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Effect of Increased Potassium Intake

on Adrenal Cortical and Cardiovascular
Responses to Angiotensin Il: A Randomized
Crossover Study
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BACKGROUND: Increased potassium intake lowers blood pressure in patients with hypertension, but increased potassium in-
take also elevates plasma concentrations of the blood pressure-raising hormone aldosterone. Besides its well-described renal
effects, aldosterone is also believed to have vascular effects, acting through mineralocorticoid receptors present in endothelial
and vascular smooth muscle cells, although mineralocorticoid receptors-independent actions are also thought to be involved.

METHODS AND RESULTS: To gain further insight into the effect of increased potassium intake and potassium-stimulated hyper-
aldosteronism on the human cardiovascular system, we conducted a randomized placebo-controlled double-blind crossover
study in 25 healthy normotensive men, where 4 weeks treatment with a potassium supplement (90 mmol/day) was com-
pared with 4 weeks on placebo. At the end of each treatment period, we measured potassium and aldosterone in plasma
and performed an angiotensin Il (Angll) infusion experiment, during which we assessed the aldosterone response in plasma.
Hemodynamics were also monitored during the Angll infusion using ECG, impedance cardiography, finger plethysmography
(blood pressure-monitoring), and Doppler ultrasound. The study showed that higher potassium intake increased plasma po-
tassium (mean+SD, 4.3+0.2 versus 4.0+0.2 mmol/L; P=0.0002) and aldosterone (median [interquartile range], 440 [336-521]
versus 237 [173-386] pmol/L; P<0.0001), and based on a linear mixed model for repeated measurements, increased potas-
sium intake potentiated Angll-stimulated aldosterone secretion (P=0.0020). In contrast, the hemodynamic responses (blood
pressure, total peripheral resistance, cardiac output, and renal artery blood flow) to Angll were similar after potassium and
placebo.

CONCLUSIONS: Increased potassium intake potentiates Angll-stimulated aldosterone secretion without affecting systemic car-
diovascular hemodynamics in healthy normotensive men.

REGISTRATION: EudraCT Number: 2013-004460-66; URL: https://www.ClinicalTrials.gov; Unique identifier; NCT02380157.
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sure (BP) in patients with hypertension,' but increased
potassium intake also increases plasma concentra-
tions of the BP-raising hormone aldosterone.?® This
apparent paradox is not fully understood, but reports

Inoreased potassium intake decreases blood pres-

dating back to 1935 suggest that potassium acts as
a diuretic.*% In line with this suggestion, newer stud-
ies have shown that a single oral load of 100 mmol of
potassium-chloride and 5 days on a fixed low potas-
sium run-in diet, followed by 5 days on the fixed diet

Correspondence to: Jorgen L. Jeppesen, MD, DMSci, Department of Medicine, Amager Hvidovre Hospital in Glostrup, Valdemar Hansens Vej 1-23, DK-2600,

Glostrup, Denmark. E-mail: jj@heart.dk

Supplementary Material for this article is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.018716

For Sources of Funding and Disclosures, see page 12.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use

is non-commercial and no modifications or adaptations are made.
JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2021;10:e018716. DOI: 10.1161/JAHA.120.018716


https://orcid.org/0000-0001-7368-0869
https://orcid.org/0000-0002-4561-0326
mailto:﻿￼
https://orcid.org/0000-0003-4320-8015
https://www.ClinicalTrials.gov
mailto:jj@heart.dk
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.018716
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha

Dreier et al

CLINICAL PERSPECTIVE
What Is New?

In normotensive men, 4 weeks increased potas-
sium intake potentiated angiotensin lI-stimulated
aldosterone secretion without affecting angio-
tensin ll-induced increases in blood pressure
and total peripheral resistance and angiotensin
ll-induced decreases in stroke volume, cardiac
output, and blood flow in the renal artery.

What Are the Clinical Implications?

e Thereis substantial interest in understanding the
mechanism behind the blood pressure-lowering
effect of increased potassium intake and the
possible deleterious effects of elevated plasma
aldosterone on the cardiovascular system.

e The fact that increased potassium intake po-
tentiates angiotensin lI-stimulated aldoster-
one secretion without affecting cardiovascular
hemodynamics supports the notion that the an-
tihypertensive effect of potassium is a diuretic
effect and indicates that aldosterone by itself
has no major acute effects on the cardiovascu-
lar system in normotensive men.

Nonstandard Abbreviations and Acronyms

Angli angiotensin ||
PRC plasma renin concentration
TAMVmax time average max velocity

but including a 100 mmol/day potassium-chloride sup-
plementation, lead to significant increases in urinary
sodium excretion,®® and that potassium inhibits the
sodium-chloride cotransporter (a thiazide-like effect) in
the distal convoluted tubule of the kidney leading to in-
creased natriuresis.® Further, studies of longer duration
(>4 weeks) have observed that increased potassium
intake also leads to rises in plasma renin concentration
and plasma renin activity,”® which provides some indi-
rect support for a diuretic action of potassium.'®

Besides its well-known renal effects,? aldosterone is
also believed to have vascular effects, acting through
mineralocorticoid receptors present in endothelial and
vascular smooth muscle cells, although mineralocorti-
coid receptors-independent actions are also thought
to be involved."?

Aldosterone is primarily secreted from the zona glo-
merulosa in the adrenal cortex,” but there are stud-
ies suggesting that aldosterone can be synthesized
outside the adrenal cortex."'? The 2 most important
physiological stimuli of aldosterone secretion are rises
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in extracellular potassium and angiotensin Il (Angll),? al-
though adrenocorticotropic hormone can also stimu-
late aldosterone secretion.? Several short-term studies
(<10 days) in normal subjects have shown that in-
creased potassium intake potentiates the aldosterone
stimulating properties of Angll and adrenocorticotropic
hormone,'3-'6 whereas increased intake of potassium
does not influence the BP-raising effect of Angll.'®-"®
However, none of these studies performed a compre-
hensive evaluation of the cardiovascular responses to
Angll.’®15

In an attempt to gain additional insight into the ef-
fect of increased potassium intake and potassium-
stimulated hyperaldosteronism on the human
cardiovascular system, we conducted a randomized
placebo-controlled double-blind crossover study in 25
normotensive men, where 4 weeks treatment with a
potassium supplement (90 mmol/day) was compared
with 4 weeks on placebo treatment. At the end of
both treatment periods, we recorded ambulatory BP,
urine volume and composition, and measured plasma
concentrations of potassium and of various vasoac-
tive hormones in plasma, including renin, Angll, and
aldosterone. We also performed an Angll-infusion ex-
periment, during which we assessed the response of
plasma aldosterone and the responses of other vaso-
active hormones in plasma as well as we assessed a
series of hemodynamic responses. Compared with the
previous studies, where the effect of increased potas-
sium intake on Angll-stimulated aldosterone secretion
was studied in normal subjects,’®® our study used a
randomized placebo-controlled double-blind cross-
over design, was of longer duration (4 weeks on po-
tassium versus <10 days on potassium), and included
a much more detailed assessment of the systemic
cardiovascular responses. Thus, during the Angll in-
fusions, we recorded heart rate, BP, stroke volume,
cardiac output, total peripheral resistance, and renal
artery blood flow.

METHODS

The authors declare that all supporting data are avail-
able within the article and its online supplementary file.

Study Population

Participants were recruited through announcement
on the Danish website www.forsoegsperson.dk, a
website where researchers can announce their re-
search project for potential study participants. After
recruitment, a screening visit was arranged and po-
tential candidates were included in the study if they
met the criteria for participation. Inclusion criteria
were male sex, aged between 20 and 55 years, of-
fice systolic BP <140 mm Hg, and office diastolic BP
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<90 mm Hg, body mass index between 18.5 and
30.0 kg/m?, and written informed consent. Exclusion
criteria were diabetes mellitus diagnosed as hemo-
globin Alc >48 mmol/mol, history of cerebrovascular
disease, ischemic heart disease or peripheral artery
disease, former kidney disease or present kidney dis-
ease with estimated glomerular filtration rate <70 mL/
min per 1.73 m2, former or present disease in the ad-
renal gland, former or present ulcer as well as genes
of acid reflux, active medical treatment, including
treatment with over-the-counter drugs, substance
or alcohol abuse (defined as >21 drinks a week),
pathological ECG, mental health disorder that con-
tradicted completion of the study, and hyperkalemia
diagnosed as plasma potassium >5.0 mmol/L. We
only included men in this study because we wanted a
homogeneous study population. Inclusion of women
could have added further complexity to our study de-
sign because of interference from hormonal changes
during the menstrual cycle.

Design and Protocol

This study is a randomized clinical placebo-controlled
double-blind crossover study. After giving written in-
formed consent, potential candidates had baseline
testing done, and candidates who fulfilled the inclusion
criteria and had no exclusion criteria were included in
the trial. Participants were randomized to either 4 weeks
treatment with a potassium supplement (90 mmol per
day) or to 4 weeks treatment with placebo. After the
first treatment period, a washout period of 2 weeks
was inserted before crossover and start of the second
4 weeks treatment period with the opposite treatment.
At the final day of each treatment period, the participants
had an Angll infusion experiment done. Two days before
the Angll infusion, participants met at the hospital and
had a fasting blood sample taken and received equip-
ment for a 24-hour ambulatory BP measurement and
a 48-hour urine collection. Further, on that same day, a
gluteal skin- and fat biopsy was taken to assess vascu-
lar function ex vivo through wire-myograph experiments
on subcutaneous resistance arteries, as described in
detail elsewhere.'” All examinations were done at fixed
time points of the day during the whole study.

The study was approved by The Committees
on Health Research Ethics in the Capital Region of
Denmark (Protocol number: H-2-2014-019) and was
conducted according to the Declaration of Helsinki.
Furthermore, the study was approved by The Danish
Health and Medicines Authority.

The study was conducted from March 2015 to
December 2016 at Rigshospitalet Glostrup, University
of Copenhagen, Denmark. The trial was registered
in the EU Clinical Trials Register (EudraCT Number:
2013-004460-66) and registered at ClinicalTrials.gov
(NCT02380157).
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Study Treatment, Randomization, and
Blinding

Study treatment was randomized and supplied by
the hospital pharmacy (Capital Region Pharmacy,
Central Service Production, Herlev, Denmark). Active
treatment consisted of tablet Kaleorid, 750 mg, 3
tablets 3 times daily. Each tablet Kaleorid contained
750 mg potassium chloride equivalent to 10 mmol
potassium. Thus, active treatment was a supple-
ment of 90 mmol potassium per day. Placebo treat-
ment consisted of placebo tablets, 3 tablets 3 times
daily. Compliance was checked using tablet counts
and participants were considered compliant if they
ingested >75% of the tablets in a given treatment pe-
riod. Randomization was done in blocks of 6. Both
the participants and the investigators were blinded
to the treatment during the study. After termination
of the study, the treatment was unblinded to treat-
ment A and B, and after statistical analysis the final
unblinding was done.

Monitoring

This study was monitored by the independent Good
Clinical Practice unit at Copenhagen University
Hospital.

Blood Pressure Measurements

Office BP was measured as part of the baseline
screening with appropriate cuff size in the seated
position with legs not crossed and arms resting in
the lap after at least 5 minutes rest with an auto-
mated oscillometric device (WatchBP office; Microlife
AG, Widnau, Switzerland). The device measured
BP 3 times and the average represented office BP.
Twenty-four-hour ambulatory BP measurement with
appropriate cuff size was performed using the Mobil-
O-Graph 24h Pulse Wave Analysis Monitor device
(. E. M. Industrielle Entwicklung Medizintechnik
GmbH, Stolberg, Germany), as described in detail
elsewhere.'”

Angll Infusion Experiment

Each participant met at the hospital in the morn-
ing after an overnight fast, was prepared for the ex-
periment in supine position, and remained supine
throughout the whole experiment. Two intravenous
accesses were established, 1 in each cubital vein.
One access was reserved for infusion and 1 access
was reserved for blood sampling. The participant
was equipped with electrodes for ECG, electrodes
for impedance cardiography, apparatus for finger
plethysmography, and a cuff for conventional non-
invasive oscillometric brachial BP measurement be-
fore the experiment. The experiment started with a
30-minute infusion (time, —30 to O minutes) of 50 mL
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isotonic saline to achieve baseline parameters. After
that, Ang Il (Angll acetate 50 pg/vial [Clinalfa basic],
Bachem, Bubendorf, Switzerland), dissolved in iso-
tonic saline in a total volume of 50 mL, was infused
at a dosage of 5 ng/kg per minute for 30 minutes
(time, 0-30 minutes). After the Angll infusion, the
participant recovered for 30 minutes (time, 30-
60 minutes). Thus, the total experiment lasted for
90 minutes, with time reference point O-minute set at
the start of the Angll infusion. Length and dosage of
the Angll infusion was chosen to achieve substantial
responses in aldosterone and hemodynamic param-
eters.'®'9 Venous blood samples were drawn to the
time points -10, 0, 10, 20, 30, 45, and 60 minutes.
In the blood samples from each time point, plasma
concentrations of aldosterone, Ang Il, renin (plasma
renin concentration [PRC]), norepinephrine, and NT-
proANP (N-terminal pro-atrial natriuretic peptide,_s,)
were determined.

During the Angll infusion experiment, the Task
Force Monitor apparatus (Task Force Monitor 3040i,
CNSystems Medizintechnik GmbH, Graz, Austria)
continuously measured heart rate (by ECG), BP (by fin-
ger plethysmography), stroke volume, cardiac output
(by impedance cardiography), and total peripheral re-
sistance. The continuous beat-to-beat measurements
of BP by finger plethysmography was supplemented
with conventional non-invasive oscillometric brachial
BP measurement. All data were stored from time
—30 to 60 minutes. All data were used in the analysis,
and we calculated averages from the following peri-
ods matched with the following time points: =10 min-
utes, —30 to —10 minutes; O minute, —10 to 0 minute;
10 minutes, 0 to 10 minutes; 20 minutes, 10 to 20 min-
utes; 30 minutes, 20 to 30 minutes; 45 minutes, 30 to
45 minutes; and 60 minutes, 45 to 60 minutes. This
was done to eliminate brief changes in values attrib-
utable to accidental movement of the participant or
slight movements during ultrasound scanning. Use of
the Task Force Monitor equipment to evaluate hemo-
dynamics under similar conditions has been described
elsewhere.?®

Blood flow in the right renal artery during the Angll
infusion experiment was measured using Doppler ul-
trasound, as described in detail elsewhere.?® If it was
not possible to produce a clear Doppler signal in the
right renal artery, the left renal artery was used (n=3).
However, for simplicity, the Doppler ultrasound data
are communicated as measured in the right renal
artery.

All examinations were performed by the same ex-
perienced sonographer, and the Doppler ultrasound
equipment was a Siemens Acuson Sequoia 512 (New
York, USA). A 2.5- to 4.0-MHz curvilinear transducer
was used for the examinations and the right renal
artery was examined via a transverse epigastric view.
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For each measurement, calculations on the Doppler
spectra were made on 5 consecutive heartbeats
using the automatic software of the equipment.
For each measurement, time average max velocity
(TAMVmax) in the right renal artery was calculated.
TAMVmax is a measure of the maximum flow veloc-
ity in the artery. Blood flow in the right renal artery
was estimated to the time points -15, -5, 5, 15, 25,
35, and 50 minutes. For each time point, we made
2 measurements and the mean of these 2 measure-
ments was used in the analysis.

Biochemical Analysis

As mentioned earlier, 2 days before the Angll infu-
sion experiment, at the end of both treatment periods,
the participants had a fasting morning blood sample
taken, while they were in the supine position, and
plasma concentrations of aldosterone, Angll, PRC,
norepinephrine, NT-proANP, creatinine, potassium,
and sodium were determined. As mentioned above,
multiple blood samples were drawn during the Angll
infusion experiment to determine changes in vasoac-
tive hormones.

Aldosterone in plasma was measured using che-
miluminescent immunoassay technology (LIAISON;
DiaSorin S.p. A., Saluggia VC, ltaly). According to
the manufacturer’s specifications, the intra-assay
coefficient of variance (CV) and the inter-assay CV
is <4.2% and <10%, respectively. The measuring
range of the LIAISON aldosterone assay is 26.9 to
2774 pmol/L. In our laboratory, the inter-assay CV
was 7% during the period when the aldosterone
samples of this study were measured. PRC was
measured by a high-sensitivity plasma renin activity
assay based on an in-house-developed radioimmu-
noassay (Ang | anti-serum). This method has been
described in detail elsewhere.?’ The intra-assay CV
is 2.9% and the inter-assay CV was 11% during the
period when the renin samples of this study were
run. The lower detection limit of the assay is 2 mIU/L.
PRC <2 mlU/L were included in the analysis with the
value 2 mlIU/L. Blood samples for measurement of
Angll were obtained in tubes prepared with EDTA
and phenanthroline, and Angll was determined using
an in-house-developed radioimmunoassay (Angll
anti-serum). This method has been described in
detail elsewhere.?? The intra-assay CV is 4.0% and
the inter-assay CV was 11%, during the period when
the Angll samples of this study were run. The lower
detection limit of the assay is 0.11 pmol/L. Plasma
norepinephrine was analyzed by radioimmunoas-
say using a commercial kit (Labor Diagnostika Nord,
Nordhorn, Germany). According to the manufactur-
er’s specifications, the sensitivity of the kit for plasma
norepinephrine is 0.25 nmol/L. In our laboratory, the
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intra-assay CV for norepinephrine is around 5.0%
and the inter-assay CV for norepinephrine was 11%
during the period when the norepinephrine sam-
ples of this study were run. NT-proANP was mea-
sured by a radioimmunoassay using a commercial
anti-serum (Peninsula Laboratories, San Carlos,
CA, USA). In our laboratory, the analytic range is 6
to 1500 pmol/L, the intra-assay CV is 2.3%, and the
inter-assay CV was 10%, during the period when the
NT-proANP samples of this study were run. Plasma
samples for analysis of aldosterone, Angll, PRC, nor-
epinephrine, and NT-proANP were collected from
each participant and stored in a freezer until the par-
ticipant had completed the whole study, and hereaf-
ter samples from each participant were analyzed at
the same time. Plasma concentrations of creatinine,
potassium, and sodium were determined on Vitros
51 FS/5600 (Ortho Clinical Diagnostics, NJ, USA),
and urine concentrations of creatinine, potassium,
and sodium were determined on Vitros 5.1 FS (Ortho
Clinical Diagnostics, NJ, USA).

Statistical Analysis

The software program SAS Enterprise Guide 7.1
(SAS Institute Inc., NC, USA) was used to perform the
statistical analyses. All statistical tests were 2-sided
and a P<0.05 was considered statistically significant.
Only men completing both treatments were included
in the analyses (per protocol approach). Normally
distributed data are presented with mean+=SD, non-
normally distributed data are presented with median
(interquartile range [IQR]), and categorical data are
presented with numbers and percentage. Single
measures (1 measurement from each treatment pe-
riod) were analyzed in a linear mixed model includ-
ing period and treatment as fixed effects and with
an unstructured covariance pattern to account for
the correlation in the repeated measurements with
different treatments. Tests of carry-over effect were
made by including the periodxtreatment interaction
in the model. Repeated measurements from each
treatment period were analyzed by extending a clas-
sical method for the 2x2 crossover design.?® First
sums and differences of the paired data from each
time of measurement were computed. Then these
were compared between the sequence groups in
a linear mixed model including time (categorical),
and sequence group as fixed effects and further
assuming an unstructured covariance to account
for the correlation between the replicate measure-
ments. Carry-over effects were assessed by testing
the effect of sequence group in the model for the
sum of the measurements from the 2 periods and
the per se time-dependent effect of the Angll infusion
was assessed by testing the timexsequence group
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interaction in the model for the difference of the
measurement. Model assumptions were assessed
with residual plots. For further technical details of the
analysis of the repeated measurements from each
treatment period, see Data S1.

RESULTS

Baseline Data

These data have also been communicated in another
publication.”” Figure 1 shows the flowchart of the
study. Out of 34 screened men, 32 were included and
randomized. Seven participants were excluded before
the end of the first treatment period. The rest, 25, com-
pleted the study. Only data from these 25 men were in-
cluded in the analyses. Baseline characteristics of the
25 men are reported in the Table.

Compliance

As communicated previously,"” minimum compliance in
a treatment period was 87.0%. During potassium treat-
ment compliance was (median [IQR]) 98.8% (96.3%—
100.0%) and during placebo 96.3% (95.1%-98.8%)
and there was no difference between the 2 treatments
(P=0.29).

Potassium Intake, Potassium, Vasoactive
Hormones, and BP

The results from the measurements performed and
initiated 2 days before the Angll infusion experiment
at the end of both treatment periods have been pre-
sented in detail in a previous publication."” In summary,
potassium supplementation significantly increased
plasma potassium (mean+SD, 4.3+0.2 mmol/L ver-
sus 4.0+0.2 mmol/L; P=0.0002), while there were
no differences in plasma creatinine and sodium
between the 2 treatments. With respect to plasma
vasoactive hormones, potassium supplementation
significantly increased plasma aldosterone (median
[IQR], 440 [336-521] versus 237 [173-386] pmol/L;
P<0.0001) corresponding to an estimated difference
in median aldosterone of 85% (95% CI, 55-120) be-
tween potassium supplementation and placebo. In
addition, potassium supplementation significantly
increased PRC (median [IQR], 16 [12-23] versus 11
[5-16] mIU/L; P=0.0047) and plasma Angll (median
[IQR], 10.0 [6.2-13.0] versus 6.1 [4.0-10.0] pmol/L;
P=0.0025) corresponding to estimated differences in
median PRC of 70% (95% CI, 20-141) and median
plasma Angll of 74% (95% ClI, 24-144) between po-
tassium supplementation and placebo, respectively.
There were no differences between treatments with
respect to plasma norepinephrine and NT-proANP.
After potassium supplementation, mean 24-hour
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Excluded, n=2 Excluded, n=3

- 1BMI < 18.5 kg/m? - 1 Lack of compliance with medicine
- 1 Diastolic BP = 90 mm Hg and - 1 Lack of compliance with schedule

HbA1c = 48 mmol/mol - 1 Gastric complaints
Potassium, 4 wks Potassium, 4 wks
n=16 n=12
Screened Included Completed
n=34 n=32 n=25

Placebo, 4 wks
n=16

Placebo, 4 wks
n=13

Washout, 2 wks

Excluded, n=4

- 1 Gastric complaints

- 1 Lack of compliance with medicine
- 2 Lack of compliance with schedule

Figure 1. Flowchart of our randomized clinical placebo-controlled double-blind crossover study in healthy normotensive

men.

BMI indicates body mass index; BP, blood pressure; and HbA1c, hemoglobin Alc.

systolic BP was 117.6£5.8 mm Hg and mean 24-
hour diastolic BP was 70.8+6.2 mm Hg, and after
placebo the corresponding numbers were 118.2+5.2
and 70.8+6.3 mm Hg, respectively. There were no
significant differences between treatments in these
2 BP variables. Finally, urinary volume (mL/24-hour)
and urinary excretion of sodium (mmol/24-hour) were
similar after the 2 treatments (P>0.28), whereas uri-
nary excretion of potassium was higher after potas-
sium supplementation (mean+SD, 144.7+28.7 versus
67.5+25.5 mmol/24-hour; P<0.0001)."”

Angll Infusion, Aldosterone, and Other
Vasoactive Hormones

The changes in vasoactive hormones in plasma during
the Angll infusion after potassium supplementation and
after placebo are shown in Figure 2. As expected, plasma
aldosterone increased during the Angll infusions,? and
plasma aldosterone was higher after potassium sup-
plementation compared with placebo for all time points
(Figure 2A). The P value for interaction between time and
treatment (P(timextreatment)) was 0.0020 for plasma
aldosterone, which means that the effect of time, and
thereby the effect of the Angll infusion, was different
between the 2 treatments. As it is evident in Figure 2A,
plasma aldosterone increased more during the infusion
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after potassium supplementation compared with the in-
fusion after placebo. Thus, increased potassium intake
potentiated Angll-stimulated aldosterone secretion.

Plasma Angll increased during the Angll infu-
sions (Figure 2B), and the resulting Ang Il concentra-
tions corresponded to plasma Angll concentrations
in the high normal range in the upright position.?*2%
The plasma responses were similar after both treat-
ments  (P(timextreatment)=0.23). PRC decreased
during the Angll infusions (Figure 2C), and again
the responses were similar after both treatments
(P(timextreatment)=0.85). On plasma norepineph-
rine (Figure 2D) there seemed to be a slight decrease
during the Angll infusions followed by an increase
after the infusions. The responses of plasma norepi-
nephrine during the Angll infusions were basically the
same after the 2 treatments (P(timextreatment)=0.66).
Plasma NT-proANP increased during the Angll infu-
sions (Figure 2E), and the responses were similar after
the 2 treatments (P(timextreatment)=0.68).

Angll Infusion and Hemodynamics

Figure 3 depicts the hemodynamic responses dur-
ing the Angll infusion after potassium supplementa-
tion and after placebo. Infusion of Angll resulted in
an increase in total peripheral resistance (Figure 3F),



Dreier et al
Table 1. Baseline Characteristics of the 25 Men Who
Completed the Study
Characteristics n=25
Age, y 257 (23.1-34.4)
Body mass index, kg/m? 24.8+2.3
Race
White, n (%) 24 (96%)
Asian, n (%) 1 (4%)
Alcohol, drinks/wk 5(2-12)
Smoking
Never, n (%) 15 (60%)
Former, n (%) 5 (20%)
Active, n (%) 5 (20%)
Hemodynamics
Office systolic BP, mm Hg 119.7+6.9
Office diastolic BP, mm Hg 72.6+71
Office pulse, bpm 61.6+11.8
Hemoglobin Alc, mmol/mol 33.5+3.2
Extracellular fluid
Plasma creatinine, umol/L 84.7+12.3
Plasma sodium, mmol/L 1421411
Plasma potassium, mmol/L 4.2+£0.2

Normally distributed data are presented with mean+SD, non-normally
distributed data are presented with median (interquartile range) and
categorical data are presented with numbers and percentage. BP indicates
blood pressure.

systolic BP (Figure 3B), and diastolic BP (Figure 3C).
Stroke volume (Figure 3D) and cardiac output
(Figure 3E) decreased just after the start of the Angll
infusions. Stroke volume remained low during the
entire length of the infusions, while cardiac output
began to rise again 10 minutes after start of the infu-
sions. Heart rate (Figure 3A) remained unchanged in
the first 10 minutes of the Angll infusions, where after
it increased during the rest of the infusions and con-
tinued to increase after termination of the infusions.
Finally, right renal artery TAMVmax decreased during
the Angll infusions (Figure 3G). P value for interaction
between time and treatment (P(timextreatment)) was
0.024 for cardiac output, but as seen in Figure 3E,
it is difficult to see a relevant difference in the car-
diac output response to the Angll infusion between
the 2 treatments. On all the other hemodynamic pa-
rameters (heart rate, systolic BP, diastolic BP, stroke
volume, total peripheral resistance, and right renal
artery TAMVmax), there were no differences in the
responses to the Angll infusion between the 2 treat-
ments (P(timextreatment)>0.11). Thus overall, the
hemodynamic responses to the Angll infusion were
similar after the 2 treatments, and accordingly, in-
creased potassium intake and potassium potenti-
ated Angll-stimulated aldosterone secretion did not
change the cardiovascular responses to Angll.

J Am Heart Assoc. 2021;10:e018716. DOI: 10.1161/JAHA.120.018716

Potassium, Angiotensin Il, and Aldosterone

Carry-Over Effects

For plasma norepinephrine, there was a P value for
carry-over effect of 0.044, otherwise there were no
indications of carry-over effects in plasma vasoactive
hormones during the Ang Il infusions. On the hemo-
dynamic parameters during the Ang Il infusions,
there was a P value for carry-over effect of 0.010 for
right renal artery TAMVmax, otherwise there were
no signs of carry-over effects in the hemodynamic
parameters. However, these significant carry-over
effects are difficult to understand in a physiological
perspective and could simply be the consequence of
multiple testing.

DISCUSSION

The principal finding of our randomized clinical
placebo-controlled double-blind crossover study in
healthy normotensive men was that 4 weeks of po-
tassium supplementation potentiated Angll-stimulated
aldosterone secretion without affecting cardiovascular
responses to Angll. Because in our study population,
4 weeks of potassium supplementation increased the
median plasma aldosterone in the fasting state by 85%
without changing 24-hour ambulatory BP levels and
potentiated Angll-stimulated aldosterone secretion
during an acute Angll infusion study without affecting
cardiovascular responses to Angll, our study does not
support the notion that higher plasma aldosterone has
a major effect on the cardiovascular system in healthy
normotensive men.

Increased Potassium Intake and Adrenal
Cortex Response

Several other studies in normal subjects have shown
that increased potassium intake potentiates the aldos-
terone stimulating properties of Angll.'®-"® However,
compared with our study, these studies were of shorter
duration (<10 days) and used different types of study
designs.'®'® In 1975, Hollenberg et al, published results
from a parallel group study of normal subjects, where
6 subjects were given a diet containing 200 mmol po-
tassium/day and 5 subjects were given a similar diet
but containing only 40 mmol potassium/day.'® After
5 to 6 days on the diet, a graded Angll infusion was
performed and the aldosterone and Angll responses in
plasma were measured.’® From the results the authors
made regression lines with plasma Angll (x) and plasma
aldosterone (y) to determine the relationship between
the variables on the different diets.'®> The slope, relat-
ing plasma Angll to plasma aldosterone, was signifi-
cantly steeper on 200 mmol potassium/day compared
with 40 mmol potassium/day.”® Thus, a given increase
in plasma Angll, during the infusion, resulted in a
higher plasma aldosterone concentration on the high
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potassium intake. In 1981, Linde et al generated similar
results in 8 normal subjects, who were fed the same
diet for 1 week, but with different potassium content.'
In the first week, the diet contained 300 mmol potas-
sium/day, in the second week 80 mmol potassium/
day, and in the third week 10 mmol potassium/day.'
On day 6 in each week, a graded Angll infusion was
performed and the plasma aldosterone response was
measured." The results showed a substantial higher in-
crease in plasma aldosterone during the Angll infusion
when the subjects were on the higher potassium in-
take, again suggesting that increased potassium intake
potentiates Angll-stimulated aldosterone secretion.* In
1987, Bianchetti et al studied the relationship between
plasma concentrations of Angll and aldosterone be-
fore and during an Angll infusion after 14 days of basal
dietary conditions and after 10 days of similar dietary
conditions but including dietary supplementation with
potassium 100 mmol/day in 12 normotensive members
of normotensive families and 12 normotensive mem-
bers of families with hypertension.’® In both groups,
compared with basal potassium intake, the increase
in plasma Angll concentration necessary to increase
the plasma aldosterone concentration by 200 ng/L was
reduced by =30% after potassium supplementation,
and the dose-response relationship between plasma
Angll and plasma aldosterone before and during the
All infusion was significantly shifted to the left and up-
wards after potassium supplementation.!® Thus, taken
together, increased potassium intake potentiates Angll-
stimulated aldosterone secretion from the adrenal cor-
tex, an effect that is seen after 5 to 6 days of potassium
supplementation and which holds on a minimum of
4 weeks, as seen in the present study.

Increased Potassium Intake and
Cardiovascular Responses

Our findings that increased potassium intake did not
lead to higher Angll-stimulated systemic BP increases
agrees well with the medical literature. Thus, in the afore-
mentioned 3 studies, the Angll-stimulated BP responses
were not influenced by increased potassium intake.'®-'
With respect to a potential direct effect of aldoster-
one on the vasculature, it is relevant that in the study
by Linde and coworkers,'* the mean Angll-stimulated
plasma aldosterone concentration on 300 mmol potas-
sium/day was =8 times higher than on 10 mmol potas-
sium/day, but the Angll-stimulated BP responses were
similar.'* Nevertheless, it is also relevant to mention that
a study by limura et al on the hypotensive effect of high
potassium intake in patients with hypertension reported
that a diet containing 175 mmol potassium/day versus
25 mmol/potassium/day attenuated the BP-raising re-
sponse to infused Angll.?®6 However, compared with
our study and the other studies in normal subjects,'®-'°
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where the baseline BP levels were similar, baseline mean
artery BP was significantly lower on the potassium en-
riched diet compared with the potassium restricted diet
(mean+SEM, 101+£3.6 mm Hg versus 111+3.0 mm Hg;
P<0.005) in the study by limura et al.?® So, the lower
BP in the patients with hypertension on the potassium-
enriched diet could by itself have affected the vascular
response to Angll.

With respect to the other cardiovascular param-
eters measured, increased potassium intake did not
change their responses to Angll, either. In particular,
the Angll-stimulated increase in total peripheral re-
sistance and the Angll-stimulated decrease in renal
artery blood flow were similar after the 2 treatment
periods. The latter data are in contrast with the data
from Hollenberg and coworkers.'® They used selec-
tive renal artery catheterization and radioactive xenon
for the determination of renal blood flow and showed
that the renal artery blood flow reduction induced
by Angll was greater on higher potassium intake."®
Nevertheless, the system vascular data presented in
this article are in good agreement with our ex vivo
wire-myograph experiments on subcutaneous resis-
tance arteries performed in the same study popula-
tion, as described in detail elsewhere."” Accordingly,
in these experiments, higher potassium intake did
not affect endothelial function as assessed by acetyl-
choline and substance P or vascular smooth muscle
cell reactivity as assessed by Angll and sodium ni-
troprusside. Finally, a recent meta-analysis by Tang
et al,’” which summarized data from 7 randomized
controlled trials (409 participants with low- to high-
risk of future cardiovascular disease; potassium dose,
40 to 150 mmol/day; duration of intervention; 6 days
to 12 months), found that potassium supplementation
was not associated with improvements in pulse wave
velocity, augmentation index, and measures of endo-
thelial function.?” So, based on the medical literature
and our results, an increased potassium intake has
no major impact on the cardiovascular system, and in
particular, there is no evidence supporting a potential
vasodilatory effect of increased potassium intake.

Increased Potassium Intake and Lower BP
Based on meta-analysis data, increased potassium
intake lowers BP in patients with hypertension,?®
whereas increased potassium intake does not lower
BP significantly in normotensive subjects,’ although
an increased dietary potassium intake is associated
with a lower risk of incident hypertension.?® So, how
do we interpret our principal finding that potassium
supplementation potentiated Angll-stimulated aldos-
terone secretion in this perspective? Based on the
medical literature, increased potassium intake lowers
BP because potassium apparently acts as a diuretic (a
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thiazide-like effect).® However, when exploring the diu-
retic effect of increased potassium intake, it is impor-
tant to split the studies into short-term and medium-/
long-term studies, because during medium-/long-term
studies adaptive mechanisms could be activated to
offset potassium-induced sodium and water loss, for
example through activation of all renin-angiotensin-
aldosterone system components. Along this ling, in an
acute study of 7 healthy people, a single oral load of
100 mmol of KClI led to a =2.5-fold increase in plasma
aldosterone and a =3.5-fold increase in urinary excre-
tion of potassium and sodium, whereas plasma renin
activity did not change.® This is in contrast to medium-
/long-term studies,”~®'® including our study,'” where
increased potassium intake led to increases not only
in plasma aldosterone but also in plasma renin activ-
ity without change in urinary excretion of sodium. We
believe that these observations are the consequence
of compensatory renin-angiotensin-aldosterone sys-
tem activation to sodium and water loss, as it is also
observed after initiation of diuretic treatment.!%%0 |n
connection with the discussion of a possible diuretic
effect of increased potassium intake, it is relevant that
sodium restriction in humans has been shown to po-
tentiate Angll-stimulated aldosterone secretion from
the adrenal cortex,®"3 just as we found higher potas-
sium intake did it in our study. Further, along this line, a
study showed that treatment of healthy normotensive
research subjects with the potassium-sparing diuretic
spironolactone for 14 days, which led to significant in-
creases in plasma renin activity and aldosterone, also
potentiated Angll-stimulated aldosterone secretion.33
Thus, higher potassium intake seems to produce a
state that mimics sodium depletion, and therefore the
principal finding of our study that potassium supple-
mentation potentiated Angll-stimulated aldosterone
secretion, although indirectly, further points towards a
diuretic action of increased potassium intake.®

Strengths and Limitations

The major strength of our study is the randomized
placebo-controlled cross-over design. Another strength
is that we in the statistical analysis used state-of-the-art
linear mixed model for repeated measurements, which
enabled us to test for carry-over effect, although overall
the evidence of carry-over effect was limited.

It is a limitation that we did not perform 24-hour urine
collections during the first week of the study to verify
that the increased potassium intake in fact also led to
increased natriuresis in our study population, and ex-
perimental physiologists could argue that it is a major
limitation of our study that the research subjects’ food
intake was not controlled and hence their dietary intake
of both sodium and potassium may have varied sub-
stantially. However, the randomized placebo-controlled
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crossover design of our study minimized this limitation,
and in this context, it is relevant that urinary volume
and urinary excretion of sodium were similar after the 2
treatments, whereas urinary excretion of potassium was
much higher after potassium supplementation.” Further,
it is a limitation that we performed the Angll infusion with
only 1 dose, and that we did not include a norepineph-
rine infusion in our study. It would have been interesting
to see results with lower doses of infused Angll, and with
respect to norepinephrine, it is relevant that Bianchetti
et al showed that increased potassium intake reduced
the pressor effect of infused norepinephrine in normo-
tensive relatives in families with hypertension.’® And then
of course, it would have been interesting to perform a
similar study in patients with hypertension. Finally, we
must acknowledge that we did not formally correct for
multiple testing which is a further limitation.

Perspectives

There is substantial interest in understanding the
mechanism behind the BP-lowering effect of increased
potassium intake and the possible deleterious effects
of elevated plasma aldosterone on the cardiovascular
system.®"2 The data from this study and our ear-
lier publication provide some indirect evidence that
increased potassium intake leads to a physiological
condition that mimics the action of a diuretic.'®%° In ad-
dition, the data from this study and our earlier publica-
tion'” provide no evidence that increased potassium
intake accompanied by hyperaldosteronism has dele-
terious effects on the cardiovascular system in healthy
normotensive men. This issue is important because
intake of the highly recommended Dietary Approaches
to Stop Hypertension diet, which is rich in potassium,
has been associated with increases in plasma aldos-
terone and urinary excretion of aldosterone,®*% so the
notion that higher plasma aldosterone per se is an omi-
nous condition for the cardiovascular system should
be looked upon in a context dependent manner.
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Data S1.

Statistical methods for repeated measurements

We model the outcomes at the k = 1,...,7 times during stimulation for subjects i = 1,...,25in
periods j = 1,2 according to a linear mixed model described by the following formula:

Yije =0+ B Xij+ Y- Zj+ 6 - Xij - Zj + €ijx
The covariates are defined as:

X — 0 if subject i received placebo in period j
"1 1 if subject i received treatment in period j

and

[0 ifj=1
ZJ_{I if j=2

so that at the kth time point during stimulation, f8; describes the treatment effect, ¥, the period
effect, and O a potential carryover effect (increased or diminished effect of treatment in the
second period). The intercept o is the expected outcome for an average person with placebo
treatment in the first period. As the outcome a priori varies with the stimulation all of the model
parameters are potentially time dependent.

Model assumptions

The error terms &1, ..., &17,&21,- - -, En7 are assumed to be multivariate normally distributed.
The multiple error terms belonging to the same subject are a priori correlated and further cor-
relation and error variance may depend on the specific times of observation. For this reason we
model the error varaiance by an unstructured covariance pattern, that is we model the correla-
tion and variance in the data as is with no further restrictions.

Test of carryover effect

For unambiguous reporting we would like to assume that it is the treatment effect is the same
in both periods, that is that no carryover effects are present. Ideally this should be ruled out by
ensuring an adequately long washout between the treatment periods. However, carryover effects
may still occur due to e.g. differential compliance between the treatment periods.

To test for carryover effect, we test the hypothesis

H()Z 51:...:57:0 (1)

In the linear mixed model, this can be tested by evaluating the second order interaction be-
tween time, treatment and period . However, in practice numerical problems may occur if the
dimension of the unstructured covariance matrix is large relative to the number of subjects.



Test of treatment effect

Assuming that no carryover effects are present, the (global) treatment effect can be evaluated.
We test the hypothesis

Hy: Bi=...=p;=0 ()

In the linear mixed model, this can be tested by evaluating the first order interaction between
time and treatment, but again convergence issues may occur.

Reduction of dimensionality
To reduce dimensionality we apply a computational trick.

First we add the corresponding outcomes from the two periods for each subject, that is, we
consider the sums

S — Yoot Yo — 204+ Bx + Vi + Nix if subject i received treatment in period 1

ik = SRR 20y + By + Y+ 8+ Mie if subject i received treatment in period 2
where 1, = &1 + €px- Hence the hypothesis (1) can be tested by testing the interaction betwe-
en allocation group (treatment first vs placebo first) and time in a twoway ANOVA-like linear
mixed model with no main effect of allocation group.

Next we subtract the corresponding outcomes from the two periods for each subject. Assuming
no carryover effects are present, we consider the differences:

Y — Bx + &ix  if subject i received treatment in period 1
Dy =Ypr — Yiik = o SPe . -

Y+ B+ i if subject i received treatment in period 2
where . = €1 — €11 Hence we can test the treatment effect (2) by testing the interaction
between allocation group and time in yet another twoway ANOVA-like linear mixed model
with no main effect of allocation group.



