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Background
Ischemic heart disease (IHD) remains a leading cause of global morbidity and mortality, necessitating the search for novel therapeutic approaches. Recent studies have identified bitter taste receptors (TAS2Rs) in vascular smooth muscle cells as potential therapeutic targets because of their vasorelaxant properties. This study investigated the vasorelaxant effects of TAS2R agonists on porcine coronary arteries ex vivo and explored their potential as novel therapeutic targets for IHD.
Methods
Isolated porcine coronary artery rings were precontracted using U46619 and treated with TAS2R agonists, including flufenamic acid, dapsone, phenanthroline, chloroquine, and quinine. Vasorelaxation induced by TAS2R agonists was quantitatively assessed, and pharmacological inhibitors were used to elucidate the underlying mechanisms of vasorelaxation. Real-time PCR analysis was conducted to confirm the expression of specific TAS2R subtypes in porcine coronary arterial tissue.
Results
TAS2R agonists induced concentration-dependent vasorelaxation, with flufenamic acid showing potent effects, exhibiting an EC50 of 30.4 μM, whereas phenanthroline and chloroquine exhibited moderate responses. In contrast, quinine and dapsone showed mild relaxation. The flufenamic acid-induced effect was attenuated by NG-nitro-L-arginine (47.4% ± 3.04%), apamin (49.2% ± 3.7%), and glibenclamide (49.6% ± 1.5%), indicating the involvement of nitric oxide signaling and potassium channels. PCR analysis revealed the differential expression of TAS2R subtypes, with TAS2R42 showing the highest expression, followed by subtypes 40, 10, and 38.
Conclusion
This study showed that TAS2R agonists, especially flufenamic acid, phenanthroline, and chloroquine, induced vasorelaxation in isolated porcine coronary arteries. The vasorelaxation mechanism of flufenamic acid may involve nitric oxide signaling and potassium channels. The expression of specific TAS2R subtypes, together with functional observations, suggest that bitter taste receptors play a role in coronary vascular regulation, warranting further investigation into their therapeutic potential.
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1 INTRODUCTION
Ischemic heart disease (IHD), also known as coronary artery disease (CAD), is a leading cause of morbidity and mortality globally (Khan et al., 2020). It arises from reduced blood flow to the heart, primarily from coronary artery narrowing or blockage by an atherosclerotic plaque (Noothi et al., 2023). The clinical presentations of IHD range from stable angina, characterized by exertional chest pain owing to myocardial oxygen demand-supply mismatch, to acute coronary syndromes, including myocardial infarction caused by plaque rupture and thrombosis (Palasubramaniam et al., 2019). Timely intervention is critical for preventing severe complications such as heart failure and sudden cardiac death (Jahmunah et al., 2021). Management of IHD involves a multifaceted approach combining lifestyle modifications, pharmacological interventions, and, in appropriate cases, revascularization procedures (Boden et al., 2023). Although conventional pharmacological treatments, including antiplatelet agents, beta-blockers, statins, and angiotensin-converting enzyme inhibitors have demonstrated cardiovascular benefits, challenges regarding symptom control and adverse effects (Virani et al., 2023; American Diabetes Association Professional Practice Committee, 2024). These limitations highlight the need for novel therapeutic approaches (Arnold et al., 2020; Bansal and Hiwale, 2023; Nanna et al., 2018).
Bitter taste receptors (type 2 taste receptors, TAS2Rs) have emerged as potential therapeutic targets, as their functions extend well beyond taste perception to wider physiological processes, including cardiovascular regulation. These G protein-coupled receptors (GPCRs) function within the complex system of human taste perception and encompass five primary tastes: sweet, salty, umami, bitter, and sour. Within this system, TAS1Rs mediate sweet and umami taste perception, whereas TAS2Rs, with over 25 identified variants in humans, primarily serve as sensors for bitter compounds (Bachmanov et al., 2014; Ahmad and Dalziel, 2020; Jaggupilli et al., 2016).
TAS2Rs are widely expressed in non-gustatory tissues, including the nervous system, lungs, and immune cells, where they regulate inflammatory cytokine production and airway smooth muscle tone (Grassin-Delyle et al., 2014; D'Urso and Drago, 2021). In the gastrointestinal tract, these receptors influence appetite and gut hormone secretion (Descamps-Solà et al., 2023; Avau and Depoortere, 2016), whereas in reproductive tissues, they mediate processes such as sperm chemotaxis, and potentially prevent preterm birth (Lu et al., 2024).
Although research has begun to uncover the involvement of TAS2Rs in cardiovascular function (Welcome et al., 2023; Bloxham et al., 2020; Manson et al., 2014; Chen et al., 2017; Bloxham et al., 2024), their specific roles in coronary artery regulation and therapeutic potential in IHD remain underexplored. Given the anatomical and physiological similarities between porcine and human vascular systems, porcine coronary arteries were selected for this study. Recent evidence suggests that pigs are superior to rodents and rabbits in replicating human arterial pathophysiology (Cupitra et al., 2023). This study evaluated the vasorelaxant effects of TAS2R agonists on porcine coronary arteries and elucidated the underlying mechanisms, potentially paving the way for innovative cardiovascular therapies.
2 MATERIALS AND METHODS
2.1 Material acquisition and preservation
Given the anatomical similarities between human and porcine coronary arteries, the latter are effectively used as models to study human coronary vascular function (Suzuki et al., 2011). All procedures were performed in accordance with the relevant laws and institutional guidelines of the E-Da Hospital. Porcine hearts were obtained from healthy pigs, each weighing approximately 110 kg, raised for consumption and not specifically for experimental purposes. Pigs were humanely euthanized at Bao-Yi Frozen Food Co., Ltd., a licensed local slaughterhouse located in Pingtung County, Taiwan, using electrical stunning and exsanguination under government-approved procedures. Typically, 2–3 porcine hearts were obtained per acquisition session, depending on availability. The hearts were immediately immersed in ice-cold Krebs-Henseleit buffer and transported to the laboratory within approximately 30 min in insulated containers to ensure tissue viability. All experiments were conducted using fresh tissues within approximately 50 min of harvest (The heart collecting and processing time, from slaughtering, was within approximately 20 min and transportation time was within approximately 30 min) to ensure tissue viability. The Krebs-Henseleit buffer solution consisted of 122 mM NaCl, 4.7 mM KCl, 15.5 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgCl2, 1.8 mM CaCl2, and 11.5 mM glucose, with the pH adjusted to 7.4. The solution was oxygenated with 95% O2 and 5% CO2 for at least 15 min before specimen collection. Although this study was exempt from requiring formal approval by the Institutional Animal Care and Use Committee (IACUC) because of the use of agricultural animals not specifically raised for experimental purposes, the study protocol was reviewed by the IACUC of E-Da Hospital, and an exemption certificate was officially issued on 24 January 2025. All procedures involving animal tissues were conducted in strict accordance with the ethical standards for animal tissue research. The pharmacological agents used in this study, including phenanthroline, flufenamic acid, dapsone, chloroquine, quinine, denatonium benzoate, U46619, apamin, KT5720, KT5823, and NG-nitro-L-arginine (L-NNA), were purchased from Sigma-Aldrich (St. Louis, MO, United States). Additional agents included rolipram, vardenafil, and tetraethylammonium (TEA) from Santa Cruz Biotechnology (Santa Cruz, CA, United States), iberiotoxin (IbTX) from Alomone Labs (Jerusalem, Israel), glibenclamide from Research Biochemicals International (Natick, MA, United States), and tetrodotoxin (TTX) from Tocris Bioscience (Bristol, United Kingdom).
2.2 Isolation and preparation of porcine coronary artery rings
Porcine coronary arteries were prepared according to previously published procedures, with minor modifications (Wang et al., 2016; White et al., 2005). Upon arrival at the laboratory, the epicardium, excess fat, and connective tissues were carefully removed from each heart using a combination of slow, deliberate snipping with scissors and careful separation with forceps. The left anterior descending coronary artery was subsequently dissected. The arteries were sectioned into rings approximately 5 mm in width. Four rings were obtained for each coronary artery. The endothelium was carefully removed by gently rubbing the luminal surface to mitigate the potential indirect effects of endothelium-derived vasoactive factors. The prepared arterial rings were mounted between a small metal rod attached to a fixed support and a triangular hook (Radnoti, Monrovia, CA, United States) in organ baths filled with Krebs-Henseleit buffer. The buffer was maintained at 37°C and continuously oxygenated with 95% O2 and 5% CO2. The pH was 7.40 ± 0.05. The triangular hook was connected to an isometric force transducer (FORT10g; World Precision Instruments, Sarasota, FL, United States) via a surgical silk thread for tension measurements. The transducer signals were amplified using a biological signal amplifier (MP36, BIOPAC Systems, Santa Barbara, CA, United States) and recorded using computer system software (BSL PRO 3.7.3, BIOPAC Systems, Santa Barbara, CA, United States). An optimal resting tension of 2.0 g was applied and the buffer was refreshed every 30 min. After initial equilibration, the rings were exposed to 60 mM KCl Krebs-Henseleit buffer for 4 min to induce baseline contractile activity and test the physiological viability of the vascular rings.
2.3 Exposure to bitter taste receptor agonists
After removing the 60 mM KCl Krebs-Henseleit buffer, the tissue was washed three times with fresh Krebs-Henseleit buffer. Subsequently, a 45-min equilibration period was observed to allow the tissues to stabilize. Subsequently, the coronary artery rings were contracted using 100 nM U46619, a thromboxane A2 analog, to induce stable precontraction (Hu et al., 2012). Upon achieving stable contraction, the rings were exposed to various concentrations of bitter taste receptor agonists. Flufenamic acid, phenanthroline, and dapsone were tested separately at individual concentrations of 10, 30, 100, and 300 μM. The half-maximal effective concentration (EC50) was defined as the concentration of a compound producing 50% of its maximal response. Based on the EC50 value of flufenamic acid (30.4 μM) determined from concentration–response experiments, 30 μM was selected for subsequent mechanistic studies. Similarly, chloroquine, quinine, and denatonium benzoate were each tested at individual concentrations of 30, 100, and 300 μM. This was performed using a non-cumulative method to ascertain their effects on coronary artery relaxation. Relaxation responses were represented as a percentage of U46619-stimulated contractions. Only a single-dose response was observed for each preparation (Hu et al., 2012).
2.4 Influence of neuronal conduction on relaxation induced by flufenamic acid
We investigated the potential role of neuronal conduction in flufenamic acid-mediated vasorelaxation. The experimental protocol involved pre-treating with 1 μM TTX, a selective blocker of neuronal sodium channels, for 15 min before the addition of 30 μM flufenamic acid. This was performed after pre-inducing contractions with 100 nM U46619 (Tsai et al., 2018b).
2.5 Impact of rolipram and vardenafil on relaxation promoted by flufenamic acid
We examined the potentiation of flufenamic acid-induced vasorelaxation via cyclic nucleotide signaling pathways. The experimental protocol involved using two inhibitors: 1 μM rolipram, a selective phosphodiesterase-4 (PDE-4) inhibitor to elevate cAMP levels, and 1 μM vardenafil, a phosphodiesterase-5 (PDE-5) inhibitor to increase cGMP levels. Coronary artery rings were pre-treated with either inhibitor for 20 min, then exposed to 30 μM flufenamic acid following precontraction induced by 100 nM U46619 (Tsai et al., 2018a).
2.6 Implications of cAMP, cGMP, and nitric oxide (NO) in flufenamic acid-induced relaxation
We investigated the contributions of cAMP, cGMP, and nitric oxide to the vasorelaxant effects of flufenamic acid. Specific inhibitors were employed to elucidate the roles of these mediators: 1 μM KT5720 to inhibit cAMP-dependent protein kinase (PKA), 1 μM KT5823 to inhibit cGMP-dependent protein kinase (PKG), and 100 μM L-NNA to inhibit nitric oxide synthase. Coronary artery rings were incubated with each inhibitor for 30 min before the addition of 30 μM flufenamic acid, following precontraction induced by 100 nM U46619 (Tsai et al., 2018a; Tsai et al., 2018b).
2.7 Exploration of potassium channels in flufenamic acid-mediated vasorelaxation
Given their critical function in regulating vascular smooth muscle tone, we aimed to elucidate the role of potassium channels in flufenamic acid-induced vasorelaxation. Various potassium channel inhibitors were employed: 1 mM TEA, primarily targeting large-conductance calcium-activated potassium channels (Barman et al., 2004); 100 nM apamin, targeting small-conductance calcium-activated potassium (SK_Ca) channels; 200 nM IbTX, focused on large conductance calcium-activated potassium channels; and 10 μM glibenclamide, inhibiting ATP-sensitive potassium channels. Each inhibitor was introduced 30 min before the administration of 30 μM flufenamic acid, following precontraction induced by 100 nM U46619, to determine the specific channels contributing to the vasorelaxation (Tsai et al., 2018a; Tsai et al., 2018b).
2.8 Analysis of TAS2Rs mRNA expression in porcine coronary artery tissues
To investigate TAS2Rs mRNA expression in porcine coronary artery tissues, total RNA was extracted using RNA Isolater Total RNA Extraction Reagent (Vazyme Biotech, Nanjing, China) according to the manufacturer’s instructions. RNA concentration and purity were assessed using an Epoch spectrophotometer (BioTek Instruments, Winooski, United States).
cDNA was synthesized from 1,000 ng of total RNA using HiScript III RT SuperMix (Vazyme Biotech, Nanjing, China) according to the supplier’s protocol. Quantitative real-time PCR (qPCR) was performed using the StepOne Plus system (Applied Biosystems, Foster City, CA, United States) to quantify the mRNA levels of all sequences of the porcine TAS2R subtypes, including TAS2R 3, 4, 7, 8, 9, 10, 16, 38, 40, 41, 42, and 60. TAS2R14 was not included in our qPCR panel because of the absence of available sequence information in genetic databases. GAPDH and β-actin were used as reference genes. Relative expression was calculated using the 2−ΔΔCT method, normalized to the geometric mean of GAPDH and ACTB (Schmittgen and Livak, 2008; Tsai et al., 2019). The primer design for porcine TAS2Rs was based on sequences obtained from the NCBI database. The primer sequences and validation details are provided in Supplementary Table S1.
2.9 Statistical analysis
Data are presented as mean ± SEM. Statistical comparisons were performed using Student’s t-test for two-group comparisons or one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test for comparisons between more than two groups. p-values <0.05 were considered statistically significant. All statistical analyses were conducted using SPSS software, version 24 (IBM Corp., Armonk, NY, United States), and GraphPad Prism 10.0 (GraphPad Software, San Diego, CA, United States) was used to determine the EC50 values.
3 RESULTS
3.1 Evaluation of bitter receptor agonists on coronary arterial relaxation following U46619-Induced contractions
We evaluated the effects of bitter taste receptor agonists, including phenanthroline, flufenamic acid, dapsone, denatonium benzoate, chloroquine, and quinine, on the vasorelaxation of U46619-precontracted coronary arterial segments. Concentration-dependent responses were recorded for phenanthroline and flufenamic acid, illustrated in Figures 1A,B, across concentrations from 30 to 300 μM.
[image: Two panels labeled A and B show line graphs of muscle tension measured in grams over time in minutes. In both panels, tension increases after U46619 application at one hundred nanomolar and decreases following applications of phenanthroline in panel A and flufenamic acid in panel B at thirty, one hundred, and three hundred micromolar concentrations. Each graph has consistent scale bars indicating two grams and five minutes.]FIGURE 1 | Representative relaxant tracings of phenanthroline (A) and flufenamic acid (B) in U46619-precontracted porcine coronary artery segments. Initially, each artery segment was precontracted using 100 nM U46619. The tracings detail the vasorelaxation induced by phenanthroline at doses of 30, 100, and 300 μM (A) and flufenamic acid at concentrations of 30, 100, and 300 μM (B), respectively. The arrows indicate the addition of U46619, phenanthroline (A), and flufenamic acid (B).Figure 2A shows the relaxation responses of chloroquine, quinine, and denatonium benzoate to U46619-induced precontractions. Chloroquine and quinine exhibited concentration-dependent relaxation effects, with chloroquine producing a more pronounced response at higher concentrations. In contrast, denatonium benzoate showed a minimal relaxation effect across all tested concentrations. Each data point represents at least five independent experiments (n ≥ 5 per group).
[image: Graphs A and B present the effect of different bitter receptor agonists on relaxation of U46619-induced contraction. Graph A compares chloroquine, quinine, and denatonium benzoate, showing minimal relaxation across concentrations. Graph B compares flufenamic acid, phenanthroline, and dapsone, indicating flufenamic acid and dapsone cause significant relaxation, especially at higher concentrations. Error bars, standard deviations, and significant points marked by asterisks are included.]FIGURE 2 | Relaxation effects of bitter receptor agonists on porcine coronary artery segments. These effects were measured after exposure to different bitter receptor agonists, following an initial contraction induced by 100 nM U46619. (A) Relaxation responses to chloroquine, quinine, and denatonium benzoate, clearly illustrate the varying efficacies of these compounds in inducing relaxation in the artery segments. (B) Effects of flufenamic acid, phenanthroline, and dapsone. This panel also compares the relaxation effects of these substances with their respective dimethyl sulfoxide (DMSO) controls to evaluate the specific impact of the drugs versus the solvent used. Data points represent the mean relaxation response, with error bars showing the standard error of the mean (SEM). The values are expressed as a percent of a U46619 (100 nM)-induced contraction. The results given are from at least five independent experiments. An asterisk (*) denotes a statistically significant difference from the vehicle (DMSO) control (p < 0.05).Figure 2B illustrates the relaxation effects of flufenamic acid, phenanthroline, and dapsone following the U46619-induced precontraction of porcine coronary artery rings. Flufenamic acid exhibited the most potent, concentration-dependent relaxation, increasing from 22.01% ± 2.19% at 10 μM to 111.53% ± 4.82% at 300 μM. Phenanthroline also produced a potent, dose-dependent response, ranging from 20.13% ± 1.57% at 10 μM to 82.28% ± 2.47% at 300 μM. In contrast, dapsone showed mild relaxation (14.02% ± 2.31% at 10 μM to 29.03% ± 4.25% at 300 μM). The relaxation induced by flufenamic acid was statistically significant at all tested concentrations compared with the DMSO control (p < 0.05), whereas dapsone showed a significant difference only at the highest concentration (300 μM). Each data point represents at least five independent experiments (n ≥ 5 per group).
The estimated EC50 for flufenamic acid causing relaxation was 30.4 μM. Given its pronounced relaxation effects, flufenamic acid at 30 μM was selected for further investigation on its vasorelaxation mechanisms in the coronary arteries.
3.2 Neuronal Conduction’s influence on flufenamic acid-induced relaxation in porcine coronary arteries
As illustrated by Figure 3A, the relaxant capacity of 30 μM flufenamic acid on U46619-precontracted porcine coronary arteries remained unaffected by the application of 1 μM TTX (p > 0.05, n = 5).
[image: Bar graphs labeled A to D display relaxation percentages in response to various inhibitors on U46619-induced contraction. Graph A compares flufenamic acid with TTX. Graph B includes rolipram and vardenafil. Graph C presents L-NNA, KS9523, and KT5720, with L-NNA showing a significant difference. Graph D features iberiotoxin, apamin, TEA, and glibenclamide, with significant differences for TEA and glibenclamide.]FIGURE 3 | Inhibition of various agents on vasorelaxation induced by flufenamic acid in segments of the porcine coronary artery precontracted with 100 nM U46619. (A) The presence of tetrodotoxin (TTX) did not significantly alter the vasorelaxant action of flufenamic acid. (B) The addition of rolipram and vardenafil also did not significantly modify the vasorelaxation induced by flufenamic acid. (C) Neither KT5720 nor KT5823 significantly affected the vasorelaxant response to flufenamic acid, whereas NG-nitro-L-arginine (L-NNA) significantly inhibited the flufenamic acid-induced vasorelaxation. (D) Iberiotoxin (IbTX) and tetraethylammonium (TEA) had no significant impact on the relaxation response to flufenamic acid, but apamin and glibenclamide significantly decreased the relaxation effect. Error bars represent the standard error of the mean (SEM). The single asterisk (*) denotes a statistically significant deviation from the relaxation effect at 30 μM flufenamic acid, with p < 0.05.3.3 Influence of phosphodiesterase inhibitors on flufenamic acid-induced relaxation in porcine coronary arteries
Figure 3B shows that incorporating 1 μM rolipram or 1 μM vardenafil did not enhance the relaxation effect of 30 μM flufenamic acid in U46619-precontracted porcine coronary arterial rings (p > 0.05, n = 5).
3.4 Role of nitric oxide and protein kinases in flufenamic acid-induced relaxation in porcine coronary arteries
As depicted in Figure 3C, the relaxation response to 30 μM flufenamic acid in U46619-precontracted porcine coronary arteries was reduced in the presence of 100 μM L-NNA (p < 0.05, n = 5). However, this response did not diminish in the presence of 1 μM KT5823 or 1 μM KT5720 (p > 0.05, n = 6 and 5, respectively).
3.5 Effects of potassium channels on flufenamic acid-induced relaxation of porcine coronary arteries
Figure 3D illustrates that 200 nM IbTX and 1 mM TEA did not suppress the relaxation induced by 30 μM flufenamic acid in U46619-precontracted porcine coronary arteries (p > 0.05, n = 5 and 6, respectively). Conversely, 100 nM apamin significantly decreased the relaxation effect (p < 0.05, n = 6), and 10 μM glibenclamide also reduced the relaxation prompted by 30 μM flufenamic acid (p < 0.05, n = 8).
3.6 Expression of bitter taste receptors in porcine coronary artery
As shown in Figure 4, real-time PCR analysis was performed to examine the expression of TAS2R subtypes in porcine coronary artery tissues. Among the subtypes, TAS2R42 exhibited the highest expression with a mean relative quantification (RQ) value of 1.559 ± 0.558, significantly higher than all other subtypes. This was followed by TAS2R40, TAS2R10, and TAS2R38, with RQ values of 0.504 ± 0.097, 0.332 ± 0.149, and 0.222 ± 0.035, respectively. Data are shown as means ± SEM from three independent samples (n = 3).
[image: Bar graph showing relative expression of TAS2R subtypes, with TAS2R42 having the highest expression. The y-axis represents relative expression levels, ranging from zero to two point five, while the x-axis lists various TAS2R subtypes. Error bars denote standard deviation.]FIGURE 4 | Relative expression of TAS2R subtypes in porcine coronary artery tissue. This figure shows the relative expression levels (2−ΔCt × 1,000) of various TAS2R subtypes across three independent samples. The bar graph illustrates mean relative expression levels for each TAS2R subtype, with error bars representing the standard error of the mean. Data are normalized to the geometric mean of GAPDH and ACTB reference genes. TAS2R42 shows notably higher expression compared to other subtypes, suggesting a predominant role in the porcine coronary artery tissue. This is followed by TAS2R40, TAS2R10, and TAS2R38, indicating their potential importance in vascular responses mediated by bitter taste receptors.4 DISCUSSION
TAS2Rs, traditionally recognized for the detection of bitter substances, play significant roles beyond taste perception, particularly in cardiovascular physiology. These receptors are expressed not only in taste-associated tissues but also in vascular smooth muscle cells and cardiac tissues, where they affect muscle contractility and vascular tone (Bloxham et al., 2020; Tuzim and Korolczuk, 2021). Our study contributes to this expanding knowledge by demonstrating that TAS2R agonists induced concentration-dependent vasorelaxation in porcine coronary arteries. In cardiac tissues, TAS2Rs act as molecular sentinels that detect harmful or pathogenic molecules and initiate protective responses that regulate crucial pathways involved in inflammation and oxidative stress, which are key processes in the prevention of heart diseases (Welcome et al., 2023; Bloxham et al., 2024). Additionally, recent findings have confirmed the expression of TAS2Rs in vascular smooth muscle cells across various systemic arteries, including the aorta and the mesenteric, cerebral, and pulmonary arteries, underscoring their extensive physiological roles in regulating vascular tone and blood flow (Manson et al., 2014; Chen et al., 2017; Liu et al., 2020). A recent study by Kochany et al. (2024), preprint article, have identified TAS2R subtypes in vascular endothelial cells, confirming mRNA expression of all 25 TAS2Rs and protein expression of TAS2R10 and TAS2R38 in human aortic and coronary artery endothelial cells via digital PCR and Western blot. Although preliminary, these findings further support the involvement of TAS2Rs in vascular physiology and highlight the need for further peer-reviewed validation. Collectively, these insights emphasize the therapeutic potential of TAS2R agonists for modulating vascular function and highlight innovative approaches for treating vascular disorders.
Our study revealed that TAS2R agonists, such as flufenamic acid, dapsone, phenanthroline, chloroquine, and quinine, significantly relaxed porcine coronary artery rings in a concentration-dependent manner. Flufenamic acid showed the most potent effect, whereas denatonium benzoate had a minimal impact. Identifying TAS2Rs as potential targets offers a unique approach beyond the current therapies for CAD. TAS2R agonists may complement existing treatments and offer novel options for patients with ischemic heart conditions.
Our investigation of the mechanisms underlying flufenamic acid-induced coronary vasorelaxation revealed that neuronal activity (tested using TTX), cyclic nucleotide pathways (examined using rolipram and vardenafil), and protein kinase pathways (assessed using KT5823 and KT5720) were not involved. However, nitric oxide (NO) signaling may play a crucial role, as evidenced by the diminished relaxation response when NO synthase was inhibited by L-NNA. Furthermore, we found that activation of specific potassium channels led to flufenamic acid-induced coronary vasorelaxation (Jackson, 2017). Although inhibitors, such as IbTX and TEA, had no significant impact on flufenamic acid-induced relaxation, apamin and glibenclamide significantly reduced relaxation. This indicates that flufenamic acid may affect small-conductance calcium-activated and ATP-sensitive potassium channels.
qPCR analysis revealed a complex interplay between TAS2R expression and functional outcomes in porcine coronary arteries. We found that the TAS2R subtypes 42, 40, 10, and 38 were specifically expressed in these arteries, with TAS2R42 showing the highest expression, followed by TAS2R40, TAS2R10, and TAS2R38. Immunohistochemical studies were not performed because of the lack of specific antibodies against porcine TAS2R subtypes 42, 40, 10, and 38.
These data revealed a complex interplay between TAS2R agonist-induced relaxation, receptor subtype specificity, and TAS2R expression in porcine coronary arteries. The effects of dapsone (targeting TAS2R40, TAS2R4, and TAS2R10) (Meyerhof et al., 2010; Grassin-Delyle et al., 2019) and chloroquine (targeting TAS2R3, TAS2R10, and TAS2R39) (Meyerhof et al., 2010; Navarro-Dorado et al., 2023; Zhang et al., 2020) were consistent with the high expression of TAS2R40 and TAS2R10 observed in our qPCR results, highlighting these subtypes as potential key mediators of coronary vasorelaxation. The substantial activation of TAS2R10 by dapsone and chloroquine correlates with its high expression levels in porcine coronary arteries, underscoring its potential as a therapeutic target. However, not all TAS2R agonists demonstrated consistent effects with their corresponding receptor expression levels. The differential effects of TAS2R agonists, such as the potent vasorelaxant effect of flufenamic acid and the minimal response to denatonium benzoate in porcine coronary arteries, may be attributed to several factors. Species-specific differences in TAS2R subtype expression profiles, receptor-effector coupling, and downstream signaling pathways can significantly influence functional outcomes (Meyerhof et al., 2010). Additionally, tissue-specific expression and variations in endothelial versus smooth muscle signaling mechanisms could explain why denatonium has been reported to induce relaxation in the rat corpus cavernosum but exhibited limited effects in the porcine coronary model used in this study (Devillier et al., 2015).
Notably, flufenamic acid, which primarily targets TAS2R14 (Di Pizio et al., 2020; Hu et al., 2024), exhibited the most potent vasorelaxant effect, suggesting the involvement of TAS2R14. Phenanthroline, a selective TAS2R5 agonist (Grassin-Delyle et al., 2019) stimulates moderate vasorelaxation. However, TAS2R5 and TAS2R14 were not included in our qPCR panel because of the absence of available sequence information in genetic databases. Immunohistochemical studies were not performed because of the lack of specific antibodies against porcine TAS2R5 and TAS2R14. Moreover, selective antagonists for TAS2R5 and TAS2R14 are currently unavailable, limiting the ability to pharmacologically confirm TAS2R-mediated responses. This underscores the need for future research to characterize TAS2R5-and TAS2R14-mediated responses in coronary artery tissues.
Additionally, the high expression of TAS2R42, which currently lacks a selective agonist, opens a promising research avenue. The development of specific agonists for this subtype may reveal its role in coronary physiology (Bloxham et al., 2020; Tuzim and Korolczuk, 2021). The diverse effects observed with different agonists on overlapping TAS2R subtypes also indicate the potential of combination therapies that capitalize on synergistic effects. Future studies on the human TAS2R subtypes that mediate coronary vasorelaxation and the development of more potent and selective agonists are warranted. Such efforts could pave the way for innovative and targeted therapies for ischemic heart disease by leveraging the unique properties of TAS2Rs in the coronary arteries.
The use of porcine coronary artery models in this study has provided insights into TAS2R agonist-induced vasorelaxation but also has several limitations. First, the findings may not be directly translatable to humans owing to potential differences in TAS2R expression and cardiovascular physiology between porcine and human systems. Second, the limited set of TAS2R agonists explored suggests that more potent and selective compounds may have been overlooked. Third, the isolated coronary artery ring setup in an ex vivo environment may not capture the regulatory mechanisms present in intact organisms.
Although the flufenamic acid-induced relaxation aligns with TAS2R activation profiles, direct evidence for TAS2R14 involvement was not obtained. Future studies utilizing receptor-specific antagonists or genetic tools are warranted to clarify the causal role of specific TAS2R subtypes. In addition, residual endothelial cells may have contributed to the observed SK_Ca-mediated responses despite mechanical denudation. Some studies have reported low-level SK_Ca channel expression in vascular smooth muscle cells under certain physiological conditions (Jackson, 2017), which may have influenced the outcomes. Other pathways, such as cyclooxygenase (COX)-derived prostanoids, may also be involved and warrant further investigation.
Finally, while the present study highlights the therapeutic potential of TAS2R agonists for coronary vasorelaxation, further validation in human coronary arteries—particularly comparing healthy and diseased states—is critical. Future research should also comprehensively assess the therapeutic efficacy and safety of TAS2R-targeted strategies, and expand the repertoire of agonists to develop more selective and safer interventions.
5 CONCLUSION
This study demonstrated that TAS2R agonists, including flufenamic acid (a selective TAS2R14 agonist), phenanthroline (a selective TAS2R5 agonist) and chloroquine, induced concentration-dependent vasorelaxation in porcine coronary arteries. The mechanisms underlying flufenamic acid-induced vasorelaxation may involve potassium channels and NO signaling. The expression of the TAS2R subtypes 42, 40, 10, and 38 in these arteries suggests potential therapeutic targets for the management of coronary artery diseases. Thus, TAS2Rs may play an important role in the relaxation of porcine coronary arteries.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was approved by The Institutional Animal Care and Use Committee (IACUC) of E-Da Hospital. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
C-CT: Conceptualization, Methodology, Project administration, Supervision, Writing – original draft. Y-CL: Investigation, Validation, Writing – review and editing. L-CC: Data curation, Writing – review and editing. S-CH: Conceptualization, Methodology, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the E-Da Hospital—National Taiwan University Hospital Joint Research Program (102-EDN18, 103-EDN12, 111-EDN0004, and 113-EDN006), the Ministry of Science and Technology of Taiwan, ROC (102-2314-B-214-003-MY3), and intramural funding (EDAHI113001 and EDAHI114001) provided by the E-Da Hospital.
ACKNOWLEDGMENTS
The authors thank Professors Jiunn-Lee Lin and Ling-Ping Lai, Division of Cardiology, Department of Internal Medicine, National Taiwan University Hospital and Department of Internal Medicine, College of Medicine, National Taiwan University, for grant application and helpful suggestions, Chung Fang Lai for helpful suggestions and Chi-Jung Lin, Chien-Pin Wang, and Chiung-Fang Hsu for excellent technical assistance.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1578913/full#supplementary-material
REFERENCES
	Ahmad, R., and Dalziel, J. E. (2020). G protein-coupled receptors in taste physiology and pharmacology. Front. Pharmacol. 11, 587664. doi:10.3389/fphar.2020.587664

	American Diabetes Association Professional Practice Committee (2024). Cardiovascular disease and risk management: standards of care in diabetes-2024. Diabetes Care 47 (Suppl. 1), S179–S218. doi:10.2337/dc24-S016

	Arnold, S. V., Bhatt, D. L., Barsness, G. W., Beatty, A. L., Deedwania, P. C., Inzucchi, S. E., et al. (2020). Clinical management of stable coronary artery disease in patients with type 2 diabetes mellitus: a scientific statement from the American heart association. Circulation 141, e779–e806. doi:10.1161/CIR.0000000000000766

	Avau, B., and Depoortere, I. (2016). The bitter truth about bitter taste receptors: beyond sensing bitter in the oral cavity. Acta Physiol. 216, 407–420. doi:10.1111/apha.12621

	Bachmanov, A. A., Bosak, N. P., Lin, C., Matsumoto, I., Ohmoto, M., Reed, D. R., et al. (2014). Genetics of taste receptors. Curr. Pharm. Des. 20, 2669–2683. doi:10.2174/13816128113199990566

	Bansal, A., and Hiwale, K. (2023). Updates in the management of coronary artery disease: a review article. Cureus 15, e50644. doi:10.7759/cureus.50644

	Barman, S. A., Zhu, S., and White, R. E. (2004). Protein kinase C inhibits BKCa channel activity in pulmonary arterial smooth muscle. Am. J. Physiol. Lung Cell Mol. Physiol. 286, L149–L155. doi:10.1152/ajplung.00207.2003

	Bloxham, C. J., Foster, S. R., and Thomas, W. G. (2020). A bitter taste in your heart. Front. Physiol. 11, 431. doi:10.3389/fphys.2020.00431

	Bloxham, C. J., Hulme, K. D., Fierro, F., Fercher, C., Pegg, C. L., O'Brien, S. L., et al. (2024). Cardiac human bitter taste receptors contain naturally occurring variants that alter function. Biochem. Pharmacol. 219, 115932. doi:10.1016/j.bcp.2023.115932

	Boden, W. E., Marzilli, M., Crea, F., Mancini, G. B. J., Weintraub, W. S., Taqueti, V. R., et al. (2023). Evolving management paradigm for stable ischemic heart disease patients: JACC review topic of the week. J. Am. Coll. Cardiol. 81, 505–514. doi:10.1016/j.jacc.2022.08.814

	Chen, J. G., Ping, N. N., Liang, D., Li, M. Y., Mi, Y. N., Li, S., et al. (2017). The expression of bitter taste receptors in mesenteric, cerebral and omental arteries. Life Sci. 170, 16–24. doi:10.1016/j.lfs.2016.11.010

	Cupitra, N. I., León-Rodríguez, J., Calderón, J. C., and Narvaez-Sanchez, R. (2023). The pig is a better model than the rabbit or rat for studying the pathophysiology of human mesenteric arteries. Microvasc. Res. 147, 104494. doi:10.1016/j.mvr.2023.104494

	Descamps-Solà, M., Vilalta, A., Jalsevac, F., Blay, M. T., Rodríguez-Gallego, E., Pinent, M., et al. (2023). Bitter taste receptors along the gastrointestinal tract: comparison between humans and rodents. Front. Nutr. 10, 1215889. doi:10.3389/fnut.2023.1215889

	Devillier, P., Naline, E., and Grassin-Delyle, S. (2015). The pharmacology of bitter taste receptors and their role in human airways. Pharmacol. Ther. 155, 11–21. doi:10.1016/j.pharmthera.2015.08.001

	Di Pizio, A., Waterloo, L. A. W., Brox, R., Löber, S., Weikert, D., Behrens, M., et al. (2020). Rational design of agonists for bitter taste receptor TAS2R14: from modeling to bench and back. Cell Mol. Life Sci. 77, 531–542. doi:10.1007/s00018-019-03194-2

	D'Urso, O., and Drago, F. (2021). Pharmacological significance of extra-oral taste receptors. Eur. J. Pharmacol. 910, 174480. doi:10.1016/j.ejphar.2021.174480

	Grassin-Delyle, S., Salvator, H., Mantov, N., Abrial, C., Brollo, M., Faisy, C., et al. (2019). Bitter taste receptors (TAS2Rs) in human lung macrophages: receptor expression and inhibitory effects of TAS2R agonists. Front. Physiol. 10, 1267. doi:10.3389/fphys.2019.01267

	Grassin-Delyle, S., Abrial, C., Brollo, M., Naline, E., and Devillier, P. (2014). Taste receptors in the lungs: interesting or anecdotal?Rev. Pneumol. Clin. 70, 148–155. doi:10.1016/j.pneumo.2013.11.008

	Hu, F., Koon, C. M., Chan, J. Y., Lau, K. M., Kwan, Y. W., and Fung, K. P. (2012). Involvements of calcium channel and potassium channel in Danshen and Gegen decoction induced vasodilation in porcine coronary LAD artery. Phytomedicine 19, 1051–1058. doi:10.1016/j.phymed.2012.07.007

	Hu, X., Ao, W., Gao, M., Wu, L., Pei, Y., Liu, S., et al. (2024). Bitter taste TAS2R14 activation by intracellular tastants and cholesterol. Nature 631, 459–466. doi:10.1038/s41586-024-07569-9

	Jackson, W. F. (2017). Potassium channels in regulation of vascular smooth muscle contraction and growth. Adv. Pharmacol. 78, 89–144. doi:10.1016/bs.apha.2016.07.001

	Jaggupilli, A., Howard, R., Upadhyaya, J. D., Bhullar, R. P., and Chelikani, P. (2016). Bitter taste receptors: novel insights into the biochemistry and pharmacology. Int. J. Biochem. Cell Biol. 77, 184–196. doi:10.1016/j.biocel.2016.03.005

	Jahmunah, V., Ng, E. Y. K., San, T. R., and Acharya, U. R. (2021). Automated detection of coronary artery disease, myocardial infarction and congestive heart failure using GaborCNN model with ECG signals. Comput. Biol. Med. 134, 104457. doi:10.1016/j.compbiomed.2021.104457

	Khan, M. A., Hashim, M. J., Mustafa, H., Baniyas, M. Y., Al Suwaidi, S. K. B. M., AlKatheeri, R., et al. (2020). Global epidemiology of ischemic heart disease: results from the global burden of disease study. Cureus 12, e9349. doi:10.7759/cureus.9349

	Kochany, P., Opiełka, M., Słonimska, P., Gulczynski, J., Kostrzewa, T., Łoś, A., et al. (2024). Expression profile of human bitter taste receptors in human aortic and coronary artery endothelial cells. bioRxiv . doi:10.1101/2024.10.31.621361

	Liu, M., Qian, W., Subramaniyam, S., Liu, S., and Xin, W. (2020). Denatonium enhanced the tone of denuded rat aorta via bitter taste receptor and phosphodiesterase activation. Eur. J. Pharmacol. 872, 172951. doi:10.1016/j.ejphar.2020.172951

	Lu, P., Moore Simas, T. A., Delpapa, E., and ZhuGe, R. (2024). Bitter taste receptors in the reproductive system: function and therapeutic implications. J. Cell Physiol. 239, e31179. doi:10.1002/jcp.31179

	Manson, M. L., Säfholm, J., Al-Ameri, M., Bergman, P., Orre, A. C., Swärd, K., et al. (2014). Bitter taste receptor agonists mediate relaxation of human and rodent vascular smooth muscle. Eur. J. Pharmacol. 740, 302–311. doi:10.1016/j.ejphar.2014.07.005

	Meyerhof, W., Batram, C., Kuhn, C., Brockhoff, A., Chudoba, E., Bufe, B., et al. (2010). The molecular receptive ranges of human TAS2R bitter taste receptors. Chem. Senses 35, 157–170. doi:10.1093/chemse/bjp092

	Nanna, M. G., Navar, A. M., Wang, T. Y., Mi, X., Virani, S. S., Louie, M. J., et al. (2018). Statin use and adverse effects among adults >75 years of age: insights from the patient and provider assessment of lipid management (PALM) registry. J. Am. Heart Assoc. 7, e008546. doi:10.1161/JAHA.118.008546

	Navarro-Dorado, J., Climent, B., López-Oliva, M. E., Pilar Martínez, M., Hernández-Martín, M., Agis-Torres, Á., et al. (2023). The bitter taste receptor (TAS2R) agonist denatonium promotes a strong relaxation of rat corpus cavernosum. Biochem. Pharmacol. 215, 115754. doi:10.1016/j.bcp.2023.115754

	Noothi, S. K., Ahmed, M. R., and Agrawal, D. K. (2023). Residual risks and evolving atherosclerotic plaques. Mol. Cell Biochem. 478, 2629–2643. doi:10.1007/s11010-023-04689-0

	Palasubramaniam, J., Wang, X., and Peter, K. (2019). Myocardial infarction – from atherosclerosis to thrombosis. Arterioscler. Thromb. Vasc. Biol. 39, e176–e185. doi:10.1161/ATVBAHA.119.312578

	Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 3 (6), 1101–1108. doi:10.1038/nprot.2008.73

	Suzuki, Y., Yeung, A. C., and Ikeno, F. (2011). The representative porcine model for human cardiovascular disease. J. Biomed. Biotechnol. 2011, 195483. doi:10.1155/2011/195483

	Tsai, C. C., Li, Y. C., Chang, L. C., Tey, S. L., Lin, K. J., and Huang, S. C. (2019). Long-chain fatty acid receptors mediate relaxation of the porcine lower esophageal sphincter. Front. Physiol. 10, 676. doi:10.3389/fphys.2019.00676

	Tsai, C. C., Tey, S. L., Chang, L. C., Su, Y. T., Lin, K. J., and Huang, S. C. (2018a). Estradiol mediates relaxation of porcine lower esophageal sphincter. Steroids 136, 56–62. doi:10.1016/j.steroids.2018.05.001

	Tsai, C. C., Tey, S. L., Lee, M. C., Liu, C. W., Su, Y. T., and Huang, S. C. (2018b). Mechanism of resveratrol-induced relaxation of the Guinea pig fundus. Phytomedicine 43, 55–59. doi:10.1016/j.phymed.2018.04.001

	Tuzim, K., and Korolczuk, A. (2021). An update on extra-oral bitter taste receptors. J. Transl. Med. 19, 440. doi:10.1186/s12967-021-03067-y

	Virani, S. S., Newby, L. K., Arnold, S. V., Bittner, V., Brewer, L. C., Demeter, S. H., et al. (2023). 2023 AHA/ACC/ACCP/ASPC/NLA/PCNA guideline for the management of patients with chronic coronary disease: a report of the American heart association/american college of cardiology joint committee on clinical practice guidelines. Circulation 148, e9–e119. doi:10.1161/CIR.0000000000001168

	Wang, L. S., Lee, C. T., Su, W. L., Huang, S. C., and Wang, S. C. (2016). Delonix regia leaf extract (DRLE): a potential therapeutic agent for cardioprotection. PLoS ONE 11, e0167768. doi:10.1371/journal.pone.0167768

	Welcome, M. O., Dogo, D., and Mastorakis, N. E. (2023). Cellular mechanisms and molecular pathways linking bitter taste receptor signalling to cardiac inflammation, oxidative stress, arrhythmia and contractile dysfunction in heart diseases. Inflammopharmacology 31, 89–117. doi:10.1007/s10787-022-01086-9

	White, R. E., Han, G., Dimitropoulou, C., Zhu, S., Miyake, K., Fulton, D., et al. (2005). Estrogen-induced contraction of coronary arteries is mediated by superoxide generated in vascular smooth muscle. Am. J. Physiol. Heart Circ. Physiol. 289, H1468–H1475. doi:10.1152/ajpheart.01173.2004

	Zhang, Q., Tsuji-Hosokawa, A., Willson, C., Watanabe, M., Si, R., Lai, N., et al. (2020). Chloroquine differentially modulates coronary vasodilation in control and diabetic mice. Br. J. Pharmacol. 177, 314–327. doi:10.1111/bph.14864


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Tsai, Li, Chang and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1578913-g003.gif
................






OPS/images/fphar-16-1578913-g004.gif
S R G -

A

TAS2R Subtypes





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Bitter taste receptor agonists induce vasorelaxation in porcine coronary arteries		Background

		Methods

		Results

		Conclusion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Material acquisition and preservation

		2.2 Isolation and preparation of porcine coronary artery rings

		2.3 Exposure to bitter taste receptor agonists

		2.4 Influence of neuronal conduction on relaxation induced by flufenamic acid

		2.5 Impact of rolipram and vardenafil on relaxation promoted by flufenamic acid

		2.6 Implications of cAMP, cGMP, and nitric oxide (NO) in flufenamic acid-induced relaxation

		2.7 Exploration of potassium channels in flufenamic acid-mediated vasorelaxation

		2.8 Analysis of TAS2Rs mRNA expression in porcine coronary artery tissues

		2.9 Statistical analysis





		3 RESULTS		3.1 Evaluation of bitter receptor agonists on coronary arterial relaxation following U46619-Induced contractions

		3.2 Neuronal Conduction’s influence on flufenamic acid-induced relaxation in porcine coronary arteries

		3.3 Influence of phosphodiesterase inhibitors on flufenamic acid-induced relaxation in porcine coronary arteries

		3.4 Role of nitric oxide and protein kinases in flufenamic acid-induced relaxation in porcine coronary arteries

		3.5 Effects of potassium channels on flufenamic acid-induced relaxation of porcine coronary arteries

		3.6 Expression of bitter taste receptors in porcine coronary artery





		4 DISCUSSION

		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Bitter taste receptor agonists
induce vasorelaxation in porcine
coronary arteries





OPS/images/fphar-16-1578913-g001.gif





OPS/images/fphar-16-1578913-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





