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Abstract
Oxidative stress contributes to the arrhythmogenic substrate created by myocardial ischemia-
reperfusion partly through a shift in cell redox state, a key modulator of protein function. The activity
of many oxidation-sensitive proteins is controlled by oxidoreductase systems that regulate the redox
state of cysteine thiol groups, but the impact of these systems on ion channel function is not well
defined. Thus, we examined the roles of the thioredoxin and glutaredoxin systems in controlling
K+ channels in the ventricle. An oxidative shift in redox state was elicited in isolated rat ventricular
myocytes by brief exposure to diamide, a thiol-specific, membrane-permeable oxidant. Voltage-
clamp studies showed that diamide decreased peak outward K+ current (Ipeak) evoked by depolarizing
test pulses by 41% (+60 mV; p<0.05) while steady-state outward current (Iss) measured at the end
of the test pulse was decreased by 45% (p<0.05). These electrophysiological effects were not
prevented by protein kinase C blockers, but the tyrosine kinase inhibitors genistein or lavendustin A
blocked the suppression of both K+ currents by diamide. Moreover, inhibition of Ipeak and Iss by
diamide was reversed by dichloroacetate and an insulin-mimetic. The effect of dichloroacetate to
normalize Ipeak after diamide was blocked by the thioredoxin system inhibitors auranofin or 13-cis-
retinoic acid, but Iss was not affected by either compound. A pan-specific inhibitor of glutaredoxin
and thioredoxin systems, 1,3-bis-(2-chloroethyl)-1-nitrosourea, also blocked the dichloroacetate
effect on Ipeak but only partially inhibited the recovery of Iss. These data suggest that acute regulation
of cardiac K+ channels by oxidoreductase systems is mediated by redox-sensitive tyrosine kinase/
phosphatase pathways. The pathways controlling Ipeak channels are targets of the thioredoxin system
whereas those regulating Iss channels are likely controlled by the glutaredoxin system. Thus, cardiac
oxidoreductase systems may be important regulators of ion channels affected by pathogenic oxidative
stress.
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INTRODUCTION
Ventricular dysfunction and arrhythmias induced by myocardial ischemia-reperfusion are
closely linked to increased production of reactive oxygen species (ROS) and oxidative damage
to cellular proteins. Although most amino acid residues can be oxidized, the reversible
oxidative modification of proteins mainly involves the reactivity of the free thiol (-SH) group
of cysteine residues [1,2]. This side chain can exist in a number of different molecular states
that can mediate activation or inactivation of the target protein [3]. Thus, thiol biochemistry
plays an important role in cell biology since the redox status of critical cysteine thiols controls
the structure and activity of many enzymes, receptors, transcription factors and transport
proteins required for normal cell function. The thioether side chain of methionine residues also
undergoes reversible oxidative modification that can profoundly affect protein function [4].

Control of the redox state of ROS-sensitive protein thiols involves the activities of endogenous
enzymes that belong to the oxidoreductase superfamily [5]. Thioredoxin-1 (Trx) and
glutaredoxin-1 (Grx) are members of this superfamily that function within the cytoplasm to
detoxify hydroperoxides and to maintain protein thiols in a normally reduced state [2,6]. A
different pair of functionally related enzymes is also localized to the mitochondria [7]. Trx and
Grx are each part of an integrated system that controls the transfer of electrons from NADPH
to oxidized proteins. In the thioredoxin system, the function of Trx depends on the upstream
activity of thioredoxin reductase (TrxR), which uses NADPH as cofactor to convert the
oxidized, inactive form of Trx to its reduced active form [8,9,10]. For the glutaredoxin system,
electrons are transferred from NADPH to glutathione reductase (GR), then to glutathione
(GSH) which converts oxidized Grx to its active form [1,2,11]. While both Trx and Grx reduce
oxidized thiols, they display unique substrate specificities [1,2,10]. In general, reduced Trx
catalyzes the reduction of intra- or intermolecular protein disulfides [8,9,12] and possibly other
thiol intermediates such as sulfenic acid and S-nitrosothiols [10]. By comparison, Grx mainly
catalyzes the reduction of protein-mixed disulfides [1,2,11,13]. Since a major function of Trx
and Grx is to convert oxidized proteins to their reduced form, it is proposed that oxidoreductase
systems act as a thiol repair mechanism that regulates the physiological function of proteins
susceptible to oxidation.

Many cardiac ion channels have been shown to be sensitive to ROS and related thiol-reactive
molecules in a reversible manner that suggests the channel protein itself or a modulator of the
channel is controlled by cellular redox state [14–17]. In most cases, the reversibility or
prevention of oxidative changes to ion channels has been examined using exogenous reductants
such as dithiothreitol. While this approach helps to identify redox-mediated mechanisms of
regulation, little is known about endogenous redox systems that control ion channel function
under oxidative conditions. Thus, the present study was undertaken to assess the functional
role of endogenous oxidoreductase systems in regulating ion channel activity. Using the thiol-
specific oxidant diamide to elicit acute oxidative conditions, our electrophysiological studies
suggest that voltage-gated K+ channels in rat ventricular myocytes are differentially regulated
by the thioredoxin and glutaredoxin systems but that this regulation is mediated by redox-
sensitive changes in tyrosine kinase/phosphatase pathways. Thus, endogenous redox systems
may be important regulators of ion channel activity under pathogenic conditions associated
with oxidative stress.

MATERIALS and METHODS
Isolation of ventricular myocytes. Patch-clamp technique

All animal procedures were carried out in accordance with guidelines approved by the Animal
Care and Use Committee, University of Nebraska Medical Center and conformed with the
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996).
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Male Sprague Dawley rats (150–180 g) were given an overdose of pentobarbital sodium (150
mg/kg, i.p.) and single ventricular myocytes were dissociated from excised, perfused hearts by
a collagenase digestion procedure described previously [16,18,19]. Dissociated myocytes from
left ventricle and septum were suspended in Dulbecco’s modified Eagle’s medium and stored
in an incubator at 35° C until used, usually within 6 h of isolation. Aliquots of myocytes were
transferred to a cell chamber mounted on the stage of an inverted microscope and superfused
with an external solution containing (in mmol/l): 138 NaCl, 4.0 KCl, 1.2 MgCl2, 1.8 CaCl2,
18 glucose, 5 HEPES, pH 7.4. This solution also contained 0.5 mmol/l Cd2+ to block Ca2+

channels.

Ionic currents were recorded using the whole-cell configuration of the patch-clamp technique.
Briefly, borosilicate glass pipettes with tip diameter of ~2 µm were filled with a solution
containing (in mmol/l): 135 KCl, 3 MgCl2, 10 HEPES, 3 Na2-ATP, 10 EGTA, 0.5 Na-GTP,
pH 7.2. Pipettes with resistances of 2–4 MΩ were coupled to a patch-clamp amplifier
(Axopatch 200B, Axon Instruments, Union City, CA) and the liquid junction potential
corrected. After formation of a gigaohm seal the membrane within the pipette was ruptured
and series resistance was compensated. A computer program (pClamp, Axon Instruments)
controlled command potentials and acquired current signals that were filtered at 2 kHz.
Currents were sampled at 4 kHz by a 12-bit resolution analog-to-digital converter and stored
on the hard disk of a computer. All experiments were done at room temperature (22–24 °C).

Outward K+ currents were evoked in each cell by 500 ms depolarizing pulses (0.2 Hz) to test
potentials from −40 to +60 mV. The holding potential was −80 mV and a 100 ms pre-pulse
was applied to −60 mV to inactivate the fast Na+ current. For each test pulse, the peak outward
current (Ipeak) and steady-state current (Iss) at the end of the clamp pulse were measured. Data
were normalized as current densities by dividing measured current amplitude by whole-cell
capacitance. In addition to measuring I-V relations, voltage-dependent steady-state parameters
of Ipeak were also determined. First, steady-state activation parameters were derived from
recorded I-V relations by calculating the conductance (G) at each test potential (Vm),
normalized to maximum conductance at +60 mV (G/Gmax), and plotting these values as a
function of Vm. Data were fitted by a Boltzmann distribution to determine the steady-state
activation parameters V1/2 and k according to the relationship:

where V1/2 is the voltage at half-maximal activation, and k the slope factor at Vm = V1/2.
Steady-state inactivation was examined by applying 500 ms pre-pulses from −100 to 0 mV
prior to pulsing to +60 mV and inactivation curves constructed by plotting normalized current
(I/Imax) against pre-pulse voltage. These data were also fitted by a Boltzmann distribution to
derive the steady-state inactivation parameters V1/2 and k.

The present study utilized the diazine dicarbonyl compound diamide to elicit acute oxidative
conditions in isolated myocytes superfused with standard extracellular solution. This thiol-
specific molecule rapidly enters cells and primarily oxidizes GSH to its disulfide form (GSSG),
thereby perturbing cellular redox balance independent of ROS [20]. In some experiments, the
electrophysiological effects of diamide were compared with H2O2. The redox regulation of
K+ currents was studied using an experimental protocol consisting of 20 min exposure to
diamide followed by washout with standard external solution. Ionic currents were recorded
during the washout period. This pre-treatment protocol was used because diamide typically
destabilized the tight seal, which precluded longer recording periods needed to characterize
the time course of current changes in a given cell.
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Enzyme activities
TrxR activity was measured by a modification of the insulin disulfide reduction assay [9].
Briefly, aliquots of cell lysate from isolated myocytes were added to a reaction mixture
containing 80 mmol/l HEPES (pH 7.5), 6 mmol/l EDTA, 0.9 mg/ml NADPH and 2 mg/ml
insulin. The reaction was started by adding 5 µmol/l E. coli Trx and the samples heated to 37
°C for 20 min. The reaction was stopped by adding 500 µl of 0.4 mg/ml DTNB/6 mol/l
guanidine-HCl in 0.2 mol/l Tris-HCl, pH 8.0, and the absorbance read at 412 nm. Measured
absorbance from samples were compared to standard curves generated with known amounts
of rat liver TrxR.

GR activity was measured by the technique of Carlberg and Mannervik [21]. For this assay,
cell suspensions were homogenized in ice-cold Tris buffer (0.1 M, pH 8.0 with 2 mmol/l
EDTA) and centrifuged at 4 °C (6000 g) for 30 min. A 200 µl aliquot of the supernatant was
added to a cuvette containing KH2PO4 buffer (0.2 mol/l, pH 7.0) plus 2 mmol/l EDTA, 20
mmol/l GSSG and 2 mmol/l NADPH. The change in absorbance at 340 nm was monitored for
5 min at 30 °C. GR activity was expressed in mU defined as the amount of enzyme catalyzing
the reduction of 1 nmol NADPH per minute. Unless stated otherwise, all other compounds
used in these experiments were purchased from Sigma-Aldrich Chemical Company (St. Louis,
MO).

Statistical analysis
All results are expressed as mean ± SEM. Statistical comparisons of two groups were made
using an unpaired Student’s t-test, whereas more than two groups were compared by analysis
of variance. When a significant difference among groups was indicated by the initial analysis,
individual comparisons were made using a Student-Newman-Keuls modified t-test.
Differences were considered significant at p<0.05.

RESULTS
Inhibition of K+ currents by diamide

Previous fluorescence microscopy studies from our laboratory have shown that 100 µmol/l
diamide significantly decreases intracellular GSH concentration by 41% compared with
untreated myocytes [19], which is consistent with cell oxidation. The electrophysiological
effects of diamide are illustrated in Figure 1A which compares superimposed currents elicited
at test potentials from −40 to +60 mV in an untreated, control myocyte (upper traces) with
another cell pre-treated with 100 µmol/l diamide. The bottom traces show that in the diamide-
treated myocyte, Ipeak and Iss were markedly decreased compared with control. Mean data from
several cells are summarized in Figures 1B and 1C which also show the concentration-
dependence of diamide. In our experiments, 10 µmol/l diamide elicited a consistent but
relatively small decrease in Ipeak and Iss (p>0.05) whereas 100 µmol/l diamide significantly
decreased both currents over the voltage range of −10 to +60 mV. At +60 mV, 100 µmol/l
diamide decreased Ipeak and Iss density from control by 41% and 45%, respectively. Given the
concentration-response of K+ currents shown in Figures 1B and 1C, we used a test
concentration of 100 µmol/l diamide for all subsequent experiments.

Since diamide perturbs cellular redox balance independent of ROS, we compared its
electrophysiological effects with H2O2, which is produced endogenously during the
dismutation of superoxide anion [22,23]. As summarized in Figure 2A, pre-treating myocytes
with H2O2 for 20 min decreased Ipeak to a similar extent as diamide. Specifically, 10 µmol/l
H2O2 decreased Ipeak at +60 mV by 48% from control (p<0.05), whereas 1 µmol/l H2O2
decrease Ipeak by 24% (p<0.05). In contrast to diamide however, neither concentration of
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H2O2 significantly altered Iss except at −30 mV where 10 µmol/l H2O2 increased Iss compared
with control.

The covalent modification of free sulfhydryl groups by thiol-reactive agents generally results
in stable intermediates, and thus it was expected that inhibition of K+ currents by diamide or
H2O2 would persist after washout of oxidant. To assess this, currents were recorded from
several myocytes in nine different test protocols at various time points during washout of
diamide and mean data were compared between an arbitrarily chosen early and late time period.
In 20 myocytes studied after 15–45 min of washout, mean Ipeak and Iss densities measured at
+60 mV were 23.4±1.8 and 7.3±0.7 pA/pF, respectively. With a longer washout period (46–
100 min), the respective mean current densities were 25.9±2.3 and 8.0±0.9 pA/pF (n=16).
There was no significant difference in maximum Ipeak or Iss between the two washout periods
(p>0.05), but both sets of data were significantly less than control (43.4±5.0 and 12.8±1.1 pA/
pF, respectively; p<0.05), indicating there was no spontaneous recovery of K+ currents on
washout alone. A similar stable inhibition of Ipeak was also observed in myocytes pre-treated
with 10 µmol/l H2O2 (data not shown).

To further examine the impact of diamide on Ipeak properties, time- and voltage-dependent
parameters were measured and are summarized in Table 1. Compared with control, diamide
caused a significant shift in the steady-state activation curve to more negative potentials by
approximately 8 mV (p<0.05). The steady state inactivation curve for diamide treated cells
was also significantly shifted leftward compared with control by ~12 mV (p<0.05). The slope
factor k for the activation and inactivation curves was not altered by diamide.

Mediators of K+ current inhibition
It has previously been shown that activation of protein kinase C (PKC) decreases Ipeak and
Iss in rat ventricular myocytes [24,25] and that oxidants reacting with the N-terminal regulatory
domain of PKC stimulate its activity [26]. Although not studied as extensively as PKC, it is
also known that activation of other kinase pathways, such as tyrosine kinase, can modulate
K+ channels in heart [27]. Thus, to determine if K+ current inhibition by diamide was mediated
by a phosphorylase mechanism, a first series of experiments was done where cells were pre-
treated with the pan-specific PKC inhibitors calphostin C (100 nmol/l) or GF109203x (50 nmol/
l) for 30 min before adding diamide for 20 min. As in our other experiments, Ipeak and Iss were
recorded after washout of diamide. Figure 3A shows that pre-treating cells with PKC inhibitors
did not significantly alter the effect of diamide to inhibit Ipeak: mean Ipeak densities at +60 mV
for diamide, calphostin C+diamide, and GF109203x+diamide groups were decreased from
control by 41, 35, and 28%, respectively (p<0.05 compared with control). Similarly, PKC
inhibitors did not affect suppression of Iss by diamide (Fig. 3B): mean Iss densities at +60 mV
for diamide, calphostin C+diamide and GF109203x+diamide groups were decreased from
control by 45, 35, and 48%, respectively (p<0.05 compared with control). However, the
electrophysiological effects of diamide were blocked by pan-specific inhibitors of protein
tyrosine kinases. Thus in myocytes treated with genistein (10 µmol/l) or lavendustin A (1 µmol/
l) prior to diamide, neither Ipeak (Fig. 3A) nor Iss (Fig. 3B) was different from control,
suggesting that protein tyrosine kinases or phosphatases mediated the inhibitory actions of
diamide on K+ currents. None of the kinase inhibitors alone had direct effects on Ipeak or Iss
when examined in control myocytes pre-treated for 45–60 min: Ipeak densities at +60 mV in
untreated myocytes and those treated with 100 nmol/l calphostin C, 50 nmol/l GF109203x, 10
µmol/l genistein or 1 µmol/l lavendustin A were: 43.4±5.0 (n=14), 42.6±2.9 (n=7), 43.1±4.6
(n=6), 46.7±3.3 (n=6), and 42.1±4.8 (n=8) pA/pF, respectively (p>0.05); mean Iss densities in
the same groups were 12.8±1.1, 11.0±2.2, 10.8±2.3, 13.2±1.5, and 12.5±2.3 pA/pF,
respectively (p>0.05).
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Regulation of K+ currents by oxidoreductase systems
In previous studies of myocytes from infarcted or diabetic rat hearts, we showed that activators
of glucose metabolism up-regulate K+ currents through redox-mediated mechanisms [18,28,
29]. In the present study we tested the effects of dichloroacetate (DCA) and the insulin mimetic
bis-peroxovanadium-1, 10-phenanthroline (bpV(phen)) to reverse K+ current inhibition by
diamide. DCA stimulates pyruvate dehydrogenase activity as well as glucose-6-phosphate
dehydrogenase (G6PD), both of which are key regulators of NADPH production via glucose
metabolism [30,31]. By comparison bpV(phen) inhibits receptor tyrosine phosphatases,
thereby activating the insulin receptor kinase and downstream pathways that include G6PD
[32]. After incubating myocytes with diamide, the oxidant was washed out with external
solution containing 1.5 mmol/l DCA or 10 μmol/l bpV (phen). As shown by I-V curves in
Figures 4A and 4B, Ipeak and Iss densities were significantly increased by the addition of DCA
(open triangles) or bpV (phen) compared with myocytes treated with diamide alone (filled
triangles). For purposes of comparison, data from untreated control myocytes (open circles)
are also shown. Of the compounds tested, DCA more completely normalized both currents
after diamide treatment, and was thus used in subsequent experiments. It should also be noted
that DCA alone had no effect on K+ currents in control myocytes: Ipeak at +60 mV in DCA-
treated and untreated control cells was 43.9±3.7 (n=8) and 43.4±5.0 (n=12) pA/pF, respectively
(p>0.05); mean Iss at the same test voltage was 12.1±2.0 and 12.8±1.1 pA/pF, respectively
(p>0.05).

Regulation of K+ channels by oxidoreductase systems was examined by using the response of
diamide-treated myocytes to DCA as an experimental end point to test the efficacy of inhibitors
of the thioredoxin and glutaredoxin systems. Since specific pharmacological blockers of Trx
and Grx have not been developed, we used known inhibitors of their upstream regulators, TrxR
and GR, respectively. For these studies, myocytes were incubated with inhibitor for 30 min
before adding diamide for 20 min. Diamide was then washed out with external solution
containing DCA plus reductase inhibitor. Figure 5A compares the response of Ipeak to DCA in
diamide-treated myocytes without and with the TrxR inhibitor auranofin (AF) [33]. In the
absence of TrxR inhibition DCA significantly increased Ipeak density to control levels (open
triangles) after diamide treatment, but in the presence of the 10 nmol/l AF, Ipeak density was
not increased by DCA. In contrast, AF did not block the effect of DCA to increase Iss after
diamide (Fig. 5B), such that I-V relations for the DCA (open triangles) and AF+DCA (filled
squares) groups of myocytes were nearly identical. The effects of DCA and TrxR inhibition
were also examined in myocytes treated with H2O2. Figure 5C shows that DCA up-regulated
Ipeak after 10 µmol/l H2O2 treatment and this response was blocked by AF.

Experiments similar to those summarized in Figure 5 also tested the effects of another TrxR
inhibitor, 13-cis-retinoic acid (RA) [34], and a pan-specific reductase inhibitor 1,3-bis-(2-
chloroethyl)-1-nitrosourea (BCNU) [35]. Figures 6A and 6B show that both RA (1µmol/l) and
BCNU (100 µmol/l) completely blocked the response of Ipeak to DCA in both diamide- and
H2O2-treated myocytes. Figure 6C further shows that RA did not block the effect of DCA on
Iss in diamide-treated cells, similar to AF studies (Fig. 5B), but that the pan-specific inhibitor
BCNU partially blocked the DCA effect. Thus, in the presence of BCNU plus DCA, maximum
Iss density was significantly less than control but significantly greater than diamide alone. As
with kinase blockers, reductase inhibitors alone had no direct effect on K+ currents in control
myocytes: Ipeak densities at +60 mV in untreated myocytes and those treated with 10 nmol/l
AF, 1 µmol/l RA or 100 µmol/l BCNU were: 43.4±5.0 (n=14), 41.9±5.2 (n=7), 47.3±2.3
(n=11), and 40.9±4.5 (n=8) pA/pF, respectively (p>0.05); mean Iss densities in the same groups
were 12.8±1.1, 13.8±1.5, 14.0±1.2, and 10.9±0.8 pA/pF, respectively (p>0.05). Finally, to
verify the specificity of oxidoreductase inhibitors separate groups of control myocytes were
treated with 10 nmol/l AF, 1µmol/l RA or 100 µmol/l BCNU for 30 min and assayed for TrxR
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and GR activities. Figure 6D shows that AF, RA and BCNU all significantly inhibited TrxR
activity by 50–70% (p<0.05), whereas only BCNU significantly inhibited GR. These analyses
therefore indicate that AF and RA are specific inhibitors of TrxR and support the conclusion
that the thioredoxin system is involved in regulating Kv channels that underlie Ipeak but not
those channels carrying Iss.

DISCUSSION
Redox modulation of protein thiols

An oxidative shift in cellular redox balance was elicited in the present study by the diazine
dicarbonyl compound diamide, which rapidly oxidizes intracellular GSH to GSSG [20].
Increased GSSG levels can modify protein function via reaction with free cysteine -SH groups
to form intramolecular or intermolecular disulfides, or protein-mixed disulfides [1,2,3].
Although GSH is considered the main target of diamide, protein thiols may also be directly
modified [20,36]. Indeed, comparison of the present data with previous studies from our
laboratory [16] suggests that some electrophysiological effects of diamide may be independent
of cellular GSSG accumulation. In particular, dialyzing ventricular myocytes with GSSG
decreases Ipeak density without changing Iss and without significant changes in voltage-
dependent parameters [16]. By comparison, diamide markedly inhibited Ipeak and Iss (Fig. 1)
and shifted the activation and inactivation curves for Ipeak to more negative potentials (Table
1). Differences were also observed between the effects of diamide and H2O2 on Iss (Fig. 1C
and Fig. 2B). Although H2O2 increases GSSG formation via glutathione peroxidase [1,2,11,
22,23], it can also directly attack protein thiols to produce oxidized intermediates [37]. Our
data thus suggest that the different effects of diamide and H2O2 on Iss may be due to different
thiol intermediates produced by these oxidants. For example, diamide can directly cause the
formation of thiyl radical (-S.) or thiolate anion (-S−) intermediates [37], whereas H2O2 forms
sulfenic acid (-SOH) intermediates in target proteins [37]. Whether such mechanisms explain
the electrophysiological differences between diamide and H2O2 in our study warrants further
experimentation on a molecular level.

The return of oxidized thiol intermediates to their reduced state by cytosolic oxidoreductases
requires reducing equivalents supplied by NADPH, which is generated mainly by the pentose
pathway where G6PDis the rate-limiting step [38,39]. The redox function of this enzyme in
heart is supported by studies in rat ventricular myocytes treated with G6PD inhibitors, showing
that intracellular GSH levels are significantly decreased and the contractile phenotype is
depressed [38]. Moreover, G6PD-deficient mice show more pronounced GSH depletion and
contractile dysfunction after ischemia-reperfusion compared with wild-type mice [40].
Although most studies have examined the relationship of G6PD with the redox status of GSH,
the NADPH produced by the pentose pathway similarly affects the function of the thioredoxin
system [39].

Given the requirement of NADPH by oxidoreductase systems, we reasoned that increased flux
through the pentose pathway would promote protein reduction and reverse inhibition of K+

currents elicited by diamide (Fig. 4). We tested DCA and bpV(phen) based on previous studies
from our laboratory showing that these agents normalize GSH levels in depleted myocytes
[19,28,41], further supporting the functional link between glucose metabolism and cellular
redox mechanisms. DCA stimulates mitochondrial pyruvate dehydrogenase while also
promoting the cellular uptake of glucose and pyruvate [30,31]. Increased pyruvate
dehydrogenase activity is proposed to lead to citrate accumulation in the cytosol which
increases NADPH production by inhibiting phosphofructokinase and diverting glycolytic flux
to G6PD [42]. By comparison, bpV(phen) activates insulin receptor kinase and its downstream
effectors by inhibiting receptor tyrosine phosphatase [32]. In relation to redox-mediated
mechanisms, it is likely that bpV(phen) increases glucose uptake [32] and the availability of
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glucose-6-phosphate for the pentose pathway, while it may also stimulate pyruvate
dehydrogenase [31]. Although DCA and bpV(phen) would seem to have similar metabolic
effects, the former compound elicited a more complete normalization of K+ currents after
diamide treatment (Fig. 4). This apparent difference in efficacy may be due to a dose effect or
to a quantitative difference in the metabolic response of myocytes to these agents [31].

Differential control of K+ currents by thioredoxin and glutaredoxin systems
Using the electrophysiological response of diamide-treated cells to DCA as an experimental
end point, our studies of TrxR and GR inhibitors indicate that Kv channels are differentially
regulated by thioredoxin and glutaredoxin systems. Since AF (Fig. 5A) and RA (Fig. 6A)
blocked the effect of DCA to up-regulate Ipeak after diamide it is likely that the thioredoxin
system controls Kv channels underlying this current, most likely Kv4.2, Kv4.3, and possibly
Kv1.4 [43]. In contrast, the response of Iss to DCA after diamide was not altered by TrxR
inhibitors (Fig. 5B and Fig. 6B), suggesting that the thioredoxin system was not involved.
Instead, a pan-specific reductase inhibitor, BCNU, partially blocked the DCA effect on Iss (Fig.
6B). Since Kv1.5 and Kv2.1 channels largely contribute to Iss in rat myocytes [43], it may be
postulated that one or both are regulated by the glutaredoxin system, although accessory
subunits may also be involved. Given that BCNU inhibits TrxR and GR to a similar degree
(Fig. 6C) [35], it follows that this compound also blocked the effect of DCA to up-regulate
Ipeak (Fig. 6A). However, the reason that BCNU only partially blocked the response of Iss to
DCA (Fig. 6B) is not clear from these studies. It is possible that residual GR activity not blocked
by BCNU allowed sufficient GSH to be generated to reduce a portion of the proteins oxidized
by diamide, or that a particular Kv isoform contributing to Iss is not controlled by the
glutaredoxin system.

An important mechanism to define is whether oxidoreductase regulation of K+ channels in our
experimental model was by direct thiol modification of Kv α-/accessory subunits, or by indirect
effects on redox-sensitive signaling molecules. Hence, we addressed the possibility that
diamide-induced electrophysiological changes were indirectly mediated by activation of kinase
pathways, some of which acutely regulate K+ currents in ventricular myocytes [24,25,27]. In
our studies, neither calphostin C nor GF109203x affected the ability of diamide to inhibit
Ipeak or Iss, indicating that PKC activation was not involved. However, the protein tyrosine
kinase inhibitors genistein and lavendustin A each blocked electrophysiological changes
elicited by diamide (Fig. 3), suggesting a key role for tyrosine kinase activation and/or tyrosine
phosphatase inhibition. Studies in various cell types suggest that protein tyrosine kinase can
modulate Kv channels, although the net effect of kinase activation is unclear. For example,
genistein has been shown to inhibit Ito in rat ventricular [27] and human atrial [44] myocytes.
In expressed Shaker channels (Kv1.5, Kv1.4), Src tyrosine kinase binds to the α-subunit and
inhibits macroscopic currents [45,46], although rat Kv1.5 does not co-immunoprecipitate with
Src as does the human isoform [46]. Finally, inhibition of specific tyrosine phosphatases has
been shown to increase currents carried by Kv2.1 channels [47]. Given the diverse isoforms
expressed in mammalian cells, it is clear more experimentation is needed to identify the specific
tyrosine kinase pathways regulating cardiac Kv channels. Moreover, kinase regulation may
involve accessory proteins such as KChIP, as has been shown for neuronal Kv4.2 channels
phosphorylated by ERK [48].

While the role of tyrosine kinase/phosphatase pathways in controlling Kv channels is still
unclear, there is more compelling evidence for their redox sensitivity. In general, transient
oxidation of thiols in protein tyrosine phosphatases leads to their inactivation, whereas
oxidative conditions activate protein tyrosine kinases [49]. In the latter case, oxidants may act
by direct thiol modification or indirectly by concomitant inhibition of protein tyrosine
phosphatase, which can lead to phosphorylation and sustained activation of tyrosine kinase
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[49]. Importantly, oxidative modifications of thiols in tyrosine phosphatases are reversed by
intracellular reducing molecules such as Trx, Grx and GSH [50]. In our experimental model
therefore, it may be postulated that diamide inhibited Ipeak and Iss through activation of tyrosine
kinases and/or inhibition of tyrosine phosphatases, and that these effects were reversed by
oxidoreductase systems stimulated by DCA. Since data in Figure 5 and Figure 6 support the
notion that Ipeak and Iss are differentially regulated by the thioredoxin and glutartedoxin
systems, it is reasonable to propose that the kinase/phosphatase pathways controlling their
respective channels are also different.

Limitations
Although our study implicates oxidoreductase systems as important regulators of cardiac K+

channels, certain limitations must be kept in mind. First, due to the effect of diamide on seal
stability, we compared independent groups of myocytes and did not characterize the time
course of current inhibition in a given cell. Ideally, the inhibitory effects of diamide and the
recovery of currents by DCA or bpV(phen) would be studied in the same cell, so that paired
comparisons could be made with each cell serving as its own control. Second, we did not
completely characterize the impact of diamide on the intracellular redox status of myocytes.
Although we had previously shown that diamide depletes GSH in myocytes [19], we did not
measure cellular levels of GSSG or other redox-related molecules such as NADPH. Third, our
experiments were conducted on a mixed population of myocytes from the left ventricle and
septum, which likely influenced the variability of measured currents. It is well known that
regional and species differences in expression of certain Kv channels exist in the normal heart
[43], and it is possible that oxidoreductase systems and/or kinase pathways also show regional
or species differences. Finally, our studies were carried out at room temperature to maximize
the stability of voltage-clamp recordings and we did not examine regulation of K+ currents at
37 °C. Thus, we cannot rule out the possibility that oxidoreductase systems operating at
physiological temperature regulate Kv channels differently than what was observed in the
present study.

In summary, our data suggest that Kv channels in ventricular myocytes are differentially
regulated by oxidoreductase systems that are metabolically linked to glucose utilization and
that act via tyrosine kinase/phosphatase pathways. Endogenous cardiac oxidoreductase
networks may therefore be important factors controlling ion channels and associated regulatory
proteins affected by pathogenic oxidative stress.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Concentration-dependent inhibition of K+ currents by diamide. Ventricular myocytes were
superfused with 10 or 100 µmol/l diamide and K+ currents recorded after washout. A:
superimposed current traces recorded at test potentials from −40 to +60 mV. Mean I-V relations
for Ipeak (B) and Iss (C) were measured from standard clamp protocols described in Methods.
* = p<0.05 compared with control. Numbers in parentheses represent number of myocytes
studied.
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Figure 2.
Inhibition of Ipeak by H2O2. The same experimental protocol used for diamide was repeated
with 1 or 10 µmol/l H2O2. Mean I-V relations are shown for Ipeak (A) and Iss (B). # = p<0.05
for both 1 and 10 µM H2O2 compared with control (panel A). * = p<0.05 compared with control
(panel B).
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Figure 3.
Effects of kinase inhibitors on diamide-induced K+ current inhibition. Myocytes were treated
with calphostin C (100 nmol/l), GF109203x (50 nmol/l), genistein (10 µmol/l) or lavendustin
A (1 µmol/l) for 30 min before adding 100 µmol/l diamide for 20 min. Ipeak (A) and Iss (B)
were recorded after washout of diamide. * = p<0.05 compared with control.
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Figure 4.
Recovery of Ipeak (A) and Iss (B) after diamide treatment by metabolic activators. Myocytes
were exposed to 100 µmol/l diamide and then superfused with 1.5 mmol/l dichloroacetate
(DCA) or 10 µmol/l bis-peroxovanadium- 1,10-phenanthroline (bpV(phen)). K+ currents were
recorded after 15 min of exposure to metabolic activators. * = p<0.05 compared with control.
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Figure 5.
Block of DCA-mediated recovery of Ipeak by the TrxR inhibitor auranofin (AF). Myocytes
were pretreated with 10 nmol/l AF before superfusion with diamide followed by washout with
DCA. AF blocked the effect of DCA to increase Ipeak (A) but not Iss (B). AF also blocked the
effect of DCA to up-regulate Ipeak after 10 µmol/l H2O2 (C). In panels A and C * = p<0.05
compared with diamide alone. In panel B * = p<0.05 compared with diamide-DCA.
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Figure 6.
Regulation of K+ currents by oxidoreductase systems. DCA-mediated up-regulation of Ipeak
(A) and Iss (C) was assessed in myocytes pre-treated with 13-cis-retinoic acid (RA; 1 µmol/l)
or 1,3-bis-(2-chloroethyl)-1-nitrosourea (BCNU; 100µmol/l) for 30 min before diamide
exposure. Up-regulation of Ipeak by DCA was also assessed in myocytes exposed to 10 µmol/
l H2O2 in place of diamide (B). * = p<0.05 compared with control. # = p<0.05 compared with
diamide alone (panel C). D: TrxR and GR activities were assayed in control myocyte
suspensions after treatment with inhibitors for 30 min. * = p<0.05 compared with no inhibition.
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Table 1
Diamide-induced changes in time- and voltage-dependent properties of Ipeak

Control Diamide

Inactivation kinetics
      n 11 13
      T, ms 38.5 ± 2.2 33.7 ± 1.2
Steady-state activation
      n 12 12
      V½, mV 4.0 ± 2.0 −3.9 ± 2.2*
      k,mV 12.6 ± 0.5 13.6 ± 1.0
Steady-state inactivation
      n 7 16
      V½, mV −46.4 ± 3.1 −58.8 ± 2.2*
      k,mV −11.6 ± 5.2 −14.9 ± 1.6

Data were collected from untreated, control myocytes and a separate group pre-treated with 100 µM diamide. Values are means ± SEM. Inactivation
kinetics (T) were measured at +60 mV. n, number of myocytes. V½, voltage at 50% activation or inactivation. k, slope factor.

*
 p<0.05 compared with control.
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