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Abstract

:

The transient receptor potential vanilloid 4 (TRPV4) specifically functions as a mechanosensitive ion channel and is responsible for conveying changes in physical stimuli such as mechanical stress, osmotic pressure, and temperature. TRPV4 enables the entry of cation ions, particularly calcium ions, into the cell. Activation of TRPV4 channels initiates calcium oscillations, which trigger intracellular signaling pathways involved in a plethora of cellular processes, including tissue repair. Widely expressed throughout the body, TRPV4 can be activated by a wide array of physicochemical stimuli, thus contributing to sensory and physiological functions in multiple organs. This review focuses on how TRPV4 senses environmental cues and thereby initiates and maintains calcium oscillations, critical for responses to organ injury, tissue repair, and fibrosis. We provide a summary of TRPV4-induced calcium oscillations in distinct organ systems, along with the upstream and downstream signaling pathways involved. In addition, we delineate current animal and disease models supporting TRPV4 research and shed light on potential therapeutic targets for modulating TRPV4-induced calcium oscillation to promote tissue repair while reducing tissue fibrosis.
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1. Introduction


Transient receptor potential vanilloid type 4 (TRPV4) ion channels are calcium ion (Ca2+) permeable nonselective cation channels that belong to the transient receptor potential vanilloid (TRPV) subfamily of cation channels [1,2].



The original TRP channel was found in Drosophila photoreceptors. It contributes to sustained retinal depolarization when exposed to light. Deletion of the trp gene results in a transient calcium response, which lends its gene name. Unlike in Drosophila, mammalian TRPs serve a wider range of physiological functions [3,4]. In general, TRPs enable cells to detect subtle alterations in the local environment (e.g., fluid shear stress and mechanical forces), perceiving and responding to a variety of external cues through varied sensory perceptions, including vision, smell, taste, hearing, thermosensation, and most importantly, mechanosensation [5]. They are a class of ion channels found in diverse tissues and cell types, widely distributed in human organs, such as the liver, lungs, skin, kidneys, nerves, and intestines. They are permeable to a broad range of cations such as Ca2+, Mg2+, K+, Na+, and others [6]. TRP family members are categorized into two main groups, based on their sequence topology and phylogeny. Group 1 consists of TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPN (nompC), and TRPA (ankyrin), whereas group 2 includes TRPP (polycystin) and TRPML (mucolipin), totaling seven subfamilies [7]. Group 1 TRPs share substantial homology across their transmembrane domain sequence. Most of the group 1 TRP proteins are characterized by a C-terminal TRP domain, composed of 23 to 25 amino acids and located near the sixth transmembrane domain. In contrast, group 2 TRPs feature low sequence similarity with group 1, and an extracellular loop that is interposed between the first two transmembrane domains [2,5].



TRPV channels (TRPV1–TRPV6) exhibit diverse gating mechanisms. These versatile proteins serve as thermal, osmotic, and chemical sensors in vertebrates, hygrosensors, and mechanical sensors in insects, and function as both mechanical and chemical sensors in nematodes [8]. Notably, TRPV1 and TRPV2 are predominantly expressed in neurons but can also be detected in non-neuronal tissues [9,10,11]. Conversely, TRPV3 is expressed in the skin, hair follicles, tongue, nose, sensory ganglia, brain, and colon, while TRPV4 exhibits a broader expression pattern, including the skin [8,12].



TRPV4 was initially named on the basis of its distinct features, such as vanilloid receptor-related osmotically activated channel (VR-OAC) [13,14], osmosensitive transient receptor potential channel 4 (OTRPC4) [15], vanilloid receptor-like protein (VRL-2) [16], and TRP-12 [17]. In mammals, it was first identified as an osmotic detector, contributing to the maintenance of the systemic osmotic equilibrium [14,15,16]. Reduction of extracellular osmolarity conveyed by hypotonic solution, even as little as 10%, could trigger a reversible Ca2+ increase via TRPV4 in TRPV4-transfected HEK293 cells. Vice versa, when exposed to hypertonic environments, a decrease in Ca2+ was observed [15]. Notably, activation via heat stimuli has also been reported [13,18]. Temperature fluctuations between 36 °C and 42 °C were found to induce current fluctuations, while sustained or repeated stimulation over 42 °C resulted in TRPV4 desensitization and a decline in the current amplitude [18,19]. In the last decade, research on TRPV4 has mainly focused on its mechanosensory function, which is involved in various physiological and pathological processes, such as vasoconstriction [20], gastrointestinal motility [21], hair growth cycle [22,23], fibrosis [24,25,26], scleroderma [27], hypertension [28,29], gastric cancer [30,31], rosacea [32,33], brain injury [34], and pancreatitis [35,36].




2. Protein and Channel Structure of TRPV4


TRPV4 is a tetrameric non-selective cation channel that is not voltage-gated. Murine TRPV4 is comprised of 871 amino acids (aa). Both N-and C-terminal tails are located intracellularly, with six transmembrane segments spanning the cell membrane and forming the ion channel pore [37]. The structure of TRPV4 (from N to C terminal regions) includes a phosphoinositide-binding site (PIBS, aa121–aa125) [38], a proline-rich domain (PRD, aa132–aa144) [39], six ankyrin repeats (ANK1–6) [40], an arachidonate-like recognition sequence (ARS-L, aa402–aa408) [41], six transmembrane domains (TM1–TM6), a questioned TRP box [42], a calmodulin-binding domain (CaMBD, aa812–aa831) [43], an oligomerization domain (OMD, aa828–aa844) [44], and a PDZ-like domain (PDZ-L, last four aa) [43], which are situated in tandem [25] (Figure 1A). Typically, Ca2+ does not act directly on the channel but rather through attachment to the Ca2+-binding protein calmodulin (CaM). The Ca2+-CaM complex then binds to the C-terminal calmodulin-binding site. Accordingly, the deletion of the calmodulin-binding domain results in lack of Ca2+-dependent potentiation and slower ion channel activation [45]. Previous studies have revealed that inositol 1,4,5-trisphosphate (IP3) sensitizes TRPV4 to mechanical and osmotic stimulation. This sensitization process requires binding of the IP3 receptor (IP3R) to the TRPV4 calmodulin-binding site [43].



Four identical TRPV4 monomers form a functional channel. The transmembrane segments TM1–TM4 form a structural unit surrounding the central ion-conduction pore that is comprised of TM5 and TM6 [37] (Figure 1B). The selectivity filters in TRPV channels generally function through two barriers, namely the lower and upper gates. However, in comparison to other TRPV channels, the diameter at the narrowest point of the upper gate within the TRPV4 pore is larger than that of hydrated cations such as K+, Na+, and Ca2+. This implies non-selective entry/exit of cation ions in TRPV4 [37]. Due to the two negatively charged aspartate residues within the conserved lower gate, it is easier for divalent ions than monovalent ions to pass through TRPV4. As a result, TRPV4 is mainly permeable to Ca2+ rather than other ions, with the following permeability sequence: Ca2+ >> Mg2+ > K+ > Na+, whereby the permeability for Ca2+ is about five times higher than that of Mg2+, and about ten times higher than for Na+ [46,47].




3. TRPV4 Signaling in Mechanotransduction


As a critical mechanotransduction molecule, TRPV4 plays a pivotal role in injury repair by orchestrating a wide array of cellular responses to mechanical stimuli (Figure 2A). For instance, in chondrocytes, TRPV4 is responsible for mechanotransduction in response to mechanical loading, together with Piezo channels. Specifically, TRPV4 and Piezo channels synergistically mediate calcium oscillation induced by different intensities of stretch stimulation. TRPV4-mediated Ca2+ signaling functions in response to low strain levels, whereas Piezo2-mediated Ca2+ signaling is activated in high strain settings, thus specifying the distinct cellular instructions during homeostasis and traumatic states [48,49]. Moreover, TRPV4 and Piezo1 can form a mechanosensory Ca2+ circuit. In pancreatic acinar cells, Piezo1 directly senses fluid shear stress and triggers Ca2+ influx, leading to an increase in phospholipase A2 (PLA2) activity and subsequent production of the arachidonic acid metabolites, particularly epoxieicosatrienoic acids (EET). EET sensitizes TRPV4 to initiate calcium oscillation, thereby amplifying the mechanical stimuli [36,43]. In response to changes in environmental stiffness, yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) acts as a downstream molecule for TRPV4 activity. This activation leads to myofibroblast differentiation, which plays a significant role in wound healing and injury repair [50,51].



TRPV4 is also involved in tissue fibrosis processes (Figure 2B). The most extensively studied fibrotic pathways mediated by TRPV4 are found in pulmonary and cardiac fibroblasts. Following acute lung injury repair, there is an abundance of TGF-β1 in the environment. TRPV4 activation is sustained in lung fibroblasts through TGF-β1 and its downstream phosphatidylinositol 3-kinase (PI3K) pathway. Consequently, Ca2+ signaling activates Rho family GTPases, which further activates p38-MAPK to upregulate fibrotic gene expression, and induces plasminogen activator inhibitor 1 (PAI-1) to reduce matrix degradation [52,53]. The imbalance of synthesis and degradation leads to the accumulation of extracellular matrix (ECM) and tissue stiffening, which provides a positive feedback loop for TRPV4 activity. In addition, through interaction with NADPH Oxidase 4 (NOX4), TRPV4 in lung fibroblasts potentiates the production of reactive oxygen species (ROS) to promote nuclear translocation of myocardin-related transcription factor A (MRTF-A), a transcription coactivator of α-SMA [26,52]. Therefore, TRPV4 stands at the crossroads of fibrotic signaling pathways that integrate the mechanical, TGF-β1, and ROS signals to promote myofibroblast differentiation of lung fibroblasts, by remodeling both intracellular actomyosin and ECM. Similar responses and signaling pathways have been documented in human ventricular cardiac fibroblasts and Trpv4-deficient mice. TRPV4-mediated Ca2+ influx regulates cardiac fibrotic gene promoter activity and myofibroblast differentiation [54] through the Rho/Rho kinase pathway activation and the mechanosensitive transcription factor MRTF-A [55], and the downstream MAPK/ERK pathway [56]. These findings indicate that TRPV4-mediated Ca2+ signaling is crucial for injury repair, but uncontrolled and persistent signaling results in fibrosis and scarring following the healing process.




4. TRPV4 Triggers Ca2+ Oscillations


Since cytosolic Ca2+ participates in numerous cellular activities, such as migration, contraction, exocytosis, cell growth and cell death [57], Ca2+ is strictly maintained in specific regions, normally at concentrations of less than a few hundred nanomolar. It can reach micromolar concentrations when Ca2+ is mobilized for cellular activities [58]. In essence, there are two reservoirs for Ca2+: (i) external Ca2+ within the extracellular microenvironment and (ii) sequestered Ca2+ within organelles, for instance, endoplasmic reticulum (ER) [58].



Ca2+ influx from outside the cell via TRPV4 evokes Ca2+ release from internal storages, termed “Ca2+-induced Ca2+ release”. This process is mediated through IP3R calcium ion channels in the ER of astrocytic endfeet, causing repetitive Ca2+ oscillations [59] (Figure 3A). When extracellular Ca2+ is removed, intracellular Ca2+ responses in chondrocytes can be completely suppressed, highlighting the necessity of extracellular Ca2+ for the onset of Ca2+ signaling [60]. Of note, the same phenomenon is also found in pulmonary fibroblasts [61]. Under abnormal circumstances, the equilibrium of mitochondrial membrane potential can be disrupted by elevated ATP production, thermogenesis, or mitochondrial dysfunction [62], including factors such as hyperoxia and pharmacologic uncoupling of mitochondrial oxidative phosphorylation [63,64]. These conditions lead to an increase in the levels of reactive oxygen species (ROS) surrounding the mitochondria [65]. Consequently, the release of Ca2+ is triggered through a more intricate pathway (Figure 3B). TRPV4 activation induces ATP release through pannexin hemichannels, whereupon ATP stimulates plasma membrane-bound purinergic receptors (P2Y), which activate phospholipase C (PLC) to produce IP3, eventually culminating in the activation of IP3R Ca2+ channels [64]. Moreover, ATP released through pannexin into the extracellular space undergoes degradation into ADP, AMP, and adenosine by ectonucleoside triphosphate diphosphohydrolase (ENTDPase) and ecto-5′-nucleotidase (ecto-5′-NT) [66,67]. Adenosine, a key player in this process, exerts its effects by binding to four distinct receptor subtypes—A1R, A2AR, A2BR, and A3R—belonging to the G-protein coupled receptor (GPCR) family [68]. When A1R is coupled to the Gi/0 proteins and A2BR is coupled to the Gq/11 proteins, the stimulation of PLC promotes the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and IP3, which in turn increase intracellular Ca2+ levels [69]. In addition to the modulation of mitochondrial membrane potential, it has been documented that TRPV4 activation in hippocampal neurons leads to the depolarization of the resting membrane potential. Notably, heat stimulation induced depolarization exclusively in TRPV4-positive neurons, while TRPV4-negative or TRPV4-KO neurons did not exhibit such changes [70,71]. Furthermore, TRPV4 activation through hypotonic stimulation or the TRPV4 agonist 4α-PDD initiates NMDA-activated currents in hippocampal CA1 pyramidal neurons, with the inward current demonstrating a dose-dependent relationship to 4α-PDD [72]. Simultaneously, TRPV4 activation inhibits GABA-activated currents and increases glycine-activated currents [73,74].



It is worth noting that cytosolic Ca2+ oscillations correlate with TGF-β [75,76], platelet-derived growth factor (PDGF) [61] and ATP [58]. PDGF also requires PLC and IP3-gated channels in its downstream to induce Ca2+ waves [61]. The oscillatory frequency is associated with growth factor concentrations [76]. More importantly, calcium oscillation is necessary for proper cellular functions, since sustained high levels of Ca2+ induce cell apoptosis via PERK/CHOP/Bcl2 apoptotic pathway [77].



The downstream effects of calcium oscillation are believed to be mediated by second messengers. Yet, to date, only a few second messenger pathways have been identified, and they typically depend on the spatial and temporal context. To achieve its precision in modulation, Ca2+ oscillation—as a common form of Ca2+ signals—is encoded by the amplitude and frequency of Ca2+ spikes [57]. Once the amplitude is modulated, for example if the affinity of the decoder to the Ca2+ binding site is high, it is sensitive to the subtle Ca2+ elevations in the cytoplasm. Conversely, if the decoder’s affinity to the Ca2+ binding site is low, a more significant increase in pathway activation is required. In frequency modulation, Ca2+/calmodulin-dependent protein kinase II (CaMKII), a downstream Ca2+ sensor, fails to respond to low-frequency Ca2+ oscillations. In contrast, when the frequency of calcium oscillations exceeds its threshold, the kinase activity increases in a frequency-dependent manner [78].



The finely synchronized interplay of amplitude and frequency of Ca2+ signals in calcium oscillation is highly relevant in signal transduction and cellular function, with Ca2+ oscillation providing more information compared to a single pulse. For example, the amplitude and frequency of Ca2+ oscillations in chondrocytes are directly linked to the viscoelastic properties during cell swelling on substrates of different stiffness [79]. Lung fibroblasts exhibit recurring Ca2+ transients in response to PDGF, which spread through the cells as Ca2+ waves. There is a sigmoidal relationship between the frequency of Ca2+ wave and PDGF concentration [61]. Trabecular meshwork cells are specialized cells in the eye, responsible for regulating fluid outflow in the anterior portion of the eye. Long-term stimulation on TRPV4 is required to trigger Ca2+ oscillation in trabecular meshwork cells. Via the Ca2+ peak phase, plateau phase, and fluctuation phase, the mechanical signal can be transduced via trabecular meshwork cells to regulate intraocular pressure, thus upholding healthy fluid balance and pressure within the eye [80].




5. Function of TRPV4-Evoked Ca2+ Oscillations in Injury Repair and Fibrosis


TRPV4 mechanosensor is an integral factor in the progression of tissue repair and fibrotic disorders across different organs, including the skin, lungs, liver, kidneys, brain, blood vessels and heart [47]. In this section, we provide a comprehensive summary of the current understanding regarding the functions of TRPV4-induced Ca2+ oscillation in each specific organ (Figure 4). It is noteworthy that the mechanisms underlying cytosolic calcium oscillations in excitable and non-excitable cells significantly differ in the context of TRPV4 activation. Essential details, including whether the cells are excitable or non-excitable, are summarized in Table 1. This review primarily centers on examining the influence of TRPV4-induced Ca2+ oscillation in non-excitable cells during tissue repair and fibrosis.



5.1. Skin


In a bleomycin-induced skin fibrosis model, increasing matrix stiffness was found to activate TRPV4, with TRPV4 being essential for the nuclear translocation of YAP/TAZ in response to matrix stiffness. Genetic ablation of TRPV4 (Trpv4-knockout) or pharmacological inhibition of TRPV4 could ameliorate this fibrotic response. The authors attributed the effect of TRPV4 to its role in regulating the process of epithelial-mesenchymal transition [51]. In this study, it was also found that TRPV4-induced Ca2+ oscillations led to higher expression of N-cadherin and α-SMA on skin fibroblasts [51]. Our group has recently revealed that N-cadherin [109]—together with Connexin-43 [110] and p120-catenin [111]—are critical intercellular adhesion molecules that coordinate the collective migration of fibroblasts at a supracellular level needed for wound repair and subsequent scar formation. Therefore, in the skin fibrosis model, TRPV4′s effect on fibrosis development could also be attributed to its induction of fibroblasts’ collective migration and cell state transition toward myofibroblasts. However, the detailed signaling components and routes between TRPV4-induced Ca2+ oscillations and YAP/TAZ nuclear translocation, and the role of Ca2+ oscillations in synchronizing collective fibroblast migrations are yet to be determined. Of note, TRPV4-induced Ca2+ oscillations seem to be involved in adipogenic differentiation. Knocking down TRPV4 using shRNA significantly reduced adipogenesis in human preadipocytes via reduced phosphorylation of Akt kinase [81].



In addition, TRPV4-mediated Ca2+ oscillations are also implicated in matrix deposition. Gilchrist et al. found that the TRPV4 agonist GSK1016790A induced Ca2+ oscillation in mesenchymal stem cells at low concentrations (1, 10 nM), and is required for collagen matrix assembly in an aligned manner [82]. Interestingly, at a higher concentration (100 nM), the agonist initially activated TRPV4 and yielded a strong Ca2+ influx, but failed to sustain a rhythmic Ca2+ oscillation and regulate the formation of aligned collagen matrix [82].



TRPV4 is expressed in the hair follicles during the growing anagen phase. More specifically, it can be detected mainly in the outer and inner root sheath layers of the hair follicle epithelium, particularly in keratinocytes. The activation of TRPV4 through its agonist GSK1016790A was found to cause a significant reduction in hair shaft elongation and induce morphological and structural changes in anagen hair follicles, pushing them toward the catagen phase [23]. This study indicates that TRPV4-induced Ca2+ influx promotes injury repair and fibrotic processes, yet it may also suppress hair follicle regeneration after wounding. Therefore, targeting TRPV4 could either facilitate skin wound healing by enhancing Ca2+ influx, or stimulate hair follicle regeneration and reduce scarring by blocking its effects.




5.2. Lung


In human pulmonary fibroblasts, activation of TRPV4 assists cell membrane depolarization. When the membrane potential is in the voltage range of voltage-dependent Ca2+ current, the activated Ca2+ influx contributes to Ca2+ oscillations [76]. TRPV4 has also been reported to mediate TGF-β evoked repetitive Ca2+ waves in human lung fibroblasts, leading to the upregulation of ECM genes encoding collagen and fibronectin, and increased phosphorylation of SMAD-2 protein [75]. Via the P2Y receptor, ATP is able to release internal Ca2+ through ryanodine-insensitive channels, thereby exerting its effect on Ca2+ waves [58].



TRPV4 activity has been found to be significantly higher in patients with idiopathic pulmonary fibrosis. Activation of TRPV4 in lung fibroblasts accelerates the differentiation of myofibroblasts and contributes to the progression of pulmonary fibrosis [26]. In this context, it is worth mentioning that TRPV4 expression on murine lung fibroblasts is necessary for TGF-β-induced myofibroblast differentiation. Furthermore, TRPV4 mechanotransduction increases on stiffer matrices or in fibrotic lung tissue, while Trpv4-deficient mice are protected from bleomycin-induced lung fibrosis [26,54]. These findings imply that TRPV4 antagonists may represent potential targets for pulmonary fibrosis disease.



While TRPV4 activation promotes skin wound repair, its activity in lung endothelial cells has been shown to be detrimental in the setting of lung ischemia-reperfusion (IR) injury. In fact, TRPV4 activation in lung endothelial cells increases vascular permeability, thus causing increased lung inflammation and edema after IR [83]. Genetic depletion of TRPV4 using Trpv4−/− mice or pharmacological inactivation of TRPV4 with the TRPV4-specific inhibitor GSK2193874a markedly reduced pulmonary edema and neutrophil infiltration after IR injury, when compared to untreated wild-type mice. To further investigate TRPV4′s role in endothelial cells, Ottolini et al. generated an inducible endothelial Trpv4 knockout line by crossing Trpv4 floxed mice (Trpv4fl/fl) with tamoxifen-inducible VE-Cadherin (Cdh5) Cre mice [84]. The endothelial-specific Trpv4 knockout exhibited the same phenotype as observed in the whole-body Trpv4 knockout, suggesting that TRPV4 activity in endothelial cells contributes to pulmonary dysfunction and edema following IR injury. In line with the IR injury model, inhibition of TRPV4 had a protective effect in a mouse model of resistive breathing (RB)-induced lung injury. During RB, increased mechanical stress is imposed on the lung, thus leading to lung injury. The administration of the TRPV4 antagonist HC-067047 significantly mitigated symptoms by restoring static compliance and ameliorating the lung inflammation by reducing the number of macrophages and neutrophils, and the inflammatory chemokines keratinocyte-chemoattractant (KC) and interleukin (IL)-6 in bronchoalveolar lavage [112].




5.3. Cardiovascular System


The role of TRPV4 in cardiac remodeling has been investigated in the context of myocardial infarction and subsequent fibrosis, with a focus on TRPV4 channels expressed in non-excitable cardiac fibroblasts. Experimental findings demonstrate that while hypotonicity induces significant Ca2+ influx in cardiac fibroblasts from wild-type mice, this response is markedly diminished in cardiac fibroblasts derived from Trpv4-knockout mice, thereby establishing TRPV4′s role as a mechanosensor in fibroblasts [55]. In vitro studies using rat or human cardiac fibroblasts have revealed that TRPV4 activation by specific agonists such as 4αPDD or GSK1016790A leads to Ca2+ influx, which subsequently promotes the differentiation of fibroblasts into myofibroblasts through the p38 and ERK MAPK pathways [56,85]. Consistently, the blockade of TRPV4 by different antagonists or Trpv4-siRNA inhibits TGFβ-induced myofibroblast transformation by inhibiting the p38, Akt, and STAT3 signaling pathways [86,87]. In addition, it has been noticed that TRPV4 protein expression increases in cardiomyocytes of the aged heart. TRPV4-evoked calcium oscillations are directly correlated to the contractility of cardiomyocytes and contribute to tissue damage in the aged heart following ischemia-reperfusion (I/R), a pathological condition associated with cardiomyocyte osmotic stress. TRPV4 antagonist HC-067047 is effective in preventing Ca2+ overload in cardiomyocytes after I/R and prevents hypoosmotic stress-induced cardiomyocyte death and I/R-induced cardiac damage in the elderly population [91,92]. The same observation is documented in the aged Trpv4 knockout mice [93]. Furthermore, TRPV4-induced Ca2+ oscillation has been reported in human cardiac c-kit+ progenitor cells, regulating their migration but not proliferation [88]. In endothelial colony-forming cells, TRPV4-mediated Ca2+ oscillation results in the nuclear translocation of a Ca2+-sensitive transcription factor p65 NF-κB and induces angiogenesis [89].



In addition, TRPV4 channel expression is found to be significantly increased in failing human ventricles, and in murine ventricles using a mouse model of pressure overload-induced cardiac hypertrophy [90]. Compared to wild-type mice, Trpv4 knockout mice showed a remarkable reduction in cardiac hypertrophy, cardiac dysfunction, fibrosis, and inflammation. Those findings imply that TRPV4 is involved in cardiac remodeling and fibrosis after injury. Moreover, the absence of TRPV4 prevented an elevation of CaMKII phosphorylation in excitable cardiomyocytes of a pressure-overloaded left ventricle. It has been proposed that the TRPV4-mediated increase in CaMKII phosphorylation triggers NF-κB phosphorylation and NLRP3 activation, both of which contribute to the pro-inflammatory remodeling observed in these pressure-overloaded hearts [90].



In the vascular system, TRPV4 expression is widely reported in vascular smooth muscle cells (VSMCs), and TRPV4 plays an important role in the regulation of blood pressure and the development of hypertension. In patients with hypertension and in mouse models of hypertension, VSMCs showed elevated TRPV4 activity, resulting in signal amplification for the simulation of α1 adrenergic receptor. Strikingly, VSMC-specific Trpv4-knockout mice were protected from hypertension [95]. TRPV4 expression in VSMCs also contributed to vascular remodeling after injury, whereby TRPV4 was activated by platelet-derived microvesicles and triggered Ca2+ influx from the ECM and subsequent Ca2+ oscillations, thus contributing to the modulation of the cell migration [94].




5.4. Skeletal System


A mounting body of evidence indicates that TRPV4 is required for the normal development and maintenance of bone and cartilage. Osteoclasts are considered the main mediators of bone resorption. Their activity in removing damaged tissue and modulating the bone microenvironment is crucial for subsequent phases of bone healing and the restoration of bone structure and function. The maturation and function of osteoclasts are regulated by intracellular Ca2+ oscillatory signals, which are stimulated by mechanical forces, such as fluid shear stress. TRPV4 was found to be highly expressed in mature osteoclasts and necessary for Ca2+ oscillation induced by fluid shear stress [96]. Ca2+ oscillation affected the bone homeostasis-related gene expression, including sclerostin (Sost), osterix (Sp7), and osteoprotegerin (Tnfrsf11b) [97], and osteoblastic differentiation genes, such as alkaline phosphatase (Alpl), osterix (Sp7), dentin matrix protein 1 (Dmp1), and osteocalcin (Bglap) [98]. Spontaneous Ca2+ oscillation was generated by intracellular Ca2+ release as well as Ca2+ reuptake, and sustained by Ca2+ influx. It was gradually shifted to Ca2+ influx through TRPV4 during osteoclast differentiation, so that Ca2+ oscillations and Ca2+ influx via TRPV4 were sequentially required [99]. Upon exposure to an electromagnetic field, TRPV4 expression was downregulated in osteoclasts, and Ca2+ oscillations were impaired as a result of Ca2+ influx decrease, culminating in reduced activity of the calcium/calmodulin-dependent protein kinase–cyclic AMP response element-binding protein (CaMK–CREB) pathway [113].



In chondrocytes, intracellular Ca2+ oscillations are one of the earliest responses elicited by physical stimuli, such as compressive loading and stretch [60,114]. TRPV4 serves as a major mechanical sensor on chondrocytes by regulating Ca2+ signaling, together with Piezo1 and Piezo2 channels [100]. Evoked Ca2+ oscillation regulates chondrocyte volume in response to the pericellular matrix [79]. In stiff substrates, cytosolic Ca2+ oscillations were enhanced in the cell recovering phase, whereas in soft substrates, the cytosolic Ca2+ oscillations were increased in the cell swelling process. Of note, heterozygous mutations in TRPV4 led to altered chondrocyte Ca2+ oscillation and caused severe metatropic dysplasia [114].



Intracellular Ca2+ oscillation and a sustained Ca2+ response have been documented in annulus fibrosus cells, which form one of the structural components of intervertebral discs. This suggests that TRPV4 is a crucial regulator of the perception of mechanical stimulation in the intervertebral discs of the spine [101]. Furthermore, TRPV4 is also implicated in joint inflammation. Both TRPV4 and TRPV1 are activated in synovial cells by protein kinase A and protein kinase C, leading to increased cell sensitivity to noxious thermal changes and hypoosmotic stress [102,103]. In contrast, in a mouse model of osteoarthritis, knockout Trpv4 in articular chondrocytes (Col2a1CreER;Trpv4fl/fl) induced more severe age-related osteoarthritis [115].




5.5. Nervous System


TRPV4 is expressed in microglia, a type of non-excitable cells within the central nervous system (CNS), and plays a role in microglia activation and proliferation, promoting functional and structural plasticity in excitatory spinal cord neurons through the release of lipocalin-2 [104]. Genetic ablation of Trpv4 in microglia using Cx3cr1CreER;Trpv4fl/fl mice or a pharmacological blockade of TRPV4 with TRPV4 antagonist GSK2193874 markedly attenuated neuropathic pain-like behavior in a mouse model of spared nerve injury [104], highlighting TRPV4 as a potential target for chronic pain treatment.



The functional involvement of TRPV4 in excitable neurons in the spinal cord remains a subject of controversy. Previous studies have reported TRPV4 expression in spinal dorsal horn neurons, ventral horn neurons, and dorsal root ganglion in Sprague-Dawley rats and neonatal mice, indicating a direct influence on the induction of neuropathic pain [116,117,118]. In contrast, recent work by Hu and colleagues challenges this perspective, asserting that TRPV4 is not expressed in NeuN+ spinal cord neurons but rather in IBA1+/Tmem119+ microglia and CD31+ endothelial cells, as revealed by genetic lineage tracing in mice. This suggests that TRPV4 might participate in pain signaling through sustained neurogenic inflammation [104].



TRPV4 also plays a crucial role in neuronal damage during cerebral ischemia. In a rat model of hypoxia/ischemia-induced cerebral injury, the expression of TRPV4 is markedly enhanced in hippocampal astrocytes. The increased activity of TRPV4 channels triggers Ca2+ oscillations in these cells, promoting active cellular proliferation that protects neurons, initiates repair, and correlates with astrogliosis—scar formation in the brain [105]. TRPV4 expression undergoes upregulation in the ipsilateral hippocampus following middle cerebral artery occlusion, contributing to neuronal injury during cerebral ischemia. The neurotoxic effects associated with TRPV4 activation coincide with an elevation in the phosphorylation of the NR2B subunit of the N-methyl-D-aspartate receptor (NMDAR) and a concurrent downregulation of the Akt signaling pathway. Consequently, the TRPV4-specific antagonist HC-067047 has proven effective in reducing cerebral infarction. Conversely, intracerebroventricular injection of the TRPV4 agonist GSK1016790A0 has been shown to induce hippocampal neuronal death [119]. In Trpv4-knockout mice, impaired osmotic sensing and regulation in the CNS have been observed. In this context, TRPV4-induced Ca2+ oscillations, which trigger c-FOS expression in osmotically responsive cells of the CNS, become dysfunctional [120].



Moreover, rapid Ca2+ oscillations are recorded in the subpial endfeet of astrocytes, with oscillatory activities relying on the IP3R type 2 channel correlating with TRPV4 and dystrophin. Astrocytes leveraged the Ca2+ response to effectively respond to hypoosmotic changes in the cerebrospinal fluid [106]. However, this particular function is lost after subarachnoid hemorrhage [121].




5.6. Reproductive System


TRPV4, in conjunction with γ-aminobutyric acid receptors A and B (GABA A/B), has been identified as a contributor to progesterone (P4)-induced ova and embryo transport. In the mouse oviduct, Ca2+ oscillation and an increase in ciliary beat frequency are seen in response to P4 and GABA A/B activation. Importantly, TRPV4-mediated Ca2+ entry is essential for the initiation and maintenance of this oscillatory signal [107]. In addition, during infection in vaginal epithelial cells, Ca2+ fluctuations seem to play a critical role in facilitating the entry of Herpes simplex virus (HSV). TRPV4 expressed in human epithelial cells mediates the influx of Ca2+. Inhibition of TRPV4 by TRPV4 inhibitors, such as GSK2193874 and HC067047, not only reduces HSV-2 infection in human vaginal epithelial cells, but also attenuates the associated inflammatory responses, characterized by the expression of tumor necrosis factor (TNF)-α, IL-6, C-X-C motif chemokine ligand (CXCL)-9, and CXCL-10 [108]. These findings underscore the potential of TRPV4 as a target for therapeutic interventions related to reproductive health and HSV-2 infection.





6. Conclusions and Future Perspectives


The body of evidence summarized herein highlights the multifaceted role of TRPV4-induced Ca2+ influx and of Ca2+ oscillations across different tissues and under different pathological conditions. Altogether, TRPV4-mediated calcium oscillations have emerged as a crucial regulatory mechanism in injury repair and tissue fibrosis. Understanding the precise role of TRPV4 in these processes may accelerate the development of innovative therapeutic approaches in a wide array of disorders.



Notably, the physiological and pathological functions of TRPV4-induced Ca2+ oscillations in skin wound repair and scarring remain relatively unexplored. Given its ramifications in fibroblast maturation, differentiation, cellular migration, ECM remodeling, and inflammation, it is tempting to speculate that TRPV4-mediated Ca2+ oscillations play a pivotal role in wound healing and scarring. Accordingly, future research endeavors should prioritize unraveling the precise underlying mechanisms and exploring targeted strategies that engage TRPV4 to promote effective skin wound healing and mitigate scar formation. In this context, the development of readily transferable research tools such as fibroblast subset-specific (e.g., papillary, reticular, hypodermal, superficial fascia) or fibroblast state-specific (e.g., naïve, proinflammatory, proto-myofibroblast and myofibroblast) TRPV4 knockout animals will be invaluable to decipher TRPV4-evoked Ca2+ oscillations in fibroblast fate determination. These avenues can help bridge the gap between basic science and clinical translation and, ultimately, optimize patient care.



In conclusion, by elucidating the interplay between TRPV4 and other cellular components, such as ion channels, receptors, and intracellular signaling molecules, we can gain a comprehensive understanding of TRPV4′s functional significance in diverse fibroblast subsets and cell states. This knowledge will guide the design and engineering of selective TRPV4 modulators that precisely regulate Ca2+ oscillation, which holds tremendous potential for revolutionizing wound healing treatments. The ability to fine-tune TRPV4-mediated Ca2+ oscillation could lead to improved outcomes and reduced scar formation.
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Figure 1. Protein and channel structure of TRPV4. (A) Protein structure of TRPV4. TRPV4 contains the N-terminal part, six transmembrane domains, and the C-terminal part. Ca2+-calmodulin complex binds to the calmodulin-binding domain. The fifth and sixth transmembrane domains (TM5, TM6) form the ion-conduction pore. (B) Structure of TRPV4 channel consisting of four monomers. PIBS: phosphoinositide-binding site. PRD, proline-rich domain; ANKs, ankyrin repeats; ARS-L, arachidonate-like recognition sequence; TM1–TM6, transmembrane domains; CaMBD, calmodulin-binding domain; OMD, oligomerization domain; PDZ-L, PDZ-like domain. 
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Figure 2. TRPV4 mediated signaling pathways. (A) TRPV4 signaling in tissue repair. Ca2+ influx through Piezo channel activates PLA2 with elevated production of EET. EET sensitizes TRPV4 activation in response to mechanical cues. TRPV4-evoked Ca2+ influx and subsequent Ca2+ oscillation activate downstream YAP/TAZ to promote myofibroblast (MyoFb) differentiation. (B) TRPV4 signaling in tissue fibrosis. TGF-βR activation induces PI3K, leading to Ca2+ influx via TRPV4. Ca2+ signal further activates Rho/Rho kinases, inhibiting matrix degradation via PAI-1, and upregulating fibrotic gene expression via p38-MAPK. TRPV4-induced Ca2+ signal also interacts with NOX4 to promote ROS production and nuclear translocation of MRTF-A, the coactivator of α-SMA expression. PLA2, phospholipase A2; EET, epoxieicosatrienoic acids; YAP/TAZ, yes-associated protein/transcriptional coactivator; MyoFb, Myofibroblast; PI3K, phosphatidylinositol 3-kinase; PAI-1, plasminogen activator inhibitor 1; MAPK, mitogen-activated protein kinases; NOX4, NADPH Oxidase 4; ROS, reactive oxygen species; MRTF-A, myocardin-related transcription factor A. 
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Figure 3. TRPV4-evoked calcium oscillations. (A) Ca2+ oscillation induced by TRPV4 under normal circumstances. TRPV4-mediated Ca2+ influx activates IP3R at ER membrane, which controls Ca2+ release and uptake from intracellular Ca2+ storage. (B) When the mitochondrial membrane potential is impaired due to increased ROS level, TRPV4 activation provokes ATP release through pannexin hemichannels. Released ATP binds P2Y receptors or adenosine resulted from ATP degradation bounds to Gi/0-coupled A1R or Gq/11-coupled A2BR, activates PLC, which converts PIP2 to IP3. IP3 binds to IP3R channels on ER initiating calcium oscillation. IP3, 1,4,5-trisphosphate; IP3R, IP3 receptor; P2Y: purinergic receptor; PLC, phospholipase C; PIP2, Phosphatidylinositol 4,5-bisphosphate; A1R: adenosine A1 receptor. A2BR: adenosine A2B receptor. 
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Figure 4. Functions of TRPV4-induced Ca2+ oscillations across different organs. TRPV4 is essential for physiological activities in the skin, lung, cardiovascular, skeletal, nervous and reproductive systems. Fb, fibroblast; MyoFb, myofibroblast; Phos, phosphorylation; HSV, Herpes simplex virus. Upward arrows indicate higher expression or activity. 
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Table 1. The roles of TRPV4-evoked Ca2+ oscillations in injury repair and fibrosis across organs.
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Organ

	
Species

	
Tissue/Cell Type

	
Non-Excitable/Excitable

	
State of TRPV4

	
Physiological/Pathological Function

	
References






	
Skin

	
mouse

	
skin fibroblasts

	
non-excitable

	
activation

	
nuclear translocation of YAP/TAZ, N-cadherin and α-SMA↑, myofibroblasts differentiation

	
[51]




	
human

	
preadipocytes

	
non-excitable

	
activation

	
phosphorylation of Akt kinase↓, adipogenesis↓

	
[81]




	
human

	
mesenchymal stem cells

	
non-excitable

	
activation

	
aligned collagen matrix assembly

	
[82]




	
Lung

	
human

	
lung fibroblasts

	
non-excitable

	
activation

	
ECM genes↑, collagen and fibronectin↑, phosphorylation of SMAD-2 protein↑

	
[75,76]




	
mouse

	
lung fibroblasts

	
non-excitable

	
activation

	
differentiation of myofibroblasts↑, stiffer matrices, pulmonary fibrosis↑

	
[26]




	
mouse

	
lung endothelial cells

	
non-excitable

	
activation

	
vascular permeability↑, lung inflammation and edema↑

	
[83,84]




	
Cardiovascular system

	
mouse

	
cardiac fibroblasts

	
non-excitable

	
inhibition

	
fibrosis↓ after myocardial infarction

	
[55]




	
rat, human

	
cardiac fibroblasts

	
non-excitable

	
activation

	
via p38 and ERK MAPK pathways, fibroblasts differentiation↑, myofibroblasts↑

	
[56,85]




	
rat

	
cardiac fibroblasts

	
non-excitable

	
inhibition

	
p38, Akt, and STAT3 signaling↓

	
[86,87]




	
human

	
cardiac c-kit+ progenitor cells

	
non-excitable

	
inhibition

	
migration↓

	
[88]




	
human

	
endothelial colony-forming cells

	
non-excitable

	
activation

	
nuclear translocation of a Ca2+-sensitive transcription factor p65 NF-κB, angiogenesis↑

	
[89]




	
mouse, rat, human

	
cardiomyocytes

	
excitable

	
activation

	
CaMKII phosphorylation↑, NF-κB phosphorylation↑, NLRP3 activation↑

	
[90]




	
mouse

	
cardiomyocytes

	
excitable

	
activation

	
contractility of cardiomyocytes↑

	
[91,92]




	
mouse

	
cardiomyocytes

	
excitable

	
inhibition

	
Ca2+ overload↓

	
[93]




	
rat

	
vascular smooth muscle cells

	
excitable

	
activation

	
vascular remodeling after injury, modulation of the cell migration

	
[94]




	
mouse, human

	
vascular smooth muscle cells

	
excitable

	
inhibition

	
α1 adrenergic receptor↑, hypertension↓

	
[95]




	
Skeletal system

	
mouse

	
mature osteoclasts

	
non-excitable

	
activation

	
maturation and function of osteoclasts

	
[96]




	
mouse

	
osteocytes

	
non-excitable

	
activation

	
bone homeostasis, regulation of Sost, Sp7, Tnfrsf11b

	
[97]




	
mouse

	
osteoblasts

	
non-excitable

	
activation

	
osteoblastic differentiation, regulation of Alpl, Sp7, Dmp1 and Bglap

	
[98]




	
mouse

	
osteoclast

	
non-excitable

	
activation

	
osteoclast differentiation

	
[99]




	
mouse

	
chondrocytes

	
non-excitable

	
activation

	
major mechanical sensor

	
[79,100]




	
mouse

	
annulus fibrosus cells

	
non-excitable

	
activation

	
regulator of perception of mechanical stimulation in intervertebral discs of spine

	
[101]




	
human

	
synovial cells

	
non-excitable

	
activation

	
cell sensitivity↑ to noxious thermal changes and hypoosmotic stress

	
[102,103]




	
Nervous system

	
mouse

	
microglia

	
non-excitable

	
activation

	
microglia activation and proliferation, promoting functional and structural plasticity in excitatory spinal cord neurons via lipocalin-2

	
[104]




	
rat

	
astrocytes

	
excitable

	
activation

	
promoting proliferation that protects neurons, initiates repair, and correlates with astrogliosis

	
[105]




	
mouse

	
subpial endfeet of astrocytes

	
excitable

	
activation

	
hypoosmotic changes in cerebrospinal fluid

	
[106]




	
Reproductive system

	
mouse

	
oviduct

	
non-excitable

	
activation

	
ciliary beat frequency

	
[107]




	
human

	
vaginal epithelial cells

	
non-excitable

	
activation

	
facilitating the entry of Herpes simplex virus (HSV)

	
[108]
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