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Abstract

Objective: The cardiac pathogenesis of diabetes mellitus involves oxidative stress that elicits profound changes in myocardial
1glutathione, an endogenous regulator of cell function. This study examined the role of glutathione in regulating K channel activity in

isolated ventricular myocytes from diabetic rats and its relationship to insulin signaling. Methods and results: Colorimetric analysis of
extracts of ventricular tissue from Sprague–Dawley rats showed that the basal level of reduced glutathione (GSH) was significantly less in
rats with experimental diabetes compared with sham controls, consistent with oxidative stress conditions. This change in GSH status
paralleled a significant decrease in the activity of g-glutamylcysteine synthetase, a major pathway involved in GSH homeostasis.

1Voltage-clamp studies confirmed that, compared with control myocytes, K channels carrying the transient outward current (I ) areto

down-regulated in the diabetic state and that this electrophysiological change is reversed by in vitro treatment with insulin for 2–3 h.
Incubation of diabetic rat myocytes with GSH also normalized I density compared with untreated myocytes, but with a longer timeto

course than insulin. To determine if up-regulation of I by insulin was mediated by alterations in myocyte GSH, insulin-responsiveness ofto

diabetic rat myocytes was tested in the presence of 1,3-bis-chloroethyl-nitrosourea, an inhibitor of glutathione reductase, or buthionine
sulfoximine, a blocker of g-glutamylcysteine synthetase. Neither blocker alone altered I density in diabetic rat myocytes when comparedto

with untreated cells, but each blocked the effect of insulin to up-regulate I . Conclusions: These data suggest that oxidativeto

stress-induced alteration in GSH redox state plays an important role in regulating I channel function and that GSH homeostasis into

ventricular myocytes is functionally coupled to insulin signaling.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction These changes in ion channel phenotype are proposed to
contribute to delayed and abnormal repolarization in the

Early cardiovascular complications of diabetes mellitus intact heart which may be arrhythmogenic [9]. Moreover,
1include significant defects in heart muscle function that are long-term down-regulation of repolarizing K channels

21independent of vascular pathology. This condition of may elevate intracellular [Ca ] and accelerate the pro-
diabetic cardiomyopathy is characterized by impaired gression toward heart failure [10].
contractility and abnormal electrical properties [1,2]. The molecular basis for the electrophysiological changes
Among the more consistent myopathic alterations in cell observed in the diabetic heart has been studied in relation
function that have been reported in experimental models of to changes in myocardial insulin signaling and glucose

1diabetes is down-regulation of K channel activity under- utilization, which are markedly impaired in the diabetic
21lying the Ca -independent transient outward current, I state [1,2]. In particular, treatment of isolated ventricularto

[3–8] and the quasi steady-state outward current, I [6–8]. myocytes from diabetic rats with insulin [3–8] or ac-ss

tivators of pyruvate dehydrogenase [3,4] increases Ito
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density to control levels after a delay of several hours. Nebraska Medical Center approved the animal research
These data provide important evidence linking myocyte protocol used in this study and the investigation conformed

1glucose utilization and the activity of cardiac K channels with the Guide for the Care and Use of Laboratory
controlling ventricular repolarization. The specific mecha- Animals published by the US National Institutes of Health
nisms involved in this interaction and their alterations (NIH Publication No. 85-23, revised 1996). Male
during diabetes are not fully understood, but recent evi- Sprague–Dawley rats weighing 180–200 g were made
dence suggests that insulin regulation of I may involve diabetic by a single intraperitoneal injection of strep-to

changes in transcription and post-transcriptional processing tozotocin at a dose of 65 mg/kg [3]. Normal rats of similar
of channel proteins [8]. age and weight used as controls were injected with vehicle

A major complication of diabetes that profoundly im- only (1 mM citrate buffer, pH 4.5). Diabetic rats in our
pacts cardiac function is oxidative stress, which is pro- study exhibited an approximately fourfold greater blood
posed to result from increased production of reactive glucose concentration compared with control rats:
oxygen species and deficits in antioxidant defense mecha- 20.460.9 (n523) versus 4.960.2 mM (n538); P,0.05.
nisms [11–15]. It is clear that excess reactive oxygen As in our previous studies, body and heart weight in the
species damages cells by reacting with unsaturated lipids, diabetic group were significantly less than control, but the
proteins, and nucleic acids [16–18], and it is through such mean heart weight-to-body weight ratio was not different
reactions that abnormalities in ventricular function are between groups of rats [3].
proposed to develop during uncontrolled diabetes mellitus Two to four weeks after streptozotocin or vehicle
[11,12]. An important outcome of oxidative stress in the injection, rats were given an overdose of pentobarbital
myocardium is a shift in cell redox state, reflected by a sodium (100 mg/kg, i.p.) and single ventricular myocytes
decrease in the level of reduced glutathione (GSH) and were dissociated from excised, perfused hearts by a
accumulation of its oxidized form (GSSG) [16,19–21]. collagenase digestion procedure described previously [3].
The ubiquitous tripeptide GSH plays a major role in Dissociated myocytes from both ventricles were suspended
regulating many cell proteins susceptible to oxidation, and in Dulbecco’s modified Eagle’s medium plus Ham’s F-12
thus maintenance of a normally high intracellular GSH (18 mM [glucose]) and stored in an incubator at 378C until
concentration protects these proteins by maintaining them used, usually within 6 h of isolation. In some experiments,
in a reduced state [19,21]. However, when GSSG accumu- myocytes were cultured for 24 h before study. Aliquots of
lates in cells in response to oxidative stress, it reacts with myocytes were transferred to a cell chamber mounted on
protein thiols (–SH) of cysteine residues, causing forma- the stage of an inverted microscope and superfused at 1–2
tion of mixed or intramolecular disulfides [18,19,21]. This ml /min with a standard external solution containing (in
type of modification of redox-sensitive proteins can have mM): 138 NaCl, 4.0 KCl, 1.2 MgCl , 1.8 CaCl , 182 2

important functional effects on overall activity of cells glucose, 5 HEPES, pH 7.4. This solution also contained
21[19,21]. 0.5 mM CdCl to block Ca channels.2

Recent experimental evidence suggests that components
of glucose metabolism are involved in GSH homeostasis
[17,22–24]. Thus, the purpose of the present study was to 2.2. Recording techniques
examine the relationship of insulin action with GSH
metabolism in the control of I channels in diabetic rat Ionic currents were recorded using the whole-cell con-to

ventricular myocytes. We report that in vitro treatment of figuration of the patch-clamp technique. Briefly, borosili-
isolated myocytes from diabetic rats with GSH up-reg- cate glass capillaries were pulled (Sutter Instruments,
ulates I density, similar to the response of cells to insulin. Model P-87) to an internal tip diameter of 1–2 mm andto

Moreover, the effect of insulin to normalize I in diabetic filled with a pipette solution containing (in mM): 135 KCl,to

rat myocytes is inhibited by blockers of two major 3 MgCl , 10 HEPES, 3 Na -ATP, 10 EGTA, 0.5 Na-GTP,2 2

enzymes in GSH metabolism. Our data therefore suggest pH 7.2. Pipettes were coupled to a patch-clamp amplifier
that diabetes-induced alterations in GSH redox state may (Axopatch 1C, Axon Instruments) and after GV seal
play an important role in regulating I channel function formation, whole-cell recording conditions were estab-to

and that increasing glucose utilization in diabetic rat lished by rupturing the membrane within the pipette
myocytes may up-regulate I density by increasing in- followed by series resistance compensation. Duringto

tracellular GSH. equilibration, whole-cell capacitance was calculated as the
area under the capacitative transient divided by the am-
plitude (25 mV) of an applied test pulse. A computer

2. Methods program (pClamp, Axon Instruments) controlled command
potentials and acquired current signals which were filtered

2.1. Isolation of cardiac myocytes at 2 kHz using a four-pole low-pass Bessel filter. Currents
were sampled at 4 kHz by a 12-bit resolution analog-to-

The institutional review committee at the University of digital converter (Axon Instruments) and stored on the hard
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disk of a computer. All experiments were done at room a 1-ml cuvette containing KH PO buffer (0.2 M, pH 7.0)2 4

temperature (22–248C). plus 2 mM EDTA, 20 mM GSSG and 2 mM NADPH. The
I was evoked in each cell by 500-ms depolarizing change in absorbance at 340 nm was monitored for 5 minto

pulses to test potentials between 240 and 160 mV (0.2 at 308C. A unit of glutathione reductase activity was
Hz). The holding potential in all experiments was 280 mV defined as the amount of enzyme catalyzing the reduction
and a 100-ms prepulse was applied to 260 mV to of 1 mM NADPH per minute. Specific activity was

1inactivate the fast Na current. For each test pulse, I expressed in milliunits (mU) per mg protein, the latterto

amplitude was measured as the difference between peak measured by a commercial kit (Pierce).
outward current and the steady-state current level at the g-Glutamylcysteine synthetase activity was determined
end of the depolarizing clamp pulse. Data were normalized by the method of Seelig and Meister [27]. Briefly, tissue
as current densities by dividing measured current am- samples (50–100 mg) from the septum were homogenized
plitude by whole-cell capacitance (pA/pF). in Tris buffer (0.1 M, pH 8.0 with 2 mM EDTA) and

centrifuged at 10,0003g at 48C for 30 min. A 50-ml
2.3. Measurement of GSH and related enzymes aliquot of supernatant was added to a reaction mixture

containing 0.1 M Tris buffer, 150 mM KCl, 5 mM Na -2

The major intracellular redox buffer, GSH, was mea- ATP, 2 mM phosphoenolpyruvate, 10 mM L-glutamate, 10
sured using the enzymatic method of Floreani et al. [25]. mM L-a-aminobutyrate, 20 mM MgCl , 2 mM Na -2 2

Briefly, 50–100-mg tissue samples from the left ventricle EDTA, 0.2 mM NADH, 17 mg pyruvate kinase, and 17 mg
were homogenized in 6% metaphosphoric acid. The lactate dehydrogenase. The change in absorbance at 340
homogenate was centrifuged (30003g, 48C, 10 min) and nm was monitored for 5 min at 378C and g-
the supernatant collected for assay. Total glutathione glutamylcysteine synthetase activity was expressed in mU,
(GSH1GSSG) was measured in 100-ml samples of the defined as the activity converting 1 nM of NADH to NAD
supernatant by recording the formation of 2-nitro-5- per minute. Enzyme activity for each sample was normal-
thiobenzoic acid at 412 nm (258C) in a spectrophotometer ized per mg protein as for glutathione reductase.
(Genesys II) in the presence of 0.25 mM 5,59-dithio-bis-
(2-nitrobenzoic acid) (DTNB), 0.4 mM NADPH and 2 U 2.4. Statistical analysis
glutathione reductase (type III, Sigma). Oxidized gluta-
thione (GSSG) was determined by derivatizing 150-ml All results are expressed as a mean6S.E.M. Com-
samples of supernatant with 3 ml of undiluted 2-vin- parisons of two groups were made using a Student’s t-test,
ylpyridine and assaying 100-ml aliquots of the derivatized whereas comparisons of more than two groups were
sample as above for total GSH. Standard curves for GSH carried out by analysis of variance. When a significant
and GSSG were constructed and GSH concentration difference among groups was indicated by the initial
calculated by subtracting the concentration of GSSG from analysis, individual paired comparisons were made using a
the total glutathione (GSH1GSSG). Measured concen- modified Bonferroni t-test. Differences were considered
trations of GSH and GSSG were expressed per gram wet significant at P,0.05.
tissue weight and as a ratio, GSH/GSSG. We also mea-
sured GSH concentration in isolated myocytes using a
modification of the enzymatic technique described above. 3. Results

5Briefly, aliquots of myocytes (|1–2310 cells /aliquot)
were sonicated in 300 ml of 10% trichloroacetic acid, and 3.1. The GSH system in diabetic rat heart
centrifuged. The supernatant was added to cuvettes con-
taining 100 ml of 0.05 M EDTA, 590 ml Tris-EDTA buffer Significant changes in cardiac content of GSH and
(1.0 M Tris, 0.02 M EDTA) and 10 ml of 0.01 M DTNB. GSSG have been documented in experimental models of
After 5-min equilibration, absorbance was read at 412 nm diabetes, suggesting that the heart is under marked oxida-
(258C) and compared with known GSH standards. Mea- tive stress [11,12]. To assess the status of the GSH system

6sured GSH concentrations were expressed per 10 cells, in our model, we first compared concentrations of GSH
the latter measured by a hemocytometer. and GSSG in left ventricular tissue samples from control

The activities of glutathione reductase and g- and diabetic rat hearts. Fig. 1A illustrates that mean GSH
glutamylcysteine synthetase were also determined by concentration in the diabetic rat heart (filled bars) was
spectrophotometric methods. Glutathione reductase activity |35% less than control, whereas the GSSG level was
was measured by the method of Carlberg and Mannervik significantly increased in the diabetic rat heart. Therefore,
[26]. Briefly, isolated tissue samples (50–100 mg) from as summarized in Fig. 1B, the cell redox state, as reflected
the interventricular septum were homogenized in ice-cold by GSH/GSSG ratio, was decreased |50% in the diabetic
Tris buffer (0.1 M, pH 8.0 with 2 mM EDTA), centrifuged rat heart compared with control. Consistent with these
at 60003g at 48C for 30 min, and the supernatant findings, basal GSH concentration measured in isolated

6collected. A 200-ml aliquot of the supernatant was added to myocytes from diabetic rat hearts (75.363.9 nM/10 cells,
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Fig. 1. GSH status in the ventricle. (A) GSH and GSSG levels in left
ventricle of control and diabetic rat hearts were measured and expressed
in mM per gram wet tissue weight. *P,0.05 compared with control. (B)
GSH/GSSG ratio is compared for control and diabetic rat ventricular
tissue. *P,0.05 compared with control. Number of tissue samples
analyzed in each group is shown in parentheses.

n57 hearts) was |21% less than control (95.065.0 nM/
610 cells, n58 hearts; P,0.05). These data suggest

therefore that the diabetic rat heart is subjected to marked
oxidative stress, most likely related to the significant
hyperglycemia elicited after streptozotocin injection.

The normal steady-state concentration of GSH in cardiac
myocytes, as in most mammalian cells, is in excess of

Fig. 2. GSH-related enzymes in heart. (A) Basal activity of glutathioneGSSG, through the activities of two major pathways: (i)
reductase, expressed as mU/mg protein, is compared for tissue samplesglutathione reductase, which catalyzes the reduction of
taken from control (open bar) and diabetic rat hearts. (B) Activity of

GSSG to GSH using NADPH as a source of reducing
g-glutamylcysteine synthetase is compared for control (open bar) and

equivalents [26]; and (ii) g-glutamylcysteine synthetase, diabetic rat hearts. *P,0.05.
the rate limiting step in de novo GSH synthesis [27].
Therefore, to further explore cellular mechanisms respon-
sible for the decline in GSH in the diabetic rat heart, the A larger difference in activity was found for g-
activities of these enzymes were measured in tissue glutamylcysteine synthetase (Fig. 2B), which was 57% less
samples of septum from each heart. Fig. 2A illustrates that in the diabetic group (filled bar) compared with control
the basal activity of glutathione reductase in the diabetic (P,0.05). The depressed activities of these pathways in
rat heart (filled bar) was 13% less than control (P.0.05). the diabetic state thus provide a mechanistic explanation
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for the significant decrease in GSH content of isolated
tissues and myocytes from diabetic rat hearts.

3.2. Effects of exogenous GSH on I in diabetic ratto

myocytes

Voltage-clamp studies from our laboratory [3–5] and
others [6–8] have consistently shown a significant decrease
in basal I density in myocytes from diabetic rat heartsto

compared with control, with no significant changes in
voltage- or time-dependent properties. Down-regulation of
I was confirmed in the present study where maximum Ito to

density (160 mV) in diabetic rat myocytes was |30% less
than control (data not shown). Moreover, it has been
shown that in vitro treatment of diabetic rat myocytes with
insulin normalizes I density after a delay of several hoursto

[3–8]. This insulin-mediated up-regulation of I was alsoto

verified in the present study where treatment of diabetic rat
myocytes with 0.1 mM insulin for 2–4 h increased mean
maximum I density (160 mV) from 18.561.4 (untreatedto

myocytes; n512) to 26.362.0 (n516) pA/pF (P,0.05), a
mean value that was not different from control myocytes
(26.961.4 pA/pF, n524; P.0.05). Moreover, in contrast
to diabetic rat myocytes, 2–4-h insulin treatment of control
myocytes did not alter maximum I density (untreated,to

26.462.1 pA/pF, n515; insulin treated, 26.464.1 pA/pF,
n58; P.0.05).

Given that myocardial GSH in diabetic rats was sig-
nificantly less than control (Fig. 1A), we next tested the
hypothesis that GSH controls I channel density. Fig. 3to

summarizes results from experiments where isolated
myocytes from diabetic rat hearts were incubated with
GSH. Fig. 3A compares raw current traces recorded at test
potentials from 240 to 160 mV in an untreated diabetic
rat myocyte (upper traces) and another treated with 2 mM
GSH for 5 h. In the GSH-treated cell (C 5122 pF), Im to

amplitude was greater than in the untreated myocyte (C 5m

125 pF). Fig. 3B plots maximum I density in untreatedto

(open bars) and GSH-treated diabetic rat myocytes as a
function of incubation time. For purposes of comparison,
mean data from insulin-treated diabetic rat myocytes are
also shown (filled bars). These data illustrate that insulin
treatment for 2–4 h (left-hand bars) significantly increased
maximum I density compared with untreated and GSH-to

treated diabetic rat myocytes. However, as shown by the
right-hand bars, GSH treatment for 4–6 h also normalized
I density as did insulin. Fig. 3C compares mean I–Vto

Fig. 3. Up-regulation of I by GSH. Myocytes from diabetic rats weretorelationships recorded from control myocytes (open cir-
incubated with 2 mM GSH for up to 6 h. (A) Raw currents measured at

cles) with untreated and GSH-treated (4–6 h; filled circles) test potentials from 240 to 160 mV are compared in an untreated
diabetic rat myocytes, illustrating that GSH-treatment of myocyte (upper traces) and another treated with GSH for 5 h. (B)
diabetic rat myocytes for 4–6 h normalized I . In contrast, Maximum I density (160 mV) is plotted as a function of incubationtoto

time in untreated, GSH- and insulin-treated diabetic rat myocytes.GSH-treatment of myocytes from control rats for the same
Number of myocytes for each group is shown in parentheses. *P,0.05duration did not significantly affect the mean I–V relation-
compared with untreated group. (C) Mean I–V relationships are compared

ship for I . Specifically, maximum I density in GSH-to to in control myocytes (open circles), and in diabetic rat myocytes left
treated (n58) and untreated (n515) control myocytes were untreated or treated with GSH for 4–6 h (filled circles). *P,0.05
25.864.4 and 28.362.0 pA/pF, respectively (P.0.05). compared with control.
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3.3. Insulin responsiveness and blockers of GSH
metabolism

To determine if up-regulation of I by insulin isto

mediated by alterations in myocyte GSH, we tested the
effects of two different inhibitors of GSH metabolism on
the response of diabetic rat myocytes to insulin. In a first
group of experiments, myocytes were treated with 0.1 mM
insulin in the absence or presence of an inhibitor of
glutathione reductase, 1,3-bis-chloroethyl-nitrosourea
(BCNU). Fig. 4 shows that the effect of insulin to increase
I density (cross-hatched bars) was blocked when 0.1 mMto

BCNU was added to the incubation medium (shaded,
cross-hatched bar). The presence of BCNU alone (filled
bar) did not affect maximum I density compared withto

untreated myocytes (open bar), nor did BCNU treatment
alter maximum I density in control myocytes (BCNU-to

treated, 26.363.9 pA/pF, n58; untreated, 28.362.0 pA/
pF, n515; P.0.05). A second, related series of experi-
ments examined the effects of an inhibitor of g-
glutamylcysteine synthetase, buthionine sulfoximine
(BSO), on the electrophysiological effects of insulin. Fig.
5A shows that when diabetic rat myocytes were incubated
with insulin plus 0.5 mM BSO for 4 h, I density wasto

significantly increased (shaded, cross-hatched bar) com-
pared with myocytes treated with BSO alone (filled bar).
This response was similar to the effect of insulin alone
(cross-hatched bar) when compared with untreated
myocytes (open bar). However, when myocytes were pre-
incubated with BSO for 24 h, subsequent insulin treatment
for 2–4 h failed to increase I (Fig. 5B), while theto

Fig. 5. Effect of BSO on insulin-responsiveness of I . (A) Diabetic ratto

myocytes were incubated for 2–4 h with 0.5 mM BSO in the presence or
absence of 0.1 mM insulin. Data are also shown for untreated, and
insulin-treated diabetic rat myocytes. *P,0.05 compared with untreated
group. (B) In a separate group of experiments, diabetic rat myocytes were
pre-incubated with 0.5 mM BSO for 24 h prior to subsequent 4-h
treatment with insulin. As in panel A, data are also shown for untreated,

Fig. 4. Inhibitory effect of BCNU (0.1 mM) on insulin-responsiveness of and insulin-treated diabetic rat myocytes studied after 24 h in primary
I in diabetic rat myocytes. *P,0.05 compared with untreated group. culture. *P,0.05 compared with untreated group.to
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such as depressed pyruvate dehydrogenase activity, have
also been linked to diabetic cardiomyopathy [2], and we
have shown that agents which directly activate this regula-
tory enzyme mimic the effects of insulin on I in diabeticto

rat myocytes [3]. The mechanisms of insulin-mediated
1regulation of K channel activity are not fully understood,

but recent studies by Shimoni et al. [8] have provided
important insights. In particular, they report that insulin-
responsiveness of I in ventricular myocytes from Type Ito

diabetic rats is blocked by inhibitors of protein synthesis
and of protein trafficking via the cytoskeleton. Their data
are consistent with decreased I density in non-diabeticto

models of heart failure [10,28–30] and support the hypoth-
esis that I channels are down-regulated in chronic diseaseto

states by alterations in transcription and surface expression
Fig. 6. Insulin-stimulated change in myocyte GSH. Cell suspensions of channel protein [10,30]. In the case of diabetes mellitus,
from eight control and five diabetic rat hearts were equally divided into these cellular processes in the heart are proposed to be
untreated and insulin-treated groups, and GSH measurements made after

under the control of the insulin signaling cascade [8].3-h incubation. GSH concentration is expressed as a percent change
Evidence from the present study suggests that oxidativerelative to the suspension of untreated myocytes. *P,0.05 compared with

stress is involved in the etiology of diabetes-inducedcontrol group.

down-regulation of I . Indeed, several experimentalto

studies show that ventricular dysfunction associated with
insulin-responsiveness of diabetic rat myocytes in the diabetes is linked to increased oxidative damage to
absence of BSO (cross-hatched bar) was maintained after myocytes [11–13,15]. While hyperglycemia has been
24 h in culture medium, at least in terms of up-regulating implicated as a main determinant of oxidative stress in
I . Treatment of diabetic rat myocytes with BSO alone for diabetes, it remains unclear whether high glucose alone isto

24 h did not change basal I density (filled bar), but a sufficient to explain decreased I density in the ventricle.to to

similar treatment decreased I density in control myocytes In this regard, our laboratory has recently reported that Ito to

(BSO-treated, 15.763.9 pA/pF, n58; untreated, 29.463.8 remodeling in ventricular myocytes of euglycemic rats
pA/pF, n58; P,0.05). with chronic infarction is reversed in vitro by metabolic

To further explore the interaction of insulin signaling activators of glucose utilization, including an insulin
with myocyte GSH, a final group of experiments measured mimetic compound [28,29]. These studies suggest the
the relative change in GSH levels in isolated control and possibility that I remodeling in vivo is closely linked toto

diabetic rat myocytes treated in vitro with insulin for 3 h. chronic insulin deficiency or impaired insulin signaling,
In these experiments, myocyte suspensions from each heart which would lead to oxidative stress over time via
were divided equally into untreated and insulin-treated suppressed endogenous antioxidant defense mechanisms.
groups, and maintained in primary culture for 3 h. Fig. 6 The present study also provides new information im-
illustrates that relative to untreated cells, insulin elicited a plicating GSH as playing a key role in regulating Ito

significantly greater increase in GSH concentration in channel activity, possibly through its control of myocyte
diabetic rat myocytes (filled bar) compared with controls. redox state. In our diabetic rat model, a significant shift in
Due to the relatively small amount of cell material redox state of the myocardium was indicated by a de-
available in these experiments, we did not measure GSSG. creased GSH/GSSG ratio (Fig. 1B), and is consistent with

the hypothesis that diabetic conditions profoundly impact
GSH-dependent processes through oxidative stress [11,12].

4. Discussion A major consequence of a decreased GSH/GSSG ratio is
oxidation of regulatory proteins at cysteine residues,

14.1. Down-regulation of K channels in diabetic through formation of mixed disulfides with GSSG or
cardiomyopathy intramolecular disulfides [19,21]. For most proteins, this

type of oxidative modification can be reversed by re-
Impaired insulin signaling and glucose utilization are establishing a normally reduced intracellular environment

postulated to play major roles in electrical remodeling of [19,21], and in our study, we tested whether a redox
the heart in diabetes mellitus. In support of this hypothesis, mechanism plays a role in regulating I channel activity.to

we [3–5] and others [6–8] have shown that insulin Indeed, we found that incubation of diabetic rat myocytes
treatment of diabetic rat ventricular myocytes up-regulates with GSH normalized I density with a time lag of severalto

I density to normal levels after a delay of several hours. hours (Fig. 3), but while these data imply that redox stateto

Moreover, specific abnormalities of glucose utilization, controls I density, it is not known what regulatory stepsto
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in overall channel activity are involved. The relatively long glutathione reductase or g-glutamylcysteine synthetase
time delay for extracellular GSH or insulin to up-regulate [35]. In this regard, Mak et al. [15] reported that g-
I density is inconsistent with direct redox modulation of glutamylcysteine synthetase activity in rat heart 14 weeksto

the I channel protein, which would be expected to occur after streptozotocin injection is significantly decreasedto

with much faster kinetics. It is more likely, therefore, that compared with sham controls and that in vivo insulin
myocyte redox state controls regulatory steps involved in treatment restores activity to control levels. Finally, in-
transcription of new channel proteins or post-translational sulin-mediated control of glucose utilization may provide
trafficking. essential metabolic co-factors required to maintain cell

GSH. Thus, NADPH produced by the pentose pathway
4.2. Maintaining cell GSH may be preferentially utilized by glutathione reductase to

recycle GSH from GSSG [17,22,24,38].
Our study also suggests that maintaining myocyte GSH In summary, our data identify GSH as a key regulator of

in diabetes mellitus preserves cell function, at least in I channels and suggest that diabetes-induced electricalto

terms of I channels. When intracellular GSH levels drop remodeling of the heart involves oxidative stress thatto

during pathophysiological states, one approach to restore profoundly affects cell redox state. The electrophysiologi-
them is to supplement cells with exogenous GSH, as we cal importance of insulin signaling in the heart may thus be
did in our experiments (Fig. 3). However, mammalian related to its apparent control of GSH homeostasis and the
cells do not normally take up intact GSH [31–33]. Instead, protection of vulnerable ion channels and transporters from
it is proposed that extracellular GSH (i) is enzymatically oxidation. The relevant pathways and molecular signals
degraded to its constituent amino acids (glutamate, cys- involved in the redox control of I or other cardiac ionto

teine, glycine), followed by their uptake and re-synthesis to channels are not well defined and necessitate further study.
GSH in the cytoplasm [31–36], or (ii) increases cell
uptake of cysteine, the rate limiting amino acid in GSH
synthesis, by reducing extracellular cystine, the oxidized Acknowledgements
form of cysteine [34–36]. A second approach to increase
cell GSH is to activate the main pathways involved in This study was supported by an American Diabetes
GSH homeostasis, and data from our study suggest that Association Research Award to G.J. Rozanski, and by
insulin signaling may play such a role. Under physiologi- grants from the National Heart, Lung and Blood Institute
cal conditions, a relatively high GSH/GSSG ratio is to G.J. Rozanski (HL66446) and K.P. Patel (HL48023).
maintained in cardiac cells through the activities of gluta-
thione reductase, which converts GSH from GSSG using
NADPH as a source of reducing equivalents, and g- References
glutamylcysteine synthetase, the rate limiting step in GSH
synthesis [34–36]. In our study, insulin-responsiveness of [1] Shehadeh A, Regan TJ. Cardiac consequences of diabetes mellitus.
I in diabetic rat myocytes was blocked by an inhibitor of Clin Cardiol 1995;18:301–305.to

each pathway (BCNU, Fig. 4 and BSO, Fig. 5). Blockade [2] Rodrigues B, Cam MC, McNeill JH. Myocardial substrate metabo-
lism: implications for diabetic cardiomyopathy. J Mol Cell Cardiolof insulin’s effect by BSO did require a prolonged pre-
1995;27:169–179.incubation period, which is consistent with other studies

[3] Xu Z, Patel KP, Rozanski GJ. Metabolic basis of decreased transient
using this compound to inhibit g-glutamylcysteine synthet- 1outward K current in ventricular myocytes from diabetic rats. Am J
ase [37]. Nevertheless, our experiments (Figs. 4–6) sug- Physiol 1996;271(Heart Circ Physiol 40):H2190–H2196.
gest that biochemical steps controlled by insulin signaling [4] Xu Z, Patel KP, Rozanski GJ. Enhancing glucose oxidation in vitro

1restores depressed transient outward K current (I ) in ventricularare functionally linked to cell GSH, which plays an to

myocytes from diabetic rats. FASEB J 1997;11:A495.important role in regulating I channels. The multipleto [5] Xu Z, Rozanski GJ. Interaction of glucose and glutathione metabo-
GSH-related pathways that are potentially affected by the 1lism in regulating K channels in diabetic cardiomyocytes. FASEB
insulin signaling cascade may account for the more rapid J 1999;13:A97.
effects of in vitro insulin treatment on I density compared [6] Shimoni Y, Firek L, Severson D, Giles W. Short-term diabetes altersto

1K currents in rat ventricular myocytes. Circ Res 1994;74:620–628.with GSH (Fig. 3), which does not readily cross cell
[7] Shimoni Y, Ewart HS, Severson D. Type I and II models of diabetesmembranes in its intact form [31–33]. 1produce different modifications of K currents in rat heart: role of

The mechanisms of insulin control of myocardial GSH insulin. J Physiol 1998;507:485–496.
are not completely defined. It may be postulated that [8] Shimoni Y, Ewart HS, Severson D. Insulin stimulation of rat

1insulin increases the supply of amino acid precursors of ventricular K currents depends on the integrity of the cytoskeleton.
J Physiol 1999;514(3):735–745.GSH by increasing the expression or activity of sarcolem-

[9] Tomaselli GF, Beuckelmann DJ, Calkins HG et al. Sudden cardiacmal transporters [35]. Since cysteine availability is rate
death in heart failure. The role of abnormal repolarization. Circula-

limiting for GSH synthesis [34–36], the ASCP or xc tion 1994;90:2534–2539.
transporter may be a primary target for insulin action [35]. [10] Kaprielian R, Wickenden AD, Kassiri Z, Parker TG, Liu PP, Backx

1 21Second, insulin may increase the expression or activity of PH. Relationship between K channel down-regulation and [Ca ]i



88 Z. Xu et al. / Cardiovascular Research 53 (2002) 80 –88

in rat ventricular myocytes following myocardial infarction. J [24] Marcengill MB, Puri S, Puri SK et al. Antioxidant effects of
Physiol 1999;517(1):229–245. pyruvate in isolated rat hearts. J Mol Cell Cardiol 1995;27:2059–

[11] Volkovova K, Chorvathova V, Jurcovicova M, Koszeghyova L, 2067.
Bobek P. Antioxidative state of the myocardium and kidneys in [25] Floreani M, Petrone M, Debetto D, Palatini P. A comparison
acute diabetic rats. Physiol Res 1993;42:251–255. between different methods for the determination of reduced and

[12] Wohaieb SA, Godin DV. Alterations in free radical tissue-defense oxidized glutathione in mammalian tissues. Free Radic Res
mechanisms in streptozotocin-induced diabetes in rat. Diabetes 1997;26:449–455.
1987;36:1014–1018. [26] Carlberg I, Mannervik B. Glutathione reductase. Methods Enzymol

[13] Giugliano D, Ceriello A. Oxidative stress and diabetic vascular 1985;113:484–490.
complications. Diabetes Care 1996;19:257–267. [27] Seelig GF, Meister A. Glutathione biosynthesis: g-glutamylcysteine

[14] Kashiwagi A, Obata T, Suzaki M et al. Increase in cardiac muscle synthetase from rat kidney. Methods Enzymol 1985;113:379–390.
1fructose content in streptozotocin-induced diabetic rats. Metabolism [28] Rozanski GJ, Xu Z, Zhang K, Patel P. Altered K current of

1992;41:1041–1046. ventricular myocytes in rats with chronic myocardial infarction. Am
[15] Mak DHF, Ip SP, Li PC, Poon MKT, Ko KM. Alterations in tissue J Physiol 1998;274(Heart Circ Physiol 43):H259–H265.

glutathione antioxidant system in streptozotocin-induced diabetic [29] Rozanski GJ, Xu Z, Didion SP, Mayhan WG. Metabolic basis of
1rats. Mol Cell Biochem 1996;162:153–158. decreased transient outward K current in ventricular myocytes

[16] Chaudiere J. Some chemical and biochemical constraints of oxida- from rats with experimental heart failure. Circulation 1997;96:1–7.
tive stress in living cells. In: Rice-Evans CA, Burdon RH, editors, [30] Tomaselli GF, Marban E. Electrophysiological remodeling in hy-
Free radical damage and its control, London: Elsevier, 1994, pp. pertrophy and heart failure. Cardiovasc Res 1999;42:270–283.
25–66. [31] Anderson ME, Luo JL. Glutathione therapy: from prodrugs to genes.

[17] Le CT, Hollaar L, Van der Valk EJM et al. Protection of myocytes Semin Liver Dis 1998;18:415–424.
against free radical-induced damage by accelerated turnover of the [32] White AC, Thannickal VJ, Fanburg BL. Glutathione deficiency in
glutathione redox cycle. Eur Heart J 1995;16:553–562. human disease. J Nutr Biochem 1994;5:218–226.

[18] Kourie J. Interaction of reactive oxygen species with ion transport [33] Wang W, Ballatori N. Endogenous glutathione conjugates: occur-
mechanisms. Am J Physiol 1998;275(Cell Physiol 44):C1–C24. rence and biological functions. Pharmacol Rev 1998;50:335–355.

[19] Brigelius R. Mixed disulfides: biological functions and increase in [34] Meister A. Glutathione metabolism. Methods Enzymol 1995;251:3–
oxidative stress. In: Rice-Evans CA, Burdon RH, editors, Oxidative 7.
stress, London: Academic Press, 1985, pp. 243–272. [35] Lu SC. Regulation of glutathione synthesis. Curr Top Cell Regul

[20] Timerman AP, Altschuld RA, Hohl CM, Brierley GP, Merola J. 2000;36:95–116.
Cellular glutathione and the response of adult rat heart myocytes to [36] Denke SM. Thiol-based antioxidants. Curr Top Cell Regul
oxidant stress. J Mol Cell Cardiol 1990;22:565–575. 2000;36:151–180.

[21] Gilbert HF. Molecular and cellular aspects of thiol-disulfide ex- [37] Le CT, Hollaar L, Van der Valk EJM, Van der Laarse A. Buthionine
change. Adv Enzymol Relat Areas Mol Biol 1990;63:69–172. sulfoxamine reduces the protective capacity of myocytes to with-

[22] Rigobello MP, Bindoli A. Effect of pyruvate on rat heart thiol status stand peroxide-derived free radical attack. J Mol Cell Cardiol
during ischemia and hypoxia followed by reperfusion. Mol Cell 1993;25:519–528.
Biochem 1993;122:93–100. [38] Zimmer HG. Regulation of and intervention into the oxidative

[23] de Groot MJM, van Helden MAB, de Jong YF, Coumans WA, van pentose phosphate pathway and adenine nucleotide metabolism in
der Vusse GJ. The influence of lactate, pyruvate and glucose as the heart. Mol Cell Biochem 1996;160/161:101–109.
exogenous substrates on free radical defense mechanisms in isolated
rat hearts during ischaemia and reperfusion. Mol Cell Biochem
1995;146:147–155.


