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Abstract

:

Cystic fibrosis (CF) is a genetic disorder caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, resulting in defective chloride ion channels. This leads to thick, dehydrated mucus that severely disrupts mucociliary clearance in the respiratory system and triggers infection that eventually is the cause of death of CF patients. Current therapeutic strategies primarily focus on restoring CFTR function, blocking epithelial sodium channels to prevent mucus dehydration, or directly targeting mucus to reduce its viscosity. Among the ion channels expressed in ciliated bronchial epithelial cells, the transient receptor potential vanilloid 4 (TRPV4) channel emerges as a significant channel in CF pathogenesis. Activation of TRPV4 channels affects the regulation of airway surface liquid by modulating sodium absorption and intracellular calcium levels, which indirectly influences CFTR activity. TRPV4 is also involved in the regulatory volume decrease (RVD) process and enhances inflammatory responses in CF patients. Here, we combine current findings on TRPV4 channel modulation as a promising therapeutic approach for CF. Although limited studies have directly explored TRPV4 in CF, emerging evidence indicates that TRPV4 activation can significantly impact key pathological processes in the disease. Further investigation into TRPV4 modulators could lead to innovative treatments that alleviate severe respiratory complications and improve outcomes for CF patients.
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1. Introduction


The human airway is protected by an advanced defense system that maintains lung sterility. Inhaled particles are consistently cleared from the airways via mucociliary clearance (MCC), which is crucial for respiratory health [1]. The MCC system comprises two primary components: mucus secreted by goblet cells and submucosal glands, which trap microbes and debris, and tiny hair-like motile cilia that line the airways and beat in a continuous rhythmic motion. The apical airway surface is lined by a complex airway surface liquid (ASL), consisting of two distinct layers. The upper gel-like mucus layer traps inhaled pathogens, while the underlying less viscous periciliary liquid (PCL) lubricates the airway surface, enabling the cilia to beat efficiently (Figure 1A) [2,3]. Adenosine triphosphate (ATP) is a vital energy source for ciliary motion. Motile cilia are primarily found on the ciliated epithelium lining the respiratory tract, brain ventricles, fallopian tubes, and spinal cord [3,4]. Respiratory cilia are highly specialized hair-like structures primarily composed of microtubule-based organelles originating from basal bodies on the apical membranes of airway epithelial cells [3,5]. Each ciliated airway epithelial cell contains approximately 200–300 cilia.



The structure of a motile cilium includes a microtubule-based axoneme with two single microtubules at the center, surrounded by nine peripheral doublet microtubules, forming a “9 + 2” arrangement. Each outer microtubule pair is equipped with inner and outer dynein arms, which produce the required energy for motility through ATP hydrolysis [3,4,6] (Figure 1B). Motile cilia beat in a coordinated metachronous pattern, facilitating the movement of inhaled debris trapped in the mucus layer out of the airways [7]. The cilium moves forward quickly and forcefully in a power stroke to propel the mucus gel layer. This is followed by a slower recovery phase, during which the cilium bends backward at a 90° angle, moving along the same plane to return to its initial position [2,3]. Defects in ciliary function can severely hinder MCC, leading to various airway diseases such as cystic fibrosis, a classic example of a respiratory disorder resulting from defective MCC [7].



The TRPV4 cation channel, a member of the transient receptor potential (TRP) vanilloid subfamily, plays a crucial role in cell volume homeostasis, medium viscosity, and the regulation of ciliary beat frequency (CBF) in epithelial cells [8,9]. Activated by various stimuli such as heat, mechanical forces, hypo-osmolarity, and arachidonic acid metabolites, TRPV4 integrates multiple environmental signals through its diverse regulatory sites [10]. TRPV4 has demonstrated high druggability, with various chemotypes yielding potent ligands that exhibit oral bioavailability and favorable drug-like characteristics [11]. This channel is essential for the physiology of ciliated epithelia and has been implicated in modulating respiratory function. Understanding the signaling mechanisms that govern TRPV4 function is vital, as it holds potential as a therapeutic target for respiratory diseases, including cystic fibrosis, the most prevalent muco-obstructive disease [12,13].




2. Cystic Fibrosis and CFTR Dysfunction


Cystic fibrosis (CF) is an inherited condition caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. Over 2000 CFTR mutations have been identified, leading to dysregulated ion transport characterized by increased sodium absorption and reduced chloride and bicarbonate secretion into the ASL [14]. This imbalance decreases the water content in both the mucus and periciliary layers, producing thick, sticky mucus that impairs ciliary function [15]. Although infants with CF are born with seemingly normal lungs, they progressively develop chronic lung disease due to impaired mucociliary clearance, resulting in recurrent infections and bronchiectasis [16,17]. Respiratory failure remains the leading cause of mortality in individuals with cystic fibrosis [18]. Cystic fibrosis was considered a fatal childhood disease, with limited treatment options and an inappropriate prognosis [19].



2.1. Advancements in CF Clinical Care


Recent advancements in clinical care have been diverse and impactful. These include earlier diagnosis through the implementation of newborn screening programs, the standardization of airway clearance therapies, and the reduction of malnutrition through effective pancreatic enzyme replacement and a high-energy, high-protein diet [16,20]. In high-income countries, center-based care has become the standard, enabling patients to benefit from the expertise of multidisciplinary teams [21]. Pharmacological interventions now address respiratory symptoms by targeting airway mucus and surface liquid hydration alongside antimicrobial therapies such as antibiotic eradication treatments for early-stage infections and maintenance protocols for chronic infections [15]. Various CFTR modulator compounds and combinations are progressing through the preclinical to clinical development stages [22]. Therefore, dependable screening tools and personalized medicine approaches that can accurately predict drug efficacy are crucial to support translational research and develop individualized treatment plans [14]. Using nasal and bronchial epithelial cultures from individual CF patients for drug testing through in vitro assays, such as electrophysiological measurements of CFTR activity and assessments of ion and fluid movement in organoid cultures, allows for the prediction of patient-specific responses [22]. These patient-derived model systems offer valuable opportunities to forecast drug responses in individual CF patients and are expected to play a key role in advancing precision medicine for this population [14,20,22]. However, the exact significance and accuracy of these models in predicting long-term clinical outcomes have yet to be fully determined. Additionally, despite recent progress with CFTR modulators for cystic fibrosis, the continued development of new mucolytic, anti-inflammatory, and anti-infective therapies remains crucial, particularly for patients with advanced stages of lung disease [20].




2.2. Mechanisms of Mucus Dehydration and Impaired Mucociliary Clearance


A critical function of airway epithelia is to regulate the fluid layer’s volume, pH, and viscosity to ensure normal lung function. This regulation requires the coordinated transport of solutes, ions, and water across airway epithelial cells’ basal and apical surfaces. The apical membrane contains various ion channels, including CFTR, that facilitate transepithelial chloride transport [17,23]. Mutations impairing CFTR function significantly disrupt ion and water transport, causing a range of harmful effects across various organs. The reduced secretion of chloride and bicarbonate in the lungs has several serious consequences [24]. Firstly, the decrease in electrolyte and water secretion results in the dehydration of airway surfaces, which hinders mucociliary clearance [25]. This problem is exacerbated by the increased activity of the epithelial sodium channel (ENaC) in CF airways, a condition partially linked to CFTR malfunction [24]. Secondly, diminished bicarbonate secretion leads to the acidification of the apical surface fluid, which compromises the effectiveness of antibacterial defenses [26]. Thirdly, the reduced bicarbonate secretion impairs the release and expansion of mucins from goblet cells and submucosal glands [24,26]. Although the importance of these alterations is not fully understood, the overall outcome is that the airways of CF patients become obstructed with thick mucus and are colonized by opportunistic bacteria like Pseudomonas aeruginosa, triggering a severe inflammatory response. This ultimately leads to progressive, irreversible structural lung damage and a decline in lung function [15]. In addition to CFTR, airway epithelial cells possess a range of ion, solute, and water transporters that are differentially distributed along the apicobasal axis. Channels for sodium, chloride, calcium, and potassium play essential roles in maintaining lung homeostasis (Figure 2) [23,27]. The importance of these channels is underlined by the fact that disruptions in epithelial ion transport, which alter fluid composition, are implicated in various human diseases [23].



More than two decades ago, functional studies uncovered that airway epithelial cells possess an additional mechanism for chloride secretion that operates independently of CFTR [28]. When cells were stimulated with calcium agonists such as UTP or ATP, both in vitro and in vivo (using nasal epithelia), there was a significant increase in chloride transport. This response was believed to be due to the calcium-dependent activation of a chloride channel distinct from CFTR, as it was also observed in patients with cystic fibrosis [29]. The discovery of this alternative chloride channel in airway epithelial cells led to clinical studies exploring the stimulation of calcium-dependent chloride secretion through the aerosol administration of denufosol [28]. Potassium channels also play a crucial role in various essential lung functions, including oxygen sensing, inflammatory responses, chloride transport enhancement, and respiratory epithelium repair [30]. The basolateral potassium channel also regulates sodium absorption, and a reduction in sodium absorption in the lungs has been associated with improvements in muco-obstructive diseases. These ion channels and transporters are crucial for transepithelial ion transport and play significant roles in lung function. This includes members of the TRP family [27,31,32].





3. TRP Channels in Cystic Fibrosis


The transient receptor potential (TRP) multigene superfamily channels were originally discovered in Drosophila as phototransduction proteins. This action led to the identification of a large family of proteins (Figure 3) [33,34]. There are 28 mammalian TRP channels, which are divided into seven subfamilies: TRPA (ankyrin), TRPM (melastatin), TRPC (canonical), TRPV (vanilloid), TRPP (polycystin), TRPML (mucolipin), and TRPN (NOMPC-like). The latter is found only in invertebrates and fish [17,35,36].



TRP channels are involved in a variety of sensory responses, such as heat, cold, pain, stress, vision, and taste, and can be triggered by numerous stimuli. Their primary presence on the cell surface, interaction with various physiological signaling pathways, and distinctive structure make TRP channels probable for drug targets. This involvement suggests their potential to treat a broad spectrum of diseases [37]. TRP ion channels are broadly expressed in various tissues and cell types and are involved in diverse physiological processes, such as the sensation of different stimuli or ion homeostasis [38]. TRP channels are nonselective cation channels, only a few are highly Ca2+-selective, and some are permeable for Mg2+ ions. The TRP channel family can be activated by different mechanisms, from ligand binding, voltage, and changes in temperature to covalent modifications of nucleophilic residues [34]. When TRP channels are activated, they cause the cellular membrane to depolarize, subsequently triggering voltage-dependent ion channels and alterations in intracellular Ca2+ levels. Consequently, TRP channels are essential for functioning in intracellular organelles such as endosomes and lysosomes [39]. TRP gene mutation has been linked to various pathological states, including pain, skeletal dysplasia, lung diseases, and neurodegenerative disorders [40,41]. Targeting the TRP channels may offer new therapeutic approaches for related diseases [28].



In lung diseases, TRPA1, TRPC4, TRPC6, TRPM2, TRPM8, TRPV1, and TRPV4 are the TRP channels most abundantly expressed in lung tissues (Figure 3) [36]. TRP channels play a crucial role in maintaining cellular ion homeostasis, particularly for Ca2+ and Na+ that are vital for various functions in respiratory tract cells. Additionally, TRP channels may help detect and defend against harmful substances in inhaled air [42]. Many TRP channels are present in immune cells, where they regulate functions such as cytokine expression, migration, and phagocytic activity [12]. In the epithelial layer, the expression of TRP channels is significant in the pathogenesis of inflammatory disorders, primarily through the control of chemokine and cytokine expression and release. TRPA1 channels, for example, were found to modulate the inflammatory response in CF bronchial epithelia exposed to planktonic bacteria or mucopurulent material, mimicking P. aeruginosa infection [12,43]. TRPC6 channels in respiratory diseases are also involved in various cell types, such as macrophages, neutrophils, and smooth muscle cells. In CF human airway epithelial cells, TRPC6-mediated Ca2+ influx was significantly increased compared to non-CF cells when exposed to a diacylglycerol analog that activates TRPC6, highlighting the significance of these channels in CF [44].




4. TRPV4 Channel’s Structure and Functions


The TRPV4 cation channel, a member of the transient receptor potential (TRP) vanilloid subfamily, plays a crucial role in cell volume homeostasis [45], medium viscosity regulation [46], and the modulation of ciliary beat frequency [47]. The TRPV family, involving TRPV1 through TRPV6, consists of polymodal channels that can sense thermal, acidic, mechanical stress, and osmotic stimuli (Table 1) [48]. TRPV4 channels respond to various stimuli and are activated by heat, mechanical stimuli, hypo-osmolarity, and arachidonic acid metabolites [49]. Activation of TRPV4 increases intracellular calcium levels, which enhances ciliary beat frequency [50]. This mechanism can help alleviate obstructive pulmonary diseases, highlighting the potential of TRPV4 as a therapeutic target in cystic fibrosis [10].



4.1. Molecular Structure of TRPV4


Structural insights gained from cryo-EM and X-ray studies have significantly enhanced our understanding of TRPV4 channel mechanisms [63]. In the human TRPV4 homotetramer, each subunit consists of 871 residues and is organized into two distinct layers [64]. The bottom layer, known as the cytoplasmic layer, includes the protein’s amino- and carboxyl-terminal regions [63]. The top layer, or transmembrane region, consists of six helices (Figure 4). The first four α-helices (S1–S4) form a voltage sensor-like domain (VSLD), similar to those found in other tetrameric voltage-gated ion channels (VGICs) [65], while the cation-permeable pore is located between S5 and S6 [49]. Figure 4 depicts a subunit of the TRPV4 channel, highlighting key structural features [66]. The N-terminus comprises six ankyrin repeat domains and a proline-rich domain (PRD) that is vital for the channel’s mechanosensitive functions [67]. The C-terminus includes calmodulin-binding domains necessary for Ca2+-dependent activation and a PDZ domain (PSD95/SAP90-Discs-large-Zonula-occludentes-1), which likely facilitates interactions with PDZ-domain proteins. TRPV4 is activated within a temperature range of 24 to 42 °C [68] and functions as a nonselective cation channel, exhibiting a permeability sequence of Ca2+ > Mg2+ > K+ ≈ Cs+ ≈ Rb+ > Na+ > Li+ [13]. The cryo-electron microscopy (cryo-EM) structures [69] of human transient receptor potential vanilloid 4 (hTRPV4) have provided valuable insights into the architecture and function of this ion channel (Figure 5). Co-crystallization and crystal soaking techniques have been employed to examine TRPV4 in complexes with various ions, including Cs+ and Ba2+ [63]. These studies have highlighted the structural features of TRPV channels, demonstrating the importance of using complementary methods to explore ligand interactions [70]. Comparisons between the cryo-EM structures of TRPV4 and other TRP channels have revealed both similarities and unique features [71]. Cryo-EM has emerged as a powerful technique for high-resolution visualization of TRPV4 channels, offering valuable insights into ion permeation, ligand binding, and gating mechanisms, which will be further explained in the following sections.




4.2. Physiological Roles of TRPV4 in Respiratory Epithelium


Over the past two decades, extensive research has been conducted on TRPV4 channels across a variety of diseases, with a particular emphasis on their role in the respiratory system. TRPV4 has emerged as a promising therapeutic target, offering significant potential for the development of novel treatments [72]. TRPV4 is an ion channel essential for several physiological processes, including the maintenance of the alveoli–capillary barrier [72,73,74], osmolarity sensing [75], chronic rhinosinusitis, thermoregulation [76], and mechanosensation in the vascular endothelium [72]. Its expression is notably upregulated in severe respiratory and cardiovascular conditions such as pulmonary hypertension, cystic fibrosis, asthma, and chronic obstructive pulmonary disease (COPD) [77]. TRPV4 is expressed in various lung tissues, such as pulmonary artery smooth muscle cells (PASMCs) [78], vascular endothelium, tracheal airway epithelial cells [79], and bronchial epithelial cilia [80]. TRPV4 plays a vital role in controlling pulmonary blood flow, ensuring fluid balance, and modulating immune responses, all of which are crucial for proper respiratory function [72]. The activation of TRPV4 is crucial in regulating respiration, primarily through the indirect stimulation of bronchopulmonary sensory neurons [81]. Research also suggests that TRPV4 channels play a key role in maintaining the lung alveoli–capillary barrier, which is linked to lung edema and injury. This barrier is essential for gas exchange, controlling permeability, clearing fluids, and protecting against infections [77]. This can highlight the critical role of TRPV4 in respiratory physiology and its potential as a therapeutic target in the treatment of lung diseases (see Table 2).



TRPV4 serves multiple physiological roles in the respiratory epithelium, including TRPV4 regulating calcium levels in respiratory epithelial cells and impacting key processes like ciliary beat frequency, which is crucial for clearing mucus and debris from the airways [50,85]. Its activation also promotes nitric oxide (NO) production in response to bacterial lipopolysaccharides (LPSs), which helps reduce inflammation and supports bronchodilation [86,88]. TRPV4 is vital for maintaining the alveolar epithelial barrier, preventing lung edema, and is involved in inflammatory signaling pathways.



These functions highlight the importance of TRPV4 in respiratory health and its potential as a therapeutic target in various pulmonary diseases.





5. TRPV4 Modulation in CF


Cystic fibrosis, the most common inherited disease affecting respiratory cilia, is caused by mutations in the CFTR gene, leading to impaired electrolyte balance and severe respiratory complications, including mucociliary dysfunction and eventually respiratory failure [15,89,90]. Despite the critical role of cilia in CF pathology, molecular studies of ciliated cells in human airways remain limited [17]. CF is characterized by impaired mucociliary clearance due to thick, dehydrated mucus that cilia cannot effectively clear from the airways, leading to recurrent infections and, eventually, respiratory failure [15,91]. This pathology results from the dysfunction of the CFTR chloride channel, which disrupts ion balance by reducing Cl- secretion and increasing Na+ absorption through the epithelial sodium channel (ENaC), resulting in the dehydration of the ASL and production of viscous mucus [17,90,92]. Multiple studies have explored potential therapeutic strategies for CF, including restoring CFTR function [93], blocking ENaC [94,95,96], and reducing mucus viscosity [97]. Here, we present the various effects of TRPV4 modulation in CF.



5.1. TRPV4 and CBF Regulations


TRPV4 channels, expressed in the ciliated respiratory epithelium, are particularly important in regulating CBF, a key factor in mucociliary transport [98]. In CF epithelial cells, TRPV4-dependent calcium influx is reduced in response to hypotonic conditions [84,99]. Although airway surface dehydration is the primary cause of impaired mucociliary clearance in CF, enhancing CBF via TRPV4 activation is emerging as a potential therapeutic strategy [79,88]. Notably, tracheal epithelial cells lacking TRPV4 show decreased CBF in response to specific stimuli, suggesting that TRPV4 activation may improve mucociliary clearance [80]. However, its impact on CF outcomes requires further investigation.




5.2. TRPV4’s Role in Restoring the Regulatory Volume Decrease (RVD) Process


Regulation of cell volume is critical for maintaining cellular homeostasis. In hypotonic environments, cells swell due to osmosis, but many vertebrate cells counter this through a process known as regulatory volume decrease (RVD). TRPV4 may be involved in osmoregulation by responding to hypotonic stimuli with Ca2+ conductance. Becker et al. have shown that TRPV4 activation can restore the regulatory volume decrease (RVD) process [45], which is compromised in CF airways. To investigate TRPV4’s role in volume regulation, a TRPV4-EGFP fusion protein was expressed in CHO cells that normally lack TRPV4 and cannot undergo RVD in hypotonic conditions [45]. Fluorescence imaging confirmed that TRPV4 localized to the cell membrane. Expression of TRPV4 enabled CHO cells to perform typical RVD following hypo-osmolarity-induced swelling. This RVD response was significantly reduced by in a Ca2+-free environment, indicating that TRPV4 directly contributes to RVD [45].




5.3. TRPV4 Modulates Inflammatory Responses in CF


TRPV4 activation has been linked to the modulation of inflammatory responses in CF, potentially contributing to both therapeutic effects and inflammatory complications [43,84]. Using both cellular and animal models, Henry et al. found that epithelial TRPV4 plays a key role in triggering the production of major proinflammatory mediators and recruiting neutrophils in lung tissues [100]. Additionally, they discovered that TRPV4-dependent signaling is disrupted in a CF environment. TRPV4 activation in epithelial cells triggers the secretion of proinflammatory cytokines and lipid mediators, such as IL-8 and prostaglandin E2, particularly in response to bacterial endotoxins [100,101]. This inflammatory response is further increased when CFTR function is inhibited, highlighting the complex role of TRPV4 in CF pathology [84].




5.4. TRPV4 Activates CFTR Channels in CF Airway Epithelia


TRPV4 channels are found in the airways, specifically in smooth muscles, the alveolar wall, lung tissue, and lungs. TRPV4 channels respond to stimuli such as moderate heat, hypotonic stress, phorbol esters, and arachidonic acid metabolites, increasing intracellular calcium levels and influencing mucociliary function and inflammation [102,103,104]. TRPV4 stimulation increased intracellular Ca2+, which activated CFTR channels in bronchial epithelial cells under normal physiological conditions [105]. 4α-phorbol esters have been demonstrated to activate TRPV4, leading to increases in intracellular Ca2+ levels, which in turn affects the activity of other ion channels, including CFTR [72,99]. This interaction between TRPV4 and CFTR is significant in various physiological processes, particularly in epithelial cells, where the regulation of Na+ and Cl- transport is crucial [23,103]. It was also found that activating the TRPV4 by GSK1016790A produced concentration-dependent calcium responses in TRPV4-expressing HEK293 and 16HBE cells, and the TRPV4 antagonist HC067047 caused a rightward shift of the GSK1016790A concentration–response curves [50]. These findings suggest that TRPV4 channels play a crucial role in regulating intracellular calcium levels, which in turn modulates CFTR channel activity in airway epithelial cells. This mechanism could have significant implications for understanding and potentially treating cystic fibrosis.





6. Pharmacological Modulators of TRPV4


Over the past decade, TRPV4 has emerged as a promising pharmacological target, with significant progress in developing potent and selective modulators. Understanding the druggability of TRPV4 channels and their ligands is essential for developing therapies in various medical fields such as oncology, cardiovascular diseases, and respiratory diseases. Although TRPV4 shows promising therapeutic potential, its druggability depends on the development of specific and effective ligands [41]. While biophysical and biochemical studies have advanced our understanding of TRPV4’s gating mechanisms and modulators [11,106,107], more structural studies are needed to clarify modulator binding sites, mutations, and functional changes [108]. Recently, a human TRPV4 structure has shown that certain compounds bind in a common region, the vanilloid pocket, located within a cytosol-facing cavity between the S1–S4 helices and the TRP box (Figure 5) [109,110]. The hTRPV4 cavity is primarily composed of aromatic and polar residues, with polar side chains concentrated near the top of the transmembrane helix and aromatic rings centrally positioned [64]. This arrangement allows various ligands, both agonists and antagonists, to enter and stably bind within the cavity [69]. The identification of selective and potent TRPV4 antagonists has enhanced our understanding of the functions of TRPV4 and was crucial for advancing therapies targeting this channel [111]. The first synthetic TRPV4-selective agonist identified was 4α-PDD, which has shown efficacy in activating TRPV4 without triggering protein kinase C (PKC) activity, a common side effect in related compounds (Table 3) [112]. Site-directed mutagenesis experiments suggested that 4α-PDD binds within a pocket between the S3 and S4 helices, with key residues Y556, L584, W586, Y591, and R594 playing crucial roles in TRPV4 gating dependent on 4α-PDD [113]. Advances in TRPV4 structural studies reveal that the agonist shares the same binding site as 4α-PDD [114]. GSK1016790A, a highly potent and selective activator, effectively induces TRPV4-mediated calcium influx and enhances ciliary activity in airway epithelial cells [115]. GSK1016790A is also extensively used in pharmacological research to explore TRPV4 activation [116]. Endogenous activators, including oxidative metabolites of arachidonic acid like 5,6-epoxyeicosatrienoic acid, further demonstrate TRPV4’s therapeutic potential [117]. RN-1734 was found to be selective for TRPV4 and could thus be a valuable pharmacological tool for TRPV4 studies [106].



Recent cryo-EM structures suggest that these agonists share the same ligand-binding site as synthetic antagonists [69]. In recent years, several TRPV4 inhibitors have been developed, including HC-067047, RN-1734, RN-9893, GSK2193874, PF-05214030, GSK2798745, and GSK3491943 (Table 3) [118]. The structure shows that the HC-067047 molecule is positioned within the vanilloid pocket, surrounded by residues shared with the agonists 4α-PDD and GSK1016790A [69]. Functional assays further confirmed the importance of these residues for HC-067047 binding, as alanine substitutions at these sites significantly reduced the compound’s inhibitory effect [69]. GSK2798745 is the first TRPV4 inhibitor to undergo clinical trial evaluation aimed at treating pulmonary edema associated with congestive heart failure [119]. Early-phase trials have shown that GSK2798745 is safe and well-tolerated in humans [119,120]. The variability in efficacy among different TRPV4 modulators, such as the lower potency of 4α-PDD compared to GSK1016790A, highlights the importance of continual research on new compounds, and research into the pharmacokinetics, safety, and efficacy of these modulators will be crucial in translating these findings into clinical practice. As this review highlights the complex role of TRPV4 activation in CF, some studies highlight the potential benefits of TRPV4 activation [80,81,82,83], while others suggest that inhibiting TRPV4 could significantly reduce lung inflammation [100]. Their evidence indicates that TRPV4 exacerbates the inflammatory response in CF, contributing to tissue damage via dysregulated signaling pathways. One study mentions that TRPV4’s dual role in mechanosensation and immune regulation, termed “mechanoimmunology”, implicates it in both barrier function and immune responses [121]. This intersection of mechanical and immune functions could provide new therapeutic insights for managing CF, though the full extent of TRPV4’s involvement is yet to be understood.



 





Table 3. Small molecules of TRPV4.






Table 3. Small molecules of TRPV4.





	Activators
	Chemical Structure
	Species
	pEC50 (µM)
	Remarks
	References



	GSK1016790A
	[image: Ijms 25 10551 i001]
	Human

Mouse
	8.7

7.7
	A potent and selective TRPV4 activator induces Ca2+ influx
	[113,122,123]



	4α-PDD
	[image: Ijms 25 10551 i002]
	Human
	6.5
	Known to activate TRPV4; it increases the ciliary beat frequency
	[72,123,124]



	RN-1747
	[image: Ijms 25 10551 i003]
	Human

Mouse

Rat
	6.1

5.4

5.4
	Selective TRPV4 agonist
	[106,123]



	Inhibitors
	Chemical Structure
	Species
	IC50 (nM)
	Remarks
	References



	GSK2798745
	[image: Ijms 25 10551 i004]
	Human

Rat
	1.8

1.6
	A potent inhibitor and selective and orally active TRPV4 ion channel
	[119,120,125]



	HC-067047
	[image: Ijms 25 10551 i005]
	Human

Rat

Mouse
	48

133

17
	A potent and selective TRPV4 inhibitor
	[126]



	GSK2193874
	[image: Ijms 25 10551 i006]
	Human

Rat
	40

2
	A potent, orally active, and selective TRPV4 blocker
	[127]



	PF-05214030
	[image: Ijms 25 10551 i007]
	Human

Rat
	4

27
	A TRPV4 inhibitor
	[118,128]











7. Conclusions and Future Perspectives


TRPV4 channels play a crucial physiological role in the airway epithelium, particularly in CBF regulation and mucus clearance, which are essential processes for maintaining healthy lung function. However, current research on the specific modulation of TRPV4 in airway epithelial cells remains limited. In this review, we combined current research on TRPV4 channel modulation and its impact on the regulation of CBF in the airway epithelium. This offers valuable insights into mucus clearance mechanisms in CF and highlights the potential of TRPV4 as a therapeutic target for enhancing airway clearance in CF patients. Given the potential effects, further studies are necessary to fully elucidate the role of TRPV4 in airway physiology and its therapeutic potential. This could guide new treatments aimed at enhancing airway clearance and improving the quality of life for patients with cystic fibrosis.
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	Adenosine triphosphate (ATP)



	Airway surface liquid (ASL)



	Big conductance Ca2+-activated K+ (BK)



	Calcium (Ca2+)



	Cystic fibrosis (CF)



	Cystic fibrosis transmembrane conductance regulator (CFTR)



	Ciliary beat frequency (CBF)



	Calcium-dependent chloride channel (CaCC)



	Chronic obstructive pulmonary disease (COPD)



	Epithelial sodium channels (ENac)



	Magnesium (Mg2+)



	Mucociliary clearance (MCC)



	Periciliary liquid (PCL)



	Potassium (K+)



	Pulmonary artery smooth muscle cells (PASMCs)



	Regulatory volume decrease (RVD)



	Transmembrane helices (TMs)



	Transient receptor potential vanilloid (TRPV)



	Voltage sensor-like domain (VSLD)



	Voltage-gated ion channels (VGICs)



	Wild type (WT)







References


	



Vanaki, S.M.; Holmes, D.; Saha, S.C.; Chen, J.; Brown, R.J.; Jayathilake, P.G. Muco-ciliary clearance: A review of modelling techniques. J. Biomech. 2020, 99, 109578. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, W.F. The cell biological basis of ciliary disease. J. Cell Biol. 2008, 180, 17–21. [Google Scholar] [CrossRef] [PubMed]

	



Kuek, L.E.; Lee, R.J. First contact: The role of respiratory cilia in host-pathogen interactions in the airways. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 319, L603–L619. [Google Scholar] [CrossRef]

	



Joskova, M.; Mokry, J.; Franova, S. Respiratory Cilia as a Therapeutic Target of Phosphodiesterase Inhibitors. Front. Pharmacol. 2020, 11, 609. [Google Scholar] [CrossRef]

	



Cao, Y.; Chen, M.; Dong, D.; Xie, S.; Liu, M. Environmental pollutants damage airway epithelial cell cilia: Implications for the prevention of obstructive lung diseases. Thorac. Cancer 2020, 11, 505–510. [Google Scholar] [CrossRef]

	



Horani, A.; Ferkol, T.W. Understanding Primary Ciliary Dyskinesia and Other Ciliopathies. J. Pediatr. 2021, 230, 15–22.e1. [Google Scholar] [CrossRef] [PubMed]

	



Mall, M.A. Role of Cilia, Mucus, and Airway Surface Liquid in Mucociliary Dysfunction: Lessons from Mouse Models. J. Aerosol Med. Pulm. Drug Deliv. 2008, 21, 13–24. [Google Scholar] [CrossRef]

	



TRPV4 Activation Triggers Protective Responses to Bacterial Lipopolysaccharides in Airway Epithelial Cells|Nature Communi-Cations n.d. Available online: https://www.nature.com/articles/s41467-017-01201-3 (accessed on 31 July 2024).

	



Alenmyr, L.; Uller, L.; Greiff, L.; Högestätt, E.D.; Zygmunt, P.M. TRPV4-Mediated Calcium Influx and Ciliary Activity in Human Native Airway Epithelial Cells. Basic Clin. Pharmacol. Toxicol. 2014, 114, 210–216. [Google Scholar] [CrossRef] [PubMed]

	



Rosenbaum, T.; Benítez-Angeles, M.; Sánchez-Hernández, R.; Morales-Lázaro, S.L.; Hiriart, M.; Morales-Buenrostro, L.E.; Torres-Quiroz, F. TRPV4: A Physio and Pathophysiologically Significant Ion Channel. Int. J. Mol. Sci. 2020, 21, 3837. [Google Scholar] [CrossRef]

	



Lawhorn, B.G.; Brnardic, E.J.; Behm, D.J. Recent advances in TRPV4 agonists and antagonists. Bioorganic Med. Chem. Lett. 2020, 30, 127022. [Google Scholar] [CrossRef] [PubMed]

	



Grebert, C.; Becq, F.; Vandebrouck, C. Focus on TRP channels in cystic fibrosis. Cell Calcium 2019, 81, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Adapala, R.K.; Katari, V.; Teegala, L.R.; Thodeti, S.; Paruchuri, S.; Thodeti, C.K. TRPV4 Mechanotransduction in Fibrosis. Cells 2021, 10, 3053. [Google Scholar] [CrossRef] [PubMed]

	



Paranjape, S.M.; Mogayzel, P.J. Cystic fibrosis in the era of precision medicine. Paediatr. Respir. Rev. 2018, 25, 64–72. [Google Scholar] [CrossRef] [PubMed]

	



Ong, T.; Ramsey, B.W. Cystic Fibrosis: A Review. JAMA 2023, 329, 1859–1871. [Google Scholar] [CrossRef] [PubMed]

	



Bierlaagh, M.C.; Muilwijk, D.; Beekman, J.M.; van der Ent, C.K. A new era for people with cystic fibrosis. Eur. J. Pediatr. 2021, 180, 2731–2739. [Google Scholar] [CrossRef]

	



Tilley, A.E.; Walters, M.S.; Shaykhiev, R.; Crystal, R.G. Cilia dysfunction in lung disease. Annu. Rev. Physiol. 2015, 77, 379–406. [Google Scholar] [CrossRef]

	



McBennett, K.A.; Davis, P.B.; Konstan, M.W. Increasing life expectancy in cystic fibrosis: Advances and challenges. Pediatr. Pulmonol. 2021, 57, S5–S12. [Google Scholar] [CrossRef]

	



Dickinson, K.M.; Collaco, J.M. Cystic Fibrosis. Pediatr. Rev. 2021, 42, 55–67. [Google Scholar] [CrossRef]

	



Bell, S.C.; Mall, M.A.; Gutierrez, H.; Macek, M.; Madge, S.; Davies, J.C.; Burgel, P.-R.; Tullis, E.; Castaños, C.; Castellani, C.; et al. The future of cystic fibrosis care: A global perspective. Lancet Respir. Med. 2020, 8, 65–124. [Google Scholar] [CrossRef]

	



Bhowmik, A.; Chahal, K.; Austin, G.; Chakravorty, I. Improving mucociliary clearance in chronic obstructive pulmonary disease. Respir. Med. 2009, 103, 496–502. [Google Scholar] [CrossRef]

	



Gentzsch, M.; Mall, M.A. Ion Channel Modulators in Cystic Fibrosis. Chest 2018, 154, 383–393. [Google Scholar] [CrossRef] [PubMed]

	



Bartoszewski, R.; Matalon, S.; Collawn, J.F. Ion channels of the lung and their role in disease pathogenesis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2017, 313, L859–L872. [Google Scholar] [CrossRef]

	



Collawn, J.F.; Matalon, S. CFTR and lung homeostasis. Am. J. Physiol. Lung Cell Mol. Physiol. 2014, 307, L917–L923. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Vega, G.; Guequén, A.; Philp, A.R.; Gianotti, A.; Arzola, L.; Villalón, M.; Zegarra-Moran, O.; Galietta, L.J.; Mall, M.A.; Flores, C.A. Lack of Kcnn4 improves mucociliary clearance in muco-obstructive lung disease. JCI Insight 2020, 5, e140076. [Google Scholar] [CrossRef] [PubMed]

	



Kunzelmann, K.; Schreiber, R.; Hadorn, H.B. Bicarbonate in cystic fibrosis. J. Cyst. Fibros. 2017, 16, 653–662. [Google Scholar] [CrossRef]

	



Genovese, M.; Borrelli, A.; Venturini, A.; Guidone, D.; Caci, E.; Viscido, G.; Gambardella, G.; di Bernardo, D.; Scudieri, P.; Galietta, L.J. TRPV4 and purinergic receptor signalling pathways are separately linked in airway epithelia to CFTR and TMEM16A chloride channels. J. Physiol. 2019, 597, 5859–5878. [Google Scholar] [CrossRef] [PubMed]

	



Mall, M.A.; Galietta, L.J.V. Targeting ion channels in cystic fibrosis. J. Cyst. Fibros. Off. J. Eur. Cyst. Fibros. Soc. 2015, 14, 561–570. [Google Scholar] [CrossRef]

	



Knowles, M.R.; Clarke, L.L.; Boucher, R.C. Activation by Extracellular Nucleotides of Chloride Secretion in the Airway Epithelia of Patients with Cystic Fibrosis. N. Engl. J. Med. 1991, 325, 533–538. [Google Scholar] [CrossRef] [PubMed]

	



Orfali, R.; AlFaiz, A.; Rahman, M.A.; Lau, L.; Nam, Y.-W.; Zhang, M. KCa2 and KCa3.1 Channels in the Airways: A New Therapeutic Target. Biomedicines 2023, 11, 1780. [Google Scholar] [CrossRef]

	



Nilius, B.; Owsianik, G. The transient receptor potential family of ion channels. Genome Biol. 2011, 12, 218. [Google Scholar] [CrossRef] [PubMed]

	



Doerner, J.F.; Delling, M.; Clapham, D.E. Ion channels and calcium signaling in motile cilia. eLife 2015, 4, e11066. [Google Scholar] [CrossRef] [PubMed]

	



Dietrich, A. Modulators of Transient Receptor Potential (TRP) Channels as Therapeutic Options in Lung Disease. Pharmaceuticals 2019, 12, 23. [Google Scholar] [CrossRef] [PubMed]

	



Nilius, B. TRP channels in disease. Biochim. et Biophys. Acta (BBA)—Mol. Basis Dis. 2007, 1772, 805–812. [Google Scholar] [CrossRef] [PubMed]

	



Premkumar, L.S. Transient Receptor Potential Channels as Targets for Phytochemicals. ACS Chem. Neurosci. 2014, 5, 1117–1130. [Google Scholar] [CrossRef] [PubMed]

	



Dietrich, A.; Steinritz, D.; Gudermann, T. Transient receptor potential (TRP) channels as molecular targets in lung toxicology and associated diseases. Cell Calcium 2017, 67, 123–137. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Ma, Y.; Ye, X.; Zhang, N.; Pan, L.; Wang, B. TRP (transient receptor potential) ion channel family: Structures, biological functions and therapeutic interventions for diseases. Signal Transduct. Target. Ther. 2023, 8, 1–38. [Google Scholar] [CrossRef]

	



Rather, M.A.; Khan, A.; Wang, L.; Jahan, S.; Rehman, M.U.; Makeen, H.A.; Mohan, S. TRP channels: Role in neurodegenerative diseases and therapeutic targets. Heliyon 2023, 9, e16910. [Google Scholar] [CrossRef]

	



Gees, M.; Colsoul, B.; Nilius, B. The Role of Transient Receptor Potential Cation Channels in Ca2+ Signaling. Cold Spring Harb. Perspect. Biol. 2010, 2, a003962. [Google Scholar] [CrossRef]

	



Yue, L.; Xu, H. TRP channels in health and disease at a glance. J. Cell Sci. 2021, 134, jcs258372. [Google Scholar] [CrossRef]

	



Koivisto, A.-P.; Belvisi, M.G.; Gaudet, R.; Szallasi, A. Advances in TRP channel drug discovery: From target validation to clinical studies. Nat. Rev. Drug Discov. 2022, 21, 41–59. [Google Scholar] [CrossRef]

	



Müller, I.; Alt, P.; Rajan, S.; Schaller, L.; Geiger, F.; Dietrich, A. Transient Receptor Potential (TRP) Channels in Airway Toxicity and Disease: An Update. Cells 2022, 11, 2907. [Google Scholar] [CrossRef] [PubMed]

	



Prandini, P.; De Logu, F.; Fusi, C.; Provezza, L.; Nassini, R.; Montagner, G.; Materazzi, S.; Munari, S.; Gilioli, E.; Bezzerri, V.; et al. Transient Receptor Potential Ankyrin 1 Channels Modulate Inflammatory Response in Respiratory Cells from Patients with Cystic Fibrosis. Am. J. Respir. Cell Mol. Biol. 2016, 55, 645–656. [Google Scholar] [CrossRef] [PubMed]

	



Transient Receptor Potential Canonical Channel 6 Links Ca2+ Mishandling to Cystic Fibrosis Transmembrane Conductance Regu-Lator Channel Dysfunction in Cystic Fibrosis—PubMed n.d. Available online: https://pubmed.ncbi.nlm.nih.gov/20203293/ (accessed on 2 August 2024).

	



Becker, D.; Blase, C.; Bereiter-Hahn, J.; Jendrach, M. TRPV4 exhibits a functional role in cell-volume regulation. J. Cell Sci. 2005, 118, 2435–2440. [Google Scholar] [CrossRef]

	



Mendoza, S.A.; Fang, J.; Gutterman, D.D.; Wilcox, D.A.; Bubolz, A.H.; Li, R.; Suzuki, M.; Zhang, D.X. TRPV4-mediated endothelial Ca2+ influx and vasodilation in response to shear stress. Am. J. Physiol. Heart Circ. Physiol. 2009, 298, H466–H476. [Google Scholar] [CrossRef] [PubMed]

	



Goldenberg, N.M.; Ravindran, K.; Kuebler, W.M. TRPV4: Physiological role and therapeutic potential in respiratory diseases. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2015, 388, 421–436. [Google Scholar] [CrossRef]

	



Reyes-García, J.; Carbajal-García, A.; Montaño, L.M. Transient receptor potential cation channel subfamily V (TRPV) and its importance in asthma. Eur. J. Pharmacol. 2022, 915, 174692. [Google Scholar] [CrossRef]

	



Achanta, S.; Jordt, S. Transient receptor potential (TRP) channels in pulmonary chemical injuries and as countermeasure targets. Ann. N. Y. Acad. Sci. 2020, 1480, 73–103. [Google Scholar] [CrossRef]

	



Nabissi, M.; Marinelli, O.; Morelli, M.B.; Nicotra, G.; Iannarelli, R.; Amantini, C.; Santoni, G.; Maggi, F. Thyme extract increases mucociliary-beating frequency in primary cell lines from chronic obstructive pulmonary disease patients. Biomed. Pharmacother. 2018, 105, 1248–1253. [Google Scholar] [CrossRef]

	



Xiao, T.; Sun, M.; Zhao, C.; Kang, J. TRPV1: A promising therapeutic target for skin aging and inflammatory skin diseases. Front. Pharmacol. 2023, 14, 1037925. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, W.R.; Mancino, A.; Moss, F.R.; Frost, A.; Julius, D.; Cheng, Y. Structural basis of TRPV1 modulation by endogenous bioactive lipids. Nat. Struct. Mol. Biol. 2024, 31, 1377–1385. [Google Scholar] [CrossRef]

	



Omar, S.; Clarke, R.; Abdullah, H.; Brady, C.; Corry, J.; Winter, H.; Touzelet, O.; Power, U.F.; Lundy, F.; McGarvey, L.P.A.; et al. Data from: Respiratory virus infection up-regulates TRPV1, TRPA1 and ASICS3 receptors on airway cells. PLoS ONE 2017, 12, e0171681. [Google Scholar] [CrossRef] [PubMed]

	



The Emerging Role of Transient Receptor Potential Channels in Chronic Lung Disease|European Respiratory Society n.d. Available online: https://erj.ersjournals.com/content/50/2/1601357 (accessed on 3 August 2024).

	



McGarvey, L.P.; Butler, C.A.; Stokesberry, S.; Polley, L.; McQuaid, S.; Abdullah, H.; Ashraf, S.; McGahon, M.K.; Curtis, T.M.; Arron, J.; et al. Increased expression of bronchial epithelial transient receptor potential vanilloid 1 channels in patients with severe asthma. J. Allergy Clin. Immunol. 2014, 133, 704–712.e4. [Google Scholar] [CrossRef] [PubMed]

	



Siveen, K.S.; Nizamuddin, P.B.; Uddin, S.; Al-Thani, M.; Frenneaux, M.P.; Janahi, I.A.; Steinhoff, M.; Azizi, F. TRPV2: A Cancer Biomarker and Potential Therapeutic Target. Dis. Markers 2020, 2020, 8892312. [Google Scholar] [CrossRef]

	



TRPV2 Transient Receptor Potential Cation Channel Subfamily V Member 2 [Homo Sapiens (Human)]—Gene—NCBI n.d. Available online: https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=51393 (accessed on 3 August 2024).

	



Lei, J.; Tominaga, M. Unlocking the therapeutic potential of TRPV3: Insights into thermosensation, channel modulation, and skin homeostasis involving TRPV3. BioEssays 2024, 46, 2400047. [Google Scholar] [CrossRef]

	



TRPV3 Transient Receptor Potential Cation Channel Subfamily V Member 3 [Homo Sapiens (Human)]—Gene—NCBI n.d. Available online: https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=162514 (accessed on 3 August 2024).

	



Ürel-Demir, G.; Şimşek-Kiper, P.; Öncel, I.; Utine, G.E.; Haliloğlu, G.; Boduroğlu, K. Natural history of TRPV4-Related disorders: From skeletal dysplasia to neuromuscular phenotype. Eur. J. Paediatr. Neurol. 2021, 32, 46–55. [Google Scholar] [CrossRef]

	



Peng, J.-B.; Suzuki, Y.; Gyimesi, G.; Hediger, M.A. TRPV5 and TRPV6 Calcium-Selective Channels. In Calcium Entry Channels in Non-Excitable Cells; Kozak, J.A., Putney, J.W., Eds.; CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2018. [Google Scholar]

	



Wang, Y.; Deng, X.; Zhang, R.; Lyu, H.; Xiao, S.; Guo, D.; Ali, D.W.; Michalak, M.; Zhou, C.; Chen, X.-Z.; et al. The TRPV6 Calcium Channel and Its Relationship with Cancer. Biology 2024, 13, 168. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.; Paknejad, N.; Maksaev, G.; Sala-Rabanal, M.; Nichols, C.G.; Hite, R.K.; Yuan, P. Cryo-EM and X-ray structures of TRPV4 reveal insight into ion permeation and gating mechanisms. Nat. Struct. Mol. Biol. 2018, 25, 252–260. [Google Scholar] [CrossRef]

	



TRPV4: Molecular Conductor of a Diverse Orchestra|Physiological Reviews n.d. Available online: https://journals.physiology.org/doi/full/10.1152/physrev.00016.2015 (accessed on 29 September 2024).

	



Arcos-Hernández, C.; Nishigaki, T. Ion currents through the voltage sensor domain of distinct families of proteins. J. Biol. Phys. 2023, 49, 393–413. [Google Scholar] [CrossRef] [PubMed]

	



Rajan, S.; Schremmer, C.; Weber, J.; Alt, P.; Geiger, F.; Dietrich, A. Ca2+ Signaling by TRPV4 Channels in Respiratory Function and Disease. Cells 2021, 10, 822. [Google Scholar] [CrossRef]

	



D’HOedt, D.; Owsianik, G.; Prenen, J.; Cuajungco, M.P.; Grimm, C.; Heller, S.; Voets, T.; Nilius, B. Stimulus-specific Modulation of the Cation Channel TRPV4 by PACSIN 3. J. Biol. Chem. 2008, 283, 6272–6280. [Google Scholar] [CrossRef] [PubMed]

	



Shibasaki, K. TRPV4 activation by thermal and mechanical stimuli in disease progression. Lab Invest. 2020, 100, 218–223. [Google Scholar] [CrossRef] [PubMed]

	



Structure of Human TRPV4 in Complex with GTPase RhoA|Nature Communications n.d. Available online: https://www.nature.com/articles/s41467-023-39346-z (accessed on 19 September 2024).

	



Goretzki, B.; Glogowski, N.A.; Diehl, E.; Duchardt-Ferner, E.; Hacker, C.; Gaudet, R.; Hellmich, U.A. Structural Basis of TRPV4 N Terminus Interaction with Syndapin/PACSIN1-3 and PIP2. Structure 2018, 26, 1583–1593.e5. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Yu, Y.; Yang, J. Structural Biology of TRP Channels. Adv. Exp. Med. Biol. 2011, 704, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, M.; Zaman, M.d.K.; Das, S.; Goyary, D.; Pathak, M.P.; Chattopadhyay, P. Transient Receptor Potential Vanilloid (TRPV4) channel inhibition: A novel promising approach for the treatment of lung diseases. Biomed. Pharmacother. 2023, 163, 114861. [Google Scholar] [CrossRef] [PubMed]

	



Morty, R.E.; Kuebler, W.M. TRPV4: An exciting new target to promote alveolocapillary barrier function. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 307, L817–L821. [Google Scholar] [CrossRef] [PubMed]

	



Transient Receptor Potential Vanilloid 4–Mediated Disruption of the Alveolar Septal Barrier|Circulation Research n.d. Available online: https://www.ahajournals.org/doi/full/10.1161/01.RES.0000247065.11756.19 (accessed on 11 August 2024).

	



Yang, X.-R.; Lin, A.H.Y.; Hughes, J.M.; Flavahan, N.A.; Cao, Y.-N.; Liedtke, W.; Sham, J.S.K. Upregulation of osmo-mechanosensitive TRPV4 channel facilitates chronic hypoxia-induced myogenic tone and pulmonary hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 2012, 302, L555–L568. [Google Scholar] [CrossRef]

	



Nishimoto, R.; Derouiche, S.; Eto, K.; Deveci, A.; Kashio, M.; Kimori, Y.; Matsuoka, Y.; Morimatsu, H.; Nabekura, J.; Tominaga, M. Thermosensitive TRPV4 channels mediate temperature-dependent microglia movement. Proc. Natl. Acad. Sci. USA 2021, 118, e2012894118. [Google Scholar] [CrossRef]

	



Endothelial TRPV4 Channels in Lung Edema and Injury—PMC n.d. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9744595/ (accessed on 12 August 2024).

	



Xia, Y.; Fu, Z.; Hu, J.; Huang, C.; Paudel, O.; Cai, S.; Liedtke, W.; Sham, J.S.K. TRPV4 channel contributes to serotonin-induced pulmonary vasoconstriction and the enhanced vascular reactivity in chronic hypoxic pulmonary hypertension. Am. J. Physiol. Cell Physiol. 2013, 305, C704–C715. [Google Scholar] [CrossRef]

	



TRPV4 Channels Are Essential for Alveolar Epithelial Barrier Function as Protection from Lung Edema—PMC n.d. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605532/ (accessed on 11 August 2024).

	



Lorenzo, I.M.; Liedtke, W.; Sanderson, M.J.; Valverde, M.A. TRPV4 channel participates in receptor-operated calcium entry and ciliary beat frequency regulation in mouse airway epithelial cells. Proc. Natl. Acad. Sci. USA 2008, 105, 12611–12616. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Q.D.; Moss, C.R.; Kettelhut, K.L.; Gilbert, C.A.; Hu, H. Activation of TRPV4 Regulates Respiration through Indirect Activation of Bronchopulmonary Sensory Neurons. Front. Physiol. 2016, 7, 65. [Google Scholar] [CrossRef]

	



Heathcote, H.R.; Lee, M.D.; Zhang, X.; Saunter, C.D.; Wilson, C.; McCarron, J.G. Endothelial TRPV4 channels modulate vascular tone by Ca2+-induced Ca2+ release at inositol 1,4,5-trisphosphate receptors. Br. J. Pharmacol. 2019, 176, 3297–3317. [Google Scholar] [CrossRef] [PubMed]

	



Filosa, J.A.; Yao, X.B.; Rath, G. TRPV4 and the Regulation of Vascular Tone. J. Cardiovasc. Pharmacol. 2013, 61, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Scheraga, R.G.; Southern, B.D.; Grove, L.M.; Olman, M.A. The Role of TRPV4 in Regulating Innate Immune Cell Function in Lung Inflammation. Front. Immunol. 2020, 11, 1211. [Google Scholar] [CrossRef]

	



Li, J.; Kanju, P.; Patterson, M.; Chew, W.L.; Cho, S.-H.; Gilmour, I.; Oliver, T.; Yasuda, R.; Ghio, A.; Simon, S.A.; et al. TRPV4-Mediated Calcium Influx into Human Bronchial Epithelia upon Exposure to Diesel Exhaust Particles. Environ. Health Perspect. 2011, 119, 784–793. [Google Scholar] [CrossRef]

	



Hewitt, R.J.; Lloyd, C.M. Regulation of immune responses by the airway epithelial cell landscape. Nat. Rev. Immunol. 2021, 21, 347–362. [Google Scholar] [CrossRef]

	



TRPV4 Integrates Matrix Mechanosensing with Ca2+ Signaling to Regulate Extracellular Matrix Remodeling—Ji—2021—The FEBS Journal—Wiley Online Library n.d. Available online: https://febs.onlinelibrary.wiley.com/doi/full/10.1111/febs.15665 (accessed on 12 August 2024).

	



Alpizar, Y.A.; Boonen, B.; Sanchez, A.; Jung, C.; López-Requena, A.; Naert, R.; Steelant, B.; Luyts, K.; Plata, C.; De Vooght, V.; et al. TRPV4 activation triggers protective responses to bacterial lipopolysaccharides in airway epithelial cells. Nat. Commun. 2017, 8, 1059. [Google Scholar] [CrossRef] [PubMed]

	



Ehre, C.; Ridley, C.; Thornton, D.J. Cystic fibrosis: An inherited disease affecting mucin-producing organs. Int. J. Biochem. Cell Biol. 2014, 52, 136–145. [Google Scholar] [CrossRef] [PubMed]

	



Ramananda, Y.; Naren, A.P.; Arora, K. Functional Consequences of CFTR Interactions in Cystic Fibrosis. Int. J. Mol. Sci. 2024, 25, 3384. [Google Scholar] [CrossRef]

	



Mucus, Mucins and Cystic Fibrosis—PMC n.d. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6853602/ (accessed on 13 August 2024).

	



Saint-Criq, V.; Gray, M.A. Role of CFTR in epithelial physiology. Cell. Mol. Life Sci. CMLS 2017, 74, 93–115. [Google Scholar] [CrossRef] [PubMed]

	



Stefano, D.D.; Villella, V.R.; Esposito, S.; Tosco, A.; Sepe, A.; Gregorio, F.D.; Salvadori, L.; Grassia, R.; A Leone, C.; De Rosa, G.; et al. Restoration of CFTR function in patients with cystic fibrosis carrying the F508del-CFTR mutation. Autophagy 2014, 10, 2053–2074. [Google Scholar] [CrossRef]

	



Blaconà, G.; Raso, R.; Castellani, S.; Pierandrei, S.; Del Porto, P.; Ferraguti, G.; Ascenzioni, F.; Conese, M.; Lucarelli, M. Downregulation of epithelial sodium channel (ENaC) activity in cystic fibrosis cells by epigenetic targeting. Cell. Mol. Life Sci. 2022, 79, 257. [Google Scholar] [CrossRef] [PubMed]

	



Kristensson, C.; Åstrand, A.; Donaldson, S.; Goldwater, R.; Abdulai, R.; Patel, N.; Gardiner, P.; Tehler, U.; Mercier, A.-K.; Olsson, M.; et al. AZD5634, an inhaled ENaC inhibitor, in healthy subjects and patients with cystic fibrosis. J. Cyst. Fibros. 2022, 21, 684–690. [Google Scholar] [CrossRef] [PubMed]

	



Mall, M.A. ENaC inhibition in cystic fibrosis: Potential role in the new era of CFTR modulator therapies. Eur. Respir. J. 2020, 56, 2000946. [Google Scholar] [CrossRef]

	



Reduction in Viscosity of Cystic Fibrosis Sputum in Vitro by Gelsolin|Science n.d. Available online: https://www.science.org/doi/10.1126/science.8310295 (accessed on 13 August 2024).

	



Ikeuchi-Yamamoto, Y.; Kogiso, H.; Saito, D.; Kawaguchi, K.; Ikeda, R.; Asano, S.; Nakahari, T. Hochu-ekki-to enhanced airway ciliary beating by an [Ca2+]i increase via TRPV4 in mice. Phytomedicine Plus 2022, 2, 100243. [Google Scholar] [CrossRef]

	



Arniges, M.; Vázquez, E.; Fernández-Fernández, J.M.; Valverde, M.A. Swelling-activated Ca2+ Entry via TRPV4 Channel Is Defective in Cystic Fibrosis Airway Epithelia. J. Biol. Chem. 2004, 279, 54062–54068. [Google Scholar] [CrossRef] [PubMed]

	



Henry, C.O.; Dalloneau, E.; Pérez-Berezo, M.-T.; Plata, C.; Wu, Y.; Guillon, A.; Morello, E.; Aimar, R.-F.; Potier-Cartereau, M.; Esnard, F.; et al. In vitro and in vivo evidence for an inflammatory role of the calcium channel TRPV4 in lung epithelium: Potential involvement in cystic fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2016, 311, L664–L675. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.-N.; Siddiqui, G.; Veldhuis, N.A.; Poole, D.P. Diverse Roles of TRPV4 in Macrophages: A Need for Unbiased Profiling. Front. Immunol. 2022, 12, 828115. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.; Anishkin, A.; Zinkevich, N.S.; Nishijima, Y.; Korishettar, A.; Wang, Z.; Fang, J.; Wilcox, D.; Zhang, D. Transient receptor potential vanilloid 4 (TRPV4) activation by arachidonic acid requires protein kinase A–mediated phosphorylation. J. Biol. Chem. 2018, 293, 5307–5322. [Google Scholar] [CrossRef]

	



Andrade, Y.N.; Fernandes, J.; Lorenzo, I.M.; Arniges, M.; Valverde, M.A. The TRPV4 Channel in Ciliated Epithelia. In TRP Ion Channel Function in Sensory Transduction and Cellular Signaling Cascades; Liedtke, W.B., Heller, S., Eds.; CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2007. [Google Scholar]

	



Babaniamansour, P.; Jacho, D.; Niedzielski, S.; Rabino, A.; Garcia-Mata, R.; Yildirim-Ayan, E. Modulating TRPV4 Channel Activity in Pro-Inflammatory Macrophages within the 3D Tissue Analog. Biomedicines 2024, 12, 230. [Google Scholar] [CrossRef]

	



Rimessi, A.; Vitto, V.A.M.; Patergnani, S.; Pinton, P. Update on Calcium Signaling in Cystic Fibrosis Lung Disease. Front. Pharmacol. 2021, 12, 581645. [Google Scholar] [CrossRef]

	



Vincent, F.; Acevedo, A.; Nguyen, M.T.; Dourado, M.; DeFalco, J.; Gustafson, A.; Spiro, P.; Emerling, D.E.; Kelly, M.G.; Duncton, M.A. Identification and characterization of novel TRPV4 modulators. Biochem. Biophys. Res. Commun. 2009, 389, 490–494. [Google Scholar] [CrossRef] [PubMed]

	



Vincent, F.; Duncton, M.A. TRPV4 Agonists and Antagonists. Curr. Top. Med. Chem. 2011, 11, 2216–2226. [Google Scholar] [CrossRef] [PubMed]

	



Rosenbaum, T.; Islas, L.D. Molecular Physiology of TRPV Channels: Controversies and Future Challenges. Annu. Rev. Physiol. 2023, 85, 293–316. [Google Scholar] [CrossRef]

	



Sánchez-Hernández, R.; Benítez-Angeles, M.; Hernández-Vega, A.M.; Rosenbaum, T. Recent advances on the structure and the function relationships of the TRPV4 ion channel. Channels 2024, 18, 2313323. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.; Hu, H. Structural insights into the TRPV4-RhoA complex offer clues to solve the puzzle of TRPV4 channelopathies. Cell Calcium. 2023, 116, 102814. [Google Scholar] [CrossRef] [PubMed]

	



Darby, W.G.; Grace, M.S.; Baratchi, S.; McIntyre, P. Modulation of TRPV4 by diverse mechanisms. Int. J. Biochem. Cell Biol. 2016, 78, 217–228. [Google Scholar] [CrossRef] [PubMed]

	



Birder, L.; Kullmann, F.A.; Lee, H.; Barrick, S.; de Groat, W.; Kanai, A.; Caterina, M. Activation of Urothelial Transient Receptor Potential Vanilloid 4 by 4α-Phorbol 12,13-Didecanoate Contributes to Altered Bladder Reflexes in the Rat. J. Pharmacol. Exp. Ther. 2007, 323, 227–235. [Google Scholar] [CrossRef] [PubMed]

	



Jin, M.; Wu, Z.; Chen, L.; Jaimes, J.; Collins, D.; Walters, E.T.; O’NEil, R.G. Determinants of TRPV4 Activity following Selective Activation by Small Molecule Agonist GSK1016790A. PLoS ONE 2011, 6, e16713. [Google Scholar] [CrossRef]

	



Kwon, D.; Zhang, F.; McCray, B.; Feng, S.; Kumar, M.; Sullivan, J.M.; Im, W.; Sumner, C.J.; Lee, S.-Y. TRPV4-Rho GTPase complex structures reveal mechanisms of gating and disease. Nat. Commun. 2023, 14, 1–15. [Google Scholar] [CrossRef]

	



Baratchi, S.; Keov, P.; Darby, W.G.; Lai, A.; Khoshmanesh, K.; Thurgood, P.; Vahidi, P.; Ejendal, K.; McIntyre, P. The TRPV4 Agonist GSK1016790A Regulates the Membrane Expression of TRPV4 Channels. Front. Pharmacol. 2019, 10, 6. [Google Scholar] [CrossRef] [PubMed]

	



Asao, Y.; Tobori, S.; Kakae, M.; Nagayasu, K.; Shibasaki, K.; Shirakawa, H.; Kaneko, S. Transient receptor potential vanilloid 4 agonist GSK1016790A improves neurological outcomes after intracerebral hemorrhage in mice. Biochem. Biophys. Res. Commun. 2020, 529, 590–595. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, H.; Vriens, J.; Prenen, J.; Droogmans, G.; Voets, T.; Nilius, B. Anandamide and arachidonic acid use epoxyeicosatrienoic acids to activate TRPV4 channels. Nature 2003, 424, 434–438. [Google Scholar] [CrossRef]

	



Jiang, Y.; Zhang, H.; Wang, J.; Liu, Y.; Luo, T.; Hua, H. Targeting extracellular matrix stiffness and mechanotransducers to improve cancer therapy. J. Hematol. Oncol. 2022, 15, 34. [Google Scholar] [CrossRef]

	



Brooks, C.A.; Barton, L.S.; Behm, D.J.; Eidam, H.S.; Fox, R.M.; Hammond, M.; Hoang, T.H.; Holt, D.A.; Hilfiker, M.A.; Lawhorn, B.G.; et al. Discovery of GSK2798745: A Clinical Candidate for Inhibition of Transient Receptor Potential Vanilloid 4 (TRPV4). ACS Med. Chem. Lett. 2019, 10, 1228–1233. [Google Scholar] [CrossRef]

	



Goyal, N.; Skrdla, P.; Schroyer, R.; Kumar, S.; Fernando, D.; Oughton, A.; Norton, N.; Sprecher, D.L.; Cheriyan, J. Clinical Pharmacokinetics, Safety, and Tolerability of a Novel, First-in-Class TRPV4 Ion Channel Inhibitor, GSK2798745, in Healthy and Heart Failure Subjects. Am. J. Cardiovasc. Drugs Drugs Devices Interv. 2019, 19, 335–342. [Google Scholar] [CrossRef] [PubMed]

	



Michalick, L.; Kuebler, W.M. TRPV4—A Missing Link Between Mechanosensation and Immunity. Front. Immunol. 2020, 11, 413. [Google Scholar] [CrossRef] [PubMed]

	



Thorneloe, K.S.; Sulpizio, A.C.; Lin, Z.; Figueroa, D.J.; Clouse, A.K.; McCafferty, G.P.; Chendrimada, T.P.; Lashinger, E.S.R.; Gordon, E.; Evans, L.; et al. N-((1S)-1-{[4-((2S)-2-{[(2,4-Dichlorophenyl)sulfonyl]amino}-3-hydroxypropanoyl)-1-piperazinyl]carbonyl}-3-methylbutyl)-1-benzothiophene-2-carboxamide (GSK1016790A), a Novel and Potent Transient Receptor Potential Vanilloid 4 Channel Agonist Induces Urinary Bladder Contraction and Hyperactivity: Part I. J. Pharmacol. Exp. Ther. 2008, 326, 432–442. [Google Scholar] [CrossRef] [PubMed]

	



Blair, N.T.; Carvacho, I.; Chaudhuri, D.; Clapham, D.E.; Clerq, K.D.; Delling, M.; Doerner, J.F.; Fan, L.; Grimm, C.M.; Ha, K. Transient Receptor Potential channels (TRP) in GtoPdb v.2023.1. IUPHAR/BPS Guide Pharmacol. CITE 2023, 2023. [Google Scholar] [CrossRef]

	



Watanabe, H.; Davis, J.B.; Smart, D.; Jerman, J.C.; Smith, G.D.; Hayes, P.; Vriens, J.; Cairns, W.; Wissenbach, U.; Prenen, J.; et al. Activation of TRPV4 Channels (hVRL-2/mTRP12) by Phorbol Derivatives. J. Biol. Chem. 2002, 277, 13569–13577. [Google Scholar] [CrossRef] [PubMed]

	



Vermillion, M.S.; Saari, N.; Bray, M.; Nelson, A.M.; Bullard, R.L.; Rudolph, K.; Gigliotti, A.P.; Brendler, J.; Jantzi, J.; Kuehl, P.J.; et al. Effect of TRPV4 Antagonist GSK2798745 on Chlorine Gas-Induced Acute Lung Injury in a Swine Model. Int. J. Mol. Sci. 2024, 25, 3949. [Google Scholar] [CrossRef] [PubMed]

	



Everaerts, W.; Zhen, X.; Ghosh, D.; Vriens, J.; Gevaert, T.; Gilbert, J.P.; Hayward, N.J.; McNamara, C.R.; Xue, F.; Moran, M.M.; et al. Inhibition of the cation channel TRPV4 improves bladder function in mice and rats with cyclophosphamide-induced cystitis. Proc. Natl. Acad. Sci. USA 2010, 107, 19084–19089. [Google Scholar] [CrossRef]

	



Cheung, M.; Bao, W.; Behm, D.J.; Brooks, C.A.; Bury, M.J.; Dowdell, S.E.; Eidam, H.S.; Fox, R.M.; Goodman, K.B.; Holt, D.A.; et al. Discovery of GSK2193874: An Orally Active, Potent, and Selective Blocker of Transient Receptor Potential Vanilloid 4. ACS Med. Chem. Lett. 2017, 8, 549–554. [Google Scholar] [CrossRef] [PubMed]

	



Duncton, M.A.J. Chapter 12—Small Molecule Agonists and Antagonists of TRPV4. In TRP Channels as Therapeutic Targets; Szallasi, A., Ed.; Academic Press: Boston, MA, USA, 2015; pp. 205–219. [Google Scholar] [CrossRef]








[image: Ijms 25 10551 g001] 





Figure 1. Mucociliary clearance system. (A) Cross-section of the differentiated conducting airway epithelium, illustrating ciliated columnar epithelial cells and secretory goblet cells (in blue with secretory granules). The apical airway surface liquid (ASL) is a low-viscosity periciliary layer (PCL) that enables effective ciliary beating. Above this, a more viscous mucus layer functions to entrap inhaled pathogens, providing a protective barrier for the respiratory tract. (B) Schematic diagram of a ciliary axoneme and basal body. Motile cilia have a 9 + 2 microtubule pair ultrastructure, with inner and outer dynein arms. The dynein arms are crucial for ciliary motility. 
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Figure 2. Simplified model of epithelial cells showing the organization of apical ion channels and receptors. TRPV4: transient receptor potential vanilloid 4 is expressed in ciliated cells, where it functions as a mechanosensory and chemosensory channel [23,27]. CaCC: Ca2+-dependent Cl− channel, ENac: epithelial sodium channels, BK: big conductance Ca2+ activated K+ channels, TMEM16A: Ca2+ activated Cl− channels. CFTR: cystic fibrosis transmembrane conductance regulator. 
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Figure 3. Phylogenetic tree of the transient receptor potential (TRP) channel family. A total of 28 human TRP channels have been identified to date. The TRP channels that are most prominently expressed in lung tissues are highlighted. 
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Figure 4. TRPV4 channel subunit. The N-terminus of TRPV4 includes six ankyrin repeat domains and a proline-rich domain (PRD), while the C-terminus contains calmodulin-binding domains and a PDZ domain. TRPV4 is responsive to temperatures ranging from 24 to 42 °C, with permeability following the sequence Ca2+ > Mg2+ > K+  ≈  Cs+  ≈  Rb+ > Na+ > Li+. 
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Figure 5. Full-length human TRPV4 cryo-EM structure in the open state (PDB: 8T1D). The four subunits of hTRPV4 are shown in green with views of the top (extracellular) layer and the bottom (intracellular) layer. 
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Table 1. TRPV gene family.
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	TRPV
	Human Chromosomal Location
	Tissue Distribution
	Physiological Roles
	Reference





	TRPV1
	17p13.2
	Brain, kidney, bladder, skin, pancreas, lung macrophages, epithelial cells, T-lymphocytes
	Sensing heat, pain, and inflammation
	[40,51,52,53,54,55]



	TRPV2
	17p11.2
	Heart, lung, spleen, stomach, intestine
	Sensing high temperatures and mechanical stimuli
	[37,56,57]



	TRPV3
	17p13.3
	Epithelial cells, skin, tongue, nose, hair follicles
	Sensing warm temperatures and being involved in hair growth
	[40,58,59]



	TRPV4
	12q24.11
	Kidney, bladder, liver, blood vessels, lungs (airway smooth muscle, epithelial cells, fibroblasts, and macrophages)
	Sensing osmotic pressure, mechanical stress, and heat, maintaining organ homeostasis, including in the lungs
	[8,10,13,50,54,60]



	TRPV5
	7q34
	Kidney, placenta
	Calcium homeostasis
	[37,61]



	TRPV6
	7q34
	Intestine, kidney, placenta
	Calcium absorption and homeostasis
	[53,61,62]










 





Table 2. Main physiological roles of TRPV4 in respiratory epithelium.
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	Respiratory Cell Type
	TRPV4 Channel Role
	References





	Pulmonary artery smooth muscle cells (PASMCs)
	Regulates pulmonary blood flow and vascular tone
	[82,83]



	Tracheal epithelial cells
	Modulates immune response, mucus secretion, and inflammatory cytokine release
	[72,84]



	Bronchial epithelial cells
	Mechanotransduction, regulation of calcium signaling, and modulation of inflammatory responses
	[85,86]



	Cilia of bronchial epithelial cells
	Regulates ciliary beat frequency and mechanosensation
	[10,87]



	Bronchopulmonary sensory neurons
	Indirectly modulates respiration through sensory neuron activation
	[81]



	Alveolar epithelial cells
	Contributes to the alveoli–capillary barrier function, maintains epithelial barrier integrity, prevents edema formation, and regulates fluid balance
	[49,77]
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