). N indicates the number of underlying experiments. When 

two groups were compared, paired or unpaired Student’s t test was applied when appropriate. 

When three or more groups were analyzed one-way Analysis of Variance (ANOVA) with 

repeated measures was applied and followed by Bonferroni’s multiple Comparison post hoc 

test. Correlations were assessed using linear regression. P values less than 0.05 were considered 

to indicate statistically significant differences. All statistical analyses were conducted using 

GraphPad Prism 7 software. 
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Figure legends 

Figure 1 NO-products in plasma and urine in human studies 

In paired urine and plasma samples from diabetic hypertensive patients treated with high-

dose (20-40 mg) amiloride for two-days, NO-products (NOx) and cGMP were measured. 

Plasma NOx (A) (n=22, p=0.04) and urinary NOx/creatinine (B) (n=12, p=0.03) increased 

upon treatment, while plasma cGMP (C) decreased (n=16 p=0.007) and urine cGMP (D) was 

unchanged (n=12, p=0.31). On the right side of each graph the delta value is shown (A-D). In 

six plasma samples, there was only sufficient plasma for NOx measurements and not cGMP. 

No correlation between plasma NO-products and delta decrease in blood pressure were 

observed (r
2
=0.08, p=0.42, n=10) (E). Amiloride plasma concentrations were not different 

between nephropathy and non-nephropathy diabetes patients and reached an average of 

79.4±6.8 nmol/L (F).  Data were analyzed using paired and unpaired Student’s t test and data 

are shown as means±SEM; *p<0.05, †p<0.01, ‡p<0.001. 

 

Figure 2 Acute effect of ENaC-blockers in WT mice 

In WT mice three doses (5, 50, 500 μg/kg) of amiloride (n=10) or benzamil (n=6) were 

administered i.v. at ten minute intervals, starting with an initial vehicle bolus injection 

(Glucose or glucose with 0.01% DMSO, respectively). Ten minutes after the last dose, blood 

was collected from the arterial line. Arterial blood pressure (A-B right left side) and heart rate 

(A-B right side) was monitored and data were collected every tenth second. A-B show the 

mean values collected from all included mice with SEM on key points (grey error bars). The 

average of all collected data from administration point and over ten minutes was used as a 

parameter to compare the effect of each dose to the initial vehicle; 5, 50 and 500 μg/kg 

amiloride lowered blood pressure (C left side) and heart rate (C right side) significantly. 
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Benzamil did not lower blood pressure (D left side) however 50 µg/kg significantly increased 

heart rate (D right side). No differences in Plasma NO-products (NOx) were identified 

between groups (E). One-way ANOVA followed by post hoc multiple comparison test 

(Bonferroni) and unpaired Student’s t test were used for statistical analyses. Data are shown 

as means±SEM; ; *p<0.05, †p<0.01, ‡p<0.001. 

 

Figure 3 Acute effects of amiloride in eNOS
-/-

 mice and WT with chronic inhibition of 

NOS (L-NAME) 

In eNOS
-/-

 mice (n=10) and WT mice with eNOS inhibition (L-NAME infusion, 30 

mg/kg/day for three days) (n=9), three doses (5, 50, 500 μg/kg) of amiloride were 

administered intravenously at ten minute interval, starting with an initial vehicle bolus 

injection. Ten minutes after the last dose, blood was collected from the arterial line. Arterial 

blood pressure (A-B left side) and heart rate (A-B right side) was recorded every tenth 

second. A-B show the mean values collected from all included mice with SEM on key points 

(grey error bars). The average of all collected data from administration point and over ten 

minutes was used as a parameter to compare the effect of each dose to the initial vehicle. 

Fifty and 500 μg/kg amiloride lowered blood pressure significantly in eNOS
-/-

 (C left side), 

while 5 μg/kg changed heart rate numerically, not significantly (p=0.08) (C right side). The 

fall in blood pressure in eNOS
-/- 

(delta blood pressure) in response to amiloride was not 

different between strains (c, right diagram). In WT mice treated with L-NAME, amiloride 

lowered blood pressure significantly at 5 and 500 μg/kg while 50 μg/kg was at the limit of 

significance (D left side). Heart rate was not changed (D right side). Plasma NO-products 

(NOx) were unchanged between WT and eNOS
-/-

 (E left side), while L-NAME significantly 

lowered plasma NO-products (E right side). One-way ANOVA followed by post hoc multiple 
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comparison test (Bonferroni), paired and unpaired Student’s t test were used for statistical 

analyses. Data are shown as means±SEM; *p<0.05, †p<0.01, ‡p<0.001. 

 

Figure 4. Mapping of ENaC subunit mRNA expression in arterial segments from 

humans and mice 

Transcripts of ENaC subunits were identified using RT-PCR. In human and mice kidney 

cortex pool (h.C., n=4 samples were pooled) α-, β- and γ-ENaC subunits were identified (A-

D). In the human renal artery pool (n=4 samples were pooled), α and β but not γ-ENaC subnit 

was detected (A), while no ENaC subunits were expressed in the human mammary artery 

pool (n=3 pooled samples) (B); in cultured human aortic endothelial cells (HAEC, C) and in 

the mouse aortic pool (n=4 pooled samples) (D). In human samples, the housekeeping gene 

transcript β-actin and in mouse samples the housekeeping gene transcript TBP along with the 

endothelial marker CD31 were detected in all samples. All amplification reactions ran in 

duplicate with (+) or without (-) reverse transcriptase (RT) and for each preparation a sample 

was amplified in the absence of cDNA templete with addition of same volume water (H2O).  
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