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Abstract

Clinical evidence indicates an antiarrhythmic effect of sulfonylureas, which might be blunted by their vascular action. We wanted to
investigate the effect of glibenclamide and the new sulfonylthiourea compound 1-[[5-[2-(5-chloro-o-anisamido)ethyl]-2-methoxyphenyl]-
sulfonyl]-3-methylthiourea (HMR1883) on cardiac electrophysiology in the course of regional ischemia and reperfusion. Isolated rabbit
hearts (Langendorff-technique) were pretreated with either vehicle (n= 14), 3 wmol /1 glibenclamide (n=7) or 3 wmol /I HMR1883
(n=7) before regional ischemia was induced by left coronary artery branch occlusion (45 min) followed by 45 min reperfusion. Unipolar
epicardia electrocardiograms were recorded from 256 epicardial AgCl electrodes. Coronary ligation resulted in a decrease in coronary
flow (CF) by 35% and in left ventricular pressure (LVP) by 40% in all series. The occluded zone was 23 + 3% in all series. Ischemialed
to shortening of the epicardial activation—recovery interval (ARI) in the ischemic area, which was inhibited by both drugs especialy in
the early phase. In the non-ischemic area, ARIs remained stable and there was no effect of the drugs. Ischemia led to an increase in the
regional difference in ARI between ischemic center and border zone. This increase was significantly inhibited by both substances during
late ischemia and early reperfusion (until 15 min reperfusion). In addition, the dispersion of ARIs was reduced by both drugs during late
ischemia and reperfusion. Ventricular fibrillation was observed in 7,/14 (control), 0/7 (glibenclamide), and 0/7 (HMR1883). All
ventricular fibrillation occurred during reperfusion. In glibenclamide but not in HMR1883-treated hearts recovery of CF upon reperfusion
was significantly depressed (control: 25.5 + 4; HMR1883: 23 + 2.5; glibenclamide: 16 + 1 ml /min, values at 2 min reperfusion), while
the elevation of ST-segments of the electrograms in early ischemia was fully prevented by both treatments. We conclude that both
glibenclamide and HMR1883 exert an antiarrhythmic effect in this model, and reduce the shortening of the ARIs in the ischemic area,
thus attenuating regiona differences in ARIs between ischemic and non-ischemic area. Furthermore, unlike glibenclamide HMR1883
does not interfere with postischemic hyperemia. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction in dogs that the susceptibility to ventricular fibrillation can
be reduced by the sulfonylurea glyburide (Billman et al.,
1993). However, these positive actions of glibenclamide or
of some other sulfonylureas are blunted by the vascular
effect of the drug, which counteracts postischemic hyper-
emia and antagonizes the cardioprotective effects of pre-
conditioning (Munch-Ellingsen et al., 1996). However, this
vascular glibenclamide-effect is time-dependent: it was

fibrillation in acute myocardial infarction (Cacciapuoti et also shown, that glibenclamide did not affect precondition-
al., 1991; Lomuscio et al., 1994; Lomuscio and Fiorentini, ing effects if it were administered shortly, i.e. 5 min

1996; Davis et al., 1996, 1998) Furthermore, it was shown instead of 30 min before |SChern|a(SChU|tZ et al., 1997)

Sulfonylureas bind to certain sulfonylurea-receptors
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1835, functional 1, ,;p (for review, see Schotborgh and Wilde,
E-mail address: stefan.dhein@medizin.uni-halle.de (S. Dhein). 1997). There are two isoforms of SUR namely SURI,

Sulfonylureas are widely used in type |l diabetic pa
tients and their possible effects on heart have been dis-
cussed controversely. Regarding cardiac effects of sulfony-
lureas, there is clinical evidence that I, ,rp blockers
(I« arp = ATP sensitive K* channel) in diabetic patients
can reduce the incidence of arrhythmia and of ventricular
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which is found on pancreatic B-cells, and SUR2 (Gribble
et al., 1998). Two subtypes of SUR2 have been identified,
namely SUR2A (only expressed in heart and skeletal
muscle) and SUR2B (expressed more abundantly in extra-
pancreatic tissues such as smooth muscle cells) (for re-
view, see Schotborgh and Wilde, 1997).

Most of the studies performed on cardiac effects of
sulfonylureas were carried out using glibenclamide, which
blocks both SUR1 and SUR2 sulfonylurea-receptors (Grib-
ble et a., 1998). With the sulfonylthiourea 1-[[5-[2-(5
chloro-o-anisamido) ethyl ] -2-methoxyphenyl] -sulfonyl] -3-
methylthiourea (HMR1883) a new type of I, ,tp blocker
became available, which has a significantly lower affinity
to pancreatic or vascular | o1p Channels as compared to
cardiac (Gogelein et al., 1998b), which are regulated via
type 2 SUR (Gribble et a., 1998). In concentrations up to
100 pmol /I, HMR1883 did not inhibit other potassium
channels such as I .;, I, or 1., while the rilmakalim-in-
duced action potential shortening was antagonized with an
IC5, of 1.8 wmol /I and hypoxia-induced action potential
shortening was inhibited in concentrations ranging from 2
to 20 wmol /I. (Gogelein et a., 1998b). The chemical
structure of HMR1883 in comparison to glibenclamide is
given in Fig. 1. Regarding the metabolic effects of
HMR1883, Billman et al. (1998) showed that HMR1883
(3 mg/kg) did not affect blood glucose or plasma insulin
in anaesthetized dogs.

Although an antiarrhythmic effect in ischemia was re-
cently shown (Barrett and Walker, 1998; Gogelein et al.,
1998b; Billman et al., 1998), only little is known on the
underlying electrophysiological effects of | ,1p blockers
in the center and border zone of a regiona ischemia
regarding regional differences in action potential durations.
Thus, the aim of our study was to investigate the effect of
glibenclamide and the new compound HMR1883 on car-
diac eectrophysiology in the course of regional ischemia
and reperfusion using a high resolution mapping technique
which alows simultaneous registration of epicardial poten-
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Fig. 1. Chemica structure of glibenclamide and HMR1883.

tials from ischemic center and border zone as well as from
the non-ischemic area

2. Methods

All experiments were performed in accordance to the
ethical rules of the Council for International Organisation
of Medical Science and the German laws for animal
welfare. The method of heart preparation and epicardial
potential mapping has been described in more detail previ-
ousy (Dhein et d., 1993) and will be explained only
briefly in the following paragraph.

Male white New Zealand rabbits (conventional, nor-
mally fed ad libitum, 1500-1800 g, Rollie, Lengerich,
FRG) were treated with 1000 IU/kg heparin i.v. 5 min
before they were stunned by a sharp blow on the neck and
rapidly killed by subsequent exsanguination. The heart was
excised, prepared and perfused according to the Langen-
dorff-technique at constant pressure (70 cm H,O) with
Tyrode's solution of the following composition: Na*
161.02, K* 536, Ca* 1.8, Mg?* 1.05, Cl~ 147.86,
HCO; 23.8, POZ~ 0.42, and glucose 11.1 mmol /1, equi-
librated with 95% O, and 5% CO,. The surface tempera-
ture of the heart was 37°C. The hearts were connected to a
256 channel mapping system HAL3 (temporal resolution:
4 kHz / channel; amplitude resolution: 0.04 mV, interchan-
nel coupling < —60 dB; bandwidth of the system: 0.5-20
kHz, data were not filtered) as described previously (Dhein
et al., 1988). A total of 256 AgCl electrodes were cast in
four polyester plates (in 8 X 8 orthogonal matrices with 1
mm interelectrode distance), which were attached to the
heart surface in an elastic manner, so that they could
follow the heart movements easily without dislocation,
covering the right, front, left, and back ventricular wall.
The hearts were spontaneously beating during the entire
experimental protocol.

We tested the influence of regiona ischemia on the
parameters as well as the effect of 3.0 wmol /I gliben-
clamide or HMR1883 on the ischemia-induced alterations.
Concentrations of 2 or 20 wmol /I glibenclamide have
been reported to be effective (Gogelein et al., 1998b) in
preventing from hypoxic action potential shortening. Simi-
larly, in the same study hypoxia-induced action potential
shortening was antagonized with 2 to 20 pmol/I
HMR1883 (see Fig. 5 of the cited study), while both drugs
were ineffective in submicromolar concentrations.

Before starting the present study, we carried out con-
centration—response curves for both glibenclamide (n = 3)
and HMR1883 (n = 3) ranging from 0.1 to 10 wmol /1 in
isolated hearts paced at 2.7 Hz [so that the ST-segments
were dightly elevated (ST see below) and the activation
recovery intervals (ARI, see below) became slightly short-
ened]. We found that under these conditions, an activa-
tion—recovery interval (ARI) of 128 + 4 ms (control, n=
3), which was dightly prolonged by both drugs (HMR1883:
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+5+ 1%, n=3; glibenclamides +3+0.3%, n=3; 3
wmol /1. In addition, ST was elevated to 42 + 27 arbitrary
units [au] (n=3) and was reduced by both drugs
(HMR1883: —49 + 10%, n= 3; glibenclamide: —36 +
12%, n = 3; 3 wmol /). In concentrations below 3 wmol /I,
we observed no effect of both drugs on ARI and only a
slight effect on ST. Thus, 3 wmol /1 seemed to represent a
threshold concentration for both drugs in this model.

Because of these experiments and the cited literature,
we decided to use 3 wmol /I as a test concentration for
each drug. After 1 h of equilibration under standard condi-
tions and after subsequent 10 min pretreatment with either
Tyrode solution (control, n=14) or 3.0 wmol /I gliben-
clamide (n=7) or 3 pmol /I HMR1883 (n = 7), a branch
of the left anterior descending coronary artery was oc-
cluded for 45 min by ligation. Thereafter, the ligation was
released and the heart was reperfused for another 45 min.
The treatment with the drug was continued throughout the
entire ischemia and reperfusion period. At the end of the
experiment, a second occlusion at the same location was
performed, Evans blue was injected in the coronary circu-
lation so that the occluded zone could be seen as the
non-stained area. After weighing the whole heart, this
occluded zone was excized and weighted and after cutting
into small cubes of 0.5 mm length incubated in 0.5% nitro
blue tetrazolium for 30 min. All tissue samples, which
were stained yellowish after this incubation, were weighed
again giving the infarct size, which was expressed as the
percentage of the occluded zone. Ischemia was confirmed
during the experiment by (1) the reduction in coronary
flow (CF), (2) the area of the ventricle in which ST-eleva-
tion was observed, (3) the intensity of ST-elevation, and
finally (4) the reduction in left ventricular pressure (LVP),
and after the experiment by the infarct size.

Epicardial potential mapping was carried out in each
experimental phase during periods of constant cycle length
of at least 4 min, in order to make it possible to compare
the activation patterns (of single heart beats) or their
alterations. In addition, the functional parameters maxi-
mum systolic LVP, end-diastolic LVP (= EDP), heart rate
(HR), and CF were assessed continuously as described
(Dhein et al., 1993).

2.1. Evaluation of mapping data

For evauation of the mapping data, the activation time
points at each €electrode were determined as t(dU /dt, ;)
(Dhein et al., 1993; Durrer and Van der Tweel, 1954).
Next, the repolarization time points were determined as
t(dU /dt,,,,) during the T-wave as described (Dhein et d .,
1993; Millar et d., 1985). After automatical determination
activation and repolarization timepoints were verified (or
corrected if necessary) manually by the experimentator.
From these data for each electrode, an ARI was calculated
as the difference between the timepoint of activation and
the timepoint of repolarization indicating the epicardial

action potential duration. ARIs were only calculated if the
QRS complex showed hoth a positive and a negative
component and if there was a well defined T-wave as was
published for analysis of ARIs in ischemic tissue by
Gottwald et a. (1998) and in accordance to Janse (1993).

ARIs were determined for each region of the heart
(right, front, left and back wall) as well as for the ischemic
center and border zone. Center and border were deter-
mined from ST-elevation and dye injection, which gave
the localization of the occluded zone. In addition, the
distribution of the ARIs was analyzed for each area of the
heart (i.e. front, left, right or back wall) calculating the
standard deviation of the ARIs at 64 electrodes and ex-
pressed as ARI-dispersion.

From the activation time points an activation sequence
was determined. We determined those electrodes which
were activated before any of the neighbouring ones and
defined them as ‘* breakthrough-points’ (BTPs) which can
be considered as the origins of epicardia activation (Arisi
et al., 1983). These BTPs were determined for heartbeats
under control conditions and for heart beats under treat-
ment. Heartbeats in the various phases of ischemia and
reperfusion were compared to those under control condi-
tions by calculating the percentage of BTPs with identical
location as compared to their location under control condi-
tions (identical = deviating not more than 1 mm from their
location under control conditions). That means that two
identical heartbeats should reveal a similarity in BTP
location of 100%. It is, however known from previous
studies, that identical heartbeats do occur only rarely and
that arrhythmogenic stimuli can reduce BTP similarity
(Dhein et ., 1988, 1993). Decreasing values for this BTP
similarity indicate progressive deviation from the initial
(control) activation pattern.

In addition, the ST-segments (see also Fig. 2) of the 256
ECGs were analyzed. We summed up all deviations from
the isoelectrical level at the time point 50% of mean ARI
and calculated the total ST-deviation of 256 leads in au.
An increase in that parameter points to an increase in
efflux of positively charged ions during the action poten-
tial and is indicative for ischemic regions (Coronel et al.,
1988, Gottwald et al., 1998).

2.2. Satistics

All values are given as means+ S.E.M. Significance
was analyzed using analysis of variance (ANOVA) for
comparison of multiple groups. If ANOVA indicated sig-
nificant differences Wilcoxon rank test for paired observa
tions or Mann—Whitney—U-test for unpaired observations
were performed. The level of significance was P < 0.05.

2.3. Chemicals

All chemicals used in this study were of analytica
grade. All chemicals were purchased from Sigma (St.
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Fig. 3. Changesin systolic LVP (equilibration *“ EQ’") in the course of ischemia and reperfusion in untreated control heart (n = 14) and in glibenclamide (3
wmol /I, n=7) and in HMR1883 (3 wmol /I, n = 7) treated hearts. The ‘“ Inf"" values give the change of the parameter after 10 min preischemic infusion
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3. Results
3.1. Arrhythmias, functional parameters

Heart wet weight was 7.8 + 0.3 g (n=28). The oc-
cluded zone was comparable in al experimental series
with an average of 23+ 3% (control series: 25+ 5%,
n = 14; HMR1883 series: 21 + 7%, n = 7; glibenclamide
series; 22 + 7%, n= 7). There were no significant differ-
ences between the three experimental series regarding
heart weight and occluded zone. However, the infarct size
was significantly smaller in HMR1883 treated hearts: 8.5
+ 3.7% (n=7, HMR1883) versus 23.7 + 9.6% (n = 14,
control) (P < 0.05). In glibenclamide treated hearts, how-
ever, we found a higher variability of the infarct size
(186 + 12.5%, n= 7).

Ventricular fibrillation occurred in 7 /14 hearts in the
untreated controls. In one case it was self-terminating, in
the six other cases it was sustained ventricular fibrillation.
In al 7/14 cases, ventricular fibrillation occurred during
reperfusion period, i.e. in one case a 2 min reperfusion
(not sustained), in three cases at 10-15 min reperfusion
(sustained), in two more cases at 20—-30 min reperfusion
(sustained), and in one case at 40 min reperfusion (sus-
tained); thus, 57% of al ventricular fibrillation occurred
within the first 15 min of reperfusion. In contrast, in
glibenclamide treated hearts, we did not observe ventricu-
lar fibrillation (0/7) and in HMR1883 treated hearts, we

ST-elevation [a.u.]

aso did not find ventricular fibrillation in any case (0/7).
While there was a significantly reduced incidence of ven-
tricular fibrillation (7 /14 versus 0/7; P < 0.05), we found
monomorphic extrasystoles during early reperfusion in all
hearts (all series).

Regarding the functional parameters, we found that the
CF was reduced about equally in al three series during
ischemia (CF at 2 min ischemia: control series: 65 + 8%,
n = 14; HMR1883 series: 58 + 5%, n = 7; glibenclamide
series: 63 + 5% of initial value, n= 7). After 2 min reper-
fusion, CF recovered but did not completely reach preis-
chemic values. Thereafter, CF declined with time (in con-
trol and HMR1883 series). In contrast, in hearts receiving
glibenclamide we did not (or only minimaly) find en-
hanced CF after release of the occlusion (Fig. 2), i.e. the
postischemic hyperemia was suppressed by glibenclamide
but not by HMR1883.

LVP was reduced by nearly 40% and partly recovered
after 15 min reperfusion. The postischemic values for LVP
in the treatment series were dlightly but not significantly
lower as compared to the control series (Fig. 3).

3.2. ST-elevation

In order to characterize the underlying electrophysiol-
ogy, we carried out a 256 channel epicardial potential
mapping. Typically, in unipolar electrocardiograms an ele-
vation of the ST-segment can be observed in the ischemic
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Fig. 4. Changes in ST-elevation (preischemic equilibration value =‘"EQ’’) in the course of ischemia and reperfusion in untreated control heart (n = 14)
and in glibenclamide (3 wmol /I, n=7) and in HMR1883 (3 wmol /I, n=7) treated hearts. The ‘‘Inf’’ values give the change of the parameter after 10
min preischemic infusion of either the drug or the vehicle. Values are given as means + S.E.M. Significant differences to the control series are indicated by
an asterisk. Significant differences against the preischemic equilibrium value (‘*EQ’’) are indicated by #.
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Fig. 5. (A) Changes in epicardid activation recovery interval ARI in the ischemic center at the left ventricular wall, assessed as the epicardial
activation—recovery interval, (preischemic equilibration value="‘"EQ’") in the course of ischemia and reperfusion in untreated control heart (n = 14) and
in glibenclamide (3 wmol /1, n=7) and in HMR1883 (3 wmol /I, n = 7) treated hearts. The ‘‘ Inf"’ values gives the change of the parameter after 10 min
preischemic infusion of either the drug or the vehicle. Values are given as means + S.E.M. Significant differences between treated and untreated hearts are
indicated by an asterisk (*). Significant differences against the preischemic equilibrium value (‘‘EQ'’) are indicated by a #. (B) Changes in ARI in the
ischemic border zone. Explanations see above. Note that the changes in ARI are smaller as compared to those observed in the center (A). (C) Changesin
ARI in the non-ischemic area. Please note that ARI is not affected by both drugs in the non-ischemic area and (if comparing to (A) and (B)) that effects of
glibenclamide and HMR1883 can only be observed in the ischemic region. (D) Original registrations of unipolar epicardial potentials from the ischemic
center and border zone under control conditions and under drug treatment before and after 2 min of ischemia. The vertical bar is 2 mV, the horizontal bar
125 ms for reference. Please note that ST-elevation is most pronounced in the center zone and that this ST-elevation is suppressed by both drugs.
Moreover, please note that ischemic potential shortening is attenuated in treated hearts. (E) The figure gives the difference in epicardial activation recovery
intervals (ARI, [ms]) between ischemic center and border zone in untreated and treated (HMR1883 or glibenclamide) hearts occurring during ischemia.
Significant differences are indicated by an asterisk (P < 0.05).



279

iv’’;iiieeeiii;, /rdd?
AIITTH[T

AN
45 min

7.

ild
A IHIHIIIIIITMY

30

AT

AN

15

Uil d?
AN\

N\

Uiviitivierriiiiiernrdrrd?d
Al hHhiy

AN

%
45

vyyiiiirrr??e??t??4
Aty

30

Almmmmmmy

15

glibenclamide

reperfusion

P77 HMR 1883 [3uM]
ST-elevation at 2 min ischemia was significantly sup-

pressed by both I, ,rp blockers (for original registration

see Fig. 5D). However, the maximum values for ST-eleva-
tion were somewhat, although not significant, reduced

preischemic control values upon reperfusion. This rise in

HMR 1883

Fig. 5 (continued).

S Dhein et al. / European Journal of Pharmacology 398 (2000) 273-284

ARI [ms], non-ischemic zone
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(Coronel et al., 1988, 1992;

ment, was maximally elevated during ischemia, from

Dhein et al., 1990). The potential at 50% ARI, i.e. ST-seg-
preischemic control values of 59 + 13 (n= 14)
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Fig. 5 (continued).

under the influence of HMR1883, but not under gliben-
clamide. While after 45 min reperfusion, the value for
ST-elevation in HMR1883 treated hearts returned to values
not significantly different from its preischemic control
value, it remained still elevated at that timepoint in gliben-
clamide treated hearts (Fig. 4).

3.3. Activation—recovery intervals

In the following anaysis, we have evaluated the dura-
tion of the epicardial ARI in the ischemic center and
border zone as well as on the whole cardiac surface. The
epicardial ARIs were reduced in the course of ischemia
and recovered to preischemic values within 15 min of
reperfusion. This reduction in ARI was significantly less
pronounced in the presence HMR1883 and of gliben-
clamide (at early ischemia and early reperfusion). The
effect seemed time-dependent since this drug effect was
most prominent in early ischemia. After 2 min reperfusion,
the ARIs again were significantly longer in treated than in
untreated hearts. Thereafter, all hearts recovered in a simi-
lar manner.

In order to investigate these phenomena in detail, we
examined the differential effects of ischemia and drug
treatments on the ischemic center and border zone by
selecting five electrodes from the ischemic center and five
electrodes from the ischemic border as defined by ST-seg-
ment changes and dye injection. It became obvious that
ischemia led to a shortening of the ARIs which was most
pronounced in the ischemic center. This shortening was
significantly antagonized by both treatments. The effect of

the drug treatment was also more prominent in the is-
chemic center zone (Fig. 5A) as compared to the border
zone (Fig. 5B) (for original registrations see Fig. 5D).

Interestingly, in the prolonging drug effect on the ARIs
was restricted to the ischemic area while in the non-
ischemic area neither glibenclamide nor HMR1883 exerted
any influence on ARIs (Fig. 5C), i.e. an prolonging effect
was only observed in regions with ischemia-induced short-
ening of the ARIs. Thus, the difference in epicardial action
potential duration between ischemic center and border was
lower in treated hearts (Fig. 5E) especially during early (2
min) and late (45 min) ischemia and during the first 15
min of reperfusion (P < 0.05), so that the drug-treatment
seemed to attenuate regional differences in ARIs between
ischemic and non-ischemic area (Fig. 5E).

In order to quantify this effect, we assessed the global
dispersion of the ARIs at the whole left ventricular wall.
The dispersion of the epicardial action potential durations
significantly increased in the course of ischemia from
preischemic control values between 7.88 + 1.8 ms to a
maximum of 40 + 6 ms (45 min ischemia, untreated hearts,
n = 14). Dispersion partially recovered upon reperfusion in
the control series and remained at elevated values around
20 ms (21 + 3 ms, 45 min reperfusion, n= 7). This in-
crease in dispersion was significantly reduced by both,
glibenclamide and HMR1883, in late ischemia (HMR1883
(n=7): 29+ 4 ms; Glib. (n=7): 29 + 5.5 versus 40 + 6
ms, 45 min ischemia; P < 0.05). In addition, there was a
better recovery of dispersion upon reperfusion under the
influence of the drugs so that dispersion was (although still
elevated) significantly lower at the end of the reperfusion
period in glibenclamide or HMR1883 treated hearts
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(HMR1883 (n=7): 15+ 2 ms; Glib. (n=7): 15+ 25
versus 21 + 3 ms, 45 min reperfusion; P < 0.05).

3.4. Activation pattern

Regarding the activation process and the geometry of
activation, we found in accordance with previous investi-
gations (Gottwald et al., 1998; Dhein et al., 1990) that
ischemia resulted in a significant change in the location of
the BTPs so that only 45 + 5% (45 min ischemia, n= 14)
were found to exhibit a similar location as compared to the
preischemic, while normally, i.e. during the preischemic
equilibration period, two succeeding heart beats revealed a
BTP similarity of 72+ 6% (n=14). In glibenclamide
treated hearts, we found a BTP similarity of 37 4+ 8%
(n=7) a the end of the ischemic period, while in
HMR1883 treated hearts 64.9 + 9% (n=7) of the BTPs
remained stable (45 min ischemia). After reperfusion we
found 56 + 14% (control, n=7), 67 + 6% (HMR1883,
n=7) and 39 + 8% (glibenclamide, n=7) of the BTPs
with similar location as during preischemic equilibration.

It should be noted that during the preischemic infusion
of the drugs, we found 74 + 5% (vehicle, control series,
n=14), 73+ 4% (HMR1883, n=7) and 80+ 3.3%
(glibenclamide, n= 7) of the BTPs at the same location as
before infusion. Thus, there was no significant drug-effect
on the activation pattern during the preischemic infusion.

Regarding the velocity of the epicardial activation pro-
cess, we found an ischemia-induced prolongation of the
total activation time, i.e. the time delay between activation
of the first and of the last electrode of the left ventricular
wall, indicating the well known slowing of conduction
during ischemia(from a preischemicvalueof 9 + 1-24 + 5
ms at 45 min ischemia, control series, n= 14). The pro-
longation of the total activation time recovered only dlightly
and almost incomplete during reperfusion. This ischemia-
induced increase in the total activation time was not
influenced by the drug treatment. Similarly, there was no
effect of the drugs on the atrioventricular conduction time
(control: 58 +5 ms, n=14; glibenclamide 3 wmol /I:
56+ 2 ms, n=7 and HMR1883 3 pmol /I: 59 + 3 ms,
n = 7; values after 10 min pretreatment under non-ischemic
conditions).

The preischemic infusion itself of the substances or of
the vehicle did not exhibit any effect on the parameters
under investigation during preischemic control period as
can be seen from the ‘‘Infusion-values’ given in the
figures (indicated as *“ Inf'").

4, Discussion

This study demonstrated antiarrhythmic action of
HMR1883 and glibenclamide. Ischemia led to ventricular
fibrillation during reperfusion (7 /14), with a peak during
the first 15 min. During this time, the most prominent and

significant effect of the drug treatment was a suppression
of regional differences in ARIs between ischemic center
and border zone. Thus, we suppose that the attenuation of
regional differences in ARI during reperfusion may be
related to the antiarrhythmic effect of the drugs. Besides
this, other significant drug effects were observed, such as
suppresion of ST-elevation and shortening of ARIs during
early ischemia, which do not seem to be related to the
antiarrhythmic effect in this model, since at that time no
arrhythmia occurred in this rabbit model. Both drugs dif-
fered with regard to their vascular action since gliben-
clamide but not HMR1883 prevented from reactive hyper-
emia at early reperfusion. However in this model, this
difference in vascular action does not seem to affect the
antiarrhythmic properties of the treatment.

The reduction in ARIs as well as the increase in ST-
elevation during untreated ischemia can be explained by
the opening of potassium channels (Coronel et al., 1988)
especialy by opening of I ,tp channels (Noma, 1983;
Wilde et al., 1990). This is further supported by the
inhibitory effect of both I, ,1p blockers on this shortening
of ARIs. However, since we observed an incomplete an-
tagonization, other potassium channels may aso be in-
volved in ischemic shortening of ARIs (Kim and Clam-
pham, 1989; Kameyama et al., 1984) or K *-efflux coupled
to lactate and inorganic phosphate efflux (Kléber, 1984).
In parallel, ST-segments are elevated due to the accumula
tion of positive charges in the extracellular space beneath
the unipolar electrode (Coronel et al., 1988).

The shortening of the ARIs was most pronounced in the
ischemic center, so that marked differences in ARI (as an
indicator of action potential duration) occurred between
center and border zone. Such regional differences in ARI
in concert with slowing of conduction are generally con-
sidered to favor arrhythmia (Kuo et al., 1983; Kléber et al.,
1978; Han and Moe, 1964), especially if the action poten-
tial duration is shortened and conduction is slowed (slow-
ing of conduction is indicated in our study by the prolon-
gation of the total activation time) (Smeets et al., 1986;
Reensmaet al., 1988) and if the activation pattern becomes
atered (as indicated in our study by a reduced BTP
similarity) (Gottwald et a., 1998). The importance of
regional differencesin ARIs for arrhythmogenesis has also
been demonstrated in regional ischemia (Gottwald et al.,
1998). Since these regional differencesin ARIs were atten-
uated by both drugs not only during early and late is
chemia but aso during the first 15 min of reperfusion
(when most arrhythmia occurred) this drug effect may be
involved in the antiarrhythmic action, as the inhibition of
the increase in ARI-dispersion by both drugs.

There was amost no drug effect on ARIs in non-
ischemic tissue, but a clear prolonging effect in the is-
chemic center, and a mild effect in the border zone. Thus,
the drug effect seems to depend on the degree of shorten-
ing of the ARIs. As was recently reported (Barrett and
Walker, 1998), glibenclamide does not inhibit the action
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potential shortening per se but slows the rate of shortening.
This is compatible with our findings of a predominant
effect in early ischemia seen with both drugs leading to a
slower shortening of ARI. In the study mentioned above,
the authors found an antiarrhythmic action of gliben-
clamide as well. However, they could not explain this
antiarrhythmic effect.

The increase in dispersion of the ARIs in the course of
ischemia can be ascribed to regiona differences in potas-
sium efflux depending on the localization with regard to
the center of ischemia and secondly to cellular uncoupling
(Dekker et al., 1996). This increase was antagonized by
both drugs during late ischemia and reperfusion and thus
this drug action may be involved in the antiarrhythmic
effect. Since this dispersion was calculated from all 64
electrodes of the whole left ventricular wall, it does not
only reflect the ischemic center and border zone. In an
earlier study by DiDiego and Antzelevitch (1993), it was
shown that glibenclamide could antagonize electrical het-
erogeneity induced by the I Arp-Opener pinacidil. Thus,
an inhomogeneous distribution of |, ,;p May also con-
tribute to the enhanced dispersion during ischemia.

One could imagine that HMR1883 and glibenclamide
may exert their antiarrhythmic effect also via a blockade of
other channels such as I, or |.,. However, our data do
not indicate such an action on |, since there was no drug
effect on the velocity of epicardia activation spreading,
and not on | -, since there was no effect on LVP or on the
atrioventricular conduction time.

Since a significant reduction of infarct size was only
seen with HMR1883, the antiarrhythmic action of both
drugs seen in our study does not seem to be related to the
reduction in infarct size, although this may play — at least
in parts — arole in the effects of HMR1883. The basis of
this effect remains unclear. One could imagine an effect on
the mitochondrial ATP-modulated channels, but this is
hypothetical at present. However, it might be concluded
from this finding that a reduction in farct size is not per se
necessarily antiarrhythmic. On the other hand, it should be
stated that 45 min reperfusion, although used by severa
investigators, may be too short for the tetrazolium method,
so that the infarct size data should not be over-interpreted.

With regard to their vascular effects only gliben-
clamide, but not HMR1883, inhibited the postischemic
hyperemia. This can be explained by the different affinities
of the drugs to vascular sulfonylurea receptors or vascular
I« atp Channels. Gogelein et al. (1998a) showed that
HMR1883 (below 10 wmol /1) did not affect enhancement
of CF during globa hypoxia. This is in good accordance
with our finding of a normal hyperemic response after
release of coronary ligation. However, this seems unrelated
to the antiarrhythmic effect, which was seen with both
drugs, but it might be involved in the lower or missing
effect of glibenclamide on infarct size.

It is known that |, ,1p Plays a role in cardioprotection
by preconditioning (Morita et a., 1997). The vasocon-

strictor effect of sulfonylureas can counteract precondition-
ing (Thornton et al., 1993; for review see: Wilde, 1994)
and may exert proarrhythmic effects (D’Alonzo et 4.,
1995; Schultz et al., 1997; Munch-Ellingsen et al., 1996)
depending on the model (preconditioning or not) and the
anaesthetics used (Morita et al., 1997). These apparently
conflicting results may be related to the different electro-
physiological mechanisms underlying a particular arrhyth-
mia. The vasoconstrictor action and the inhibition of
postischemic hyperemia seen in our study may account for
the longer lasting ST-elevation in glibenclamide treated
hearts in our study, which was not seen with HMR1883.

With regard to the ongoing discussion about a possible
proarrythmic potential of 1, ,1p blockers, it should be
noted that in a recent clinical investigation in 188 diabetics
on sulfonylurea, who suffered from acute myocardial in-
farction, early mortality seemed to be increased while the
late survival was not influenced (Garrat et a., 1999). In
874 patients with myocardial infarction including 102 dia-
betics, it was found that the use of sulfonylureas was not
associated with an increased long-term mortality (Brady et
al., 1998). It should be added that in another study, second
generation sulfonylureas like glibenclamide or glipizide
reduced the number of ventricular ectopic beats in is
chemic rat hearts while first generation sulfonylureas like
tolbutamide increased arrhythmias (Ballagi-Pordany et al.,
1990).

Another point worth for discussion is the concentration
used for both drugs. We decided to use 3 pmol /I of each
drug, since concentrations of 2—20 w.mol /I of both gliben-
clamide and HMR1883 were shown to prevent from hy-
poxic action potential shortening (Gogelein et al., 1998b),
which is a situation somehow related to our study, while
0.2 or 0.5 pmol /I were ineffective. However, regarding
the antagonization of a rilmakalim induced action potential
shortening, the IC., was 0.33 wmol /I (glibenclamide) and
1.8 pmol/I HMR1883 in that study. Since we were
interested in the effects against hypoxia,/ischemia-induced
shortening, which may be pathophysiologically somewhat
different, we used 3 wmol /I. Furthermore, we wanted to
know, whether in this higher concentration HMR1883
might exert vascular effects like glibenclamide. In prelimi-
nary concentration—response curves, we established that
the threshold concentration for an ARI-prolonging effect in
hearts which are paced higher than their physiological rate
(2.7 Hz instead of 3-3.5 Hz) was 3 wmol /I for both
drugs. Interestingly, we found similar effects regarding
ARI-shortening or inhibition of ST-elevation but diverging
vascular effects.

From these results, it is concluded that (a) both drugs,
HMR1883 and glibenclamide can exert antiarrhythmic ef-
fects in this model, and that (b) this antiarrhythmic effect
seems to be — at least in parts — related to the attenua-
tion of regional inhomogeneities in ARIs and the antago-
nization of the increase in dispersion. These results may
help to explain the antiarrhythmic effects of glibenclamide
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seen in diabetic patients (Cacciapuoti et al., 1991; Lomus-
cio et a., 1994; Lomuscio and Fiorentini, 1996; Davis et
al., 1996, 1998).

Acknowledgements

This study has been supported by a grant given by
Hoechst, Frankfurt, Germany and by grants given by the
Deutsche Forschungsgemeinschaft DFG Dh 3/6-1, Dh
3/8-1to0 SD.

References

Arisi, G., Macchi, E., Baruffi, S., Spaggiari, S., Taccardi, B., 1983.
Potential field on the ventricular surface of the exposed dog heart
during normal excitation. Circ. Res. 52, 706—715.

Ballagi-Pordany, G., Koszeghy, A., Koltai, M.Z., Aranyi, Z., Pogatsa, G.,
1990. Divergent cardiac effects of the first and second generation
hypoglycemic sulfonylurea compounds. Diabetes Res. Clin. Pract. 8,
109-114.

Barrett, T.D., Walker, M.J.A., 1998. Glibenclamide does not prevent
action potential shortening induced by ischemia in anaesthetized
rabbits but reduces ischemia-induced arrhythmias. J. Mol. Cell. Car-
diol. 30, 999-1008.

Billman, G.E., Avendano, C.E., Halliwill, JR., Burroughs, JM., 1993.
The effects of the ATP-dependent potassium channel antagonist,
glyburide, on coronary blood flow and susceptibility to ventricular
fibrillation in unanesthetized dogs. J. Cardiovasc. Pharmacol. 21,
197-204.

Billman, G.E., Englert, H.C., Schdlkens, B.A., 1998. HMR1883, a novel
cardioselective inhibitor of the ATP-sensitive potassium channel. Part
Il: Effects on susceptibility to ventricular fibrillation induced by
myocardia ischemiain conscious dogs. J. Pharmacol. Exp. Ther. 286,
1465-1473.

Brady, P.A., Al-Sudawi, J., Kopecky, S.L., Terzic, A., 1998. Sulfony-
lureas and mortality in diabetic patients after myocardial infarction.
Circulation 97, 709-710.

Cacciapuoti, F., Spieza, R., Bianchi, U., Lama, D., D’ Avino, M., Varric-
chio, M., 1991. Effectiveness of glibenclamide on myocardia is-
chemic ventricular arrhythmias in non-insulin-dependent diabetes
mellitus. Am. J. Cardiol. 67, 843-847.

Coronel, R., Fiolet, JW.T., Wilms-Schopman, F.J.G., Schaapherder,
A.F.M., Johnson, T.A., Gettes, L.S., Janse, M.J., 1988. Distribution
of extracellular potassium and its relation to electrophysiologic
changes during acute myocardia ischemia in the isolated perfused
porcine heart. Circulation 77, 1125-1138.

D’Alonzo, A.J., Sewter, J.C., Darbenzio, R.B., Hess, T.A., 1995. Effects
of cromakalim or glibenclamide on arrhythmias and dispersion of
refractoriness in chronically infarcted anaesthetized dogs. Naunyn-
Schmiedeberg's Arch. Pharmacol. 352, 222—228.

Davis, T.M.E., Parsons, RW., Broadhurst, R.J., Hobbs, M.S.T., Jam-
rozik, K., 1996. Arrhythmias and mortality after myocardial infarction
in diabetic patients: relationship to diabetes treatment. Diabetologia
39, A5L.

Davis, T.M.E., Parsons, RW., Broadhurst, R.J., Hobbs, M.ST., Jam-
rozik, K., 1998. Arrhythmias and mortality after myocardial infarction
in diabetic patients. Diabetes Care 21, 637—640.

Dekker, L.R.C., Fiolet, JW.T., Van Bavel, E., Coronel, R., Opthof, T.,
Spaan, JA.E., Janse, M.J., 1996. Intracellular Ca+ +, intercellular
electrical coupling, and mechanical activity in ischemic rabbit papil-

lary muscle. Effects of preconditioning and metabolic blockade. Circ.
Res. 79, 237-246.

Dhein, S., Rutten, P., Klaus, W., 1988. A new method for analysing the
geometry and timecourse of epicardia potential spreading. Int. J.
Biomed. Computing 23, 201—-207.

Dhein, S., Miller, A., Gerwin, R., Klaus, W., 1993. Comparative study
on the proarrhythmic effects of some class | antiarrhythmic agents.
Circulation 87, 617—631.

DiDiego, JM., Antzelevitch, C., 1993. Pinacidil-induced electrical het-
erogeneity and extrasystolic activity in canine ventricular tissue: does
activation of ATP-regulated potassium current promote phase 2 reen-
try?. Circulation 88, 1177-1189.

Durrer, D., Van der Tweel, L.H., 1954. Spread of activation in the left
ventricular wall of the dog. Activation conditions at the epicardia
surface. Am. Heart J. 47, 192—-203.

Garrat, K.N., Brady, P.A., Hassinger, N.L., Grill, D.E., Terzic, A,
Holmes, D.R., 1999. Sulfonylurea drugs increase early mortdlity in
patients with diabetes mellitus after direct angioplasty for acute
myocardia infarction. J. Am. Coll. Cardiol. 33, 119-124.

Gogelein, H., Englert, H.C., Scholkens, B.A., 1998a. Effects of novel
cardioselective K 4rp channel blocker HMR1883 on K 51p channels
in guinea pig hearts and on rat pancreatic B-cells. Br. J. Pharmacol.
124, 23P, (Suppl.); (Abstract).

Gogelein, H., Hartung, J., Englert, H.C., Scholkens, B.A., 1998h.
HMR1883, a novel cardioselective inhibitor of the ATP-sensitive
potassium channel. |. Effects on cardiomyocytes, coronary flow and
pancreatic B-cells. J. Pharmacol. Exp. Ther. 286, 1453—1464.

Gottwald, E., Gottwald, M., Dhein, S., 1998. Enhanced dispersion of
epicardia activation—recovery intervals at sites of histological inho-
mogeneity during regional ischaemia and reperfusion. Heart 79, 474—
480.

Gribble, F.M., Tucker, SJ., Seino, S., Ashcroft, F.M., 1998. Tissue
specifity of sulfonylureas. Studies on cloned cardiac and B-cell K 51p
channels. Diabetes 47, 1412-1418.

Han, J., Moe, G.K., 1964. Nonuniform recovery of excitability in ventric-
ular muscle. Circ. Res. 16, 46—60.

Janse, M.J., 1993. Mapping in acutely ischemic myocardium. In: Shenasa,
M., Borggrefe, M., Breithardt, G. (Eds.), Cardiac Mapping. Futura
Publishing, Mount Kisco, NY, pp. 115-123.

Kameyama, M., Kakei, K., Sato, R., Shibasaki, T., Matsuda, H., Irisawa,
H., 1984. Intracellular Na* activates a K* channel in mammalian
cardiac cells. Nature 309, 354—356.

Kim, D., Clampham, D.E., 1989. Postassium channel in cardiac cells
activated by arachidonic acid and phospholipids. Science 244, 1174—
1176.

Kleber, A.G., 1984. Extracellular potassium accumulation in acute my-
ocardial ischemia. J. Mol. Cell. Cardiol. 16, 389-394.

Kléber, A.G., Janse, M.J.,, van Capelle, F.J.L., Durrer, D., 1978. Mecha-
nism and time course of ST and TQ segment changes during acute
regional myocardial ischemiain the pig heart determined by extracel-
lular and intracellular recordings. Circ. Res. 42, 603—613.

Kuo, C.S., Munakata, K., Reddy, C.P., Surawicz, B., 1983. Characteris-
tics and possible mechanism of ventricular arrhythmia dependent on
the dispersion of action potential durations. Circulation 67, 1356—
1367.

Lomuscio, A., Fiorentini, C., 1996. Influence of oral antidiabetic treat-
ment on electrocardiac aterations induced by myocardia infarction.
Diabetes Res. Clin. Pract. 31, S21-S26, (Suppl.).

Lomuscio, A., Vergani, D., Marano, L., Castagnone, M., Fiorentini, C.,
1994. Effects of glibenclamide on ventricular fibrillation in non-in-
sulin-dependent diabetics with acute myocardial infarction. Cor. Art.
Dis. 5, 767-771.

Millar, CK., Kralios, F.A., Lux, R.L., 1985. Correlation between refrac-
tory periods and activation recovery intervals from electrograms:
effects of rate and adrenergic interventions. Circulation 72, 1372—
1379.

Morita, Y., Murakami, T., lwase, T., Naa, K., Nawada, R., Kouchi, I.,



284 S Dhein et al. / European Journal of Pharmacology 398 (2000) 273-284

Akao, M., Sasayama, S., 1997. K(ATP) channels contribute to the
cardioprotection of preconditioning independent of anaesthetics in
rabbit hearts. J. Mol. Cell. Cardiol. 29, 1267-1276.

Munch-Ellingsen, J.,, Bugge, E., Ytrehus, K., 1996. Blockade of the
KATP-channel by glibenclamide aggravates ischemic injury, and
counteracts ischemic preconditioning. Basic Res. Cardiol. 91, 382—
388.

Noma, A., 1983. ATP-regulated K *-channels in cardiac muscle. Nature
305, 147-148.

Reensma, P.L., Allessie, M.A., Lammers, W.JE.P., Bonke, F.I.M.,
Schalij, M.J., 1988. Length of excitation wave and susceptibility to
reentrant atrial arrhythmias in normal conscious dogs. Circ. Res. 62,
395-410.

Schotborgh, C.E., Wilde, A.A.M., 1997. Sulfonylurea derivatives in
cardiovascular research and in cardiovascular patients. Cardiovasc.
Res. 34, 73-80.

Schultz, JE., Yao, Z., Cavero, |., Gross, G.J,, 1997. Glibenclamide-in-
duced blockade of ischemic preconditioning is time-dependent in
intact rat heart. Am. J. Physiol. 272, H2607—-H2615.

Smeets, JL.R.M., Allessie, M.A., Lammers, W.J.E.P., Bonke, F.I.M.,
Hollen, J., 1986. The wave length of the cardiac impulse and reentrant
arrhythmias in isolated rabbit atrium. Circ. Res. 58, 96—108.

Thornton, J.D., Thornton, C.S., Sterling, D.L., Downey, JM., 1993.
Blockade of ATP-sensitive potassium channels increases infarct size
but does not prevent preconditioning in rabbit hearts. Circ. Res. 72,
44-49.

Wilde, A.A.M., 1994. K 4+ ATP-channel opening and arrhythmogenesis.
J. Cardiovasc. Pharmacol. 24 (Suppl. 4), S35—S40.

Wilde, A.A.M., Escande, D., Schumacher, C.A., Thuringer, D., Mestre,
M., Fiolet, JW.T., Janse, M.J., 1990. Potassium accumulation in the
globally ischemic mammalian heart. A role for the ATP-sensitive
potassium channel. Circ. Res. 67, 835-843.



