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The aim of this paper was to investigate the effects of pinacidil and dia-
zoxide, the activators of sarcolemmal and mitochondrial ATP-sensitive K�

channels (K���), respectively, on heart rate and force of contraction in fe-
male and male guinea pigs. Experiments were performed on the isolated,
spontaneously beating, right atria obtained from guinea pigs of both genders.
First series of experiments were performed in the spring and repeated in the
fall. It was found that diazoxide induced similar negative chronotropic ef-
fects in females (–logIC�� = 4.34 ± 0.05, E��	 = –90 ± 6 beats min
�) and
males (–logIC�� = 4.42 ± 0.1, E��	 = –91 ± 6 beats min
�). Additionally, sig-
nificant positive inotropic effect sensitive to 5-hydroxydecanoate was noted
only in males (about 30% above control level at 300 �M). No differences in
effects of diazoxide in the spring and in the fall were noted. On the other
hand, pinacidil induced significant decrease in heart rate in female guinea
pigs only in the fall (–logIC�� = 4.79 ± 0.15, E��	 = –77 ± 9 beats min
�), but
in males similar negative chronotropic action in the spring (–logIC�� = 4.53
± 0.12, E��	 = –63 ± 5 beats min
�) and in the fall (–logIC�� = 4.75 ± 0.2,
E��	 = –59 ± 8 beats min
�) was observed. Glibenclamide (10 �M), but not
5-hydroxydecanoate (300 �M) reversed negative chronotropic action of
both, pinacidil and diazoxide. No significant inotropic action of pinacidil
was observed.

Conclusions. Although negative chronotropic effects of pinacidil and
diazoxide are related to activation of sarcolemmal K��� channels, only pina-
cidil affects heart rate of female and male guinea pigs in a different way.
This difference is probably hormone-dependent as it appeared only in the
spring.
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INTRODUCTION

Literature data indicate that in females risk of
arrhythmias related to the use of potassium channel
blockers is increased [3] and resistance to �-blo-
ckers is higher [1]. Moreover, increased risk of tor-
sades de points in females [20, 22] and signifi-
cantly lower I%� and I%& current in female rabbit
ventricular myocytes [11] were noted. Addition-
ally, it has been shown that sex hormones as estra-
diol and dihydrotestosterone decrease the levels of
mRNA for I%� and I%�' [2]. Recently it has been
shown that female cardiac tissue of guinea pig pos-
sesses higher density of ATP-sensitive K( channels
(K)*�) due to higher expression of the SUR2A
subunits [14]. Moreover, it has been demonstrated
that 17�-estradiol increases levels of SUR2A sub-
units [13]. Therefore, gender differences in func-
tion of cardiac ion channels are of great impor-
tance. However, there is no data about sex-depen-
dent effects of sarcolemmal and mitochondrial
channel activators on contractility and automatism
of heart Using spontaneously beating guinea pig
right atria, we have examined the effects of pina-
cidil, old generation mixed K)*� channels activa-
tor, and diazoxide, relatively selective mitochon-
drial K)*� channels activator, on automatism and
contractility of male and female guinea pigs.

MATERIALS and METHODS

Animals

Experiments were performed in accordance
with “European convention for the protection of
vertebrate animals used for experimental and other
scientific purposes” (Council of Europe No. 123,
Strasbourg, 1985) and all procedures were accepted
by Ethics Committee of Medical University of
Gdañsk. The guinea pigs of both genders (300–500 g)
were used. They were housed in mesh-wire-bottom
cages and kept under standard laboratory condi-
tions, with 12/12 h light-dark cycle, temperature
between 21–24°C and humidity 50–55%. Standard
laboratory food plus vegetables (carrots) and tap
water were provided ad libitum.

Drugs

Pinacidil and diazoxide were purchased from
Sigma, Natick, USA. Stock solution of 10+# M was
prepared in 1 ml of DMSO (dimethylsulfoxide) for

both mentioned drugs. Concentration of DMSO in
a bath solution was less than 0.2% and had no in-
fluence on automatism of right atria.

Experimental protocols

Preparation of right atria was previously de-
scribed in detail [8, 10]. Briefly, thorax of anesthe-
tized animal (pentobarbital, ip, 30 mg kg+&) was
quickly opened, heart removed and still beating right
atria carefully dissected. After dissection, the prepa-
ration was mounted in the 50 ml bath with one end
attached to isometric force transducer type F-30,
(HSE, March-Hugstetten, Germany). A solution
used for preparation and for perfusion of the right
atria contained (mM): NaCl 115, KCl 5.7, CaCl# 1.8,
MgSO, × 7H#O 1.2, NaHCO� 25, KH#PO, 1.2, glu-
cose 10, pyruvic acid 2. If the control rate of beating
was 180 ± 20, the experiments were continued. After
stabilization period of 40 min, rising concentration
of pinacidil or diazoxide were added to the bath so-
lution in 5 min intervals. Beats were counted by re-
cording of contractions of right atria.

Statistics

Results were presented as a mean ± SE. One way
ANOVA was used to test significance, p < 0.05 was
considered as significant difference.

RESULTS

Effects of diazoxide on automatism of

spontaneously beating right atria

Rising concentration of diazoxide induced a de-
crease in rate of beating of right atria in both, fe-
male and male guinea pigs. As Figure 1 shows, this
effect was concentration-dependent. Starting from
30 �M, the effects was significantly different from
control values, also in both genders. Negative loga-
rithm of half-inhibitory concentration (–logIC-!)
and maximal inhibitory effects of diazoxide on
beating rate were similar in female and male guinea
pig right atria (Tab. 1). Moreover, we did not ob-
serve any significant differences in diazoxide ef-
fects measured in spring and fall.

Effects of diazoxide on force of contrac-

tion of spontaneously beating right atria

As we used isometric force-transducer to detect
contraction of right atria during theirs spontaneous
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beating, we recorded the amplitude of contraction
simultaneously with counting of number of beats.
We expressed the force in millimeters of amplitude
of contraction, where 1 mm = 0.05 mN (1 mN =
100 mg). Although it is well known that spontane-
ously beating atria are not a good model for meas-
uring the force of contraction (changing the rate in-
fluences force of contraction), we expected slight
negative inotropic action according to previously
described action of other potassium channel open-
ers (PCO). Surprisingly, we observed tendency to
positive inotropic action in female and significant

positive inotropic action in male guinea pig right
atria at 300 �M of diazoxide (Fig. 2).

Effects of pinacidil on automatism

of spontaneously beating right atria

in female guinea pigs

First series of experiments were performed in
spring (May and June). Suprisingly, we noticed
lack of negative chronotropic action with rising
concentration of pinacidil. Moreover, a strong but
not significant tendency to accelerating the rate
was observed in the presence of 1 to 30 �M of
pinacidil (Fig. 3A). The experiments were repeated
in the fall (September, October). This time, as Fi-
gure 3B shows, pinacidil induced concentration-
dependent negative chronotropic action. However,
pinacidil efficacy to evoke negative chronotropic
effects was smaller in comparison with diazoxide
in female guinea pigs (Tab. 1).
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Fig. 1. Negative chronotropic action of diazoxide in female
(open circle) and male (closed triangle) guinea pig right atria.
The data are shown as means ± SE from 6 to 11 experiments.
* p < 0.05, ** p < 0.01 indicate significant differences vs. con-
trol value in male guinea pigs; � p < 0.05, �� p < 0.01 denote sig-
nificant differences vs. control value in female guinea pigs (one
way ANOVA plus Newman-Keuls test)
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Fig. 2. Effects of diazoxide on contractility of guinea pig right
atria in male (A) and female (B) guinea pig right atria. The data
are presented as means ± SE from 6 experiments. * p < 0.05;
Student’s t-test for grouped data

Table 1. The potency and efficacy of negative chronotropic ac-
tion of diazoxide and pinacidil in female and male guinea pig
right atria

Female Male

pD�

(–log IC��)
E��� (beats

min��)
pD�

(–log IC��)
E��� (beats

min��)

Diazoxide 4.34 ± 0.05 –90 ± 6 4.42 ± 0.1 –91 ± 6

Pinacidil
(spring)

lack of effects 4.53 ± 0.12 –63 ± 5**

Pinacidil
(fall)

4.79 ± 0.15 –77 ± 9	 4.75 ± 0.2 –59 ± 8

** p < 0.01 in comparison with effects of diazoxide in males;
	 p < 0.05 in comparison with effects of diazoxide in females
(one way ANOVA). Results are means ± SE from 6–11 experi-
ments



Effects of pinacidil on automatism of

spontaneously beating right atria in male

guinea pigs

Contrary to female guinea pigs, right atria of
males reacted with a decrease in the rate of beating
in the presence of rising concentrations of pinacidil
in the spring and in the fall (Fig. 4A and 4B). The
reaction was very similar and no significant differ-
ences were found in pinacidil potency and efficacy
in those two periods. However, similarly to female
guinea pigs, pinacidil was slightly more potent (not
significantly), but less effective than diazoxide
(Tab. 1).

Effects of pinacidil on force of contraction

of spontaneously beating right atria in

female and male guinea pigs

Opposite to positive inotropic action of diazox-
ide in guinea pig atria of both genders, pinacidil has

shown neither positive nor negative inotropic ef-
fects. In female guinea pigs, control force ampli-
tude was 17.2 ± 1.7 mm and in the presence of
300 �M of pinacidil, it amounted to 17.3 ± 1.6 mm
(n = 10, NS). In male guinea pigs control value of
force amplitude was 11.6 ± 1.2 and in the presence
of 300 �M pinacidil it averaged 11.7 ± 1.2 mm
(n = 11, NS).

Effects of glibenclamide and 5-hydroxyde-

canoate on pinacidil and diazoxide actions

in the isolated guinea pig right atria

Glibenclamide, a known blocker of K)*� chan-
nels in a heart, reversed negative chronotropic ac-
tion of both, pinacidil and diazoxide, in a concen-
tration-dependent manner. At 10 �M, glibenclami-
de completely prevented the decrease in heart rate
in the presence of pinacidil and diazoxide (data not
shown.). Contrary, 5-hydroxydecanoate, a known
selective blocker of K)*� channels in mitochondria,
at 100 and 300 �M had no effect at all on negative
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Fig. 3. Effects of pinacidil on heart rate of the isolated right atria
of female guinea pigs in the spring (A) and the fall (B). The data
are shown as means ± SE from 6 to 9 experiments. * p < 0.05,
** p < 0.01; significant differences vs. control, baseline values
(one way ANOVA plus Newman-Keuls test)

200

175

150

125

200

175

150

125

b
ea

ts
/m

in
b
ea

ts
/m

in

spring

fall

-7

-7

-6

-6

-5

-5

-4

-4

-3

-3

log. conc. (M)

log. conc. (M)

A

B

Fig. 4. Effects of pinacidil on the heart rate of the isolated right
atria in male guinea pigs in the spring (A) and the fall (B).
The data are shown as means ± SE from 7 to 11 experiments.
* p < 0.05, ** p < 0.01; significant differences vs. control, base-
line values (one way ANOVA plus Newman-Keuls test)



chronotropic action of diazoxide (n = 5, data not
shown). Moreover, both glibenclamide (n = 7) and
5-hydroxydecanoate (n = 4) attenuated a positive
inotropic action of diazoxide in male guinea pigs
(data not shown).

DISCUSSION

We have shown here that pinacidil and diazox-
ide have different effects on heart rate and contrac-
tility of guinea pig right atria. While diazoxide de-
creased heart rate in guinea pigs of both genders
and increased contractility in male guinea pigs,
pinacidil has shown negative chronotropic effects
in male guinea pigs. On the other hand, attenuation
of heart rate in a presence of pinacidil appeared in
female guinea pigs only in the fall, not in the
spring.

Pinacidil is old generation PCO, with no selec-
tivity for sarcolemmal and mitochondrial K)*� [5,
6, 12, 18]. Diazoxide is rather selective opener of
mitochondrial K)*� [21], but this compound has
also some non-specific effects. Both drugs pre-
vented Ca#(-overload in the isolated cardiac mito-
chondria [4]. Opposite to nicorandil, pinacidil does
not need special conditions (as ADP or acidifica-
tion) to activate K)*� channels [6, 7]. Our results
indicate that during the spring, which is a reproduc-
tive period for guinea pigs, pinacidil lost his ability
to open K)*� channels only in female guinea pigs.
Therefore, a reasonable explanation is some kind of
interaction between female hormones and pinacidil.
The molecular structure of K)*� channels is well
established [15]. There are two distinct subunits of
K)*� channels in the heart: one which is core-for-
ming and responsible for K( passage, Kir6.2, and
regulatory subunits called sulfonylurea receptor
SUR2A [5]. Recently, it has been shown that
17�-estradiol (E2) increased a level of SUR2A
subunits in the heart-derived H9c2 cells [13]. More-
over, protective effects of E2 against hypoxia/re-
oxygenation-induced Ca#(-overload was inhibited
only by HMR 1098, a selective blocker of sarcol-
emmal K)*� channels, but not by 5-hydroxydeca-
noate, selective blocker of mitochondrial K)*�

channels [13]. It is known that a site of interaction
between pinacidil and K)*� channels is located on
SUR2A subunits [16]. Hence, a lack of effects of
pinacidil on heart rate in our experimental models
in female guinea pigs in spring, when a level of es-
trogen is elevated, can probably be explained by

the increased number of SUR2A subunits which is
much higher than Kir6.2 in guinea pig right atria.
Therefore, pinacidil was inactivated by binding
with SUR2A which is not associated with Kir6.2
and cannot form the channels for K(. It is in accor-
dance with our results (Fig. 3A) that higher concen-
tration of pinacidil changed tendency from positive
chronotropic action to negative one, however, it
was not statistically significant effect. Our results
indicate that diazoxide elicited a negative chrono-
tropic action by activation of sarcolemmal rather
than mitochondrial K)*� channels, which is in ac-
cordance with recently published data that this
compound exhibited cardioprotection of mouse
heart by activation of sarcolemmal K)*� channels
[17]. However, it seems that diazoxide has a differ-
ent binding site than pinacidil, as only pinacidil
negative chronotropic effects were missing in fe-
male guinea pigs in spring.

Next point requiring explanation is the obser-
ved difference between the effects of pinacidil and
diazoxide on contractility of guinea pig right atria.
It is known that in guinea pig heart, a positive
force-frequency relation exists [9]. Therefore, a de-
crease in the rate of beating of right atria should be
associated with negative inotropic action. How-
ever, we observed positive inotropic action of dia-
zoxide in male guinea pigs. The fact that opening
of mitochondrial K)*� channels increases Ca#( in
the cell (because of release of calcium ions from
mitochondria and decreased Ca#( uptake by mito-
chondria) [4] could be reasonable explanation for
positive inotropic action. But why was this effect
observed only in males and why did not pinacidil
exhibit similar activity? In this paper, we did not
explore the mechanisms of the abovementioned
differences. It is difficult to say why diazoxide sig-
nificantly increased force of contraction only in
male guinea pig right atria. Possible answer is a larger
pool of Ca#( ions in mitochondria of male guinea
pigs. Moreover, similar tendency was noted in fe-
males and larger number of experiments could de-
monstrate also significant positive inotropic action
of diazoxide. Moreover, 5-hydroxydecanoate and
glibenclamide, the blockers of K)*� channels in
mitochondria and sarcolemma, attenuated this ac-
tion of diazoxide, suggesting an activation of mito-
chondrial K)*� channels as a mechanism responsible
for this action. Indeed, it has been shown recently
that diazoxide can increase force of heart contrac-
tion by opening of mitochondrial K)*� channels

.��/ &#�!"0!!# 423

%��� 12)//3 �� �3/�34 )/� 23)4* 4)*3



and producing reactive oxygen species (ROS) [19].
On the other hand, pinacidil can activate sarcolem-
mal channels which have opposite effects on Ca#(

concentration in the cardiac cells and, as a result,
lack of any significant effect on contractility.

In conclusion, this study demonstrated that
pinacidil, but not diazoxide, differently affected
rate of beating of guinea pig atria in females and
males. Lack of negative chronotropic action of
pinacidil in the spring was probably due to direct
effect of sex hormones on expression of SUR2A
subunits of sarcolemmal K)*� channels or modula-
tion of specific binding site for pinacidil on this re-
ceptor.
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