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ABSTRACT

Background. Pentoxifylline is a methylxanthine deriva-
tive that is used to treat peripheral vascular disease. One
of the mechanisms of action of pentoxifylline is the vasodi-
latation of blood vessels. This study examined the effect of
increasing pentoxifylline concentrations on the contractility
of isolated rat uteri in the presence of a potassium channel
antagonist.

Methods. The uteri were isolated from virgin Wistar rats
(180-220 g) and suspended in an isolated organ bath cham-
ber containing De Jalon’s solution and aerated with 95% O,
and 5% CO,, The temperature was maintained at 37°C. Iso-
metric contractions were recorded using an isometric force
transducer (Ugo Basile). The preload of the preparation was
approximately 1 g. The uteri were allowed to contract spon-
taneously or in the presence of Ca®* (0.018 and 0.36 mM) and
acetylcholine (ACh) and were treated with pentoxifylline.

Results. Pentoxifylline caused concentration-dependent
inhibition of spontaneous rhythmic uterine activity and uter-
ine activity caused by calcium Ca®* (0.018 mM and 0,36 mM).
We showed that the inhibitory effects of pentoxifylline depend
on the type of muscle contractions activated and that the in-
hibitory effect is significantly stronger for spontaneous rhyth-
mic activity and forin Ca? -induced contractions of isolated
rat uteri*. The relaxing effect of pentoxifylline depends on the
calcium concentration in the medium. Pentoxifylline exerted
the weakest relaxant effects on contractions induced by acetyl-
choline. In contrast to methylene blue, tetraethylammonium,
or 4-aminopyridine, glibenclamide did not antagonise the re-
laxing effect of pentoxifylline on isolated rat uteri..

Conclusion. The results obtained suggest that the mecha-
nism of action of pentoxifylline does not lead to the opening of
K., channels. However, the opening of BKCa and voltage-de-
pendent Ca?* channels had some role, but to varying degrees,
in the mechanism of the relaxing effect of pentoxifylline on
the spontaneous rhythmic activity and calcium-induced con-
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SAZETAK

Cilj. Pentoksifilin, koji se koristi za lecenje perifernih
vaskularnih oboljenja, je derivat metilksantina. Jedan od
nacina delovanja pentoksifilina je prouzrokovanje vazodi-
latacije krvnih sudova. U ovom radu ispitivali smo efekat
rastucih koncentracija pentoksifilina na kontraktilnost izo-
lovanog uterusa pacova, u prisustvu blokatora kalijumskih
kanala.

Metode. Uterusi, koji su izolovani od neparenih Zenki
pacova Wistar soja (180-220 g), drzani su u kupatilu za
izolovane organe na temperaturi od 37°C, u De Jalon-ovom
rastvoru kroz koji je propustana smesa gasova od 95% ki-
seonika i 5% ugljendioksida. Izometrijske kontrakcije su
registrovane Koriscenjem izometrijskog transdjusera Ugo
Basile, pri opterecenju preparata od 1 g. Ispitivan je efekat
pentoksifilina na kontrakcije za vreme spontane ritmicke
aktivnosti i u prisustvu kalcijuma, Ca?t (0.018 and 0.36
mM)) i acetilholina (ACh).

Rezultati. Pentoksifilin je prouzrokovao koncentracijski
zavisnu inhibciju spontane ritmicke aktivnosti, kao i fazne
aktivnosti prouzrokovane kalcijumom. Inhibicijski efekt pen-
toksifilina zavisio je od tipa aktivacije glatkog misica uterusa.
On je ispoljio znacajno jaci relaksirajuci efekt na spontanu
ritmicku aktivnost i kontrakcije prouzrokovane sa 0.018 mM
kalcijuma. Njegov relaksirajuci efekt zavisi i od koncentracije
Ca** u medijumu. Najslabiji relaksirajuci efekat pentoksifili-
na je zabelezen na acetilholinskom tipu aktivacije. Nasuprot
metilenskom plavilu, 4-aminopiridinu i tetraetilamonijumu,
glibenklamid ne antagonizuje relaksirajuci efekat pentoksifi-
lina na izolovanom uterusu pacova.

Zakljucak. Dobijeni rezultati sugerisu da u mehaniz-
mu relaksantnog delovanja pentoksifilina nije zastupljeno
otvaranje ATP kalijumskih kanala. Medutim, otvaranje
BKCa i voltazno zavisnih Ca’* kalijumskih kanala ima
izvestan znacaj, ali u razlicitom stepenu, u mehanizmu re-
laksirajuceg delovanja pentoksifilina na spontanu ritmicku
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tractions of isolated rat uteri. Our results provide additional
confirmation of the dominance of the NO/cGMP signalling
pathway in the mechanism of the relaxing effect of pentoxifyl-
line (because the presence of methylene blue significantly an-
tagonised this effect) in relation to the opening of potassium
channels, especially K P channels. These results indicate that
pentoxifylline could be a potential tocolytic drug.

Keywords: pentoxifylline, rat uterus, potassium channel
blockers, glibenclamide (GLB), tetraethylammonium (TEA),
4-aminopyridine (4-A ), methylene blue (MB)

Running title: Potassium Channels in the Mechanism of
Action of Pentoxifylline

aktivnost i kontrakcije prouzrokovane kalcijumom. Nasi re-
zultati su dodana potvrda o dominaciji NO/cGMP signa-
linih puteva kojima pentoksifilin prouzrokuje relaksaciju
glatkih misicnih Celija uterusa (jer metilensko plavilo zna-
Cajno anntagonizuje njegov efekt), u odnosu na otvaranje
kalijumskih kanala, posebno ATP zavisnih kalijumskih ka-
nala. Rezultati ukazuju da bi pentoksifiin mogao da bude
potencijalni tokoliticki lek.

Kljucne redi: pentoksifilin, uterus pacova, blokatori
kalijumskih kanala, glibenklamid (GLB), tetratilamonijum
(TEA), 4-aminopiridin (4-AP ) i metilensko plavilo

Kratki naslov: Kalijumski kanali u delovanju pentoksifilina

*

INTRODUCTION

Potassium channels are abundantly represented in
the smooth muscle of the uterus'*?. Recent results show
that the mechanisms of action of well-known powerful
vasodilators such as sodium nitroprusside (NO donor),
protamine sulphate and minoxidil involve the opening of
potassium channelss of action.*>¢7

Pretreatment with tetraethylammonium (TEA, 6
mmol/l), an inhibitor of BKCa channels and a suppres-
sor of two types of voltage-gated K* channel currents,
decreased the protamine sulphate-mediated relaxation
of both spontaneous and Ca*-induced contractions. An
inhibitor of voltage-gated K-channels, 4-aminopyridine
(4-AP, 1 mmol/l), and a selective ATP-sensitive potassium
channel blocker, glibenclamide (2 pmol/l), decreased the
protamine sulphate-mediated relaxation of Ca*-induced
contractions, without effects on the spontaneous contrac-
tions. Protamine sulphate acts downstream of cAMP- and
cGMP-mediated phosphorylation at the level of BKCa and
Kv-channels in spontaneous contractions and at the level
of all three K-channel typesin Ca*-induced contractions.’

Various types of tocolytics (most frequently beta -
adrenergic agonists) are used to prevent premature mis-
carriage and birth, but they have not yet solved these prob-
lems due to insufficient effectiveness and multiple side
effects.® For this reason, it is important to find new drugs
with potential tocolytic characteristics, including calcium
agonists, potassium channel openers and other vasodila-
tors.” It has been shown that even otomolar concentra-
tions of nicardipine inhibit the spontaneous rhythmic ac-
tivity of isolated uteri.'® Nitric oxide (NO), a mediator and
modulator of numerous processes in the body under phys-
iological and pathological conditions, plays a significant
role in the mechanism of the relaxing effects of protamine
sulphate and other vasodilators on smooth muscles.! In
cells, NO is created due to NO synthesis.'> High doses of L-
arginine increase blood flow through the blood vessels of
the heart, mesentery, lungs and liver, without effecting the
total peripheral resistance or blood pressure.”® L-arginine,
however, can cause significant hypotension in normoten-

sive rats, but only in animals pretreated with physostig-
mine.'* Experiments on animals have shown the presence
of increased NO synthesis during normal pregnancy. In
humans, a lack of NO causes vasoconstriction and pre-
eclampsia. NO is characterised by extreme reactivity to
intracellular enzymes. Additionally, NO affects the activity
of guanylate cyclase (GC). The reaction between NO and
GC can be inhibited with methylene blue."

Pentoxifylline, a drug used to treat peripheral vascular
disease, is a methyl xanthine derivative. Potential new indica-
tions for the application of this drug are under intensive study,
as are its drug’s mechanism of its action, which has not been
sufficiently investigated on the molecular level.'®

In our previous studies, we have shown that the endothe-
lium plays a significant role in the pentoxifylline-induced
relaxing of isolated rat mesenteric arteries. In the present
experiment, we studied the effects of increasing pentoxifyl-
line concentrations on various types of activation of isolated
rat uteri (spontaneous rhythmic activity and contractions
induced by calcium chloride at concentrations of 0.018 mM
and 0.36 mM and by acetylcholine-ACh).

To elucidate the mechanism of action of pentoxifylline
on the smooth muscles of the uterus, we studied the ef-
fects of this compound in the presence of: methylene blue,
a guanylate cyclase blocker; tetraethylammonium (TEA, 6
mM), a potassium channel antagonist, an inhibitor of BKCa
channels and a suppressor of two types of voltage-gated K*
channel currents; 4-aminopyridine (4-AP, 1 mM), an in-
hibitor of voltage-gated K-channels; and glibenclamide (2
uM), a selective ATP-sensitive potassium channel blocker.

MATERIALS AND METHODS

All protocols for handling rats were approved by the
local Ethical Committee for Animal Experiments, which
strictly follows international regulations. Isolated uteri of
virgin Wistar rats (200-250 g) in oestrus, as determined by
daily vaginal lavage, were used in this study. The uterus was



suspended in an isolated organ bath chamber (Ugo Basile)
containing De Jalon’s solution (g/l: NaCl 9.0, KCI1 0.42, NaH-
CO03 0.5, CaCl2 0.06, glucose 0.5) and aerated with 95% 0,
and 5% CO,. The temperature was maintained at 37°C. Iso-
metric contractions were recorded using an isometric force
transducer (Ugo Basile). The uteri, either spontaneously ac-
tive or treated with Ca** (6 mM), were allowed to equilibrate
at 1 g tension before the experimental drugs were added.
After stable spontaneous contractions had been established
(approx. 20 min), the uteri were treated with increasing con-
centrations of pentoxifylline (0.05,0.11, 0.22, 0.54, 1.08, 2.16,
3.23 and 4.31 mM) until total cessation of contractions. To
explore the mechanism of action of pentoxifylline on the
smooth muscle of the uterus, we studied the effects of this
compound in the presence of tetraethylammonium (TEA, 6
mM), 4-aminopyridine (4-AP, 1 mM), glibenclamide (2 uM)
and methylene blue (0.9 uM). Each of the substances was
added to De Jalon’s solution 10 min before pentoxifylline.
The effects of the treatments on uterine contractions
were calculated as the percentage of the control or un-
treated contractions. All data are expressed as the mean
+ SD. Differences between groups were evaluated by two-
way ANOVA with treatment and dose as factors and were
considered statistically significant when p<0.05.

Pentoxifylline, methylene blue, tetraethylammonium
(TEA), 4-aminopyridine (4-AP) and glibenclamide were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
salts for De Jalon’s solution were obtained from ZORKA
Pharma (Sabac, Serbia) and Merck (Darmstadt, Germany).
All drugs were dissolved in distilled water, except for glib-
enclamide, which was dissolved in polyethylene glycol.

RESULTS

Influence of different types of uterine activation (spon-
taneous rhythmic activity and contractions induced by
0.018 and 0.36 mM Ca** and acetylcholine) on the relaxant
effects of pentoxifylline

Increasing pentoxifylline concentrations (0.05, 0.11, 0.22,
0.54,1.08, 2.16, 3.23 and 4.31 mM) caused the concentration-
dependent inhibition of spontaneous rhythmic activity and
contractions of isolated rat uteri induced by different concen-
trations of calcium chloride (Ca*, 0.018 and 0.36 mM) and
by acetylcholine (ACh) (ANOVA, statistically significant ef-
fect of the concentration of pentoxifylline, p<0.001, Figure 1).
However, the degree of relaxation depended on the type of
activation (ANOVA, effect of type of activation, p<0.001 and
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Fig. 1. Relaxation of spontaneous rhythmic activity and of Ca**- (0.018 and 0.36 mM) and ACh-induced activity of isolated rat uteri treated with pentoxi-
fylline (0.05, 0.11, 0.22, 0.54, 1.08, 2.16, 3.23 and 4.31 mM). The black curve indicates the relaxant effect of pentoxifylline on spontaneous activity (Sp). The
red curve indicates the relaxant effect of pentoxifylline on calcium (Ca?*)-induced activity (0.018 mM). The red curve with triangles indicates the relaxant
effect of pentoxifylline with a double concentration of calcium in the medium (2 x Ca, 0.36 mM). The blue curve indicates the relaxant effect of pentoxifyl-
line on acetylcholine-induced activity (ACh). The results are presented as the mean + standard deviation (n = 8-12 experiments). The data were analysed
using two-way ANOVA with concentration (C) and activation type (T) as factors (p<0.05 was considered significant). Pentoxifylline significantly relaxed
spontaneous and Ca-activated rat uteri (ANOVA significant effect of concentration (C), p<0.001). The effect of pentoxifylline on ACh-induced uterine
contractions was not significantly different from that on the other types of activation (significant ANOVA type effect (T), and C x T interactions). Sig-
moidal fit curves were constructed and compared with the F-test. EC,  values were extracted from the curves and compared with the t-test. The statistical
significance of the differences is shown. The sigmoidal fit of the ACh-induced curve was not statistically significant (Chi>/DoF< 0.05).
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Fig. 2. Relaxation of spontaneous active rat uteri treated with pentoxifylline
TEA, 4-AP or glibenclamide. The data are expressed as the mean + SD (n =
presence of tetraethylammonium (TEA/Pent), the blue curve indicates the

(0.05, 0.11, 0.22, 0.54, 1.08, 2.16, 3.23 and 4.31 mM) and pretreated with
8-12). The red curve indicates the relaxant effect of pentoxifylline in the
relaxant effect of pentoxifylline in the presence of glibenclamide (GLB/

pentoxifylline), the green curve indicates the relaxant effect of pentoxifylline in the presence of 4-aminopyridine (4-AP/ pentoxifylline), and the black
curve shows the relaxant effect of pentoxifylline on the spontaneous rhythmic activity of isolated rat uteri(control curve). The data were analysed using

two-way ANOVA with concentration (C) and pretreatment (T) as factors (p<
were constructed and compared using the F-test. EC_ values were extracted

0.05 was considered significant; NS — not significant). Sigmoidal fit curves
from the curves and compared with the t-test. The statistical significance

of the differences is shown. The sigmoidal fit of the curve for TEA-pretreated uteri was not statistically significant (Chi*/df=0.24).

interaction P x T p<0.05). Pentoxifylline exhibited stronger
relaxing effects on the spontaneous rhythmic activity and the
contraction of the uterus induced by 0.018 mM Ca* (lowest
EC, ). Pentoxifylline exerted the weakest relaxant effects on
the contractions induced by acetylcholine.

The relaxing effect of pentoxifylline was lower for the
Ca?*-stimulated and activity compared to the spontaneous
rhythmic activity, which is reflected by the significantly
higher EC_ for this type of active uterus. The relaxation
curves for the spontaneously contracting and Ca*"-acti-
vated uteri were statistically modelled using the sigmoid
model (Chi*/DoF <0.05), whereas in the activated uteri,
the calcium double (0.36 mM Ca?*) sigmoid model was not
significant due to the lack of a dose that would cause the
maximum relaxation effect.

For uterine contractions induced by acetylcholine
(ACh), the pentoxifylline concentrations used were too
low to cause significant concentration-dependent relax-
ation, and thus, the effects could not be modelled in a sig-
moid manner. A comparison of the F-test curves showed
that the curves for active and spontaneous Ca**-stimulated
active uteri have similar slopes and are significantly differ-
ent compared to the other two types.

Influence of the potassium channel blockers glibencl-
amide (GLB), 4-aminopyridine (4-AP) and tetraethylam-

monium (TEA) on the relaxant effect of pentoxifylline on
the spontaneous rhythmic activity of isolated rat uteri.

To elucidate the mechanism of pentoxifylline’s relaxant
effect on the smooth muscles of the uterus and the possible
role of potassium channels, that which are abundantly pres-
ent in the smooth muscle of the uterus, we studied the ef-
fects of this compound in the presence of potassium chan-
nel blockers including TEA (an inhibitor of BKCa channels
and a suppressor of two types of voltage-gated K* channel
currents), 4-AP (an inhibitor of voltage-gated K-channels)
and GLB (a selective ATP-sensitive potassium channel
blocker) on the spontaneous rhythmic activity of isolated
rat uteri. In a second series of experiments, we completed
the same studies infor calcium- induced contractions.

When a uterus with spontaneous rhythmic activity was
pretreated with TEA, 4-AP or glibenclamide, the activity
level depended on the concentration of the reserves of the
relaxant pentoxifylline (ANOVA, statistically significant
effect of the concentration of pentoxifylline, p<0.001, Fig-
ure 2), but this does not significantly change the degree
of relaxation, depending on the pretreatment (ANOVA,
statistically significant effect of pretreatment p<0.001;
the differences are reflected in the EC, values and the ef-
fects of the sigmoid comparisons of the modelled fault).
Pretreatment with glibenclamide resulted in a statistically
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Fig. 3. Relaxation of Ca®*-activated rat uteri treated with pentoxifylline (0.05, 0.11, 0.22, 0.54, 1.08, 2.16, 3.23 and 4.31 mM) and pretreated with TEA,
4-AP or glibenclamide. The data are expressed as the mean + SD (n = 8-12). The red curve indicates the relaxant effect of pentoxifylline in the presence
of tetraethylammonium (TEA/ pentoxifylline), the blue curve indicates the relaxant effect of pentoxifylline in the presence of glibenclamide (GLB/
pentoxifylline), the green curve indicates the relaxant effect of pentoxifylline in the presence of 4-aminopyridine (4-AP/ pentoxifylline), and the black
curve represents the relaxant effect of pentoxifylline on the calcium-induced activity of isolated rat uteri (control curve). The data were analysed by
two-way ANOVA with concentration (C) and pretreatment (T) as factors (p<0.05 was considered significant; NS — not significant). Sigmoidal fit curves
were constructed and compared with the F-test. EC,  values were extracted from the curves and compared with the t-test. The statistical significance of
the differences is shown. The sigmoidal fits of the curves for the uteri pre-treated with 4-AP and glibenclamide were not statistically significant (Chi?/

df=0.2 and 0.09, respectively).

significant increase in the relaxing effect of pentoxifylline
(significantly lower EC_ and a different slope expressed by
the F-test, Figure 2), whereas pretreatment with 4-AP sig-
nificantly decreased the relaxation effect, especially in the
lower concentration range (statistically expressed by the F-
test; 4-AP pretreatment did not change the relaxant effect
of the highest dose of pentoxifylline).

In this series of experiments, we showed that the pres-
ence of glibenclamide (2 mM) stimulated the relaxant
effect of increasing concentrations of pentoxifylline on
the spontaneous rhythmic activity of isolated rat uteri. In
control experiments without glibenclamide, pentoxifylline
caused significant inhibition of the spontaneous rhythmic
activity at a concentration of 19.2 mM. However, in most
experiments, a pentoxifylline concentration of 6.6 mM was
sufficient for the total inhibition of spontaneous rhythmic
contractions in the presence of glibenclamide (Figure 2).

Influence of potassium channel blockers (glibencl-
amide, 4-aminopyridine and tetraethylammonium) on the
relaxant effect of pentoxifylline on the contractions of iso-
lated uteri induced by calcium

According to the analysis of variance, pretreatment of
a Ca*-induced active uterus with TEA, 4-AP or glibencl-
amide did not affect the degree of relaxation induced by
pentoxifylline (ANOVA, no statistically significant effect

of pretreatment; Figure 3). However, a comparison of the
EC,, values and the comparison of the F-test curves are-
indicate that pretreatment with TEA reduced the relaxant
effect of pentoxifylline (statistically significant difference
in the EC_ values relative to pentoxifylline alone), mainly
due to its efficacy at lower concentrations. Pretreatment
with 4-AP decreased the relaxing effect of higher con-
centrations of pentoxifylline, and thus, the pentoxifylline
applied after pretreatment with 4-AP could achieve the
maximum relaxation effect, which led to statistically sig-
nificant differences in the slope of the sigmoid curves (F-
test, p<0.05).

Influence of pentoxifylline on the spontaneous rhyth-
mic activity of isolated rat uteri in the presence of meth-
ylene blue

In these experiments, the effects of increasing concen-
trations of pentoxifylline on the spontaneous rhythmic
activity of isolated rat uteri were studied in the presence
of methylene blue (0.9 mM). Methylene blue (a guanylate
cyclase blocker) statistically significantly (p<0.001) antago-
nised the relaxing effect of pentoxifylline on the spontane-
ous rhythmic activity of isolated rat uteri. For example, in
the presence of methylene blue, even the highest concen-
tration of pentoxifylline did not cause complete inhibition
of uterine contractions (Figure 4.).
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Fig. 4. The relaxing effect of increasing concentrations of pentoxifylline (0.05, 0.11, 0.22, 0.54, 1.08, 2.16, 3.23 and 4.31 mM) on the spontaneous rhyth-
mic activity of isolated rat uteri and on the spontaneous activity of isolated rat uteri pretreated with methylene blue (MB). The red curve indicates the
relaxant effect of pentoxifylline in the presence of MB/ pentoxifylline. The blue curve is the control experiment with pentoxifylline without MB. The
results are presented as the mean + SD (n = 8-12 experiments). The statistical significance of the effects was tested by two-factor ANOVA, with the
concentration of pentoxifylline (P) and the type of pretreatment (T) as factors. Curves were modelled using the sigmoid model and compared by the
F-test. The F-test comparison showed a statistically significant difference between the modelled sigmoid curves. Pretreatment with methylene blue
significantly antagonised the relaxant effect of increasing concentrations of pentoxifylline (p<0.001).

DISCUSSION

Pentoxifylline induced the concentration-dependent in-
hibition of spontaneous rhythmic activity and contractions
in isolated rat uteri induced by calcium (0.018 mM and 0.16
mM) and acetylcholine (ACh). We showed that the degree
of the inhibitory effect of pentoxifylline depends on the type
of muscle activation and the effect of this compound is sig-
nificantly stronger on spontaneous rhythmic activity (lowest
EC, ) and contractions caused by 0.018 mM calcium. In con-
trast, this effect is very weak when the uterus is stimulated by
ACh. The activation of isolated uteri with double the amount
of calcium reduced the relaxant effect of pentoxifylline so that
even at the highest concentrations, there was no complete re-
laxation. Compared to the results obtained from the sponta-
neous rhythmic activity, the relaxant effect of pentoxifylline
was weaker for calcium-induced contractions of the isolated
uteri. These results show that pentoxifylline may be a poten-
tial drug that could be used to prevent premature births and
miscarriages.

Our results show that the degree of pentoxifylline’s in-
hibitory effect depends on the muscle activation type are
in accordance with the data in the literature regarding cal-
cium antagonist’s effects on the contraction of the smooth
muscle of the uterus. However, differences in the inhibitory
effects of vasodilatory substances are most pronounced in
experiments with calcium antagonists. For instance, nicar-
dipine and nitrendipine have the most potent inhibitory

effects on the contractions of isolated rat uteri caused by
electrical stimulation (inhibited by otomolar concentra-
tions), with weaker effects on spontaneous rhythmic activ-
ity and acetylcholine-induced activity. The weakest effect
is on oxytocin-induced activities (inhibited by micromolar
concentrations).!%3!

Our experiments and those of other authors also
showed that pentoxifylline has a weaker relaxing effect on
muscle activity in the presence of added extracellular cal-
cium than on spontaneous rhythmic activity. This result
suggests that spontaneous rhythmic muscle activity could
depend on the calcium concentration present in the cell
to a greater extent than previously expected.” Protamine
sulphate also caused concentration-dependent relaxation
infor both types of contractions.®

Spontaneous rhythmic muscle activity is achieved
by calcium influx into the cells from extracellular spaces
through calcium channels located in the cellular mem-
brane. This signifies that spontaneous rhythmic activity
depends primarily on the calcium concentrations present
outside the cell. Other types of muscle activation (caused
by acetylcholine or oxytocin) depend more on intracellular
calcium or calcium that enters the cell via the activation of
muscarinic and oxytocin receptors.'” '8

Potassium channels are present in numerous types of
smooth muscle, including the uterus.>>!*3%3! Recent results
show that the mechanisms of action of some known potent



vasodilators, such as sodium nitroprusside (NO donor)
and minoxidil, involve the opening of potassium channelss
of action.>*”2

One of the most studied types, which is dominant in the
smooth muscles of the uterus, is the large calcium dependent
potassium channel, BKca or maxi K. During gestation, its im-
portance is even greater, especially during delivery because
its inhibition provides an increased level of intracellular
Ca?*, which is necessary for birth contractions.”* Additional-
ly, there is the important role of ATP-dependent potassium
channels (K, ,) in the smooth muscles of the uterus. They
form the connection between the metabolic state of the cell
and cell excitation, i.e., contractility.?*»?"282931

Changes in the expression and activity of potassium
channels are very important for the control of uterine
contractility.” For example, H,0, induces concentration-
dependent relaxation of isolated rat uteri via potassium
“voltage-dependent channels”*?! Based on these findings,
studying the influence of potassium channel modulators
and their interactions with NO on uterine tissue is impor-
tant for both uterine physiology and pathophysiology stud-
ies and for finding new therapeutic concepts in the treat-
ment of uterine contractility disturbances.®**°

H,0, oxidises intracellular thiol groups in the potas-
sium voltage-related channel and activates the channel,
inducing relaxation. The cell’s antioxidative defence sys-
tem quickly activates the glutathione peroxidase (GSHPx)
defence mechanism, but not the catalase (CAT) defence
mechanism. Intracellular redox mechanisms repair the
oxidised sites and again establish the deactivated state of
KV channels, recuperating contractility. In conclusion, this
activity demonstrates that KV channels can be altered in
a time-dependent manner by reversible redox-dependent
intracellular alterations.*

Together with detailed information about K* channels,
there is a pronounced pharmaceutical interest in the syn-
thesis and development of selective K* channel modula-
tors. Scientists are also reevaluating the spectrum of exist-
ing drugs and substances that influence the permeability
of smooth muscle cell membranes for K* ions, especially
those vasodilators with-direct effects: minoxidil, diazox-
ide, and dimethyl sulfoxide (DMSO), which is a widely
used solvent. 2561030

Because there is insufficient data demonstrating whether,
in addition to the NO/cGMP* system, potassium channels
(channel type and role) also participate in the mechanism
of the relaxant effect of pentoxifylline, we investigated the
effect of this compound in the presence of various potassi-
um channel blockers: glibenclamide (K, channel blocker),
4-aminopyridine (BK_, blocker) and tetraethylammonium
(voltage dependent Ca** channel blocker).

In these experiments, we showed that the opening of
potassium channels does not play as important a role in
the mechanism of action of pentoxifylline as in the case of
pinacidil or protamine sulphate. Generally, in both types of
activation, the opening of K, , channels is not important
for the relaxant effect of pentoxifylline.

In our experiments, we found that the relaxing effect of
pentoxifylline was higher in the presence of glibenclamide,
a selective blocker of K, , channels. The complete inhibi-
tion of contractions in the presence of glibenclamide was
achieved by lower pentoxifylline concentrations.

Pretreatment with glibenclamide, a K ATD channel block-
er, even led to a statistically significant increase in the re-
laxing effect of pentoxifylline. Glibenclamide, an antago-
nist of this type of potassium channel, led to prolonged
depolarisation and prevented the output current of potas-
sium that is responsible for the repolarisation of the cell
membrane.

However, it has been shown that glibenclamide leads to
the inhibition of contractions of arterial muscle elements,
most likely by interacting with and blocking voltage-depen-
dent calcium channels.?** Our results could be interpreted
in the same way. It is possible that glibenclamide stimulates
the relaxing effect of pentoxifylline by blocking voltage-de-
pendent calcium channels, thus decreasing the flux of cal-
cium into the cell and causing relaxation of the muscles.’

However, pretreatment with 4-AP (BK_, blocker) sig-
nificantly reduced the relaxant effect of pentoxifylline on
spontaneous rhythmic activity but did not change the re-
laxant effect of the highest concentrations of pentoxifylline.
For calcium-induced activation, TEA (a voltage-dependent
Ca?* channel blocker) reduced the relaxant effect of pentoxi-
fylline, mostly because of its efficiency at lower concentra-
tions. This result is dissimilar to the pretreatment with 4-AP,
which decreased the relaxant effect of higher concentrations
of pentoxifylline; in the presence of 4-AP, pentoxifylline
could not reach its maximum relaxant effect (F-test, p<0.05).
These findings indicate that the mechanism of action of
pentoxifylline is not related to the opening of K, . channels,
as is the case for other vasodilators, such as minoxidil and
pinacidil. However, the opening of BK , and voltage-depen-
dent Ca?* channels has some role, but to varying degrees,
in the mechanism of the relaxing effect of pentoxifylline on
spontaneous rhythmic activity and contractions of isolated
rat uteri induced by calcium.

Our results are an additional confirmation of the domi-
nance of NO/cGMP in the mechanism of the relaxing ef-
fect of pentoxifylline in relation to the opening of potassium
channels, especially K . channels. Given that the relaxant
effect of pentoxifylline depends on the calcium concentra-
tion (it is weaker if the contractile activity is induced with
0.16 mM than with 0.018 mM), we can say that pentoxifyl-
line, to some extent, acts as a calcium antagonist. Our results
also suggest that pentoxifylline may be a potential tocolytic
agent. However, to reach a definitive conclusion, it is neces-
sary to test the relaxing effect of pentoxifylline on the uterus
in vivo in order to monitor for possible side effects.

In this series of experiments, we found that all three K*
channel blockers used in the experiments antagonised the
inhibitory effect of pentoxifylline on spontaneous rhythmic
activity and phase activity caused by calcium to some ex-
tent. However, unlike our results obtained with protamine
and pinacidil, glibenclamide exerted a poor (statistically
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insignificant) antagonistic effect at a concentration of 3
uM, while for 4-AP and TEA, only concentrations of 3 mM
proved more effective. However, only 4-AP had a some-
what significant effect on pentoxifylline inhibition.

Our results show that the opening of potassium chan-
nels (especially of the K, , type) does not have any sig-
nificant role in the relaxant mechanism of pentoxifylline,
except to a certain extent for BKCa calcium channels. In
contrast to these results with pentoxifylline, our results
and the results of other authors with the relaxant pinaci-
dil (a calcium channel opener) show that calcium channel
opening, especially that of the K, type, plays a significant
role in this compound’s mechanism of action®>>%°. The role
of potassium channel opening in the relaxant effect of va-
sodilators seems to depend on the type of tissue.** Likely,
potassium channel opening is more important for the re-
laxant effect of certain vasodilatory substances in the case
of blood vessels than in the case of the uterus.

Methylene blue inhibits the production of cGMP by
preventing the interaction of NO with guanylate cyclase.
The results of our earlier series of experiments® and the
present experiments (no= 12) with new statistical analyses
of these results also showed that methylene blue decreased
the relaxing effect of pentoxifylline on the spontaneous
rhythmic activity of isolated rat uteri. Not even the highest
applied concentration of pentoxifylline achieved complete
discontinuation of contractions.

The data indicating that methylene blue antagonises the
relaxing effect of Na-nitroprusside'?and pentoxifylline®arein
accordance with both our earlier®and present results. Meth-
ylene blue makes the activation of guanylate cyclases impos-
sible and thus prevents muscle relaxation. cGMP activates
cGMP-dependent protein kinase, which blocks the entrance
of calcium ions, activates potassium channels and decreases
the IP3 level, finally leading to vasodilatation. However, it
has been shown that methylene blue cannot antagonise the
relaxing effects of sodium azide and nitroglycerol.*» Addi-
tionally, pretreatment with methylene blue (0.3 pug/ml) had
no effect on protamine-induced ation, despite the use of
N(G)-nitro-L-arginine methyl ester (L-NAME, 10° M) and
propranolol (5 pg/ml), which potentiated the protamine’s
relaxing effect on the spontaneous contractile activity of
isolated rat uteri and had no effect on Ca**-induced contrac-
tions.? L-arginine in the cell is used as the substance for the
synthesis of NO and can raise NO concentrations, leading to
smooth muscle cell relaxation. In human and animal models
not able to produce NO due to endothelial dysfunction, it
has been shown that L-arginine restores the lost ability of
endothelium-dependent vasodilatation.

Unlike methylene blue (a guanylate cyclase blocker), L-
arginine (an NO precursor) does not antagonise the relax-
ation effect of pentoxifylline on the contraction of isolated
rat uteri, except partially in spontaneous rhythmic activity
(without changing its maximum inhibitory effect).” These
results suggest that pentoxifylline most likely achieves its
relaxing effect on the uterus regardless of the presence of
nitric oxide.

In contrast to our results, in experiments on isolated
renal and mesenteric arteries taken from normotensive
and hypertensive rats, it has been found that L-arginine
even antagonised the relaxation caused by sodium nitro-
prusside.’® The authors found a possible explanation for
the noted phenomenon in the ability of sodium nitroprus-
side to achieve its action through peroxynitrate and not
through S-nitrosothiol.

The results of our earlier series of experiments with
L-arginine (0.3 pmol) and pentoxifylline® and the results
of our present experiments with methylene blue suggest
that NO is not significantly involved in pentoxifylline’s ef-
fects. There are data regarding the existence of signalling
pathways in the cell, including NO-independent cGMP
creation, that do not lead to relaxation.®

In many papers, pentoxifylline is referred to as a phospho-
diesterase blocker.® By blocking phosphodiesterase, pentoxi-
fylline directly increases the cAMP levels in muscle cells, lead-
ing to relaxation. Because methylene blue (a guanylate cyclase
blocker) decreased the inhibitory effects of pentoxifylline, it is
possible that even cGMP is involved in muscle relaxation via
signalling pathways not dependent on NO.

CONCLUSIONS

Pentoxifylline, which is used to treat peripheral vas-
cular disease, is a derivative of methylxanthines. One of
the mechanisms of action of pentoxifylline is through the
vasodilatation of blood vessels. This study examined the
effect of increasing concentrations of pentoxifylline on
the contractility of isolated rat uterus in the presence of a
potassium channel antagonist and methylene blue. Uteri
were allowed to contract spontaneously or in the presence
of Ca* (0.018 and 0.36 mM) and acetylcholine and were
then treated with pentoxifylline.

Our results suggest that the mechanism of action of
pentoxifylline does not include the opening of K, , chan-
nels. However, the opening of BKCa and voltage depen-
dent Ca?* channels has some role, but to varying degrees,
in the mechanism of the relaxing effect of pentoxifylline
on spontaneous rhythmic activity and the contraction of
isolated rat uteri induced by calcium. Pretreatment with
glibenclamide, a K ATD channel blocker, led to a statistically
significant increase in the relaxing effect of pentoxifylline.
Glibenclamide, an antagonist of this type of potassium
channel, led to prolonged depolarisation, preventing the
output current of potassium that is responsible for the re-
polarisation of the cell membrane.

The degree of the inhibitory effect of pentoxifylline de-
pended on the type of muscle activation; it was significantly
stronger against spontaneous rhythmic activity (lowest EC, )
and contractions caused by a 0.018 mM calcium and was very
weak when the uterus was stimulated by ACh. The activation
of isolated uteri with double the amount of calcium reduced
the relaxant effect of pentoxifylline so that even at the highest
concentrations used there was no complete relaxation.
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Compared to the effect on spontaneous rhythmic activ-
ity, the relaxing effect of pentoxifylline was lower for the
contraction of isolated rat uteri induced by Ca*".

Our results provide additional confirmation of the
dominance of the NO/cGMP signalling pathway in the
mechanism of the relaxing effect of pentoxifylline (because
the presence of methylene blue significantly antagonised
this effect) in relation to the opening of potassium chan-
nels, especially K, channels. These results indicate that

ATP
pentoxifylline could be a potential tocolytic drug.
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