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Abstract

:

The Transient Receptor Potential Vanilloid 1 (TRPV1) channel is a polymodal protein with functions widely linked to the generation of pain. Several agonists of exogenous and endogenous nature have been described for this ion channel. Nonetheless, detailed mechanisms and description of binding sites have been resolved only for a few endogenous agonists. This review focuses on summarizing discoveries made in this particular field of study and highlighting the fact that studying the molecular details of activation of the channel by different agonists can shed light on biophysical traits that had not been previously demonstrated.
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1. Introduction


Since the Transient Receptor Potential Vanilloid 1 (TRPV1) ion channel was cloned in the last years of the 20th century [1], there have been extensive efforts to reveal the structural and functional details of this protein. Thus, nowadays it is one of the best characterized members of the TRP family of ion channels.



TRPV1 is mainly expressed by trigeminal ganglion (TG) neurons and by small-diameter neurons within sensory ganglia such as the dorsal root ganglion (DRG). It was first reported to be polymodal, responding to stimuli of different natures such as noxious heat (>43 °C) and capsaicin, the pungent compound present in hot chili peppers that functions as a chemical agonist of the channel, eliciting pain-associated behaviors in animals and pain in humans [2]. Soon after, it was shown that TRPV1 is also activated by low extracellular pH (pH ≤ 5.9). It is important to consider that when several stimuli are present together, TRPV1 activation is potentiated [2].



Several more agonists for this channel have been described and have been reviewed elsewhere [3,4,5,6,7,8,9,10,11]; however, this review will discuss some of the structural details of TRPV1 and focus only on those agonists of an endogenous nature that have been described for this channel.




2. Structural Overview of the TRPV1 Channel


The TRPV1 channel was not only the first mammalian TRP channel to be cloned [1] but it was also the first structure for a TRP channel to be resolved [12,13].



The first clues about TRPV1′s structure were obtained by relying on hydrophobicity analyses, suggesting that TRPV1 is a six-pass transmembrane protein (S1–S6) with a hydrophobic handle between S5 and S6 (pore region). The sequence alignment of the rodent TRPV1 protein showed that the long N-terminus contains multiple ankyrin repeats and a relatively short C-terminal region [1]. These intracellular domains are important scaffolds for interactions with other proteins and also contain binding sites for compounds that regulate TRPV1 function (i.e., calmodulin or CaM and ATP binding sites located at the N- and C- termini) [14,15,16].



Remarkably, capsaicin detection is abrogated in birds; although these animals also express TRPV1 channels, activation of these channels is dependent on protons but not on binding of the vanilloid compound [17]. Specific structural differences between avian and mammalian TRPV1 proteins result in dissimilar responses to capsaicin, since this compound binds to specific amino acids near the S3 of the mammalian TRPV1 protein and this vanilloid-binding pocket is different from that of the avian protein [17]. This finding was confirmed in 2015 [18], establishing that the capsaicin pocket is a hydrophobic cavity constituted by residues Y512, S513, T551, and E571 in the human TRPV1 sequence. While the first two residues are conserved between species, T551 is different in rabbit and chicken, the two species known to be insensitive to the pungency of chili peppers. Hence, these fine structural differences between TRPV1 orthologues produce channels with distinct susceptibilities to capsaicin [18].



Unlike the capsaicin pocket, the binding site for protons is conserved between species and it is located extracellularly at the S5 linker (E600 and E648). Interestingly, protons interact with the E600 amino acid residue and potentiate TRPV1 activation by other stimuli such as temperature or capsaicin, while E648 specifically regulates activation by protons [19]. Although the proton binding sites are conserved between species, a recent study showed that chicken TRPV1 activation by protons produces smaller currents than mouse TRPV1 [20]. Moreover, the avian channel is resistant to the typical desensitization produced by repeated application of TRPV1 agonists (i.e., protons) [20]. A structural determinant of TRPV1′s desensitization is the interaction of CaM at sites located at the N- and C-terminal regions [14,15]. Interestingly, it has been concluded that differences in the CaM binding site found in the C-terminus between these TRPV1 orthologues confer resistance to desensitization by protons in the avian channel [20].



Several lines of evidence have revealed binding sites for several TRPV1-activating compounds [2,21,22,23,24,25,26,27,28,29,30,31]. During the last two decades, the TRPV1 channel research field has produced a large body of evidence on the regulation of this channel by multiple compounds. Conversely, the determination of a high-resolution structure for TRPV1 was slower due to the experimental difficulties to crystallize this type of protein. The first contribution of this kind was the crystallization of the isolated ankyrin repeats and determination of their structure by X-ray diffraction methods [16]. This analysis solved the structure of the six ankyrin repeats of TRPV1 with a resolution of 2.7 and 3.2 Å and showed the typical 33-amino acid motifs forming antiparallel α-helices followed by a finger loop [23]. These motifs generate surfaces available for interactions with the ankyrins from other proteins. Additionally, the TRPV1 ankyrin repeats showed an electron density corresponding to an ATP molecule bound to these structures 1–3 [16], which has been shown to positively regulate TRPV1 activation.



Subsequently, the first 3D structure of the rat TRPV1 was determined by using electron cryomicroscopy (cryo-EM). The 19 Å, low-resolution structure of the full-length TRPV1 channel demonstrated the fourfold symmetry of this channel (similar to Kv channels), and the existence of two evident regions: the intracellular N- and C-terminal regions that resemble a basket domain and comprise ~70% of the total mass of the channel while the transmembrane region forms a compact and small domain [32]. Functional studies using fluorescence resonance energy transfer (FRET) showed that the N-termini surround the C-termini and the N-termini are farther away from the membrane than the C-termini [33].



Other findings related to the structural details of TRPV1 were mainly established by functional studies. For example, constrictions in the pore of TRPV1 were identified using an experimental strategy of accessibility to thiol-modifying agents [34] and important sites for the regulation of its gating properties were reported [35].



During the last years, our knowledge on the structure of TRPV1 was greatly enhanced by the obtainment of the first high-resolution structure (at a 3.4 Å resolution) through single-particle cryo-electron microscopy (cryo-EM) [12]. This TRPV1 structure showed the classic fourfold symmetry of this channel, and clearly resolved the transmembrane helices S1–S6, the TRP box, and the re-entrant loop between S5 and S6, corresponding to the pore region. Intracellular domains such as the N-terminal ankyrin repeats were also identified and the TRP box at the C-terminus was shown to be oriented towards the S4–S5 linker and the pre-helix-S1, suggesting an essential role for it in the allosteric modulation of TRPV1 channels [12]. The outer pore region resembles a wide funnel structure and the small selectivity filter was observed further down the channel and shown to contain a signature sequence (643-GMGD-646). The cryo-EM TRPV1 structure also showed a deep constriction site, near a previously suggested gate [34].



Several TRPV1 structures were obtained in these experiments. An “apo-state” of the channel was determined in the absence of agonist [34]. In addition to the “apo”-TRPV1 structure, there are two additional structures: one in the presence of agonists resiniferatoxin (RTX) together with the double-knot toxin (DkTx) and another in the presence of capsaicin [13]. RTX is a compound found in the “cactus-like” plant Euphorbia resinifera that functions as an agonist of TRPV1 by binding to the vanilloid pocket of the channel but that is more potent than capsaicin [11,36,37,38]. On the other hand, DkTx is a peptide toxin found in the venom of the Ornithoctonus huwena spider. This peptide contains two inhibitor-cysteine-knots (ICK) motifs called K1 and K2 lobes which interact with TRPV1 through several external aromatic residues [30]. The toxin stretches out into a space normally filled by lipids in the absence of the toxin constituted by S4, S6, and the pore helix, where it interacts with the lipid membrane [39] and gates the channel through a mechanism different to that of capsaicin [40].



The 3D structure with DkTx and RTX unveiled the full-open TRPV1 channel with a resolution of 3.8 Å. This reconstruction revealed that DkTx binds to the extracellular loops of the tetrameric channel and shows an electronic density in the vanilloid pocket suggesting that RTX is situated at this binding site [1]. Similarly, a weaker electronic density at the vanilloid pocket was observed in the reconstruction of the 3D TRPV1 structure with capsaicin (resolution at 4.2 Å), perhaps reflecting the fact that capsaicin displays less affinity to this site than RTX. Interestingly, these densities are in close proximity, although there is not a complete overlap, which suggests that these agonists bind to the same pocket but they do not interact with the same amino acids [13].



Ligand-bound TRPV1 structures provided information on the existence of different pore profiles in this channel. Firstly, the capsaicin-bound structures displayed clear expansion at the lower gate in comparison to the “apo”-state. Moreover, the full-open channel structure (DkTx/RTX-TRPV1) revealed that the ion pore conduction lacks any structural constriction [13]. The outer pore region is also rearranged in the full-open channel since a substantial change at the position of the helix pore confers inflexibility to this region. Consequently, the helix moves away from the central axis and transduces a conformational change at the loop between S5 and S6. This loop contains two glutamic acids (E600 and E648) which are essential to TRPV1 activation/potentiation by protons. The apo-TRPV1 state shows interaction between E600 and two contiguous amino acids (Y663 and D654), maintaining the channel in an inactivated state. However, the interaction of these amino acids is interrupted in the DkTx/RTX-TRPV1 structure, which results in an increase in the distance between these amino acids and maintains the channel in a fully conducting form [13]. These changes at the pore suggest high flexibility of this region and provide evidence to the hypothesis that each agonist can lead to a different gating mechanism. Finally, three high-resolution TRPV1 structures have been recently obtained combining the cryo-EM with the lipid nanodisc technology. These structures correspond to the apo channel and agonist- and antagonist-bound states [41].



To obtain these better resolution TRPV1 structures, the channels were embedded in a lipid bilayer-like environment provided by the, promoting a structural arrangement closer to the native environment and yielding density maps of higher qualities. In these nanodisc structures, the electronic densities of lipids interacting with the channel were well resolved and a tripartite complex of lipids–TRPV1–toxin was obtained at a 2.9 Å resolution. The elucidation of this structure determined that the two hydrophobic fingers of DkTx are inserted into the bilayer, where the aliphatic tail of a phospholipid interacts with the side chain of the W11 residue of finger 1 of DkTx and the negatively charged head of this lipid electrostatically interacts with residue R534 located at the S3-S4 extracellular loop [41].



In addition, hydrophobic interactions were shown to be established between a phenylalanine located in finger 2 of the toxin and the aliphatic tail of the lipid while the head group is coordinated by extracellular residues located at the pore helix (S629). These data suggest that the toxin induces molecular arrangements in TRPV1 in a phospholipid-dependent manner stabilizing the full-activated state of the channel [41].



Strikingly, the TRPV1 apo-state obtained at 3.2 Å resolution showed a phosphatidylinositol lipid associated to the vanilloid pocket, where the acyl chain is lengthened along S4 of one subunit and towards S5-S6 of the adjacent subunit. This lipid is displaced from the vanilloid pocket in the TRPV1 structure associated to RTX and this binding pocket is also occupied by capsazepine, a TRPV1 antagonist [41].



Since several of the endogenously produced molecules that will be here discussed have been shown or proposed to interact with the vanilloid-binding pocket, we will next describe how vanilloid molecules were shown to interact at this site in the cryo-EM structures. As mentioned above, the structure obtained in the presence of capsaicin alone was considered a “partially open” structure because the presence of this agonist only produced the opening of the lower gate and no changes at the region of the selectivity filter were evident in the presence of capsaicin [13]. The cryo-EM structures also confirmed previous mutagenesis studies that showed that residues Y511 (whose aromatic ring points toward the pocket and attracts the ligands), S512 in the S3, and M547 and T550 in the S4 are all important for vanilloid binding and that capsaicin and/or RTX are coordinated in a pocket above residue E570 in the S4-S5 linker of one subunit [17,42,43]. This E570 residue is proximal to residue L669 in the S6 of the neighboring subunits; hence, this vanilloid binding site could putatively affect gating by impacting on both regions, the S4-S5 linker and the S6. In summary, the idea is that the RTX or capsaicin can interact with residues in the S4-S5 linker and pull them away from the central pore, leading to the opening of the channel [12,13,41,44].



More recently, details on the stoichiometry of TRPV1 activation by capsaicin were provided by Liu and collaborators [45]. These authors used microfluorometry to measure intracellular Ca2+ increases in HEK293 cells that expressed linked tetrameric TRPV1 receptors with different subunit compositions that contained the capsaicin-insensitive S512F mutant and/or wild-type subunits. The authors covalently linked the subunits in order to produce all possible tetrameric compositions containing one single wild-type repeat and observed that the mutant channels could be partially opened by capsaicin and that the binding of two vanilloid molecules (i.e., two wild-type and two mutant subunits) is required in order to fully transduce capsaicin-dependent stimuli [45].



In summary, the last years of the TRPV1 research field have seen growth, enhanced by the pivotal information provided by high-resolution structures and along the way establishing cryo-EM as the best tool for structural analysis of several members of the TRP channel family. As will be detailed below, the last decade has also witnessed the discovery of several endogenously produced agonists (molecules listed in Table 1) of this channel, albeit interaction sites with the protein have been deciphered only for some of these molecules (Figure 1).




3. Endogenously Produced Agonists of TRPV1


3.1. Products Derived from Polyunsaturated Fatty Acids


Fatty acids are large chains of monocarboxylic acids (8 to 22 carbons), the synthesis of which occurs through the successive addition of acetyl CoA. In mammals, fatty acids are found in their saturated form [46] while polyunsaturated fatty acids (PUFAs) are provided through diet.



PUFAs are classified into two families: n-3 or ω-3 (α-linolenic acid or ALA; docosahexaenoic acid or DHA; eicosapentaenoic acid or EPA; also see Table 1 with abbreviations for all compounds mentioned) and n-6 or ω-6 (arachidonic acid, linoleic acid, γ-linolenic acid), according to the position of the first double bond present in their structures [47,48].



In the body, specifically in the hepatocyte’s endoplasmic reticulum, they are transformed (elongated and desaturated) and form long-chain polyunsaturated fatty acids, starting from reactions orchestrated by malonyl CoA. In this way, linoleic acid (LA 18:2) serves as a precursor to several other molecules such as arachidonic acid (AA 20:4) [47]. Then, this is followed by hydroxylation or epoxidation reactions catalyzed by cytochrome P450 (CYP450) enzymes, resulting in the generation of hydroxyeicosatetraenoic acids (HETEs), such as 20-hydroxyeicosatetraenoic acid (20-HETE), or epoxieicosatrienoic acids (EETs) [49,50] (Figure 2).



α-linolenic acid (ALA 18:3) produces eicosapentaenoic acid (EPA 20:5) and docosahexaenoic acid (DHA 22:6) [47], which are precursors of 20-hydroxyeicosapentaenoic acid (20-HEPE) and 22-hydroxyeicosapentaenoic acid (22-HDoHE) [50] (Figure 3).



In 2000, Hwang and collaborators proved that hydroxyeicosapentaenoic acid (12 (S)-HPETE, the (S)-enantiomer of 12-HPETE derived from AA, Figure 2) is capable of activating the TRPV1 channel [53] and this discovery led to further studies which investigated the effects of other PUFA-derived molecules on the activation of TRPV1, as mentioned below.



It has also been shown that hepoxylin (HXA3 and HXB3; Figure 2), a product of arachidonic acid and 12(S)-HPETE, has the ability of triggering Ca2+ mobilization in a heterologous expression system (HEK cells) that stably expresses the TRPV1 and Transient Receptor Potential Ankyrin 1 (TRPA1) channels as well as in rat sensory neurons. It is worth mentioning that TRPA1 channels are also noxious stimuli-sensing proteins that are coexpressed with TRPV1 in some sensory neuron subpopulations, hence the importance of evaluating the effects of the above-mentioned agonists on the activity of both channels [54]. Notably, when applied to cells from both TRPV1 and TRPA1 knock-out (KO) animals or when antagonists of these channels (AMG9810 for TRPV1 or HC030031 for TRPA1) are applied, these effects are attenuated. Thus, these results lead to the conclusion that HXA3 promotes tactile allodynia and hyperalgesia mediated by the activation of TRPV1 and TRPA1 channels [55].



20-HETE, which is also derived from AA, is capable of activating and sensitizing TRPV1 in humans and in mice [22]. According to Wen and collaborators, the activation might imply the direct binding of 20-HETE to residue S502 or conversely, considering that the site is fundamental for functional phosphorylation of TRPV1 [56,57], it could promote activation through mechanisms involving protein kinase A (PKA, which is dependent on cyclic adenosine monophosphate or cAMP) and/or protein kinase C (PKC, which is dependent on Ca2+). This, in turn, would lead to the opening of the channel in the absence of the direct binding of 20-HETE. Interestingly, it has also been reported that channel opening and its sensitization occur through actions of 20-HETE on different sites; while mutation of S502 affected only the opening of the channel, it did not affect its sensitization or its activation by capsaicin [22].



Other PUFAs such as 20-hydroxyeicosapentaenoic acid (20-HEPE, derived from EPA) and 22-hydroxydocosahexaenoic acid (22-HDoHE, derived from DHA) have been shown to be more efficient than 20-HETE for TRPV1 activation while expressed in HEK cells but they did not produce pain in a murine model [50]. Hwang et al. hypothesized that, since both molecules belong to the ω-3 family of fatty acids, due to their intrinsic structural features, these could either interact with a different binding site on the channel or bind with higher affinity than 20-HETE [50].



Since the beginning of the decade, 9- and 13-hydroxyoctadecadienoic acids (9-HODE and 13-HODE, derivatives of LA) were proposed as agonists of the TRPV1 channel. The presence of both molecules was detected in depolarized spinal cord neurons in rats [51], in skin biopsies of mice and rats when they were exposed to harmful heat >43 °C [52], and when LA was exogenously applied to DRG neurons [58].



In endogenous and heterologous expression systems, TRPV1 is activated by 9- and 13-HODE, as well as by its oxidized forms 9- and 13-oxoODE, causing mechanical allodynia [51], heat sensitivity in rodents [52], and inflammatory hyperalgesia induced by λ-carrageenan [58], a soluble polysaccharide isolated from sea plants that causes inflammation and pain [59].



The latter effects were not reproducible when neurons from TRPV1 KO mice were used or when the heterologous system was exposed to TRPV1 antagonists (i.e., I-RTX and capsazepine) or to PD146176, a 15-lipoxygenase blocker (enzyme responsible for metabolizing LA to HODEs, mainly 13-HODE; [60]), or when they were immunoneutralized [51,52,58].



Although a detailed mechanism for TRPV1′s direct activation by byproducts of LA has not been established, these reports suggest that this is a possibility. As mentioned by Patwardhan and collaborators in their 2009 study, several metabolites of linoleic acid could be contributing to the activation of the channel and acting in concert (entourage effect), as seen for other lipid families [51].



It has been shown that mutants of TRPV1 at positions 511 and 512, that are characterized by being able to respond to heat and pH but not to capsaicin, did exhibit Ca2+ mobilization in the presence of 9-HODE, suggesting that the binding site for this compound is different from that of capsaicin [52].



In 2016, a lipidomic profile of the rat’s spinal cord after burn injury was determined for the first time. In this study, abnormal levels of HODEs were not observed, although an increase in hydroxy- and epoxy- metabolites of linoleic acid, namely, 9,10-dihydroxy-12Z-octadecenoic acid (9,10-DiHOME); 12,13-dihydroxy-9Z-octadecenoic acid (12,13-DiHOME); 9(10)-epoxy-12Z-octadecenoic acid (9(10)-EpOME); and 12(13)-epoxy-9Z-octadecenoic acid (12(13)-EpOME), was reported in spinal cord tissue [61].



Then, activation of several TRP channels by 9,10-DiHOME, 12,13-DiHOME, 9(10)-EpOME, and 12(13)-EpOME was assessed using the patch-clamp technique and it was shown that these metabolites activated TRPV1 and TRPA1 but not TRPV2, TRPV3, TRPV4, or Transient Receptor Potential Melastatin 8 (TRPM8, a cold-sensing ion channel that also responds to compounds such as menthol and icilin) [61,62].



Moreover, in vivo experiments showed that four LA metabolites applied to the spinal cord induced allodynia, an effect that was partially blocked with the TRPV1 antagonist, AMG9810, or with HC030031 (a TRPA1 antagonist). Furthermore, allodynia produced by these LA metabolites was completely eliminated by using both antagonists at the same time [61].




3.2. Endocannabinoids


Endocannabinoids are endogenous ligands that activate CB1 and CB2 cannabinoid receptors and are derived from esters, ethers, and amides of PUFAs such as arachidonic acid [63]. Nonetheless, these molecules possess a chemical structure that allows many of them to activate other types of proteins, including TRPV1 [64].



3.2.1. N-Acyl Amides


N-acyl amides are one of the main groups of simple lipids with structures consisting of a fatty acid (acyl group) attached to a simple amine by an amide link where amines can be substituted by amino acids or their byproducts, if they can be conjugated with a fatty acid [65].



N-acyl amides are considered “orphan lipids”, since no specific receptor for these molecules has been discovered; nevertheless, there is evidence of their ability to bind to different endocannabinoid receptors including CB1 and CB2, to G-protein-coupled receptors (GPCRs) 18 and 55 (GPR18 and 55), and to some members of the TRP ion channel family [65].



In 2014, Bradshaw and collaborators reported different N-acyl amides as activators of TRP ion channels (TRPV1-V4). Using an internal library of 70 N-acyl amides and measurements of changes in intracellular Ca2+ levels through fluorescent ratiometric indicators (i.e., Fura-2 AM), these authors identified several agonists of the TRPV1 channel [66] (Figure 4).



Other molecules such as N-acyl GABA and similar compounds such as N-docosahexaenoyl GABA (D-GABA), N-linoleoyl GABA (L-GABA), and N-arachidonoyl GABA (A-GABA) also resulted in Ca2+ mobilization into the cell in a concentration-dependent fashion. In addition to N-acyl GABA and its derivatives, five other N-acyl amides that were more efficient in activating TRPV1 were identified: N-docosahexaenoyl ethanoyl serine, N-docosahexaenoyl glycine, N-docosahexaenoyl aspartic acid, N-docosahexaenoyl ethanolamide, and N-linoleoyl ethanolamide [66] (Figure 4). In summary, by testing several biologically active lipids, the authors concluded that long-chain unsaturated acyl amides function as TRPV1 activators. Nonetheless, work still needs to be performed to determine the mechanisms by which these molecules modulate the function of TRPV1 and establish binding sites for these in the ion channel.




3.2.2. N-Acylethanolamines


N-Acylethanolamines (NAEs) are lipids which, in most cases, originate as products of N-acyl-phosphatidylethanolamine (NAPE) hydrolysis by the specific D-NAPE phospholipase [67]. They are characterized by the presence of a variable length fatty acid chain linked to an ethanolamine through an amine and are classified based on the number of carbons they possess and on the level of saturation of the acyl chain [68].



Anandamide (AEA), an endocannabinoid and an NAE, was the first endogenous agonist described for TRPV1 and it is characterized by also binding to the vanilloid pocket [69,70], as capsaicin does. Moreover, several studies have revealed that AEA’s production is accompanied by the generation of other NAEs, particularly palmitoylethanolamide PEA (C16:0) and oleoylethanolamine OEA (C18:1) [71].



NAEs have been shown to be effectors of TRPV1 activity (Figure 4). For example, N-oleoyl ethanolamine (18:1 NOE or OEA) gives rise to TRPV1 currents in cells previously sensitized with PKC [30,31] and intraperitoneal OEA administration leads to visceral pain behavior, which is not observed in TRPV1-null mice [72], supporting a nociceptive role for OEA through the activation of TRPV1 ion channels [73].



PEA was shown to be present in egg yolk, soybean lecithin, and peanut oil since the 1950s [74] and has since been described to exhibit analgesic and anti-inflammatory properties [75]. Structurally, it is similar to anandamide and other endocannabinoids and shares the same synthesis and degradation routes as these [76].



Despite its classification as an endocannabinoid, PEA is weakly linked to the function of the CB1 and CB2 receptors [69]; however, in the last decade, it has been suggested that it interacts with other receptors such as PPARα (Peroxisome Proliferator-Activated Receptor alpha) and TRPV1 [77,78].



In 2008, a link between TRPV1 and PEA was suggested when it was shown that the application of PEA to the sciatic nerve of rats had an antihyperalgesic effect, which was partially reduced with capsazepine [79]. Other experiments demonstrated that PEA induced dose-dependent vasodilation of endothelial mesenteric arteries (and that it also potentiated the effect of AEA, although PEA is even less potent than OEA at activating TRPV1), a phenomenon which was absent when TRPV1 was inhibited with the antagonist SB36679 [80,81]. In synthesis, these experiments suggested a possible interaction between PEA and TRPV1.



A few years later, PEA was proposed to activate TRPV1 in a somatic cell hybrid cell line composed of rat embryonic DRG neurons with a mouse neuroblastoma cell line (F11) since it was shown to increase intracellular Ca2+ concentrations in a dose-dependent fashion that was blunted if TRPV1 antagonists such as capsazepine and SB36679 were applied. The authors suggested that this activation occurred through a mechanism that involved PPARα, since other experiments showed that PEA-induced TRPV1 currents were inhibited by 50% with GW-6471, a PPARα antagonist, an effect that was not observed when TRPV1 was activated by capsaicin [82].



Nonetheless, in contrast with the mechanism proposed above, it was also found that PEA activated transiently transfected TRPV1 in CHO (Chinese hamster ovary) cells, where patch-clamp experiments suggested that TRPV1 was activated and desensitized by PEA in a similar way to what occurs with capsaicin [82].



Finally, the synergistic effects of PEA and tramadol (an opioid analgesic) on pain-like behavior have also been assessed using the formalin test. Experiments have shown that a more efficient effect on analgesia can be achieved for PEA if it is used together with tramadol and that this effect depends upon the activities of the CBRs, TRPV1, and the PPARα [83].





3.3. N-acyl Amino Acids/Neurotransmitters


N-acyl amino acids (NAANs) are lipidic compounds with different headgroup moieties (such as glycine, dopamine, or GABA) that are conjugated to long-chain fatty acids and which can potentially participate in the modulation of the function of membrane proteins such as GPCRs, ion channels, and transporters. More than 70 endogenous NAANs with potential roles in the vasculature and the nervous and immune systems have been identified [84].



Recently, the presence of TRPV1 in the soma of pyramidal neurons of the prelimbic cortex of the prefrontal cortex (PFC) has been reported [85]. This finding is interesting since the activation of TRPV1 produces an increase in the frequency of spontaneous excitatory postsynaptic currents (sEPSC) in the substantia gelatinosa of the rat spinal cord and in the substantia nigra [86,87].



It has been shown that TRPV1 is activated by N-arachidonoyl taurine (NAT) [88]. Moreover, it has been demonstrated that when capsaicin and NAT activate TRPV1, the compounds do not modify the amplitude of the sEPSC but rather increase their frequency by 150–175% (as compared to the control group) before desensitization occurs, effects that are prevented when capsazepine is applied [85]. Hence, these data suggested a role for TRPV1′s activity in the generation of sEPSC and in modifying the excitatory glutamatergic transmission.




3.4. Oxytocin


Oxytocin is a hormone that is produced in the paraventricular and supraoptic nuclei of the hypothalamic nucleus, as well as in the intermediate accessory nuclei [89], and that stimulates the contraction of the uterine smooth muscle and the induction of lactancy, and regulates complex social behavior [90] by binding to its canonical G-protein-coupled oxytocin receptor (OXTR).



Recently, by using the PLC inhibitor U773122, it has been shown that oxytocin activates TRPV1 independently of the OXTR and that it induces the entrance of Ca2+ in a heterologous TRPV1 expression system and in F11 cells as well as in artificial bilayers. The direct effect of oxytocin on TRPV1 was confirmed with knock-out mice where the activity of the hormone is null. Computational predictions were performed to obtain specific mutants, which were experimentally tested to show that oxytocin interacts with TRPV1 through L635 and F649, suppressing pain by the activation and then desensitization of the channel [91].




3.5. Hydrogen Sulfide


Hydrogen sulfide (H2S) is an endogenous gaseous molecule that is a subproduct of cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE), which use L-cysteine as their main substrate. H2S functions as an important cytoprotective and exhibits antioxidant, anti-inflammatory, antiapoptotic, and muscle relaxant properties.



Since the middle of the last decade, it was described that H2S affects TRPV1′s activity and this, in turn, has consequences on the function of certain organs leading to contraction of the urinary bladder of rats and of the respiratory tract of guinea pigs [29,92] as well as affecting secretion from the colon of guinea pigs and humans through the local release of substance P after activation of TRPV1 [93].



Sodium hydrosulfide (NaHS), a product of half-neutralization of H2S with sodium hydroxide, induces a biphasic effect on the spontaneous contraction of the duodenal longitudinal muscle strips of rats. Specifically, at 1–2 min after NaHS (1 mM) administration, there was an increase in the contractility of the muscle (excitatory effect) that returned to basal levels within 5 min and, following this excitatory effect, there was a long-lasting (more than 30 min) inhibition of the contractility that depended on the actions of TRPV1 present in afferent nerve fibers, the tachykinin receptor 1 (TACR1), also known as neurokinin 1 (NK1) receptor, and of potassium channels from the smooth muscle [94].



Another study showed that NaHS promotes gastric acid secretion which is attenuated by antagonists of TRPV1 (i.e., capsazepine), of the NK1 receptor (i.e., L703606), and of the nuclear factor NF-κB (i.e., pyrrolidine dithiocarbamate), suggesting that activation of TRPV1 channels from the sensory nerve endings by H2S is partly responsible for this phenomenon [95].



Both of the studies mentioned above proposed that H2S activates TRPV1 channels from sensory nerve endings promoting the release of substance P (an undecapeptide that functions as a neurotransmitter and a modulator of pain perception by altering cellular signaling pathways) and subsequent activation of its NK1 receptor, that is expressed in a cell-specific manner in the digestive system such as in the smooth muscle, interstitial cells of Cajal, the endothelium of blood vessels, white blood cells, fibroblasts, and neurons [96,97].




3.6. Glycerophospholipids


Up to here we have discussed that TRPV1 is an ion channel that is activated by several agonists and that it undergoes characteristic structural changes in the presence of different activators. In this regard, it is worthwhile to note that TRPV1 is also activated by some glycerophospholipids.



Our group has previously reported that TRPV1 directly interacts with lysophosphatidic acid (LPA, [31]). LPA, similarly to TRPV1, has been extensively linked to the generation of chronic neuropathic pain. For several years, it was proposed that this phenomenon was only due to the interaction of LPA with its specific GPCRs [98,99,100,101], modulating the activity of several ion channels [5,102,103,104]. Most effects of LPA on other channels are related to how it regulates the expression levels of these proteins [105] and reports of direct interactions of LPA with ion channels in general are limited [104,106,107].



We have previously shown that LPA produces acute pain in mice and that, in HEK293 cells transfected with TRPV1, currents could be induced when LPA was applied to membrane patches expressing the ion channel and identified a site of interaction for this phospholipid, residue K710 in the C-terminus of TRPV1 [31]; this was later confirmed by another group in a study where TRPV1 was expressed in lipid bilayers and activated by LPA [108]. We also showed that activation of TRPV1 by compounds similar in structure to LPA was sensitive to the presence of a single unsaturation, an aliphatic chain of at least 18 carbons and the presence of a negatively charged group (i.e., phosphate); other combinations of these features failed to effectively activate the channel [109].



In a more recent study, we emphasized the biophysical details with which LPA promotes larger macroscopic currents than those promoted by saturating capsaicin concentrations [110]. However, this result could be explained by several mechanisms that included LPA producing an increase in the number of ion channels in the membranes of cells and an increase in the membrane negative surface charge resulting in the accumulation of positively charged ions near the pore mouth of TRPV1, a phenomenon termed “pore dilation” in which the permeability to large ions occurs in the presence of prolonged exposures to agonists [111] and/or a change in the single-channel conductance.



By performing several experiments, we ruled out all of the first three possibilities and showed that LPA could produce an increase in the single-channel conductance and that this phenomenon depended upon the presence of the K710 residue in the TRP box of TRPV1 [110].





4. Conclusions


TRPV1 is a polymodal protein with several important functions that include its role in nociception. This ion channel has proven to be an extraordinary example of functional and structural flexibility. Several agonists have been identified for TRPV1 and the presence and activity of this ion channel have been described in several organs. In this review, we have summarized findings related to new endogenous agonists for TRPV1 and the resolution of the fine details of its structure. It is clear that more work is still needed because, for several agonists, fine mechanisms of action have not yet been meticulously clarified. An example of what we can learn from studying how agonists affect TRPV1′s function is that we found that LPA, a molecule that exhibits increased levels during certain inflammation processes and diseases, is widely associated with pain generation, and that binds to the C-terminus of TRPV1, induces a proposed different conformational open state with a distinct single-channel conductance to that obtained in the presence of capsaicin. This larger single-channel conductance results in larger macroscopic currents in comparison to those produced by saturating concentrations of capsaicin and this could be physiologically relevant because it would enable the neurons that express this channel to depolarize more efficiently during certain pathophysiological situations.
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Figure 1. Structure of TRPV1 depicted with different agonists bound to various sites in the protein. Except for (A) capsaicin (that binds to residues Y512, S513, T551, and E571), all other agonists are endogenously produced: (B) 20-hydroxyeicosatetraenoic acid (20-HETE, which interacts with residue S502); (C) anandamide (which interacts with residues Y511, S512, and R591); (D) oxytocin (which interacts with residues E600, G602, Y631, and L635); and (E) lysophosphatidic acid (LPA, which binds to the K710 residue). The 3j5q PDB file that corresponds to the open structure (obtained with RTX and DkTx) of TRPV1 [41] was used. The black squares represent the regions of the channel where the different depicted endogenous agonists bind. 






Figure 1. Structure of TRPV1 depicted with different agonists bound to various sites in the protein. Except for (A) capsaicin (that binds to residues Y512, S513, T551, and E571), all other agonists are endogenously produced: (B) 20-hydroxyeicosatetraenoic acid (20-HETE, which interacts with residue S502); (C) anandamide (which interacts with residues Y511, S512, and R591); (D) oxytocin (which interacts with residues E600, G602, Y631, and L635); and (E) lysophosphatidic acid (LPA, which binds to the K710 residue). The 3j5q PDB file that corresponds to the open structure (obtained with RTX and DkTx) of TRPV1 [41] was used. The black squares represent the regions of the channel where the different depicted endogenous agonists bind.



[image: Ijms 21 03421 g001]







[image: Ijms 21 03421 g002 550] 





Figure 2. Products of linoleic acid (LA) that activate TRPV1. LA is the precursor of several long-chain polyunsaturated fatty acids including arachidonic acid, 9-HODE, and 13-HODE. All byproducts downstream of the lipooxygenase and cytochrome P450 (CYP450) pathway shown in this scheme have been proposed to activate TRPV1 [51,52]. 
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Figure 3. α-linolenic acid (ALA, n-3) activates TRPV1. ALA is a precursor of EPA and EPA is transformed into 20-HEPE via ω-oxidation and into DHA through elongation reactions. 22-HDoHE is a polyunsaturated fatty acid which is derived from DHA through a ω-hydroxylation reaction catalyzed by the cytochrome P450 enzyme omega-hydroxylase. 
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Figure 4. N-acyl amides with agonist effects on TRPV1. The family of N-acyl GABA molecules that are structurally related is shown in the top panel. The middle and lower panels depict the structures of other N-acyl amides that arise from different families and that do not necessarily share functional groups but also activate TRPV1. 
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Table 1. Abbreviations for compounds.
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	Abbreviation
	Name





	AA
	Arachidonic acid



	AEA
	Anandamide



	A-GABA
	N-arachidonoyl GABA



	ALA
	α-Linolenic acid



	COX-1,-2
	Cyclooxygenase-1,-2



	CYP450
	Cytochrome P450



	D-GABA
	N-docosahexaenoyl GABA



	DHA
	Docosahexaenoic acid



	EETs
	Epoxyeicosatrienoic acids



	eLOX-3
	Epidermis-type lipoxygenase 3



	EPA
	Eicosapentaenoic acid



	HETEs
	Hydroxyeicosatetraenoic acids



	HXA3
	Hepoxilin A3



	HXB3
	Hepoxilin B3



	H2S
	Hydrogen sulfide



	LA
	Linoleic acid



	L-GABA
	N-linoleoyl GABA



	LPA
	Lysophosphatidic acid



	NAANs
	N-acyl amino acids/neurotransmitters



	NAEs
	N-acylethanolamines



	NaHS
	Sodium hydrosulfide



	NAPEs
	N-acylphosphatidylethanolamines



	OEA or NOE
	Oleoyl-ethanolamine



	PEA
	Palmitoylethanolamide



	PUFAs
	Polyunsaturated fatty acids



	9-HODE
	9-hydroxy-10E,12Z-octadecadienoic acid



	9-oxoODE
	9-oxo-10E,12Z-octadecadienoic acid



	9, 10-DiHOME
	9,10-dihydroxy-12Z-octadecenoic acid



	9(10)-EpOME
	9(10)-epoxy-12Z-octadecenoic acid



	12(S)-HPETE
	12(S)-hydroperoxyeicosatetraenoic acid



	12, 13-DiHOME
	12,13-dihydroxy-9Z-octadecenoic acid



	12(13)-EpOME
	12(13)-epoxy-9Z-octadecenoic acid



	12/15 -LOX
	12/15-lipoxygenase



	13-HODE
	13-hydroxy-9Z, 11E-octadecadienoic acid



	13-oxoODE
	13-oxo-9Z,11E-octadecadienoic acid



	20-HEPE
	20-hydroxyeicosapentaenoic acid



	20-HETE
	20-hydroxyeicosatetraenoic acid



	22-HDoHE
	22-hydroxydocosahexaenoic acid
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