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Resveratrol, as a polyphenolic compound that can be isolated from plants, and also a component of red wine has broad beneficial pharmacological properties. The aim was to investigate the role of nitric oxide and potassium channels in resveratrol-induced relaxation of human gastric smooth muscle. Gastric tissues were obtained from patients who underwent sleeve gastrectomy for severe obesity (n = 10 aged 21–48; BMI 48.21 ± 1.14). The mechanical activity from the muscle strips was detected under isometric conditions as the response to increasing concentrations of resveratrol before and after different pharmacological treatments. Resveratrol caused an observable, dose-dependent gastric muscle relaxation. The maximal response caused by the highest concentration of resveratrol was 83.49 ± 2.85% (p < 0.0001) of the control. Preincubation with L-NNA, L-NAME, or ODQ did not prevent the resveratrol-induced relaxation. Apamin, glibenclamide, 4AP or tamoxifen, did not inhibit the relaxing effect of resveratrol, as well. In turn, blocking BKCa by TEA, iberiotoxin, or charybdotoxin resulted in inhibition of resveratrol-induced relaxation (91.08 ± 2.07, p < 0.05; 95.60 ± 1.52, p < 0.01 and 89.58 ± 1.98, p < 0.05, respectively). This study provides the first observation that the relaxant effects of resveratrol in human gastric muscle strips occur directly through BKCa channels and independently of nitric oxide signaling pathways. Furthermore, there is considerable potential for further extensive clinical studies with resveratrol as an effective new drug or health supplement to treat gastrointestinal dyspepsia and other gastric hypermotility disorders.
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INTRODUCTION
Resveratrol, as a naturally occurring bioactive molecule, has become a popular subject of scientific interest due to its potential benefit functions. Resveratrol belongs to a large group of natural, plant-derived polyphenols and phytoestrogens and can be found e.g., in grapes, berries, or red wine (Berk et al., 2019; Repossi et al., 2020). Numerous studies report its: anti-proliferative, anti-oxidative, anti-inflammatory, cytoprotective, anti-microbial, anti-dyslipidemia, or anti-diabetic properties (Charytoniuk et al., 2018; Repossi et al., 2020). Moreover, due to multiple pharmacological effects and promising results of preclinical studies, in many clinical trials over the past few years, oral supplementation with combinations of, inter alia, resveratrol has been introduced (Drygalski et al., 2018).
According to previous research, the clinical use of resveratrol is considerably limited due to the low oral bioavailability caused by the short biological half-life, poor water solubility, and rapid metabolism (Palle and Neerati, 2017; Peng et al., 2018). Therefore, studies are conducted to achieve an effective serum concentration of this polyphenol to reach many of the proposed sites of action outside the gastrointestinal (GI) tract after an oral dose of 25 mg to even 5 g (Peng et al., 2018; Wang and Sang, 2018). Moreover, efforts have been made to modify resveratrol for improved bioavailability and reduced toxicity (Smoliga and Blanchard, 2014). The process of micronization was used to enhance resveratrol absorption across the gastrointestinal tract (Vesely et al., 2021). One of the most interesting aspects of its future development as a promising drug is that resveratrol does not appear to have side effects at short-term dosages, and no major side effects have been found in long-term clinical trials. At doses of 2.5 g or more per day, side effects such as nausea, vomiting, and diarrhea may occur (Salehi et al., 2018; Shaito et al., 2020). However, thus far little attention has been given to the relaxing effect of the human GI smooth muscle caused by resveratrol.
GI motility is a particularly important and complex physiological function of the digestive tract, regulated by many factors. The main factor responsible for GI symptoms is gastric mobility dysfunction. Sex hormones, estrogens, in particular, are known to cause GI motility disorder and contribute to irritable bowel syndrome (Zhang et al., 2014). Resveratrol is structurally and functionally similar to estrogens and belongs to the group of phytoestrogens. Recent data indicate that resveratrol may inhibit the contractility of the GI tract in rats and guinea pigs (Zhang et al., 2014). Despite a large number of studies on the beneficial effects of resveratrol on smooth muscles, the underlying mechanisms are not fully understood. The relaxation of GI smooth muscles is controlled by non-adrenergic non-cholinergic (NANC) signaling regulated by neurons of the myenteric plexus located between the circular and longitudinal muscle layers (Van Geldre and Lefebvre, 2004). One of the main NANC mediators is nitric oxide (NO), a gaseous neurotransmitter synthesized from L-arginine by nitric oxide synthase (NOS) in response to neuronal stimulation (Bult et al., 1990). NO increases the cellular cGMP level, which leads to the K+-channel activation: high conductance Ca2+-dependent (BKCa) and small conductance apamin-sensitive (SKCa) (Matsuda and Miller, 2009). Furthermore, direct activation of cGMP-independent K+-channels, as well as inhibition L-type Ca2+-channels, is mediated by the NO pathway (Matsuda and Miller, 2009). All these molecular mechanisms lead to hyperpolarization of the cell membrane resulting in smooth muscle relaxation.
Resveratrol can modify nitric oxide (NO) levels by its action on both endothelial NOS and cytokine-inducible NOS (Kline and Karpinski, 2015). Moreover, resveratrol exerts both indirect and direct vasodilator effects on blood vessels by NO-mediated and non-NO-mediated mechanisms (Choi et al., 2016). Furthermore, only a few studies of the effects of resveratrol in the gastrointestinal smooth muscle have been conducted and its molecular mechanism of action remains unclear.
Our study aimed to investigate the role of nitric oxide and potassium channels in resveratrol-induced relaxation of human gastric smooth muscle. Furthermore, the results of our preclinical research may become the basis for further extensive clinical studies with resveratrol in the treatment of gastrointestinal dyspepsia and other gastric hypermotility disorders.
MATERIALS AND METHODS
Sample Processing for Isometric Contraction
The study was conducted under the Helsinki Declaration principles, the International Conference on Harmonization Guideline for Good Clinical Practice, the laws and regulations of Poland, and with the approval from the local Ethical Committee (No. R-I-002/304/2018). Human gastric tissues were obtained from patients who underwent sleeve gastrectomy for morbid obesity (n = 10 aged 21–48; BMI 48.21 ± 1.14). The collection of the tissues did not interfere with the surgical procedure. Samples were taken from the upper half of the stomach with larger curvature removed during the surgical procedure (Figure 1) (Hady et al., 2012). All patients were carefully informed about the aim and nature of the study before surgery and signed written consent.
[image: Figure 1]FIGURE 1 | Diagram of anatomical areas of the stomach after gastrectomy using the vertical sleeve method. The place of sampling for the conducted experiments was marked.
All surgeries were performed under general anesthesia performed by the same team of anesthesiologists. Combined general anesthesia was induced by propofol (1.0–1.5 mg per kg body mass) and opioid analgesic fentanyl (1.0–1.5 μg per kg body mass). A non-depolarizing neuromuscular blocking agent cisatrocurium (0.1–0.2 mg per kg body mass) was also administered at that stage. Maintenance of general anesthesia was achieved with the volatile method with sevoflurane administered in repetitive doses. Additional doses of cisatrocurium and opioids were also administered depending on the patient’s needs and metabolism.
After removal, specimens were immediately cooled on ice-cold Tyrode’s buffer, bubbled with carbogen (95% O2 +5% CO2), and transported to the laboratory, and then treated as previously described (Pedzińska-Betiuk et al., 2011). Subsequently, the muscle layer was dissected from the gastric wall and cut in the direction of the longitudinal muscles into 10 mm × 3 mm × 1.5 mm strips. The tissues were attached to an isometric force transducer and placed in 20 ml tissue bath chambers. The bath temperature was kept constantly at 37°C and the carbogen was continuously bubbled. The preparations were allowed to equilibrate for 1 h. During this period the passive tension was adjusted to 2 mN and the organ bath solution was exchanged every 20 min. Before each experiment, strips were activated by 80 mmol/L K+. Only strips showing a stable response to potassium were used in the experiments (Modzelewska et al., 2019; Modzelewska et al., 2017).
Experimental Protocol
After the equilibration period, contractile activity was stimulated using carbachol (10–6 mol/L) and taken as control after reaching its plateau. Then, resveratrol was added cumulatively to the organ chambers in the range from 10−7 to 10–4 mol/L every 10 min. To eliminate the effects of the resveratrol solvent, the influence of ethanol alone at the same concentration on gastric strips was investigated. The solvent did not influence the tone of the tissues, the responses to the relaxant agent were reproducible in the control strips unless otherwise stated. Furthermore, NOS synthase blockers (L-NNA, L-NAME—both 10–5 mol/L) and a soluble guanylate cyclase blocker (ODQ—10–6 mol/L) were used to establish the role of NOS in the relaxing effect of resveratrol. Additionally, concentration-response curves for resveratrol were constructed in the absence and presence of various potassium channels blockers to investigate their involvement. A non-selective K+ channel blocker—tetraethylammonium chloride (TEA—10–3 mol/L), a selective inhibitor of BKCa—10–7 mol/L iberiotoxin (IbTX), an inhibitor of BKCa, and intermediate (IKCa) conductance calcium-activated potassium channels (KCa), and slowly inactivating voltage-gated KCa—10–7 mol/L charybdotoxin (ChTX), an SKCa blocker—10–6 mol/L apamin, a KV channel blocker—10–3 mol/L 4-Aminopiridine (4AP) or a KATP channel blocker—10–6 mol/L glibenclamide, and a selective estrogen response modifier, and protein kinase C inhibitor—10–6 mol/L tamoxifen were added 20 min before the addition of resveratrol. Whenever possible, experiments were conducted with tissues obtained from the same patient and were tested in parallel. In a separate series of experiments, controls were performed under comparable conditions of the experiment and at the same time.
Contraction Measurements
Data acquisition was performed by an isometric force transducer (BIO-SYS-TECH, Bialystok, Poland). The following parameters such as the area under the curve (AUC), average baseline muscle tone, and relative change in muscle contraction were evaluated with the DASYLab software (version 9.0; Laboratory Data Acquisition System, SuperLogics, Waltham, MA, United States). The results were presented as the stress–stretch ratio. All outcomes from two to four strips from each sample were averaged at the 10-min interval for each dose of the substance used. The AUC revealed the contractile activity of examined sample responses before and after the administration of the given drug. (Gagnon and Peterson, 1998; Modzelewska et al., 2003). The values of the AUC were assessed by calculating the integral of the suitable 10-min interval of the curve. Concentration-response curves were fitted to the logistic equation using nonlinear regression Y=Bottom+(Top-Bottom)/(1 + 10^((LogEC50-X)*HillSlope)) (PRISM 6.0, GraphPad Software Inc., San Diego, CA, United States). The maximum relaxing response (Emax) was presented as a percentage of the values obtained just before the addition of the test substance. Subsequently, the concentrations of a compound where 50% of its maximal effect is observed were expressed as -log EC50. The values were demonstrated as the standard error of the mean (±SEM) of sample data performed on strips from various patients or as the percentage change [(effect size—baseline contractile response)/baseline contractile response × 100]. Results from pairs of responses were averaged.
Chemicals
Resveratrol (5-[(1E)-2-(4-Hydroxyphenyl)ethenyl]-1,3,benzenediol) was purchased from abcr GmbH (Karlsruhe, Germany). Carbamylcholine chloride ((2-Hydroxyethyl)trimethylammonium chloride carbamate; carbachol), NG-Methyl-L-Arg (Nω-Nitro-L-arginine methyl ester hydrochloride, L-NAME), N5-(Nitroamidino)-L-2,5-diaminopentanoic acid, NG-NO2-L-Arg (Nω-Nitro-L-arginine, L-NNA), 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), iberiotoxin (IbTX), charybdotoxin (ChTX), apamin, glibenclamide, N,N,N,N-Tetraethylammonium chloride (TEA), 4-Aminopiridine (4AP) and tamoxifen were purchased from the Sigma Chemical Company, were purchased from Sigma (St. Louis, MO).
Resveratrol was dissolved in 70% ethanol so that the final concentration of ethanol was never >0.1%, which did not affect basal contraction. The working solutions were prepared fresh on the day of the experiment by diluting the stock solution.
Stock solutions of carbachol, L-NNA, L-NAME, apamin, IbTX, ChTX, TEA, 4AP, and tamoxifen were prepared with bidistilled water, and glibenclamide and ODQ were dissolved in dimethyl sulphoxide (DMSO). The given concentrations were the calculated final concentrations in the organ bath solution. All reagents were added directly to the bath fluid containing a Tyrode’s solution composed of (mmol/L): NaCl 139.6; KCl 2.68; MgCl2 1.05; NaH2PO4 1.33; CaCl2 1.80; NaHCO3 25.0; and glucose 5.55.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, United States). The DʼAgostino-Pearson test was used to determine the normal distribution of the investigated variables, and then the compliance with the Gaussian distribution was checked. For comparing values of the two following measurements, the one-way ANOVA or the Kruskal-Wallis test was used, where appropriate. Statistically significant differences between means were determined by Tukey’s post-hoc or a nonparametric Mann-Whitney U test, where appropriate. A probability value of less than 0.05 was regarded as significant.
RESULTS
Carbachol (10–6 mol/L) promoted noticeable and long-duration contractions in muscle strips isolated from the upper half of the human stomach (Figures 1, 2). Typical tracings show the response of gastric smooth muscle strips to cumulatively applied resveratrol (Figure 2).
[image: Figure 2]FIGURE 2 | A representative tracings of carbachol-induced gastric muscle contractions. (A)—control; (B)—resveratrol (range 10–7–10–4 mol/L); (C)—resveratrol (range 10–7–10–4 mol/L) after preincubation with iberiotoxin (10–7 mol/L); (D)—resveratrol (range 10–7–10–4 mol/L) after preincubation with L-NAME (10–6 mol/L).
Resveratrol induced a definite, dose-dependent relaxation of the gastric strips. (Figures 2B, 3, 4), substantial—at 10–7 mol/L and maximal—at 10–4 mol/L. The maximal response caused by 10–4 mol/L resveratrol was extremely significant—83.49 ± 2.85% (n = 10; p = 0.0003) of the contractions of the strips before resveratrol administration (Figure 3 and Table 1 and Supplementary Table S1). Resveratrol dose-dependently reduced baseline tension at all concentrations. The reduction was considerably lowered the resting tension only in 5 × 10–6 and 10–4 mol/L (Figure 4 and Table 1 and Supplementary Table S2).
[image: Figure 3]FIGURE 3 | Effects of resveratrol on the gastric muscle samples as measured by AUC after preincubation with (A)—L-NNA, L-NAME, ODQ; (B)—TEA, IbTX, ChTX, apamin glibenclamide or 4AP; (C)—tamoxifen. Each point represents the mean ± SEM of AUC values obtained from individual strips (n = 10) from different patients. AUC of carbachol-induced contractions of each gastric strip over a 10-min interval before the addition of the antagonist was treated as control. Significance at *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 as compared to the AUC of resveratrol alone.
[image: Figure 4]FIGURE 4 | Effects of resveratrol on the basal tension of gastric muscle samples after preincubation with (A)—L-NNA, L-NAME, ODQ; (B)—TEA, IbTX, ChTX, apamin glibenclamide or 4AP; (C)—tamoxifen. Each point represents the mean ± SEM of basal tension values obtained from individual strips (n = 10) from different patients. Basal tension of carbachol-induced contractions of each gastric strip over a 10-min interval before the addition of the antagonist was treated as control. Significance at *p < 0.05; **p < 0.01 as compared to the basal tension of resveratrol alone.
TABLE 1 | Log EC50 and Emax for resveratrol on carbachol-induced contractility of the human gastric muscles. The values are mean ± SD of n = 10 individual gastric strips from different patients. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus resveratrol alone; ¥p < 0.05 versus preincubation with IbTX.
[image: Table 1]As shown in Figure 3A and Table 1, both NOS (L-NNA, L-NAME) blockers and a guanylate cyclase blocker (ODQ) did not affect the course of the relaxing response of the samples induced by resveratrol (n = 10). Also, when the basal tension changes were observed, no clear effect of preincubation with the above blockers was observed. (Figures 2D, 4A). Yet, we observed a statistically significant shift to the left of the concentration-response curve for resveratrol after preincubation with L-NNA (p < 0.001) or L-NAME (p < 0.05) compared with the experiments without NOS blockers (Table 1). These results indicate that resveratrol-induced relaxation does not involve the activation of the nitric oxide pathway.
Conversely, ChTX (n = 10) tended to inhibit resveratrol-induced relaxation. Preincubation with IbTX inhibited the relaxing effect of resveratrol, which was statistically significant at concentrations higher than 5 × 10–5 mol/L (Figures 2C, 3, 4). A non-selective K+ channel blocker—TEA (n = 10), as well as selective BKCa channel blockers (IbTX and ChTX), reduced the relaxant effects of resveratrol, which was extremely significant in low resveratrol concentrations and statistically significant in the highest concentration of the AUC values, and between basal tension values below 10–5 mol/L (Figure 3B; Table 1 and Supplementary Table S1).
Apamin (n = 10) enhanced the relaxing effect of the concentration-response curve of resveratrol. The difference between AUC values was substantial at resveratrol concentrations above 10–6 mol/L (extremely at 5 × 10–4 mol/L) and between basal tension values above 5 × 10–5 mol/L (Figures 3B, 4B; Table 1, Supplementary Table S1, S2). Preincubation with glibenclamide (n = 10) did not significantly alter the relaxing effect of resveratrol on AUC and basal tension. However, there was an extremely significant left shift from the concentration-response curve for resveratrol (p < 0.001) (Figures 3B, 4B and Table 1, Supplementary Table S1, S2).
Blocking Kv -dependent K+ channels by 4AP (n = 10) enhanced the relaxant effect of resveratrol, statistically significant in almost all resveratrol concentrations (Figure 3B and Table 1, and Supplementary Table S1). Preincubation with 4AP lowered the basal tension compared with the experiments without 4AP (Figure 4B and Table 1, and Supplementary Table S2) The effect was statistically substantial in the lowest and higher than 5 × 10–5 mol/L concentrations.
Incubation of gastric smooth muscle strips with tamoxifen enhanced resveratrol-induced relaxation, extremely substantially at 5 × 10–5 mol/L (AUC) without significant influence on their basal tension (Figures 3C, 4C, Supplementary Table S1). For tamoxifen, also a statistically substantial shift to the left of the concentration-response curve for resveratrol was observed (p < 0.001) (Table 1).
DISCUSSION
Resveratrol has been shown to relax various types of smooth muscle, including arteries (Naderali et al., 2001; Shen et al., 2013; Choi et al., 2016; Breuss et al., 2019), umbilical vein (Hassanpour et al., 2021), uterus (Wu et al., 2015), gallbladder (Kline and Karpinski, 2015), corpus cavernosum (Soner et al., 2010) and GI tract (Zhang et al., 2014; Parlar and Arslan, 2019; Modzelewska et al., 2021). In previous studies, doses were used in a fairly wide range, and due to the low oral bioavailability of resveratrol, an orally administered nutraceutical operated almost exclusively in the gastrointestinal tract (Palle and Neerati, 2017; Peng et al., 2018). Considering the above, we decided to examine the influence of this polyphenol on the human gastric muscles contractions in vitro.
We found resveratrol concentration-dependently decreased human gastric muscle contractions in all concentrations used. Our finding is consistent with data reported for the influence of flavonoids on GI muscles (Zhang et al., 2014; Modzelewska et al., 2021).
Due to the structural similarity between resveratrol and synthetic estrogen diethylstilbestrol (Zhang et al., 2014), we investigated whether resveratrol might exhibit an estrogenic effect on GI motility. However, the results of the present study show that this is unlikely, as the relaxing effect of resveratrol was not inhibited by tamoxifen. On the contrary, tamoxifen tended to enhance resveratrol-induced relaxation. A statistically significant left shift in the concentration-response curve can be attributed to the fact that resveratrol acts as an agonist at the estrogen GPER-1 receptor (Levenson et al., 2003). Hence, in the control group, some resveratrol molecules are bound to these receptors. When incubated with tamoxifen, the resveratrol binding may have become blocked. Therefore, compared to control, a greater amount of resveratrol particles was available to interact with BKCa channels, thus enhancing relaxation.
The ability of NO to relax smooth muscles is well established (Modzelewska et al., 2019, Modzelewska et al., 2021; Idrizaj et al., 2021). One of the mechanisms of NO smooth muscle relaxation is the activation of soluble guanylyl cyclase (sGC) (Friebe et al., 2018), which is expressed in a variety of cell types and signals through cGMP on to cGMP-dependent protein kinase (PKG), phosphodiesterases or, possibly, on to cGMP-regulated channels (Friebe and Koesling, 2003). Previous research has demonstrated that resveratrol-induced smooth muscle relaxation was primarily related to NO and potassium channels. (Choi et al., 2016). The NO pathway via cGMP-dependent or independent mechanisms has been reported to be involved in the regulation of the muscle tone of the GI relaxation response. (Rocha et al., 2014). Therefore, the influence of the NO pathway on the mechanism of action of polyphenols in the GI is not clearly defined. Tsai et al. demonstrated that the resveratrol-induced relaxation of the guinea pig fundus was inhibited by L-NNA, indicating that this process is mediated by both the NOS of the neuron or the smooth muscle of the fundus (Tsai et al., 2018). However, Zhang et al. presented that resveratrol relaxes GI smooth muscle partially by nitrergic pathway (Zhang et al., 2014). In turn, Amira et al. showed the inhibitory effect of flavonoids on the gastric tone in mouse isolated stomach strips was not significantly reduced in the presence of L-NAME, suggesting that it is not related to NO production (Amira et al., 2008).
In the present study, we demonstrated that resveratrol-induced relaxation was not inhibited by the NOS inhibitor L-NNA or L-NAME, and the sGC inhibitor ODQ, as well. The -log EC50 for the effect of resveratrol after preincubation with L-NNA (p < 0.001) or L-NAME (p < 0.05) showed a statistically significant shift to the left versus a curve without NOS blockers. In our experiment, blocking soluble guanylyl cyclase (sGC) by ODQ virtually did not change the relaxing effect of resveratrol. Therefore, it is possible that blocking the activation of the NO pathway can enhance the relaxant effects of resveratrol of the human gastric smooth muscle and may indicate the complexity of the process of calcium release from the sarcoplasmic reticulum. It can be hypothesized that this process, which may be mediated by resveratrol or NO, is not synergistic but competitive. This could further support the leading conclusion of our research that the main mechanism of resveratrol triggering the relaxation of gastric smooth muscle is the activation of Ca2+-dependent K+ channels. This preliminary hypothesis requires more in-depth analysis and experimental confirmation. Presented data is in line with our previous results for quercetin. There, too, no effect of blocking the NO pathway on gastric muscle relaxation was observed. (Modzelewska et al., 2021). Thus, our findings indicate that resveratrol can cause the human gastric muscles to relax independently of the NO pathway. On the other hand, different contractile stimulants and species may influence the difference in resveratrol-induced relaxation mechanisms between rats, guinea pigs, and human GI smooth muscle. Thus, more research is needed to elucidate the difference between the different species.
Since neither L-NNA, L-NAME nor ODQ inhibited resveratrol-induced relaxation of human gastric strips, we investigated the effect of blocking various types of K+ on this effect in subsequent experiments. Activation of K+ channels of the cell membrane causes its hyperpolarization and additionally suppresses the influx of Ca2+ into the cell, causing relaxation of smooth muscles. Apamin, SKCa channels blocker as well as glibenclamide (KATP channels blocker) did not inhibit the relaxing effect of resveratrol. However, there was a statistically significant left shift from the -logEC50 curve for resveratrol (p < 0.001) after preincubation with glibenclamide. This raises questions as to the mechanism of such enhancement of the relaxing effect of resveratrol. When we block KATP channels, in addition to inhibiting the outflow of K+ ions from the cell, the membrane potential also changes (Brayden, 2002). Under their regulation, activation of voltage-gated calcium channels is possible, calcium influx, and possibly additionally activation of Ca2+-dependent K+ channels. The verification of this hypothesis requires further research. Instead, blocking BKCa by a specific blocker of these channels IbTX resulted in complete inhibition of resveratrol-induced relaxation. ChTX also inhibited the effect of resveratrol, but this effect was weaker than that of IbTX. This is probably because ChTX is a non-specific BKCa channel blocker acting simultaneously on the IKCa channels and slowly inactivating voltage-gated K+ channels (Kv1.3) (Giangiacomo et al., 1993). Tan et al., 2020 demonstrated that resveratrol targets multiple signaling pathways to exert a vasorelaxant effect in a rat aortic ring model specifically can suppress not only extracellular calcium influx but also an intracellular release of calcium from the sarcoplasmic reticulum within vascular smooth muscle cells (Tan et al., 2020). Then it should be considered, what if resveratrol works by inhibiting Ca2+ channels? The consequence of Ca2+ channel inhibition is a subsequent decrease in Ca2+ concentration inside the cell, followed by muscle relaxation. However, at the same time, Ca2+-dependent K+ channels remain closed, because the factor that causes them to open is an increase in the Ca2+ concentration inside the cell (Borowiec et al., 2014). Therefore, blocking them by iberiotoxin, charybdotoxin or TEA should not affect their activity, and thus the strength of muscle contraction. In our experiment, we demonstrated that blocking these Ca2+-dependent K+ channels abolished the relaxing effects of resveratrol. Hence, we can conclude that resveratrol acts either directly on BKCa channels to open them or acts locally to release small amounts of Ca2+ from the sarcoplasmic reticulum which is in contrast to the Tan et al., 2020 findings. BKCa channels are considered channel complexes formed by an ion-conducting α-subunit and regulatory β (β1-4)- or γ (γ1-4)-subunits (Sancho and Kyle, 2021). They have been reported to be modulated by depolarization, calcium, stretch-triggered, independently and even if the Ca2+ channel is inhibited, BKCa may still be activated (Qi et al., 2005; Wang et al., 2010; Xin et al., 2018). However, little is known about the mechanisms underlying the activation and termination of Ca2+ sparks in muscle (Fill and Copello, 2002; Vesely et al., 2021). Moreover, the detailed molecular mechanism that activates BKCa channels by membrane stretch remains unclear, nevertheless, the modulating role is attributed to the β1-subunit of the BKCa channel (Xin et al., 2018). Therefore, in our research, we used ChTX and the highly selective IbTX, which act as pore blockers, occluding conduction pathways of the α-subunit, and are useful experimental tools, mainly due to their poor reversibility and exclusion of the influence of other units. Additionally, a quaternary amine, such as TEA blocks BKCa channels through either the internal or external side of the membrane, implying a complex mechanism of action in a voltage-dependent manner (Contreras et al., 2013; Sancho and Kyle, 2021). Hence, our results support the idea that resveratrol induces the relaxation of the smooth muscles of the human stomach through the activation of BKCa channels.
Few studies have been published explaining resveratrol-induced smooth muscle relaxation, and those that exist propose different pathways of action of this polyphenol. Moreover, they are mainly animal studies. Tsai et al. have shown that resveratrol-induced relaxation of the guinea pig fundus occurs through the NO pathway and KATP channels (Tsai et al., 2018). In turn, Zhang et al. reached a different conclusion by studying rat gastrointestinal smooth muscle. Their results indicate that resveratrol relaxes rat’s gastrointestinal smooth muscle via α-adrenergic receptors, NO and cyclic adenosine monophosphate pathways, KATP channels, and inhibition of L-type Ca2+channels (Zhang et al., 2012). Several papers also describe the relaxant effects of this polyphenol on rat arteries. Gojkovic-Bukarica et al. showed that this process involves activation voltage-gated K+ channels (Novakovic et al., 2006; Gojkovic-Bukarica et al., 2008). The same mechanism is also indicated by the same authors for the relaxation of the rat renal artery (Gojkovic-Bukarica et al., 2019). In turn, Dalaklioglu and Ozbey have shown that 4AP did not significantly alter relaxant responses of rat corpus cavernosum strips to resveratrol (Dalaklioglu and Ozbey, 2014). In our experiments, concentration-response relationships of resveratrol and 4AP, a non-specific blocker of KV channels, have shown that KV channels do not participate in the relaxing effect of resveratrol on human gastric smooth muscle. Membrane depolarization activates KV channels, and, in general, they participate in the negative feedback regulation of muscle contraction along with BKCa channels. Consistent with this negative-feedback role, block of KV channels potentiates contraction induced by vasoconstrictors (Jackson, 2017). And since, rather than contraction, an enhancement of resveratrol-induced relaxation is observed, it could be suggested that the process is competitive rather than synergistic. On the other hand, Chen et al., also examining the rat aorta, indicated a different, by NO-mediated mechanism of relaxation (Chen and Pace-Asciak, 1996). Regarding the in vitro studies of human smooth muscles, these concerned the evaluation of the relaxing effect of resveratrol on the muscles of the gallbladder. The results of the above research show that inhibition of contractions is associated with NO, KATP channels, and BKCa channel pathways (Tsai et al., 2017). While all authors agree that resveratrol has a relaxant effect on smooth muscles, it can be noted that the proposed mechanisms describing this process differ considerably. Importantly, the muscle relaxant effect of resveratrol, despite its low bioavailability, may partly explain its influence on the oral glucose tolerance test in diabetic studies (Jakubczyk et al., 2020). The reduction of GI tract motility lowers the stomach emptying rate what affects the pharmacokinetics of glucose or digested meals preventing postprandial hyperglycemia. This opens the way for further research of this compound both at the level of pharmacokinetics and its molecular effects in tissues.
Dietary resveratrol and/or its metabolites, as they pass along the GI tract, possess a wide spectrum of valuable local physiological and pharmacological effects. On a systemic level, its absorption may exhibit a wide range of beneficial properties. The impact of regional differences in anatomy and physiology across the GI tract on drug absorption is significant and for some classes of active pharmaceutical ingredients, such as orally administered polyphenols, it is a challenge to understand the nature of these barriers. Accordingly, the beneficial effects of these compounds, including resveratrol, may occur in situ. Moreover, in the results of clinical trials to date, there have been no reports of the relaxing properties of resveratrol in the gastrointestinal tract. (Salehi et al., 2018; Singh et al., 2019; Shaito et al., 2020). This indicates that it may be beneficial to conduct a study focusing on the relaxant properties of resveratrol in gastrointestinal disorders. Therefore, it is worth researching resveratrol as well as other nutraceuticals that increase gastric muscle relaxation as a potential drug to functional dyspepsia.
CONCLUSION
In conclusion, this study provides the first observation that the relaxant effects of resveratrol in human gastric muscle strips occur directly through BKCa channels and independently of NO pathways. Furthermore, there is considerable potential for further extensive clinical studies with resveratrol as an effective new drug or health supplement to treat gastrointestinal dyspepsia and other gastric hypermotility disorders.
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