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Resveratrol is a phytoalexin produced in a number of plant spe-
cies including grapes. The benefit of resveratrol to health is widely re-
ported. Resveratrol has been found to promote relaxation of non-pre-
gnant and pregnant uterus, but its mechanism of action is unclear. The 
aims of our study were to investigate the involvement of inwardly re-
ctifying potassium channels (Kir) in inhibitory effects of resveratrol on 
three models of contractions of non-pregnant rat uterus: the sponta-
neous rhythmic contractions (SRC), oxytocin-elicited phasic contracti-
ons and tonic oxytocin-elicited contractions.Uterine strips were obta-
ined from virgin female Wistar rats in oestrus. Strips were mounted 
into organ bath for recording isometric tension in Krebs-Ringer so-
lution. Experiments followed a multiple curve design. In order to test 
the involvement of Kirchannels in a mechanism of action of resvera-
trol(1-100 µM),BaCl2 (1 mM),a antagonist of inwardly rectifying pota-
ssium channels was used. Resveratrol induced a concentration-de-
pendent relaxation of all models of contractions. BaCl2 antagonized 
the response to resveratrolon SRC and oxytocin-elicited phasic con-
tractions. Relaxation achieved by resveratrolon tonic oxytocin-elicited 
concentrations was insensitive to BaCl2.The antagonism of resveratrol 
effects by inwardly rectifying potassium channels antagonist suggests 
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Uvod / Introduction

that Kir channels are involved in resveratrol action on phasic contra-
ctions of rat uterus. Inhibitory effect of resveratrol on tonic contractions 
did not include Kir channels. 

Key words: resveratrrol, uterus, inwardly recifying potassium 
channels, Kir

Resveratrol is a polyphenol, phytoalexin, which is produced in a number of 
plant species as a secondary metabolite. The rich sources of resveratrol are Po-
lygonum cuspidatum, peanuts, grapes and wine as its products (Atanacković i 
sar., 2012). During the last decade it has been shown that resveratrol has a wi-
de range of effects: anticancer, anti-inflammatory, antioxidant, cardioprotective. 
The extensive preclinical studies have demonstrated that the many molecules 
and cellular structures are the targets of resveratrol. Over 20 molecules that di-
rectly bind to resveratrol have been identified (Harikumar i Aggarwal, 2008). The 
relaxant effect of resveratrol on myometrium contractions has been studied in a 
few papers. It has been demonstrated that resveratrol strongly inhibits the contra-
ction induced by oxytocin, prostoglandin F2α, acetylcholine, carbachol, as well as 
the spontaneous rhythmic contractions (Hsia i sar., 2011; Novaković i sar., 2013; 
Novaković i sar., 2015). Previously, we have shown that the ATP-sensitive pota-
ssium channels (KATP), Ca

2+-sensitive big potassium channels (BKCa) and volta-
ge-sensitive potassium channels (Kv) are involved in the inhibitory mechanism of 
resveratrol of the non-pregnant animal and pregnant human uterus (Novaković i 
sar., 2013; Novaković i sar., 2015). In addition, the numerous studies have shown 
that resveratrol leads to vasorelaxation via modulation of potassium (K-channels) 
andcalcium (Ca-channels) ionchannels on the different animal and human blood 
vessels (Naderali i sar., 2000; Novaković i sar., 2006a; Novaković i sar., 2006b; 
Gojković-Bukarica i sar., 2008; Li i sar., 2012; Gojković-Bukarica i sar., 2013; Mc-
Calley i sar., 2014). However, resveratrol when applied in high concentrations (> 
30 µM) has an additional KATP, BKCa and Kv channels independent mechanism(s) 
of action (Li i sar., 2012; Novaković i sar., 2013; Novaković i sar., 2015). Then 
we would like to test the participation of another type of potassium channels, li-
ke inwardly rectifying potassium channels (Kir) in inhibitory mechanism of resve-
ratrol. Kir channels have been found in a wide variety ofcells: oocytes, cardiac 
myocytes, endothelial cells, glial cells, neurons, blood cells and serve important 
roles in cellular physiology such as cell excitability, K+homeostasis, and insulin 
secretion (Hibino i sar., 2010). KATP channels belong to the Kir channel family, but 
they opened by a decrease in intracellular ATP (Inagaki i sar., 1996). However, 
the activity of Kir channels is regulated by many intracellular factors and second 
messengers such as protein kinase C, Gq-coupledreceptor stimulation, pH, intra-
cellular Mg2+or G proteins (Du i sar., 2004). McCloskey i sar. (2014) have demon-
strated that Kir7.1 current hyperpolarizes uterine smooth muscle cell and promo-
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Materijal i metode rada / Material and methods

tes quiescence during gestation (McCloskey i sar., 2014).The roles of the different 
channels are diverse and depend on the physiological environment. The contra-
ction of myometrium is a complex event and a number of potassium channels play 
a role in shaping the action potential and modulating myometrial relaxation (Brai-
nard i sar., 2007). To date, several types of K+ channels have been identified in the 
myometrium (Du i sar., 2004; Novaković i sar., 2013; McCloskey i sar., 2014; No-
vaković i sar., 2015). Kir channels proteins have been identified in pregnant mou-
se and human myometrium by pharmacological and molecular methods (McClo-
skey i sar., 2014).

The abnormal contractility might underlie common and important disorders 
such as infertility, implantation failure, dysmenorrhea, endometriosis, spontaneo-
us miscarriage or preterm birth (Olafsdottir i sar., 2012). The ideal agent for pre-
vention and treatment of uterine abnormal contractility has not yet been found.
The mechanism that triggers uterine spasm is currently unclear, although different 
factors or events seem to be involved. Understanding the processes that lead to 
relaxation of smooth muscle of the uterus and development of safe and effective 
tocolytic agents is an important research topic.

The aim of this study is to investigate the participation of Kir channels in in-
hibitory action of resveratrol on three models of uterus contractility: spontaneous 
rhythmic contractions (SRC), oxytocin - elicited phasic and oxytocin – elicited to-
nic contractions of non-pregnant rat uterus. 

Animals

The experiments were performed on isolated uterus of the virgin female 
Wistar rats (200 - 250 g), obtained from the animal facilities of the Faculty of Me-
dicine, University of Belgrade. All experiments were conducted in compliance wi-
th the Animal Welfare Act of the Republic of Serbia („Službeni glasnik RS“, No. 
41/09), the respective regulations („Službeni glasnik RS“, No. 39/10), as well as 
international legislation (Directive 2010/63/EU and the Guide for the Care and 
Use of laboratory Animals, 8th ed) with respect to the guidelines of ‘Good labora-
tory practice’. The study was approved by the Ethical Committee of Faculty of Me-
dicine, University of Belgrade, license number 4211/2.

The estrous cycle phase was daily determined before each series of experi-
ments. Vaginal smear was sampled and transmitted to the microscope slide whe-
re the cell staining was performed using haemotoxylin and eosin in the general 
method described by Marcondes i sar. (2002). Based on the appearance of cells 
during microscopic examination the estrous cycle phase was determined. Only 
animals which were in estrous phase (45 animals were used) were taken for the 
experiments and they were sacrificed by cervical dislocation. Then the abdomen 
was opened in V-shaped form and the both horns of the uterus were isolated. Af-
ter separating, the tissue sample was held in the isolated organ bath (TSZ-04 / 
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1.2, Experimetria, Budapest, Hungary) at a temperature of 37° C in Krebs- Ringer 
solution through which was bubbled into a mixture of 95% oxygen and 5% carbon 
dioxide, pH 7.4. Segment of the horn of the uterus 1 cm long was placed in the 
bath by fixing one end of the sample to a holder at the bottom of bath (10 ml), and 
the other end was attached to the transducer (TSZ-04 / 1.2, Experimetria, Buda-
pest, Hungary) that registers the change of isometric muscle tension. Before the 
beginning of experiments, samples were incubated for 45 minutes and then they 
were gradually stretched to an optimal point of tension of 1 g. The contractions 
were recording by ISOLAB software (Elunit, Belgrade, Serbia) which was conne-
cted to the transducer.

Experimental procedure

The inhibitory effects of resveratrol on the contraction of smooth muscles of 
the rat uterus and the involvement of Kir subtype of K-channel were examined in 
a separate series of experiments. After the incubation period, 37% of the samples 
showed a spontaneous rhythmic activity. In these cases, the samples were left for 
about 30 minutes to stabilize contractions prior to the administration of substan-
ces. Phasic contractions were induced by oxytocin (0.2 nM) in the different series 
of experiments. Tonic contractions were induced by 20 nM of oxytocin. After stabi-
lization of the contractions (~30 minutes) resveratrol was directly cumulatively ad-
ministered (1 - 100 µM) in the bath. In order to investigate the involvement of Kir 
channels in the mechanism of action of resveratrol, BaCl2 was used as a non-se-
lective antagonist of Kir channels. After the experiments, concentration - depen-
dent curves with and without the presence of antagonist were designed.

Drugs and solutions

Resveratrol was dissolved in 70% (v/v) ethanol, and the further dilutions we-
re made with distilled water immediately prior to use. In that case working con-
centrations of ethanol were not greater than 0.01% (v / v) in the bath. The Krebs 
- Ringer solution had the following composition (expressed in mmol/l): NaCl 120, 
KCl 5, CaCl22.5, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, and glucose 11. All drugs 
were added directly to the bath in a volume of 50 μl and the concentrations given 
are the calculated final concentrations in the bath solution. Due to the photosensi-
tivity of resveratrol all the experiments were carried out in the dark. A producer of 
the substances was Sigma-Aldrich Inc., USA.

Treatment of data and statistics

The amplitude of phasic contractions was measured from the baseline to the 
top of the spike, while the amplitude of tonic contractions was measured from ba-
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seline to the plateau. The medium values of the amplitude during the control pe-
riod were taken as 100%.

The concentration of resveratrol, which produces 50% of the maximum effe-
ct was considered for the mean effective concentration (EC50) and was calculated 
for each experiment by using linear interpolation of the graphs. The results we-
re expressed as mean value ± standard error (S.E.M); n indicates the number of 
experiments. Student’s t-test was used for comparison. The probability of P <0.05 
was considered statistically significant. Data analysis was carried out by the com-
puter program GraphPad Prism version 6.00 for Windows, GraphPad Software, 
La Jolla California USA.

Longitudinal muscle strips of the rat non-pregnant uterus exhibited the SRC 
of constant amplitude 2.4 ± 0.6 g and frequency 9.5 ± 1.3 contractions per 10 mi-
nutes.	

Resveratrol (1–100 μM) inhibited SRC in a concentration-dependent manner 
with a EC50value of 28.2±2.5 μM and maximal response 94.8 ± 5.0 %, n= 8. BaCl2 

Rezultat / Results 

Figure 1. Antagonism of the inhibitory ef-
fect of resveratrol by BaCl2 (1 mM) on 
the spontaneous rhythmic contractions 
(SRC) on the non-pregnant rat uterus.
Concentration - response curves for 
resveratrol in the absence (circle) and 
presence of BaCl2 (1 mM, square). The 
points are the means and the vertical 
lines show the S.E.M. (n = 5–8).

Figure 2. Antagonism of the inhibitory effect 
of resveratrol by BaCl2 (1 mM) on pha-
sic contractions provoked by oxytocin 
(0.2 nM) on the non-pregnant rat uter-
us. Concentration - response curves for 
resveratrol in the absence (circle) and 
presence of BaCl2 (1 mM, triangle). The 
points are the means and the vertical 
lines show the S.E.M. (n = 5–8). 
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(1 mM, n = 5), a Kir channels antagonist, induced a significant rightward shift of 
the concentration–response curve for resveratrol (EC50= 28.2 ± 2.5μM control vs. 
EC50= 64.6 ± 4.0 μM in presence BaCl2, n=5, P < 0.05, Fig. 1) with significant su-
ppression of the maximal response (94,8 ± 5,0 % control vs. 66.2 ± 3.1 % in pre-
sence of BaCl2, n=5, P < 0.05, Fig. 1).

Application of low nanomolar concentration of oxytocin (0.2 nM) to the sam-
ples produced phasic contractions of constant amplitude 3.1 ± 0.5 g and frequen-
cy 12.0 ± 0.8 contractions per 10 minutes.

Resveratrol (1–100μM) significantly inhibited phasic oxytocin-elicited con-
tractions in a concentration-dependent manner with EC50 value of 21.9± 5.2 μM, 
maximal responses 94.0 ± 5.9 %, n=8 (Fig. 2). BaCl2 (1mM, n=5) induced a signi-
ficant rightward shift of the concentration– response curve of resveratrol (EC50 = 
21.9 ± 5.2 μM control vs. EC50 = 89.1± 4.0μM in presence of BaCl2, n=5, P < 0.05) 
and suppression of the maximal response (94.0 ± 5.8 % control vs. 50.8± 3.0 % in 
presence BaCl2, n=5, P < 0.05, Fig. 2).

Application of high concentration of oxytocin (20 nM) to the rat uterus pro-
duced tonic contraction with or without phasic contractions in addition of constant 
amplitude 4.3 ± 0.5 g. Resveratrol inhibited tonic contractions induced by oxytocin 
in the concentration-dependent manner with EC50 value of 87.1 ± 5.6 μM (n=8), 
but in presence of BaCl2 EC50 value was 35.5 ± 6.4 μM (n=5), P > 0.05. Maximal 
responses were in control 54.8 ± 4.0 %, (n = 8) vs. 81.0 ± 5.7 % in presence BaCl2 
(n=5), P > 0.05 (Fig. 3). 

There are significant differences between EC50 values for resveratrol achie-
ved on SRC, phasic oxytocin-elicited contractions and tonic oxytocin-elicited con-
tractions in presence of BaCl2: 64.6± 4.0 μM vs. 89.1 ± 4.0 μM vs. 35.5 ± 6.5 μM, 
(n=5, all), P < 0.05.

Used Kir channel antagonist, BaCl2 did not alter the resting tone of the ute-
rus and did not modify the SRC or contractions evoked by oxytocin (n = 12 all, 
data not shown).

Figure 3. Antagonism of the inhibitory effect 
of resveratrol by BaCl2 (1 mM) on ton-
ic contractions provoked by oxytocin 
(20 nM) on the non-pregnant rat uterus. 
Concentration - response curves for 
resveratrol in the absence (circle) and 
presence of BaCl2 (1 mM, diamond). 
The points are the means and the verti-
cal lines show the S.E.M. (n = 5–8)
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Ba2+ is often used to examine the physiological roles of Kir channels in cells 
and tissues. To analyze the contribution of Kir channels to the inhibitory mec-
hanism of resveratrol on contractions of the rat non-pregnant uterus, we used 
agent that is known to possess a Kir channel-blocking activity – BaCl2. Externally 
applied Ba2+ suppresses Kir currents in avoltage-dependent manner (Oliver i sar., 
1998). Although high concentrations of Ba2+ can also block Kv channelsat micro-
molar (< 5 mM) concentrationsthis cation is specific to Kir channels (Inagaki i sar., 
1996; Du i sar., 2004; Hibino i sar., 2010). In the present study, BaCl2 used in con-
centration of 1 mM significantly antagonized SRC and phasic oxytocin - induced 
contractions. However, the relaxation of tonic component achieved by resveratrol 
was not reduced in the presence of BaCl2. Accordingly, it seems that Kir channels 
are not involved in the pathway by which resveratrol induces a relaxation of the 
tonic contractions. Wang i sar. have published that phasic contractions were more 
sensitive to resveratrol than basal tension in guinea pig gall bladder (Wang i sar., 
2008).The differences between effects of resveratrol on contractions induced by 
low and high concentrations of oxytocin could come from different sources and 
routes for initiation and maintenance of phasic and tonic contractions.The phasic 
contraction of the non-pregnant ratuterus is physiological process with involved 
Ca2+ influx via L-types Ca2+ channels. However, oxytocin, at high concentrations 
produces tonic contraction resulting from additional mechanisms (Novaković i 
sar., 2013). It has been shown that Kir7.1 is important to maintain a hyperpolari-
zed membrane potential during uterine quiescence in pregnancy. Kir7.1 channels 
modulate the action potential, modifying the excitation-contraction cycle by par-
ticipating in key stages of repolarization (McCloskey i sar., 2014). Pharmacologi-
cal effects of resveratrolon Kir channels could bean explanation for the inhibition 
of resveratrol’s action on phasic contractions. Previous studies conducted on di-
fferent tissue models documented variable results of influence of different type 
of K-channels on resveratrol mechanism of action. Studies conducted on human 
and rat vascular blood vessels show that BaCl2 (Novaković i sar., 2006a; Novako-
vić i sar., 2006b) and tetraethylammonium (Buluc i Demirel-Yilmaz, 2006; Gojko-
vić-Bukarica i sar., 2008) did not affect the relaxation induced by resveratrol, but 
4-AP (Novaković i sar., 2006a; Novaković i sar., 2006b; Gojković-Bukarica i sar., 
2008) and glibenclamide (Buluc i Demirel-Yilmaz, 2006) did affect it. The voltage 
clamp study on the mouse beta cell line revealed that resveratrol (100 μM) bloc-
ked KATP and Kv, but activated BKCa channels (Chen i sar., 2007). As opposed, 
the experiments on the rat hearts suggest that resveratrol inhibits L-type Ca2+ 

channels and enhances activity of the KATP (Chen i sar., 2008). There are obvious 
differences in sensitivity to resveratrol among various types of contractions (pha-
sic vs. tonic), species and tissues. 

	 According to our observations, it seems that resveratrol may produce re-
laxation of SRC and phasic oxytocin-elicited contractions of non-pregnant rat ute-
rus by activation of Kir channel. According to the relative resistance of resvera-

Diskusija / Discussion
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trol’s effects to BaCl2 on tonic oxytocin-elicited contractions model indicated that 
resveratrol exerts inhibition by acting on multiple sites. We need further investiga-
tion to elucidate the mechanism of action of resveratrol on tonic contractions indu-
ced by oxytocin.
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