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Modulation of potassium currents by angiotensin
and oxidative stress in cardiac cells from the diabetic rat
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Diabetes induces oxidative stress and leads to attenuation of cardiac K+ currents. We investigated
the role of superoxide ions and angiotensin II (ANG II) in generating and linking oxidative stress
to the modulation of K+ currents under diabetic conditions. K+ currents were measured using
patch-clamp methods in ventricular myocytes from streptozotocin (STZ)-induced diabetic rats.
Superoxide ion levels, indicating oxidative stress, were measured by fluorescent labelling with
dihydroethidium (DHE). ANG II content was measured using enzyme-linked immunosorbent
asssay (ELISA). The results showed DHE fluorescence to be significantly higher in cells from
diabetic males, compared to controls. Relief of stress by the NADPH oxidase inhibitor apocynin
or by superoxide dismutase (SOD) but not by catalase reversed the attenuation of K+ currents and
reduced DHE fluorescence. In cells from diabetic females, neither apocynin nor SOD augmented
K+ currents, ANG II was not elevated and DHE fluorescence was significantly weaker than
in cells from males. Reduced glutathione (GSH) also augmented K+ currents in cells from
diabetic males but not females. In ovariectomized diabetic females K+ currents were augmented
by GSH and apocynin. Current augmentation and the attenuation of DHE fluorescence by
apocynin were significantly blunted by excess ANG II (300 nM). Diabetic male rats pretreated
with the angiotensin-converting enzyme (ACE) inhibitor quinapril were hyperglycaemic, but
their cellular ANG II levels and DHE fluorescence were significantly decreased. In cells from
these rats, K+ currents were insensitive to apocynin. In conclusion, diabetes-related oxidative
stress attenuates K+ currents through ANG II-generated increased superoxide ion levels. When
ANG II levels are lower, as in diabetic females or following ACE inhibition in males, oxidative
stress is reduced, with blunted alterations in K+ currents.
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Diabetes mellitus is a growing epidemic (Grundy et al.
1999). Despite improved treatments complications
develop over time, with cardiovascular disease
established as the leading cause of morbidity and
mortality (Mooradian, 2003). Diabetic cardiomyopathy,
independent of coronary disease, results in mechanical
and electric abnormalities in cardiac function (Belke
et al. 2000; Bell, 2003). Diabetes-related glucose elevation
produces cellular oxidative stress (Inoguchi et al. 2000;
Penckofer et al. 2002; Ceriello, 2003), expressed as over-
production of reactive oxygen species such as superoxide
and hydrogen peroxide, and/or depletion of antioxidant
defence mechanisms (Guzik et al. 2002; Marra et al.
2002). It is important to note that hyperglycaemia can
lead to oxidative stress by a wide variety of mechanisms,
including glucose auto-oxidation, increased production
of advanced glycosylation end products and activation

of the polyol and hexosamine pathways (Baynes, 1991;
Giugliano et al. 1996; Nishikawa et al. 2000; Evans et al.
2003; Ceriello, 2003). Activation of protein kinase C has
also been suggested to lead to oxidative stress (Ceriello,
2003; Ungvari et al. 2003).

Diabetes also leads to activation of a localized cardiac
renin–angiotensin system (RAS) in rats and humans (Sechi
et al. 1994; Fiordaliso et al. 2000; Frustaci et al. 2000).
Elevated levels of ANG II play a major role in adaptive
and maladaptive cardiac function (Dostal, 2000). ANG II
is one of the multiple sources of enhanced oxidative stress
(Nakagami et al. 2003; Ungvari et al. 2004), as it directly
activates NAD(P)H oxidase (Zafari et al. 1998; Harrison
et al. 2003), a key source of reactive oxygen species.
NAD(P)H oxidase activation produces superoxide ions,
which are subsequently converted to hydrogen peroxide
(H2O2) by superoxide dismutase (SOD). H2O2, in turn,
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is broken down by catalase. Both superoxide ions and
H2O2 are thought to play a role in diabetic complications
(Giugliano et al. 1996) and in the pathophysiological
consequences of ANG II elevation (Zafari et al. 1998).

Inhibiting angiotensin formation or action reduces
oxidative stress and improves function in cardiovascular
disease and diabetes, in animal models and in clinical
studies (De Cavanagh et al. 2001; Privratsky et al. 2003;
Hamilton et al. 2004). We have demonstrated (Shimoni,
2001) that a well-established attenuation of transient and
sustained K+ currents in ventricular cells isolated from
type 1 diabetic rats and type 2 diabetic mice is partly
due to activation of the RAS. Inhibition of the formation
or action of ANG II reverses the attenuation of both K+

currents (Shimoni & Liu, 2003a). We also showed that the
activation of autocrine/paracrine mechanisms is absent
or less pronounced in cardiac cells from (type 1 and 2)
diabetic females (Shimoni et al. 2003; Shimoni & Liu,
2003b), probably due to a protective action of oestrogen.
ANG II content (measured by enzyme-linked immuno-
sorbent asssay (ELISA)) increases in diabetic males but not
in females (Shimoni & Liu, 2004). Thus, we hypothesized
that ANG II-mediated oxidative stress and its effects on
K+ currents may also be reduced in diabetic female rats.

Sex differences in oxidative stress and their electro-
physiological implications have not been investigated in
detail. The response to oxidative stress is reported to
show some sex differences, based on oestrogen action
(Hernandez et al. 2000) as well as on differences in the
generation of hydrogen peroxide and superoxide anions, in
rats and humans (Brandes & Mugge, 1997; Lacy et al. 2000).
Some of the cytoprotective effects of oestrogen are related
to its antioxidative properties (Si et al. 2001; Strehlow et al.
2003). This protective action may be due to an inhibition
of the RAS (Gallagher et al. 1999; Gragasin et al. 2003).

In addition to insulin deficiency, diabetes-related
oxidative stress is a major modulator of cardiac K+

currents (Rozanski & Xu, 2002; Ayaz et al. 2004). Recent
reports demonstrate that under (STZ-induced) diabetic
conditions the transient K+ current in cardiac cells
is regulated by cellular redox status (Li et al. 2004)
and is augmented following relief of oxidative stress by
glutathione (GSH; Xu et al. 2002). However, the specific
role of ANG II in mediating oxidative stress-related cardiac
electrophysiological abnormalities has not been studied.

The aim of the present work was to study how
oxidative stress contributes to cardiac dysfunction
in diabetes, through induction of electrophysiological
complications. Specifically, the aims were: (1) to investigate
how different pathways of relieving diabetes-induced
oxidative stress affect attenuated K+ currents; (2) to
establish whether ANG II is the dominant mediator of
hyperglycaemia-induced oxidative stress; (3) to try to
establish the role of superoxide ions; and (4) to establish

whether the generation of oxidative stress in diabetes and
its electrophysiological consequences are sex-dependent.

Methods

This study conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National
Institutes of Health.

Animals

Control and diabetic male and female Sprague-Dawley rats
(250–300 g) were used. Diabetes (type 1) was induced with
a single i.v. injection of streptozotocin (STZ, 100 mg kg−1),
given 8–13 days before cell isolation. STZ destroys
pancreatic β-cells and produces severe insulin deficiency
and hyperglycaemia, as characterized previously
(Shimoni et al. 1998). Ovariectomized females were also
made diabetic 2–3 weeks after ovariectomy, and cells were
isolated 8–13 days after STZ injection.

Cell isolation

Ventricular myocytes were obtained by enzymatic
dispersion. Rats were anaesthetized by CO2 inhalation and
killed by cervical dislocation. Hearts were removed and
the aortas cannulated. Hearts were perfused for 3–5 min
with a solution (at 37◦C, bubbled with 95% O2–5% CO2)
consisting of (mm): NaCl 121, KCl 5.4, sodium acetate 2.8,
MgSO4 1, Na2HPO4 5, NaHCO3 24, glucose 5 and CaCl2

1. This was switched to a calcium-free solution (other
constituents unchanged) for 10 min, followed by the same
solution containing collagenase (Yakult, 0.015 mg ml−1),
protease (Sigma type XIV, 0.0075 mg ml−1), 20 mm taurine
and 40 µm CaCl2. After 8 min, the free wall of the
right ventricle was cut into pieces for further incubation
in a shaker bath (at 37◦C), in a solution containing
0.3 mg ml−1 collagenase, 0.15 mg ml−1 protease, 20 mm
taurine and 10 mg ml−1 albumin. Aliquots of cells were
removed over 10–20 min and stored at room temperature
in a solution containing no enzymes, 20 mm taurine,
5 mg ml−1 albumin and 0.1 mm CaCl2.

Current recording

Cells were placed on a stage of an inverted microscope and
perfused (at 21–22◦C) with a solution (pH 7.4) containing
(mm): NaCl 150, KCl 5.4, CaCl2 1, MgCl2 1, HEPES
5 and glucose 5. CdCl2 (0.3 mm) was added to block
L-type calcium currents. The whole-cell voltage-clamp
method was used to record currents, elicited by 500-ms
pulses to membrane potentials ranging from −110
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to +50 mV. Currents were digitized (at 2 kHz) and
normalized to cell size by dividing current amplitude by
capacitance. This was measured by integrating current
traces (digitized at 10 kHz) obtained in response to
5-mV steps from −80 mV. Recording pipettes (2–3-M�

resistance) contained solutions consisting of (mm):
potassium aspartate 120, KCl 30, Na2ATP 4, HEPES
10, EGTA 10, CaCl2 1 and MgCl2 1 (pH adjusted to
7.2, with KOH). Two currents were studied. The peak
outward current (Ipeak), reflecting mainly the transient
outward current, determines the sum of currents
contributing to early repolarization and setting of the
action potential plateau level. The sustained outward
current (I sus), measured at the end of 500-ms voltage steps
(with the transient current completely inactivated) reflects
a mixture of delayed rectifier currents (Nerbonne, 2000)
that determine late repolarization of the action potential.
For each protocol, cells were divided into untreated and
treated groups, and current densities compared in the
absence or presence of different drugs.

Intrinsic variability of current density

It should be noted that STZ injection leads to slightly
variable diabetic status in different rats. This results in
some variability in oxidative stress as well. The effects
on potassium current magnitude will therefore also be
somewhat variable, leading to different baselines in mean
Ipeak densities in the different experimental groups (e.g.
see Figs 2, 4 and 6). There is also some variability due to
transmural gradients in Ipeak (but not I sus) density,
although this is reduced in the diabetic ventricle (Shimoni
et al. 1995). However, the key point to consider is the
effect (or lack thereof) of given treatments in each group
of treated and untreated cells, rather than the actual
baseline current magnitude. Thus, in earlier work
(Shimoni & Liu, 2003b), currents from diabetic female
cells were not much altered when compared to control
females, but the additional key finding here was that there
were no effects of inhibition of the angiotensin-converting
enzyme (ACE), in marked contrast to the effects in males.

An added complexity is that current magnitudes are
regulated by an interaction of many factors. These include
insulin deficiency, elevated angiotensin and endothelin,
as well as increased levels of reactive oxygen species.
Thus, in cells from diabetic females there is still some
reduction in current magnitudes due to insulin deficiency,
despite the lack of activation of the RAS. In a large
number of cells (to reduce the effects of variability
discussed above) mean Ipeak density in males (at +50 mV)
was 22.9 ± 0.8 pA pF−1 (n = 114) and 16.4 ± 0.6 pA pF−1

(n = 108) in control and diabetic conditions, respectively
(P < 0.00005). In females, the corresponding values were
19.4 ± 0.6 (n = 127) and 17.5 ± 0.7 pA pF−1 (n = 101),
respectively (P < 0.05). Control Ipeak was smaller in

females (P < 0.005), and the reduction caused by diabetic
conditions was significantly (P < 0.005) smaller in females
(10%) than in males (26%). This may imply that in females
reduction in Ipeak is dominated by insulin deficiency,
whereas in males elevation of ANG II is an additional
contributor, causing larger attenuation of Ipeak. Control
I sus and its attenuation by diabetes were also significantly
(P < 0.05) smaller in females (compared to control and
diabetic males, respectively.

For each individual experiment, similar numbers of
cells from the same heart were used for comparison
between drug treatments. Results from different days were
pooled, compensating for slight variations in diabetic
status. Results are given as mean ± s.e.m.

Other biophysical characteristics of these currents were
not investigated, because we had shown earlier that current
attenuation associated with activation of the RAS is related
to changes in channel protein expression (Shimoni & Liu,
2003a), with no effects on the recovery time course of the
transient current or inactivation kinetics of the transient
or the total outward currents (Shimoni, 2001; Shimoni &
Liu, 2003a).

Superoxide production

Superoxide ions were detected using dihydroethidium
(DHE, Molecular Probes). DHE is a cell-permeable
fluorescent dye that is oxidized by superoxide to
fluorescent ethidium bromide (EB). EB is a nucleic acid
stain, trapped by intercalation with DNA. The fluorescence
intensity indicates the relative level of superoxide
production (Guzik et al. 2002; Bagi et al. 2003; Ungvari
et al. 2004). Myocytes (from control and STZ-treated
rats) were suspended in 800 µl buffer containing (mm):
NaCl 120, KCl 5.4, MgSO4 1.2, Na H2PO4 1.2, glucose
5.6, NaHCO3 20, 2,3 butane-dione-monoxime (BDM) 10
and taurine 5, supplemented with 100 µm calcium and
0.2% fatty acid-free bovine serum albumin (BSA). DHE
(prepared in DMSO as a 2 mm stock solution) was added
to the cell suspension (final concentration, 5 µm) and
the cells were incubated in a light-protected incubator
for 30 min at 37◦C. After 30 min, cell suspensions
were centrifuged for 2 min at < 1000 g . Cell pellets
were re-suspended in 20–50 µl phosphate-buffered saline
(PBS). A small aliquot (10–15 µl) was fixed with 90%
glycerol onto a slide.

In a previous study examining the production of
superoxide in cardiac tissue sections and in cultured
cells (Sayen et al. 2003), global DHE fluorescence was
measured from thin sections or cell populations grown
under different conditions. This method facilitates the
analysis of fluorescence from uniform cell populations or
within tissue; however, it could not be readily adapted to
the analysis of the freshly isolated cardiac myocytes used
in this study. Inherent in any isolated cardiac myocyte
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preparation is the presence of some cells that are hyper-
contracted and\or damaged. These cells, as well as cell
fragments remaining from the isolation procedure, tend
to pick up fluorescent labels. This, along with background
fluorescence, would add uncertainty to any measurements
of global fluorescence. For this study we therefore collected
images of fields of cells with an Olympus IX70 inverted
epifluorescence microscope and a SPOTTM RT cooled
CCD camera. For each experiment, the groups of cells
included in the analysis were prepared on the same
day using the same protocols and reagents. All images
for a given experiment were collected with the same
camera settings and the fluorescence of individual nuclei
in the images was analysed. To minimize the possibility
that fluorescence from damaged cells was included in
the analysis, only nuclei that were in focus and from
rod-shaped robust-looking myocytes were analysed. To
further reduce error, at least three different isolated cell pre-
parations were analysed for each experimental situation.
For each group of cells, fluorescence was measured from
10 to 50 nuclei, and the mean intensities compared. This
was sufficient to indicate significant differences.

DHE fluorescence was initially analysed using two
methods. In the first, a lower pixel intensity threshold
was determined (using SPOT software) for images of
individual nuclei so that only light from the nucleus
remained in the image. The mean fluorescence intensity
of pixels above threshold in the nuclear region was then
determined using software written for this purpose. In the
second method, an outline was drawn around the nucleus
and the mean fluorescence intensity of the pixels within
the nuclear boundary was determined from an intensity
histogram using Photoshop software. Both methods gave
similar results when images were compared, so that for
most experiments the threshold method was used. It
should be noted that in the following figures, the degree of
difference between currents and DHE staining cannot be
directly compared, as measurements had to be made using
different cell populations.

Angiotensin II content

Angiotensin II content was measured in isolated cells by
ELISA, using a commercial kit (Peninsula Laboratories).
Standard curves were constructed, and optical densities
of samples (in triplicate) were read from these curves (all
values within the calibration curve range). Angiotensin II
levels were normalized for protein content, measured in the
same samples (using a bicinchoninic acid (BCA) protein
assay kit from Pierce). The values obtained were similar to
those reported by Fiordaliso et al. (2000).

Statistics

Mean values were compared using an unpaired t test
or ANOVA, with the Student–Newman–Keuls multiple

comparisons test. Differences with P < 0.05 were
considered significant.

Results

Oxidative stress

The first experiments established the validity of
the fluorescent DHE measurements, confirming that
ventricular myocytes from male diabetic rats demonstrate
oxidative stress. Superoxide anions were detected (Guzik
et al. 2002; Bagi et al. 2003) by DHE and their
levels compared in myocytes from control and diabetic
rats. In concordance with earlier reports, we found
significant increases in superoxide levels in diabetic
myocytes. Figure 1A shows typical labelled ventricular
cells from a control (a) and a diabetic (b) male rat.
Figure 1B shows the mean (± s.e.m.) levels of fluorescence
intensity, measured by the threshold method (see above).
The higher intensity of fluorescence in diabetic cells
(155% of the control intensity, normalized to 100%)
confirms the presence of oxidative stress under diabetic
conditions. Two additional diabetic and non-diabetic
cell preparations were analysed and gave similar results
(for one the mean fluorescence intensity of 23 nuclei in
the diabetic cells was 121 ± 6.2%, significantly different
from non-diabetic (P < 0.01); for the second the mean
intensity of 26 nuclei from the diabetic cells was
127 ± 7.7%, significantly different from non-diabetic at
P < 0.005).

We subsequently investigated several issues related to
the effects of oxidative stress on attenuated K+ currents
in diabetic conditions. Xu et al. (2002) had shown that
replenishing antioxidative capacity by addition of reduced
glutathione (GSH) significantly increased Ipeak in cells
from diabetic rats. In our experiments, we examined
whether inhibiting the production of superoxide ions, a
major component of oxidative stress, would also augment
the attenuated K+ currents. Superoxide ions are produced
by the activation of NADPH oxidase (Inoguchi et al.
2000; McFarlane et al. 2003; Cotter & Cameron, 2003).
Cells from diabetic males were exposed to the NADPH
oxidase inhibitor apocynin (300 µm; Ungvari et al. 2004)
for 5–9 h. Apocynin markedly increased the densities of
both Ipeak and I sus. In this group, Ipeak (at +50 mV)
was increased by apocynin from 14.6 ± 0.8 (n = 52) to
19.2 ± 1.0 pA pF−1 (n = 57, P < 0.005). I sus was increased
from 4.3 ± 0.2 to 5.4 ± 0.2 pA pF−1 (P < 0.005). Figure 2A
shows sample current traces from cells in the absence (left)
or following 8 h (right) in the presence of apocynin, with
summary data for current densities at +50 mV shown in
Fig. 2B.

Apocynin had no effect when added to ventricular cells
from control rats. The mean densities of Ipeak (at +50 mV)
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Figure 1. Comparison of DHE fluorescence
in control and diabetic myocytes
A, Images of myocytes from control (a) and
diabetic (b) male rats. Panels c (control) and d
(diabetic) show the uppermost nuclei in (a) and
(b) after a lower threshold was chosen and
pixels below threshold were set to an
intensity of 0. All compared images were
collected at the same camera settings. Scale
bar in b, 10 µm. B, mean results obtained by
analysis of DHE fluorescence images of nuclei
from control and male diabetic rats. For this
analysis, the mean fluorescence intensity of
the pixels in seven nuclei in myocytes from
non-diabetic animals (normalized as 100%)
and 10 nuclei from male diabetic animals were
compared using the threshold method of
analysis. Mean DHE fluorescence intensity in
nuclei from the diabetic myocytes was
155 ± 10%, compared to nuclei from the
control rats (P < 0.003). Similar results were
obtained when the nuclear images were
analysed using a second method (see
Methods), in which the fluorescence intensity
in nuclei from the male diabetic rats was
151 ± 6% of that in nuclei from control rats.

in the absence and presence of apocynin, respectively,
were 22.4 ± 2.5 and 26.0 ± 2.3 pA pF−1 (n = 18 for both;
P > 0.05). The corresponding values for I sus were 6.8 ± 0.4
and 7.0 ± 0.4 pA pF−1 (P > 0.05, results not shown).

Figure 2. Effects of the NADPH inhibitor apocynin on
outward currents in myocytes from male diabetic rats
A, current traces (obtained in response to pulses from
−80 mV to potentials ranging from −10 to +50 mV) from
two cells in the absence (left) or following 8 h in the presence
of 300 µM apocynin (right). B, mean current densities at
+50 mV for Ipeak (left) and Isus (right) in the absence (open
bars) or presence (hatched bars) of apocynin, which
significantly enhances (P < 0.005) both currents.

In other experiments, DHE fluorescence was compared
in cells from six diabetic rats, in the absence or presence
(6 h) of apocynin (300 µm). In all cases, DHE fluorescence
(corresponding to superoxide levels) was significantly
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reduced by apocynin (P-values for these comparisons
ranging from P < 0.05 to P < 0.0001). One example is
shown in Fig. 3.

Apocynin inhibits the formation of superoxide ions,
which are removed in the cell by SOD. To further confirm
the key role of superoxide ions, we incubated cells from
diabetic rats for 5–9 h in 300 U ml−1 polyethylene glycol
(PEG)-SOD (Liu et al. 2001; Pannirselvam et al. 2005).
As with apocynin, this protocol also led to significant
augmentation of Ipeak and I sus. At +50 mV, Ipeak density
increased from 18.2 ± 0.9 pA pF−1 (n = 31) in the absence
of PEG-SOD to 22.8 ± 1.1 pA pF−1 (n = 28) in the pre-
sence of PEG-SOD (P < 0.003). The corresponding values
for I sus were 4.9 ± 0.1 and 7.4 ± 0.4 pA pF−1 (P < 0.0001).
This result is shown in Fig. 4A. PEG-SOD also reduced
DHE fluorescence (n = 3, data not shown), confirming
that its action is related to reduction of oxidative stress.

H2O2 is another reactive species that is elevated under
oxidative stress, such as in diabetes (Giugliano et al. 1996).
ANG II is one of the triggers for H2O2 production (Zafari
et al. 1998). Catalase has been reported to protect some
(but not all) myocyte function in diabetes (Ye et al. 2004).
It is interesting that SOD, but not catalase, was shown
to antagonize hypertrophic effects of ANG II (Nakagami
et al. 2003), suggesting differential roles for superoxide
and H2O2. It was therefore of great interest to compare
effects of SOD and catalase on K+ currents in diabetic

Figure 3. Effects of the NADPH inhibitor apocynin on
DHE fluorescence (indicating superoxide anion levels)
Several cells and nuclei from diabetic male rats are shown
either in the absence (A) or in the presence (B) of apocynin
(300 µM, 6 h). Scale bar, 10 µM. C, mean (± S.E.M.) DHE
fluorescence intensity in the absence (open bar, normalized as
100%) and presence of the drug (hatched bar), for one set of
cells. ∗P < 0.05. A similar significant reduction of DHE intensity
by apocynin was obtained in five other experiments.

myocytes. In further experiments, we exposed ventricular
cells from diabetic rats (5–9 h) to 500 µ ml−1 catalase (Liu
et al. 2001). This had no effect on Ipeak or I sus, as shown
in Fig. 4B, concordant with the results of Nakagami et al.
(2003).

Sex effects

We have previously shown substantial sex differences in
the activation of cardiac autocrine mechanisms. Thus, in
contrast to males, there is no increase in ANG II levels in
cells from diabetic females. K+ currents are less attenuated
and are insensitive to ACE inhibition (Shimoni et al. 2003;
Shimoni & Liu, 2003b, 2004).

In the present study we investigated whether there
are also sex-selective differences in the oxidative stress
generated by ANG II. Cells from diabetic female rats
were exposed to apocynin (300 µm, 5–9 h). In contrast
to the effects in males, no alterations were seen in females.
The mean densities (at +50 mV) of Ipeak were 15.9 ± 0.8
(n = 33) and 14.2 ± 124 pA pF−1 (n = 27; P > 0.05) in
the absence and presence of apocynin, respectively.
The corresponding values of I sus were 4.2 ± 0.2 and
4.8 ± 0.3 pA pF−1, respectively (P > 0.05).

Similar results were obtained with SOD (300 U ml−1).
In this group, mean Ipeak values were 21.1 ± 1.7 and
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18.0 ± 1.5 pA pF−1 in the absence and presence of SOD,
respectively. The values for I sus were 4.8 ± 0.3 and
4.9 ± 0.2 pA pF−1, respectively. These results are shown in
Fig. 5.

We subsequently also investigated the sex-dependence
of the effects of reduced glutathione (GSH). With cells
obtained from diabetic males, we confirmed the results
of Xu et al. (2002). Mean Ipeak densities (at +50 mV)
increased from 12.0 ± 1.0 (n = 24) to 19.7 ± 1.2 pA pF−1

(n = 10, P < 0.0001). I sus was augmented from 4.3 ± 0.2 to
6.3 ± 0.6 pA pF−1 (P < 0.0005). Figure 6A shows sample
current traces in cells from diabetic male rats in the absence
(left) or following 5.5 h in the presence of 1 mm GSH
(right). Below are the current–voltage relationships for
Ipeak (left) and I sus (right). It is important to note that
currents obtained in response to voltage steps to negative
membrane potentials (−80 to −110 mV), reflecting the
background inward rectifier current IK1, did not change in
response to GSH, indicating selective effects of oxidative
stress on K+ channels, rather than overall alterations in
membrane conductance. In addition to effects on K+

currents, exposure to GSH reduced DHE fluorescence

Figure 4. Effects of SOD and catalase on K+ currents
A, superoxide dismutase (SOD, 300 U ml−1, 5–9 h)
significantly augments K+ currents in myocytes from male
diabetic rats. Mean Ipeak (left) and Isus (right) current
densities (at +50 mV) are shown in the absence (open bars)
and presence (hatched bars) of PEG-SOD. ∗∗P < 0.005;
∗∗∗P < 0.0005. B, in contrast, catalase (500 U ml−1, 5–9 h
exposure) has no effect on Ipeak (left) or Isus (right).

(n = 3, results not shown). This confirmed that the effects
of GSH are directly related to the reduction of oxidative
stress.

In myocytes from STZ-induced diabetic female rats,
GSH (5–9 h) had no effect on either Ipeak or I sus, in marked
contrast to the augmentation of currents in cells from
diabetic males. This is shown in Fig. 6B. Current–voltage
relationships are shown, with current traces omitted
for clarity. In these cells, Ipeak densities (at +50 mV)
were 14.7 ± 1.1 (n = 21) and 15.8 ± 1.9 pA pF−1 (n = 14;
P > 0.05) in the absence or presence of GSH, respectively.
The corresponding values for I sus were 3.9 ± 0.3 and
4.3 ± 0.2 pA pF−1 (P > 0.05), respectively. The lack of
effect of GSH and apocynin in cells from diabetic females
serve as additional controls, indicating a lack of direct
effects on these K+ currents, unrelated to oxidative stress.

Our earlier work suggested that oestrogen is largely
responsible for these sex differences. Oestrogen has been
shown to suppress elements of the RAS (Brosnihan
et al. 1997; Gallagher et al. 1999; Nickenig et al. 2000),
and to exert antioxidative effects (Gallagher et al. 1999;
Hernandez et al. 2000; Si et al. 2001; Gragasin et al. 2003;
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Strehlow et al. 2003). We previously showed that autocrine
mechanisms are activated and K+ currents attenuated in
diabetic ovariectomized female rats, as in males (Shimoni
& Liu, 2003b). In the present work we found that K+

currents in cells from ovariectomized diabetic female rats
are also sensitive to GSH and apocynin, as in males.
Incubation of cells from diabetic ovariectomized rats
with 1 mm GSH for 5–9 h significantly augmented Ipeak

and I sus. This is shown in Fig. 6C. Ipeak was augmented
(P < 0.01 to P < 0.05) between +10 and +50 mV. I sus was
significantly increased (P < 0.0005 to P < 0.05) between
−10 and +50 mV.

The preceding electrophysiological results suggest
significant differences in the levels of oxidative stress in
ventricular cells from diabetic males and females. We
confirmed this directly by measuring DHE fluorescence.
Cells were isolated from diabetic male and female rats on
the same day, and the same reagents and procedures were
performed in parallel. DHE fluorescence measurements
were performed using identical conditions. In three paired
experiments, the intensity of labelling was significantly
(P < 0.005) smaller in cells from females, confirming that
oxidative stress is less pronounced in diabetic females. An

Figure 5. Absence of effects of
oxidative stress inhibitors in cells from
diabetic females
A, current traces (same protocol as Fig. 2)
from two cells, in the absence (left) or
following (right) 9 h exposure to apocynin
(300 µM). B, mean current densities (at
+50 mV) in the absence (open bars) or
presence (hatched bars) of apocynin
(5–9 h). C, superoxide dismutase
(300 U ml−1, 5–9 h) has no significant
effect on Ipeak (left) or Isus (right), in
marked contrast to the augmentation
observed in cells from diabetic males.

example and mean values from one paired comparison
are shown in Fig. 7. In this experiment, DHE fluorescence
in cells from females was 64% that of males. In two
other comparisons (using the threshold method), DHE
fluorescence in cells from females was 17 and 51% of the
intensity in cells from males.

Involvement of angiotensin II

Earlier studies (Nakagami et al. 2003; Napoli et al. 2004)
suggest that oxidative stress is mediated at least partly
by elevated levels of ANG II. Diabetes elevates ANG II
levels in animal models and in humans (Sechi et al.
1994; Frustaci et al. 2000; Shimoni & Liu, 2004). As
ANG II activates and apocynin inhibits NADPH oxidase,
we tested whether excess ANG II in the incubation
medium would counter the effect of apocynin, presumably
by maintaining oxidative stress. Cells were exposed to
300 nm ANG II for 1 h prior to addition of apocynin
(300 µm). Currents were measured 5–8 h after application
of apocynin (ANG II maintained throughout). The
presence of ANG II significantly reduced the augmentation
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of both Ipeak and I sus by apocynin. The mean densities
(at +50 mV) of Ipeak in the absence of apocynin,
with apocynin alone, and with apocynin and ANG II
were 16.8 ± 1.2 (n = 22), 22.5 ± 1.5 (n = 18) and
16.6 ± 1.5 pA pF−1 (n = 14), respectively (P < 0.05). The
corresponding values for I sus were 4.5 ± 0.3, 5.9 ± 0.2,
and 5.1 ± 0.3 pA pF−1 (P < 0.05). These results further
indicate that apocynin does not increase the currents in
a non-specific manner (unrelated to oxidative stress). In
parallel experiments, the attenuating effects of apocynin
on DHE fluorescence were also significantly blunted by
ANG II. These results are shown in Fig. 8. ANG II also
blunted the effects of GSH (results not shown).

In the final experiments we investigated more directly
the link between ANG II, oxidative stress and K+ current
attenuation. The purpose was to determine whether
oxidative stress is reduced by lowering ANG II, and
whether the effects of the NAD(P)H inhibitor apocynin
on K+ currents would then be reduced as well. Male
rats were given the ACE inhibitor quinapril in their
drinking water (6 mg l−1, 3 weeks), prior to induction of
diabetes. Cells were isolated 7–10 days after STZ injection
(quinapril continued). As expected, the ACE inhibitor
greatly reduced the content of ANG II in cells from

Figure 6. Sex-dependent effects of reduced
glutathione (GSH) on outward currents in
ventricular cells from STZ-induced diabetic
rats
A, current traces obtained from two cells
obtained from males, in response to 500-ms
voltage steps from −80 mV to potentials
ranging from −10 to +50 mV, in the absence
(left) or following 5.5 h in the presence of 1 mM

GSH (right). Below are the current–voltage
relationships, with mean (± S.E.M.) current
densities plotted against membrane potentials in
the absence ( �) or following 5–8 h the presence
of in GSH (�). GSH significantly augments both
Ipeak (left) and Isus (right). B, Current–voltage
relationships obtained in cells from diabetic
females (current traces omitted for clarity). No
effects of GSH on Ipeak or Isus were observed in
these cells. C, in contrast, the effects of GSH are
restored in diabetic females that had been
ovariectomized. ∗P < 0.05; ∗∗P < 0.005.

these rats (measured by ELISA). The mean value of
ANG II in cells from quinapril-treated diabetic rats
was 3.6 ± 0.5 pg (mg protein)−1 (n = 4), which was very
significantly (P < 0.005) lower than in untreated diabetic
rats, where the value was 47.1 ± 9.2 pg (mg protein)−1

(n = 4). In parallel, the ACE inhibitor was also found
to greatly reduce oxidative stress in these cells, despite
the persistence of hyperglycaemia, as also found by
de Cavanagh et al. (2001). In three experiments, DHE
fluorescence in cells from quinapril-treated rats was
significantly reduced, as compared to untreated diabetic
rats. The values in the quinapril-treated group were 82, 65
and 67% (P < 0.005 for each comparison) of the values in
untreated cells. One example is shown in Fig. 9.

However, the magnitude of K+ currents in these cells
was not normalized to control levels (see Discussion).
Nevertheless, in cells from quinapril-treated diabetic male
rats, Ipeak and I sus were not affected by exposure to apocynin
(300 µm, 5–9 h), confirming the reduced oxidative stress.
This was in marked contrast to the augmentation of
currents in cells from untreated diabetic rats (see Fig. 2).
In the quinapril-treated diabetic group, mean current
densities for Ipeak (at +50 mV) were 15.4 ± 1.3 (n = 21)
and 14.3 ± 1.3 pA pF−1 (n = 22, P > 0.05) in the absence
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and presence of apocynin, respectively. The corresponding
values for I sus were 5.6 ± 0.3 and 5.4 ± 0.3 pA pF−1

(P > 0.05), respectively.

Discussion

The present work addresses some of the mechanisms
linking diabetes-induced oxidative stress and cardiac
electrophysiological abnormalities, which play a major role
in initiation of cardiac arrhythmias.

The novel and important aspects of the present work
are the following: First, in addition to confirming (Fig. 1)
the presence of oxidative stress in diabetic conditions, as
previously suggested (Giugliano et al. 1996; Marra et al.
2002; Penckofer et al. 2002), we find that elevated super-
oxide ion levels play a major role in inducing oxidative
stress and K+ current attenuation (Figs 2–4). Changes in
H2O2 levels are of reduced significance in this context.
Secondly, significant sex differences were found both in the
presence of oxidative stress and in its modulation of K+

currents (Figs 5–7). Finally, angiotensin II plays a major
role in inducing oxidative stress and the related electro-
physiological changes under diabetic conditions (Figs 8
and 9).

Earlier work (Xu et al. 2002; Li et al. 2004; Ayaz et al.
2004) has described some of the mechanisms by which

Figure 7. Comparison of superoxide ion levels in diabetic males and females
A, DHE fluorescence images of myocytes from male (a) and female (b) diabetic rats. Images were collected at the
same camera settings. Scale bar in b, 10 µm. B, results of analysis of images of nuclei from male and female diabetic
rats. For this analysis, the mean fluorescence intensity of the pixels in 18 nuclei in myocytes from male diabetic
animals and 19 nuclei from female diabetic animals were compared using the threshold method of analysis. The
mean DHE fluorescence intensity in the nuclei from the female animals was 64 ± 6% of that in the nuclei from the
male animals (normalized as 100%), which was significantly (P < 0.001) different. Similar results were obtained
when the nuclear images were analysed using the second method (see Methods). This method of analysis indicated
that the fluorescence intensity in the nuclei from the female animals was 63 ± 6% of that in the nuclei from male
animals.

oxidative stress and hyperglycemia attenuate K+ currents.
The present work focused more on the pathways leading
to generation of oxidative stress in diabetes. The key role
of superoxide ions was elucidated by results showing that
both inhibition of its formation by apocynin (Figs 2 and
3) and acceleration of its removal by SOD (Fig. 4) relieved
oxidative stress and augmented Ipeak and I sus. In contrast,
catalase did not augment these currents (Fig. 4). This
suggests a minor role of hydrogen peroxide in modulating
these currents under (type 1) diabetic conditions. This
result is similar to the differential effects of SOD and
catalase in preventing ANG II- induced hypertrophy
(Nakagami et al. 2003). Interestingly, over-expression of
catalase was also found to have selective effects in diabetic
hearts, preventing some contractile derangements but not
correcting some aspects of defective calcium handling (Ye
et al. 2004).

Earlier work suggested possible sex differences in either
generation of reactive oxidative species (Brandes & Mugge,
1997; Lacy et al. 2000) or in the response to oxidative
stress (Hernandez et al. 2000). The novel aspect of the
present work lies in the finding that the induction of
a specific cardiac pathology such as diabetes leads in
females to a lower level of oxidative stress, expressed as
lower superoxide ion generation, in comparison to diabetic
males (Fig. 7). Concomitantly, there are functional sex
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Figure 8. The effects of apocynin are blunted by
angiotensin in cells from male diabetic rats
A, mean current densities (at +50 mV) are shown in the
absence of drugs (−) apo., after 5–8 h incubation with
300 µM apocynin (+) apo., and in the presence of apocynin
and 300 nM ANG II, added 1 h before apocynin (apo. +
ANGII). ANG II significantly (P < 0.05) reversed current
augmentation elicited by apocynin. Ipeak is shown on the left
and Isus on the right. B, mean DHE fluorescence intensity
mirrored these changes. Apocynin reduces DHE fluorescence
in cells from diabetic rats (100%), but this effect is blunted
by 300 nM ANG II.

differences, observed as differential effects of apocynin and
GSH (Figs 5 and 6). Our results link these sex differences
to ANG II as the key mediator (Figs 8 and 9). Lower levels
of ANG II in STZ-diabetic females were shown in earlier
work (Shimoni & Liu, 2004).

The central role of ANG II in oxidative stress-mediated
K+ current attenuation is indicated by several findings.
(1) Excess in vitro ANG II prevents the restoration of
K+ currents and the relief of oxidative stress by apocynin
(Fig. 8). (2) In cells in which the RAS is not activated,

Figure 9. Effects of quinapril treatment on
superoxide levels
A, DHE fluorescence images from myocytes
obtained from a diabetic rat (a) and from a diabetic
rat after in vivo quinapril treatment (b). Scale bar,
10 µm. B, summary data obtained from analysis of
the fluorescence of 78 nuclei (42 from untreated
rats, normalized as 100%, and 36 from
quinapril-treated rats). The intensity of fluorescence
following quinapril-treatment was reduced by
43.2% (P < 0.0001).

following inhibition of ANG II formation by in vivo
quinapril treatment, oxidative stress is lower (Fig. 9). In
these cells there is also no augmentation of K+ currents by
apocynin. This is also true in cells from diabetic females,
which also lack RAS activation (Figs 5 and 6).

The linkage between diabetes, oxidative stress and K+

current attenuation can derive from multiple pathways
(Giugliano et al. 1996; Nishikawa et al. 2000). Our work
emphasizes the role of ANG II and superoxide ions.
Interestingly, in other pathologies such as following acute
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or chronic elevations in blood pressure, superoxide ion
production is elevated either independently of (Ungvari
et al. 2003), or is partially mediated by activation of the
renin-angiotensin system (Ungvari et al. 20047).

Our results establish a clear connection between
ANG II-induced oxidative stress and K+ current
attenuation in (type 1) diabetic conditions, since in the
absence of elevated ANG II levels in ventricular cells from
female diabetic rats (Shimoni & Liu, 2004) or in cells
from quinapril-treated male diabetic rats, oxidative stress
is significantly reduced. This underlies the smaller effects
of diabetes on K+ currents (Shimoni & Liu, 2003b) and
the lack of effect of GSH and apocynin on K+ currents in
cells from diabetic females (Figs 5 and 6).

The modulation of K+ currents is complex. Oxidative
stress is a major contributor to K+ current attenuation.
However, relief from or absence of oxidative stress
does not completely normalize current magnitudes
(cf. Shimoni et al. 1998). Thus, current magnitudes
are smaller than normal in cells from diabetic females
and from quinapril-treated diabetic males, in which
ANG II levels are not elevated. This implies that factors
other than oxidative stress (such as insulin deficiency or
additional autocrine factors) also contribute to current
attenuation. These effects can persist even when oxidative
stress is removed. Thus, the main difference between
diabetic males and diabetic females, or diabetic males
after quinapril treatment lies in the differences in the
modulation of potassium currents, rather than in their
magnitude per se. The effects of GSH and apocynin are
sex-dependent, as are the effects of in vitro quinapril
(Shimoni & Liu, 2003a).

The significance of the present work lies in the
following: hyperglycemia is maintained in both diabetic
females and in quinapril-treated males (also observed
by de Cavanagh et al. 2001), in which both oxidative
stress and ANG II levels are lower. This indicates
that ANG II, rather than hyperglycemia per se,
is a major contributor to oxidative stress-related
electro-physiological abnormalities, compared to other
derangements induced by hyperglycemia (Giugliano et al.
1996). The previously suggested protection of females
from oxidative stress can now be extended to include a
smaller oxidative stress-mediated attenuation of cardiac
potassium currents. The persistence of GSH effects
in diabetic ovariectomized females (Fig. 6) supports
suggestions of antioxidative functions of oestrogen
(Gallagher et al. 1999; Gragasin et al. 2003; Strehlow
et al. 2003). The present results suggest that oestrogen
also prevents oxidative-stress-dependent attenuation of
K+ current magnitude, corresponding to earlier work
suggesting that oxidative challenges are less cytotoxic
in females (Lacy et al. 2000). The lower levels of
oxidative stress in cells from females, as determined by
measurements of K+ currents and of superoxide ion

levels, results in a smaller attenuation in K+ currents
(Shimoni & Liu, 2003b). This may provide a partial
mechanism to explain the greater resistance of females
to some types of cardiac arrhythmias (Larsen & Kadish,
1998), since reduction or elimination of the transient
current was shown to be arrhythmogenic (Guo et al. 2000).
Future work is required to determine other implications
of reduced oxidative stress in cells from diabetic females as
well as in other cardiac pathologies. Our results support the
quest for treatment of diabetic complication by use of anti-
oxidant therapy. However, the use of antioxidant agents
as tools for prevention or treatment of diabetes is still
controversial (Ceriello & Motz, 2004; Da Ros et al. 2004),
suggesting that other cellular mechanisms also contribute
to cellular damage in diabetes.

It should be noted that the attenuation of the transient
outward current also has consequences for the mechanical
function of the heart, by altering calcium influx and
handling (Oudit et al. 2001), and possibly directly
contributing to hypertrophy (Kassiri et al. 2002). Thus, the
present results also have implications for understanding
the contribution of oxidative stress for the mechanical
abnormalities in the diabetic heart (Belke et al. 2000).

A major strength of the present study is the combined
used of independent methodologies. Detection of super-
oxide ions with DHE provides independent confirmation
that oxidative stress is indeed increased in cardiac myocytes
from STZ-diabetic male rats (Fig. 1), and that oxidative
stress is significantly lower in cells from diabetic females,
compared to males (Fig. 7).

The validity of the DHE method is supported by
comparison of cells from the same heart, in the absence or
presence of apocynin. Apocynin blocks the generation of
superoxide ions, decreases the DHE signal, and augments
potassium currents. Furthermore, in vivo quinapril
treatment of diabetic rats, which reduces ANG II levels,
also reduces the DHE signal in ventricular cells from
diabetic males (Fig. 9). Finally, the fact that DHE signals
are weaker in diabetic females than in males indicates that
the diabetic state does not significantly alter the sensitivity
of the method.

In conclusion, in the STZ-induced model of diabetes,
cardiac dysfunction associated with oxidative stress is
largely triggered by angiotensin II, mediated by superoxide
ions, and restricted to males.
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