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ABSTRACT Human ether-a-gogo related gene (HERG) K1

channels are key elements in the control of cell excitability in
both the cardiovascular and the central nervous systems. For this
reason, the possible modulation by reactive oxygen species (ROS)
of HERG and other cloned K1 channels expressed in Xenopus
oocytes has been explored in the present study. Exposure of
Xenopus oocytes to an extracellular solution containing FeSO4
(25–100 mM) and ascorbic acid (50–200 mM) (FeyAsc) increased
both malondialdehyde content and 2*,7*-dichlorofluorescin flu-
orescence, two indexes of ROS production. Oocyte perfusion with
FeyAsc caused a 50% increase of the outward K1 currents
carried by HERG channels, whereas inward currents were not
modified. This ROS-induced increase in HERG outward K1

currents was due to a depolarizing shift of the voltage-
dependence of channel inactivation, with no change in channel
activation. No effect of FeyAsc was observed on the expressed K1

currents carried by other K1 channels such as bEAG, rDRK1,
and mIRK1. FeyAsc-induced stimulation of HERG outward
currents was completely prevented by perfusion of the oocytes
with a ROS scavenger mixture (containing 1,000 unitsyml cata-
lase, 200 ngyml superoxide dismutase, and 2 mM mannitol).
Furthermore, the scavenger mixture also was able to reduce
HERG outward currents in resting conditions by 30%, an effect
mimicked by catalase alone. In conclusion, the present results
seem to suggest that changes in ROS production can specifically
influence K1 currents carried by the HERG channels.

Reactive oxygen species (ROS) have been proposed as crucial
regulators of cellular responses in both physiological and patho-
logical states (1), such as cardiovascular (2) and neurodegenera-
tive disorders (3), senescence (4), and programmed cell death (5).
In the heart, ROS participate in the tissue damage observed
under ischemia-reperfusion conditions (2). Similarly, in the brain,
where a large proportion of body oxygen is consumed, glutamate-
induced neurotoxicity has been associated with the production of
ROS, because free radical scavengers or inhibitors of ROS-
generating processes can prevent glutamate-induced neuronal
degeneration (6, 7). The cellular mediators of the ROS-induced
damage still remain elusive, although their modulatory action
occurring at the level of specific ion channels has been proposed
as one of the possible mechanisms (8).

In excitable tissues, K1 channels play a crucial role in the
modulation of the resting membrane potential, the modulation of
the firing frequency, and the shaping of the action potential (9).
By these means, K1 channels exert an important control of
fundamental functions such as neurotransmitter release, cardiac
frequency, and vascular tone. This heterogeneity of cellular
functions is accomplished through the expression of several types
of K1 channels exhibiting specific biophysical and pharmacolog-
ical properties such as selectivity, rectification, activation thresh-

old, voltage-dependence of activation and inactivation, and block-
ade by drugs and toxins (10). The crucial role played by K1

channels in the control of cell excitability has gained considerable
attention after discovering that the long Q-T syndrome, a human
genetic abnormality of the cardiac action potential repolarization,
was caused by mutations in the human ether-a-gogo related gene
(HERG) encoding for a K1 channel (11). When the HERG
product was expressed in Xenopus oocytes (12) it was found that
this K1 channel underlies the cardiac repolarizing K1 current Ikr.
The main features of Ikr are its modulation by the extracellular
concentration of K1 ions, a peculiar inward rectification mech-
anism (13, 14), and its blockade by class III antiarrhythmics
(15–17) and by second-generation H1 receptor antagonists (18).
More recently, HERG K1 channels have been implicated both in
the changes of the resting membrane potential associated with the
cell cycle and in the control of neuritogenesis and differentiation
in neuronal cells (19, 20). The relevance of HERG K1 channels
in neuronal function has been further reinforced by recent
evidence showing that the seizure locus in Drosophila encodes for
the fly homolog of HERG. Mutations in the seizure locus cause
a temperature-sensitive paralytic phenotype associated with hy-
perreactivity of the flight motor pathway (21, 22).

Because a growing body of evidence suggests that oxidative
damage might profoundly influence cell excitability in both
physiological and pathological states, the possible modulation by
ROS of HERG and other cloned K1 channels expressed in
Xenopus oocytes has been explored in the present study. To this
aim, ROS formation was monitored via the evaluation of lipid
peroxidation (malondialdehyde production) (23) and of the
fluorescence intensity of 29,79-dichlorofluorescin (DCF), which
has been used successfully to assess ROS formation in living cells
(24). The activity of cloned K1 channels was investigated by the
two-microelectrode voltage-clamp technique upon their expres-
sion in Xenopus oocytes.

MATERIALS AND METHODS
Xenopus Oocytes Isolation. Ovarian lobes were surgically

removed from adult female Xenopus frogs (Rettili di Schnei-
der, Varese, Italy) and placed in 100-mm Petri dishes contain-
ing a Ca21-free solution of the following composition: 82.5 mM
NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM Hepes, 2.5 mM piruvic
acid, 100 unitsyml penicillin, and 100 mgyml streptomycin, pH
7.5 with NaOH. After four extensive washes, the oocytes (stage
V-VI) were dissociated by collagenase treatment (type IA,
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45–80 min at a concentration of 2 mgyml). Dissociated oocytes
then were placed in a Ca21-containing solution of the follow-
ing composition: 100 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1
mM MgCl2, 5 mM Hepes, 2.5 mM piruvic acid, 100 unitsyml
penicillin, and 100 mgyml streptomycin, pH 7.5 with NaOH, in
a 19°C incubator and used for the experiments on the next day.

Determination of Lipid Peroxidation and Oxygen Free Radi-
cals Production in Xenopus Oocytes. Lipid peroxidation was
determined by assaying the intracellular malondialdehyde
(MDA) production by means of the thiobarbituric acid test (23).
Free radical production was measured by incubation of the
oocytes in the presence of the f luorescent probe 29,79-
dichlorofluorescein diacetate (DCFH-DA) (24). This compound,
which freely crosses the membranes, is hydrolyzed by cellular
esterases to 29,79-dichlorofluorescein, a nonfluorescent molecule
that can be reduced to 29,79-DCF by ROS. Xenopus oocytes,
isolated as previously described, were incubated with 200 mM
DCFH-DA for 3–4 hr in ND88 (see below) at 19°C. At the end
of this period they were washed twice with ND88, divided in
groups of three, and incubated in the appropriate solutions
according to the experiment to be performed. At the end of the
experiment the reaction was stopped by adding 1 mM EDTA and
0.001% butylated hydroxytoluene, and the cells were lysed with
a glass micropotter. DCF fluorescence in the cell homogenate
was measured using a Perkin–Elmer LS5B spectrophoto-
fluorimeter (excitation 495 nm, emission 530 nm).

Molecular Biology and Oocyte Injection. The cloning of
HERG (25), EAG (26), DRK1 (27), and IRK1 (28) already has
been described. EAG cDNA, cloned from bovine brain tissue
(bEAG), was subcloned into a modified pSP64 vector. cDNAs
were linearized with the following restriction enzymes: HindIII
for bEAG, NotI for rDRK1 and mIRK1, and EcoRI for HERG.
cRNAs were in vitro-transcribed from linearized cDNAs by
means of commercially available kits (mCAP, Stratagene), using
T7 RNA polymerase for bEAG, rDRK1 and mIRK1 and SP6
RNA polymerase for HERG. RNAs were stored in a stock
solution (250 ngyml) at 220°C in 0.1 M KCl. One day after
isolation, Xenopus oocytes were microinjected with 76 nl of the
respective cRNA stock solution or appropriate dilutions.

Electrophysiology. Two to 10 days after the cRNA microin-
jection, K1 currents expressed were measured by the two-
microelectrode voltage-clamp technique using a commercially
available amplifier (Warner OC-725A, Warner Instruments,
Hamden, CT). Current and voltage electrodes were filled with 3
M KCl, 10 mM Hepes (pH 7.4; '1 MV resistance). The bath
solution contained 88 mM NaCl, 10 mM KCl, 2.6 mM MgCl2,
0.18 mM CaCl2, and 5 mM Hepes, pH 7.5 (ND88). This solution
was perfused in the recording chamber at a rate of about 0.2
mlymin. Data were stored on the hard disk of a 486 IBM
compatible computer for off-line analysis. The pCLAMP (version
6.0.2, Axon Instruments, Foster City, CA) software was used for
data acquisition and analysis. Currents were recorded at room
temperature. During the experiments with 100 mM FeSO4 and
200 mM ascorbate, those batches of oocytes that showed signs of
membrane deterioration (an increase in the holding current at
290 mV . 2200 nA) were excluded from the electrophysiolog-
ical analysis. In the experiments with 25 mM FeSO4 and 50 mM
ascorbate no increase of the holding current was observed in
oocytes isolated from at least eight different batches.

Drugs and Statistics. All of the chemicals used were pur-
chased from Sigma. FeSO4 and ascorbate stock solutions (10
mM and 25 mM, respectively) were prepared daily and stored
in light-protected tubes to avoid spontaneous oxidation. Sta-
tistical significance between the data was obtained by means of
the Student’s t test or the ANOVA test followed by the Tukey
test. When appropriate, data are expressed as the mean 6
SEM. In the figures asterisks denote values statistically differ-
ent from the controls (P , 0.05).

RESULTS
ROS Production in Xenopus Oocytes. Incubation of Xenopus

oocytes for 15 min in the presence of a ROS-scavenging mixture
(see below) composed of 200 ngyml superoxide dismutase
(SOD), 1,000 unitsyml catalase (CAT), and 2 mM mannitol
(MAN) inhibited MDA levels. On the other hand, when oocytes
were exposed to 25 mM FeSO4 and 50 mM ascorbate (FeyAsc),
an experimental condition that, by keeping iron in a reduced
form, is able to increase the synthesis of more reactive ROS
species (1), an increase in MDA levels was observed (Fig. 1A). No
effect was observed upon oocyte exposure to 25 mM FeSO4 or 50
mM ascorbate separately (Fig. 1A). In Fig. 1B, a time-course of
the MDA increase induced by FeyAsc (100 mM FeSO4 and 200
mM ascorbate) is shown. FeyAsc induced an increase of MDA
content already at the earliest time point (5 min), peaking at 15
min, with no further increase after this time. In agreement with
the results obtained with MDA measurements, the FeyAsc
induced approximately a 2-fold increase in DCF fluorescence
emission, which already was evident after 5 min of incubation
(Fig. 1C). To compare the effects of different conditions that are
known to induce an oxidative stress in various cellular systems, we
tested four different oxidating conditions in the same oocyte
batches: 100 mM FeSO4 and 200 mM ascorbate, 1.5 mM tert-butyl
hydroperoxide, 100 mM hydrogen peroxide, and 0.5 mM Xan-
tine-20 unitsyml Xantine oxidase. All of these experimental
conditions significantly increased DCF fluorescence in Xenopus
oocytes, although the largest increase was observed in the pres-
ence of the FeyAsc (Fig. 1D).

Effect of FeyAsc on Different K1 Channels Expressed in
Xenopus Oocytes. The K1 channels studied in the present inves-
tigation were HERG (25), bEAG (26), rDRK1 (27), and mIRK1
(28), members of four of the main K1 channels subfamilies.
bEAG and rDRK1 have the biophysical properties of depolar-
ization-activated delayed outward rectifier currents and share a
proposed transmembrane topology with six transmembrane do-
mains. HERG, on the other hand, encodes for a six-putative

FIG. 1. ROS production in Xenopus oocytes. (A) Effect of a ROS-
scavenger mixture (200 ngyml SOD, 1,000 unitsyml CAT, and 2 mM
MAN), 25 mM FeSO4, 50 mM ascorbate, and 25 mM FeSO4 1 50 mM
ascorbate on MDA levels. (B) Time-course of the MDA increase in
Xenopus oocytes induced by extracellular incubation with 100 mM FeSO4
and 200 mM ascorbate. (C) Time-course of DCF fluorescence increase in
Xenopus oocytes induced by extracellular incubation with 100 mM FeSO4
and 200 mM ascorbate. Also reported is the cell autofluorescence in
Xenopus oocytes that were not preincubated with 29,79-dichlorofluores-
cein diacetate (DHCF-DA). (D) Effect of the incubation of the oocytes
in the presence of various oxidating conditions on DCF fluorescence. The
incubation conditions were (for 15 min): 100 mM FeSO4 and 200 mM
ascorbate (FeyAsc), 1.5 mM tert-butyl-hydroperoxide (tBOOH), 100 mM
hydrogen peroxyde (H2O2), 0.5 mM xantine, and 20 unitsyml xantine
oxidase (XA-XOD). Each experimental point is the mean 6 SEM of
4–16 determinations performed in triplicate.
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transmembrane domains channel, which is activated by depolar-
ization but displays a pronounced inward rectification of the
currentyvoltage relationship (12–14). Finally, mIRK1 is a classical
inward rectifier K1 channel with a two-transmembrane domain
proposed structure.

Perfusion of HERG-expressing oocytes with FeyAsc (100 mM
and 200 mM, respectively) potentiated by approximately 50% the
outward K1 currents flowing through the expressed channels
(Fig. 2 A and B). By contrast, the K1 currents carried by bEAG,
rDRK1, and mIRK1 were not modified by the presence of
FeyAsc (Fig. 2 A and B). The effect of FeyAsc on the increase of
HERG outward currents was reversible upon the removal of the
ROS-generating system (Fig. 3A). In addition, the time-course of
the FeyAsc-induced stimulation of HERG outward currents
showed that the K1 currents slowly rose and reached a steady
value after approximately 5 min and that a continuous superfu-
sion with FeyAsc for over 30 min did not produce any decline in
the HERG outward K1 currents (data not shown). Despite
increasing the outward currents, FeyAsc superfusion did not
modify the peak of the inward currents carried by HERG K1

channels (Fig. 3B). Fig. 3B also shows that the kinetics of channel
deactivation were faster in the presence of FeyAsc (the t at 290
mV was 172.4 6 4.1 ms vs. 141 6 3.4 ms in control and FeyAsc,
respectively; P , 0.05). The current to voltage relationship (IyV)
for the effect of FeyAsc on HERG K1 currents shows that the
outward currents are similarly enhanced at any potential (be-
tween 240 and 140 mV), and that this potentiation was revers-
ible upon FeyAsc washout (Fig. 3C).

Effect of ROS Scavengers on Resting and FeyAsc-Induced
Enhancement of HERG Outward K1 Currents. If the FeyAsc-
induced increase of the HERG outward K1 currents was due to
an increase in ROS production, ROS scavengers should prevent
this effect. For this purpose, a ROS-scavenging mixture identical
to that used in Fig. 1A for MDA measurements and composed
of 200 ngyml SOD, 1,000 unitsyml CAT, and 2 mM MAN has
been used. This mixture previously has been shown to revert the
electrophysiological and contractile consequences at the cardiac
level of the reperfusion after ischemia (29, 30). Fig. 4A shows the
same HERG-expressing oocyte subsequently exposed to control
solution, FeyAsc (25 mM and 50 mM, respectively), FeyAsc 1
ROS scavenger mixture (200 ngyml SOD, 1,000 unitsyml CAT,
and 2 mM MAN), ROS scavenger mixture alone, control solution
again, and finally back to FeyAsc. FeyAsc induced an enhance-
ment of HERG outward current that was prevented by the
simultaneous presence of the cocktail. Under this experimental
condition (FeyAsc 1 scavenger cocktail), HERG outward cur-
rents reached levels lower than control values. When FeyAsc was
removed but the ROS-scavenging solution was still present
HERG outward K1 currents were still inhibited when compared
with controls. The subsequent removal of the scavenger mixture
caused the recovery of HERG outward K1 currents back to
control values. Furthermore, a subsequent re-exposure of the
same oocyte to FeyAsc stimulated HERG outward K1 currents
by the same extent as observed during the first exposure. Fig. 4B
shows the time-course of HERG outward K1 currents in another
oocyte exposed to the ROS-increasing (FeyAsc) and ROS-
neutralizing (scavenger cocktail) conditions. The presence of the
ROS-scavenging solution not only prevented the FeyAsc-induced
increase of HERG outward currents, but also reduced basal
HERG activity.

The results described in Figs. 1 and 4, showing that the
scavenger mixture inhibited resting ROS production and reduced
resting HERG outward K1 currents, prompted us to investigate
the modulation of the HERG outward currents induced by each
of the individual components present in the ROS-scavenging
mixture solution in resting conditions. Therefore, experiments
were performed in the presence of 2 mM MAN, 1,000 unitsyml
CAT, and 200 ngyml SOD separately (Fig. 5A). The results
obtained indicate that although each of the three ROS scavengers
inhibited the HERG K1 channels (P , 0.05), the effect was more

prominent with CAT. Furthermore, CAT alone was able to
inhibit HERG outward K1 currents by the same degree as the
three scavengers together (Fig. 5 B and C).

Biophysical Mechanism of the ROS-Induced Stimulation of
HERG Outward K1 Currents. HERG K1 channels are charac-
terized by a peculiar inward rectification mechanism, which seems
to arise from a rapid and voltage-dependent inactivation process,
reducing the conductance at positive potentials (12–14). For this
reason, we tested the effect of the perfusion with FeyAsc on the
activation and inactivation parameters of HERG K1 channels. To
study the inactivation process, we took advantage of the kinetic

FIG. 2. Effect of 100 mM FeSO4 and 200 mM ascorbate on cloned
K1 currents expressed in Xenopus oocytes. (A) Effect of FeyAsc on
HERG, bEAG, rDRK1, and mIRK1 K1 channels. K1 currents were
recorded in the same oocyte in control condition and after FeyAsc
exposure (100 mM FeSO4 and 200 mM ascorbate). Holding potential
was 290 mV. Test potentials were from 280 mV to 140 mV in 20-mV
steps for HERG, bEAG and rDRK1, and from 2120 mV to 0 mV in
20-mV steps for mIRK1. The inward current component elicited upon
HERG repolarization to 2100 mV has been blanked for clarity. (B)
Modulation of different cloned K1 channels by 100 mM FeSO4 and 200
mM ascorbate. The percent variation of the K1 currents at voltages
that fully activated the conductances (0 mV for HERG, 140 mV for
bEAG and rDRK1, and 2120 mV for mIRK1) are reported. Each
experimental point is the mean 6 SEM of 3–8 separate experiments.
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difference existing between the fast recovery from inactivation
and the slower channel deactivation occurring at hyperpolarized
potentials. We therefore used a voltage protocol in which the
channels first were opened and inactivated by a depolarizing pulse
at 0 mV, then were recovered from inactivation by means of
25-ms conditioning pulses from 2120 mV to 130 mV, and finally
depolarized again to 120 mV. Despite the fact that the duration
of the conditioning pulses might not have been long enough to be
considered steady-state, longer conditioning pulses could not be
used due to the occurrence of substantial channel deactivation,
particularly at negative potentials (13). Using this protocol, a fast
inactivating outward current is observed (Fig. 6A). The effect of
FeyAsc (25 mM and 50 mM, respectively) on the voltage-
dependence of this fast-inactivating K1 current was studied (Fig.
6A). Perfusion with FeyAsc caused a 112.4 6 2.6 mV (n 5 5)
shift of the HERG voltage-dependence of inactivation (Fig. 6C).
On the other hand, the activation properties of the HERG K1

channels were unaffected by FeyAsc perfusion (Fig. 6 B and C).
Although the 12-mV depolarizing shift of the steady-state inac-
tivation curve induced by FeyAsc perfusion could be partially
accounted for by the faster channel deactivation during the 25-ms
conditioning pulses, this hypothesis seems unlikely because the
peak current elicited upon subsequent depolarization to 120 mV
is identical in both controls and FeyAsc conditions. In Fig. 6C, the
steady-state activation and inactivation curves for both controls
and FeyAsc-treated groups are reported together. The product of
these two curves should give the steady-state IyV relationships for
each experimental condition. Fig. 6C also shows that the positive
shift of the steady-state inactivation curve of HERG channels
induced by FeyAsc perfusion, in the absence of any modification
of the steady-state activation curve, reproduced the increase in
the outward K1 currents (Fig. 6C, Inset). Fig. 6D shows that
at rather positive potentials ($ 120 mV), HERG outward

currents showed a clear fast inactivating component. FeyAsc
treatment removed this fast inactivation, a result that is
consistent with the positive shift of the steady-state inactiva-
tion curve. Interestingly, the ROS scavenger catalase (Fig. 6D,
Lower), as well as the whole ROS scavenger mixture solution
(data not shown), induced changes in HERG inactivation
kinetics opposite to those observed with FeyAsc perfusion.

DISCUSSION
The results of the present study suggest that the outward K1

currents carried by the HERG channels expressed in Xenopus
oocytes are selectively modulated by changes in ROS production.
In fact, an enhancement of ROS production induced by the
perfusion with FeyAsc caused an increase in HERG outward K1

currents. On the other hand, the decrease in ROS levels achieved
by oocyte perfusion with ROS scavengers can inhibit the resting
outward K1 currents and prevent their increase induced by
FeyAsc.

The ROS-induced modulation of HERG K1 channel func-
tion is highly specific, because other cloned K1 channels such
as bEAG, rDRK1, and mIRK1 were insensitive to FeyAsc
perfusion. Furthermore, the effect of FeyAsc on HERG K1

channels appears to be mediated by ROS, rather than being a
direct action of iron. In fact, the modulation of the gating of
the HERG channels by the trivalent cations lanthanum and
gadolinium causes a decrease of the outward currents and a
marked rightward shift of the voltage-dependence of channel
activation (12), changes that are opposite to those observed
with FeyAsc perfusion in the present experiments.

The observation that the ROS-scavenging cocktail, which
decreased resting ROS production, and CAT alone both

FIG. 3. The effect of FeyAsc is reversible upon washout and
specific for the outward current component. (A) Reversibility of
FeyAsc effect on HERG K1 channels. The same HERG-expressing
oocyte was voltage-clamped, and the depolarization-activated currents
were recorded in control condition, after FeyAsc exposure (100 mM
FeSO4 and 200 mM ascorbate) and upon subsequent washout. Holding
potential was 290 mV, and test potentials were from 280 mV to 140
mV in 20-mV steps. The inward current component elicited upon
repolarization to 2100 mV has been blanked for clarity. (B) Lack of
effect of FeyAsc perfusion on HERG peak inward currents elicited
upon membrane repolarization. A single current trace, recorded in the
same oocyte in control conditions, after FeyAsc exposure and upon
subsequent washout, is shown. Holding potential was 290 mV. De-
polarizing step was 0 mV, and return potential was 2100 mV. (C) IyV
relationship of FeyAsc-induced potentiation of HERG outward K1

currents. The current elicited by 1.5 sec-depolarizing pulses from 280
mV to 140 mV is plotted against the membrane voltages. The same
HERG-expressing cell was studied in control conditions, after FeyAsc
exposure (100 mM FeSO4 and 200 mM ascorbate) and upon subse-
quent washout.

FIG. 4. Effect of a ROS-scavenging mixture on FeyAsc-induced
enhancement of HERG outward K1 currents. (A) Representative
current traces. K1 currents elicited in the same HERG-expressing
oocyte were recorded in control condition (ND88) and after subse-
quent exposure to FeyAsc (25 mM FeSO4 and 50 mM ascorbate),
FeyAsc 1 ROS scavenger mixture (200 ngyml SOD, 1,000 unitsyml
CAT, and 2 mM MAN), ROS scavenger cocktail, control (ND88
again), and FeyAsc again. After about 5 min after each experimental
condition, the HERG outward K1 currents were activated by depo-
larizing pulses (from 280 to 1 20 mV in 20-mV steps; holding
potential: 290 mV; return potential: 2100 mV). (B) Time-course of
the effect of ROS-scavenging solution on the FeyAsc-induced stimu-
lation of HERG outward K1 currents. The outward HERG K1

current, measured at the end of repetitive depolarizing pulses to 0 mV
elicited every 20 sec, is plotted versus time during the exposure to the
indicated experimental conditions.
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inhibited HERG outward K1 currents also in the absence of
ROS-enhancing stimuli, suggests that the endogenous produc-
tion of ROS in Xenopus oocytes may exert a permissive role in
the depolarization-induced opening of HERG K1 channels.

Despite the enormous complexity of the reactions involved in
ROS production and neutralization (1, 31), it should be under-
lined that the FeyAsc oxidative stimulus used in the present study
mainly acts via the conversion of H2O2 into the more reactive
oxygen species such as the hydroxyl radical zOH via the Fenton
reaction (1). This hypothesis seems to be suggested by the
observation that ROS production was effectively increased in
Xenopus oocytes only after exposure to solutions containing both
Fe and Asc, whereas Fe and Asc alone were ineffective. In
addition, CAT, the ROS scavenger most active on the HERG
channel function, neutralizes the action of H2O2 by converting it
to H2O. Both of these results suggest that endogenously produced
H2O2 may be one of the major mediators involved in HERG
modulation. Furthermore, although CAT is exerting its modula-
tion of HERG K1 channels when added in the extracellular space,
this does not mean that ROS are exerting their influence on an
extracellular domain of the channel protein, because many ROS
will equilibrate freely across the cell membrane.

The understanding of the mechanism by which ROS exert their
modulatory influence on HERG function requires further in-
sights into HERG channel gating. In fact, HERG K1 channels
display a peculiar biophysical behavior because they are activated
by depolarization but exhibit marked inward rectification at

FIG. 5. Effect of the antioxidants CAT, MAN, and SOD on the
outward currents of HERG K1 channels in resting conditions. (A)
Time-course. The outward HERG K1 current, measured as in Fig. 3B,
is plotted versus time during the following experimental conditions (as
indicated): FeyAsc (25 mM FeSO4 and 50 mM ascorbate), 2 mM MAN,
1,000 unitsyml CAT, and 200 ngyml SOD. (B) Representative current
traces of the effects of the ROS-scavenging mixture and CAT on
resting HERG outward currents. HERG outward K1 currents were
activated by depolarizing pulses (from 280 to 140 mV in 20-mV steps,
holding potential: 290 mV, return potential: 2100 mV for the
scavenger mixture experiment; and from 280 to 130 mV in 10-mV
steps, holding potential: 290 mV, return potential: 2100 mV for the
CAT experiment). After recording the control traces, the cells were
perfused as indicated either with the ROS-scavenging mixture (200
ngyml SOD, 1,000 unitsyml CAT, 2 mM MAN), or with 1,000 unitsyml
CAT alone, and the same voltage steps were repeated after 5-min
perfusion in both experimental conditions. (C) Effect of the different
antioxidants on HERG outward K1 currents. On the abscissa is
reported the percent of variation induced by each experimental
condition on HERG outward current measured at the end of a
depolarizing pulse to 0 mV. Each point is the mean 6 SEM of 4–9
determinations in different cells.

FIG. 6. Modulation of HERG channel activation and inactivation by
FeyAsc. (A) FeyAsc modulates the inactivation process of HERG K1

channels. The same HERG-expressing oocyte was recorded in control
condition and after 5-min exposure to FeyAsc (25 mM FeSO4 and 50 mM
ascorbate). The voltage protocol is indicated at the bottom. (B) Effect of
FeyAsc on HERG K1 channels activation. The same HERG-expressing
oocyte was recorded in control condition and after 5-min exposure to
FeyAsc (25 mM FeSO4 and 50 mM ascorbate). The voltage protocol is
indicated at the bottom. (C) Steady-state inactivation and activation
curves of HERG K1 channels in control condition and upon FeyAsc
exposure. The experimental data were fitted to the following form of the
Boltzmann equation: gKv 5 maxy(11exp(V1⁄22V)yk), where V is the test
potential, V1⁄2 is the half-activation potential, and k (or kTyze) is the slope
of the conductance to voltage relationship. The values for V1⁄2 for the
inactivation curve were 261.6 6 4.1 mV (n 5 5) and 249.1 6 3.5 mV (n 5
5), P , 0.05, in controls and FeyAsc conditions, respectively. The values
for V1⁄2 for the activation curve were 235.3 6 4 mV (n 5 4) and 235.3 6
3.4 mV (n 5 4), P . 0.05, in controls and FeyAsc conditions, respectively.
The k values (about 2.4 for the inactivation curve and 8.4 for the activation
curve) were not different between controls and FeyAsc groups (data not
shown). Solid line, controls; dotted line, FeyAsc (25 mM FeSO4 and 50
mM ascorbate). (Inset) Solid line in controls and dotted line in the
FeyAsc-treated group) indicate the product of the fitted steady-state
activation and inactivation curves. (D) Modulation of HERG inactivation
by FeyAsc and CAT. One single trace of HERG outward current is shown
in control and after 5-min exposure to FeyAsc (25 mM FeSO4 and 50 mM
ascorbate, 120 mV, Upper) or CAT (1,000 unitsyml, 110 mV, Lower).
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positive potentials. This inward rectification is the consequence of
a rapid inactivation process (13, 14, 32). The selective modulation
exerted by the FeyAsc on the HERG outward K1 current, with
no modification of the inward component, is suggestive of an
interference of ROS with this intrinsic inactivation mechanism. In
fact, conditions able to increase ROS production caused a 12 mV
rightward shift of the steady-state voltage-dependence of channel
inactivation. This effect increased the availability of the channels
to be opened in response to depolarization. At negative potentials
the channels are fully recovered from inactivation, and therefore
the modulation by FeyAsc of the inactivation process cannot be
exerted, possibly explaining the lack of FeyAsc-induced modu-
lation of the inward current component of HERG K1 channels.

Several studies have attempted to correlate the function of
native K1 channels with ROS production (33, 34). In some of
these studies, K1 currents were increased by different oxidative
stresses, although the specific K1 current modulated by ROS
remains undetermined. In other reports, ROS have been shown
to modulate several cloned K1 channels expressed in Xenopus
oocytes (8, 35, 36). In these studies, however, ROS production
never has been correlated with the electrophysiological changes,
and the action of ROS-scavenging systems has not been investi-
gated. In the present study, the modulation of HERG K1

channels by ROS, occurring in both resting and stimulated
conditions, might represent a physiological mechanism by which
ROS can influence cell excitability. In addition, ROS-induced
HERG modulation could represent an important functional
mechanism relating the changes in the levels of O2 and ROS in
heart tissue with the electrophysiological modifications occurring
during ischemia-reperfusion phenomena (37). In fact, it seems
possible to speculate that the burst of ROS production that
follows the reperfusion of the tissue after an ischemic period can
increase the outward currents mediated by HERG. This would
tend to repolarize the membrane potential and shorten the action
potential duration. However, species-specific differences as well
as regional differences in the effects of ischemia-reperfusion
conditions on the action potential in the cardiac tissue have been
extensively documented (29, 37). Furthermore, K1 channels are
not the only targets for ROS, because several ion channels and
transporters have been shown to be sensitive to the modulation
by oxidative stress (2). Nevertheless, the pathophysiological rel-
evance of the proposed mechanism seem to be confirmed by the
consistent shortening of the action potential duration induced by
oxidative damage recorded in Purkinje fibers (38, 39) and ven-
tricular myocytes after longer times of exposure to ischemia-
reperfusion conditions (40, 41). Finally, the present experimental
model of ROS induction by FeyAsc perfusion used to modulate
K1 channels might assume a pathophysiological relevance if one
considers that a 10-fold increase in iron levels occurs in the
coronary flow from rat hearts undergoing global ischemia fol-
lowed by reperfusion (42), and that the acidic conditions pro-
moted by ischemia favor the liberation of cellular stores of Fe21,
which promotes the Fenton reaction to yield an increased pro-
duction of toxic hydroxyl radicals (3, 43).
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