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Abstract Flavonoids are naturally occurring food ingre-
dients that have been associated with reduced cardiovas-
cular mortality in epidemiological studies. In a previous
study, we demonstrated for the first time that flavonoids are
inhibitors of cardiac human ether-a-go-go-related gene
(HERG) channels. Furthermore, we observed that grape-
fruit juice induced mild QTc prolongation in healthy
subjects. HERG blockade by grapefruit flavonoid narin-
genin is most likely to be the mechanism underlying this
effect. Therefore, the electrophysiological properties of
HERG blockade by naringenin were analysed in detail.
HERG potassium currents expressed in Xenopus oocytes
were measured with a two-microelectrode voltage clamp.
Naringenin blocked HERG potassium channels with an
ICsq value of 102.6 uM in Xenopus oocytes. The onset of
blockade was fast. The effect was completely reversible
upon wash-out. Naringenin binding to HERG required
aromatic residue F656 in the putative pore binding site.
Channels were blocked in the open and inactivated states
but not in the closed states. Naringenin did not affect
HERG current activation. However, the half maximal
inactivation voltage was shifted by 14.9 mV towards more
negative potentials and current inactivation at negative
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potentials was accelerated. No frequency dependence of
blockade was observed. Naringenin inhibits HERG chan-
nels with pharmacological characteristics similar to those
of well-known HERG antagonists. From a clinical point of
view, this effect could have both proarrhythmic and anti-
arrhythmic consequences. This may have important impli-
cations for phytotherapy and for dietary recommendations
for cardiologic patients. Therefore, electrophysiological
effects of flavonoids deserve further investigation.
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Introduction

Flavonoids represent a group of over 4,000 structurally
related phenylchromones and are found in fruits, vegeta-
bles, nuts, herbs, spices, tea and wine (Middleton et al.
2000). Structurally similar to tocopherols, flavonoids ex-
hibit strong antioxidant properties, act as enzyme inhibitors
and show anti-inflammatory, antithrombotic, antiviral and
anticarcinogenic potency.

In the context of the “French Paradox” and the
“Mediterranean Diet”, flavonoids are thought to play a
major role in the prevention of coronary heart disease
(CHD) and reduction of cardiovascular mortality (Renaud
and de Lorgeril 1992; de Lorgeril 1998). As a consequence,
their beneficial effects as dietary compounds have been
examined in epidemiological studies. An inverse associa-
tion between dietary intake of flavonoids and coronary
heart disease was found by numerous groups (Knekt et al.
1996; Hertog et al. 1993; Geleijnse et al. 2002; Yochum
et al. 1999; Rimm et al. 1996). Several properties of
flavonoids provide mechanisms that may explain those
beneficial effects, such as antithrombotic activity, antiox-
idant potential or inhibition of low-density lipoprotein
(LDL) oxidation (Mukamal et al. 2002). However, it is an
interesting finding that some of the studies reveal a greater



reduction in coronary mortality than CHD prevalence
(Hertog et al. 1993; Geleijnse et al. 2002; Rimm et al. 1996;
Mukamal et al. 2002). As arrhythmias induced by coronary
events (i.e. myocardial infarction) are the main cause of
death in CHD patients, this correlation may point to as yet
unknown antiarrthythmic effects of flavonoids.

The human ether-a-go-go-related gene (HERG) encodes
the o-subunit of Ig,, which conducts one of the most
important repolarising currents (Curran et al. 1995). HERG
is the main molecular target of class Il antiarrhythmic
drugs and it is affected by several noncardiac drugs with
HERG-mediated proarrhythmic potential (Redfern et al.
2003). In a previous study, we screened a broad spectrum
of structurally different dietary flavonoids for their affinity
to HERG channels (Zitron et al. 2005). Out of 21 com-
pounds tested, 10 caused a significant blockade of HERG
channels. The flavonoid with the highest potency was
naringenin, the principal flavonoid found in grapefruits.
Naringenin (Fig. 1) is abundant in grapefruit juice and
reaches plasma concentrations in the micromolar range due
to its good bioavailability. As a consequence, we were able
to demonstrate that freshly squeezed grapefruit juice is
suitable for inducing a mild QTc prolongation in healthy
subjects, thus showing for the first time a direct effect of
dietary compounds on cardiac electrophysiology in vivo.
This effect is most likely to be due to fractional HERG
channel blockade by naringenin.

In this study, we examine in detail the electrophysiolo-
gical properties of HERG channel blockade by naringenin.
We demonstrate that naringenin shares many properties of
conventional HERG antagonists that may be associated
with both proarrhythmic and antiarrthythmic activity in
vivo.

Materials and methods

Solutions and drug administration Two-microelectrode
voltage clamp measurements of Xenopus oocytes were
performed in a low K solution (containing in mM: KC1 5,
NaCl 100, CaCl, 1.5, MgCl, 2 and HEPES 10, pH
adjusted to 7.4). Current and voltage electrodes were filled
with 3 M KCI solution. Naringenin was purchased from
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Fig. 1 Chemical structure of naringenin

517

Sigma (Deisenhofen, Germany). For stock solutions, narin-
genin was dissolved in DMSO to a concentration of 10~ ' M
and stored at +4°C. On the day of the experiments, fla-
vonoid stocks were diluted with bath solution to lower
concentrations. The maximum concentration of DMSO
(0.1% v/v) in the bath had no effect on the measured cur-
rents. All measurements were carried out at room temper-
ature (20°C). The bath chamber volume was approximately
150 pl. After solution switch, it took approximately 4 s for
the new solution to reach the bath (tubing length of about
37 cm). At a flow rate of 1 ml/min, the solution in the bath
was totally exchanged within 9 s. In general, recording
began 30 s after solution switch. All measurements were
performed under steady-state conditions at least 2 min after
total solution exchange.

Electrophysiology and data analysis The two-microelec-
trode voltage clamp configuration was used to record
currents from Xenopus laevis oocytes. Microelectrodes
had tip resistances ranging from 1 to 5 M{2. Data were
low-pass filtered at 1 to 2 kHz (=3 dB, four-pole Bessel
filter) before digitalisation at 5-10 kHz. Recordings were
performed using a commercially available amplifier (Warner
OC-725A; Warner Instruments, Hamden, CT, USA) and
pCLAMP software (Axon Instruments, Foster City, CA,
USA) for data acquisition and analysis. No leak subtrac-
tion was performed during the experiments. Concentra-
tion—response curves were fitted with the Hill equation:
I/1p = I /(1 + X/ICs)™ , with /1, being the relative cur-
rent, I, the unblocked current amplitude, X the flavonoid
concentration, IC; the dose for half maximal blockade
and ny the Hill coefficient. Statistical data are expressed as
mean + standard error with n representing the number of
experiments performed. Statistical significance was eval-
uated using paired and unpaired Student’s 7 tests.

Expression of HERG wild type and mutant channels in
Xenopus oocytes The HERG clone (GenBank accession
no. hsu04270) was generously donated by M.T. Keating
(Salt Lake City, Utah, USA). Generation of mutated
HERG channels HERG Y652A and HERG F656A was
described previously (Scholz et al. 2003). HERG comple-
mentary RNA was prepared from HERG cDNA in the
pSP64 vector with the mMESSAGE mMACHINE in vitro
transcription kit (Ambion, Austin, TX, USA) by use of
SP6 Polymerase after linearisation with EcoRI (Roche,
Mannheim, Germany). Injection of RNA (50-500 ng/ul)
into stage V and VI defolliculated oocytes was performed
by using a Nanoject automatic injector (Drummond,
Broomall, PA, USA). The volume of injected cRNA so-
lution was 46 nl per oocyte, and measurements were per-
formed 2—7 days after injection. The investigation conforms
with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
publication No. 85-23, revised 1996).
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Results

Grapeftuit flavonoid naringenin inhibits HERG
potassium currents

Human ether-a-go-go-related gene channels were ex-
pressed heterologously in Xenopus oocytes. A two-step
voltage protocol was used to elicit typical HERG currents:
from a holding potential of —80 mV, test pulses from —80 to
+80 mV in 10 mV-increments (400 ms) were applied,
which triggered activating currents. Each pulse was fol-
lowed by a constant return pulse to =60 mV (400 ms) to
evoke outward tail currents. After having obtained control
measurements (Fig. 2a), naringenin (150 uM) was washed
into the bath for 10 min and measurements were repeated
(Fig. 2b). Naringenin markedly inhibited both HERG ac-
tivating and tail currents.

Current—voltage relations of activating currents at the
end of the first test pulse exhibited the typical bell-shaped
appearance (Fig. 2c). Activating current amplitudes at
0 mV were reduced to 47.9+3.1% of control values (n=8).
In Fig. 2d, peak tail current amplitudes are plotted as a
function of the preceding test pulse potential showing a
reduction to 49.2+3.9% of respective control values after
a test pulse to 30 mV (n=8).

Fig. 2 Inhibition of human
ether-a-go-go-related gene
(HERG) currents by naringenin.
HERG currents heterologously
expressed in Xenopus oocytes Cc
a under control conditions and
b after inhibition by 150 uM
naringenin.c, d Mean data of
n=6 experiments. ¢ Current—
voltage relations of the activat-
ing currents at the end of the
first test pulse. d Peak tail
currents plotted as a function of

control

Concentration dependence of blockade

Human ether-a-go-go-related gene tail current amplitudes
were measured to quantify relative blockade. From a
holding potential of —80 mV, test pulses to +30 mV
(400 ms) and return pulses to =60 mV (400 ms) were
applied to elicit tail currents. Naringenin was washed into
the bath at increasing concentrations (1, 10, 100, 300 and
1,000 uM). The resulting concentration—response curve
(Fig. 3) was fitted with the Hill equation and yielded an
ICsg value of 102.6 uM (n=4-5; ny=1.72).

Significance of residues Y652 and F656 for binding
of naringenin to HERG channels

Numerous HERG blocking agents access a common bind-
ing site within the putative HERG channel pore cavity with
the main molecular determinants Tyr-652 and Phe-656
(Mitcheson et al. 2000). We used Y652A and F656A mu-
tant HERG channels to investigate the significance of this
drug receptor for the binding of naringenin. As het-
erologous expression of these mutant channels is lower
than that of wild type channels, we did not use the outward
tail current protocol underlying Figs. 2, 3. Instead, we
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Fig. 3 Concentration—effect relations. Concentration—response curves
were fitted with the Hill equation: the ICs5o was 102.6 uM (n=5-6)

chose a modified voltage protocol that elicits large inward
tail currents to minimise recording errors and allow reliable
data analysis. From a holding potential of =80 mV, a
depolaring test pulse to +30 mV (400 ms) triggered ac-
tivating currents and a subsequent repolarising pulse to
—120 mV (400 ms) evoked inward tail currents (Fig. 4a—c).
Measurements of HERG wild type channels under control
conditions and after exposure to 1 mM naringenin were
also performed with the same protocol to avoid confound-
ing effects. Peak inward tail currents were measured to
quantify relative blockade. Statistical analysis of results is
summarised in Fig. 4d.

Human ether-a-go-go-related gene currents expressed
in Xenopus oocytes exhibited a slow but continuous cur-
rent increase under control conditions, i.e. during super-

Fig. 4 Functional significance A
of aromatic residues Tyr-652

and Phe-656 for binding of

naringenin to HERG channels.

WT HERG

1 mM naringenin
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fusion with the bath solution, that we have also observed in
previous studies (Kiesecker et al. 2004). This phenomenon
has also been reported by other electrophysiologists and is
generally attributed to unspecific properties of the expres-
sion system (Witchel et al. 2002). During the observation
time underlying the study experiments, we found an in-
crease to 132.2+10.5% (n=6) of the initial values, which is
also shown in Fig. 4d for comparison (left columns in-
dicated as “control”). Naringenin applied at a concentration
of 1 mM caused a profound inhibition of HERG wild type
currents (second column from the left). The inhibitory ef-
fect of naringenin was markedly attenuated in HERG
F656A channels (P=7.1¥10"%, n=6), but not significantly
altered in HERG Y652A channels (P>0.05; n=5).

Kinetics of onset and wash-out of the inhibitory
effects

A standardised voltage protocol repeated at intervals of
15 s was used to monitor the kinetics of blockade and
wash-out: voltage steps to +30 mV (400 ms) were applied,
followed by a return pulse to =60 mV (400 ms) to evoke
outward tail currents. The holding potential was —80 mV.
Peak tail currents were measured to determine the degree of
blockade. Single-exponential fits were used to obtain time
constants of the time courses observed. The onset of
blockade was fast with time constants of T=1.47+0.24 min
(n=5; Fig. 5a). Wash-out of naringenin-induced blockade
was slower, but complete with 7=3.84+0.50 min (n=5;
Fig. 5b).
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Fig. 5 Onset and wash-out of effects. To monitor onset and wash-
out of blockade, 150 uM naringenin was a perfused into the bath
and b washed out with the bath solution afterwards. Representative
experiments are shown. Blockade was completely reversible upon

Naringenin blocks HERG channels in the open
and inactivated states

State dependence of blockade was examined with two

different approaches. First, we tested whether naringenin
binds to HERG channels in the open or closed states. Under
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Fig. 6 State dependence of blockade. a Blockade of HERG
channels in the open and closed states was studied with a one-step
protocol activating the channels. Current traces recorded under
control conditions and after incubation with naringenin (150 pM)
are shown in superposition. b Time course of relative blockade
calculated by division of these traces shows a rapid development of
inhibition after opening of the channels in line with open channel
blockade. ¢ An inactivating step was added to the protocol to test
whether HERG channels are also inhibited in the inactivated state.
Again, measurements were recorded under control conditions and
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wash-out. Protocol: repetitive pulsing at a frequency of 0.07 Hz,

holding potential =80 mV, first pulse to +30 mV (400 ms), followed
by a second pulse to —60 mV (400 ms)

control conditions, a long depolarising test pulse to 0 mV
from a holding potential of —80 mV was applied, leading
to activation of the channels (Fig. 6a). Then naringenin
(150 umol/l) was washed into the bath while holding the
cell at =80 mV where HERG channels were in the closed
state. After 10 min, the test pulse was repeated (Fig. 6a).
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after incubation with naringenin (150 puM; superposition). d Time
course of relative blockade calculated by division of these traces
with the beginning of the second step as starting point is plotted. The
inhibitory effect had already reached its maximum at the beginning
of the second step. This points to a binding of naringenin to the
channels in the preceding step, i.e. in the inactivated state. Protocol
in a: holding potential —80 mV, long test pulse to 0 mV (3,500 ms).
Protocol in ¢: holding potential =80 mV, first pulse to +80 mV
(3,500 ms), second pulse to 0 mV (3,500 ms)



Relative blockade was calculated by division of the cur-
rent traces under control conditions and after exposure to
naringenin (Fig. 6b). The inhibitory effect developed fast
after channel activation and may be estimated to start
from 0. This points to a blockade of channels in the open
state, but not in the closed state.

We then applied a two-step protocol to examine
blockade of inactivated channels: a long first voltage step
(3,500 ms) to +80 mV inactivated the channels, and a
repolarising step to 0 mV induced recovery from inactiva-
tion resulting in an almost instantaneous outward current
(Fig. 6¢). Recordings and wash-in were performed as with
the previous voltage protocol and relative blockade was
calculated as described above. The inhibitory effect was
found to be almost 100% at the starting point of channel
activation by the second step (Fig. 6d). This result indicates
development of blockade during the preceding step, i.e. in
the inactivated state. Thus, naringenin probably binds to
HERG channels in the open state and in the inactivated
state, but not in the closed states.

Naringenin does not affect HERG current activation

We used the following test pulse protocol to investigate
effects of naringenin on HERG current activation: from a
holding potential of —80 mV, voltage steps to potentials
ranging from —100 mV to +100 mV (400 ms) elicited
activating currents and a return pulse to —120 mV (400 ms)
evoked large inward tail currents. Measurements were
recorded under control conditions (Fig. 7a) and after ap-
plication of naringenin (150 uM) respectively (Fig. 7b).
Peak tail currents were normalised and plotted as a function
of the preceding test pulse potential to obtain HERG cur-

Fig. 7 Naringenin does not af-
fect HERG current activation.
Representative current record-
ings a before and b after expo-
sure to 150 uM naringenin, are
shown. Peak tail currents were
normalised and plotted as a
function of the preceding test
pulse potential to obtain HERG
current activation curves

(c; summary data of n=6 ex-
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rent activation curves. Mean values and standard errors of
n=6 experiments displayed in Fig. 7c show that naringenin
did not affect HERG current activation.

Effects of naringenin on HERG current inactivation

Two different approaches were used to investigate effects
on HERG current inactivation. First, we studied steady-
state inactivation with the following protocol. Channels
were inactivated at a holding potential of +20 mV. Short
test pulses to potentials ranging from —120 mV to +10 mV
(15 ms) in 10-mV increments were applied to recover the
channels from inactivation. Returning to the holding po-
tential of +20 mV after these test pulses evoked large
outward inactivating currents. After recording a measure-
ment under control conditions, the holding potential was
set back to —80 mV during the wash-in period in order to
avoid destruction of the oocyte, which occurs if it is
clamped at +20 mV for several minutes. Typical recordings
are shown in Fig. 8a (control) and Fig. 8b (after applica-
tion of 150 uM naringenin). Outward current amplitudes
measured 2 ms after the return to the holding potential
were normalised, plotted as a function of the preceding test
pulse potential and fitted with a Boltzmann function to
obtain steady-state inactivation curves. In Fig. 8c mean
data of n=6 experiments are shown. Naringenin induced a
shift of the half-maximal inactivation voltage V;,, by 14.9+
3.7 mV to more negative potentials (P=0.01; n=6).

A different protocol was used to investigate the time
course of inactivation. From a holding potential of =80 mV,
a long test pulse to +40 mV (900 ms) served to inactivate
the channels. Short pulses to —100 mV (16 ms) followed
by voltage steps to potentials ranging from —60 mV to
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Fig. 8 Effects of naringenin on HERG current inactivation. First,
HERG current steady-state inactivation was examined. Typical mea-
surements a under control conditions and b after exposure to 150 uM
naringenin are displayed. To improve the clarity of the figures, not
all current traces are shown. ¢ Outward inactivating currents 2 ms
after the return to the holding potential were normalised, plotted as a
function of the preceding test pulse potential and fitted with a
Boltzmann function to obtain HERG current steady-state inactivation
curves (summary data of n=6 experiments). Naringenin induced a
shift of the half-maximal inactivation voltage by 14.9£3.7 mV to
more negative potentials. Then the time course of HERG current
inactivation was analysed. Representative current recordings d be-

+20 mV (150 ms) in 20-mV increments elicited large
outward, inactivating currents. Currents under control
conditions (Fig. 8d) and after incubation with 150 uM
naringenin (Fig. 8e) were fitted with single exponential
functions to obtain time constants. Summary data from n=6
experiments are plotted in Fig. 8f. Naringenin reduced time
constants at —60 mV from 36.2+7.3 ms to 19.1£1.2 ms
(P=0.04; n=6). Time constants at other potentials were not
altered significantly.

Naringenin blockade is not frequency-dependent
Frequency-dependence of blockade was tested by repeat-

ing a short two-step voltage protocol at intervals of 1 s and
15 s. A first test pulse to 20 mV (300 ms) activated HERG

fore and e after exposure to 150 pM naringenin are shown. Outward
inactivating currents were fitted with single exponential functions to
obtain time constants. f Time constants are plotted versus test pulse
potential (summary data of n=6 experiments). Naringenin reduced
time constants at =60 mV from 36.2+7.3 ms to 19.1£1.2 ms. Protocol
in a, b: holding potential +20 mV, short test pulses to potentials
ranging from —120 mV to +10 mV in 10-mV increments (15 ms),
returning to +20 mV evoked large outward inactivating currents.
Protocol in d, e: holding potential —80 mV, first test pulse to +40 mV
(900 ms), second test pulse to —100 mV (16 ms), third test pulse to
potentials ranging from —60 mV to +40 mV (150 ms) in 20-mV
increments

currents, and a second repolarising step to —40 mV
(300 ms) elicited tail currents. The holding potential was
—80 mV. Peak tail current amplitudes were measured to
determine the degree of blockade.

Naringenin (150 uM) did not show significant differ-
ences in relative blockade measured at the two frequencies
(P>0.05; n=6; Fig. 9).

Discussion

We have characterised the pharmacological properties of
HERG blockade by naringenin in detail. To the best of our
knowledge, this is the first study to investigate the
electrophysiological features of a specific flavonoid.
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Fig. 9 Human ether-a-go-go-related gene blockade by naringenin is
not frequency-dependent. In order to investigate frequency depen-
dence, repetitive test pulses were applied at time intervals of 1 s and
15 s under control conditions and after exposure to naringenin.
Peak tail currents were measured to determine relative blockade.
Summary data of n=6 experiments at each frequency are shown. No
significant difference was observed between the two frequencies.
Protocol: from a holding potential of =80 mV, test pulses to +20 mV
(300 ms) were applied to activate HERG currents, and tail currents
were elicited by a second step to —40 mV (300 ms)

Naringenin concentrations in vitro and in vivo

Naringenin is a naturally occurring food compound that
reaches concentrations of 150 uM in orange juice and even
more than 1,000 uM in grapefruit juice (Ho and Saville
2001; Erlund et al. 2001). The corresponding glycoside
naringin, which is metabolised to naringenin in the gut, is
found in concentrations of over 2,000 uM in grapefruit
juice (Ameer et al. 1996). In vivo studies detected max-
imum plasma naringenin levels of 6.0+5.4 uM 4—6 h after
single oral ingestion of 8 ml/kg of grapefruit juice (Erlund
et al. 2001).

In the Xenopus oocyte expression system, higher drug
concentrations are needed to achieve effects on ion chan-
nels than in native cells (Redfern et al. 2003). This has been
attributed to the follicular membranes of the oocytes and
the yolk (Madeja et al. 1997). As a consequence, 1Cs
values obtained in Xenopus oocytes are generally about 3—
30 times higher than the respective ICs, values in native
cells (Madeja et al. 1997).

It is generally accepted that ICs, values determined in
mammalian cell lines correlate well in in vivo experiments
(Redfern et al. 2003). Thus, in order to allow reliable
clinical conclusions, the ICs, value has to be measured in
HEK cells in addition to Xenopus oocytes experiments
(Redfern et al. 2003). In a previous study we therefore de-
termined the potency of naringenin in HEK cells expres-
sing HERG channels (Zitron et al. 2005): the 1Cs, value
was 36.5 uM with an inhibitory effect of 13.8+2.4% that
was still measurable at a concentration of 1 uM, i.e. well
within the range of plasma concentrations documented in
the literature.

Electrophysiological properties of HERG
blockade by naringenin

Naringenin exhibited a fast onset of blockade and a
complete reversibility of the inhibitory effect upon wash-
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out. From a pharmacological point of view these are
favourable properties, as intended effects may be achieved
quickly and are reversible. Naringenin induced a small shift
of HERG current steady-state inactivation curves to more
negative potentials. This is unlikely to have major influ-
ence on HERG-mediated currents in vivo. HERG channels
were blocked in their open and inactivated states, but not in
their closed states. Preferential open channel blockade is
common among HERG inhibiting agents and has been
associated with pore binding site Y652/F656 (Mitcheson
et al. 2000; Scholz et al. 2003). We observed a reduced
affinity of naringenin to HERG F656A channels, but not to
HERG Y652A channels. Thus, Phe-656 appears to be
functionally important for the binding of this compound to
HERG, whereas Tyr-652 does not. It has been proposed
that affinity to pore binding sites Tyr-652 and Phe-656 is
associated with two principal structural characteristics: a
hydrophobic feature, typically an aromatic group capable
of engaging in pi-stacking with a Phe-656 side chain, and
a basic nitrogen capable of undergoing a pi-cation inter-
action with Tyr-652 (Fernandez et al. 2004; Pearlstein et al.
2003). The chemical structure of naringenin (Fig. 1) con-
tains aromatic groups, but lacks nitrogen atoms. This fits in
well with our results indicating that Phe-656 is involved in
the binding of naringenin to the channel, whereas Tyr-652
is not.

We did not observe a frequency dependence of the
inhibitory effect of naringenin. However, clinical conclu-
sions based on this result are limited by the fact that we
used pulsing rates below the physiological range (corre-
sponding to 60 bpm [1 Hz] and 4 bpm [0.07 Hz]).

Quick onset and wash-out of effects and lack of major
electrophysiological modification of unblocked channels
may be considered to be favourable features. The mode of
action and the binding site of naringenin appear to be
similar to those of well-characterised HERG blocking
drugs (Redfern et al. 2003; Spector et al. 1996; Zitron et al.
2002; Numaguchi et al. 2000).

In this study, we have focussed on the effects of
naringenin on HERG channels. In a review of the literature,
we have not found any reports of the effects of naringenin
on other ion channels. In view of a clinical judgement
(Redfern et al. 2003; Karle et al. 2002), however, it will be
both interesting and necessary to investigate these potential
effects in further studies.

Proarrhythmic potential of naringenin

From a clinical point of view, HERG channel blockade has
been associated with proarrhythmic effects, mainly the
induction of torsade de pointes ventricular tachycardias,
which may lead to sudden cardiac death (Redfern et al.
2003). Numerous compounds have been withdrawn from
clinical use because of this side-effect and even more may
only be used with specific precautions (Redfern et al.
2003).

Specific HERG channel blockers that were developed as
pure class III antiarrhythmic agents such as dofetilide and
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azimilide have been associated with a significant risk of
proarrthythmia in clinical studies (Pratt 2003). Long-term
treatment with these compounds did not lead to a surviv-
al benefit (Pratt 2003). The specific class III agent d-sota-
lol was even associated with increased mortality in the
SWORD study (Waldo et al. 1996).

Dofetilide and azimilide exhibit ICsq values for HERG
blockade in mammalian cells of 31.5 nM and 610 nM
respectively (Jurkiewicz and Sanguinetti 1993; Walker
et al. 2000). These values are within the therapeutic plas-
ma concentrations (Redfern et al. 2003). The affinity of
d-sotalol to HERG is rather low under in vitro conditions
(Numaguchi et al. 2000). Due to the comparatively high
daily doses, its good bioavailability, and its hydrophilic
properties, however, it probably also causes significant
HERG/Ik, blockade at therapeutic dosage (Redfern et al.
2003).

Naringenin has a low affinity to HERG in comparison
to dofetilide and azimilide. The plasma concentrations
reported in the literature are below the ICsq we have mea-
sured in HEK cells, which renders excessive QT prolonga-
tion unlikely. This is in line with our finding of a merely
mild QTc prolongation (12.5 ms) even after ingestion of 1 1
of grapefruit juice. However, there is a growing body of
evidence demonstrating that patients who present with ac-
quired long QT syndromes may have genetic risk factors
(Priori and Napolitano 2002). This predisposition may
be associated with a high susceptibility for proarrhythmic
events induced by HERG antagonists.

Therefore, in view of clinical experience, ingestion of
large amounts of naringenin should be avoided by patients
at risk of torsade de pointes unless its safety can be proven
in clinical studies. Particular caution is necessary in pa-
tients who have already presented with acquired long QT
syndrome.

Potential antiarrhythmic effects of naringenin

Epidemiological studies have pointed out the preventive
effects of flavonoids on cardiac mortality (Knekt et al.
1996; Hertog et al. 1993; Geleijnse et al. 2002; Yochum
etal. 1999; Rimm et al. 1996; Mukamal et al. 2002). From a
theoretical point of view, this could be a consequence of
antiarrhythmic properties, e.g. the prevention of re-entry
based arrhythmias in the context of myocardial ischemia by
action potential prolongation (Huikuri et al. 1999; Singh
and Nademanee 1985). However, as outlined in the pre-
vious paragraph, pure class Il activity based on HERG
channel blockade would not suffice to explain beneficial
effects. Therefore, it is necessary to characterise additional
electrophysiological effects of naringenin on cardiac elec-
trophysiology and to study its proarrhythmic and antiar-
rhythmic properties in animal models.

Conclusions

In this study, we have demonstrated that the grapefruit
flavonoid naringenin inhibits HERG channels with elec-
trophysiological and biophysical properties in a similar
way to well-characterised pharmaceutical HERG antago-
nists. These findings shed new light on the potential effects
of dietary and phytotherapeutic compounds on cardiac
electrophysiology. In view of potential proarrhythmic ef-
fects, patients at risk of torsade de pointes tachycardia
should avoid ingestion of naringenin unless its safety can be
proven in clinical studies. Electrophysiological effects of
flavonoids deserve further investigation in animal studies
and in epidemiological studies.
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