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BACKGROUND AND PURPOSE

There is emerging evidence that the mineralocorticoid hormone aldosterone is associated with arrhythmias in cardiovascular
disease. However, the effect of aldosterone on the slowly activated delayed rectifier potassium current (lks) remains poorly
understood. The present study was designed to investigate the modulation of Ik, by aldosterone.

EXPERIMENTAL APPROACH

Adult guinea pigs were treated with aldosterone for 28 days via osmotic pumps. Standard glass microelectrode recordings
and whole-cell patch-clamp techniques were used to record action potentials in papillary muscles and I in ventricular
cardiomyocytes.

KEY RESULTS

The aldosterone-treated animals exhibited a prolongation of the QT interval and action potential duration with a higher
incidence of early afterdepolarizations. Patch-clamp recordings showed a significant down-regulation of lx; density in the
ventricular myocytes of these treated animals. These aldosterone-induced electrophysiological changes were fully prevented by
a combined treatment with spironolactone, a mineralocorticoid receptor (MR) antagonist. In addition, in in vitro cultured
ventricular cardiomyocytes, treatment with aldosterone (sustained exposure for 24 h) decreased the I density in a
concentration-dependent manner. Furthermore, a significant corresponding reduction in the mRNA/protein expression of IKs
channel pore and auxiliary subunits, KCNQ1 and KCNE1 was detected in ventricular tissue from the aldosterone-treated
animals.

CONCLUSIONS AND IMPLICATIONS

Aldosterone down-regulates Ixs by inhibiting the expression of KCNQ1 and KCNET1, thus delaying the ventricular
repolarization. These results provide new insights into the mechanism underlying K* channel remodelling in heart disease and
may explain the highly beneficial effects of MR antagonists in HF.
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system

Introduction

The systemic and local renin-angiotensin-aldosterone system
(RAAS) plays a very important role in regulating cardiovascu-
lar function but may contribute to the progression of various
cardiovascular diseases, including cardiac hypertrophy and
heart failure (HF). In addition to the well-known effector of
RAAS, angiotensin II, there is emerging evidence that aldos-
terone also plays an important role in the pathophysiology of
cardiovascular disease (Bonvalet, 1998; Loffing et al., 2001;
Ouvrard-Pascaud et al., 2005; He and Anderson, 2013). Two
clinical trials have indicated that aldosterone antagonists, in
combination with standard therapy, significantly reduce the
risk of sudden cardiac death among patients with severe HF or
acute myocardial infarction (Pitt etal., 1999; 2003). The
results suggest that aldosterone may contribute to ventricular
arrhythmogenicity by modulating cardiac ionic channels
through mineralocorticoid receptor (MR)-mediated effects
(Gravez et al., 2013).

The electrical remodelling that occurs in hypertrophy and
HF has been the subject of many publications (Cutler et al.,
2011). Action potential duration (APD) prolongation is a char-
acteristic of electrophysiological remodelling in HF patients
and animal models with hypertrophy or HF (Coltart and
Meldrum, 1970; Beuckelmann et al., 1993; Kaab et al., 1996;
Nattel et al., 2007; Wang and Hill, 2010). Several experiments
have shown that a reduced depolarization K" current is the
major cause of APD prolongation. The delayed rectifier K*
current (Ix) plays a key role in repolarization, which includes
the rapid delayed rectifier K* current (Ix,) and slow delayed
rectifier K* current (Ix; Charpentier et al., 2010). The channel
carrying Iy, is a heteromultimer consisting of an o-subunit
encoded by KCNQI and a B-subunit encoded by KCNEI
(Barhanin et al., 1996; Sanguinetti et al., 1996; Dvir etal.,
2014). It has been shown that a mutation in either the KCNQ1

or KCNE1 gene leads to hereditary long-QT syndrome, char-
acterized by APD prolongation, lengthening of the QT interval
on the surface ECG, and an increased risk for ‘torsade de
pointes’ ventricular arrhythmias and sudden cardiac death
(Wang et al., 1996; Dvir et al., 2014). A reduced Ik, is a particu-
larly common and important finding in patients and animal
models with HF (Akar et al., 2005; Nattel et al., 2007). Several
studies have demonstrated that aldosterone up-regulates
L-type and T-type Ca?* channels and down-regulates the tran-
sient outward K* current (I,) in ventricular myocytes (Benitah
and Vassort, 1999; Benitah et al., 2001; Lalevee et al., 2005;
Ferron et al., 2011). However, up to now, the information
available regarding the effect of aldosterone on the delayed
rectifier K* current in cardiac ventricular myocytes is limited.
The present study was designed to investigate the effects of
aldosterone on I, in adult guinea pig ventricular myocytes.
Our results provide direct evidence that aldosterone produces
an inhibitory effect on Iy, mediated by activation of MRs.

Methods

In vivo models of hyperaldosteronaemia

Animal model and implantation of aldosterone osmotic
pump. Male adult guinea pigs weighing 200-250 g (supplied
by the Experimental Animal Center of Hebei Medical Univer-
sity) were acclimatized to their new environment for a period
of 1 week. Guinea pigs were treated with aldosterone (Sigma-
Aldrich, St. Louis, MO, USA) over a period of 28 days via an
implanted osmotic minipump (ALZET, Pump model 2004,
DURECT Corporation, Cupertino, CA, USA). Aldosterone was
dissolved in polyethylene glycol 400 (PEG-400, aldosterone
release 1 pg-h™'). Pumps were implanted s.c. in guinea pigs
anaesthetized with tribromoethanol (225 mg-kg', Sigma-
Aldrich) by i.p. injection. The adequacy of anaesthesia was
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confirmed by an absence of the toe pinch reflex. Control
animals were treated with vehicle. To assess the involvement
of MR activation, some aldosterone-treated animals concomi-
tantly received the MR antagonist spironolactone by gavage
(100 mg-kg*'-day™, JinJin Pharmaceutical Co., Ltd, Tianjin,
China). The animals (10 per group) had free access to food
containing 0.5% sodium chloride and water and were main-
tained in a constant environment with a conventional 12 h/
12 h light-dark cycle starting at 6:00 h. The total number of
animals used was 40. Animal experiments were approved by
the Hebei Medical University Institutional Animal Care and
Use Committee. All studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting
experiments involving animals (Kilkenny etal.,, 2010;
McGrath et al., 2010).

BP measurement. BP was measured before the implantation
procedure (day 0) and after 4 weeks of drug treatment (day
28). To do this, the guinea pigs were administered (heparin
600-800 IU-kg™") and anaesthetized with pentobarbital
sodium (30-35 mg-kg!, i.p.) before a tube was inserted
1-2 mm into the right cephalic artery and BP was measured
with an MP100 physiological recorder (BIOPAC, Goleta, CA,
USA). Measurements were repeated three times, and the
mean value was calculated.

Measurement of plasma aldosterone, sodium and potassium
levels. After the BP had been measured, 1.5-2 mL of guinea
pig blood was taken to prepare plasma, which was stored at
—-80°C. The aldosterone concentration was determined using
an aldosterone radioimmunoassay kit (Beijing North Biologi-
cal Technology Institute, Beijing, China), where aldosterone
in the sample competes with '*I-labelled aldosterone. Plasma
sodium and potassium levels were measured according to
standard methods using diagnostic kits from BioSystems S.A.
(Barcelona, Spain) by a CHEMIX-180 automatic biochemistry
analyser (Sysmex, Kobe, Japan).

Guinea pig ventricular cardiomyocyte
isolation

Single ventricular myocytes were enzymatically dissociated
from the hearts of adult guinea pigs as described previously
(Wang et al., 2008). In brief, the hearts were quickly excised
and mounted on a Langendorff apparatus. Retrograde aortic
perfusion was performed with Ca*-free modified Tyrode solu-
tion composed of (in mM) NaCl 140; KCI 5.4; MgCl, 1; HEPES
10; and glucose 10 (pH 7.4 with NaOH). After 5 min of perfu-
sion, the solution was switched to one containing Type II
collagenase (Worthington, 0.4 mg-mL™") and hearts were
removed from the perfusion apparatus once ventricular tissue
was softened after 10-15 min of perfusion. The left ventricular
free wall was cut into small pieces in high K* solution, which
contained (in mM) KOH 80; KCI 40; KH,PO,4 25; MgSO, 3;
glutamic acid 50; taurine 20; EGTA 0.5; HEPES 10; and glucose
10 (pH 7.3 with KOH). Cells were then harvested and were
used for patch-clamp recordings within 4-6 h after isolation.

Cell culture and treatment
Guinea pig ventricular cardiomyocytes were isolated aseptically
by the above method. Cells were concentrated and allowed to
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settle by gravity. Cardiomyocytes were cultured according to
the literature (Zhang et al., 2002). Cells were re-introduced
to calcium by a stepwise method (200, 500, 1000 and 1800 uM).
After 2 h, dead cells were removed. Fresh medium (Hyclone
M199+Earle’s salts and L-glutamine) containing either aldoster-
one (Sigma-Aldrich) or vehicle in DMSO was then added. Cells
were kept in culture for an additional 24 h at 37°C, 5% CO, cell
incubation box. To study the effects of spirolactone and
geldanamycin on the effects of aldosterone, spirolactone (Inter-
national Laboratory, San Francisco, CA, USA) or geldanamycin
(Cayman Chemical, Ann Arbor, MI, USA) was added to culture
cardiomyocytes along with aldosterone. Cells from the same
batch were exposed in parallel to aldosterone as an internal
control. The medium M199 was supplemented with 10% FCS,
2 mM L-carnitine, 5 mM sarcosine, 100 [U-mL™ penicillin, and
100 pug-mL™" streptomycin.

Electrophysiological recordings

ECG. At the end of drug treatment, some of guinea pigs
were anaesthetized with 2.5% tribromoethanol and lead II
surface ECGs were acquired using the Biopac System MP150
(Biopac Systems, Goleta, CA, USA) at a rate of 5 kHz. The ECG
were averaged over 10 beats per acquisition, by a person who
was not involved in the experiments, for determination of
the PR interval (from the P wave onset to the onset of the QRS
complex), RR interval (from the peak of the R wave to the
peak of the next R wave), QRS complex (from the beginning
of the QRS to the end of the QRS) and QT interval (from the
beginning of the QRS to the end of the T wave).

Standard  glass  microelectrode  recordings in  papillary
muscle. Some guinea pigs were anaesthetized with pentobar-
bital sodium (30-35 mg-kg™') by i.p. injection. The heart was
quickly excised and transferred to ice-cold oxygenated Tyrode
solution (mM: KCI 5.4; NaCl 140; CaCl, 2.0; MgCl, 1.0;
HEPES 10.0; and glucose 10 (pH 7.35-7.45 with NaOH). The
left ventricular papillary muscle (approximately 1 cm in
length) was fixed in the perfusion slot and perfused with
oxygenated Tyrode solution (8 mL-min™) for 2 h. The papil-
lary muscle was paced by an electrical square pulse (0.5 Hz,
1.5 times threshold intensity) generated by an electronic
stimulator (YC-2, Chengdu Instrument Factory, Chengdu,
China). After an initial stabilization period of 1 h, the trans-
membrane action potential (AP) from papillary muscle was
recorded with a glass microelectrode filled with 3 M KClI (a tip
resistance of 10-20 MQ) and entered into a high-input
impedance amplifier (SWF-2W, Chengdu Instrument
Factory). The amplified signals were fed to and processed by
a multiplying channel physiological signal collecting and
processing system (RM 6240, Chengdu Instrument Factory).
The APD at 90% repolarization (APDy), resting membrane
potential (RMP), and AP amplitude (APA) were measured with
custom-written software. The parameters of APD were
obtained by averaging the readings taken over 10 beats. To
compare the responses of ventricular repolarization to differ-
ent channel blockers between aldosterone-treated and
control animals, the I, blocker dofetilide (Chengdu Kecheng
Biological Technology Co., Ltd, Chengdu, China, 100 nM), Ik,
blocker chromanol 293B (Sigma-Aldrich, 30 pM), and sodium
channel blocker ranolazine (Sigma-Aldrich, 15 pM) were used
in some experiments.



Patch-clamp recordings. The conventional whole-cell patch-
clamp technique was used to record Ik and Ix. Freshly iso-
lated cells, obtained after in vivo treatment, were studied
within 4-6 h after being isolated. After 24 h exposure to inter-
ventions, cultured cardiomyocytes were washed with Tyrode
solution before analysis and were studied within 2-4 h. Boro-
silicate glass electrodes had tip resistances of 1-3 MQ when
filled with the pipette solution containing (in mM) KCI 140,
Mg-ATP 4, MgCl, 1, EGTA 5 and HEPES 10, with pH adjusted
to 7.2 with KOH. The external solution contained (in mM)
NaCl 132, KCl 4, CaCl, 1.8, MgCl, 1.2, glucose 5 and HEPES
10; with pH adjusted to 7.4 with NaOH. Nimodipine (Nim,
1 uM) was added to the external solution to block the L-type
Ca?* current. Na* and T-type Ca®* currents were inactivated by
holding a potential of ~40 mV. To record I, chromanol 293B
(20 uM) was added to the external solution to block Ix. To
record Iy, E4031 (2 uM) was added to the external solution to
block Ix. All experiments were performed at room tempera-
ture (24-25°C) using an Axopatch 700B amplifier (Molecular
Devices, Sunnyvale, CA, USA). The electrical signals were
sampled at 2.5-10 kHz, filtered at 1 kHz using a low-pass filter
and digitized with an A/D converter (Digidata 1322; Axon
Instruments, Foster City, CA, USA). The pClamp software
(Version 10.2; Molecular Devices) was used to generate
voltage-pulse protocols and to acquire and analyse the data.

Western blot analysis

After 28 days of treatment, animals were anaesthetized with
pentobarbital (30-35 mg-kg™?, i.p.) and hearts were rapidly
excised. Immunoblots were performed using the membrane
fraction, which was prepared from left ventricular free wall of
animal hearts according to a previously published method
(Aflaki ef al., 2014). The membrane protein (60 pg) was dena-
tured and fractionated on 8% SDS-PAGE and then transferred
electrophoretically to Immobilon-P polyvinylidene fluoride
membranes. Membranes were blocked with 5% non-fat dry
milk for 1h and incubated with primary antibodies over-
night at 4°C. After being washed and reblocked, membranes
were incubated with goat anti-rabbit or anti-mouse (1:10 000,
Rockland Immunochemicals, Philadelphia, PA, USA) second-
ary antibodies. Quantification of the signals was performed
by Odyssey Infared Imaging System (LICOR 9120, Li-COR,
Lincoln, NE, USA). The protein bands were normalized to the
Na*/K*-ATPase band in each sample. The value was then aver-
aged from all the different sets of experiments. The following
primary antibodies were used: anti-KCNQ1 (Abcam, Hong
Kong), anti-ether-a-go-go related gene (ERG; Alomone Labs,
Jerusalem, Israel), anti-KCNE1 (Proteintech, Chicago, IL,
USA) and anti- Na*/K*-ATPase (Affbiotech, Cincinnati, OH,
USA) were used as internal loading controls.

Quantitative RT-PCR

Total RNA was extracted from left ventricular free wall of
animals using Trizol Reagent (Takara, Aomori-Pref, Japan).
The quantity of RNA was determined spectrophotometrically
(NanoDrop 1000, Thermo Scientific, Wilmington, DE, USA),
and purity was confirmed by relative absorbance at 260
versus 280 nm. cDNA was synthesized according to the Pri-
meScript™ RT Reagent Kit (Takara, Japan) instructions. Real-
time PCR was performed using a fluorescence temperature
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cycler (ABI 7500 real-time PCR instrument; ABI, Wilmington,
DE, USA).The following primers were used: B-actin (Sangon
Biotech, Shanghai Co., Ltd, Shanghai, China): forward:
5-GAGGCTCTCTTCCAGCC TTC-3’; reverse: 5-AGGGTG
TAAAACGCAGCTCA-3'. ERG (SangonBiotech, Shanghai Co.,
Ltd): forward: 5-TGCTACAGAGGCAGATGACG-3’; reverse:
5-GAAAGCGAGTCCAAGGTGAG-3". KCNQ1 (Sangon
Biotech, Shanghai Co., Ltd): forward: 5-TCAGGCGCATGCA
GTACTTT-3; reverse:5-GATTCGCACCAT GAGGTTGA-3’
(Aflaki et al., 2014). KCNE1 (Sangon Biotech, Shanghai Co.,
Ltd): forward: 5-TCGCACGACCCGTT-3’; reverse: 5-TCAA
TGACGCAACACGATCT G-3’ (Aflaki et al., 2014). Data were
collected and analysed using the threshold cycle (Ct) relative
quantification method (Livak and Schmittgen, 2001). B-actin
was used as a reference gene for data normalization.

Drug preparation and storage

Chromanol 293B (Sigma-Aldrich) was prepared as a 30 mM
stock solution in DMSO and stored at —20°C. E-4031 (Sigma-
Aldrich) was prepared as a 1 mM stock in water and stored at
—20°C. Nim (Sigma-Aldrich) was prepared as a 100 mM stock
solution in DMSO and stored in the dark. Aldosterone
(Sigma-Aldrich) was prepared as a 1 mM stock solution in
DMSO and stored at —20°C. Spirolactone (International Labo-
ratory) was prepared as a 100 mM stock solution in DMSO
and stored at —20°C. Geldanamycin (Cayman Chemical) was
prepared as a 10 mM stock solution in DMSO and stored at
—20°C. The highest final concentration of DMSO in external
solution was 0.1%, a concentration that had no effect on I,
or Ix. Further dilutions were carried out in external solutions
to obtain the desired final concentration immediately before
each experiment. Control solutions contained the same
DMSO concentrations as the test solutions.

Statistical analysis

Data are expressed as means = SEM. SPSS 19.0 software (SPSS,
Inc., Chicago, IL, USA) was used for data analysis. Group
comparisons were performed with Student’s unpaired f-tests
(for single two-group comparisons) and ANova with Dunnett’s
post hoc tests (for multiple-group comparisons). The chi-
square test was used for incidence rate comparisons. Differ-
ences were considered significant if P < 0.05.

Results

In vivo model of hyperaldosteronaemia

Serum aldosterone approximately tripled after 28 days in
aldosterone-treated animals (Table 1), which indicated that
the osmotic minipump succeeded in releasing aldosterone
into the guinea pig’s body. The result was consistent with
data from a previous report (Dartsch et al., 2013). To examine
sodium and potassium homoeostasis in response to aldoster-
one, we measured the serum sodium and potassium levels. As
shown in Table 1, there were no significant differences in the
levels of either serum potassium or sodium among the differ-
ent groups. The results suggested that aldosterone concentra-
tion was not high enough to cause changes in sodium or
potassium homoeostasis, which is consistent with a previous
findings (Dartsch et al., 2013). Similarly, mean artery pressure
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Table 1

Mean artery pressure (MAP), plasm electrolyte and aldosterone levels in control, aldosterone (ALD)- or spirolactone (SPI)-treated guinea pigs

Control ALD+SPI
MAP (mmHg) 71.2+2.5 71.5£1.3 71.8£3.8 67.2+3.2
K* (mM) 3.57+£0.29 3.31£0.17 3.33£0.16 3.53£0.19
Na* (mM) 132.85£1.60 131.58£1.76 131.60£1.08 131.32+£1.91
Aldosterone (ng-L™") 190+ 18 554 + 38* - =

The results are presented as mean £ SEM (n = 8 for each group). *P < 0.05 versus control.
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Figure 1

ECG recordings from in vivo animal models. (A) Representative ECG traces in control (CON) and aldosterone (ALD)-treated guinea pigs. (B-D)
Summary data for RR interval, QT interval and QRS complex duration measured in CON, ALD, spirolactone (SPI) and ALD+SPI. The numbers in

parentheses represent sample size. *P < 0.05 versus CON; *P < 0.05 versus ALD.

in all treated animals showed no changes. A recent study has
demonstrated that excess aldosterone in combination with
high salt intake can induce hypertension. Aldosterone in
combination with a low salt intake did not increase BP
(Hattori et al., 2014). In our study, all animals did not have a
high salt intake, which may be an explanation for the find-
ings regarding BP.

ECG recordings

Typical ECG recordings are shown for control and

aldosterone-treated animals in Figure 1A. The RR interval was
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similar in all the groups (Figure 1B). Therefore, the uncor-
rected QT interval was analysed. Aldosterone showed a sig-
nificant prolongation of the QT interval (Figure 1C) and a
prolonged QRS complex (Figure 1D). Spironolactone abol-
ished the prolongation of the QT interval (Figure 1C) and
QRS complex (Figure 1D) induced by aldosterone. Spironol-
actone itself did not affect the QT interval (Figure 1C) or QRS
complex (Figure 1D). The results suggest that the prolonga-
tion of the QT interval and the QRS complex was specifically
mediated by MRs.
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Figure 2

Action potential recordings in papillary muscles using standard glass microelectrodes. (A) Representative raw traces of action potentials recorded
at a stimulation frequency of 0.5 Hz from control (CON) and aldosterone (ALD)-treated animals. (B) Summary data for APDgo measured from CON,
ALD, spirolactone (SPI) and ALD+SPI. (C) Incidence of EAD among all the groups studied with inset showing typical EAD trace. (D) Summary data
for APDgo measured at baseline (—) and after (+) application of ion channel blockers from CON and ALD-treated animals. *P < 0.05 versus baseline.
(E) Summary data for changes in APDy, from baseline (prolongation as positive or shortening as negative) after exposure to different ion channel
blockers from CON and ALD-treated animals. *P < 0.05 versus CON; #P < 0.05 versus ALD.

Ex vivo action potentials in the

papillary muscle

Figure 2A shows representative traces of action potentials
recorded from guinea pig papillary muscle in control and
aldosterone-treated animals. Hyperaldosteronaemia signifi-
cantly prolonged APDo, (Figure 2B), whereas RMP (-81.3 +
1.3 mV) and APA (108.6 £ 4.1 mV) in the control group were
not different from those in aldosterone-treated animals
(-82.4 + 1.6 mV for RMP and 104.1 + 4.6 mV for APA, P >
0.05). Spironolactone itself did not affect APD (Figure 2B), but
it fully prevented the prolongation of APD, induced by
aldosterone (Figure 2B). It was noted that early afterdepolari-
zation (EAD) occurred concomitantly with the APD prolon-
gation. Figure 2C shows a representative EAD recorded in
aldosterone-treated animals. The incidence of EAD in
aldosterone-treated animals was approximately 62.5%, much
higher than that in control animals (approximately 6.7%).
Spironolactone monotherapy had no effect on EAD inci-

dence, but coadministration with aldosterone almost abol-
ished the occurrence of EAD (Figure 2C). The findings
indicated that aldosterone induced a delay in the ventricular
repolarization in guinea pig hearts and thus increased the
risk of arrhythmia, both of which were antagonized by
spironolactone.

To analyse the possible ion channel remodelling underly-
ing the APD prolongation, we compared the APD response
to different ion channel blockers in an ex vivo experiment.
As shown in Figure 2D, APDo, in control animals was
significantly prolonged after application of the Ik, blocker,
chromanol 293B (30 uM), but it did not change in
aldosterone-treated animals. The Iy blocker, dofetilide
(100 nM) lengthened, and the late sodium channel blocker,
ranolazine (15 uM) shortened APDo, both in control and
aldosterone-treated animals. Summary data for changes in
APDy, from baseline showed a significant weak response to
chromanol 293B in aldosterone-treated animals (Figure 2E).
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However, both dofetilide and ranolazine induced similar
changes in APDy, in control and aldosterone-treated animals.
These findings hinted at a possible down-regulation of I, in
aldosterone-treated guinea pig hearts. .

Patch-clamp recordings

Ex vivo experiment. Figure 3A shows representative superim-
posed current traces of Ik, elicited by depolarizing voltage
steps between —40 and +60 mV from a holding potential of
—40 mV in the presence of the I, blocker E4031 (2 uM) from
control (left), with tail currents abolished by a specific I,
blocker, chromanol 293B (20 uM; right). Figure 3B shows rep-
resentative Iy, from aldosterone-treated animals. Both step
and tail current densities showed a marked reduction at
most of the depolarization potentials in aldosterone-treated
animals compared to control (Figure 3C and D). However,
aldosterone treatment did not alter the voltage-dependent
activation of the channel and the half-maximal activation
potentials were 37.4 £ 2.8 mV in control and 39.3 £ 2.0 mV
in aldosterone-treated animals (P > 0.05) respectively
(Figure 3E). Meanwhile, to assess the selectivity of aldoster-
one treatment on potassium ion channels, we also recorded
the rapid component of the delayed rectifier potassium
current, I.. As shown in Figure 3F, ventricular myocytes were
depolarized from a holding potential of —-40 mV to various
pre-pulse potentials of —40 to +60 mV for 2 s and repolarized
to —40 mV to evoke outward tail currents in the presence of
the I, blocker chromanol 293B (20 uM). The tail currents
were abolished by a specific Iy, blocker, E-4031 (2 uM). There
was no significant difference in I, density at the potentials
recorded and voltage-dependent activation of the channel
between control and aldosterone-treated animals (Figure 3G
and H). The findings suggested that the aldosterone selec-
tively down-regulated the slow component of delayed recti-
fier potassium currents.

In vitro experiment. To corroborate the results from the in
vivo experiments, we further tested the effect of aldosterone
on delayed rectifier potassium currents in in vitro, in cultured
cardiomyocytes. Isolated guinea pig left ventricular cardio-
myocytes were incubated in primary culture and exposed to
aldosterone or vehicle for 24 h. Figure 4A shows representa-
tive I, recordings from control (left) and cells incubated with
aldosterone 1 uM (right). Similar to the ex vivo findings, a
smaller Ik, tail density was observed in aldosterone-treated
cardiomyocytes. The current/voltage relationship showed a
significant decrease in the step and tail current densities at
most of the depolarization potentials (Figure 4B and C).
However, aldosterone did not affect the voltage-dependent
activation of the channel (data not shown). In addition, the
down-regulation by aldosterone of the current densities
occurred in a concentration-dependent manner (Figure 4D).
Moreover, sustained aldosterone exposure had no significant
effect on i (Figure 4E and F). The observation was identical
to the ex vivo findings.

To test whether MR was involved in the regulation of I,
we performed the experiments in vivo and in vitro to observe
the effect of spironolactone on the Iy, changes induced by
aldosterone. As mentioned in the Methods section, guinea
pigs were treated with spironolactone (100 mg-kg*-day™)
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alone or with aldosterone (release 1 pg-h™) for 28 days. The
Iks density amplitudes recorded at +40 potentials showed
a decrease of approximately 57% in aldosterone-treated
guinea pigs (Figure 5A). Spironolactone itself has no effect
on Ik, but it reversed the down-regulation of Iy, induced by
aldosterone. Similar results were obtained with the in vitro
experiments in cultured cardiomyocytes (Figure SB). It is
known that MR is primarily located in the cytosol associ-
ated with chaperone molecules like heat shock protein 90
(HSP90). By binding to its chaperones, MR is kept in a con-
formation that is able to bind aldosterone, and it is also
prevented from rapid degradation (Grossmann et al., 2012).
To further test the involvement of MR activation, in vitro,
cultured cells were incubated with the HSP90 inhibitor
geldanamycin (1 uM) for 24 h. As it is shown in Figure 5C,
geldanamycin reversed the down-regulation of Iy, induced
by aldosterone.

Quantitative mRNA and protein analysis

To further address the mechanisms underlying Iy, down-
regulation, we assessed mRNA and protein expression for the
Ixs subunits KCNQ1 and KCNE1. Total RNA and membrane
protein extracts were obtained from the left ventricle after 28
days of treatment in control or aldosterone-treated models.
As shown in Figure 6, mRNA expression of both KCNQ1 and
KCNE1 was significantly decreased after a 28 days aldosterone
treatment (Figure 6A and B). Similar changes were observed
in their protein expression (Figure 6D and E). However, sus-
tained aldosterone exposure had no effect on ERG expression,
which is the supposed core subunit of the Iy channel
(Figure 6C and F). These result demonstrated that inhibition
of the expression of the molecular correlates of the I,
channel contributed to the down-regulation of the current.

Discussion and conclusion

Aldosterone delays ventricular repolarization
The electrical remodelling of the myocardium caused by in
vivo chronic exposure to aldosterone has been previously
documented in mice and rat models (Perrier et al., 2005;
Dartsch et al., 2013). Although the mouse and rat hearts share
many important physiological properties with human hearts,
there are some striking differences in cardiac electrophysiol-
ogy between these small rodents and humans. Both adult
mouse and rat hearts have high heart rates and very brief
action potentials, without a distinct plateau phase that is
characteristic of the larger mammals including humans
(Weber dos Santos et al., 2009). Guinea pigs have a similar
action potential phenotype as the larger mammals. In the
present study, we demonstrated that aldosterone-treated
guinea pigs displayed significant prolongation of the QT
interval on surface ECG recordings. Action potential record-
ings in the papillary muscle exhibited a significant prolonga-
tion of APDy, in aldosterone-treated animals, indicating
that the delay of ventricular repolarization contributed to
prolongation of the QT interval. The lack of significant
changes in sodium levels, potassium levels, and BP in our
study demonstrated that the observed electrical remodelling
in aldosterone-treated animals was not secondary to the renal
effect and was independent of hypertension.
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Figure 3

Effects of in vivo aldosterone (ALD) administration on slow and rapid delayed rectifier potassium currents (lx; and lx,). (A) Representative I, traces
recorded using the pulse protocol shown in freshly isolated left ventricular cardiomyocytes from a control (CON) animal and after application of
20 uM chromanol 293B in the same myocyte. (B) Representative Ik, traces recorded from an ALD-treated animal. (C and D) Ik, step and tail current
density—voltage relationships from CON and ALD-treated animals. (E) Normalized |-V relationships for Iy tail currents. Curves are fits to
experimental data by Boltzmann function. (F) Representative I traces recorded in freshly isolated left ventricular cardiomyocytes from CON
(upper panel) and ALD-treated (lower panel) animal and after application of the specific Iy, blocker E4031 2 uM. (G) Ik tail current density—voltage
relationships from CON and ALD-treated animals. (H) Normalized |-V relationships for Ik tail currents. Curves are fits to experimental data by the
Boltzmann function. n indicates number of cardiomyocytes, which were from 3-5 hearts. *P < 0.05 versus CON at the same potential.

British Journal of Pharmacology (2015) 172 5596-5608 5603



m Y Lv et al.

Effect on |
A +80mV ——25 B 7] «CONpn=9)
AN —~el s ALD (n = 12)
[= %
CON ALD §5-
o
gs
é'l_ g2
1s -
1
__________________________________ 0- *
40 20 0 20 40 60
Voltage (mV)
C D current
181 .CON (n=9) g @ (g E%alpmrmt
1.8] “ALD (n=12) 4
T 1.4 4 w @
L 1.4 T 3 >
g 1.2 g | n I
8 v
2 =100 1 g &
05 Y@
0.0

Voltage (mV)

"0 20 0 20 40 60

Effecton I,

CON

-
ALD -

1s

.

Figure 4

0.5, . congp =12
~04] AL @=9)

[=%

E 0.3
F 02
201

0.0,
-40 -20 0 20 40 60
Voltage (mV)

Effects of in vitro aldosterone (ALD) administration on slow and rapid delayed rectifier potassium currents (lx; and lk.). (A) Representative I,
recording in cells incubated with vehicle control (CON) and aldosterone (ALD)-containing medium. (B and C) I step and tail current
density—voltage relationships for cells cultured in the presence of ALD or CON. (D) Concentration-dependent decrease in Ixs mediated by ALD. The
amplitudes of Ixs densities were measured at +40 mV. (E) Representative Ik, recording in cells incubated with CON and ALD-containing medium
(1 uM). (F) Ik tail current density-voltage relationships for cells cultured in the presence of ALD or CON. n indicates number of cells. *P < 0.05

versus CON.

It is known that the prolongation of the QT interval
makes the heart prone to arrhythmia because of triggered
activity in the form of EAD and the generation of abnormal
transmural gradients (Martin efal.,, 2012). Indeed, EAD
occurred in 5/8 recordings from aldosterone-treated hearts,
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whereas EAD only occurred in 1/15 controls. The
aldosterone-induced electrophysiological changes at both the
multicellular and integrated levels were fully prevented by
co-administration of spironolactone. Our data are consistent
with previous findings in a similar aldosterone infusion rat
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Effects of spirolactone (SPI) or geldanamycin (GEL) on the down-regulation of the slow delayed rectifier potassium currents (ls) induced by
aldosterone (ALD). (A) Effect of in vivo administration of ALD, SPI on Ik density recorded at +40 mV. (B) Effect of in vitro incubation of ALD (1 pM),
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Figure 6

Relative mRNA and protein expression of KCNQ1, KCNET and ERG in control (CON) and aldosterone (ALD)-treated animals. (A-C) Relative mRNA
expression of KCNQ1, KCNE1 and ERG presented as fold change compared to the control group’s mean value and quantification was normalized
to an internal standard, B-actin (n = 5). (D-F) Representative immunoblots for KCNQ1, KCNE1 and ERG proteins along with internal standard
Na*/K*-ATPase and mean = SEM expression levels presented as fold change compared to the control group’s mean value and the quantification
of the band intensities were normalized with Na*/K*-ATPase (n = 5). *P < 0.05 versus CON.

model and a transgenic mouse model with conditional induces the delay of ventricular repolarization through MR
cardiac-specific overexpression of the human MR. Both activation under pathological situations. In addition to pro-
cardiac MR overexpression in mice and chronic aldosterone- longed QT intervals, the aldosterone-treated animals also
overload in rats result in prolonged ventricular repolarization showed widening of the QRS complex, indicating a delayed
and increased risk for malignant ventricular arrhythmias ventricular conduction time. The same finding was observed
(Ouvrard-Pascaud et al., 2005; Dartsch et al., 2013). Together, in an aldosterone-overload rat model (Dartsch et al., 2013).
these observations support the notion that aldosterone Aldosterone has been shown to be involved in the gap junc-
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tion remodelling and thus diminished impulse propagation
in pressure overload cardiac hypertrophy (Suzuki et al., 2009).
Therefore, prolonged QRS duration in this model may be
caused by gap junction remodelling associated with
aldosterone.

Aldosterone down-regulates Ik,

APD is dependent on the delicate balance between depolariz-
ing inward currents and repolarizing outward currents.
Previous findings have shown that aldosterone modulates
cardiac ionic channels. It has been demonstrated in many
experimental models that aldosterone up-regulates both the
T-type and L-type calcium currents, enhances the sodium
current, and down-regulates the transient outward K* current
(I) density (Mihailidou et al., 1998; Benitah and Vassort,
1999; Benitah et al., 2001; Perrier et al., 2004; 2005; Lalevee
et al., 2005; Ferron et al., 2011). Our results demonstrated, for
the first time, that aldosterone down-regulated Ik, in guinea pig
ventricular myocytes. Aldosterone-treated animals exhibited
significant down-regulation of Iy, density in freshly
isolated ventricular myocytes, without changes in the voltage-
dependent activation of the channel. Co-administration with
the MR antagonist spironolactone fully prevented the down-
regulation of Iy, density. The modulation of MR stimulation
on Iy, was further revealed in vitro with cultured ventricular
cardiomyocytes. Sustained aldosterone exposure for 24 h
decreased Ixs density in a concentration-dependent manner.
Both spironolactone and the HSP90 inhibitor geldanamycin
abolished the inhibitory action of aldosterone on Ik, The
results further confirm that the down-regulation of Ik, func-
tion is due to the activation of MR. Meanwhile, aldosterone
did not affect I, density in either the in vivo or in vitro
experiments. Moreover, action potential recordings in the
papillary muscle showed that the Ix, blocker chromanol 293B
caused a much lower APD prolongation from aldosterone-
treated guinea pig hearts compared with control hearts. The
result suggested a down-regulation of I, in aldosterone-treated
hearts. Obviously, the findings at multiple cellular levels are
consistent with observations in single cardiomyocytes. Taken
together, our data suggest that aldosterone down-regulates the
Ik, current through activation of MR, without changing I,
Kinetics.

It has been reported that aldosterone down-regulates I, in
HL-1 cells (derived from adult mouse atria), which is attenu-
ated by spironolactone (Tsai et al., 2010). Our results are not
consistent with previous findings, however. One possible
explanation for this discrepancy could be related to the dif-
ferent cell systems used in the investigations. Guinea pig
hearts are considered to lack endogenous I, (Ridley et al.,
2003) and thus delayed rectifier potassium currents, I, and Ix,
constitute the major repolarizing outward currents in their
ventricular myocytes. Therefore, a prolonged APD is due to
specific ion channel remodelling, namely down-regulation
of Ik,

The transcription of numerous genes is regulated by
aldosterone stimulation (Farman and Rafestin-Oblin, 2001).
It has been shown that aldosterone increases Ca,1.2, Ca,3.1
and Na,1.5 gene transcription (Lalevee et al., 2005; Boixel
et al., 2006; Ferron et al., 2011) and decreases mRNA expres-
sion of Ky4.2 and K4.3 (I,), Kv1.5 (Ixur), Ki:2.1 and Ky2.3 (Ix1)
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(Dartsch et al., 2013). Our data showed that mRNA expres-
sion of KCNQ1 and KCNE1 was significantly down-regulated
in aldosterone-treated animals. Correspondingly, the protein
expression of subunits KCNQ1 and KCNE1 was significantly
decreased. Aldosterone had no effect on mRNA and protein
expression of ERG. The results suggested that aldosterone
inhibited the Ix; activity by specifically down-regulating
KCNQ1 and KCNE1 gene transcription. However, the
molecular mechanisms underlying the regulation of gene
transcriptions by aldosterone need to be further elucidated.

Down-regulation of I, has been documented in a variety
of HF models (Akar etal., 2005; Nattel et al., 2007). The
mechanistic basis of the decreased Iy, appears to be a down-
regulation of the transcription of KCNQ1 and KCNE1 with a
corresponding change in the protein levels. Increased RAAS
activity has been identified in animal models of cardiac
hypertrophy and HF (Dzau et al., 1981; Anand et al., 1989). A
previous report has shown that in patients with HF, plasma
aldosterone may reach levels (300 ng-dL™") that are many
times higher than those in normal subjects (5-15 ng-dL™;
Weber, 2001). In our experimental setting, an approximately
threefold increase in plasma aldosterone was found in
animals infused with aldosterone (Dartsch etal., 2013).
Therefore, we speculate that aldosterone stimulation may
play an important role in the decline in Iy, and thus delays
ventricular repolarization in clinical pathological situations.
In addition, our findings suggest that the ECGs of patients
with Addison’s disease given aldosterone replacement
therapy should be monitored for cases of QT prolongation.

In summary, the present study demonstrates that MR
stimulation down-regulates I, by inhibiting the expression of
KCNQ1 and KCNE1 and thus delays the repolarization of
guinea pig hearts. These results provide new insights into the
mechanism underlying K* channel remodelling in heart
disease and may explain the highly beneficial effects of MR
antagonists in HE

Limitations

This study did not measure other current components such
as Ina, Ica or Iy, so we cannot rule out the possibility that
changes in these currents caused by aldosterone also
contribute to the electrical remodelling. In future research,
we will further clarify the effects of chronic aldosterone expo-
sure on these currents and their contribution to the APD
prolongation.
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