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Aldosterone and the autocrine modulation of
potassium currents and oxidative stress in the
diabetic rat heart

Y Shimoni, K Chen, T Emmett and G Kargacin

Department of Physiology and Biophysics, Health Sciences Centre, University of Calgary, Calgary, Alberta, Canada

Background and purpose: Aldosterone plays a major role in cardiac pathology. This study was designed to investigate the role
of cardiac aldosterone in modulating K™ currents and oxidative stress in the streptozotocin-induced diabetic rat heart.
Experimental approach: Transient and sustained K* currents were measured in ventricular myocytes by voltage clamp.
Plasma and cellular aldosterone were measured by ELISA. Fluorescent dihydroethidium (DHE) was used to assess superoxide
ions as markers of oxidative stress.

Key results: The mineralocorticoid antagonist spironolactone (1 uM, 5-9 h) significantly augmented both K* currents in
diabetic males, with a concomitant shortening of the action potential but had no effect in myocytes from control males or from
diabetic females. Effects of spironolactone were restored in ovariectomized diabetic females and abolished in orchidectomized
diabetic males. The aldosterone synthase inhibitor FAD286 (1 uM, 5-9 h) significantly augmented K* currents in cells from
diabetic males, but not females. Spironolactone and FAD286 significantly reduced oxidative stress in cells from diabetic males.
Plasma aldosterone content was elevated in diabetic males (relative to control), but not in females. Cellular aldosterone was
also elevated, but not significantly. The elevation in aldosterone was only partly dependent on a concomitant increase in
cellular angiotensin 1.

Conclusions and implications: A gender-related, sex-hormone-dependent elevation in plasma and cardiac cell aldosterone
contributed to oxidative stress and to attenuation of K™ currents in diabetic male rats. Aldosterone may thus contribute to
diabetes-associated cardiac arrhythmias. Aldosterone elevation was partly related to levels of angiotensin Il, but residual,
angiotensin ll-independent, aldosterone maintains functional relevance.
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Introduction

Extensive basic research and major clinical trials have clearly
established that excess levels of aldosterone impair cardiac
function (Funder, 2004; Fiebeler et al., 2005; Marney and
Brown, 2007; Ohtani et al., 2007). Aldosterone exerts
numerous deleterious effects, such as the induction of
oxidative stress, inflammation and fibrosis (Sun et al.,
2002; McFarlane and Sowers, 2003; Marney and Brown,
2007). Aldosterone is also pro-arrhythmic (Struthers, 1999;
Perrier et al., 2004). This is due to indirect systemic effects
such as changes in potassium levels or to induction
of fibrosis (Struthers, 1999, 2004; Matsumura et al., 2005),
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as well as to direct effects on several ionic currents
(Perrier et al., 2004; Ouvrard-Pascaud et al., 2005). These
changes are associated with alterations in the ECG, such
as prolongation of the QT interval and increased QT
dispersion (Struthers, 1999; Matsumura et al., 2005;
Ouvrard-Pascaud et al., 2005), known risk factors for sudden
cardiac death (Ewing et al., 1991; Struthers, 1999; Rana et al.,
2005). Concordantly, aldosterone antagonists prevent
QT prolongation and dispersion (Yee et al., 2001), as well as
the electrical remodelling that follows myocardial infarction
in rat hearts (Perrier et al.,, 2004). Elevated cardiac
aldosterone levels have been detected following myocardial
infarction, in systolic and diastolic heart failure (Mizuno
et al., 2001; Pitt et al., 2003; Ohtani et al., 2007), and in
hypertension (Marney and Brown, 2007). Two large studies,
the Randomized Aldactone Evaluation Study (RALES)
and the Eplerenone Post-Acute Myocardial Infarction Heart
Failure Efficacy and Survial Study (EPHESUS), have


http://dx.doi.org/10.1038/bjp.2008.114
mailto:mail: shimoni@ucalgary.ca
http://www.brjpharmacol.org

Aldosterone and the diabetic rat heart
676 Y Shimoni et al

established that blockade of mineralocorticoid receptor
reduces mortality and morbidity in patients with heart
failure (Pitt et al., 2003; Struthers, 2004).

However, the origin of the elevation in cardiac aldosterone
is still controversial (Young et al., 2001; Gomez-Sanchez
et al., 2004). On the one hand, there is evidence (Slight et al.,
1999; Casal et al., 2003) for cardiac cells expressing genes
responsible for production of aldosterone independently of
circulating levels (Silvestre et al., 1998, 1999; Delcayre et al.,
2000; Mizuno et al., 2001; Wasywich et al., 2006). On the
other hand, based on the extremely low cardiac levels of
aldosterone (Gomez-Sanchez et al., 2004), other reports
suggest that pathology-driven increased levels may reflect
enhanced binding or uptake from the plasma, rather than
local synthesis (Fiebeler et al., 2005; Chai et al., 2006;
Emmett, 2006; Ohtani et al., 2007). Some of the controversial
evidence may be due to differences in species/strains studied
(Young et al., 2001; Gomez-Sanchez et al., 2004), or to the
fact that synthesis of aldosterone by cardiac cells is normally
absent, but may be triggered only under pathological
conditions (Young et al., 2001; Mizuno et al., 2001, 2005;
Gomez-Sanchez et al., 2004; Katada et al., 2005).

A major pathology in which aldosterone may play a role is
diabetes. Diabetes is a rapidly growing epidemic (Zimmet
et al., 2001; Lim et al., 2004), leading to serious cardiovas-
cular complications, including the development of a distinct
cardiomyopathy (Mooradian, 2000; Bell, 2003; Severson,
2004). Mechanical and electrical impairment (Tomlinson
et al., 1992) lead to a high incidence of heart failure, making
diabetes an independent predictor of mortality, unrelated
to coexisting hypertension or ischaemic heart disease
(Fonarow, 2005; Poirier et al., 2006). Diabetes may be
associated with increased plasma aldosterone (Tomlinson
et al., 1992; Hollenberg et al., 2004), with improvement in
cardiac function following aldosterone receptor blockade
(Fonarow, 2005). It has been suggested that elevated glucose
and aldosterone potentiate each other’s deleterious effects
(Sato and Funder, 1996; McFarlane and Sowers, 2003; Jefic
et al., 2006).

Diabetes-related electrophysiological changes involve
attenuation of K" currents, which underlie the repolariza-
tion of the ventricular action potential (Shimoni, 2001;
Shimoni and Liu, 2003b). The resulting prolongation of the
action potential (Shimoni, 2001) may partly underlie the
prolongation of the QT interval in the diabetic human ECG
(Ewing et al., 1991; Rossing et al., 2001). QT prolongation
and increased QT dispersion are established substrates for
several types of diabetes-related arrhythmias (Abo et al.,
1996; Rossing et al., 2001).

Diabetes has also been shown to elevate angiotensin II in
human and rat cardiac myocytes (Fiordaliso et al., 2000;
Frustaci et al., 2000; Lim et al., 2004). Increased angiotensin
II may underlie the elevated risk of sudden cardiac death in
diabetes (El-Atat et al., 2004; Rana et al., 2005; Fischer et al.,
2007). This may result in part from an attenuation of
K™ currents, such as that occurs in the streptozotocin
(STZ)-induced type I diabetic rat (Shimoni, 2001) or in the
alloxan-induced diabetic rabbit (Zhang et al., 2007). Some of
this attenuation may be due to elevated angiotensin II,
which has been shown to directly attenuate several types of
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K" currents (Daleau and Turgeon, 1994; Yu et al., 2000). The
effects of angiotensin II on K* currents are partly due
(Shimoni et al., 2005) to the induction of oxidative stress
(Zafari et al., 1998). A central finding of our earlier study was
the presence of striking gender differences, whereby angio-
tensin II levels are not elevated in myocytes from diabetic
females (Shimoni and Liu, 2004), with consequently less
oxidative stress (Shimoni et al.,, 2005) and a smaller
attenuation of K™ currents than in diabetic males (Shimoni
and Liu, 2003a).

Angiotensin II is a major regulator of aldosterone synthesis
(McFarlane and Sowers, 2003; Michel et al., 2004), so that
higher angiotensin II may lead to augmented aldosterone
levels. However, aldosterone levels may also be enhanced
independently of angiotensin II (Struthers, 1999). Recent
reports suggest a persistent cardiac aldosterone synthesis in
angiotensin II receptor knockout mice (Katada et al., 2005),
as well as an elevation of plasma aldosterone levels in heart
failure even with complete inhibition of angiotensin-con-
verting enzyme (ACE) (Jorde et al., 2002; Fiebeler et al., 2005;
Fonarow, 2005).

On the basis of our earlier study, we set out to examine the
following questions:

1. Does an autocrine action of aldosterone contribute to K"
current attenuation or to oxidative stress in diabetes?

2. Can the use of isolated myocytes shed light on the
controversial issue of cellular, localized aldosterone
production?

3. Are there gender differences in the involvement of
aldosterone in the diabetic heart?

4. Is there evidence for angiotensin Il-independent modula-
tion of K™ currents by aldosterone?

Methods

All animal procedures conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health.

Animals

Control and diabetic male and female Sprague-Dawley rats
(250-300 g) were used. Diabetes (type I) was induced with a
single i.v. injection of STZ. STZ destroys pancreatic p cells
and produces severe insulin deficiency and hyperglycaemia
(Tomlinson et al., 1992). In most experiments, 100 mg kg~
STZ was given 8-13 days before cell isolation. In one set of
experiments, 60 mgkg~' STZ was given 5-7 weeks before cell
isolation. Ovariectomized females and orchidectomized
males were also made diabetic 2-3 weeks after gonad
removal, and cells were isolated 8-13 days after STZ
(100 mgkg™1) injection.

Cell isolation

Ventricular myocytes were obtained by enzymatic disper-
sion. Rats were anaesthetized by CO, inhalation and killed
by cervical dislocation. Hearts were removed and the aortas
cannulated. Hearts were perfused (at 37 °C) for 3-5 min with
a solution (bubbled with 95%0,-5% CO,) consisting of



(in mMm): 121 NaCl; 5.4 KCI; 2.8 Na-acetate; 1 MgSOy;
5 Na,HPOy; 24 NaHCOs3; 5 glucose and 1 CaCl,, This was
switched to a calcium-free solution (other constituents
unchanged) for 10min, followed by the same solution
containing collagenase (Yakult; 0.015 mgmL’l), protease
(Sigma type XIV; 0.0075mgmL™"), 20mM taurine and
40 uM CaCl,. After 8 min, the free wall of the right ventricle
was cut into pieces for further incubation in a shaker bath (at
37°C), in a solution containing 0.3mgmL~' collagenase,
0.15mgmL™! protease, 20mM taurine and 10mgmL !
albumin. Aliquots of cells were removed over 10-20 min
and stored at room temperature in a solution containing
no enzymes, 20mM taurine, 5mgmL~" albumin and
0.1mM CaCl,. Right ventricular myocytes have been used
consistently by us in most studies, as they appear to be more
robust than left ventricular cells. Nevertheless, we have
found similar effects of diabetes have been found in left
ventricular myocytes as well.

Current recording
Cells were placed on a stage of an inverted microscope and
perfused (at 21-22°C) with a solution (brought to pH 7.4
with NaOH) containing (in mM): 150 NaCl; 5.4 KCI; 1 CaCly;
1 MgCly; 5 HEPES and 5 glucose. CdCl;, (0.3 mM) was added
to block L-type calcium currents. The whole-cell voltage
clamp method was used to record currents, elicited by
500ms pulses from a holding potential of —80mV to
membrane potentials ranging from —-110 to +50mV.
Currents were digitized (at 2kHz) and normalized to cell
size by dividing current amplitude by capacitance. This was
measured by integrating current traces (digitized at 10 kHz)
obtained in response to 5-mV steps from —80 mV. Recording
pipettes were of low resistance (2-3 MQ with filling solution),
and series resistance compensation was applied. Recording
pipette solutions consisted of (in mMm): 120 K-aspartate; 30
KCl; 4 Na,ATP; 10 HEPES; 10 EGTA; 1 CaCl, and 1 MgCl,
(pH 7.2, KOH). The ensuing junction potential of ~10mV
was corrected for. Two currents were studied. The peak
outward current (Ipeax), reflecting mainly the transient
outward current, determines the sum of currents contribu-
ting to early repolarization and setting of the action potential
plateau level. The sustained outward current (I,s), measured
at the end of 500-ms voltage steps (with the transient current
completely inactivated) reflects a mixture of delayed rectifier
currents (Nerbonne, 2000) that determine late repolarization
of the action potential. For each protocol, cells were divided
into untreated and treated groups, and current densities
compared in the absence of, or following incubation with
different drugs. We found previously that at least 5-h
exposure are required for effects of autocrine modulation
to be observed, due to synthesis of new potassium channels
(Shimoni and Liu, 2003b). Typically, 3-4 h were required to
collect enough data from treated groups. Thus, exposure
times to drugs lasted for 5-9h. For each individual experi-
ment, similar numbers of cells from the same heart were
used for comparison between drug treatments (or lack of
treatment).

Results from different days (4-6 rats for each group) were
pooled, partly compensating for slight variations in diabetic
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status. Other biophysical characteristics of these currents
were not investigated, as we had shown earlier that current
attenuation associated with activation of the renin-
angiotensin system (RAS) is related to changes in channel
protein expression (Shimoni and Liu, 2003b), with no effects
on the recovery time course of the transient current or
inactivation kinetics of the transient or the total outward
currents (Shimoni, 2001; Shimoni and Liu, 2003b). In some
experiments, the current-clamp mode was used to elicit
action potentials. The same perfusion solutions were used
with CdCl, omitted.

Intrinsic variability of current density

It should be noted that STZ injection leads to variable
diabetic status (and oxidative stress) in different rats,
presumably due to variation in the residual amount of
surviving pancreatic B cells. The effects on K* current
magnitudes will therefore also be somewhat variable, leading
to different baselines in mean densities in the different
experimental groups (as seen in different figures). An added
complexity is that current magnitudes are regulated by an
interaction of many factors. These include insulin deficiency,
elevated angiotensin, as well as increased levels of reactive
oxygen species. Thus, in cells from diabetic females there is
still some reduction in current magnitudes due to insulin
deficiency (as occurs in males), despite the lack of activation
of the renin-angiotensin pathway. This pathway contributes
to further current attenuation in males.

Angiotensin II and aldosterone measurements

ELISA was used to measure angiotensin II and aldosterone
content in isolated cells or in plasma, using commercial kits
(Peninsula Labs (San Carlos, CA, USA) for angiotensin II;
Diagnostic Systems Laboratories (Webster, TX, USA) for
aldosterone). Standard curves were constructed, and optical
densities of samples (in triplicate) were read from these
curves (all values were within the calibration curve range).
For the content of aldosterone and angiotensin II in cell
extracts, values were normalized for protein content,
measured in the same samples (using a BCA protein assay
kit from Pierce, Rockford, IL, USA). Because of the very low
amounts of the autocrine modulators that were measured
and the small differences in the diabetic status of the rats
(see above), the scatter of values obtained was large, and
mean values were variable in different experiments. Thus,
each protocol was considered separately with its own
internal comparisons between experimental groups.

Blood glucose (non-fasting) was measured using a gluco-
meter (One Touch Ultra; LifeScan Inc., Milpitas, CA, USA).
This device saturates at 33mM (and cannot use diluted
blood), so that samples with glucose levels higher than
33 mM were assigned values of 33 mM, thus producing an
underestimate for the diabetic rats.

Oxidative stress

Oxidative stress was assessed by measuring levels of super-
oxide ions (Guzik et al., 2002). Superoxide ions were detected
using dihydroethidium (DHE). DHE is a cell-permeable
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fluorescent dye that is oxidized by superoxide to fluorescent
ethidium bromide. Ethidium bromide is a nucleic acid stain,
trapped by intercalation with DNA. The fluorescence
intensity of DHE indicates the relative levels of superoxide
production (Guzik et al., 2002). Isolated myocytes from
STZ-treated rats were divided into untreated and drug-treated
groups. Both groups were kept for Sh at room temperature.
Subsequently, cells were suspended in 800 pl buffer contain-
ing (in mMm): 120 NaCl; 5.4 KCI; 1.2 MgSOy; 1.2NaH,POy;
5.6 glucose; 20 NaHCO3; 10 2,3 butane-dione-monoxime;
5 taurine, supplemented with 100 pM calcium and 0.2% fatty
acid-free BSA. DHE (prepared in dimethylsulphoxide as a
2mM stock solution) was added to the cell suspension
(final concentration 5 M) and the cells were incubated in a
light-protected incubator for 30 min at 37 °C. After 30 min,
cell suspensions were centrifuged for 2min at <1000g. Cell
pellets were re-suspended in 20-50 ul of phosphate-buffered
saline. A small aliquot (10-15 pul) of cells was pipetted into a
drop of 90% glycerol on a slide.

DHE fluorescence was quantified using an Olympus 1X70
inverted epifluorescence microscope and a SPOT RT cooled
charged coupled device camera. All images for a given
experiment were collected with the same camera settings.
DHE fluorescence intensity was analysed as described
previously (Shimoni et al., 2005). Briefly, a lower pixel
intensity threshold was determined (using SPOT software)
for images of individual nuclei so that only light from the
nucleus remained in the image. The mean fluorescence
intensity of pixels above threshold in the nuclear images was
then determined using software written for this purpose.

Statistics

Results are given as mean + standard errors. Mean values
were compared using t-test or ANOVA, with the Student-
Newman-Keuls multiple comparisons test. Differences with
P<0.05 were considered significant.

Chemicals

Spironolactone and DHE were obtained from Sigma Canada
(Oakville, ONT); FAD286 was a generous gift from Novartis
Canada (Dorval, Quebec).

Results

Aldosterone receptor inhibition and K™ currents

The first set of experiments tested whether a commonly used
mineralocorticoid antagonist (which inhibits aldosterone
binding) affects K™ currents in ventricular myocytes from
male diabetic rats. Exposure of cells (>5h) to 1um
spironolactone was found to significantly augment both
peak and sustained outward currents. Figure la shows
sample current traces obtained in two cells from a diabetic
male rat, either in the absence (left) or presence (right)
of spironolactone. Figure 1b shows the current-voltage
relationships for peak and sustained currents, with signifi-
cant (P<0.05) or very significant (P <0.005) augmentation of
currents at membrane potentials ranging from +10 to
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+50mV. For example, mean I, densities at + 50 mV were
17.5+1.1 (n=33) and 22.4+ 1.6 pA pF’1 (n=40, P<0.02) in
the absence or presence of spironolactone, respectively
(5-9h). The corresponding values for I,s were 4.4+ 0.2 and
6.5+0.5pApF! (P<0.0001).

Although the effects on outward currents are relatively
small, they are sufficient to shorten action potential
duration. Using current-clamp recording, action potentials
were elicited (at a rate of 1Hz) in cells from diabetic rats
in the absence of (n=10), or following 5-9h (n=12) in
spironolactone. As shown in Figure 1c (right), action
potential duration (measured at 90% repolarization) was
significantly (P<0.015) decreased by spironolactone.

In contrast to the effects in cells from diabetic male rats,
spironolactone had no effect on Ieaxk 0T Isys in cells from non-
diabetic male rats. In these experiments (not shown), mean
Ipear densities at +50mV were 22.5+1.7 pA pF’1 (n=20)
and 23.4 + 1.7 pApF~! (n = 22) in the absence of, or following
5-9h in spironolactone. The corresponding values for Igs
were 6.4%0.3 and 6.7 +0.4pApF ! (P>0.05). These experi-
ments indicate that spironolactone per se has no direct effect
on ek and Iy,s densities.

As aldosterone levels may show temporal variation following
STZ treatment (Tomlinson et al., 1992; Nakayama et al.,
1998; Ustundag et al., 1999), we also examined the effects of
spironolactone in cells from longer term diabetic rats. In this
case, male rats were made diabetic (with 60 mgkg ! STZ) 5-7
weeks prior to experiments, with a mean non-fasting blood
glucose concentration of 28.8+2.6mM (n=9), which is
significantly (P<0.0005) higher than in control rats
(15.1+1.2, n=11). As in the cells from short-term diabetic
rats, spironolactone (1uM, 5-9h) significantly augmented
Ipeak and I, as shown in Figure 2.

Gender dependence
In our earlier study (Shimoni, 2001; Shimoni and Liu, 2003b),
the augmentation of K* currents by inhibitors of angiotensin
II formation or action was restricted to cells from diabetic
males, with no effects in females. In the present experiments,
we found that this is also true for the effects of the aldosterone
antagonist. The exposure of cells from diabetic females to
spironolactone for >5h had no effect on either peak or
sustained K currents, as shown in Figure 3. Figure 3a shows
sample current traces in cells from a diabetic female, in the
absence (left) or following 7.5h in spironolactone (right).
Figure 3b shows the summary data for current densities (at
+50mV) for Ieax (left) and I, (right).

This experiment also serves as an additional control to
show that, under our experimental conditions, spironolac-
tone had no direct effect on the currents measured.

Role of sex hormones

In the next set of experiments, we attempted to establish
whether the female sex hormones and/or androgens
play a role in these gender differences. We had previously
attributed some of the differences in autocrine modulation
to the higher levels of oestrogen in females, which prevents
activation of the RAS (Shimoni and Liu, 2003a, 2004). In the
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Effects of spironolactone on outward K™ currents and action potentials in ventricular cells from diabetic male rats. (a) Current traces

in response to 500 ms pulses from a holding potential of —80 mV to potentials ranging from —10 to 4+ 50mV in cells without (left) or following
8hin 1 M spironolactone (right). (b) Mean current densities (£ s.e.mean) as a function of membrane potential (/e on the left and /5,5 on the
right) in the absence (n=33) or presence (n=40) of spironolactone (spiro; 1puM, 5-9h). Both currents were significantly (*P<0.05;
**P<0.005) augmented by the aldosterone receptor antagonist at potentials at or above +10mV. (c) Action potentials (at 1 Hz), recorded
from two cells obtained from a diabetic rat heart. The left panel shows an action potential from an untreated cell, whereas the middle panel
shows an action potential from a cell treated with 1 pm spironolactone for 6.5 h. The right panel shows the summary data for the action
potential durations at —60 mV, in the absence (n=10) or presence (1 uM, >5h, n=12) of spironolactone (spiro). *P<0.015.

present study, we found that in ventricular cells isolated
from ovariectomized female rats made diabetic 7-14 days
before recordings, spironolactone significantly augmented
peak and sustained K* currents, as in diabetic males
(Figure 4). This suggests a protective action of female sex
hormones in females, preventing activation of aldosterone
under diabetic conditions.

We then proceeded to investigate whether male sex
hormones contribute to the effects of spironolactone in
diabetic males. In cells isolated from orchidectomized males
made diabetic 7-14 days before measurements or from
diabetic females, spironolactone had no effect on I,c.k or
ILsys, as shown in Figure 4.

Alterations in aldosterone levels
We subsequently attempted to directly test whether cellular
or plasma aldosterone levels are elevated in the setting of

diabetes, as an underlying mechanism for the effects of
spironolactone on K* currents. There are conflicting reports
regarding changes in plasma aldosterone in animal models
of diabetes (Tomlinson et al., 1992), with some findings
indicating elevated plasma aldosterone in STZ diabetic rats,
occurring within days (Ustundag et al., 1999) or weeks
(Nakayama et al., 1998). Type I diabetic patients have also
been found to have elevated plasma aldosterone (Hollenberg
et al., 2004). Changes in (cardiac) cellular aldosterone in
diabetic conditions have not been described.

In the present study, we found a significant elevation
(P<0.05) in plasma aldosterone in diabetic male rats but, in
female rats, diabetes did not affect plasma aldosterone levels
(Figure Sa). Cellular aldosterone levels also appeared to be
elevated in cells from diabetic males (Figure 5b). However,
this fell just short of statistical significance (P<0.055). In
cells from diabetic females, there was no increase in
aldosterone, in comparison to cells from control females.

British Journal of Pharmacology (2008) 154 675-687
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Figure 2 Comparison of spironolactone effects on ventricular K
currents in short- and long-term diabetic rats. Cells were obtained
7-14 days (left column) after STZ injection (100mgkg™") or 5-7
weeks (right column) after STZ (60 mg kgq). Mean densities (at
+50mV) of lpeak (@, top row) and Ig,s (b, bottom row) are shown, in
the absence or following 5-9h in 1um spironolactone (spiro).
Currents were significantly augmented after short- and long-term
diabetes (*P<0.05; **P<0.005; ***P<0.0005).
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Figure 3 Effects of spironolactone on K™ currents in ventricular
cells from diabetic females. (a) Current traces (same protocol as
Figure 1) in the absence (left) or presence (right) of spironolactone
(1 uMm, 7.5h). (b) Mean current densities as a function of voltage for
lpeak (left) and for Iys (right) in the absence or presence of
spironolactone (spiro; 5-9h). In cells from diabetic females,
aldosterone inhibition has no effect on either current, in contrast
to the augmentation observed in males.

Origin of cardiac aldosterone

The origin of aldosterone in cardiac cells is unclear
(Gomez-Sanchez et al., 2004; Emmett, 2006). Increased
cellular aldosterone (measured by ELISA) may reflect an
enhanced cellular uptake, resulting from the concomitant
increase in plasma levels, rather than enhanced cellular
synthesis. Using isolated myocytes, this issue could be
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Figure 4 Assessment of contribution of sex hormones to gender
differences in spironolactone effects. Cells from orchidectomized
(ORX) diabetic males (left column) and from ovariectomized (OVX)
diabetic females (right column) were used. (a) Mean /e current
density (at +50mV) in diabetic ORX males (left), OVX females
(right) in the absence or following incubation with spironolactone
(1 uM, 5-9 h). (b) Corresponding densities of /s in the same groups.
lpeak and 5,5 are significantly augmented by spironolactone in
ovariectomized diabetic females, with no effect in ORX diabetic
males, suggesting that the gender differences are both androgen
and oestrogen dependent (*P<0.05; **P<0.01).
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Figure 5 Aldosterone content, measured by ELISA, in plasma
(a) and in ventricular cells (b) from control and diabetic male (left
column) and female (right column) rats. Plasma aldosterone was
significantly (P<0.05) elevated in male diabetic rats (n=10) as
compared with controls (n=10), but not in females (5 controls, 7
diabetics). Cells (n=15) from diabetic male rats had higher, but not
significantly (P<0.055), levels of aldosterone than cells (n=13) from
control male rats. In cells from diabetic females (n=7), the levels
were comparable to those in cells from control females (n=35)
(*P<0.05).

addressed more directly by utilizing a newly synthesized
inhibitor of aldosterone synthase, FAD286 (Fiebeler et al.,
2005; Menard et al., 2006). In the next series of experiments,
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Figure 6 Effects of the aldosterone synthase inhibitor FAD286 on
K™ currents in ventricular cells from diabetic male rats. (a) Sample
current traces from two cells (same protocol as above), either with
no drug added (left), or following 6 h in FAD286 (right). (b) Mean
current densities at +50mV, for [, (left) and Iys (right),
illustrating the significant augmentation by the drug (*P<0.05;
***P<0.0005).

isolated cells from seven diabetic male rats were incubated
with 1pM FAD286 for 5-9h. Inhibiting the synthesis of
aldosterone produced a significant augmentation of both
Ipeak and Iy, These results, shown in Figure 6, provide strong
evidence for augmented synthesis of cellular aldosterone
under diabetic conditions.

Strikingly, and concordant with our earlier results showing
lack of angiotensin II increase and its effects in cardiac
myocytes from diabetic females, aldosterone synthase in-
hibition with FAD286 had no effect on K" currents in cells
from diabetic females. Mean Ic. densities (at +50mV) in
these cells were 16.4+ 1.0 and 16.4+1.2 in untreated cells
(n=30) and in cells (n=31) exposed to FAD286 for >S5h,
respectively (P>0.05). The corresponding values for I, were
4.7£0.19 and 4.7 £0.22 (P>0.05).

To obtain further confirmation for an elevation of cellular
aldosterone under diabetic conditions, we also measured
oxidative stress in isolated cells. Oxidative stress is an
established consequence of elevated aldosterone (Sun et al.,
2002), and can be measured using DHE fluorescence as
an indicator of superoxide ion levels. DHE fluorescence
intensity was compared in cells from four diabetic male rats,
in the absence or following 5 h exposure to 1 M FAD286. In
three out of four rats, superoxide ion levels were very
significantly (P<0.001) reduced by the drug. The lack
of change in 1/4 rats was not surprising, given the reported
variability in aldosterone levels in rat hearts (Gomez-Sanchez
et al., 2004). Overall, the reduction in fluorescence intensity
(in all four rats) was by 39% (P<0.0001), as shown
in Figure 7. DHE fluorescence was also significantly
(P<0.0001) reduced (by 73%) in cells from 3/3 diabetic male
rat hearts, exposed for Sh to 1 uM spironolactone, as shown
in Figure 8.
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Figure 7 Decrease in dihydroethidium (DHE) fluorescence in myocytes
from male diabetic rats following exposure to the aldosterone synthase
inhibitor FAD286. (A) Differential interference contrast (a, b) and DHE
fluorescence (@', b’) images of isolated cardiac myocytes from male STZ
diabetic rats exposed for 5 h to vehicle only (a, a’) or 1 um FAD286 (b,
b’). Images shown were of cells from the same myocyte preparation and
were collected at the same camera settings and exposure times. Bars in
(a, b)=10pm. In this experiment, the mean fluorescence intensity of
the nuclei in (b’) was 73% of the mean intensity of the nuclei in (a'). (B)
Summary of results. Mean fluorescence intensity of the nuclei from
myocytes exposed to FAD286 (FAD) is expressed relative to the mean
fluorescence intensity from untreated (STZ rat) cells from the same
preparation. The results from cells from four separate hearts are
combined; **significant differences at P<10~*158 control nuclei and
134 nuclei exposed to FAD were analysed.

Aldosterone inhibition after chronic ACE inhibition

In the final set of experiments, we inhibited the formation of
angiotensin II by giving rats the ACE inhibitor quinapril for 3
weeks (6 mgmL™" in their drinking water), before inducing
diabetes for 8-13 days (quinapril continued). This in vivo
treatment was sufficient to drastically reduce the levels of
angiotensin II in ventricular cells, as measured by ELISA. This
is shown in Figure 9a. Figure 9b also shows that following
chronic quinapril treatment, peak or sustained K* currents
are no longer augmented by in vitro addition of quinapril.
This is in marked contrast to the significant augmentation of
both currents in cells from diabetic (male) rats not receiving
in vivo quinapril, as shown in Figure 9c. The differences
between Figures 9b and c suggest that quinapril augments
K™ currents by reducing local angiotensin II. Chronic in vivo
quinapril treatment prevents angiotensin II elevation under
diabetic conditions (Figure 9a). This abolishes the augmenta-
tion of currents by subsequent in vitro exposure to quinapril.
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Figure 8 Decrease in dihydroethidium (DHE) fluorescence in myocytes from male diabetic rats following exposure to the mineralocorticoid
antagonist spironolactone. (A) DHE fluorescence images of isolated cardiac myocytes from male STZ rats exposed for 5 h to vehicle only (a) or
1 uM spironolactone (b). Images shown were of cells from the same myocyte preparation and were collected at the same camera settings and
exposure times. Bar in (a) =10 um. In this experiment, the mean fluorescence intensity of the nuclei in (b) was 36% of the mean intensity of
the nuclei in (a). (B) Summary of results. Mean fluorescence intensity of the nuclei from myocytes exposed to spironolactone (SPIRO) is
expressed relative to the mean fluorescence intensity from control (STZ) cells from the same cell preparation. The results from cells from three
separate hearts are combined; **significant differences at P<10~%; 126 control nuclei and 95 nuclei exposed to spironolactone were analysed.

However, spironolactone still significantly augmented
both peak and sustained K* currents, as shown in Figure 10.
Sample current traces are shown in the absence or presence
of spironolactone (Figure 10a), as well as summary data in
Figure 10b. This suggests a contribution from angiotensin
[I-independent aldosterone, as suggested previously (McFar-
lane and Sowers, 2003). Nevertheless, the bulk of aldosterone
is angiotensin II dependent, in agreement with previous
studies (Silvestre et al.,, 1999; Hollenberg et al.,, 2004;
Fiebeler et al., 2005). The angiotensin II dependence of
aldosterone production is suggested by the fact that in vivo
treatment with the ACE inhibitor significantly reduced
aldosterone content, in comparison to untreated diabetic
rats (Figure 10c).

Discussion

Summary of results

Our results are the first (to our knowledge) to show that
aldosterone plays a role in the modulation of cardiac K"
currents and oxidative stress in the setting of diabetes.
Concordant with the reported attenuation of K* currents by
exogenous (in vitro) aldosterone (Benitah et al., 2001), the
present study shows that aldosterone-dependent K* current
attenuation and action potential prolongation occurs as part
of the diabetic cardiac pathology. Our results show a gender-
selective augmentation of currents obtained both by mineralo-
corticoid receptor inhibition with spironolactone and by
inhibition of aldosterone synthase with FAD286 (Figures
1-6). Both agents also reduce oxidative stress in ventricular
cells from diabetic male rats (Figures 7 and 8). Sex hormones
seem to play a major role in the gender-dependent effects.
Female sex hormones apparently prevent K' current
modulation by aldosterone inhibition, as cells from ovariec-
tomized diabetic females show responses similar to
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diabetic males. Conversely, androgens in males seem
to contribute to current attenuation by aldosterone,
as spironolactone effects are absent in orchidectomized
diabetic males (Figure 4). Finally, the results also show that
a marked reduction in angiotensin II content by chronic ACE
inhibition also significantly reduces cellular aldosterone.
However, an augmentation of K* currents by spironolactone
is still evident, suggesting some angiotensin II-independent
effects of aldosterone (Figures 9 and 10).

Limitations of the study

Great care is required in applying results from rodent models
to humans. One limitation of this study is that the
complement of K* currents determining repolarization is
different in humans and rats, with the rapid and slow
currents Iy, and Ix; being more prominent in human
ventricle. However, both these currents are also attenuated
in a type I diabetic rabbit model (Zhang et al., 2007). In
addition, there are several common features between human
diabetes and the STZ rat model. These include the prolonga-
tion of the QT interval in rat (D’amico et al.,, 2001) and
human (Rossing et al., 2001) ECG and the increase in cardiac
angiotensin II levels in rats (Fiordaliso et al., 2000) and
humans (Frustaci et al., 2000). Interestingly, Ixs may be
attenuated by angiotensin II (Daleau and Turgeon, 1994),
emphasizing the possible parallels between activation of the
renin-angiotensin-aldosterone system and electrophysiolo-
gical derangements in rats and humans.

Another limitation of the study is the minute amounts of
cellular angiotensin II and aldosterone, leading to variability
in ELISA quantification. A further variability in the degree of
perturbation in the levels of these compounds also produces
variability in the magnitude of changes in currents and
oxidative stress. Nevertheless, the combination of methods
used, with measurements of currents, oxidative stress and
ELISA, partly compensates for this variability. Furthermore,
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Figure 9 Effects of angiotensin-converting enzyme (ACE) inhibition in vivo. Male rats were given quinapril (6 mgL™") in their drinking water
for 3 weeks prior to induction of diabetes with STZ. Cells were isolated after a further 8-13 days (quinapril continued). (a) Content of
angiotensin Il was very significantly (P<0.005) reduced (n=4) in comparison to untreated diabetic males (n=4). (b) The functional
implications of this, indicating that in vitro exposure to quinapril (+ qu) of cells isolated from rats treated with quinapril in vivo (n=36) had no
effect on lpeax (left) or Iys densities (right), as a function of membrane potential (n=30). This is in marked contrast to the in vitro effect of
quinapril in untreated diabetic rats, as shown in (c). In untreated diabetic rats, both / .« and Iy, are significantly (P<0.05) augmented by

quinapril (*P<0.05; **P<0.001).

the study of the angiotensin Il-independent aldosterone
action is hampered by the fact that complete quantification
is not feasible, as even after complete ACE inhibition, there
may be other pathways for the generation of angiotensin II,
which may in turn enhance aldosterone levels. Nevertheless,
we can conclude from our results that, after very substantial
ACE inhibition, there are functionally relevant levels of
aldosterone that can still modulate K* currents in the
diabetic heart.

Finally, our study involves a type I diabetes model, whereas
the majority of human diabetes is type II. Nevertheless, there
is growing appreciation for an overlap between the two types
(for example, Severson, 2004). Thus, both types of diabetes
involve hyperglycaemia, secretory defects in pancreatic

B cells, oxidative stress, similar changes in the ECG, as well
as activation of the angiotensin system.

Interpretation and significance

Our results are concordant with an increased recognition of
the harmful effects of elevated aldosterone in cardiac
pathology, such as heart failure (Sun et al., 2002;
Funder, 2004) and diabetes (McFarlane and Sowers,
2003). The detrimental role of elevated aldosterone is
emphasized by numerous studies that show the benefits of
mineralocorticoid antagonists, which are now commonly
used as a therapeutic intervention (Perrier et al., 2004;
Struthers, 2004; Fraccarollo et al., 2005). These beneficial
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Figure 10 Effects of chronic angiotensin-converting enzyme (ACE) inhibition on aldosterone. (a) Sample current traces (same protocol as
above) in cells from diabetic males treated with quinapril in vivo, in the absence of (left), or following (right) spironolactone (1 pum, 6.5 h). (b)
Summary data for current densities at + 50 mV. lpeak is shown on the left and /g, on the right. Open bars show mean data from untreated cells
(n=31) and hatched bars represent data from cells treated with spironolactone (n=17). Aldosterone inhibition can still significantly augment
both currents even when angiotensin Il levels are drastically reduced. (c) Aldosterone content (measured by ELISA) is significantly reduced in
quinapril-treated diabetic rats (n=4, hatched bars), relative to untreated diabetic rats (n=4, open bars), illustrating that some of the elevation
in aldosterone is related to augmented angiotensin Il levels. However, there is a functionally significant elevation of aldosterone even in the

absence of angiotensin Il (**P<0.01).

effects are independent of the alleviation of hypertension
obtained with these compounds (Fraccarollo et al., 2005).
Aldosterone elevation may be particularly harmful in
diabetes, as it can exacerbate damage caused by hyperglycae-
mia (McFarlane and Sowers, 2003). Conversely, hyperglycae-
mia can exacerbate detrimental aldosterone effects (Sato and
Funder, 1996; Jefic et al., 2006). Our results suggest that the
electrophysiological effects of aldosterone, namely the at-
tenuation of outward K™ currents and the prolongation of
the QT interval in the ECG (Benitah et al., 2001; Yee et al.,
2001; Matsumura et al, 2005), might contribute to the
established pro-arrhythmic properties of diabetic complica-
tions (Ewing et al., 1991; Abo et al., 1996; El-Atat et al., 2004).
Thus, patients with diabetes benefit from aldosterone receptor
blockade by mineralocorticoid antagonists (McFarlane and
Sowers, 2003, Fonarow, 2005). Our study suggests that some
of these benefits may relate to a reduction in the arrhythmo-
genic effects of aldosterone. This is supported by other study
showing that chronic aldosterone receptor blockade prevents
the reduction in outward currents that follows myocardial
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infarction (Perrier et al.,, 2004), as well as correcting QT
abnormalities of the ECG (Yee et al., 2001).

Plasma and cellular aldosterone

Whereas elevation in plasma aldosterone in cardiac patho-
logy seems established (Nakayama et al., 1998; Ustundag
et al.,, 1999; Jorde et al., 2002; Hollenberg et al., 2004;
Struthers, 2004), the evidence for extra-adrenal synthesis of
aldosterone (Slight et al., 1999; Katada et al., 2005; Wasywich
et al., 2006) is still controversial (Emmett, 2006). Our results
confirm that plasma levels of aldosterone are elevated in
diabetic male rats (Figure 2). Cellular aldosterone also
showed a tendency to increase in diabetic males. However,
a rise in cellular aldosterone does not indicate enhanced
cellular synthesis, as its origin could be an enhanced uptake
(Emmett, 2006). Our results showing current augmentation
with the aldosterone synthase inhibitor FAD286 (Figure 6)
clearly point to elevated cellular synthesis under diabetic
conditions, as these effects are measured in isolated single



cells. This is independently confirmed by the reduction in
oxidative stress in isolated cells, following exposure to
FAD286 (Figure 7). The elevation in either plasma and/or
cellular aldosterone would be sufficient to attenuate
potassium currents in diabetes.

Benitah et al. (2001) suggested that addition of aldosterone
to cells from normal rats attenuates the transient K* current
by affecting the synthesis of channel protein (following
changes in calcium levels). These effects occur only after 48 h
of incubation. Presumably, the elevation of aldosterone in
cardiac cells in the present study has similar effects on
K" channels. Thus, when aldosterone synthesis or action is
inhibited, the augmentation of I,,c,x and I, occurs only after
>5h, suggesting that synthesis of new channel protein is
required, as with the ACE inhibitor quinapril (Shimoni and
Liu, 2003Db).

Gender differences
The fact that neither plasma nor cellular aldosterone
increases in diabetic female rats is consistent with the lack
of effect of spironolactone or FAD286 on K* currents in cells
from these rats. This result is consistent with our earlier
study showing gender differences in the response to ACE
inhibition (Shimoni and Liu, 2003a, 2004) and in oxidative
stress (Shimoni et al., 2005). The basis for this difference was
proposed to be a suppression of the RAS by oestrogen
(Fischer et al., 2002). Our results indicate that oestrogen
suppresses aldosterone production as well, as suggested by
the re-appearance of augmentation of K* currents by
spironolactone in ovariectomized diabetic females.
Conversely, it has been suggested that many gender
differences are produced or exacerbated by androgens
(Fischer et al., 2002; Brouillette et al., 2003). Androgens have
been shown to stimulate elements of the RAS (Fischer et al.,
2002; Reckelhoff et al., 2005). Our results, showing a lack of
effects of spironolactone on K* currents in orchidectomized
rats (Figure 4), are the first to suggest that some gender
differences derive from androgen effects on the RAS, rather
than (or in addition to) direct effects on K% currents
themselves (as in Brouillette et al.,, 2003). Androgens are
thus proposed to contribute to the acquired sensitivity of
K" currents to aldosterone inhibition in diabetic males. In
the absence (or severe reduction) of androgens in orchidec-
tomized rats, induction of diabetes appears to have a weaker
(or absent) effect of increasing aldosterone, so that spirono-
lactone no longer augments K* currents.

Angiotensin II dependence of aldosterone

Diabetes induces a wide variety of changes in cardiac
structure and function (Tomlinson et al., 1992). The activa-
tion of the RAS and the elevation in angiotensin levels
(driven by hyperglycaemia) are major stimuli for aldosterone
elevation. This is supported by the experiments with chronic
in vivo ACE inhibition, which causes a marked reduction in
aldosterone (Figure 10). The very substantial reduction in
angiotensin II by in vivo quinapril (Figure 9) renders K"
currents in cells from diabetic rats unresponsive to further
in vitro quinapril, in contrast to diabetic rats not receiving
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quinapril in vivo. Nevertheless, aldosterone receptor blockade
still significantly augments both K" currents after angio-
tensin II suppression (Figure 10). It is possible that very small
amounts of residual angiotensin II, still present after
quinapril treatment, can account for all of the residual
effects of aldosterone. However, in other studies the eleva-
tion of plasma aldosterone was found to persist despite
complete inhibition of ACE (Jorde et al., 2002; Struthers,
2004), as well as in mice with angiotensin II receptor 1A
deleted (Katada et al., 2005). It is possible in the latter case
that other angiotensin II receptors or ACE-independent
angiotensin II synthesis play a role in mediating aldosterone
synthesis. Further supportive evidence for angiotensin II-
independent aldosterone action is provided by studies
showing additive ameliorative effects of angiotensin II and
aldosterone inhibition (Fraccarollo et al., 2005).

Angiotensin II-independent aldosterone synthesis may
result from augmented sympathetic activity (Bos et al.,
2005), or from elevated endothelin-1 levels (Rossi et al.,
1999). Endothelin-1 is an additional autocrine modulator
that we showed earlier to contribute to K* current modula-
tion (Shimoni and Liu, 2003b), and endothelin-1 was
increased in cells from STZ diabetic rats (our unpublished
results) and may be one source for the augmented levels of
aldosterone (Rossi et al., 1999).

Our results, showing angiotensin II-independent effects of
aldosterone on K* currents in the setting of diabetes, are
important in that they highlight the complexity of K"
current regulation. Thus, correction of K* current (and
possibly QT) abnormalities can be achieved by multiple
routes (for example, Yee et al., 2001). The study of the inter-
relationship between changes in levels of different autocrine
modulators, which can occur independently of changes in
plasma concentrations (Slight et al., 1999), may have
important clinical implications. These relate to adverse side
effects of commonly used drugs such as ACE inhibitors
(Mann et al, 2005; Nikpoor et al, 200S). Thus,
understanding the function and interdependence of
autocrine modulators will enable a rational design of
treatment strategies for correcting or preventing diabetic
complications.

In conclusion, our study shows that elevated plasma and
cardiac aldosterone levels contribute to dysfunction in the
male rat diabetic heart. The attenuation of K* currents and
prolongation of the action potential caused by aldosterone
could contribute to mechanical impairment as well as to
arrhythmogenesis. These effects are exacerbated by androgens
and minimized by oestrogen. The benefits of aldosterone
blockade in diabetic patients may thus be due at least partly
to reduction in localized cardiac actions of aldosterone.
An enhancement of repolarizing currents and action poten-
tial shortening could reduce the incidence of cardiac
arrthythmias and indirectly improve contractile activity,
mediated by effects on repolarizing currents.
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