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Transient receptor potential vanilloid subtype 1 (TRPV1), a member of the transient receptor potential vanilloid (TRPV) channel family, is a nonselective cation channel that is widely expressed in sensory nerve fibers and nonneuronal cells, including certain vascular endothelial cells and smooth muscle cells. The activation of TRPV1 may be involved in the regulation of various physiological functions, such as the release of inflammatory mediators in the body, gastrointestinal motility function, and temperature regulation. In recent years, a large number of studies have revealed that TRPV1 plays an important role in the physiological and pathological conditions of the digestive system, cardiovascular system, and respiratory system, but there is no systematic report on TRPV1. The objective of this review is to explain the function and effects of TRPV1 on specific diseases, such as irritable bowel syndrome, hypertension, and asthma, and to further investigate the intrinsic relationship between the expression and function of TRPV1 in those diseases to find new therapeutic targets for the cure of related diseases.
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INTRODUCTION

The transient receptor potential vanilloid (TRPV) subfamily consists of six members and is divided into four groups based on homology: TRPV1/TRPV2, TRPV3, TRPV4, and TRPV5/TRPV6. Members of the TRPV subfamily function as tetrameric complexes with each subunit containing six N-terminal ankyrin repeats. All members have a TRP box in their C-terminus. TRPV1, TRPV2, TRPV3, and TRPV4 are modestly permeable to Ca2+, whereas TRPV5 and TRPV6 are the only channels that are highly selective for Ca2+ (Nilius and Owsianik, 2011). Although most members of the TRPV family are modestly permeable to Ca2+, they may play different roles in the body due to their differences in structure and distribution. TRPV1, the most widely studied member of the TRPV family, is a nonselective cationic ligand-gated channel located extensively on neuronal cells or nonneuronal cell membranes with high permeability to Ca2+. TRPV1 acts as a multisensory receptor for potential injury signals and can be activated by a variety of exogenous and endogenous mediators, such as capsaicin, temperature (43–52°C), acidic environments (H+), and leukotriene B4 (LTB4). The activation of TRPV1 primarily permits an influx of extracellular Ca2+, which is involved in a number of essential physiological functions, such as neurotransmitter release, membrane excitability, and muscle cell contraction (Jordt and Ehrlich, 2007). Conversely, TRPV2 cannot be activated by capsaicin, H+, or heat (<50°C), except for noxious heat (>53°C); despite this, TRPV2 shows a 50% sequence similarity to TRPV1. Moreover, TRPV2 is probably the least understood member of the TRPV subfamily, and the regulation of TRPV2 in humans is unknown (Caterina et al., 1997). Similar to TRPV2, TRPV3 does not respond to capsaicin, H+, or temperature below 50°C but is activated by innocuous temperatures above 30–33°C. TRPV3 is currently considered to be a nonselective cation channel activated by mild stimulation. TRPV3 is highly expressed in keratinocytes and is essential for several skin functions, including skin barrier formation and hair morphogenesis (Cheng et al., 2010). TRPV4 is activated by moderate temperatures (>24°C). Unlike TRPV1, TRPV4 is not activated by capsaicin but is sensitive to changes in extracellular osmotic pressure (Nilius and Owsianik, 2011). TRPV5 and TRPV6 are relatively unique subgroups within the family and exhibit low homology to TRPV 1. TRPV5 and TRPV6 are the only highly Ca2+-selective TRP channels and are mainly present in tissues and organs related to calcium ion transport. The regulation of TRPV1 and TRPV2 is related to the reabsorption of calcium by renal and intestinal epithelial cells. Current research has focused on the expression and regulation of TRPV5 and TRPV6 in the kidney and small intestine (Hoenderop et al., 2005). Compared to other TRPV channels, TRPV1 is the major channel for the detection and integration of nociceptive chemical and thermal stimuli in sensory nerve fibers (thin myelinated Ad-fibers and unmyelinated C fibers), innervating most of our organs. TRPV1 activation initiates inflammation and the transmission of pain signals. The rapid progress in TRPV1 channel research has provided greater understanding of the pathogenic roles that this channel plays in the development and maintenance of acquired diseases. Many studies have examined the TRPV1 mechanism, and drug discovery research on TPRV1 has been conducted in various disease fields. In this review, a brief summary is given on the progress of research on TRPV1 in the digestive system, cardiovascular system and respiratory system in recent years.

STRUCTURE OF TRPV1

TRPV1 is the first member of the TRPV subfamily that was discovered and cloned. Caterina et al. (1997) successfully cloned a receptor that can be activated by capsaicin; thus, TRPV1 is also known as the capsaicin receptor. The cDNA of TRPV1 has an open reading frame of 2,514 bp and encodes a protein of 828 amino acids. It possesses a tetrameric structure consisting of six transmembrane regions and a hydrophobic group located between the fifth and sixth transmembrane regions. Both the N-terminus and the C-terminus are located inside the cell membrane, regulating the functional activity of the protein. There are three anchor protein repeats and multiple phosphorylation binding sites at the N-terminus, which can bind to calmodulin and ATP. The TRP domain near the C-terminus, including a calmodulin-binding region and a phosphoinositide-binding site, is involved in the regulation of voltage-gated channel opening and, combined with phosphoinositide and protein kinase, regulates the temperature sensor of the receptor. Moiseenkova-Bell et al. (2008) analyzed the structure of TRPV1 using cryo-electron microscopy at 19-Å resolution. The overall structure of TRPV1 was divided into upper and lower parts, corresponding to the transmembrane and intracellular regions of the channel. In December 2013, both the David Julius lab and the Yifan Cheng lab jointly reported the cryogenic structure of TRPV1 and obtained images of the protein using a direct electron detector. The structure shows that TRPV1 has length, width, and height dimensions of approximately 100 Å × 110 Å × 110 Å, respectively (Maofu et al., 2013). This study also reported a double-gated regulation mechanism for TRPV1. The fifth and sixth transmembrane protein regions of each subunit of TRPV1 aggregate together to form a pore region in the TRPV1 channel. The first to the fourth transmembrane proteins are symmetrically distributed in the four corners of the pore region (Figure 1). Capsaicin interacts with the cytoplasmic domain of the third and fourth transmembrane proteins on TRPV1 via hydrogen bonding. Ser512, the third transmembrane protein, plays an essential role in recognizing pH and capsaicin (Johnson et al., 2006). Fan et al. (2018) found that the TRPV1 channel closed when the temperature dropped to the freezing point even in the presence of capsaicin, and the fully open TRPV1 model combined with capsaicin was deduced through computer modeling analysis. This model demonstrated how the TRPV1 channel is activated from a closed state as well as the activation mechanism of capsaicin, which in turn can trigger corresponding biological effects and affect intestinal inflammation, metabolic syndrome, and other diseases (McCarty et al., 2015).
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FIGURE 1. The structure of TRPV1. TRPV1 is a protein with six transmembrane regions, the fifth transmembrane protein region and the sixth transmembrane protein region of each subunit aggregate together to form a pore region for the TRPV1 channel. The amino-terminal and carboxy-terminal of TRPV1 are both intracellular.There are three anchor protein repeats and multiple phosphorylation binding sites at the N-terminus, which can bind to calmodulin and ATP. The N-terminal intracellular region contain TRP domain,calmodulin-binding sites and phosphoinositide-binding sites.
 

DISTRIBUTION AND BIOLOGICAL CHARACTERISTICS OF TRPV1

In mammals, TRPV1 is distributed extensively in the unmyelinated C-type sensory nerve fibers and partially in the less myelinated Aδ-type sensory nerve fibers (Alawi and Keeble, 2010). In the peripheral neuron system, it is primarily expressed in the dorsal root ganglion, trigeminal ganglion, vagal ganglion, and other small neurons, and in the central nervous system, it is expressed in the thalamus, striatum, amygdala, and other regions. The pancreas, liver, lung, heart, and other organs in the human body also express TRPV1 (Bollimuntha et al., 2011). In the gastrointestinal tract, TRPV1 is mainly distributed in the submucosal nerve plexus of the intestinal tract, myenteric nerve plexus, gastrointestinal muscle mucosa, and some nonnerve tissue distributions, such as gastric mucosal cells, gastric parietal cells, and gastric antral G cells (Akbar et al., 2010). TRPV1 is mainly distributed in vascular endothelial cells (Alawi and Keeble, 2010; Akbar et al., 2010; Bollimuntha et al., 2011), smooth muscle cells (Luo et al., 2011), and perivascular nerve cells (Peng and Li, 2010) in the cardiovascular system. TRPV1 can be found widely distributed in respiratory sensory nerve fibers in the respiratory system in mammals, especially C-like sensory nerve fibers, which are mostly distributed throughout the respiratory system, including the upper respiratory tract to the lower respiratory tract and to the pulmonary parenchyma thereafter. Furthermore, TRPV1 is expressed in the smooth muscle cells, the vascular endothelial cells, the submucosal gland, and inflammatory cells in the respiratory system (Figure 2; Watanabe et al., 2006).
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FIGURE 2. The expression of TRPV1 in digestion, cardiovascular, and respiratory system. TRPV1 is mainly expressed nerve cells around the esophageal mucosa and blood vessels, esophageal epithelial cells in the esophagus. The submucosal plexus, myenteric plexus, vascular endothelial cell, gastric parietal cells, gastric main cells, and gastric antral G cells in the stomach. The nerve cells in pancreas. The submucosal plexus, myenteric plexus, and vascular endothelial cells in the intestine.TRPV1 is distributed in vascular peripheral nerve cells, smooth muscle cells, vascular endothelial cells in cardiovascular. It is also expressed in sensory nerve fibers, smooth muscle cells, vascular endothelial cells, submucosal glands, and inflammatory cells in the respiratory system.
 

TRPV1 is not only activated by capsaicin; it is also activated or sensitized directly or indirectly by a variety of physical and chemical factors and inflammatory mediators, such as mechanical stimulation, ethanol, inflammatory mediators, tissue damage, acid (pH less than 5.3), noxious heat stimulation (>43°C), alterations in extracellular osmotic pressure, an intracellular redox state, substance P (SP), nerve growth factor (NGF), and prostaglandin (Alawi and Keeble, 2010). The noxious signal generated by the activated TRPV1 can be blocked by a TRPV1 antagonist, and multiple molecules have been developed as TRPV1 antagonists, such as SB-705498 (Lambert et al., 2009), A99361 (Summ et al., 2011), etc. In addition, the desensitization strategy has been exploited in numerous TRPV1 therapeutics, including capsaicin cream (Zostrix), as well as high concentration patches (Qutenza) (Brederson et al., 2013). In recent years, some scholars have found that oxytocin, as an endogenous agonist, suppresses nociception and induces analgesia by specifically affecting inflammatory pain pathways in an animal model (Eliava et al., 2016), and this effect is mainly exerted by TRPV1 desensitization (Nersesyan et al., 2017). The activation of TRPV1 mainly permits an influx of extracellular Ca2+, resulting in increased intracellular calcium, which can depolarize the cells to produce action potentials and transmit nociceptive signals along the sensory nerve fibers to the nerve center or activate a series of signaling pathways in the cell, subsequently triggering a wide range of cellular responses. In addition, the increase in terminal calcium induced by activation of the TRPV1 receptor in sensory nerve fibers may allow for local vesicle release of neuropeptides, independent of action potential formation (Kaneko and Szallasi, 2014), to ultimately regulate the corresponding physiological and pathological functions. Results from existing studies have suggested that the following mechanisms mediate TRPV1 channel activation and thus regulate the body’s physiological function (Mitsuko et al., 2002; Stein et al., 2006; Vermeulen et al., 2013): (1) the threshold of TRPV1 can be lowered by NGF via activation of phospholipase C (PLC), which can induce the generation of phosphatidylinositol 3 kinase (PI3K) subunit p85 and the translocation of TRPV1 from the intracellular space to the cell membrane. This effect increases the level of TRPV1 expression on the cell membrane and later reduces the TRPV1 channel threshold, ultimately leading to TRPV1 sensitization (Stein et al., 2006). (2) Inhibition of TRPV1 by the phosphatidylinositol 4,5-diphosphate (PIP2) pathway is involved in channel sensitization to proinflammatory agents (Bhave and Th, 2010). (3) TRPV1 can be activated by phosphorylation protein kinase C (PKC), which is phosphorylated along the PLC-PKC pathway by tryptase and other substances (Mitsuko et al., 2002). (4) The channel can be sensitized by protein kinase A (PKA) pathway activation via monoamine neurotransmitters (Figure 3; Vermeulen et al., 2013).
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FIGURE 3. TRPV1 channel activation and its function in mammalian cell. The TRPV1 can be activated by capsaicin, heat, acidosis, NGF, ethanol phosphorylation PKA and PKC. The activation of TRPV1 induces an influx of extracellular Ca2+, resulting in increased intracellular calcium, and regulates the corresponding physiological and pathological functions.
 

TRPV1 AND DISEASE

TRPV1 and Digestive Diseases

TRPV1 and Gastric Ulcer

Gastric ulcers are the most common type of peptic ulcer, which mainly refers to tissue damage beyond the mucosal muscle layer caused by gastric digestive juice. Traditionally, capsaicin has been considered to have a stimulating effect on the gastrointestinal tract. Oral administration of capsaicin to rats has been reported to cause acute erosive gastritis, which can be inhibited if a histamine H-2 receptor antagonist is administered in advance (Mann, 1977). For patients with gastric ulcers, it is generally recommended to either remove peppers from their diet or eat as little as possible. However, it has been reported that consuming average amounts of capsaicin has a protective effect on the gastric mucosa. Epidemiological studies have demonstrated that the incidence of gastric ulcers in a Singaporean Chinese population is three times lower than that in Indian and Malaysian populations, which is related to the fact that Indians and Malaysians eat more peppers (Kang et al., 1995). Szolcsányi and Barthó (1981) observed that, in an ulcer rat model, the formation of ulcers could be suppressed by injection of a low dose (10 or 50 g/ml) of capsaicin into the rats in advance. Another study further showed that capsaicin perfused into the stomach of rats can inhibit gastric mucosal injury, and the protective effect of capsaicin on gastric mucosa can be weakened after application of Nailhong and chili pepper, both of which are nonselective TRPV1 inhibitors (Horie et al., 2004). At present, the protective mechanism of capsaicin receptor channels on the gastric mucosa remains unclear and may be related to the following factors: (1) TRPV1 can regulate gastric acid secretion. A large amount of calcitonin gene-related peptides (CGRPs) is released after activation of TRPV1 in primary nociceptive nerves by small doses of capsaicin. CGRP has a strong inhibitory effect on irritation caused by gastric acid and pepsin secretion (Andrea et al., 2012). Mózsik et al. (2005) studied the effects of capsaicin on gastric mucosa and gastric acid secretion in 84 healthy subjects and found that the administration of low concentrations of capsaicin inhibited gastric acid secretion. Hirokuni et al. (2012) noted that the dietary TRPV1 agonists capsaicin and 6-gingerol can inhibit gastric acid secretion, and the combination of the two agonists can not only significantly reduce the secretion of gastric acid but also has an additive effect. (2) When TRPV1 is activated, nerve fibers can release substances such as tachykinins that promote gastric motility and accelerate gastric emptying (de Man et al., 2010). Gastric emptying was examined via the 13C-octanoic acid breath test after oral administration of capsaicin in healthy people, and the results showed that the gastric emptying time decreased from 112 ± 15 min to 99 ± 14 min, indicating that capsaicin can significantly accelerate the gastric emptying process (Debreceni et al., 1999). Yoshimura et al. (2016) found that the vagus nerve, which promotes the expression of TRPV1 in the inhibition of motilin by gastric acidification, has a considerable influence on the contractile activity of gastric acid regulating gastric motility. (3) TRPV1 can increase gastric mucosal blood flow. Capsaicin can protect the gastric mucosa by increasing the blood flow of gastric mucosa in rats. A previous study showed that capsaicin itself does not stimulate gastric acid secretion but rather inhibits it; it was also found to stimulate the secretion of alkaline mucus and to increase blood flow to the gastric mucosa, thus helping to prevent and cure ulcers (Satyanarayana, 2006). (4) TRPV1 can promote the secretion of prostaglandins and epidermal growth factor. Endogenous prostaglandin E2 is produced when the gastric mucosa is stimulated by small doses of capsaicin, and this molecule participates in mucosal protection. Epidermal growth factor (EGF), which promotes mucosal growth, is secreted when salivary glands are stimulated by capsaicin in serum (Arai et al., 2003).

However, TRPV1 activation in the sensory nerves of the stomach plays an important role in acute ethanol-mediated gastric mucosal injury. Activating TRPV1 causes the release of SP, which activates neurokinin type 1 receptor (NK1) in gastric epithelial cells, thereby increasing the generation of reactive oxygen species (ROS), the main cytotoxic agent of the gastric mucosa. The production of ROS leads to lipid peroxidation in the cell membrane, and these increased amounts of ROS, together with glutathione depletion and antioxidant enzyme inhibition, which reduce antioxidant defenses, cause gastric mucosal damage (Gazzieri et al., 2007). Moreover, the TRPV1 channel in rodents is a major target for the antinociceptive effect of the probiotic Lactobacillus reuteri DSM 17938 (Perez-Burgos et al., 2015). DSM17938 may decrease TRPV1 receptor expression, inhibiting the effects of ethanol-mediated TRPV1, thereby decreasing ROS levels in the gastric mucosa (Oliveira et al., 2019).

The Relationship of TRPV1 With Functional Dyspepsia and Irritable Bowel Syndrome

Functional dyspepsia (FD) refers to a group of clinical syndromes caused by gastric and duodenal dysfunction, with visceral hypersensitivity being a representative mechanism in its development. In 54 patients with FD, the score of dyspeptic symptoms was significantly increased after taking capsaicin capsules, suggesting that the capsaicin receptor channel is associated with functional dyspepsia (Hammer et al., 2010). At present, the mechanism by which TRPV1 leads to increased visceral sensitivity in patients with FD may be related to the following factors: (1) dephosphorylation of TRPV1 can desensitize visceral sensation, and it can restore sensitivity to capsaicin when TRPV1 is re-phosphorylated (Mandadi et al., 2004). (2) Capsaicin can bind with high affinity to specific compounds that contain SP on the membrane of the primary sensory nerve terminal (He-Bin et al., 2008). (3) CGRP is an inflammatory and pain-inducing primary afferent neurotransmitter that is found in capsaicin-sensitive afferent nerve fibers. The release of CGRP after TRPV1 activation is involved in the regulation of pain sensation (Andrea et al., 2012). (4) Proteolytic enzyme-activated receptor 2 (PAR2) has a modulatory effect on TRPV1 and can increase the sensitivity of cells to TRPV1 agonists (Vergnolle, 2009). Intriguingly, repeated ingestion of capsaicin over a prolonged period reduces the symptoms of FD but initially induces upper abdominal symptoms. Sensitizing chemonociception might be the cause for the initial effects of capsaicin. Symptom reduction after prolonged treatment with capsaicin in dyspeptic patients might be related to the desensitization of the TRPV 1 receptor to capsaicin. Not only the receptor but also the whole nerve fiber that subserves the receptor could become refractory to other nociceptive and mechanical stimuli. Thus, this effect provides a broader modulation of painful and burning symptoms than the effects of specific capsaicin antagonists that inhibit only a specific group of receptors. Therefore, the use of chili, a natural capsaicin agonist, to provide relief to patients with chronic gastrointestinal symptoms may provide a broader effect than specific capsaicin receptor antagonists, which may cause severe side effects by modifying gut symptoms (Fuhrer and Hammer, 2009).

Irritable bowel syndrome (IBS) is a functional bowel disorder that presents with no structural and biochemical abnormalities, and it is clinically characterized by abdominal pain, abdominal distention, alterations in bowel habits, and changes in stool characteristics. The present pathogenesis of IBS remains unclear. Related literature shows that visceral hypersensitivity, resulting from increased signal transmission between dorsal horn neurons and the brain, is a key factor underlying the generation of pain (Shi et al., 2013). The results of that study revealed that the expression of TRPV1 on nerve fibers was significantly upregulated in the colon tissue of patients with IBS, and this upregulation was positively correlated with the severity of abdominal pain. When TRPV1 is phosphorylated after ligand binding, the channel is opened, and cations (mainly Na+ and Ca2+) enter the intracellular space, mediating colonic smooth muscle contraction and promoting the release of neuropeptides and excitatory amino acids such as SP, CGRP, and other gastrointestinal peptides, which ultimately leads to increased visceral sensitivity and gastrointestinal dysfunction, resulting in IBS-related symptoms (Akbar et al., 2010). In contrast, TRPV1 knockout in mice did not result in heat or tactile hyperalgesia, and the sensitivity of colonic expansion stimulation was reduced by approximately 50% (Vardanyan et al., 2009). Pei et al. (2018) also confirmed that acupuncture stimulation can treat IBS by reducing TRPV1 activation by upregulating microRNA-199 expression in colon cells. The current research confirms that the following pathways may be involved in the hypersensitization of TRPV1 to promote the occurrence of IBS: (1) TRPV1 is activated by the PLC/PKC signaling pathway, which mediates the activation of histamine 1 receptor (HRH1) by histamine or histamine metabolites and mediates activation (Premkumar and Ahern, 2000). PLC indirectly sensitizes TRPV1 by chelation with PIP2, which can bind to TRPV1 (Prescott and David, 2003). PKγ in the PKC family plays an important role in the regulation of pain (Jianhua et al., 2015). It has been confirmed in the literature that the PKCγ⁃TRPV1⁃CGRP signaling pathway is vital for the activation, transduction, and regulation of IBS visceral pain signals (El-Salhy, 2015). Previous studies have shown that histamine and serotonin, which are released from the mast cells of the intestine, can also cause visceral hypersensitivity in mice (Cenac et al., 2010). The release of histamine and tryptase after mast cell activation was found to be significantly increased in IBS patients (Cenac et al., 2007). The released tryptase is cleaved and binds a G protein-coupled receptor PAR2 activating phosphatase C (PLC), which can decompose PIP2 on the membrane into diacylglycerol (DAG) and 1,4,5-inositol triphosphate (IP3). The intracellular release of Ca2+ after IP3 activation binds to calmodulin in the cytoplasm, while DAG, with the synergy of calcium ions, can activate PKC and thus mediate TRPV1 phosphorylation (Amadesi et al., 2010; Wickley et al., 2010). The influx of Ca2+ increases when the opening threshold of TRPV1 is decreased, leading to the abnormal perception of visceral pain and eventually leading to the occurrence of visceral hypersensitivity. Wouters et al. (2016) also confirmed that histamine and its metabolites can hypersensitize TRPV1 by activating HRH1 in both clinical trials and in mice. (2) Monoamine neurotransmitters such as dopamine and norepinephrine can be activated by G protein-coupled receptors, which then activate adenosine monophosphate (cAMP) and PKA via adenylate cyclase (AC) (Vermeulen et al., 2013). TRPV1 has a PKA regulatory domain, a binding site for cofactors such as cAMP, Ca2+, etc., which regulates enzyme activity by the binding or dissociation of these cofactors (Rathee et al., 2002). When PKA promotes the phosphorylation of TRPV1, the channel is open, and Ca2+ flows into the intracellular space, mediating colonic smooth muscle contraction and promoting the release of neuropeptides and excitatory amino acids such as SP, CGRP, and other gastrointestinal peptides, which ultimately leads to increased visceral sensitivity and gastrointestinal dysfunction, resulting in IBS-related symptoms (Hughes et al., 2009). (3) NGF is involved in enhancing the expression of TRPV1. In a recent study, bile acid (BA) treatment enhanced the protein expression of TRPV1 in the dorsal root ganglion (DRG), resulting in visceral hypersensitivity (VH). In this study, it was found to increase colonic BA and induce the expression and release of NGF in mast cells, which involves the farnesoid X receptor (FXR)/MKK3/6/p38MAPK/NF-kB signaling pathway. BA-stimulated, MMC-derived NGF mainly acts on the TrkA/TRPV1 axis in DRG neurons. BAs induce VH via mucosal mast cell-to-nociceptor signaling, which involves the farnesoid X receptor-nerve growth factor-transient receptor potential vanilloid 1 axis (Li et al., 2019).

As with FD, the desensitization effects of capsaicin ingestion in IBS patients were demonstrated in two randomized controlled trials (Aniwan and Gonlachanvit, 2014). For instance, the ingestion of chili for 6 weeks (capsaicin 2 mg/day) significantly reduced the abdominal pain and bloating induced by spicy meals compared with placebo (Aniwan and Gonlachanvit, 2014). There has been mounting evidence to support the role of the desensitization of capsaicin receptors in functional gastrointestinal disorders, including FD and IBS. These results also support the use of capsaicin, a natural capsaicin receptor agonist, for the treatment of IBS symptoms. However, further research is still needed to confirm this hypothesis. The results of studies on ghrelin, a brain-gut hormone, indicated that ghrelin exerted an antinociceptive effect that was mediated via TRPV1/opioid systems in IBS-induced visceral hypersensitivity (Mao et al., 2017). Ghrelin has been reported to show antinociceptive effects in peripheral pain. Moreover, TRPV1, κ opioid receptor (KOR) and μ opioid receptor (MOR) are coexpressed in the DRG, cerebral cortex, and colon tissue in a rat model of IBS. Compared with MD (maternal deprivation, a way to establish a stress-induced model of IBS in Wistar rats), the protein and mRNA levels of the opioid receptors KOR and MOR were significantly increased in the ghrelin-treated group, accompanied by a marked reduction in TRPV1 expression. These results suggested that ghrelin upregulates the expression of opioid receptors and subsequently inhibits TRPV1 activation, exerting an antinociceptive effect in IBS-induced VH. These findings indicate that ghrelin could be used as a new treatment for IBS.

Thus far, we know that the expression of TRPV1 in colonic nerve fibers is upregulated in patients with IBS and in patients with inflammatory bowel disease (IBD) (Akbar et al., 2010). Moreover, studies have shown the expression of TRPV1 in intestinal epithelial cells in patients with IBD, but the results regarding the role of TRPV1 in patients with IBD are conflicting. In a study of the expression of TRPV1 in colonic epithelium and its correlation with IBD, Chengxin Luo et al. studied 60 patients from China with active IBD, including 30 patients with ulcerative colitis (UC) and 30 patients with Crohn’s disease (CD). Their results showed that TRPV1 expression was significantly upregulated in the colonic epithelium of IBD patients compared with controls (Chengxin Luo et al., 2017). However, Rizopoulos et al. revealed that the expression of TRPV1 in the intestinal epithelium was reduced in 52 Greek patients (Rizopoulos et al., 2018). Because there is currently little research on TRPV1 in epithelial cells of IBD patients, more research is still needed to confirm the specific role of TRPV1 in IBD to provide a theoretical basis for the use of TRPV1 therapeutic targets in the treatment of IBD.

TRPV1 and Pancreatitis

The pancreas is an organ that has both exocrine and endocrine functions. The normal synthesis, storage, and secretion of digestive enzymes of the pancreatic exocrine glands are essential for maintaining the steady state of the pancreas and exerting its normal physiological functions. Pancreatic injury often initiates conversion of the proenzyme trypsinogen to its active form trypsin. When trypsin exceeds the capacity that endogenous trypsin inhibitors can handle, activation of other zymogens occurs within the pancreas, producing a proteolytic cascade that ultimately causes autodigestion of the gland. Pancreatitis occurs when this destructive process is secondarily accompanied by inflammatory features including cytokine release, vasodilation, edema, and neutrophil infiltration (Steer and Meldolesi, 1988). The neural innervation of the pancreas may play a very important role in initiating and maintaining the inflammatory response caused by pancreatic injury. The pancreas is dominated by sympathetic, parasympathetic neurons, and sensory nerve fibers that modulate the exocrine and endocrine functions of the pancreas. In the activation of pancreatic primary sensory neurons, which contain a number of bioactive transmitters—some of which cause local inflammation—two subpopulations of unmyelinated neurons, known as C and Aδ fibers, are particularly relevant. These fibers contain the tachykinins neurokinin A, neurokinin B, and SP as well as CGRP, glutamate, and adenosine, all of which have proinflammatory actions, resulting in the release of inflammatory neuropeptides to signal pain, and the pancreas itself causes neutrophil infiltration and plasma extravasation and the release of cytokines under noxious stimulation. Some studies have confirmed that SP and CGRP are associated with neurogenic inflammation and that they have the ability to interact with endothelial cells, arterioles, mast cells, and other immune cells to induce vasodilation, edema, and inflammatory cell infiltration (Mantyh et al., 1995). Wick et al. (2006) found that TRPV1 is expressed in nerve fibers close to the pancreatic acinus. Xu et al. (2007) found that the expression and function of TRPV1 were upregulated in a model of induced chronic pancreatitis in rats, and administration of TRPV1 antagonist significantly reduced visceral pain behavior and somatic hyperalgesia in rats with chronic pancreatitis. Previous studies have demonstrated that inflammatory damage can lead to the release of endogenous TRPV1 agonists in the pancreas, thereby activating TRPV1 in the primary sensory nerve, which in turn promotes the release of inflammatory neurotransmitters such as SP and CGRP. The above results indicate that TRPV1 receptor activation is associated with the production of pancreatic inflammation and pain (Shahid et al., 2015).

Acute pancreatitis (AP) is defined as an inflammatory event with self-limiting characteristics. Although abdominal pain is a common symptom of AP, little is known about the mechanism by which pancreatic inflammation activates sensory nerves and then causes pain. Some researchers have confirmed that nerves expressing TRPV1 are involved in neurogenic inflammation during acute pancreatitis (Romac et al., 2008). Nathan et al. (2001) demonstrated that treatment with the TRPV1 antagonist capsazepine significantly reduced the severity of pancreatitis in experimental pancreatitis caused by administration of caerulein, suggesting that TRPV1 mediates the inflammatory process of pancreatitis. Activated TRPV1 mediates the release of SP and CGRP from sensory neurons to induce neurogenic inflammation. SP regulates the release of cytokines to induce plasma extravasation and neutrophil infiltration via activation of NK-1R. By interacting with calcitonin-like receptor (CLR) and receptor activity modifying protein 1 (RAMP1), CGRP can cause arteriolar vasodilatation. These processes contribute to acute pancreatitis (Grady et al., 2000; Warzecha et al., 2001). TRPV1 can be activated directly by lipoxygenase products, including anandamide, heat, LTB4, and hydrogen ions. Indirect activators of TRPV-1 include ethanol, BAs, proteases, and bradykinin, which are important mediators of pancreatic inflammation (Vigna et al., 2014; Shahid et al., 2015). The related literature has demonstrated that pancreatic vacuole and lysosomal compartments have high proton contents under experimental pancreatitis conditions (Niederau and Grendell, 1988). These acidic compartments, when damaged following pancreatic injury, help lower the tissue pH sufficiently to activate TRPV1 at physiologic temperatures. High proton concentrations can also be produced in tissue ischemia, infection, and inflammation (Bevan and Geppetti, 1994). Shahid et al. (2015) demonstrated that administration of caerulein or intraductal BAs in mice leads to the production of LTB4 by pancreatic acinar cells, which activates TRPV1 on primary sensory nerves to induce AP. Vigna et al. (2011) also showed that common pancreaticobiliary duct obstruction causes an increase in pancreatic LTB4 concentrations that in turn mediates TRPV1 activation, resulting in AP in adult rats. These results support the notion that LTB4 mediates the effects of inflammatory agents on TRPV1 activation. In addition, another study indicated that both TRPV1 and TRPA1 contribute to pancreatic inflammation and pain and provided evidence of synergistic interactions between TRPV1 and TRPA1, which are critical for the development of pancreatitis (Schwartz et al., 2011). Moreover, it has been reported that TRPV1-dependent and TRPA1-dependent neurogenic inflammation is required for the transition from AP to chronic pancreatitis (CP) and pain-related behaviors. Once the transition occurs and CP is established, disease progression occurs independent of the activity of the two channels (Schwartz et al., 2013).


Xu et al. (2007) demonstrated that systemic administration of the TRPV1 antagonist SB-366791 markedly reduced both visceral pain behavior and referred somatic hyperalgesia in rats with CP compared with control animals. They concluded that TRPV1 upregulation and sensitization contribute to hyperalgesia in CP and therefore represent a useful target for treating pancreatic inflammatory pain. This finding suggests that TRPV1 also plays an important role in CP, which is an inflammatory disease primarily affecting the exocrine pancreas that is characterized by irreversible, progressive destruction of the organ, resulting in both severe exocrine and endocrine insufficiency. The destruction of the pancreatic parenchyma is accompanied by local infiltration of inflammatory cells. The main symptom of patients with CP is abdominal pain, which is characterized by severe intermittent or long-lasting and persistent pain. There is evidence to support that the pain caused by CP is due to pancreatic neuropathy. Intrapancreatic nerve damage appears to support the maintenance and deterioration of neuropathic pain (Bockman et al., 1988). The perineurium of intrapancreatic nerves is frequently infiltrated by immune cells in CP. The neurolemmal sheaths of the nerves are damaged and thus are no longer able to provide a protective barrier between the axons and the surrounding connective tissue (Bockman et al., 1988). The nerves become increasingly susceptible to harmful substances and cytokines in the extracellular matrix. SP and CGRP have been shown to be involved in this neurogenic inflammation, which can contribute to local inflammation (Weihe et al., 1991). SP regulates the release of cytokines such as TNFa, IL-1, -2, -6, and -8; increases neutrophil extravasation; regulates macrophage attraction and activation; and causes neutrophil chemotaxis and degranulation of mast cells by activating the G protein-coupled neurokinin receptor NK-1R (Santoni et al., 2000). Clinically, patients with CP and elevated NK-1R mRNA levels develop more intense, more frequent, and more persistent pain. The expression of NK-1R in inflammatory cells of CP also reflects the relationship between SP and inflammatory cells (Shrikhande et al., 2001). NGF increases rapidly in inflamed organs via activation of released TNFa, and IL-1b also plays an important role in neurogenic inflammation in CP. NGF can regulate the function of mast cells and macrophages. In addition, NGF can activate TrKA receptors expressed on sensory nerve fibers innervating the site of inflammation (McMahon, 1996). In CP, TRPV1 in intrapancreatic nerves can be activated by intrapancreatic neurotrophic factors, including NGF and artemin, which are overexpressed in pancreatitis (Elitt et al., 2006), resulting in the release of SP and CGRP in the dorsal horn. SP regulates the release of cytokines such as TNFa and IL-1b in inflamed tissues via activation of NK-1R. These cytokines interact with TRPV-1 and further increase NGF levels, resulting in a vicious cycle that allows for the maintenance and deterioration of neuropathic pain in CP.

TRPV1 and Cardiovascular Diseases

TRPV1 and Hypertension

Hypertension is a complex disease caused by genetic and environmental interactions that can lead to changes in the function and structure of the heart and cardiovascular system. Hypertension is mainly characterized by a persistent increase in peripheral vascular tone and abnormal vasomotor function, and it is often accompanied by vascular remodeling and increased vascular resistance. Current research has shown that the TRPV 1 channel is heavily involved in sensing blood pressure fluctuations (Hao et al., 2009, 2011; Li et al., 2014). Immunofluorescence results showed that TRPV1 was expressed in the nerve fibers and terminals in the adventitia of the ascending aorta and aortic arch and afferent fibers in the nodule ganglia (Hao et al., 2009). A study by Hao et al. suggests that a long-term high-salt diet leads to endothelium-dependent relaxation of mesenteric resistance and elevation of nocturnal blood pressure in mice. However, high-salt diet-induced endothelial dysfunction and nocturnal hypertension are reduced after long-term use of capsaicin (Hao et al., 2011). Currently, the mechanism by which TRPV1 regulates blood pressure may be related to the following pathways: (1) when TRPV1 is activated in the nerve fibers that control the cardiovascular system, including the heart and systemic blood vessels, it promotes the release of neuropeptide SP and CGRP, which participate in the regulation of peripheral vasoconstriction and reduce the blood volume by diuresis to lower blood pressure (Alawi and Keeble, 2010; Feng and Wang, 2010). (2) Activation of TRPV1 promotes increased phosphorylation of protein kinase A and nitric oxide synthase as well as endothelial cell synthesis and NO release, dilating blood vessels and ultimately reducing blood pressure (Alawi and Keeble, 2010). (3) TRPV1 can be considered an intravascular mechanosensor that can regulate blood pressure by sensing the changes in mechanical pressure (Alawi and Keeble, 2010; Baylie and Brayden, 2011). (4) TRPV1 can be activated when blood pressure increases throughout the body, thereby activating the WNK1 and SGK1 signaling pathways and resulting in decreased expression of the epithelial sodium channel (α-ENaC), which is crucial to the regulation of renal sodium absorption and systemic blood pressure. This effect reduces the reabsorption of Na+ and water, ultimately reducing cardiac output and systemic vascular pressure (Li et al., 2014). However, the role of TRPV1 in blood pressure regulation is controversial. Ohanyan et al. (2011) found that TRPV1 increases aortic pressure by enhancing endothelin production and activating endothelin A receptor (ETA). Marshall et al. (2013) examined TRPV1 in a high-fat diet mouse model, and the study results showed that the blood pressure of the wild-type mice in the high-fat diet condition was higher than that in TRPV1-knockout mice. The possible causes for the controversy over the role of TRPV1 in regulating blood pressure may be related to the following factors: (1) there are structurally similar spliced proteins that compete with TPRV1 for binding to ligands and inhibit TRPV1 function after translational modification of TRPV1 (Attila et al., 2014). (2) TRPV1 activation by an agonist can reduce the sensitivity of the aortic baroreceptors and thus suppress decompression reflexes. (3) Smooth muscle cells of the coronary arteries only partially react to agonists, making the antihypertensive effect apparent (Czikora et al., 2012). Therefore, further research is needed to determine the effect of TRPV1 on blood pressure regulation.

TRPV1 and Atherosclerosis

Atherosclerosis is a disease characterized by thickening and hardening of the arterial wall, loss of elasticity, and reduction in the lumen. Due to the excessive accumulation of plaque around the arterial wall, blood circulation through these vessels becomes difficult and may eventually lead to the occurrence of cardiovascular disease (Albini et al., 2014). Platelets are thought to play an important role in the pathophysiology of atherosclerosis (Huo and Ley, 2004). Researchers such as Harper AG have found that TRPV1 receptors are present on platelets, which can promote the release of 5-HT and other inflammatory mediators that are beneficial to platelet activation, leading to the formation of atherosclerosis (Harper and Brownlow, 2010). In addition to platelets, the increase in foam cells is also an important event leading to the occurrence of atherosclerotic plaques. The main sources of foam cells are mononuclear macrophages and vascular smooth muscle cells (VSMC) (Rosenfeld and Ross, 1990). Li et al. (2014) provided evidence demonstrating that TRPV1 activation can cause endoplasmic reticulum stress and induce autophagy, which ultimately inhibits the formation of foam cells in VSMCs. Liqun et al. also demonstrated that TRPV1 activation may ameliorate the atherosclerosis caused by a high-fat diet in mice (Liqun et al., 2011). Further studies have found that TRPV1 activation increased the expression of protein kinase A/uncoupling protein 2 (PKA/UCP2) in endothelial cells, ultimately inhibiting mitochondrial dysfunction and attenuating high-fat-diet-induced coronary artery lesions (Xiong et al., 2016). The current mechanisms for TRPV1 agonists to improve atherosclerosis are as follows: (1) Capsaicin, a TRPV1 agonist, regulates lipid metabolism by reducing the accumulation of lipids in cells, indicating that capsaicin may play a role in the prevention of atherosclerosis. Liqun et al. (2011) reported that the number of lipid droplets in VSMCs in the normal group was significantly lower than that in the TRPV 1−/− mice after capsaicin treatment. The activation of the calcineurin and protein kinase A-dependent signaling pathways by calcium ions after activation of TRPV 1 increases the expression of ATP-binding cassette transporter A1 (ABCA1) and decreases the expression of low-density lipoprotein-associated protein-1 (LRP1) to enhance cellular cholesterol efflux and reduce cholesterol influx, ultimately reducing atherosclerosis induced by a high-fat diet in mice. (2) Agonists of TRPV1 promote NO production, which can dilate blood vessels and lower blood pressure, thereby delaying the development of atherosclerosis. Excessive high-fat diet intake can significantly impair coronary vasodilation. However, these effects are extremely exaggerated and are accompanied by increased ROS production and decreased NO production in the endothelium. Supplementation with dietary capsaicin can improve coronary vasodilation induced by a high-fat diet. Scholars have also revealed that capsaicin can promote PKA phosphorylation, reduce mitochondrial ROS production and endothelial mitochondrial dysfunction, and subsequently upregulate UCP2 expression. That is, activation of TRPV1 upregulates the expression of PKA/UCP2 in endothelial cells to reduce free radical production and increase NO release, improves cardiac dysfunction, and prolongs the lifespan of atherosclerotic mice (Xiong et al., 2016). (3) TRPV1 agonists induce the autophagy of smooth muscle cells to engulf lipids, namely, foam cells. A key early event in atherosclerosis is the formation of foam cells, which are cytoplasmic droplets that accumulate cholesterol esters and triglycerides, and autophagy can reduce the accumulation of total cholesterol and cholesterol esters in these cells. Lipid droplets are sent to lysosomes, hydrolyzed to produce free cholesterol, and then secreted (Ouimet et al., 2011).

Relationship Between TRPV1 and Myocardial Ischemia, Repair and Reconstruction After Myocardial Infarction

Myocardial ischemia refers to a decrease in blood perfusion of the heart, which results in a decrease in oxygen supply to the heart, abnormal myocardial energy metabolism, and a pathological condition that does not support the normal functioning of the heart. However, when the heart is reperfused with blood, the degree of tissue damage is further aggravated, and organ function is further deteriorated; that is, ischemia-reperfusion injury occurs. Recent studies have found that TRPV1 may be involved in mechanisms that protect against myocardial ischemia-reperfusion injury (Lihong and Wang, 2005; Qin et al., 2008; Zheng et al., 2015). Studies have shown that TRPV1 exerts protective effects on cardiac function in myocardial ischemia-reperfusion injury, in addition to as a molecular receptor for pain (Lihong and Wang, 2005). TRPV1 channels are expressed on the sensory neurons that innervate the myocardium, ventricles of the heart, epicardial surface of the heart, and VSMCs. Lihong and Wang (2005) found that myocardial injury was more pronounced in isolated TRPV1 knockout mice than in wild-type mouse hearts. Administration of a TRPV1 antagonist (chipin) enhanced myocardial damage in isolated wild-type hearts, suggesting that TRPV1 may have a sustained protective effect on ischemia-reperfusion injury after activation. Studies have found that endogenous SP is involved in mediating myocardial protection after persistent ischemia-reperfusion injury. However, postischemic recovery in the mouse heart was significantly inhibited after the administration of capsaicin, which indicates that TRPV1 activation enhances the release of SP to protect the heart when myocardial ischemia occurs. Wei et al. demonstrated that decreased expression of the metabolic syndrome-dependent TRPV1 channel and reduced CGRP release result in greater ischemic reperfusion injury in isolated mouse hearts (Wei et al., 2009). The current research shows that the protective mechanism of TRPV1 on ischemia-reperfusion injury is as follows: (1) low pH or proteases activate protease-activated receptor 2 (PAR2), which belongs to the G protein-coupled receptor family, to stimulate TRPV1 channels via PKA/PKC signaling and enhance the release of CGRP and SP in order to provide cardioprotective effects (Zhong and Wang, 2009). (2) Eicosanoids and a low pH may also activate the TRPV1 channel and increase intracellular Ca2+ to enhance CGRP and SP release from synaptic vesicles (Qin et al., 2008). CGRP and SP bind to the respective receptors to increase the release of the anti-inflammatory cytokine IL-10, thereby reducing TNF-α levels. Decreased levels of TNF-α can reduce ROS and neutrophil infiltration to attenuate ischemia-reperfusion injury in heart tissues (Lei et al., 2016). (3) Myocardial ischemia results in the release of metabolites such as bradykinin, which activates the TRPV1 receptor in sympathetic afferent fibers to evoke a sympathoexcitatory reflex, thereby transmitting a defense signal for chest pain (Zahner et al., 2003).

Repair after myocardial infarction is a dynamic process that begins with acute inflammation, followed by granulation tissue formation and extracellular matrix deposition. Repair and reconstruction processes overlap each other during this period (Dewald et al., 2005). Transforming growth factor (TGF-β1) is one of the most critical elements of fibrosis and may be the main factor regulating infarct repair. Activated TGF-1 can induce sustained biological effects through downstream Smads after myocardial infarction (Hao et al., 1999). Han et al. (2008) showed that TRPV1 plays a protective role in promoting damage repair after myocardial infarction. Deletion of TRPV1 may result in increased expression of matrix metalloproteinase-2 (MMP-2) and vascular endothelial growth factor. Increased expression of MMP-2, which degrades the extracellular matrix, causes ventricular dilatation and thinning of the ventricular wall and thereby decreases cardiac function. Overexpression of vascular endothelial growth factor produces abnormal vascular proliferation, aggravates ventricular remodeling and deterioration of cardiac function, and ultimately inhibits repair after myocardial infarction. In addition to describing the beneficial effects of TRPV 1 channel activation, a study reported that activation of these channels may also be detrimental. Wang et al. (2014) examined several indicators of cardiac remodeling and function in rats with chronic heart failure (CHF) treated with resin toxin (RTX). Their data show a reduction in chamber size, lower left ventricle end-diastolic pressure, reduced cardiac hypertrophy, and attenuated cardiac fibrosis and apoptosis. Their results demonstrate that selectively deleting TRPV1-expressing cardiac sympathetic afferent reflex afferents elicits protective effects against deleterious cardiac remodeling and autonomic dysfunction in CHF. The reason why their findings are contrary to the results of other researchers may be related to the following factors: RTX not only deletes TRPV1 receptors in cardiac afferents but also damages the nerve endings that express TRPV1 rather than blocking only TRPV1 receptors. The cardiac sympathetic afferent terminals expressing TRPV1 also express many other sensory receptors, such as tachykinins and purinergic receptors. RTX also impairs these sensory receptors following damage to TRPV1-expressing cardiac afferent nerve endings (Zahner et al., 2003). The existence of these factors may lead to the emergence of other results.

Scientists have used various pharmacological agents, including N-oleoyl dopamine, capsaicin, resin toxin, CGRP8-37, RP-67580, capsazepine, and TRPV1 knockout mice (Zhong and Wang, 2008; Cao et al., 2014), to explore the involvement of TRPV1 channels and subsequent CGRP and SP release in ischemia-reperfusion injury and myocardial remodeling. The results indicate that activation of the TRPV1 channel can modulate cardiovascular responses and that these channels can be a promising target for the treatment of cardiovascular disease.

TRPV1 and Respiratory Diseases

Respiratory diseases affect the quality of life of people worldwide. Many researchers have devoted their careers to the study of the pathogenesis of respiratory diseases, including efforts to determine which ion channels are involved in diseases such as asthma, chronic obstructive pulmonary disease (COPD), and chronic cough (Caterina et al., 1997; Jordt and Ehrlich, 2007; Zhu et al., 2009). It has been found that the function and/or expression of TRP channels may be altered in the context of respiratory diseases, including asthma, COPD, and chronic cough respiratory diseases. In this section, we outline the pathophysiological role of TRPV1 in chronic airway diseases such as asthma and COPD.

TRPV1 and Airway Inflammation

TRPV1 is widely distributed in the sensory nerve fibers of the respiratory system, especially in cells with C- and Aδ-type fibers, and is functionally identified as a nociceptor. In the respiratory system, TRPV1 can be activated by a variety of endogenous and exogenous ligands, including capsaicin, resiniferatoxin, and PGE2 citric acid, with low pH. Activation of TRPV1 expressed in sensory neurons leads to an increase in the intracellular Ca2+ concentration and, subsequently, the excitability of cells, thereby promoting the secretion of tachykinin and CGRP in nerve endings, which act on respiratory effector cells such as cholinergic neurons, mucinous gland cells, inflammatory cells, trachea, and VSMCs, resulting in bronchoconstriction, tracheal mucosal edema, inflammatory cell chemotaxis, protein secretion, and other physiological functions (Brozmanova et al., 2012). Therefore, it is currently believed that airway inflammation caused by TRPV1 is mainly “neurogenic inflammation.” In a recent work by Irving H Zucker and his group (Shanks et al., 2018), their data suggested that the pulmonary reflex observed in vagotomized animals is due to signaling through a spinal sympathetic afferent pathway rather than either vagal afferents or through a systemic circulatory effect. They also found that activation of chemosensitive pulmonary spinal afferent nerve fibers by bradykinin and capsaicin can evoke an increase in renal sympathetic nerve activity, mean arterial pressure, and heart rate. These data also confirm that the reflex is mediated by TRPV1 sensory afferents, suggesting the presence of TRPV1 in the excitatory pulmonary chemosensitive sympathetic afferent reflex. This finding may have important clinical implications in pulmonary conditions that induce sensory nerve activation, such as pulmonary inflammation and the inhalation of chemical stimuli. In addition, a potential influence of activation of pulmonary spinal afferents expressing TRPV1 is their contribution to the increased risk of cardiovascular events and a poor prognosis in patients with existing disease. For instance, those suffering from COPD are more likely to have major adverse cardiovascular events from cardiovascular comorbidities than those without COPD (Villar Alvarez et al., 2008; Ooi et al., 2018).

It is also important to note the presence and function of TRPV1 in nonneural cells in the airways, including airway epithelium in the upper and lower respiratory tract, smooth muscle cells, fibroblasts, and T cells (Song and Morice, 2017). Several studies have shown that TRPV1 activation stimulates the release of proinflammatory cytokines from bronchial epithelial cells, including tumor necrosis factor-α, prostaglandin E2, NGF and interleukins (ILs), to promote airway inflammation (Sadofsky et al., 2012; Zholos, 2015). Functional TRPV1 protein has been confirmed in cultured primary bronchial epithelial cells by patch-clamp experiments, and the TRPV1 agonist capsaicin induces dose-dependent release of IL-8, which can be blocked by the antagonist capsazepine (McGarvey et al., 2014). TRPV1 mRNA expression was increased in whole lung tissues from COPD patients compared with those of healthy nonsmokers (Baxter et al., 2014). Moreover, it is overexpressed in the airway epithelium and submucosa of asthmatic patients (McGarvey et al., 2014). These studies indicate that increased TRPV1 expression is associated with the pathophysiology of the disease in both neuropathic and nonneuronal cell types. Investigators have proposed that environmental prototype particulate matter (PM) is sensed by TRPV1 and have shown that RPV1 mediates the induction of several important proinflammatory cytokine/chemokine genes in lung epithelial cells in response to PM (Deering-Rice et al., 2012). Chronic exposure to cigarette smoke (CS) is a key factor in the development of COPD and is thought to cause an inflammatory response in the airway that is characterized by high levels of leukocyte infiltration and the release of inflammatory mediators that drive disease progression and decrease lung function. In a study by Baxter et al., TRPV1 was shown to play a role in CS-induced extracellular ATP release, which facilitates the production of IL-1β and IL-18 (Baxter et al., 2014). These findings provide novel insights into the role of these channels in the generation of PM-induced and CS-induced airway inflammation. Bertin et al. (2014) found that functional TRPV1 is expressed in mouse CD4+T cells, which are activated upon stimulation of the T cell antigen receptor (TCR), contributing to Ca2+ influx and TCR signaling and resulting in T cell activation. These results indicate that TRPV1 plays an important role in the activation of CD4+T cells and the acquisition of inflammatory properties. TRPV1 channels were identified in human monocyte-derived dendritic cells (DCs), the most efficient antigen presenting cells (APCs), which were overexpressed during cytokine-induced in vitro differentiation. The TRPV1 channel appears to be involved in the inhibition of DC maturation and functions, such as bacterial phagocytosis and cytokine secretion (Toth et al., 2009). In contrast, in mouse bone marrow-derived DCs, TRPV1 channel activation induces cell maturation and activation (Basu and Srivastava, 2005). It has also been evidenced that the TRPV1 channel may be involved in the physiology and pathophysiology of inflammation and the immune system. In fact, TRPV1 channels expressed in immune and inflammatory cells mediate different, sometimes opposite, reactions that are currently difficult to assign to specific, coordinated pathways and processes. Therefore, further research is needed to elucidate the signaling mechanism of TRPV1 in modulating immune inflammatory responses, which will contribute to clinical research on the development of novel therapies for inflammatory and immune diseases as well as the appropriate selection of TRPV1 channel agonists and antagonists.

TRPV1 and Cough

Cough is one of the most common symptoms of respiratory diseases, which seriously affects the quality of life of patients. Acute cough (under 8 weeks duration) is usually the result of a viral or bacterial upper respiratory tract infection and is often resolved after the infection has cleared (Irwin et al., 2006). Chronic cough can last for more than 8 weeks and is associated with a variety of respiratory diseases, such as asthma, COPD, and idiopathic pulmonary fibrosis (IPF). These patients can be triggered by innocuous stimuli that lead to uncontrolled cough (Pratter, 2006). When the airway sensory nerve is subjected to changes in the physical and chemical environment and reaches a certain threshold, an action potential is generated that is transmitted from the vagus nerve to the different regions of the medulla, where the reflex is processed. The signal then causes reflex bronchoconstriction through the sympathetic efferent signal or a cough caused by the motor nerve to the larynx, ventilator, and diaphragm. These reflexes are usually protective, but airway reflexes become abnormal in the disease, leading to increased cough symptoms (Pacheco, 2014). The role of various TRP channels, including TRPV4, TRPA1, TRPA1, and TRPV1, in the cough reflex has been known. However, current research has revealed little about the expression of TRPV4 in peripheral sensory neurons that innervate the lungs. Evidence to date suggests that TRPM8 may play a minimal role in airway physiology, with conflicting results reported (Grace et al., 2014). Studies have demonstrated the important role of TRPA1 in the lung defense system (Grace et al., 2012). However, the TRPV1 channel is widely distributed in the respiratory system and has been functionally identified as a nociceptor. Low levels of TRPV1 in the airways indicate its role in airway defense, and studies have shown the role of TRPV1 sensory nerves in normal cough reflexes. Cough induced by substances that activate TRPV1, such as capsaicin and citric acid, in human and animal models is inhibited by TRPV1 antagonists (Grace et al., 2014). Another study has shown that SB705498 ligand, a TRPV1 antagonist, can reduce the sensitivity of cough reflexes to capsaicin (Zhang et al., 2018). Increased expression of TRPV1 in sensory nerves has been demonstrated in patients with chronic cough (Mitchell et al., 2005). Moreover, patients with chronic cough have an increase in sensitivity to capsaicin (Pecova et al., 2008). An increased level of bradykinin is shown in the airways of asthmatic patients, which causes cough after activation of TRPV1 (Grace et al., 2012).

Clinical studies have shown that inhaled corticosteroid or cyclooxygenase 2 inhibitors in asthma patients can decrease the sensitivity of patients to capsaicin (Ishiura et al., 2009; Ekstrand et al., 2011). Human rhinovirus, which is the main cause of the common cold, can contribute to asthma exacerbations. A recent study has shown that rhinovirus has the ability to infect nerve cells, and the infection can lead to an increase in expression of TRPV1 (Abdullah et al., 2014). In addition, another study revealed the relationship between TRPV1 single nucleotide polymorphisms (SNPs) and the protective effects against the presence of wheezing in a group of asthmatic patients (Cantero-Recasens et al., 2010). Several SNPs of TRPV1 have also been shown to be associated with cough symptoms in non-asthmatic patients and increased sensitivity to cough caused by environmental stimuli or smoking (Smit et al., 2012). Patients with COPD also showed increased ATP expression, which causes cough after TRPV1 activation, suggesting that it is possible to increase the release of inflammatory mediators induced by increased levels of ATP, which acts on the TRPV1 channel to enhance the cough response. The current mechanism for TRPV1 leading to cough may be the following: (1) TRPV1 acts as the main cough receptor, and when it is activated by temperature, capsaicin, H+, inflammatory mediators, etc., it mediates the rapid influx of calcium ions and sodium, resulting in the depolarization of neurons and the generation of nerve impulses. Subsequent activation of C-type fibers releases neuropeptides such as SP and CGRP to induce neurogenic inflammation and increase cough sensitivity (Undem and Carr, 2010). (2) Released SP and CGRP can also induce tissue edema and airway smooth muscle contraction, indirectly activating retinoic acid receptors (RARs) to elicit a cough (Arash et al., 2013). (3) The release of inflammatory mediators induced by TRPV1 activation may be a factor in enhancement of the cough reflex. The excess mucus secreted by effector cells after TRPV1 activation in COPD airways may also cause chronic cough through mechanical stimulation (Hogg, 2004).

Relationship Between TRPV1 and Airway Hyperresponsiveness

Airway hyperresponsiveness (AHR) refers to the highly sensitive state of the airway to various stimulating factors, such as allergens, physical and chemical factors, exercise, drugs, etc., which is manifested by an excessive or premature contraction response of the airway when the patient is exposed to these stimuli. AHR is an important factor in the development of asthma. It is generally believed that chronic inflammation of the airway is one of the important mechanisms leading to AHR. When the airway is affected by allergens or other stimuli, a variety of inflammatory cells release inflammatory mediators and cytokines, airway epithelial damage, subepithelial nerve endings, etc., resulting in high airway reactivity. AHR not only occurs in individuals with asthma but also in long-term smokers, individuals with viral upper respiratory tract infections, those with COPD, etc., but the degree of AHR is relatively mild. Although some scholars have ruled out the role of TRPV1 in AHR (Raemdonck et al., 2012), many current results show that TRPV1 plays a role in the development of AHR. Rehman et al. found that TRPV1 inhibitors attenuate AHR and airway remodeling changes in IL-3-induced asthma models (Rehman et al., 2013). The results of their study suggested that TRPV1 plays a vital role in AHR and airway remodeling. Another study using a guinea pig model also showed that the use of TRPV1 inhibitors can reduce airway hyperresponsiveness (Delescluse et al., 2012). In addition, it has been reported that inhibition of the function of TRPV1 can attenuate the response of signaling pathways and alleviate the symptoms of children with chronic asthma (Cantero-Recasens et al., 2010). A recent study also showed that TRPV1 is involved in the development of AHR in response to the chemical sensitizer toluene-2,4-diisocyanate (TDI) (Devos et al., 2016). Numerous studies have shown that the TRPV1 channel located on the airway sensory nerve is activated when subjected to physical or chemical stimulation, leading to the release of CGRP and bradykinin, which acts on effector cells, and thereby activating proinflammatory mediators, followed by airway inflammation and, ultimately, AHR and airway remodeling. At the same time, TRPV1 can be activated by various pro-inflammatory mediators, including lipoxygenase (LOX) metabolites, which creates a positive feedback effect. It has also been confirmed that 15-LOX deficiency either by pharmacological compounds or knockout can alleviate asthma characteristics (Hajek et al., 2008). These findings suggest that alleviation of asthma features by inhibiting the production of 15-LOX may also occur through the reduction in TRPV1 activation.

The role of TRPV1 in pain and cough has been well studied, and it is considered an attractive therapeutic target for pain- and cough-related diseases (McLeod et al., 2008). Several pharmaceutical companies have adopted various therapeutic modalities that have been investigated in animal studies and human clinical trials (Chen et al., 2011). SB705498, a potent selective TRPV1 antagonist, can exert significant antitussive effects and reduce neurogenic inflammation by reducing the expression of potent TRPV1 antagonism, demonstrating superior efficacy and potency in SP and CGRP in a capsaicin-induced cough model of guinea pigs (Zhang et al., 2018). Belvisi et al. also confirmed that XEN-D0501 preclinical and clinical capsaicin challenge studies, which significantly reduced capsaicin-induced cough (Belvisi et al., 2017). Researchers have also injected microcapsules of capsaicin into the commissural nucleus of the solitary nucleus (NTS) of rats to induce a bradypnoeic response, with a tendency toward apnea, but tidal volume was not affected (Geraghty et al., 2011). In the latest study, the application of capsaicin in the medulla had a transient inhibitory effect on the respiratory center and subsequent excitatory effects on the respiratory rhythm and periodical augmentation of the inspiratory burst pattern (Tani et al., 2017). This research provides a theoretical basis for developing new ideas and new therapeutic targets for controlling respiratory disorders. All of these studies have shown that the TRPV1 channel is of great importance as a potential therapeutic target for the treatment of respiratory diseases.

CONCLUSIONS

Undoubtedly, as research on TRPV1 continues, the possibility of TRPV1 becoming a therapeutic target for the treatment of diseases is advanced. Among all TRP channels, TRPV1 antagonists are the most studied in drug development and clinical trials. The mechanisms of action of TRPV1 in the digestive system, respiratory system, and cardiovascular system are continuously being revealed. However, there are still mechanisms that are not fully clarified and are even controversial. However, regardless of the TRPV1 distribution throughout the body, the role of TRPV1 is mainly due to its direct or indirect activation by various ligands, causing intracellular calcium elevation, triggering action potentials, and transmitting nociceptive signals to the nerve center. It can also activate a series of signaling pathways in the cell, resulting in extensive cellular responses to promote the regulation of corresponding physiological and pathological functions. The widespread distribution of TRPV1 throughout the body also represents a challenge, as adverse reactions and off-target effects are a real threat when TRPV1 is used as a therapeutic target. The possibility of adverse unintended effects has limited the development of the use of TRPV1 antagonists. For instance, TRPV1 functions as a thermosensor for hot temperatures. Patients showed significant and long-lasting increases in body temperature after administration of the TRPV1 antagonist AMG517 (Gavva et al., 2008) in Phase 1 and Phase 1b clinical trials and MK-2295 (Xia et al., 2011) in a phase 2A POC trial. These trials were terminated due to safety concerns before its analgesic effect could be determined. Another study on the TRPV1 antagonist AZD1386 for pain relief was discontinued due to elevated liver enzymes. At present, most of the research on TRPV1 is basic science research; only a few studies have clinical relevancy, and research on TRPV1 has mainly focused on chronic pain, while fewer studies have been conducted on its role in other diseases, such as ulcers, hypertension, and some pathological processes, such as airway remodeling and myocardial ischemia. In summary, further research is needed on the structure, characteristics and physiological functions of TRPV1 and its changes in pathological conditions.

AUTHOR CONTRIBUTIONS

CC and XY contributed to the conception of this review and completed figures drawing. QD and QL analyzed literatures and wrote the manuscript. RX and JX revised the manuscript.

FUNDING

This study was supported by research grants from the National Natural Science Foundation of China (No. 81660099 to JX; No. 81770610 to RX).

ACKNOWLEDGMENTS

We thank Professor Biguang Tuo (Department of Gastroenterology, Affiliated Hospital to Zunyi Medical University) for highly professional services.

REFERENCES

Abdullah, H., Heaney, L. G., Cosby, S. L., and McGarvey, L. P. (2014). Rhinovirus upregulates transient receptor potential channels in a human neuronal cell line: implications for respiratory virus-induced cough reflex sensitivity. Thorax 69, 46–54. doi: 10.1136/thoraxjnl-2013-203894


Akbar, A., Yiangou, Y., Facer, P., Brydon, W. G., Walters, J. R., Anand, P., et al. (2010). Expression of the TRPV1 receptor differs in quiescent inflammatory bowel disease with or without abdominal pain. Gut 59, 767–774. doi: 10.1136/gut.2009.194449 

Alawi, K., and Keeble, J. (2010). The paradoxical role of the transient receptor potential vanilloid 1 receptor in inflammation. Pharmacol. Ther. 125, 181–195. doi: 10.1016/j.pharmthera.2009.10.005 

Albini, P. T., Ana Maria, S., Guanghui, L., Minard, C. G., Coselli, J. S., Milewicz, D. M., et al. (2014). Advanced atherosclerosis is associated with increased medial degeneration in sporadic ascending aortic aneurysms. Atherosclerosis 232, 361–368. doi: 10.1016/j.atherosclerosis.2013.10.035 

Amadesi, S., Cottrell, G. S., Divino, L., Chapman, K., Grady, E. F., Bautista, F., et al. (2010). Protease-activated receptor 2 sensitizes TRPV1 by protein kinase Cɛ- and A-dependent mechanisms in rats and mice. J. Physiol. 575, 555–571. doi: 10.1113/jphysiol.2006.111534


Andrea, N., Luana, L., Maurizio, S., and Paolo, M. (2012). CGRP receptor antagonists: an expanding drug class for acute migraine? Expert Opin. Investig. Drugs 21, 807–818. doi: 10.1517/13543784.2012.681044 

Aniwan, S., and Gonlachanvit, S. (2014). Effects of chili treatment on gastrointestinal and rectal sensation in diarrhea-predominant irritable bowel syndrome: a randomized, double-blinded, crossover study. J. Neurogastroenterol. Motil. 20, 400–406. doi: 10.5056/jnm14022 

Arai, K., Ohno, T., Saeki, T., Mizuguchi, S., Kamata, K., Hayashi, I., et al. (2003). Endogenous prostaglandin I2 regulates the neural emergency system through release of calcitonin gene related peptide. Gut 52, 1242–1249. doi: 10.1136/gut.52.9.1242 

Arash, T., Jacob, C., and Feldman, S. R. (2013). Tachyphylaxis to topical glucocorticoids; what is the evidence? Dermatol. Online J. 19, 18954–18964. https://escholarship.org/uc/item/87v5x7hf


Attila, T., Agnes, C., Pásztor, E. T., Beatrix, D., Péter, B., László, C., et al. (2014). Vanilloid receptor-1 (TRPV1) expression and function in the vasculature of the rat. J. Histochem. Cytochem. 62, 129–144. doi: 10.1369/0022155413513589 

Basu, S., and Srivastava, P. (2005). Immunological role of neuronal receptor vanilloid receptor 1 expressed on dendritic cells. Proc. Natl. Acad. Sci. USA 102, 5120–5125. doi: 10.1073/pnas.0407780102


Baxter, M., Eltom, S., Dekkak, B., Yew-Booth, L., Dubuis, E. D., Maher, S. A., et al. (2014). Role of transient receptor potential and pannexin channels in cigarette smoke-triggered ATP release in the lung. Thorax 69, 1080–1089. doi: 10.1136/thoraxjnl-2014-205467 

Baylie, R. L., and Brayden, J. E. (2011). TRPV channels and vascular function. Acta Physiol. 203, 99–116. doi: 10.1111/j.1748-1716.2010.02217.x 

Belvisi, M. G., Birrell, M. A., Wortley, M. A., Maher, S. A., Satia, I., Badri, H., et al. (2017). XEN-D0501, a novel transient receptor potential vanilloid 1 antagonist, does not reduce cough in patients with refractory cough. Am. J. Respir. Crit. Care Med. 196, 1255–1263. doi: 10.1164/rccm.201704-0769OC 

Bertin, S., Aoki-Nonaka, Y., De Jong, P. R., Nohara, L. L., Xu, H., Stanwood, S. R., et al. (2014). The ion channel TRPV1 regulates the activation and proinflammatory properties of CD4(+) T cells. Nat. Immunol. 15, 1055–1063. doi: 10.1038/ni.3009 [Epub 2014/10/05].


Bevan, S., and Geppetti, P. (1994). Protons: small stimulants of capsaicin-sensitive sensory nerves. Trends Neurosci. 17, 509–512. doi: 10.1016/0166-2236(94)90149-X


Bhave, G., and Th, G. R. (2010). Posttranslational mechanisms of peripheral sensitization. Dev. Neurobiol. 61, 88–106. doi: 10.1002/neu.20083


Bockman, D. E., Buchler, M., Malfertheiner, P., and Beger, H. G. (1988). Analysis of nerves in chronic pancreatitis. Gastroenterology 94, 1459–1469. doi: 10.1016/0016-5085(88)90687-7 

Bollimuntha, S., Selvaraj, S., and Singh, B. B. (2011). Emerging roles of canonical TRP channels in neuronal function. Adv. Exp. Med. Biol. 704, 573–593. doi: 10.1007/978-94-007-0265-3_31


Brederson, J. D., Kym, P. R., and Szallasi, A. (2013). Targeting TRP channels for pain relief. Eur. J. Pharmacol. 716, 61–76. doi: 10.1016/j.ejphar.2013.03.003 

Brozmanova, M., Mazurova, L., Ru, F., Tatar, M., and Kollarikb, M. (2012). Comparison of TRPA1-versus TRPV1-mediated cough in guinea pigs. Eur. J. Pharmacol. 689, 211–218. doi: 10.1016/j.ejphar.2012.05.048 

Cantero-Recasens, G., Gonzalez, J. R., Fandos, C., Duran-Tauleria, E., Smit, L. A., Kauffmann, F., et al. (2010). Loss of function of transient receptor potential vanilloid 1 (TRPV1) genetic variant is associated with lower risk of active childhood asthma. J. Biol. Chem. 285, 27532–27535. doi: 10.1074/jbc.C110.159491 

Cao, Z., Balasubramanian, A., and Marrelli, S. P. (2014). Pharmacologically induced hypothermia via TRPV1 channel agonism provides neuroprotection following ischemic stroke when initiated 90 min after reperfusion. Am. J. Physiol. Regul. Integr. Comp. Physiol. 306, R149–R156. doi: 10.1152/ajpregu.00329.2013 

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., and Julius, D. (1997). The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389, 816–824. doi: 10.1038/39807 

Cenac, N., Altier, C., Motta, J. P., D’Aldebert, E., Galeano, S., Zamponi, G. W., et al. (2010). Potentiation of TRPV4 signalling by histamine and serotonin: an important mechanism for visceral hypersensitivity. Gut 59, 481–488. doi: 10.1136/gut.2009.192567 

Cenac, N., Andrews, C. N., Holzhausen, M., Chapman, K., Cottrell, G., Andradegordon, P., et al. (2007). Role for protease activity in visceral pain in irritable bowel syndrome. J. Clin. Investig. 117, 636–647. doi: 10.1172/JCI29255 

Chen, J., Reilly, R. M., Kym, P. R., and Joshi, S. (2011). “In vitro and in vivo assays for the discovery of analgesic drugs targeting TRP channels” in TRP channels. ed. M. X. Zhu (Boca Raton, FL: CRC Press/Taylor & FrancisLlc).


Cheng, X., Jin, J., Hu, L., Shen, D., Dong, X. P., Samie, M. A., et al. (2010). TRP channel regulates EGFR signaling in hair morphogenesis and skin barrier formation. Cell 141, 331–343. doi: 10.1016/j.cell.2010.03.013 

Chengxin Luo, Z. W., Jingxi, M., Zhu, M., Yu, Z., and Hu, Z. (2017). Upregulation of the transient receptor potentialvanilloid 1 in colonic epithelium of patients with active inflammatory bowel disease. Int. J. Clin. Exp. Pathol. 10, 11335–11344. http://www.ijcep.com/files/ijcep0062035.pdf


Czikora, Á., Lizanecz, E., Bakó, P., Rutkai, I., Ruzsnavszky, F., Magyar, J., et al. (2012). Structure-activity relationships of vanilloid receptor agonists for arteriolar TRPV1. Br. J. Pharmacol. 165, 1801–1812. doi: 10.1111/j.1476-5381.2011.01645.x 

de Man, J. G., Boeckx, S., Anguille, S., de Winter, B. Y., de Schepper, H. U., Herman, A. G., et al. (2010). Functional study on TRPV1-mediated signalling in the mouse small intestine: involvement of tachykinin receptors. Neurogastroenterol. Motil. 20, 546–556. doi: 10.1111/j.1365-2982.2007.01064.x


Debreceni, A., Abdel-Salam, O. M. E., Figler, M., Juricskay, I., Szolcsányi, J., and Mózsik, G. (1999). Capsaicin increases gastric emptying rate in healthy human subjects measured by 13 C-labeled octanoic acid breath test. J. Physiol. 93, 455–460. doi: 10.1016/S0928-4257(99)00114-X 

Deering-Rice, C. E., Johansen, M. E., Roberts, J. K., Thomas, K. C., Romero, E. G., Lee, J., et al. (2012). Transient receptor potential vanilloid-1 (TRPV1) is a mediator of lung toxicity for coal fly ash particulate material. Mol. Pharmacol. 81, 411–419. doi: 10.1124/mol.111.076067 

Delescluse, I., Mace, H., and Adcock, J. J. (2012). Inhibition of airway hyper-responsiveness by TRPV1 antagonists (SB-705498 and PF-04065463) in the unanaesthetized, ovalbumin-sensitized guinea pig. Br. J. Pharmacol. 166, 1822–1832. doi: 10.1111/j.1476-5381.2012.01891.x 

Devos, F. C., Boonen, B., Alpizar, Y. A., Maes, T., Hox, V., Seys, S., et al. (2016). Neuro-immune interactions in chemical-induced airway hyperreactivity. Eur. Respir. J. 48, 380–392. doi: 10.1183/13993003.01778-2015 

Dewald, O., Zymek, P., Winkelmann, K., Koerting, A., Ren, G., Abou-Khamis, T., et al. (2005). CCL2/monocyte chemoattractant protein-1 regulates inflammatory responses critical to healing myocardial infarcts. Circ. Res. 96, 881–889. doi: 10.1161/01.RES.0000163017.13772.3a 

Ekstrand, Y., Ternesten-Hasseus, E., Arvidsson, M., Lofdahl, K., Palmqvist, M., and Millqvist, E. (2011). Sensitivity to environmental irritants and capsaicin cough reaction in patients with a positive methacholine provocation test before and after treatment with inhaled corticosteroids. J. Asthma 48, 482–489. doi: 10.3109/02770903.2011.570405 

Eliava, M., Melchior, M., Knobloch-Bollmann, H. S., Wahis, J., Da Silva Gouveia, M., Tang, Y., et al. (2016). A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing. Neuron 89, 1291–1304. doi: 10.1016/j.neuron.2016.01.041 

Elitt, C. M., McIlwrath, S. L., Lawson, J. J., Malin, S. A., Molliver, D. C., Cornuet, P. K., et al. (2006). Artemin overexpression in skin enhances expression of TRPV1 and TRPA1 in cutaneous sensory neurons and leads to behavioral sensitivity to heat and cold. J. Neurosci. 26, 8578–8587. doi: 10.1523/JNEUROSCI.2185-06.2006 

El-Salhy, M. (2015). Recent developments in the pathophysiology of irritable bowel syndrome. World J. Gastroenterol. 21, 7621–7636. doi: 10.3748/wjg.v21.i25.7621


Fan, Y., Xian, X., Bo, H. L., Vu, S., Wei, Y., Yarovyarovoy, V., et al. (2018). The conformational wave in capsaicin activation of transient receptor potential vanilloid 1 ion channel. Nat. Commun. 9, 2879–2887. doi: 10.1038/s41467-018-05339-6 

Feng, G., and Wang, D. H. (2010). Hypotension induced by activation of the transient receptor potential vanilloid 4 channels: role of Ca2+-activated K+ channels and sensory nerves. J. Hypertens. 28, 102–110. doi: 10.1097/HJH.0b013e328332b865 

Fuhrer, M., and Hammer, J. (2009). Effect of repeated, long term capsaicin ingestion on intestinal chemo- and mechanosensation in healthy volunteers. Neurogastroenterol. Motil. 21, 521–527, e7. doi: 10.1111/j.1365-2982.2008.01227.x


Gavva, N. R., Treanor, J. J., Garami, A., Fang, L., Surapaneni, S., Akrami, A., et al. (2008). Pharmacological blockade of the vanilloid receptor TRPV1 elicits marked hyperthermia in humans. Pain 136, 202–210. doi: 10.1016/j.pain.2008.01.024


Gazzieri, D., Trevisani, M., Springer, J., Harrison, S., Cottrell, G. S., Andre, E., et al. (2007). Substance P released by TRPV1-expressing neurons produces reactive oxygen species that mediate ethanol-induced gastric injury. Free Radic. Biol. Med. 43, 581–589. doi: 10.1016/j.freeradbiomed.2007.05.018 

Geraghty, D. P., Mazzone, S. B., Carter, C., and Kunde, D. A. (2011). Effects of systemic capsaicin treatment on TRPV1 and Tachykinin NK(1) receptor distribution and function in the nucleus of the solitary tract of the adult rat. Pharmacology 87, 214–223. doi: 10.1159/000324530 

Grace, M. S., Baxter, M., Dubuis, E., Birrell, M. A., and Belvisi, M. G. (2014). Transient receptor potential (TRP) channels in the airway: role in airway disease. Br. J. Pharmacol. 171, 2593–2607. doi: 10.1111/bph.12538 

Grace, M., Birrell, M. A., Dubuis, E., Maher, S. A., and Belvisi, M. G. (2012). Transient receptor potential channels mediate the tussive response to prostaglandin E2 and bradykinin. Thorax 67, 891–900. doi: 10.1136/thoraxjnl-2011-201443


Grady, E. F., Yoshimi, S. K., Maa, J., Valeroso, D., Vartanian, R. K., Rahim, S., et al. (2000). Substance P mediates inflammatory oedema in acute pancreatitis via activation of the neurokinin-1 receptor in rats and mice. Br. J. Pharmacol. 130, 505–512. doi: 10.1038/sj.bjp.0703343 

Hajek, A. R., Lindley, A. R., Favoreto, S. Jr., Carter, R., Schleimer, R. P., and Kuperman, D. A. (2008). 12/15-Lipoxygenase deficiency protects mice from allergic airways inflammation and increases secretory IgA levels. J. Allergy Clin. Immunol. 122, 633.e3–639.e3. doi: 10.1016/j.jaci.2008.06.021 

Hammer, J., Führer, M., Pipal, L., and Matiasek, J. (2010). Hypersensitivity for capsaicin in patients with functional dyspepsia. Neurogastroenterol. Motil. 20, 125–133. doi: 10.1111/j.1365-2982.2007.00997.x


Han, L., Liu, Q., and Wei, H. (2008). The protective role of transient receptor potential vanilloid subtype 1 in post myocardial infarction healing and remodeling. Chin. Circ. J. 10, 463–466. http://www.en.cnki.com.cn/Article_en/CJFDTotal-ZGXH200806027.htm


Hao, X., Chen, J., Luo, Z., He, H., Yu, H., Ma, L., et al. (2011). TRPV1 activation prevents high-salt diet-induced nocturnal hypertension in mice. Pflugers Arch. 461, 345–353. doi: 10.1007/s00424-011-0921-x 

Hao, S., De-Pei, L., Shao-Rui, C., Hittelman, W. N., and Hui-Lin, P. (2009). Sensing of blood pressure increase by transient receptor potential vanilloid 1 receptors on baroreceptors. J. Pharmacol. Exp. Ther. 331, 851–859. doi: 10.1124/jpet.109.160473 

Hao, J., Ju, H., Zhao, S., Junaid, A., Fleur, S. L., and Dixon, I. M. C. (1999). Elevation of expression of Smads 2, 3, and 4, decorin and TGF-beta in the chronic phase of myocardial infarct scar healing. J. Mol. Cell. Cardiol. 31, 667–678. doi: 10.1006/jmcc.1998.0902 

Harper, A., Brownlow, S., and Sage, S. O. (2010). A role for TRPV1 in agonist-evoked activation of human platelets. J. Thromb. Haemost. 7, 330–338. doi: 10.1111/j.1538-7836.2008.03231.x


He-Bin, T., Yu-Sang, L., Kanako, M., and Yoshihiro, N. (2008). Phosphorylation of TRPV1 by neurokinin-1 receptor agonist exaggerates the capsaicin-mediated substance P release from cultured rat dorsal root ganglion neurons. Neuropharmacology 55, 1405–1411. doi: 10.1016/j.neuropharm.2008.08.037 

Hirokuni, O., Kimihito, T., Kenjiro, M., Takao, N., Katsutoshi, T., and Syunji, H. (2012). Dietary agonists of TRPV1 inhibit gastric acid secretion in mice. Planta Med. 78, 1801–1806. doi: 10.1055/s-0032-1315387 

Hoenderop, J. G., Nilius, B., and Bindels, R. J. (2005). Calcium absorption across epithelia. Physiol. Rev. 85, 373–422. doi: 10.1152/physrev.00003.2004 

Hogg, J. (2004). Peripheral lung remodelling in asthma and chronic obstructive pulmonary disease. Eur. Respir. J. 24, 893–894. doi: 10.1183/09031936.04.00110704 

Horie, S., Yamamoto, H., Michael, G. J., Uchida, M., Belai, A., Watanabe, K., et al. (2004). Protective role of vanilloid receptor type 1 in HCl-induced gastric mucosal lesions in rats. Scand. J. Gastroenterol. 39, 303–312. doi: 10.1080/00365520310008647


Hughes, P. A., Brierley, S. M., Martin, C. M., Liebregts, T., Persson, J., Adam, B., et al. (2009). TRPV1-expressing sensory fibres and IBS: links with immune function. Gut 58, 465–466. doi: 10.1136/gut.2008.161760


Huo, Y., and Ley, K. F. (2004). Role of platelets in the development of atherosclerosis. Trends Cardiovasc. Med. 14, 18–22. doi: 10.1016/j.tcm.2003.09.007 

Irwin, R. S., Glomb, W. B., and Chang, A. B. (2006). Habit cough, tic cough, and psychogenic cough in adult and pediatric populations: ACCP evidence-based clinical practice guidelines. Chest 129, 174s–179s. doi: 10.1378/chest.129.1_suppl.174S


Ishiura, Y., Fujimura, M., Yamamoto, H., Ishiguro, T., Ohkura, N., and Myou, S. (2009). COX-2 inhibition attenuates cough reflex sensitivity to inhaled capsaicin in patients with asthma. J. Investig. Allergol. Clin. Immunol. 19, 370–374. http://www.jiaci.org/summary/vol19-issue5-num512.

Jianhua, S., Xiaoliang, W., Yunfang, M., Jie, C., Houxu, N., Yongjun, P., et al. (2015). Electro-acupuncture decreases 5-HT, CGRP and increases NPY in the brain-gut axis in two rat models of Diarrhea-predominant irritable bowel syndrome(D-IBS). BMC Complement. Altern. Med. 15, 1–7. doi: 10.1186/s12906-015-0863-5


Johnson, D. M., Garrett, E. M., Richard, R., Bonnert, T. P., Ying-Duo, G., Middleton, R. E., et al. (2006). Functional mapping of the transient receptor potential vanilloid 1 intracellular binding site. Mol. Pharmacol. 70, 1005–1012. doi: 10.1124/mol.106.023945 

Jordt, S. E., and Ehrlich, B. E. (2007). TRP channels in disease. Subcell. Biochem. 45, 253–271. doi: 10.1007/978-1-4020-6191-2_9


Kaneko, Y., and Szallasi, A. (2014). Transient receptor potential (TRP) channels: a clinical perspective. Br. J. Pharmacol. 171, 2474–2507. doi: 10.1111/bph.12414 

Kang, J. Y., Yeoh, K. G., Chia, H. P., Lee, H. P., Chia, Y. W., Guan, R., et al. (1995). Chili—protective factor against peptic ulcer? Dig. Dis. Sci. 40, 576–579. doi: 10.1007/BF02064373 

Lambert, G. A., Davis, J. B., Appleby, J. M., Chizh, B. A., Hoskin, K. L., and Zagami, A. S. (2009). The effects of the TRPV1 receptor antagonist SB-705498 on trigeminovascular sensitisation and neurotransmission. Naunyn Schmiedeberg’s Arch. Pharmacol. 380, 311–325. doi: 10.1007/s00210-009-0437-5 

Lei, J., Zhu, F., Zhang, Y., Duan, L., Lei, H., and Huang, W. (2016). Transient receptor potential vanilloid subtype 1 inhibits inflammation and apoptosis via the release of calcitonin gene-related peptide in the heart after myocardial infarction. Cardiology 134, 436–443. doi: 10.1159/000444439 

Li, L., Fei, W., Xing, W., Yi, L., Yuanting, C., Feng, G., et al. (2014). Transient receptor potential vanilloid 1 activation by dietary capsaicin promotes urinary sodium excretion by inhibiting epithelial sodium channel α subunit-mediated sodium reabsorption. Hypertension 64, 397–404. doi: 10.1161/HYPERTENSIONAHA.114.03105 

Li, W. T., Luo, Q. Q., Wang, B., Chen, X., Yan, X. J., Qiu, H. Y., et al. (2019). Bile acids induce visceral hypersensitivity via mucosal mast cell-to-nociceptor signaling that involves the farnesoid X receptor/nerve growth factor/transient receptor potential vanilloid 1 axis. FASEB J. 33, 2435–2450. doi: 10.1096/fj.201800935RR 

Lihong, W., and Wang, D. H. (2005). TRPV1 gene knockout impairs postischemic recovery in isolated perfused heart in mice. Circulation 112, 3617–3623. doi: 10.1161/circulationaha.105.556274


Liqun, M., Jian, Z., Zhigang, Z., Zhidan, L., Shuangtao, M., Jing, S., et al. (2011). Activation of TRPV1 reduces vascular lipid accumulation and attenuates atherosclerosis. Cardiovasc. Res. 92, 504–513. doi: 10.1093/cvr/cvr245 

Luo, X. J., Peng, J., and Li, Y. J. (2011). Recent advances in the study on capsaicinoids and capsinoids. Eur. J. Pharmacol. 650, 1–7. doi: 10.1016/j.ejphar.2010.09.074


Mandadi, S., Numazaki, M., Tominaga, M., Bhat, M. B., Armati, P. J., and Roufogalis, B. D. (2004). Activation of protein kinase C reverses capsaicin-induced calcium-dependent desensitization of TRPV1 ion channels. Cell Calcium 35, 471–478. doi: 10.1016/j.ceca.2003.11.003


Mann, N. S. (1977). Capsaicin induced acute erosive gastritis: its prevention by antacid, metiamide and cimetidine. J. Ky. Med. Assoc. 28, 71–73.


Mantyh, P. W., Demaster, E., Malhotra, A., Ghilardi, J. R., Rogers, S. D., Mantyh, C. R., et al. (1995). Receptor endocytosis and dendrite reshaping in spinal neurons after somatosensory stimulation. Science 268, 1629–1632. doi: 10.1126/science.7539937 

Mao, Y., Li, Z., Chen, K., Yu, H., Zhang, S., Jiang, M., et al. (2017). Antinociceptive effect of Ghrelin in a rat model of irritable bowel syndrome involves TRPV1/opioid systems. Cell. Physiol. Biochem. 43, 518–530. doi: 10.1159/000480478 

Maofu, L., Erhu, C., David, J., and Yifan, C. (2013). Structure of the TRPV1 ion channel determined by electron cryo-microscopy. Nature 504, 107–112. doi: 10.1038/nature12822 

Marshall, N. J., Lihuan, L., Jennifer, B., Cecile, D. B., Manasi, N., Sophie, C. T., et al. (2013). A role for TRPV1 in influencing the onset of cardiovascular disease in obesity. Hypertension 61, 246–252. doi: 10.1161/HYPERTENSIONAHA.112.201434


McCarty, M. F., Dinicolantonio, J. J., and O’Keefe, J. H. (2015). Capsaicin may have important potential for promoting vascular and metabolic health. Open Heart 2:e000262. doi: 10.1136/openhrt-2015-000262 

McGarvey, L. P., Butler, C. A., Stokesberry, S., Polley, L., McQuaid, S., Abdullah, H., et al. (2014). Increased expression of bronchial epithelial transient receptor potential vanilloid 1 channels in patients with severe asthma. J. Allergy Clin. Immunol. 133, 704.e4–712.e4. doi: 10.1016/j.jaci.2013.09.016 

McLeod, R. L., Correll, C. C., Jia, Y., and Anthes, J. C. (2008). TRPV1 antagonists as potential antitussive agents. Lung 186(Suppl. 1), S59–S65. doi: 10.1007/s00408-007-9032-z


McMahon, S. B. (1996). NGF as a mediator of inflammatory pain. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 351, 431–440. doi: 10.1098/rstb.1996.0039 

Mitchell, J. E., Campbell, A. P., New, N. E., Sadofsky, L. R., Kastelik, J. A., Mulrennan, S. A., et al. (2005). Expression and characterization of the intracellular vanilloid receptor (TRPV1) in bronchi from patients with chronic cough. Exp. Lung Res. 31, 295–306. doi: 10.1080/01902140590918803


Mitsuko, N., Tomoko, T., Hidenori, T., and Makoto, T. (2002). Direct phosphorylation of capsaicin receptor VR1 by protein kinase Cepsilon and identification of two target serine residues. J. Biol. Chem. 277, 13375–13378. doi: 10.1074/jbc.C200104200 

Moiseenkova-Bell, V. Y., Stanciu, L. A., Serysheva, I. I., Tobe, B. J., and Wensel, T. G. (2008). Structure of TRPV1 channel revealed by electron cryomicroscopy. Proc. Natl. Acad. Sci. USA 105, 7451–7455. doi: 10.1073/pnas.0711835105


Mózsik, G., Szolcsányi, J., and Rácz, I. (2005). Gastroprotection induced by capsaicin in healthy human subjects. World J. Gastroenterol. 11, 5180–5184. doi: 10.3748/wjg.v11.i33.5180 

Nathan, J. D., Patel, A. A., McVey, D. C., Thomas, J. E., Prpic, V., Vigna, S. R., et al. (2001). Capsaicin vanilloid receptor-1 mediates substance P release in experimental pancreatitis. Am. J. Physiol. Gastrointest. Liver Physiol. 281, G1322–G1328. doi: 10.1152/ajpgi.2001.281.5.G1322


Nersesyan, Y., Demirkhanyan, L., Cabezas-Bratesco, D., Oakes, V., Kusuda, R., Dawson, T., et al. (2017). Oxytocin modulates nociception as an agonist of pain-sensing TRPV1. Cell Rep. 21, 1681–1691. doi: 10.1016/j.celrep.2017.10.063 

Niederau, C., and Grendell, J. H. (1988). Intracellular vacuoles in experimental acute pancreatitis in rats and mice are an acidified compartment. J. Clin. Invest. 81, 229–236. doi: 10.1172/jci113300


Nilius, B., and Owsianik, G. (2011). The transient receptor potential family of ion channels. Genome Biol. 12, 218–229. doi: 10.1186/gb-2011-12-3-218 

Ohanyan, V. A., Guarini, G., Thodeti, C. K., Talasila, P. K., Raman, P., Haney, R. M., et al. (2011). Endothelin-mediated in vivo pressor responses following TRPV1 activation. Am. J. Physiol. Heart Circ. Physiol. 301, 1135–1142. doi: 10.1152/ajpheart.00082.2011


Oliveira, A. P., Souza, L. K. M., Araujo, T. S. L., Araujo, S., Nogueira, K. M., Sousa, F. B. M., et al. (2019). Lactobacillus reuteri DSM 17938 protects against gastric damage induced by ethanol administration in mice: role of TRPV1/substance P axis. Nutrients 11, 208–223. doi: 10.3390/nu11010208


Ooi, H., Chen, L. H., Ni, Y. L., Shen, H. T., Lee, Y. H., Chu, Y. C., et al. (2018). CHA2DS2-VASc scores predict major adverse cardiovascular events in patients with chronic obstructive pulmonary disease. Clin. Respir. J. 12, 1038–1045. doi: 10.1111/crj.12624 

Ouimet, M., Franklin, V., Mak, E., Liao, X., Tabas, I., and Marcel, Y. L. (2011). Autophagy regulates cholesterol efflux from macrophage foam cells via lysosomal acid lipase. Cell Metab. 13, 655–667. doi: 10.1016/j.cmet.2011.03.023 

Pacheco, A. (2014). Chronic cough: from a complex dysfunction of the neurological circuit to the production of persistent cough. Thorax 69, 881–883. doi: 10.1136/thoraxjnl-2014-205661 

Pecova, R., Zucha, J., Pec, M., Neuschlova, M., Hanzel, P., and Tatar, M. (2008). Cough reflex sensitivity testing in in seasonal allergic rhinitis patients and healthy volunteers. J. Physiol. Pharmacol. 59(Suppl. 6), 557–564. doi: 10.2170/physiolsci.RP013108


Pei, L., Chen, H., Guo, J., Chen, L., and Sun, J. (2018). Effect of acupuncture and its influence on visceral hypersensitivity in IBS-D patients: study protocol for a randomized controlled trial. Medicine 97:e10877. doi: 10.1097/MD.0000000000010877 

Peng, J., and Li, Y. J. (2010). The vanilloid receptor TRPV1: role in cardiovascular and gastrointestinal protection. Eur. J. Pharmacol. 627, 1–7. doi: 10.1016/j.ejphar.2009.10.053


Perez-Burgos, A., Wang, L., McVey Neufeld, K. A., Mao, Y. K., Ahmadzai, M., Janssen, L. J., et al. (2015). The TRPV1 channel in rodents is a major target for antinociceptive effect of the probiotic Lactobacillus reuteri DSM17938. J. Physiol. 593, 3943–3957. doi: 10.1113/JP270229 

Pratter, M. R. (2006). Cough and the common cold: ACCP evidence-based clinical practice guidelines. Chest 129, 72s–74s. doi: 10.1378/chest.129.1_suppl.72S


Premkumar, L. S., and Ahern, G. P. (2000). Induction of vanilloid receptor channel activity by protein kinase C. Nature 408, 985–990. doi: 10.1038/35050121


Prescott, E. D., and David, J. (2003). A modular PIP2 binding site as a determinant of capsaicin receptor sensitivity. Science 300, 1284–1288. doi: 10.1126/science.1083646 

Qin, S. L., Liu, S. L., and Wang, R. R. (2008). Protective effect of capsaicin on against myocardial ischemia-reperfusion injury of rat in vivo. Sichuan Da Xue Xue Bao Yi Xue Ban 39, 550–554. https://www.ncbi.nlm.nih.gov/pubmed/?term=Protective+effect+of+capsaicin+on+against+myocardial+ischemia reperfusion+injury+of+rat+in+vivo 

Raemdonck, K., De Alba, J., Birrell, M. A., Grace, M., Maher, S. A., Irvin, C. G., et al. (2012). A role for sensory nerves in the late asthmatic response. Thorax 67, 19–25. doi: 10.1136/thoraxjnl-2011-200365


Rathee, P. K., Distler, C., Obreja, O., Neuhuber, W., Wang, G. K., Wang, S. Y., et al. (2002). PKA/AKAP/VR-1 module: a common link of Gs-mediated signaling to thermal hyperalgesia. J. Neurosci. 22, 4740–4745. doi: 10.1523/JNEUROSCI.22-11-04740.2002 

Rehman, R., Bhat, Y. A., Panda, L., and Mabalirajan, U. (2013). TRPV1 inhibition attenuates IL-13 mediated asthma features in mice by reducing airway epithelial injury. Int. Immunopharmacol. 15, 597–605. doi: 10.1016/j.intimp.2013.02.010 

Rizopoulos, T., Papadaki-Petrou, H., and Assimakopoulou, M. (2018). Expression profiling of the transient receptor potential vanilloid (TRPV) channels 1, 2, 3 and 4 in mucosal epithelium of human ulcerative colitis. Cell 7, 61–70. doi: 10.3390/cells7060061 

Romac, J. M., McCall, S. J., Humphrey, J. E., Heo, J., and Liddle, R. A. (2008). Pharmacologic disruption of TRPV1-expressing primary sensory neurons but not genetic deletion of TRPV1 protects mice against pancreatitis. Pancreas 36, 394–401. doi: 10.1097/mpa.0b013e318160222a


Rosenfeld, M. E., and Ross, R. (1990). Macrophage and smooth muscle cell proliferation in atherosclerotic lesions of WHHL and comparably hypercholesterolemic fat-fed rabbits. Arteriosclerosis 10, 680–687. doi: 10.1161/01.ATV.10.5.680 

Sadofsky, L. R., Ramachandran, R., Crow, C., Cowen, M., Compton, S. J., and Morice, A. H. (2012). Inflammatory stimuli up-regulate transient receptor potential vanilloid-1 expression in human bronchial fibroblasts. Exp. Lung Res. 38, 75–81. doi: 10.3109/01902148.2011.644027


Santoni, G., Perfumi, M. C., Pompei, P., Spreghini, E., Lucciarini, R., Martarelli, D., et al. (2000). Impairment of rat thymocyte differentiation and functions by neonatal capsaicin treatment is associated with induction of apoptosis. J. Neuroimmunol. 104, 37–46. doi: 10.1016/S0165-5728(99)00249-0 

Satyanarayana, M. N. (2006). Capsaicin and gastric ulcers. Crit. Rev. Food Sci. Nutr. 46, 275–328. doi: 10.1080/1040-830491379236 

Schwartz, E. S., Christianson, J. A., Chen, X., La, J. H., Davis, B. M., Albers, K. M., et al. (2011). Synergistic role of TRPV1 and TRPA1 in pancreatic pain and inflammation. Gastroenterology 140, 1283–1291.e1-2. doi: 10.1053/j.gastro.2010.12.033 

Schwartz, E. S., La, J. H., Scheff, N. N., Davis, B. M., Albers, K. M., and Gebhart, G. F. (2013). TRPV1 and TRPA1 antagonists prevent the transition of acute to chronic inflammation and pain in chronic pancreatitis. J. Neurosci. 33, 5603–5611. doi: 10.1523/JNEUROSCI.1806-12.2013 

Shahid, R. A., Vigna, S. R., Layne, A. C., Romac, J. M., and Liddle, R. A. (2015). Acinar cell production of leukotriene B4 contributes to development of neurogenic pancreatitis in mice. Cell. Mol. Gastroenterol. Hepatol. 1, 75–86. doi: 10.1016/j.jcmgh.2014.11.002 

Shanks, J., Xia, Z., Lisco, S. J., Rozanski, G. J., Schultz, H. D., Zucker, I. H., et al. (2018). Sympatho-excitatory response to pulmonary chemosensitive spinal afferent activation in anesthetized, vagotomized rats. Physiol. Rep. 6:e13742. doi: 10.14814/phy2.13742 

Shi, H., Tao, Z., Chen, Y. N., Huang, B., and Jian, W. (2013). Relationship between expression of TPRV1 and TPRV2 and visceral hypersensitivity in rats with irritable bowel syndrome. World Chin. J. Digestol. 21, 4133–4139. doi: 10.11569/wcjd.v21.i36.4133


Shrikhande, S. V., Friess, H., Di Mola, F. F., Tempia-Caliera, A., Conejo Garcia, J. R., Zhu, Z., et al. (2001). NK-1 receptor gene expression is related to pain in chronic pancreatitis. Pain 91, 209–217. doi: 10.1016/S0304-3959(00)00436-X 

Smit, L. A., Kogevinas, M., Anto, J. M., Bouzigon, E., Gonzalez, J. R., Le Moual, N., et al. (2012). Transient receptor potential genes, smoking, occupational exposures and cough in adults. Respir. Res. 13:26. doi: 10.1186/1465-9921-13-26 

Song, W. J., and Morice, A. H. (2017). Cough hypersensitivity syndrome: a few more steps forward. Allergy, Asthma Immunol. Res. 9, 394–402. doi: 10.4168/aair.2017.9.5.394 

Steer, M. L., and Meldolesi, J. (1988). Pathogenesis of acute pancreatitis. Annu. Rev. Med. 39, 95–105. doi: 10.1159/000201525


Stein, A. T., Ufret-Vincenty, C. A., Li, H., Santana, L. F., and Gordon, S. E. (2006). Phosphoinositide 3-kinase binds to TRPV1 and mediates NGF-stimulated TRPV1 trafficking to the plasma membrane. J. Gen. Physiol. 128, 509–522. doi: 10.1085/jgp.200609576 

Summ, O., Holland, P. R., Akerman, S., and Goadsby, P. J. (2011). TRPV1 receptor blockade is ineffective in different in vivo models of migraine. Cephalalgia 31, 172–180. doi: 10.1177/0333102410375626


Szolcsányi, J., and Barthó, L. (1981). Impaired defense mechanism to pepticulcer in the capsacin-desensitized rat. Gastrointest. defence mechanisms 28, 39–51. doi: 10.1016/B978-0-08-027350-1.50009-8


Tani, M., Kotani, S., Hayakawa, C., Lin, S. T., Irie, S., Ikeda, K., et al. (2017). Effects of a TRPV1 agonist capsaicin on respiratory rhythm generation in brainstem-spinal cord preparation from newborn rats. Pflugers Arch. 469, 327–338. doi: 10.1007/s00424-016-1912-8 

Toth, B. I., Benko, S., Szollosi, A. G., Kovacs, L., Rajnavolgyi, E., and Biro, T. (2009). Transient receptor potential vanilloid-1 signaling inhibits differentiation and activation of human dendritic cells. FEBS Lett. 583, 1619–1624. doi: 10.1016/j.febslet.2009.04.031 

Undem, B. J., and Carr, M. J. (2010). Targeting primary afferent nerves for novel antitussive therapy. Chest 137, 177–184. doi: 10.1378/chest.09-1960 

Vardanyan, A., Wang, R., Vanderah, T. W., Ossipov, M. H., Lai, J., Porreca, F., et al. (2009). TRPV1 receptor in expression of opioid-induced hyperalgesia. J. Pain 10, 243–252. doi: 10.1016/j.jpain.2008.07.004


Vergnolle, N. (2009). Protease-activated receptors as drug targets in inflammation and pain. Pharmacol. Ther. 123, 292–309. doi: 10.1016/j.pharmthera.2009.05.004 

Vermeulen, W., De Man, J. G., De Winter, B. Y., and De Schepper, H. U. (2013). Role of TRPV1 and TRPA1 in visceral hypersensitivity to colorectal; distension during experimental colitis in rats. Eur. J. Pharmacol. 698, 404–412. doi: 10.1016/j.ejphar.2012.10.014 

Vigna, S. R., Shahid, R. A., and Liddle, R. A. (2014). Ethanol contributes to neurogenic pancreatitis by activation of TRPV1. FASEB J. 28, 891–896. doi: 10.1096/fj.13-236208 

Vigna, S. R., Shahid, R. A., Nathan, J. D., McVey, D. C., and Liddle, R. A. (2011). Leukotriene B4 mediates inflammation via TRPV1 in duct obstruction-induced pancreatitis in rats. Pancreas 40, 708–714. doi: 10.1097/MPA.0b013e318214c8df 

Villar Alvarez, F., De Miguel Diez, J., and Alvarez-Sala, J. L. (2008). Chronic obstructive pulmonary disease and cardiovascular events. Arch. Bronconeumol. 44, 152–159. doi: 10.1016/s1579-2129(08)60030-0


Wang, H. J., Wang, W., Cornish, K. G., Rozanski, G. J., and Zucker, I. H. (2014). Cardiac sympathetic afferent denervation attenuates cardiac remodeling and improves cardiovascular dysfunction in rats with heart failure. Hypertension 64, 745–755. doi: 10.1161/hypertensionaha.114.03699


Warzecha, Z., Dembinski, A., Ceranowicz, P., Stachura, J., Tomaszewska, R., and Konturek, S. J. (2001). Effect of sensory nerves and CGRP on the development of caerulein-induced pancreatitis and pancreatic recovery. J. Physiol. Pharmacol. 52, 679–704. doi: 10.1016/S0016-5085(00)83779-8


Watanabe, N., Horie, S., Michael, G. J., Keir, S., Spina, D., Page, C. P., et al. (2006). Immunohistochemical co-localization of transient receptor potential vanilloid (TRPV)1 and sensory neuropeptides in the guinea-pig respiratory system. Neuroscience 141, 1533–1543. doi: 10.1016/j.neuroscience.2006.04.073 

Wei, Z., Wang, L., Han, J., Song, J., Yao, L., Shao, L., et al. (2009). Decreased expression of transient receptor potential vanilloid 1 impaires the postischemic recovery of diabetic mouse hearts. Circ. J. 73, 1127–1132. doi: 10.1253/circj.CJ-08-0945 

Weihe, E., Nohr, D., Muller, S., Buchler, M., Friess, H., and Zentel, H. J. (1991). The tachykinin neuroimmune connection in inflammatory pain. Ann. N. Y. Acad. Sci. 632, 283–295. doi: 10.1111/j.1749-6632.1991.tb33116.x 

Wick, E., Hoge, S., Grahn, S. W., Kim, E., Divino, L., Grady, E., et al. (2006). Transient receptor potential vanilloid 1, calcitonin gene-related peptide, and substance P mediate nociception in acute pancreatitis. Am. J. Physiol. Gastrointest. Liver Physiol. 290, 959–969. doi: 10.1152/ajpgi.00154.2005


Wickley, P. J., Ryo, Y., Russell, M. S., Hongyu, Z., Sulak, M. A., and Damron, D. S. (2010). Propofol modulates agonist-induced transient receptor potential vanilloid subtype-1 receptor desensitization via a protein kinase Cepsilon-dependent pathway in mouse dorsal root ganglion sensory neurons. Anesthesiology 113, 833–844. doi: 10.1097/ALN.0b013e3181eaa9a0


Wouters, M. M., Balemans, D., Wanrooy, S. V., Dooley, J., Cibert-Goton, V., Alpizar, Y. A., et al. (2016). Histamine receptor H1–mediated sensitization of TRPV1 mediates visceral hypersensitivity and symptoms in patients with irritable bowel syndrome. Gastroenterology 150, 875.e9–887.e9. doi: 10.1053/j.gastro.2015.12.034 

Xia, R., Dekermendjian, K., Lullau, E., and Dekker, N. (2011). TRPV1: a therapy target that attracts the pharmaceutical interests. Adv. Exp. Med. Biol. 704, 637–665. doi: 10.1007/978-94-007-0265-3_34


Xiong, S., Wang, P., Ma, L., Gao, P., Gong, L., Li, L., et al. (2016). Ameliorating endothelial mitochondrial dysfunction restores coronary function via transient receptor potential vanilloid 1-mediated protein kinase A/uncoupling protein 2 pathway. Hypertension 67, 451–460. doi: 10.1161/HYPERTENSIONAHA.115.06223 

Xu, G. Y., Winston, J. H., Shenoy, M., Yin, H., Pendyala, S., and Pasricha, P. J. (2007). Transient receptor potential vanilloid 1 mediates hyperalgesia and is up-regulated in rats with chronic pancreatitis. Gastroenterology 133, 1282–1292. doi: 10.1053/j.gastro.2007.06.015 

Yoshimura, M., Mikami, T., Kuroda, K., Nishida, M., Ito, K., Mondal, A., et al. (2016). Involvement of transient receptor potential vanilloid receptor 1, (TRPV1)-expressing vagal nerve in the inhibitory effect of gastric acidification on exogenous motilin-induced gastric phase III contractions in Suncus murinus. Dig. Dis. Sci. 61, 1501–1511. doi: 10.1007/s10620-015-4023-z 

Zahner, M. R., Li, D. P., Chen, S. R., and Pan, H. L. (2003). Cardiac vanilloid receptor 1-expressing afferent nerves and their role in the cardiogenic sympathetic reflex in rats. J. Physiol. 551, 515–523. doi: 10.1113/jphysiol.2003.048207 

Zhang, L., Sun, T., Liu, L., and Wang, L. (2018). The research of the possible mechanism and the treatment for capsaicin-induced cough. Pulm. Pharmacol. Ther. 49, 1–9. doi: 10.1016/j.pupt.2017.12.008


Zheng, L. R., Zhang, Y. Y., Han, J., Sun, Z. W., Zhou, S. X., Zhao, W. T., et al. (2015). Nerve growth factor rescues diabetic mice heart after ischemia/reperfusion injury via up-regulation of the TRPV1 receptor. J. Diabetes Complicat. 29, 323–328. doi: 10.1016/j.jdiacomp.2015.01.006 

Zholos, A. V. (2015). TRP channels in respiratory pathophysiology: the role of oxidative, chemical irritant and temperature stimuli. Curr. Neuropharmacol. 13, 279–291. doi: 10.2174/1570159X13666150331223118


Zhong, B., and Wang, D. H. (2008). N-oleoyldopamine, a novel endogenous capsaicin-like lipid, protects the heart against ischemia-reperfusion injury via activation of TRPV1. Am. J. Physiol. Heart Circ. Physiol. 295, H728–H735. doi: 10.1152/ajpheart.00022.2008 

Zhong, B., and Wang, D. H. (2009). Protease-activated receptor 2-mediated protection of myocardial ischemia-reperfusion injury: role of transient receptor potential vanilloid receptors. Am. J. Physiol. Regul. Integr. Comp. Physiol. 297, R1681–R1690. doi: 10.1152/ajpregu.90746.2008


Zhu, G., Gulsvik, A., Bakke, P., Ghatta, S., Anderson, W., Lomas, D. A., et al. (2009). Association of TRPV4 gene polymorphisms with chronic obstructive pulmonary disease. Hum. Mol. Genet. 18, 2053–2062. doi: 10.1093/hmg/ddp111


Conflict of Interest Statement: 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.

Copyright © 2019 Du, Liao, Chen, Yang, Xie and Xu. 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/fphys-10-01064-g003.jpg
NGE  Acid(H)  Heat
Capsaicin

2 Ethanol

. Digestive diseases

(gastric ulcer, dyspepsia, iritable bowel syndrome.
Pancreatitis)

Cardiovascular diseases

(hypertension, atherosclerosis, myocardial ischemia
and repair and reconstruction after myocardial infarction)
Respiratory diseases

(coughing, airway hyperresponsiveness)






OPS/images/fphys-10-01064-g001.jpg
4k Phosphorylation site “\/<, Anchor protein repeats
@ Calmodulinbinding @ ATP binding

@ TRP domain @ Phosphoinositide-binding site





OPS/images/fphys-10-01064-g002.jpg
nerve cell

smooth muscle cell < '
= . ‘i_nnammamry cell

vascular endothehal cells sl epm"um*

# \ o submucosal gland
smooth muscle cell
; nerve cell . “
‘ ¥
< ,
Hea it Lung nerve cell
: . TRPV1
= Pancreas
~—~  Esophagus

nerve cell J ' Intestine

At

esophageal epithelial cell Stomach 1,0, nerve celt

vascular endothelial cells
(=

gastric mucosa
: vascular endothelial cells

} o,
i 7, nerve cell

b





OPS/images/cover.jpg
frontiers
in Physiology

The Role of Transient Receptor Potential
Vanilloid 1 in Common Diseases of the
Digestive Tract and the Cardiovascular

and Respiratory System









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





