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Abstract

:

Transient Receptor Potential Melastatin 8 (TRPM8) from the melastatin TRP channel subfamily is a non-selective Ca2+-permeable ion channel with multimodal gating which can be activated by low temperatures and cooling compounds, such as menthol and icilin. Different conditions such as neuropathic pain, cancer, overactive bladder syndrome, migraine, and chronic cough have been linked to the TRPM8 mode of action. Despite the several potent natural and synthetic inhibitors of TRPM8 that have been identified, none of them have been approved for clinical use. The aim of this study was to discover novel blocking TRPM8 agents using automated patch clamp electrophysiology combined with a ligand-based virtual screening based on the SwissSimilarity platform. Among the compounds we have tested, nebivolol and carvedilol exhibited the greatest inhibitory effect, with an IC50 of 0.97 ± 0.15 µM and 9.1 ± 0.6 µM, respectively. This study therefore provides possible candidates for future drug repurposing and suggests promising lead compounds for further optimization as inhibitors of the TRPM8 ion channel.
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1. Introduction


Ion channels are involved in almost any biological process; accordingly, they are significant targets in drug discovery and a cause of concern as off-targets during the risk assessment of new drugs. In fact, together to G-Protein Coupled Receptors (GPCR), ion channels are the most common class of membrane proteins to have a causal relationship with human pathologies, and attempts to find new validated ion-channel drug targets and create new drugs against these have been challenging. One such example is the family of transient receptor potential (TRP) cation channels [1]. In the mammalian genome, there are six different subgroups of TRP channels based on their sequence homology: TRP ankyrin (TRPA), vanilloid (TRPV), canonical (TRPC), mucolipin (TRPML), polycystin (TRPP), and melastatin (TRPM) [2].



In particular, TRPM8 belongs to the melastatin TRP channel subfamily and, being a non-selective Ca2+-permeable ion channel with a permeability ratio of PCa2+/PNa+~3, is a member of the voltage-gated superfamily. TRPM8 has a multimodal gating, which can be activated by low temperatures (<28 °C), depolarization, cooling compounds such as menthol and icilin, and changes in osmolarity [3]. TRPM8 channels are essential for thermoregulation, responding to innocuous cool, cold hypersensitivity, noxious cold, and cooling-mediated analgesia [4], and they are localized in testis and prostate tissues [5], as well as in the bladder and the male urogenital tract [6], the vascular smooth muscle [7], the eye [8], the immune system [9], and the lung [10]. Moreover, TRPM8 is accumulated to high levels in the peripheral nervous system [3]. Growing evidence suggests that this channel plays a role in various diseases, such as neuropathic pain [11], overactive bladder syndrome [12], migraine [13], cancer [14,15], and cough [16]. Accordingly, the DisGeNET database [17] contains 127 diseases associated with the TRPM8 gene.



Among the numerous synthetic and natural inhibitors of TRPM8 that have been discovered, only three compounds (AMG-333, PF-05105679, and cannabidivarin) have entered a clinical trial to date. Of these, AMG-333 (NCT01953341) and PF-05105679 (NCT01393652) did not pass phase I, and cannabidivarin (NCT02365610) is currently in phase II. Thus, despite many efforts, there are, as of yet, no inhibitor clinical candidates specific for TRPM8 [18,19]. Given that the drug development and approval process of a new compound takes an estimated average of 8 to 12 years [20], a drug repurposing approach would provide an alternative fast-track solution to this current bottleneck.



Drug repurposing or drug repositioning can be defined as the strategy to search for a new therapeutic use for previously approved drugs [21]. Because ample information about approved drugs exists in terms of pharmacodynamics, pharmacokinetics, and toxicities, this approach is cheaper and faster, posing less of a risk of failure compared with traditional drug discovery [22]. Multitarget drugs are potential candidates for repurposing; their ability to interact with several targets (which is known as polypharmacology) could be both responsible for side effects and essential for the repurposing strategy based on their targets [23]. Furthermore, their structures could be considered as lead compounds for drug discovery [24].



In this study, we sought to identify TRPM8 inhibitors by combining the methods of electrophysiology and ligand-based virtual screening. To optimize our search of potent drugs for screening, we have used a ligand-based virtual screening web tool [25,26], which has been performed to generate virtual drug candidates on the TRPM8 ion channels, and the automated patch clamp device IonFlux 16, which is routinely used to screen and evaluate the drugs’ effects on the ion channels [27].



Our initial group of compounds included sodium channel blockers due to their diverse structures [28] and because they have been successfully repurposed for several diseases [29], some of which were effective against col allodynia [30].



In total, we identified four inhibitors of TRPM8 channels: propafenone, propranolol, carvedilol, and nebivolol. Of these, the last two drugs have showed the greatest inhibitory effects.



The results of this study should provide additional candidates for drug repurposing, including promising lead compounds capable of inhibiting TRPM8 channels.




2. Materials and Methods


2.1. Cell Culture and Preparation


HEK293 cells, stably expressing human TRPM8 (GenBank number NM_024080) [31], were cultured in T75 tissue culture flasks using Dulbecco’s modified Eagle medium (Euroclone, Pero, Italy), supplemented with 10% FBS (Euroclone, Pero, Italy) plus Geneticin (Sigma-Aldrich, St. Louis, MI, USA) 800 μg/mL at 37° C, in a humidified 5% CO2 atmosphere. The cells were maintained until they reached 70~80% confluency. Prior to use, the cells were washed twice with Ca2+ and Mg2+ free PBS (Euroclone, Pero, Italy), subsequently detached using Accutase (Euroclone, Pero, Italy), and kept in suspension using CHO-SFM-II medium (Gibco, by Thermo Fisher Scientific, Carlsbad, CA, USA). The cells were then resuspended in the external solution after a centrifugation at 1000 rpm for 2 min. Single-cells suspension, with a final concentration of 3–5 million cells/mL, was required for the automated patch clamp electrophysiology procedure.




2.2. Automated Patch Clamp Electrophysiology


We performed automated patch clamp recordings by using the IonFlux 16 system (Fluxion Biosciences, Alameda, CA, USA). The procedure includes four automated phases—prime, trap, break, and data acquisition—in the whole-cells voltage clamp [27]. The cells were voltage clamped at a holding potential of −60 mV, stepped to −100 mV, ramped to +100 mV in 200 ms, and finally stepped back to −60 mV. Voltage command was executed every 5 s, and currents were recorded with a sampling rate of 5 kHz. The cells were activated by the continuous perfusion of 300 µM menthol for 30 s and then exposed to drugs at different concentrations, co-applied with 300 µM menthol for 90 s. The interval range between each application was 90 s, and intervals included washing cells with an external solution-containing vehicle. However, the duration of each application was adjusted based on each drug’s lipophilicity and kinetic of inhibition. For leakage subtraction, leakage was measured by applying a short 20 mV pulse (typically from −80 mV to −100 mV) at the beginning of each sweep to measure the current difference. By assuming linear leakage and subtracting proportional currents from each of the different voltage command segments, the software performs automatic leakage subtraction. At the end of each experiment, a full block solution of N-(3-Aminopropyl)-2-[(3-methylphenyl) methoxy]-N-(2-thienylmethyl)benzamide hydrochloride (AMTB) 10 µM was applied to reach 100% inhibition. The extracellular solution contained 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4 with NaOH and 310 mOsm. We removed Ca2+ from the external solution to avoid the Ca2+-dependent desensitization of TRPM8. The intracellular solution contained the following (mM): 60 CsCl, 70 CsF, 5 Na2ATP, 10 HEPES, and 10 EGTA, pH 7.2 with CSOH and 295 mOsm. All recordings were performed at a temperature of 20 ± 1 °C.




2.3. Buffers and Compounds


All compounds were obtained from Sigma-Aldrich. Stock solutions were prepared in 50 mM of dimethyl sulfoxide (DMSO) and stored at −20° C. Serial dilutions of working compounds were prepared freshly by adding a proper amount to the extracellular solution containing menthol, keeping the concentration of DMSO at 0.3%.




2.4. Ligand-Based Virtual Screening


We used the SwissSimilarity web tool (http://www.swisssimilarity.ch accessed on 20 January 2022) [25] to identify ligands among the approved drug molecules with a similar structure to the most potent drug we found in the first step of our procedure. The ligand-based virtual screening was performed using different approaches such as FP2 fingerprints, spectrophores, electroshape, and align-IT screenings [26].




2.5. Molecular Docking Study


To predict and analyze possible protein–ligand interactions with the known binding site on TRPM8, we performed molecular docking studies using Autodock vina 1.1.2 software (Center for Computational Structure Biology, La Jolla, CA, USA) [32]. The TRPM8 structure (PDB code: 6O6R) [33] was obtained from the RCSB Protein Data Bank (available at http://www.rcsb.org accessed on 20 January 2022, Research Collaboratory for Structural Bioinformatics (RCSB)). PDB files for ligands were obtained from DrugBank [34] (https://go.drugbank.com/ accessed on 20 January 2022), and AutoDock tool 1.5.7 software (Center for Computational Structure Biology, La Jolla, CA, USA) was used to prepare the structure. All non-protein molecules were removed, polar hydrogen atoms were added, and non-polar hydrogen atoms were merged. We defined flexible residues around the binding pocket, and the grid dimension and box were fitted on the binding site. The structures of proteins and ligands were converted to pdbqt format. UCSF-Chimaera software (Resource for Biocomputing, Visualization, and Informatics (RBVI), San Francisco, CA, USA) was used to perform the analyses of all docked poses [35], and poses with a minimum binding energy were selected for analysis. The 2D representation of ligand-protein binding was generated using the program LigPlot+ (LigPlot+ v.2.2, EMBL’s European Bioinformatics Institute (EMBL-EBI, Hinxton, Cambridgeshire, UK) [36].




2.6. Data Analysis


The analysis of the data was carried out using the ‘data analyzer software’ (Data Analyzer v. 5.0 (beta), Fluxion Biosciences, Alameda, CA, USA), Microsoft Excel 365, and the Prism 9.0 software (GraphPad Software Inc., San Diego, CA, USA). The average current density of the last three recordings at +80 mV in each application period was used as the current amplitude. The inhibition of drugs on menthol-induced currents was normalized using the current amplitude obtained using 300 μM menthol. Menthol-independent leak currents were subtracted from the total currents in the presence of 300 μM menthol. The percentage inhibition of the TRPM8 channel current at each compound concentration was determined using the following equation:


  %   I n h i b i t i o n   o f   I = 100 ×  (     I  c o n t r o l   −  I  d r u g      I  c o n t r o l      )   











IC50 and EC50 were calculated by fitting the four-parameter Hill equation using GraphPad Prism.



Four-parameter Hill equation:


  f  ( x )  =  I  m i n   +  (     I  m a x   −  I  m i n     1 +    (     C  50    x   )   h     )   











In the four-parameter logistic equation, Imin = 0 and Imax = 100 (agonist), or Imin = 100 and Imax = 0 (antagonist); h is the Hill coefficient, C is the concentration of the tested compound, and C50 is the EC50 (activator) or IC50 (inhibitor) values. Data are expressed as the mean ± standard deviation (SD).





3. Results


We first studied the activation of TRPM8 by menthol. By applying a concentration of 50 µM, a detectable outward current with a linear increase at a positive potential (ohmic) and a negligible current at a negative potential were evoked. At 300 µM, the current amplitude evoked by menthol appeared relatively stable and showed little or no rundown. Menthol produced a concentration-dependent current, and the effect was reversed by washing out (Figure 1A). As shown in Figure 1C, the relative activation quickly reached a steady state condition. In Figure 1B, using a voltage ramp protocol [37], the relationship between the current response and menthol concentration is shown, with an EC50 of 118.2 ± 14 µM. The menthol-activated currents were fully blocked after the application of 1 µM AMTB, which had an IC50 of 355.5 ± 25 nM (Figure 1D).



To identify novel TRPM8 inhibitors, we next screened a set of drugs, including the sodium ion channel blockers: mexiletine, propafenone, ranolazine, carbamazepine, tetracaine, flecainide, rufinamide, gabapentin, oxcarbazepine, lamotrigine, phenytoin, and riluzole. None of these drugs had activating effects, and most of them did not provide any blocking effect on the outward TRPM8 currents induced by menthol. Only flecainide, phenytoin, and propafenone showed a blocking effect, though, notably, a partial block was only obtained with flecainide and phenytoin at concentrations higher than 50 µM. Only propafenone had a significant blocking capacity below 50 µM (Table 1).



The IC50 for this compound was 16.8 ± 5 µM (Figure 2A). Hence, to optimize our screening for potent TRPM8 inhibitors, we considered the structure of propafenone as a hit structure.



We performed a ligand-based virtual screening using the SwissSimilarity platform. Our virtual screening library, comprising only FDA (Food and Drug Administration)-approved drugs, compared 1516 compounds using different methods: FP2 fingerprint, electroshape, spectrophores, and combined methods [26]. The results obtained by these approaches allowed us to identify 11,215, 400, and 215 candidates as possible TRPM8 inhibitors, respectively. Most of the drugs with the highest scores in terms of similarity to propafenone were categorized as β-blockers. Based on these results, we selected seven β-blockers, including: propranolol, atenolol, metoprolol, carvedilol, nadolol, nebivolol, and acebutolol. Of these, propranolol, carvedilol, and nebivolol showed a blocking effect on TRPM8 menthol-evoked currents (Table 2).



In particular, propranolol had an IC50 higher than propafenone (45 ± 7 µM vs. 16.8 ± 7 µM, Figure 2A,B). Carvedilol, with an IC50 = 9.1 ± 0.6 µM, results a more effective blocker than propafenone (Figure 2C). Nebivolol, with an IC50 = 0.97± 0.15 µM, turned out to be the most potent blocker we screened (Figure 2D). Moreover, in comparison to propafenone and propranolol, nebivolol and carvedilol demonstrated an irreversible inhibiting effect at concentrations higher than IC50, with little to no current recovery, even after a prolonged washing (data not shown).



Molecular docking studies, using Autodock vina 1.1.2 software, allowed us to predict the best binding affinities (interactions) between the four inhibiting β-blockers and the S1, S2, S3, and S4 transmembrane domains of the TRPM8 channel (Figure 3A,B).



The minimum binding energies for nebivolol, carvedilol, propafenone, and propranolol were −11.4, −13.3, −9.1, and −10.4 kcal/mol, respectively. As shown in the 2D plot, there are five different potential hydrogen-bond interactions between nebivolol and the TRPM8 residues Gln776, Asn790, Glu773 (double interaction), and Asp793. Additionally, two π–π stacking interactions were identifiable at the binding site level: a face-to-face interaction with Tyr736 and a T-shaped interaction with Tyr995. Other residues (Phe729, Arg998, Phe1003, Val733, Ile836, Arg832) are predicted to be involved in hydrophobic interactions (Figure 3C). By contrast, carvedilol contains one hydrogen bond site with Ser840 and two face-to-face π–π stacking interactions at Phe729 and Tyr736 (Figure 4A). Propafenone has two hydrogen bond sites at Asn732 and Asp772 and one face-to-face π–π stacking interaction at Tyr736 (Figure 4B). Finally, propranolol has no hydrogen bonds and only one face-to-face π–π stacking interaction at Tyr736 (Figure 4C).




4. Discussion


In this study, we have developed an automatic patch clamp electrophysiology assay based on the IonFlux 16 system for the screening of potential TRPM8 inhibitors. We were able to obtain long-term recordings and stable currents from stably transfected HEK-293 cell lines. There are specific differential technical tips to be considered when performing automated versus manual patch clamping, such as the homogeneous and high-level expression of target ion channels for the robust recording of currents, the size of cells in single-cell suspensions for efficient cell trapping, the quality of cell membranes for easier sealing, and the whole-cell configuration for long-term and stable recording.



In line with previous reports [38,39,40], we found an EC50 for the TRPM8 activator menthol of 118.2 ± 14 µM and an IC50 for the well-known TRPM8 inhibitor AMTB of 355.5 ± 25 nM.



Moreover, by ligand-based virtual screening using the SwissSimilarity platform, and taking into consideration the broad range of FDA-approved drugs capable of binding different pharmacological targets, we identified four inhibitors of the TRPM8 ion channels. Among the newly identified TRPM8 blockers, nebivolol was identified as the most potent inhibitor, with an IC50 at submicromolar concentrations [41]. This drug belongs to the third generation of β-adrenergic receptor antagonists, and it is highly selective to the β1-adrenergic receptor [42]. Additionally, it exhibits a nitric oxide-mediated vasodilation by stimulating the β3-adrenergic receptor [43].



Thus, nebivolol may represent a promising lead compound for further evaluation and modification. For instance, it could be used as a starting structure for drug discovery—an approach that increases the likelihood of identifying new compounds with drug-like properties.



This type of identification strategy, which is based on the known side effects of available drugs rather than on the principle effects, is termed the Selective Optimization of Side Activities (SOSA) approach [24]. The results of this research further shed additional light on the polypharmacology of identified drugs. The ability of a drug to have several targets could be advantageous in treating complex diseases [44], and it could explain the side effects. To this end, it is worth noting that, in the recent screening studies [45,46], nebivolol was also identified as a potential candidate for repurposing. These findings, along with our study, reveal a complex polypharmacology of nebivolol.



Molecular docking studies allowed us to unravel the possible interaction between TRPM8 and the newly identified blockers at the transmembrane level. Such binding sites are known as ligand hubs for both agonists and antagonists [47]. According to our docking analysis, nebivolol possesses five possible hydrogen bonds, while two π–π stacking connections stabilize the complex. Further, additional hydrophobic interactions at other sites contribute to the enhanced affinity of nebivolol to the TRPM8 binding site.



These interactions likely induce conformational rearrangements and result in TRPM8 blocking or in the inhibition of a menthol-dependent activation. In comparison to other drugs, nebivolol is capable of more non-covalent interactions with the TRPM8 binding site, as evidenced by IC50 values.



Interestingly, the results of the Autodock vina software showed that carvedilol had a lower binding energy (−13.3 kcal/mol) in comparison to nebivolol (−11.4 kcal/mol). Such outcomes disagree with our electrophysiological experimental data, which showed, on the other hand, that the inhibitory effect of nebivolol turned out to be ten times stronger. The inconsistency between the binding energy and the pharmacology effect was reported for Autodock vina, and it was mentioned that Autodock vina adopts very accurate binding poses [48].



Another possible mechanism for the blocking of TRPM8 ion channels might be ascribed to membrane lipid bilayer-drug interactions. Amphiphilic drugs with both hydrophilic and lipophilic properties could alter the function of many diverse transmembrane proteins, such as ion channels. Transmembrane proteins are energetically coupled to the transmembrane lipid bilayer; thus, amphiphilic drugs such as propafenone, propranolol, carvedilol, and nebivolol could change their functions by partitioning into the cell membrane and altering the bilayer contribution to energetics and conformational changes [48]. Such a mechanism was reported for a variety of drugs, as well as propranolol. Propranolol interacts with the phospholipid bilayer in a concentration-dependent manner and thus could alter the interactions between ion channels and the lipid bilayer [49].



Interestingly, TRPM8 is known to be particularly susceptible to drug-induced membrane alterations since it has several interaction sites for the membrane lipid bilayer. For instance, TRPM8 is localized in cholesterol-rich membrane domains, and a decrease in cholesterol disrupts the lipid rafts, which causes a significant increase in the TRPM8 response to cold and menthol [50].



Similarly, a known key regulator of TRPM8, phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2), activates TRPM8 channels even in the absence of chemical or thermal stimulation, and it also enhances TRPM8 sensitivity to cold and menthol [51]. By contrast, ethanol confers an inhibitory effect that has been ascribed to its capacity to alter the PIP2–TRPM8 interaction [52]. Moreover, it has been reported that carvedilol is able to inhibit Kir2.3, using the same mode of action [53]. We postulate that this might also be the mechanism responsible for the inhibitory effect of carvedilol on TRPM8 ion channels.



Interestingly, such an effect has been reported for propafenone in blocking cardiac Kir2.x channels: by reducing the negative charges in their cytoplasmic pore, the drug is able to reduce the affinity of those ion channels to PIP2 [54]. In this way, the same mechanism might also be induced by propafenone in blocking TRPM8 channels.



Although we cannot exclude the possibility that the identified drugs interact directly with TRPM8 ion channels, such drug–membrane interplay could, however, explain the complex polypharmacology or promiscuity characterizing these molecules [55].




5. Conclusions


In summary, we have developed an assay for the rapid identification of TRPM8 channel inhibitors via automated patch clamp electrophysiology combined with virtual screening. Among a variety of FDA-approved drugs, we identified four molecules, of which nebivolol proved to be a novel potent TRPM8 inhibitor. Hence, we propose nebivolol as a promising structure for further modification in order to develop new TRPM8 blockers. Moreover, our approach could facilitate the identification of other new validated ion-channel drug targets and help develop new drugs, since it can be applied to any ion channel and transporter. Importantly, by exploiting drug repurposing, this approach could be a valid strategy for use in a wide range of pathologies.







Author Contributions


Conceptualization, Data curation, Formal analysis, Methodology, Validation, Writing-original draft, M.D. and F.J.; Funding acquisition, M.D.; Investigation, F.J.; Project administration, M.D.; Resources, M.D., L.S. and A.M.; Software, F.J.; Supervision, M.D.; Visualization, F.J.; Writing—review & editing, M.D., F.J., L.S. and A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Union’s Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant agreement (No 721841—PAIN-NET).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data is available on demand.




Acknowledgments


We thank A. Arcangeli for drawing up the Marie Sklodowska-Curie grant agreement (No 721841—PAIN-NET) and for supporting our research. We also thank Liliana Costa for her suggestions and the kind revision of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kaczorowski, G.J.; McManus, O.B.; Priest, B.T.; Garcia, M.L. Ion channels as drug targets: The next GPCRs. J. Gen. Physiol. 2008, 131, 399–405. [Google Scholar] [CrossRef]

	



Venkatachalam, K.; Montell, C. TRP channels. Annu. Rev. Biochem. 2007, 76, 387–417. [Google Scholar] [CrossRef] [PubMed]

	



McKemy, D.D.; Neuhausser, W.M.; Julius, D. Identification of a cold receptor reveals a general role for TRP channels in thermosensation. Nature 2002, 416, 52–58. [Google Scholar] [CrossRef] [PubMed]

	



Knowlton, W.M.; Daniels, R.L.; Palkar, R.; McCoy, D.D.; McKemy, D.D. Pharmacological blockade of TRPM8 ion channels alters cold and cold pain responses in mice. PLoS ONE 2011, 6, e25894. [Google Scholar] [CrossRef] [PubMed]

	



Tsavaler, L.; Shapero, M.H.; Morkowski, S.; Laus, R. Trp-p8, a novel prostate-specific gene, is up-regulated in prostate cancer and other malignancies and shares high homology with transient receptor potential calcium channel proteins. Cancer Res. 2001, 61, 3760–3769. [Google Scholar]

	



Stein, R.J.; Santos, S.; Nagatomi, J.; Hayashi, Y.; Minnery, B.S.; Xavier, M.; Patel, A.S.; Nelson, J.B.; Futrell, W.J.; Yoshimura, N. Cool (TRPM8) and hot (TRPV1) receptors in the bladder and male genital tract. J. Urol. 2004, 172, 1175–1178. [Google Scholar] [CrossRef]

	



Huang, F.; Ni, M.; Zhang, J.; Li, D.; Shen, F. TRPM8 downregulation by angiotensin II in vascular smooth muscle cells is involved in hypertension. Mol. Med. Rep. 2017, 15, 1900–1908. [Google Scholar] [CrossRef]

	



Parra, A.; Madrid, R.; Echevarria, D.; Del Olmo, S.; Morenilla-Palao, C.; Acosta, M.C.; Gallar, J.; Dhaka, A.; Viana, F.; Belmonte, C. Ocular surface wetness is regulated by TRPM8-dependent cold thermoreceptors of the cornea. Nat. Med. 2010, 16, 1396–1399. [Google Scholar] [CrossRef]

	



Acharya, T.K.; Tiwari, A.; Majhi, R.K.; Goswami, C. TRPM8 channel augments T-cell activation and proliferation. Cell Biol. Int. 2021, 45, 198–210. [Google Scholar] [CrossRef]

	



Hodgkin, A.L.; Huxley, A.F.; Katz, B. Measurement of current-voltage relations in the membrane of the giant axon of Loligo. J. Physiol. 1952, 116, 424–448. [Google Scholar] [CrossRef]

	



Proudfoot, C.J.; Garry, E.M.; Cottrell, D.F.; Rosie, R.; Anderson, H.; Robertson, D.C.; Fleetwood-Walker, S.M.; Mitchell, R. Analgesia mediated by the TRPM8 cold receptor in chronic neuropathic pain. Curr. Biol. 2006, 16, 1591–1605. [Google Scholar] [CrossRef] [PubMed]

	



Mukerji, G.; Yiangou, Y.; Corcoran, S.L.; Selmer, I.S.; Smith, G.D.; Benham, C.D.; Bountra, C.; Agarwal, S.K.; Anand, P. Cool and menthol receptor TRPM8 in human urinary bladder disorders and clinical correlations. BMC Urol. 2006, 6, 6. [Google Scholar] [CrossRef] [PubMed]

	



Dussor, G.; Cao, Y. TRPM8 and migraine. Headache J. Head Face Pain 2016, 56, 1406–1417. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Barritt, G.J. Evidence that TRPM8 is an androgen-dependent Ca2+ channel required for the survival of prostate cancer cells. Cancer Res. 2004, 64, 8365–8373. [Google Scholar] [CrossRef]

	



Liu, J.; Chen, Y.; Shuai, S.; Ding, D.; Li, R.; Luo, R. TRPM8 promotes aggressiveness of breast cancer cells by regulating EMT via activating AKT/GSK-3β pathway. Tumor Biol. 2014, 35, 8969–8977. [Google Scholar] [CrossRef]

	



Morice, A.H.; Marshall, A.E.; Higgins, K.S.; Grattan, T.J. Effect of inhaled menthol on citric acid induced cough in normal subjects. Thorax 1994, 49, 1024–1026. [Google Scholar] [CrossRef]

	



Piñero, J.; Bravo, À.; Queralt-Rosinach, N.; Gutiérrez-Sacristán, A.; Deu-Pons, J.; Centeno, E.; García-García, J.; Sanz, F.; Furlong, L.I. DisGeNET: A comprehensive platform integrating information on human disease-associated genes and variants. Nucleic Acids Res. 2016, 45, D833–D839. [Google Scholar] [CrossRef]

	



González-Muñiz, R.; Bonache, M.; Martín-Escura, C.; Gómez-Monterrey, I. Recent progress in TRPM8 modulation: An update. Int. J. Mol. Sci. 2019, 20, 2618. [Google Scholar] [CrossRef]

	



Gaston, T.E.; Friedman, D. Pharmacology of cannabinoids in the treatment of epilepsy. Epilepsy Behav. 2017, 70, 313–318. [Google Scholar] [CrossRef]

	



Moridani, M.; Harirforoosh, S. Drug development and discovery: Challenges and opportunities. Drug Discov. Today 2014, 19, 1679–1681. [Google Scholar] [CrossRef]

	



Ashburn, T.T.; Thor, K.B. Drug repositioning: Identifying and developing new uses for existing drugs. Nat. Rev. Drug Discov. 2004, 3, 673–683. [Google Scholar] [CrossRef] [PubMed]

	



Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C. Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [Google Scholar] [CrossRef] [PubMed]

	



Peters, J.-U. Polypharmacology–foe or friend? J. Med. Chem. 2013, 56, 8955–8971. [Google Scholar] [CrossRef] [PubMed]

	



Wermuth, C.G. Selective optimization of side activities: The SOSA approach. Drug Discov. Today 2006, 11, 160–164. [Google Scholar] [CrossRef]

	



Zoete, V.; Daina, A.; Bovigny, C.; Michielin, O. SwissSimilarity: A web tool for low to ultra high throughput ligand-based virtual screening. J. Chem. Inf. Model. 2016, 56, 1399–1404. [Google Scholar] [CrossRef]

	



Bragina, M.E.; Daina, A.; Perez, M.A.S.; Michielin, O.; Zoete, V. The SwissSimilarity 2021 Web Tool: Novel Chemical Libraries and Additional Methods for an Enhanced Ligand-Based Virtual Screening Experience. Int. J. Mol. Sci. 2022, 23, 811. [Google Scholar] [CrossRef]

	



Golden, A.P.; Li, N.; Chen, Q.; Lee, T.; Nevill, T.; Cao, X.; Johnson, J.; Erdemli, G.; Ionescu-Zanetti, C.; Urban, L. IonFlux: A microfluidic patch clamp system evaluated with human ether-à-go-go related gene channel physiology and pharmacology. Assay Drug Dev. Technol. 2011, 9, 608–619. [Google Scholar] [CrossRef]

	



Tikhonov, D.B.; Zhorov, B.S. Mechanism of sodium channel block by local anesthetics, antiarrhythmics, and anticonvulsants. J. Gen. Physiol. 2017, 149, 465–481. [Google Scholar] [CrossRef]

	



Taylor, J.C.; Brauer, S.; Espir, M.L. Long-term treatment of trigeminal neuralgia with carbamazepine. Postgrad. Med. J. 1981, 57, 16–18. [Google Scholar] [CrossRef]

	



Coderre, T.J.; Kumar, N.; Lefebvre, C.D.; Yu, J.S.C. A comparison of the glutamate release inhibition and anti-allodynic effects of gabapentin, lamotrigine, and riluzole in a model of neuropathic pain. J. Neurochem. 2007, 100, 1289–1299. [Google Scholar] [CrossRef]

	



Morgan, K.; Sadofsky, L.R.; Crow, C.; Morice, A.H. Human TRPM8 and TRPA1 pain channels, including a gene variant with increased sensitivity to agonists (TRPA1 R797T), exhibit differential regulation by SRC-tyrosine kinase inhibitor. Biosci. Rep. 2014, 34, e00131. [Google Scholar] [CrossRef] [PubMed]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef] [PubMed]

	



Diver, M.M.; Cheng, Y.; Julius, D. Structural insights into TRPM8 inhibition and desensitization. Science 2019, 365, 1434–1440. [Google Scholar] [CrossRef] [PubMed]

	



Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z. DrugBank 5.0: A major update to the DrugBank database for 2018. Nucleic Acids Res. 2018, 46, D1074–D1082. [Google Scholar] [CrossRef] [PubMed]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [Google Scholar] [CrossRef]

	



Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand–protein interaction diagrams for drug discovery. J. Chem. Inf. Model. 2011, 51, 2778–2786. [Google Scholar] [CrossRef]

	



Beck, E.J.; Hutchinson, T.L.; Qin, N.; Flores, C.M.; Liu, Y. Development and validation of a secondary screening assay for TRPM8 antagonists using QPatch HT. Assay Drug Dev. Technol. 2010, 8, 63–72. [Google Scholar] [CrossRef]

	



Andersson, D.A.; Chase, H.W.N.; Bevan, S. TRPM8 activation by menthol, icilin, and cold is differentially modulated by intracellular pH. J. Neurosci. 2004, 24, 5364–5369. [Google Scholar] [CrossRef]

	



Sherkheli, M.A.; Gisselmann, G.; Vogt-Eisele, A.K.; Doerner, J.F.; Hatt, H. Menthol derivative WS-12 selectively activates transient receptor potential melastatin-8 (TRPM8) ion channels. Pak. J. Pharm. Sci. 2008, 21, 370–378. [Google Scholar]

	



Lashinger, E.S.R.; Steiginga, M.S.; Hieble, J.P.; Leon, L.A.; Gardner, S.D.; Nagilla, R.; Davenport, E.A.; Hoffman, B.E.; Laping, N.J.; Su, X. AMTB, a TRPM8 channel blocker: Evidence in rats for activity in overactive bladder and painful bladder syndrome. Am. J. Physiol. Physiol. 2008, 295, F803–F810. [Google Scholar] [CrossRef]

	



Hughes, J.P.; Rees, S.; Kalindjian, S.B.; Philpott, K.L. Principles of early drug discovery. Br. J. Pharmacol. 2011, 162, 1239–1249. [Google Scholar] [CrossRef] [PubMed]

	



Van de Water, A.; Janssens, W.; Van Neuten, J.; Xhonneux, R.; De Cree, J.; Verhaegen, H.; Reneman, R.S.; Janssen, P.A. Pharmacological and hemodynamic profile of nebivolol, a chemically novel, potent, and selective beta 1-adrenergic antagonist. J. Cardiovasc. Pharmacol. 1988, 11, 552–563. [Google Scholar] [CrossRef]

	



Dessy, C.; Saliez, J.; Ghisdal, P.; Daneau, G.; Lobysheva, I.I.; Frérart, F.; Belge, C.; Jnaoui, K.; Noirhomme, P.; Feron, O. Endothelial β3-adrenoreceptors mediate nitric oxide–dependent vasorelaxation of coronary microvessels in response to the third-generation β-blocker nebivolol. Circulation 2005, 112, 1198–1205. [Google Scholar] [CrossRef] [PubMed]

	



Talevi, A. Multi-target pharmacology: Possibilities and limitations of the “skeleton key approach” from a medicinal chemist perspective. Front. Pharmacol. 2015, 6, 205. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Yang, C.; Wang, L.; Yang, Z.; Guo, D.; Fan, C. Repurposing old drugs as novel inhibitors of human MIF from structural and functional analysis. Bioorg. Med. Chem. Lett. 2022, 55, 128445. [Google Scholar] [CrossRef] [PubMed]

	



Anand, N.M.; Liya, D.H.; Pradhan, A.K.; Tayal, N.; Bansal, A.; Donakonda, S.; Jainarayanan, A.K. A comprehensive SARS-CoV-2 genomic analysis identifies potential targets for drug repurposing. PLoS ONE 2021, 16, e0248553. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Han, Y.; Chen, X.; Aierken, A.; Wen, H.; Zheng, W.; Wang, H.; Lu, X.; Zhao, Z.; Ma, C. Molecular mechanisms underlying menthol binding and activation of TRPM8 ion channel. Nat. Commun. 2020, 11, 3790. [Google Scholar] [CrossRef]

	



Nguyen, N.T.; Nguyen, T.H.; Pham, T.N.H.; Huy, N.T.; Van Bay, M.; Pham, M.Q.; Nam, P.C.; Vu, V.V.; Ngo, S.T. Autodock vina adopts more accurate binding poses but autodock4 forms better binding affinity. J. Chem. Inf. Model. 2019, 60, 204–211. [Google Scholar] [CrossRef]

	



Lundbæk, J.A. Lipid bilayer–mediated regulation of ion channel function by amphiphilic drugs. J. Gen. Physiol. 2008, 131, 421–429. [Google Scholar] [CrossRef]

	



Morenilla-Palao, C.; Pertusa, M.; Meseguer, V.; Cabedo, H.; Viana, F. Lipid raft segregation modulates TRPM8 channel activity. J. Biol. Chem. 2009, 284, 9215–9224. [Google Scholar] [CrossRef]

	



Sarria, I.; Ling, J.; Zhu, M.X.; Gu, J.G. TRPM8 acute desensitization is mediated by calmodulin and requires PIP2: Distinction from tachyphylaxis. J. Neurophysiol. 2011, 106, 3056–3066. [Google Scholar] [CrossRef] [PubMed]

	



Benedikt, J.; Teisinger, J.; Vyklicky, L.; Vlachova, V. Ethanol inhibits cold-menthol receptor TRPM8 by modulating its interaction with membrane phosphatidylinositol 4, 5-bisphosphate. J. Neurochem. 2007, 100, 211–224. [Google Scholar] [CrossRef] [PubMed]

	



Ferrer, T.; Ponce-Balbuena, D.; López-Izquierdo, A.; Aréchiga-Figueroa, I.A.; de Boer, T.P.; van der Heyden, M.A.G.; Sánchez-Chapula, J.A. Carvedilol inhibits Kir2. 3 channels by interference with PIP2-channel interaction. Eur. J. Pharmacol. 2011, 668, 72–77. [Google Scholar] [CrossRef] [PubMed]

	



Amorós, I.; Dolz-Gaitón, P.; Gómez, R.; Matamoros, M.; Barana, A.; de la Fuente, M.G.; Núñez, M.; Pérez-Hernández, M.; Moraleda, I.; Gálvez, E. Propafenone blocks human cardiac Kir2. x channels by decreasing the negative electrostatic charge in the cytoplasmic pore. Biochem. Pharmacol. 2013, 86, 267–278. [Google Scholar] [CrossRef] [PubMed]

	



Rusinova, R.; Koeppe, R.E.; Andersen, O.S. A general mechanism for drug promiscuity: Studies with amiodarone and other antiarrhythmics. J. Gen. Physiol. 2015, 146, 463–475. [Google Scholar] [CrossRef]








[image: Membranes 12 00954 g001 550] 





Figure 1. (A) Recorded outward currents at +80 mV from HEK-293 cells stably expressing TRPM8 were obtained using the Ionflux 16 device. Currents were evoked by a voltage ramp from −100 to +100 mV, in the presence of 300 µM menthol (a) or 0.3% DMSO (vehicle) (b), and then (c) washed with 0.3% DMSO for a longer period (200 s). Note that menthol evokes a reproducible and time-independent current. (B) Dose response curve for menthol with an EC50 = 118.2 ± 14 µM. (C) Outward currents recorded at +80 mV from HEK-293 cells stably expressing TRPM8, during washing with an external solution containing the vehicle followed by perfusion with 300 µM menthol alone or in combination with 500 nM AMTB. (D) Dose response curve for AMTB with an IC50 = 355.5 ± 25 nM; IC50 and EC50 were calculated by fitting the four-parameter Hill equation. All data are shown as the mean ± SD (n ≥ 6). (E) Outward currents elicited in HEK-293 cells stably expressing TRPM8 by 300 µM menthol alone or in combination with 500 nM AMTB and after washing with an external solution containing the vehicle, using a voltage ramp protocol from −100 to +100 mV over 200 ms. 
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Figure 2. Dose response curves of the selected β-blockers capable of inhibiting TRPM8 channels. Data were obtained using the IonFlux16 device. (A) Propafenone, (B) Propranolol, (C) Carvedilol, (D) Nebivolol. All IC50 were calculated by fitting the four-parameter Hill equation; all data are shown as the mean ± SD (n ≥ 6). 
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Figure 3. (A) Structure of the TRPM8 protein showing the four interaction binding sites, highlighted in green. (B) 3D depiction of nebivolol-TRPM8 binding. (C) 2D depiction of the intermolecular interactions between TRPM8 and nebivolol. The 2D plots were generated by LigPlot+. Hydrogen bonds are shown as green dotted lines, while the red spoked arcs represent hydrophobic contacts of residues with each drug. In the represented structures, carbon, oxygen, flour, and nitrogen are in black, red, green, and blue, respectively. 
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Figure 4. 2D depiction of the intermolecular interactions between TRPM8 and carvedilol (A), propafenone (B), and propranolol (C). The 2D plots were generated by LigPlot+. Hydrogen bonds are shown as green dotted lines, while the red spoked arches represent hydrophobic contacts of residues with each drug. In the represented structures, carbon, oxygen, flour, and nitrogen are in black, red, green, and blue, respectively. 
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Table 1. TRPM8 percent inhibition data.
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Drug Name

	
Average Percentage Inhibition at 10 µM






	
Propafenone

	
26

	
(n = 7)




	
Flecainide

	
0

	
(n = 6)




	
Phenytoin

	
0

	
(n = 6)




	
Oxcarbazepine

	
0

	
(n = 6)




	
Lamotrigine

	
0

	
(n = 6)




	
Riluzole

	
0

	
(n = 6)




	
Carbamazepine

	
0

	
(n = 6)




	
Gabapentin

	
0

	
(n = 6)




	
Rufinamide

	
0

	
(n = 6)




	
Ranolazine

	
0

	
(n = 6)




	
Tetracaine

	
0

	
(n = 6)




	
Mexiletine

	
0

	
(n = 6)
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Table 2. TRPM8 percent inhibition data.
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Drug Name

	
Average Percentage Inhibition at 10 μM






	
Nebivolol

	
100

	
(n = 8)




	
Carvedilol

	
57

	
(n = 7)




	
Propranolol

	
12

	
(n = 6)




	
Metoprolol

	
0

	
(n = 6)




	
Atenolol

	
0

	
(n = 6)




	
Nadolol

	
0

	
(n = 6)




	
Acebutolol

	
0

	
(n = 6)

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
100+ 100'_ OH

i n o\/K/
§ 3
el 50— a 50
£ 7 £
2 . R i

ICs0=16.8+5 uM ICs0=45+7uM

0 I T T 1 0 - T T T 1

0.0 3 10 30 100 0.0 3 10 30 100 300

(C) [Propafenone], pM ( D) [Propranolol], pM
1004 - 100
HN |To - : OH
S S
£ = "
2 50 2 50—
= £
X 2 .
ICso=9.1+0.6 uM i ICs0=0.97 + 0.15 pM
0 I 1 I I | 0 | | 1 | I
0.0 3 10 30 100 0.0 100 300 1000 3000 10000

[Carvedilol], uM [Nebivolol], nM





nav.xhtml


  membranes-12-00954


  
    		
      membranes-12-00954
    


  




  





media/file2.png
=z

Normalized Response

%Inhibition

10 B oo e
(A) a ‘a a a a‘'a a a a:-a a a a @ a a a :a a a a a a
PS5 SEUURURURRUUNS A0 AU FSUU S SURURRPURN U U OO SRR SIS g MV N ]
= : :
g" bbb |6 BB bbb (b ¢ L0 L0 0 0 R A
(GZEPYN LSRR SUOUINS U0 0 SR, S A W SO 0 OO % 1O SO S U O S S 1
0 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
100
50 OH
ECso=118.2+ 14 uM ‘ J
0 2 g T | 250 300 350 400 450
0 10 100 1000 Time (s)
[Menthol], M
( ) ( ) 1 #1300 uM menthol |
10 1+ ]
100 300 uM menthol
~ I + !
< * 500 nM AMTB
= |
ICs0=355.5 £ 25 nM 5 1 ( 1
0 T T T 1 1 ]
0 100 300 1000 3000 *
[AMTB], nM e :
150 200 250 300 350

Time (ms)





media/file5.jpg





media/file3.jpg
(8)

18 100
6L
5 Koo
k o H
“ 2w
®
(- t68s5 01 1camss 27t
HEE ) 3 @ 1 w0
© {Propafenonel, M (D) {Propranolol, uM
00 100
H
2w
®
1ca-s1 2060 1ca=097 01500
o4 o- -
00 3 0 % 0 00 1m0 %0 100 3000 19000
[Nebivoloi], M

[Carvedilol], uM





media/file1.jpg





media/file7.jpg





media/file0.png





media/file8.png
11e836

Val733

Ser840
: Phe729
Asn780 N
Asp793
10
Arg998 Tyr995
Phe1003
Arg832 20

C
(C) 3

Phe829
Asp793
Arg832
Phe1003
Val733
L %!
Tyr736

Asn 732% yu-%

11e836





media/file6.png
©)

Asn790

OG
ND2

GIn776





