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In vitro effects of capsaicin: antiarrhythmic and antiischemic activity
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Abstract

The antiarrhythmic effects of vehicle (0.1% dimethyl sulfoxide: DMSQ) or capsaicin were evaluated in isolated perfused rat
and guinea pig heart preparations. In the rat, capsaicin reduced ischemic ventricular tachycardia from 100% in control to 0%,
and ischemic ventricular fibrillation from 60% in control to 0% at 30 uM, and diltiazem reduced the incidence of ischemic
ventricular tachycardia and ventricular fibrillation to 55% and 0%, respectively. Reperfusion ventricular fibrillation was reduced
from 90% to 20% and 33% for capsaicin and diltiazem, respectively, at these concentrations. In isolated perfused globally
ischemic rat hearts, antiischemic efficacy was assessed as a significant extension (36% and 50%) in time to contracture with 30
uM capsaicin and 1 uM diltiazem, respectively. Capsaicin reduced left ventricular developed pressure by 35% in non-ischemic
rat hearts, and increased coronary flow by 40%. The increased time to contracture for either compound was not blocked by
glyburide (0.1 wM) suggesting a lack of any involvement of ATP-sensitive K* channels. In isolated guinea pig hearts subjected to
global ischemia, capsaicin and diltiazem reduced reperfusion ventricular fibrillation from 100% to 10% and 0% at 30 and 3 uM,
respectively. Electrophysiologic evaluation in guinea pig papillary muscles using standard microelectrode techniques demon-
strated significant (P < 0.05) action potential durations at 90% repolarization shortening at 1 Hz by 9%, 28% and 39%, and 23%,
37% and 51% at 10, 30, and 100 uM of capsaicin or diltiazem, respectively. Unlike diltiazem, no changes in action potential
duration were observed with capsaicin (up to 100 M) at faster stimulation rates (5 Hz). In conclusion, capsaicin displays both
antiarrhythmic and antiischemic efficacy. These data suggest that the effects of capsaicin are mediated primarily through block of
Ca’* channels in these preparations.
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1. Introduction

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is the
active ingredient causing the pungent effects of hot red
peppers of the genus Capsicurn. Capsaicin has long
been recognized for its diverse and interesting pharma-
cologic activity. It predominantly effects sensory neu-
rons where it can produce excitation followed by long-
term sensory receptor block or desensitization (Holzer,
1991; O’Neill, 1991). Capsaicin has primary effects on
C-fibers, which are slow conducting unmyelinated nerve
fibers that carry sensory signals for nociception. The
electrophysiologic mechanisms underlying the activity
of capsaicin, at least in nerve, have been suggested to
result from the opening of a non-selective cation chan-
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nel (Stretton et al., 1992; Wood et al., 1988). This
allows Na* and Ca?" to enter the cell and K* to efflux
via Ca®*-gated channels (O’Neill, 1991; Wood et al.,
1988). This increase in ion conductance causes depolar-
ization of the membrane and has been associated with
release of neuropeptides such as calcitonin gene-re-
lated peptide, substance P, vasoactive intestinal
polypeptide and tachykinins (neurokinin A) from pe-
ripheral nerve endings, and substance P, somatostatin
and calcitonin gene-related peptide from central nerve
endings (Holzer, 1991).

Although capsaicin has been extensively studied in
the nervous system, few studies with capsaicin have
been performed in the myocardium. In the myo-
cardium, capsaicin has been shown to cause release of
calcitonin gene-related peptide and substance P from
terminal nerve-endings (Franco-Cereceda et al., 1989;
Manzini et al., 1989). It has also been reported to block
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K™* ion channel conductances in isolated rat cardiac
myocytes. Specifically, capsaicin has been shown to
block the transient outward (Ito), delayed rectifier (IK)
and inward rectifier (IK1) currents with ICs;s of 6.4,
11.5 and 46.9 uM, respectively, in these cells (Castle,
1992). The block of K™ currents has long been associ-
ated with potential antiarrhythmic activity (Honde-
ghem, 1991; Hondeghem and Snyders, 1990). However,
there has been little or no evaluation of capsaicin in
models of arrhythmias. In addition, it has been shown
that ischemia, as does capsaicin, can cause release of
calcitonin gene-related peptide (Franco-Cereceda et
al., 1989). Calcitonin gene related peptide has been
shown to improve cardiac performance in patients with
congestive heart failure (Gennari et al., 1990). Again,
there have been no studies performed to evaluate the
effects of capsaicin on myocardial function, in particu-
lar during ischemia. Thus, the purpose of the present
study, was to evaluate the effects of capsaicin on ar-
rhythmias and to determine the preischemic and
postischemic functional effects of capsaicin in isolated
heart preparations. We found that capsaicin possesses
both antiarrhythmic and antiischemic activity in our
preparations. Attempts were made to determine the
ionic mechanism(s) by which capsaicin was acting. A
previous report of this work has been published (Hess
et al., 1994).

2. Materials and methods
2.1. Antiarrhythmic testing in isolated rat hearts

Sprague Dawley rats (350-400 g) were anesthetized
with Na* pentobarbital (75 mg/kg i.p.). Following
anesthesia, the skin was removed around the throat,
the trachea was intubated and the animal mechanically
ventilated with room air. The jugular vein was injected
with heparin (100-400 U /kg). A midsternal thoraco-
tomy was made and the ribs retracted to expose the
heart. The pericardium was removed and the aorta
cleared of any connective tissue. A silk suture (00) was
placed around the aorta before its bifurcation. While
being ventilated, hearts were perfused in situ with a
cannula via retrograde perfusion of the aorta. The
cannula was then connected to a reservoir containing
oxygenated Krebs-Henseleit bicarbonate buffer with
the following composition (mM): 112 NaCl, 3.0 KCl,
11.5 glucose, 25 NaHCO,, 1.2 MgSO,, 1.25 Ca(l,, 1.0
KH,PO,, at a pH 74. The inferior vena cava was
clamped just above the diaphragm and a cannula
quickly inserted into the aorta and secured with suture.
Once the heart was perfused, it was carefully excised
from the chest and transferred to the Langendorff
apparatus and perfused with Krebs-Henseleit buffer at
a constant pressure (80-85 mmHg) and temperature
(37 +£0.2°0).

Once the heart was connected to the Langendorff
apparatus a silk suture (000) was looped around the
left coronary artery close to its origin and passed
through a thin piece of polyethylene tubing (PE60).
Each end of the suture was then passed through a hole
of a button, and the suture tied loosely. A ventricular
electrogram was obtained by inserting small needles
just under the epicardial surface and connecting them
to an electrocardiogram harness. A pressure trans-
ducer connected to the side port of the perfusion
apparatus allowed indirect measurement of left ven-
tricular pressure that helped to distinguish ventricular
tachycardia from ventricular fibrillation. Pressure and
electrocardiogram signals were routed to a chart
recorder and oscilloscope. The ambient temperature
around the preparation was maintained by a heated
vessel (37°C). Flow of the perfusate through the coro-
nary arteries was monitored via an extracorporeal flow
probe inserted in line with the flow of the solution.

Each heart was given 10 min equilibration time.
After this time, heart rates and coronary flows were
recorded. If the control coronary flow was less than 14
ml /min, or the heart rate was less than 260 beats /min,
the hearts were excluded from the study. Following
equilibration, the hearts were given either vehicle
(Krebs-Henseleit or 0.1% dimethyl sulfoxide [DMSO])
or test substance for 7 min prior to occlusion. At the
end of 5 min, flow and rate measurements were re-
peated and the incidence of arrhythmias, if any, were
noted. At this time, the artery was ligated by pulling
the ends of the strings over the button and knotting it.
Adequate occlusion yielded a drop in coronary flow
(approximately 45%). If flow decreased less than 40%,
attempts were made to tighten the suture to obtain a
better ligation. If this failed to yield an acceptable
reduction (> 30%) the heart was excluded from the
study. Occlusion lasted for 15 min and coronary flow
and heart rate were recorded at 1, 3, 5, 7, 10, and 15
min. Arrhythmias were qualified as to their type and
time of onset post-occlusion. Arrhythmias were classi-
fied as ventricular extrasystoles when isolated events
occur, ventricular tachycardia when 5 or more ventricu-
lar extrasystoles occur together at a high rate of orga-
nized ventricular activity, or ventricular fibrillation
when rapid disorganized electrical activity lasting more
than 2 s was observed. After 15 min of occlusion,
reperfusion was initiated by cutting the tubing and
removing the suture. Reperfusion flow served as an
index to assure adequate reflow to the heart. Reperfu-
sion arrhythmias were assessed as above for 5 min.

2.2. Antiischemic and cardiac functional testing in iso-
lated perfused rat hearts

Male Sprague-Dawley rats (400-500 g) were anes-
thetized using 100 mg/kg Na* pentobarbital (i.p.).
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Following anesthesia, hearts were removed and per-
fused on a Langendorff apparatus as described above
with Krebs-Henseleit containing the following compo-
sition (mM): 112 NaCl, 25 NaHCO,, 5 KCl, 1.2 MgSO,,
1 KH,PQO,, 1.25 Ca(l,, 11.5 glucose, and 2 pyruvate at
a constant perfusion pressure of 80—-85 mmHg. A wa-
ter-filled latex balloon attached to a metal cannula was
then inserted into the left ventricle and connected to a
Statham pressure transducer for measurement of left
ventricular pressure. The hearts were allowed to equili-
brate for 15 min, at which time end-diastolic pressure
was adjusted to 5 mmHg and this balloon volume was
maintained for the duration of the experiment. Pre-
ischemia or pre-drug function, heart rate and coronary
flow (extracorporeal electromagnetic flow probe, Car-
olina Medical Electronics, King, NC) were then mea-
sured. Contractile function was calculated by subtract-
ing left ventricular peak systolic pressure from end-di-
astolic pressure, resulting left ventricular developed
pressure. Cardiac temperature was maintained
throughout the experiment by submerging the hearts in
37°C buffer which was allowed to accumulate in a
stoppered, heated chamber.

The hearts were then divided into vehicle-treated
hearts (0.04% DMSO, n=4) and capsaicin-treated
hearts (30 uM, n = 4). The hearts were pretreated with
the respective drug or vehicle 10 min before the initia-
tion of global ischemia. The drugs were administered
via the perfusate and pre- and post-drug cardiac func-
tion and coronary flow were measured. The hearts
were then made globally ischemic by shutting off the
perfusate flow. This was continued and the time to
contracture was measured as previously described
(Grover et al., 1990). The time to contracture was
defined as the time during ischemia in which the first 5
mm Hg increase in end-diastolic pressure above base-
line was observed.

2.3. Antifibrillatory testing in isolated guinea pig hearts

Hartley guinea pigs (400-800 g) were anesthetized
with Na* pentobarbital (75 mg/kg ip.). Following
anesthesia, hearts were removed and perfused on a
Langendorff apparatus as described above with Krebs-
Henseleit containing the following composition (mM):
112 NaCl, 3.0 KCl, 11.5 glucose, 25 NaHCO;, 1.2
MgSO,, 1.25 Ca(Cl,, 1.0 KH,PO,, at a pH 7.4. Follow-
ing a 10 min equilibration period, hearts were adminis-
tered capsaicin (30 uM) for 10 min, and subjected to
global ischemia for 30 min. At the end of this period,
hearts were reperfused and the incidence of ventricular
fibrillation and the amount of time spent in ventricular
fibrillation was measure for 5 min of reperfusion.

2.4. Electrophysiologic testing in isolated guinea pig hearts

Hartley guinea pigs (400-800 g, Hazelton, USA)
were anesthetized with Na* pentobarbital (75 mg/kg

i.p.). Following anesthesia, hearts were removed and
perfused on a Langendorff apparatus as described
above with Krebs-Henseleit containing the following
composition (mM): 112 NaCl, 5.0 KCI, 11.5 Glucose, 25
NaHCO;, 1.2 MgS8O,, 1.25 CaCl,, 1.0 KH,PO,, at a
pH 7.4. Atria were removed and hearts were instru-
mented with a quadripolar surface patch electrode
(Inapres, Norwich NY) and electrocardiogram leads.
Two poles of the surface electrode were used for
pacing and two for introducing extrastimuli (see below).
The heart was horizontally perfused. An electrocardio-
gram as well as an epicardial monophasic action poten-
tial (Franz epicardial Langendorff probe; EP Tech-
nologies, Sunnyvale, CA) were continuously recorded
throughout the experiment. Monophasic action poten-
tial recordings were made from the same location
throughout the experiment. Electrocardiogram and
monophasic action potential signals were routed to a
chart recorder (TA4000; Gould, Cleveland OH) and
oscilloscope (DL1200; Yokogawa, Newnan GA). The
ambient temperature around the preparation was
maintained by a heated vessel (37 + 0.2°C; FE 2; Haake,
Germany).

2.5. Electrophysiologic determinations

Electrophysiologic measurements were made twice
before drug administration, and following sequential
administration of test substances. Determinations of
the excitation threshold, effective refractory period and
action potential duration were made at ventricular
pacing rates of 3, 4, 5, and 6 Hz with single pulses of
2-ms duration at twice the threshold current (see be-
low). Stimuli of 2-ms duration were introduced through
the an adjacent pair of electrodes on the quadripolar
patch to evoke extrasystolic beats and to determine the
following electrophysiologic parameters:

Excitation threshold, the minimum current in mil-
liamperes (mA) required to evoke extrasystoles in re-
sponse to stimuli (S2) placed approximately 90% of the
cycle length from the R-wave (S1) of the electrogram.
The time between the R-wave and the stimulus is the
S$1-S2 interval (ms).

Ventricular effective refractory period, the maximum
S$1-S2 interval at which no extrasystoles were evoked at
a current that was twice the excitation threshold.

Action potential duration, was measured at the 90%
repolarization level from the plateau region of the
monophasic action potential.

Each heart was given 20 min equilibration time.
Following equilibration, two control electrophysiologic
readings were taken. Hearts were then given vehicle
(0.025% to 0.1% DMSO), capsaicin (3, 10, and 30
uM), 4-aminopyridine (300, 1000, and 3000 uM),
dofetilide + capsaicin (0.03 + 3, 10 and 30 uM, respec-
tively), or dofetilide + 4-aminopyridine (0.03 + 300,
1000, and 3000 xM) for 10 min. At the end of 10 min
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of compound administration, electrophysiologic deter-
minations were repeated. Upon completion of the elec-
trophysiologic determinations, the next concentration
of compound was given for 10 min prior to the next
reading.

2.6. Microelectrode recording techniques in guinea pig
papillary muscle

Male guinea pigs (450-600 g) were killed by cervical
dislocation. Hearts were rapidly removed, and rinsed in
Krebs-Henseleit bicarbonate buffer solution (room
temperature) equilibrated with 95% O, /5% CO,. The
Krebs-Henseleit was composed as follows (mM): 112
NaCl, 5.0 KCl, 11.5 glucose, 25 NaHCO,, 1.2 MgSO,,
1.25 Ca(l,, 5.0 mM Hepes, 1.0 KH,PO,, at a pH 7.4.
A posterior papillary muscle, 3-5 mm in length and 1
mm or less in diameter, was removed from the right or
left ventricle and was pinned to the base of a 5 ml
tissue chamber. The papillary muscle was continuously
stimulated through a pair of platinum wires with 1-ms
square wave pulses set at 200% of threshold voltage.
The frequency of stimulation was held constant at 5 Hz
during the first hour of equilibration, and paced at 1
Hz during the remaining equilibration period. Muscles
were allowed 2-3 h to equilibrate while being super-
fused with oxygenated Krebs-Henseleit solution (15-25
ml/min at 37 4+ 0.2°C).

Standard microelectrode techniques were employed
to impale single myocardial cells in a multicellular
preparation and to record transmembrane action po-
tentials. Microelectrodes, filled with 3 M KCl and
having a tip resistance greater than 10 MJ2, were
coupled to an amplifier (Axoclamp-2A; Axon Instru-
ments, Burlingame CA). Electrical potentials were dis-
played on a digital oscilloscope (Yokogawa model
D1200; Newnan, GA). Signals were recorded on a
chart recorder (Gould model 2400S) and analyzed with
a computer using the digital data obtained from the
oscilloscope and a customized BASIC program (Jeffrey
R. Itell, Cemtech Energy Control, Conshohocken, PA).

Following equilibration, transmembrane action po-
tentials were recorded and resting membrane poten-
tials, amplitudes, maximum upstroke velocity (V,,,)
and durations at 20%, 50%, and 90% levels of repolar-
ization (APD,,, APD,, and APD,,, respectively) were
measured at stimulating frequencies of 1, 2, 3,4, and 5
Hz. Either vehicle (DMSO; volume equivalence) or
capsaicin (1, 10, 30, and 100 uM) were added to the
Krebs-Henseleit solution, and tissues allowed 30 min
for equilibration between concentrations. Action po-
tential measurements were repeated.

2.7. Drugs and solutions

Capsaicin was purchased from Sigma Chemical
Company, St. Louis MO. Diltiazem, a blocker of L-type

Ca?* channels; glyburide, a blocker of the ATP-sensi-
tive K* channel; and 4-aminopyridine, a non-selective
K* channel blocker were also purchased from Sigma.
Dofetilide, a selective blocker of the fast component of
the delayed rectifier K* channel, was synthesized by
the Bristol-Myers Squibb chemists. All agents were
dissolved in dimethyl sulfoxide (DMSO; Sigma) on
their day of use such that the final concentration of
DMSO in the Krebs-Henseleit solution did not exceed
0.1%.

2.8. Statistics

Comparisons between vehicle and drug treatment
groups were made using an analysis of variance fol-
lowed by a Dunnett’s procedure. A Mann-Whitney
U-test was performed on arrhythmia scoring data to
test for significant differences between vehicle and
capsaicin groups. All data are presented as the means
+ S.E.M,, and significant differences were determined
at the P <0.05 level.

3. Results

3.1. Antiarrhythmic effects of capsaicin in isolated rat
hearts

In isolated perfused rat hearts subjected to regional
ischemia, capsaicin did not affect either coronary flow
or heart rate at 10 uM (n=11; from 19+ 1 to 20 + 1
ml/min and from 315+ 5 to 315 + 9 bpm) or 30 uM
(n=10; from 18 + 1 to 19 + 1 ml/min and from 327 +
9 to 306 + 10 bpm). Capsaicin reduced the incidence of
arrhythmias in this model. The incidence of ischemic
arrhythmias decreased from 100% ischemic ventricular
tachycardia to 91% and 0% at 10 and 30 uM, respec-
tively. Ischemic ventricular fibrillation decreased from
60% in control hearts to 27% and 0% at 10 and 30
uM, respectively. Reperfusion ventricular tachycardia
was not significantly affected by capsaicin. However,
there was a reduction in reperfusion ventricular fibril-
lation. Ventricular fibrillation was reduced from 90%
to 20% at 30 uM. Diltiazem at 3 uM (n =9) did not
affect coronary flow from a control of 24+ 1to 22+ 1
ml/min. However, diltiazem did significantly reduce
heart rate from a control value of 318 + 7 to 288 + 10
bpm. Diltiazem did reduce the incidence of arrhyth-
mias in this model. The incidence of ischemic arrhyth-
mias decreased from 100% ischemic ventricular tachy-
cardia to 55%. Ischemic ventricular fibrillation de-
creased from 60% in control hearts to 0%. Reperfu-
sion ventricular tachycardia was not significantly af-
fected by diltiazem. However, there was a reduction in
reperfusion ventricular fibrillation from 90% to 33%.
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3.2. Antiischemic and cardiac functional effects of cap-
saicin in isolated perfused rat hearts

In isolated rat hearts subjected to global ischemia,
capsaicin (30 uM) was evaluated for antiischemic activ-
ity as well as preischemic changes in contractile func-
tion. Capsaicin did not cause any significant change in
heart rate. However, it did significantly reduce left
ventricular developed pressure (37%), increased coro-
nary flow (27%) and extended time to contracture
(36%; Table 1). The extension of the time to contrac-
ture was indicative of an antiischemic effect. However,
the increased time to contracture was not reversed by
glyburide (0.1 uwM). Diltiazem (1 uM) did not cause a
significant change in heart rate, but it did significantly
reduce left ventricular pressure (73%) and increased
coronary flow (29%). Time to contracture was also
increased with diltiazem by 50%. As with capsaicin, the
increase in time to contracture with diltiazem was not
reversed by glyburide.

3.3. Antifibrillatory testing in isolated guinea pig hearts

In isolated perfused guinea pig hearts capsaicin
elevated coronary flow (from 28.5 + 2.8 to 34.7 + 3.3

Table 1

The effect of capsaicin (30 M) or diltiazem (1 uM) with or without
glyburide (0.1 uM) on heart rate and cardiac function before is-
chemia and time to contracture in isolated perfused rat hearts

n Predrug Postdrug Ischemia
HR (Beats / min)
Vehicle 11 285+ 13 279+ 16 -
Cap 4 28945 288 +21 -
Cap+Gly 6 29144 289+ 10 -
Dil 4 303112 281+10 -
Dil+ Gly 4 288+ 7 245412 -
LVDP (mm Hg)
Vehicle 11 135+5 131+6 -
Cap 4 135+3 85+3 2P -
Cap+Gly 6 129+3 90+3 2P -
Dil 4 14145 384320 -
Dil + Gly 4 131+£2 60+5 b -
Coronary flow (ml / min per 100 g)
Vehicle 11 20+1 20+1 -
Cap 4 22+1 2841%° -
Cap +Gly 6 20+1 25+2 3P -
Dil 4 21+1 27+22b -
Dil + Gly 4 18+1 2542 2P -
Minutes to contracture
Vehicle 11 - - 17.1+0.6
Cap 4 - - 23.3+02°
Cap+ Gly 6 - - 22.8+0.2°
Dil 4 - - 255+02°
Dil+Gly 4. - - 225+1.0°

All values are expressed as the means + SEM; Cap = capsaicin; Gly =
glyburide; Dil = diltiazem. * Significantly different from its respective
predrug value (P < 0.05). 4 Significantly different from its respective
vehicle group value (P < 0.05).

Table 2

Effects of capsaicin (30 uM) or diltiazem (3 M) on reperfusion-in-
duced ventricular fibrillation (VF) in isolated guinea pig hearts
subjected to global ischemia

Treatment n VF % VF
DMSO (0.1%) 8 8 100
Capsaicin 10 1 102
Diltiazem 6 0 02

? Significantly different (P < 0.05) from corresponding vehicle value.
n represents number of hearts studied.

ml/min) and reduced heart rate (from 234 + 6 to 194
+ 8 bpm), but only heart rates were statistically signifi-
cant. When hearts were subjected to global ischemia
and reperfusion, capsaicin reduced the incidence of
reperfusion ventricular fibrillation (Table 2). One out
of ten hearts (10%) fibrillated upon reperfusion
whereas eight out of eight (100%) of the vehicle-treated
(0.1% DMSO) hearts had ventricular fibrillation upon
reperfusion. Diltiazem caused a small elevation in
coronary flow (from 21.0 + 1 to 23.2 + 1 ml/min) and
significantly reduced heart rate (from 201 + 4to 134 + 5
bpm). When hearts were subjected to global ischemia
and reperfusion, diltiazem reduced the incidence of
reperfusion ventricular fibrillation. None out of six
hearts (0%) fibrillated upon reperfusion.

3.4. Effects of capsaicin on electrophysiologic parameters
in isolated perfused guinea pig hearts

In isolated guinea pig hearts, capsaicin at 10 and 30
uM produced a slight, but non-significant, decrease in
action potential duration at low frequencies of stimula-
tion (Table 3). These effects were lost at faster stimula-
tion rates. Effective refractory period values were un-
changed at all concentrations relative to their corre-
sponding rates of stimulation. However, at faster stimu-
lation rates, effective refractory period values were
slightly but significantly increased above control values.
In contrast, 4-aminopyridine prolonged action poten-
tial duration in a reverse rate- dependent manner from
21+ 6% at 3 Hz to 15+ 2% at 6 Hz (Table 4). Simi-
larly, effective refractory period values were also in-
creased. However, there was no change in the action
potential duration /effective refractory period ratio. In
the presence of dofetilide, action potential duration
and effective refractory period values increased uni-
formly such that there was no change in the action
potential duration /effective refractory period ratio
(Table 5). Capsaicin caused no change in either the
rate dependency of dofetilide or its effects on action
potential duration or effective refractory period. In the
presence of dofetilide, 4-aminopyridine did not cause
any further prolongation of action potential duration
or effective refractory period in this preparation (Table
6).
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Table 3

Effects of capsaicin on electrophysiologic characteristics, monophasic
action potential durations at 90% (APD) repolarization, effective
refractory period (ERP), and ratio of APD/ERP recorded from
isolated perfused guinea pig hearts (n=35) at different concentra-
tions (CONC) and frequencies (FREQ, Hz) of stimulation

CONC FREQ APD ERP APD/ERP
(Hz) (ms) (ms)

Control 3 135+4 173+3(4)  0.77+0.02(4)
3.0 uM 3 13444 173+5(4)  0.75+0.02(4)
100uM 3 130+4  169+2(4)  0.75+0.02 (4
300uM 3 130+5  170+6(4)  0.75+0.02(4)
Control 4 12944  162+2 0.80+0.02
3.0 uM 4 130+4 16443 0.79+0.01
100uM 4 127+4  166+4 0.77+0.01
300uM 4 126 +5 167+5 0.75+0.02
Control 5 118+4 148+2 0.80+0.01
3.0 uM 5 118+4 15443 0.77+0.02
100uM 5 118+4  15542° 0.76 +0.02
300uM 5 117+4  157+4 0.74+0.02 2
Control 6 10543  137+2 0.77+0.02
30 uM 6 107+4  142+2 0.75+0.02
100uM 6 106+4  143+2 0.74 +0.02
300uM 6 106+4 144422 0.74+0.03

* Significantly different (P < 0.05) from corresponding control val-
ues. Number of hearts are given in parentheses when number was
less than 5.

Table 4

Effects of 4-aminopyridine on electrophysiologic characteristics,
monophasic action potential durations at 90% (APD) repolarization,
effective refractory period (ERP), and ratio of APD/ERP recorded
from isolated perfused guinea pig hearts (n = 6) at different concen-
trations (CONC) and frequencies (FREQ, Hz) of stimulation

CONC FREQ APD ERP APD/ERP
(Hz) (ms) (ms)

Control 3 137+4 166+3 (3) 0.83+0.03(3)
0.3 mM 3 145+4 183+5(3)® 0.83+0.01 (3)
1.0 mM 3 155+4¢ 187+2(3) 2 0.84+0.01 (3)
3.0 mM 3 164457 200+6(3) 0.84+0.04 (3)
Control 4 13113 15442 0.85+0.01

0.3 mM 4 141432 163+3°2 0.87+0.01
1.0 mM 4 150+3 2 170+12 0.88+0.02
3.0 mM 4 156+3°2 179422 0.87+0.02
Control 5 120+3 142 +2 0.84 +0.02

0.3 mM 5 12742 149+3 0.85+0.01
1.0 mM 5 133+27 153+22 0.87+0.01
3.0mM 5 139422 162+42 0.86 4+ 0.01
Control 6 108+2 13241 0.82+0.02

0.3 mM 6 114422 136+2 0.84+0.01
1.0 mM 6 118+32 140+1° 0.84+0.02
3.0 mM 6 123422 1444172 0.86+0.01

* Significantly different (P < 0.05) from corresponding control val-
ues. Number of hearts are given in parentheses when number was
less than 6.

3.5. Effects of capsaicin on intracellular action potential
characteristics in guinea pig papillary muscles

In isolated guinea pig papillary muscles, capsaicin
caused significant reductions in APD,,, APD, and

Table S

Effects of dofetilide (30 nM) and capsaicin on electrophysiologic
characteristics, monophasic action potential durations at 90% (APD)
repolarization, effective refractory period (ERP), and ratio of
APD /ERP recorded from isolated perfused guinea pig hearts (n = 6)
at different concentrations (CONC) and frequencies (FREQ, Hz) of
stimulation

CONC FREQ APD ERP APD /ERP
(Hz) (ms) (ms)

Control 3 14245 17243(4) 0.83+0.01 (4)
Dofetilide + 3 167+82 201+11(4)?* 0.84+0.01(4)
3.0 uM 3 170462 202484  0.84+0.02(4)
10.0 uM 3 168+5% 203+6(4)?*  0.83+0.02(4)
30.0 uM 3 166+8% 208+8(4* 0.82+0.03(4)
Control 4 13345  158+4 0.85+0.01
Dofetilide + 4 157452 183+5% 0.86+0.01

3.0 uM 4 157+5% 182+4°2 0.86 +0.01
10.0 uM 4 158+5% 182+4°% 0.85+0.02
30.0 uM 4 157492 194452 0.80+0.03
Control 5 122+4  145+3 0.84+0.01
Dofetilide+ 5 141442 166+3°2 0.85+0.01

3.0 uM 5 142+42 167+3°2 0.85+0.02
10.0 uM 5 143442 170422 0.84 +0.02
30.0 uM 5 143452 170+2(5)*  0.81+0.02
Control 6 10843 13442 0.80 +0.02
Dofetilide + 6 125432 146+2(5)*  0.84+0.02(5)
3.0 uM 6 1274+4% 149412 0.86 +0.03
10.0 uM 6 128442 150+1(5)* 0.84+0.02(5)
30.0 uM 6 128442 149+1(3)*  0.82+0.01(3)

# Significantly different (P < 0.05) from corresponding coatrol val-
ues. Number of hearts are given in parentheses when number was
less than 6.

Table 6

Effects of dofetilide (30 nM) and 4-aminopyridine on electrophysio-
logic characteristics, monophasic action potential durations at 90%
(APD) repolarization, effective refractory period (ERP), and ratio of
APD/ERP recorded from isolated perfused guinea pig hearts (n = 5)
at different concentrations (CONC) and frequencies (FREQ, Hz) of
stimulation

CONC FREQ APD ERP APD /ERP
(Hz) (ms) (ms)
Control 3 141+3 175+4(4) 0.82+0.01 (4)

Dofetilide + 3 170432 21143(@)*  0.83+0.01(2)
0.3 mM 3 178+6°* 208+4(4)* 0.85+0.01 (4
1.0 mM 3 175472 208+4(H* 0.84+0.02(4
3.0 mM 3 167+62 213+4 (>  0.79+0.02(4)
Control 4 13143 15943 0.83+0.01
Dofetilide + 4 156+4°* 181452 0.86+0.02
0.3 mM 4 162452  184+52 0.88+0.012
1.0 mM 4 161+4% 184+4°2 0.8740.012
3.0 mM 4 157442 187+4°2 0.84+0.02
Control 5 12243 148+3 0.83+0.01
Dofetilide + 5 142432  165+432 0.86+0.01

0.3 mM 5 144+4* 165442 0.88+0.012
1.0 mM 5 143+4°  164+4° 0.87+0.012
3.0 mM 5 138+52 166+3 2 0.84 +0.02
Control 6 11243 135+4 0.83+0.01
Dofetilide + 6 126438 144+3 0.88+0.02 2
0.3 mM 6 127+42  145+2°% 0.87+0.02
1.0 mM 6 127442 145422 0.87+0.02
3.0 mM 6 124+5 148+2% 0.84 +0.03

 Significantly different (P < 0.05) from corresponding control val-
ues. Number of hearts are given in parentheses when number was
less than 5.
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Fig. 1. (A) Effects of capsaicin on intracellular recordings of the
action potential duration at 90% repolarization (APDgy) represented
as a change from control. Capsaicin produced a concentration-de-
pendent shortening of the APDy, at 1 Hz. At faster frequencies of
stimulation the APDy, changes were greatly diminished such that no
significant changes were observed above 3 Hz. (B) Effects of dilti-
azem on APD,, represented as a change from control. Like cap-
saicin, diltiazem also produced a shortening of APDy, values at
lower frequencies that diminished at faster rates of stimulation.
Significant differences (P < 0.05) are indicated with an asterisk.

APDy, that were noted at 10, 30, and 100 uM at 1, 2,
and 3 Hz. At 1 Hz APDy, values were reduced by 9%,
28%, and 39% at 10, 30, and 100 uM capsaicin,
respectively, from control levels of 205 +4, 175+ 3,
and 143 + 3 ms. The shortening of the action potential
duration observed with capsaicin was lessened and
subsequently negated at faster rates of stimulation
(Fig. 1A). Capsaicin did not affect other action poten-
tial parameters at concentrations up to 100 wM. Dilti-
azem also caused significant shortening of action po-
tential duration values at 10, 30, and 100 uM, but the
reduction in action potential duration was observed at
all frequencies of stimulation (Fig. 1B). APD,, values
decreased 23%, 37%, and 51% at 10, 30, and 100 uM
at 1 Hz from a control value of 187 + 3 ms, and at 5 Hz

values were decreased 22%, 34%, and 38% from a
control of 97 + 4 ms over respective concentrations.
Unlike capsaicin, diltiazem caused a significant reduc-
tion in V. (e.g., from 273 + 31 V /s to 188 + 38 and
129 + 28 V/s at 30 and 100 uM and 1 Hz) and action
potential amplitude (e.g., from 119+ 4 ms to 101 + 5
and 90 £ 5 ms at 30 and 100 M and 1 Hz) over all
frequencies studied. There was a tendency for V
and amplitude to fall greater at faster frequencies of
simulation in the presence of diltiazem at these con-
centrations.

4. Discussion

Since it has been shown that capsaicin blocks a
variety of K* currents in isolated rat ventricular my-
ocytes (Castle, 1992), we attempted to determine if
capsaicin would display antiarrhythmic efficacy in iso-
lated perfused heart preparations. Capsaicin, in our
models, did display antiarrhythmic activity at 10 and 30
M in rat and guinea pig hearts. The rat does not
appear to have a prominent delayed rectifier (IK)
current (Tande et al., 1990). Thus, the action potential
duration of the rat is extremely short due to the
predominant contribution of the transient outward cur-
rent (Ito) at positive potentials (Dukes and Morad,
1989). However, the importance of Ito modulation in
this species has not been well studied. Likewise, the
guinea pig does not have a prominent Ito current
(Sanguinetti, 1992; Varro et al., 1993). However, the
importance of Ito in the guinea pig has not been
clearly shown in this species. Regardless, capsaicin, as
well as diltiazem, were able to demonstrate antiar-
rhythmic efficacy in both rat and guinea pig isolated
heart models, but at concentrations that would involve
block of either Ito or IK at least in the rat (Castle,
1992). Concentrations of capsaicin (46,9 uM) needed
to block 50% of the inward rectifier (IK1) were much
higher than those needed to observe efficacy in our
models (30 uM). It is known that Ito as well as IK are
composed of two components (Itol and Ito2; IKr and
IKs, respectively). Itol has fast kinetics and is Ca®*
insensitive whereas Ito2 has slower kinetics and is
sensitive to Ca?* levels (Apkon and Nerbonne, 1991;
Tseng and Hoffman, 1989). IKr is a rapidly activating
and inactivating current whereas IKs is slowly activat-
ing and non-inactivating current (Jurkiewicz and San-
guinetti, 1993; Sanguinetti and Jurkiewicz, 1990). Ef-
fects of capsaicin on the components of Ito and IK
have not been studied. Since Castle (1992) has demon-
strated that capsaicin prolongs action potential dura-
tion in the rat, we focused our studies on the guinea
pig to determine if K* channel modulation with cap-
saicin could account for the antiarrhythmic activity that
we observed in this species.
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Electrophysiologically, capsaicin shortened action
potential duration values in guinea pig papillary mus-
cles at low frequencies of stimulation. However, there
was no difference in action potential duration when
stimulation rates were above 4 Hz. The effects on
action potential duration in the isolated perfused heart
preparation showed little shortening. Differences be-
tween these preparations could be related to recording
techniques, or the site of recording (epicardium in the
whole heart vs. endocardium in the papillary muscle).
Regardless, the observations obtained in these prepa-
rations are contradictory to the effects of a K channel
blocker, i.e., action potential duration prolongation.
The shortening of the action potential duration could
be explained by a number of mechanisms including
block of an inward current (i.e, Na* or Ca®*) or
enhancement of an outward K* current (i.e., IKr, IKs,
Ito, IK1, or IK srp). From our single microelectrode
studies, it was observed that there was no significant
change in V,,, or amplitude with capsaicin up to 100
uM indicating no block of fast Na* channels. Thus,
shortening of action potential duration with capsaicin
was not attributed to Na™ channel blockade. Since
resting potentials were not depolarized and action po-
tential amplitudes were not reduced, involvement of
IK1 is also an unlikely explanation. The contribution of
an activation of IK cannot be ruled out, but it is
unlikely, since it has been shown that capsaicin blocks
IK in rat (it is not known if the rat has IKr and /or IKs
and what the relevance of these channels may be to
other species) (Castle, 1992). Although capsaicin could
open K*ATP channels, this is also unlikely to occur
(see below). To support a Ca?* channel modulation
with capsaicin, diltiazem also shortened action poten-
tial duration values. Unlike capsaicin, diltiazem de-
creased V., and action potential amplitude values at
high concentrations (30 and 100 wM) suggesting a
block of fast inward Na* channels. These data support
some form of Ca?* channel blockade with capsaicin,
either directly through voltage-gated channels (Castle,
1992) or by some other mechanism(s) that are involved
with its activity. Although Castle (1992) did demon-
strate some Ca’* channel current inhibition with cap-
saicin (10 uM), he concluded that the majority of
capsaicin’s effects are mediated through K* channel
modulation.

Involvement of the Ca’?* channel is further sup-
ported by antiischemic effects of capsaicin. In isolated
perfused rat hearts subjected to global ischemia, cap-
saicin and diltiazem were found to extended time to
contracture by 36% and 50%, respectively. Since the
antiischemic effects of these agents were not reversed
by glyburide, it suggests that their mechanisms of ac-
tion are not likely mediated through K* ATP channels.
In our microelectrode studies, we were also unable to
reverse the action potential duration-shortening effects

of capsaicin with glyburide (ID’Alonzo and Hess, un-
published observation). Ultimately, antiischemic activ-
ity is associated with regulation of intracellular Ca2™. It
is known that capsaicin can affect Ca?* handling in
nerves (Petersen et al., 1989) and heart (Zernig et al.,
1984). In our isolated heart preparation, we found that
capsaicin as well as diltiazem reduced force of contrac-
tion indicating a negative inotropic effect. This reduc-
tion in function was not potent for capsaicin, and
corresponded to an effect similar to a low dose of Ca?*
channel antagonists (Grover and Sleph, 1989). How-
ever, in atria, capsaicin has been shown to have posi-
tive inotropic effects, which do not appear to be di-
rectly mediated through voltage-gated channels and
may involve intracellular mechanism(s) (Zernig et al.,
1984). Thus, the role of Ca?* channel block versus
intracellular Ca2™ regulation still needs to be explored
in regard to the antiarrhythmic as well as antiischemic
activity of capsaicin.

Unlike the rat, guinea pig myocardium has a promi-
nent IK (Sanguinetti and Jurkiewicz, 1990; Tande et
al., 1990). However, it is still unclear as to whether Ito
contributes significantly to the electrophysiologic activ-
ity of the guinea pig heart either alone or in combina-
tion with a specific IK blocker. Specifically, a func-
tional Ito may not have been observed experimentally
in the guinea pig due to regional differences in the
location of this channel within the myocardium (Litov-
sky and Antzelevitch, 1988; Wang et al., 1991). To
better understand the role of Ito, we examined the
effects of capsaicin and 4-aminopyridine on the rate
dependency of the cardiac action potential duration in
isolated perfused guinea pig hearts. Although both
capsaicin and 4-aminopyridine are blockers of Ito, they
have different kinetics of inactivation. Capsaicin can
reduce Ito by enhancing the speed of inactivation and
blunting the peak current (Castle, 1992), whereas 4-
aminopyridine can reduce peak current amplitude and
slow the recovery of inactivation (Hiraoka and Kawano,
1987). In the present study, neither compound demon-
strated any positive rate dependency alone nor did they
affect the rate dependency of dofetilide, a selective
blocker of IKr (Jurkiewicz and Sanguinetti, 1993; San-
guinetti and Jurkiewicz, 1990). Thus, the antiarrhyth-
mic effects of capsaicin in the guinea pig are not likely
attributed to Ito blockade, since Ito does not appear to
contribute significantly to the electrophysiologic effects
in this species as supported by our studies as well as
others (Sanguinetti, 1992; Varro et al., 1993).

It is known that capsaicin can release endogenous
substances from the myocardium such as calcitonin
gene-related peptide, substance P and Neurokinin A
(Franco-Cereceda et al., 1989; Hoover, 1987; Hua et
al., 1985). We observed no electrophysiological changes
in either action potential duration or effective refrac-
tory period with the administration of calcitonin gene-
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related peptide (10 nM) in the isolated perfused guinea
pig heart (unpublished observation). The antiarrhyth-
mic and antiischemic activity of capsaicin are not likely
related to the release of endogenous peptides, since
the concentrations of capsaicin needed for antiarrhyth-
mic and antiischemic activity (30 uM) were much
greater than those necessary to release endogenous
peptides (1 pM).

It is clear that the myocardium has a disparate
distribution of ion channels that are reflected in the
different action potential characteristics recorded
within these cells (Antzelevitch et al., 1991; Liu et al.,
1993). These differences account for the ability of the
heart to be electrically synchronized in such a way that
it functions as a single unit or pump. It has been
suggested that Ito activation in the mid-myocardium
may account for potential proarrhythmic effects and
may be implicated in the arrhythmogenic effects of
flecainide (Krishnan and Antzelevitch, 1993). Ito in the
presence of flecainide can cause profound shortening
of the action potential due to an overwhelming effect
on the inward currents that promote all or none repo-
larization. This results in flecainide’s proarrhythmic
action through enhancement of reentrant arrhythmias.
Thus, blocking of Ito may help offset the proarrhyth-
mic response of flecainide (Krishnan and Antzelevitch,
1993) or may synergistically interact with other channel
blockers to enhance their antiarrhythmic efficacy. One
reason for studying the guinea pig was that no one has
conclusively demonstrated that all regions of the guinea
pig heart are devoid of Ito conductance. In the guinea
pig, we did not observe lengthening of the action
potential duration as would be expected of an Ito
blocker. In contrast, we observed a shortening of the
action potential duration. Thus, other actions of cap-
saicin in the guinea pig myocardium are occurring. As
mentioned above, this likely includes an interaction
with Ca®* regulation. Also the prolongation observed
with 4-aminopyridine was not changed in the presence
of dofetilide suggesting that 4-aminopyridine has IKr-
like blocking properties in the guinea pig myocardium.
More importantly, since 4-aminopyridine had no addi-
tive effects on dofetilide further supports the notion
that Ito is not present or is minimally functional in the
guinea pig ventricular myocardium.

In conclusion, capsaicin displayed antiarrhythmic ef-
ficacy in both isolated perfused rat and guinea pig
hearts. Capsaicin shortened action potential duration
in the guinea pig whereas 4-aminopyridine prolonged
action potential duration. Thus, the antiarrhythmic and
antiischemic effects of capsaicin in the guinea pig in-
volves effects on other ionic components, most likely
block of voltage-gated Ca?* channels, and not K*
channels, since it shortened action pntential duration
values. Regardless of these differences, capsaicin dis-
plays both antiarrhythmic as well as antiischemic ef-

fects in isolated heart preparations displaying effects
that are similar to those of a Ca?* channel antagonist.
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