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ATP-sensitive potassium channels (KATP ) protect the myocardium from hypertrophy induced by pressure-overloading. In this
study, we determined the eﬀects of these channels in volume-overloading. We compared the eﬀects of a KATP agonist and a
KATP antagonist on sarcolemmal transmembrane current density (pA/pF) clamped at 20 mV increments of membrane potential
from −80 to +40 mV in ventricular cardiac myocytes. The basal outward potassium pA/pF in myocytes of volume-overloaded
animals was significantly smaller than that in the myocytes of sham-operated controls. Treatment of the control myocytes with
the KATP agonist cromakalim increased pA/pF significantly. This increase was blocked by the KATP antagonist glibenclamide.
Treatment of the hypertrophied myocytes from volume-overloaded animals with cromakalim and in the presence and absence
of glibenclamide did not change pA/pF significantly. These findings suggest that eccentrically hypertrophied cardiac myocytes
from volume-overloading may be unresponsive to specific activation/inactivation of KATP and that dysfunctional KATP may fail to
protect the myocardium from left ventricular hypertrophy associated with volume-overloading.

1. Introduction
Ventricular hypertrophy is an adaptation to a wide variety of
cardiac insults such as hypertension, myocardial infarction,
and valvular heart diseases [1]. Patients diagnosed with
aortic regurgitation are shown to be at greater risk for complications associated with heart failure, valve replacement
surgeries, and sudden death than patients with aortic stenosis
[2]. ATP-sensitive potassium channels (KATP ) are thought
to provide mechanisms for adaptation of cardiac myocytes
to hypoxia, ischemia, oxidative stress, and hypertrophy [3].
The opening of sarcolemmal KATP is reported to decrease the
duration of action potentials which may conserve ATP stores
[4]. Intermittent hypoxia-induced opening of sarcolemmal
and mitochondrial KATP is reported to precondition the
heart and ameliorate the adverse eﬀects of ischemic insults
[5]. Inactivating mitochondrial KATP is shown to antagonize
this ischemic preconditioning [6]. Inactivating sarcolemmal
KATP may also attenuate sympathetic signal transduction in
cardiac sympathetic ganglia [7], contract coronary arterial
smooth muscle, and increase susceptibility to vasospasm
[8] and cardiac arrhythmias [9]. Genetic knockout of KATP

is reported to mimic the eﬀects of pressure-overloading
induced by acute aortic constriction [10]. These findings
suggest that functional KATP provide adaptations to a variety
of pressure-overload conditions associated with concentric
cardiac hypertrophy. However, whether the KATP in eccentrically hypertrophied cardiac myocytes are functional and
dysfunctional KATP contribute to heart failure in volumeoverload hearts remain unclear. The present study was,
therefore, designed to test the hypothesis that the KATP are
dysfunctional in cardiac ventricular myocytes hypertrophied
by volume-overloading.

2. Methods
2.1. Animal Preparation. Conformity statement: As discussed in the following respective sections, all the procedures
conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (NIH) publication no. 85-23, revised 1996. Adult
male Sprague-Dawley rats of 200–250 g body weight were
purchased from Charles Rivers (Mass, USA). The rats were
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allowed to recover and acquaint with their new environment
upon arrival at the animal house of the Howard University
College of Medicine for 1 week. The animals were kept under
secure, clean, and controlled room temperature (70–74◦ F)
with a 6:00 h to 18:00 h light cycle and were fed food and
water ad libitum.

which was added 5% fetal calf serum and 14 μM CaCl2 . The
ventricles were cut, minced into the stop buﬀer and filtered;
calcium was reintroduced up to 1.0 mM. The dissociated
cardiomyocytes were, then, diluted and stored in Tyrode’s
solution. Freshly isolated myocytes showing no signs of blebs
or round edges were used for up to 12 h.

2.2. Eccentric Cardiac Hypertrophy. Rats were anaesthetized
with pentobarbital sodium (30 mg/kg body weight, i.p.). A
bulldog vascular clamp was placed across the aorta inferior
to the renal vessels. The abdominal aorta was punctured
at the union of the segment two thirds caudal to the renal
artery and one third cephalic to the aortic bifurcation with
an 18 gauge disposable needle. The needle was advanced
into the abdominal aorta and vena cava at the point of
anastomosis, thereby, shunting arterial blood into the venous
system. A drop of cyanoacrylate glue was used to seal the
aortic punctured point. The patency of the shunt was verified
visually by swelling of the vena cava and the mixing of
arterial and venous blood. As postoperative care, the rats
were administered flunixin 2.5 mg/kg. The same procedure
was performed on the age-matched sham rats, except for
the insertion of the needle. On the experimentation day,
visual inspection of the lungs did not show any signs or
symptoms of pulmonary edema or pulmonary blood clots
in all shunted animal used. Based on the results of our
previous study using the same methods as those employed
in the present one, these shunted rats appear to represent a
reliable experimental model of eccentric cardiac hypertrophy
[11] in a compensatory stage [12]. The compensation was
evidenced by left ventricular wall thickness and stroke
volume greater by approximately 40% and 56%, respectively,
(P < 0.05) in the absence of a diﬀerence in ejection fraction
54–59% (P > 0.1), compared to sham-operated controls
[12].

2.4. Electrophysiological Studies. Whole-cell patch-clamp
technique was used to study the potassium currents in the
adult cardiomyocytes. Patch pipettes of 1-2 MΩ resistance
were pulled from borosilicate glass capillary tubing with
a 2-stage puller (David Kopf Instruments, Calif, USA).
Ventricular myocytes were placed on the stage of an inverted
microscope and perfused with an extracellular whole-cell K+
current buﬀer consisting of (mM): 5 KCl, 1 MgCl2 , 140 NaCl,
10 HEPES, 10 D-glucose, 1 CaCl2 , 0.2 CdCl2 , and pH at
7.4. The pipette solution consisted of (mM): 130 potassium
glutamate, 20 KCl, 5 EGTA, 5 NaCl, 1 MgCl2 , 10 HEPES, and
pH at 7.4. Capacitance was estimated by integrating the area
of the capacitance transient following a 10 mV step voltage
from a holding potential (HP) of −80 mV. The measured
currents were divided by the cell capacitance in order to
normalize for cell size changes between normal and hypertrophied cardiomyocytes. The cardiomyocytes were stimulated using pClamp 9.0 software (Molecular Devices, Calif,
USA) connected to an Axopatch 200B amplifier through
an A/D converter (Digidata1320A; Molecular Devices, Calif,
USA)). The resulting ionic currents were displayed on a
storage oscilloscope and on a computer for analysis with
pClamp 9.0. All patch-clamp experiments were performed
at room temperature (20–22◦ C). All solutions were filtered
through a 0.22 μm filter. The voltage dependency of IKATP
activation was studied by obtaining data for the respective
current-voltage (I-V) relationships as follows: 350 ms stepvoltages in 10 mV increments between −80 mV and +40 mV
were applied. Steady-state currents, measured at the end of
each current response, were plotted as a function of the
command potential. The eﬀects of cromakalim (100 μM) in
the presence and absence of glibenclamide (5 μM) (SigmaAldrich, Mass, USA) were analyzed.

2.3. Isolation of Cardiomyocytes. All the reagents were purchased from Sigma Chemicals (St. Louis, Mo, USA). Doubledistilled water from MilliQ system (Millipore Corporation,
Mass, USA) was used to prepare all solutions. Stock buﬀer
solution consisted of (mM): 113 NaCl, 4.7 KCl, 0.6 KH2 PO4 ,
0.6 Na2 HPO4 , 1.2 MgSO4 , 12 NaHCO3 , 10 KHCO3 , and
10 HEPES. Animals were injected with heparin sodium
(1000 U/kg, i.p.) and anesthetized with pentobarbital sodium
(40 mg/kg; i.p.), 20 min prior to the removal of the heart.
After excision of the heart, it was quickly transferred to
a Langendorﬀ setup for retrograde coronary perfusion
through the aorta at 10 mL/min (37◦ C) for an initial 5 min
equilibration with a perfusion buﬀer consisting of (mM):
113 NaCl, 4.7 KCl, 0.6 KH2 PO4 , 0.6 Na2 HPO4 , 1.2 MgSO4 ,
12 NaHCO3 , 10 KHCO3 , 10 HEPES, 1.1 D-glucose, and
10.2 butanedione Monoxime. The experimental protocol
consisted of continuing the retrograde perfusion of the hearts
for 12 min to which 30 mL of a digestion buﬀer solution
was added, consisting of (mg): 25 BSA (essentially fatty acid
free), 25 Collagenase (type 2), and 3 Protease (Type XIV).
The heart was, then, perfused for 5 min with 80 mL of a
stop buﬀer, solution consisting of the perfusion buﬀer to

2.5. Statistical Analyses. The eﬀects of pretreatment with the
KATP agonist cromakalim and posttreatment with the KATP
antagonist glibenclamide in ventricular cardiac myocytes
from the rats subjected to volume-overloading were compared to the eﬀects in the cardiomyocytes from the shamoperated control rats. The pA/pF values at each membrane
potential were compared by repeated measures ANOVA with
significance set at P < 0.05.

3. Results
The data in Table 1 support the development of hypertrophy
within 3 weeks. Compared to the sham-operated controls,
the volume-overloaded shunted rats exhibited significantly
greater absolute and relative heart weights, using the
same methods as we previously described, showing significant increments in left ventricular wall thickness and stroke
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Table 1: Heart weights of sham-operated control and shunted volume-overloaded rats.

P < 0.05, sham versus shunt.

volume in the absence of a diﬀerence in ejection fraction,
compared to sham-operated controls [11].
Figures 1 and 2 depict the pA/pF at 20 mV increments
of membrane potential from −80 to +40 mV demonstrating
a significant diﬀerence in the basal activation level of the
sarcolemmal outward potassium current density between the
control and hypertrophied cardiomyocytes. Administration
of the specific KATP agonist cromakalim induced significant
activation of KATP above the basal level in the control cardiomyocytes at positive membrane potentials, with the greatest diﬀerence observed at positive membrane potentials. This
activation was eﬀectively blocked by post-treatment with
the specific KATP antagonist glibenclamide which restored
the current density to the control level. Treatment of the
hypertrophied cardiomyocytes with cromakalim resulted in
outward current density that was not significantly diﬀerent
than that of the control and posttreatment with glibenclamide had no eﬀect (Figure 2). These administrations of
cromakalim and glibenclamide to control and hypertrophied
myocytes did not produce any significant changes in the
slope conductance gKATP (shunts 53.7 ± 6.0 nS/pF versus
controls 52.1 ± 13.6 nS/pF).
Figure 3 presents comparisons of the current density
at +40 mV as percentages of the control values. The cromakalim treatment increased current density significantly
above the control value in the control cardiomyocytes but
not in the hypertrophied myocytes. The glibenclamide posttreatments were associated with maintenance of the control
values.
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Figure 1: Voltage-Current Relationships in Sham-Operated Control Rats. Sarcolemmal outward potassium current (I), expressed as
current density (pA/pF), in patches of ventricular myocytes from
adult control rats subjected to a sham surgical operation, treatment
with the ATP-sensitive potassium channel (KATP) agonist cromakalim (100 μM), and post-treatment with the KATP antagonist
glibenclamide (5 μM). The membrane voltage was clamped at steps
of 10 mV from −80 mV to +40 mV. Diﬀerences in pA/pF in the
presence and absence of treatment with cromakalim, and posttreatment with glibenclamide were significant only at the voltages
from −20 mV to +40 mV (P < 0.05).
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4. Discussion
4.1. KATP Antagonism, Cardiac Hypertrophy, and Heart Failure. Dysfunctional KATP can contribute to cardiac failure by
various mechanisms that can be studied by blocking them
with the specific antagonist glibenclamide [13]. Blockade
of KATP with glibenclamide has been shown to mimic the
decompensating eﬀects of pressure-overloading induced by
acute aortic constriction observed in knockout mice lacking
the Kir6.2 pore of KATP [10]. This finding suggests a requirement for functional KATP to induce compensatory cardiac
myocyte hypertrophy and protect against ventricular dilatation and heart failure. Blockade of KATP with glibenclamide is
also reported to abolish the cardiac antihypertrophic eﬀects
and postinfarction remodeling of border zone myocardium
mediated by activated KATP [14, 15]. In addition, glibenclamide appears to inhibit the hypertrophy associated with
myocardial remodeling following hydrogen sulfide treatment of spontaneously hypertensive rats [16]. Inhibition of
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Figure 2: Voltage-Current Relationship in Volume-Overloaded
Shunted Rats. Sarcolemmal outward potassium current (I), expressed as current density (pA/pF), in patches of ventricular myocytes
from adult experimental rats subjected to a surgical operation to
produce shunting of blood from the aorta to the van cava. The
membrane voltage was clamped at steps of 20 mV from −80 mV
to +40 mV. Diﬀerences in pA/pF in the presence and absence of
treatment with cromokalim and post-treatment with glibenclamide
were not significant at the voltages from −20 mV to +40 mV (P <
0.05).
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[22]. These findings suggest an essential diﬀerence between
carbon monoxide and other models of cardiac hypertrophy
that may be explainable by reports that carbon monoxide
exerts protective eﬀects on cardiomyocytes via activation of
mitochondrial KATP [23]. Moreover, sulfonylurea binding
sites of the mitochondrial KATP of cardiomyocytes may
either be lacking or of insuﬃcient sensitivity to respond to
glibenclamide.
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Figure 3: Comparison of Eﬀects of Cromakalim and Glibenclamide. Bars represent the sarcolemmal outward potassium current density amplitude, expressed as percentages of the control values of ventricular myocytes from control, sham-operated and
shunted, volume-overloaded rats, measured at the clamp voltage
of +40 mV under conditions of pretreatment with cromokalim and
post-treatment with glibenclamide. Asterisk (∗) indicates statistically significant diﬀerence from control and shunt at P < 0.05.
Inserts are raw data recordings showing the amplitudes of outward
potassium currents (I), expressed in pA, acquired at a membrane
clamp voltage of +40 mV during the control condition, pretreatment with cromokalim and post-treatment with glibenclamide; left
insert from a sham-operated control and right insert from a shunted
volume-overloaded rat.

a Ca++ -activated nonselective transient receptor membrane
potential (TRPM4) channel, which is overexpressed in
various experimental models of cardiac hypertrophy, is also
attributed to antagonism of KATP by glibenclamide [17].
These findings suggest that KATP dysfunction is likely to be
a common pathophysiological feature of a diverse group of
conditions associated with cardiac hypertrophy and heart
failure.
4.2. Actions of the KATP Antagonist Glibenclamide. Glibenclamide did reverse the antihypertrophic eﬀects of sarcolemmal and mitochondrial KATP agonists following cardiac
myocyte hypertrophy associated with activation of the adenosine receptors in neonatal rat ventricular myocytes [18].
Glibenclamide has also eﬀectively antagonized the antihypertrophic eﬀects of diazoxide [19], pravastatin [20], and
KR-31378 [21] on cardiac myocytes in various experimental
models of hypertension. However, in a Langendorﬀ preparation using constant perfusion pressure, glibenclamide failed
to antagonize the hypertrophic eﬀects of carbon monoxide

4.3. Actions of the KATP Agonist Cromakalim. Although we
found that the hypertrophied ventricular cardiomyocytes
from volume-overloaded animals were unresponsive to the
KATP agonist cromakalim, the cardiomyocytes from the
sham-operated control animals did respond to cromakalim.
Cromakalim-induced increments in the sarcolemmal current
density are likely to shorten the ventricular action potential.
Shortening the ventricular action potential should make the
heart more susceptible to tachycardia, one of the hallmarks
of cardiac stress. In addition, this shortening represents an
adaptation that is suited for ameliorating the adverse eﬀects
of decreased contractility and the potential for low cardiac
output associated with cardiac hypertrophy and heart failure.
Indeed, the main functions of KATP seem to be as responders
to cardiac stress [24] and shortening the duration of the
cardiac action potential should decrease myocyte Ca++ influx
and force of contraction, and, consequently, the requirement
for ATP which is in short supply in hypertrophic cardiac
myocytes [25]. Hypertrophic cardiac myocytes are also reported to exhibit changes in the cAMP level and in β-adrenergic receptor activity [26]. cAMP phosphodiesterase inhibition is reported to be useful for treating cardiac hypertrophy [27], thereby suggesting that high cAMP activity may
inhibit cardiac myocyte hypertrophy. Decreased expression
of cAMP phosphodiesterase, which should increase the
myocyte cAMP level, appears to modulate the sensitivity
of the G-protein coupled β-adrenergic receptors in hypertrophic cardiac myocytes [28]. Moreover, a hyperpolarization-activated, cyclic nucleotide-gated current, also thought
to be modulated by G-protein coupled receptors, is overexpressed in hypertrophied cardiac myocytes [29]. Therefore,
the combined eﬀects of KATP -mediated shortening of the
action potential and refractory period should facilitate
β-adrenergic modulation of the heart rate as an orchestrated
response, likely mediated by G-protein-coupled adrenergic
receptors, thereby, maintaining cardiac output during cardiac myocyte hypertrophy. That, in the present study, hypertrophied ventricular cardiomyocytes from volume-overloaded animals were found to be unresponsive to the KATP
agonist cromakalim suggest that these myocytes might also
be unresponsive to catecholamines. Indeed, cromakalim is
reported to mimic the eﬀects of adenosine that make rat
ventricular myocytes insensitive to alpha-adrenergic agonists
by a G(i) protein-dependent mechanism [30].
4.4. Role of KATP in Cardiac Hypertrophy and Heart Failure
Therapies. The apparent insensitivity of KATP channels to
volume-overload that we describe in rat hearts suggests
that some of the therapeutic approaches already in use for
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ameliorating the adverse consequences of KATP channel
dysfunction may, in some subsets of patients, be ineﬀective.
Current approaches include activation of KATP channels by
the vasodilator agents nicorandil or pinacidil that is reported
to attenuate the ventricular remodeling associated with myocardial infarction in rats [15] and by iptakalim for protecting
the endothelium in pressure-overloaded rats [31]. Future
immunologic therapies will, no doubt, be based on emergent
evidence that tumor necrosis factor (TNF-alpha) is an important humoral mediator of KATP channel remodeling in
cardiomyocyte hypertrophy and heart failure [32]. A more
complex therapeutic approach involves embryonic stem cell
administration to hearts aﬀected by dilated cardiomyopathy
induced by KATP channel knockout that is reported to
produce a proteome profile indicative of amelioration of
cardiac hypertrophy and heart failure [33]. For example,
a potentially useful experimental animal model of human
dilated cardiomyopathy, a progressive organ dysfunction
syndrome refractory to conventional therapies and linked to
mutations in cardiac KATP channel subunits, appears to have
been produced in a Kir6.2-knockout mouse model [34]. The
absence of functional KATP channels appears to have been
overcome by epicardial delivery of embryonic stem cells to
the left ventricle reported to reverse the electromechanical
manifestations of systolic dysfunction, as well as the maladaptive remodeling [34].

5. Conclusions
In summary, using aortocaval shunting to produce a rat
model of volume-overload, previously shown to produce
compensated eccentric cardiac hypertrophy [11, 12], the
KATP antagonist glibenclamide had no significant eﬀect on
KATP currents. This finding is in sharp contrast to glibenclamide having the expected eﬀect of counteracting cromakalim-induced increments in KATP currents in our control
cardiomyocytes and of mimicking the adverse eﬀects of cardiomyocyte action potential prolongation, calcium overload,
and ATP depletion reported in KATP Kir 6.2 pore knockout
pressure-overloaded mice [10]. The findings of the present
study suggest the hypothesis that what seems to be a marked
insensitivity of sarcolemmal potassium current to KATP
antagonism by glibenclamide may contribute to greater morbidity and mortality associated with volume-overload (e.g.,
aortic regurgitation) than with pressure overload (e.g., aortic
stenosis) in humans. This hypothesis appears to be supported
by studies showing that aortic regurgitation produces
symptoms and/or left ventricular systolic dysfunction at the
average rate of 4.3% per year with sudden death reported
in 7 of 593 patients reviewed, about 1% [35]. In contrast to
patients with aortic regurgitation, sudden death is considered
to be a rare occurrence in patients with aortic stenosis,
estimated at less than 1% per year [35]. The importance of
limiting the progression of left ventricular hypertrophy to
ventricular dilatation is demonstrated by serial longitudinal
studies showing that patients with aortic regurgitation and
end-systolic dimensions greater than 50 mm exhibited death,
symptoms, and/or left ventricular dysfunction at an average
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rate of 19% per year, but only 6% per year in patients with
left ventricular dimensions 40 mm−50 mm and zero in
patients with left ventricular dimensions less than 40 mm
[36]. These findings suggest that, in a subset of patients with
aortic regurgitation, the adaptive eﬀects of cardiomyocyte
hypertrophy may be limited, perhaps by dysfunctional KATP ,
akin to the volume-overloaded rats in the present study
exhibiting insensitivity to the KATP agonist and antagonist
cromakalim and glibenclamide.
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