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Chronic kidney disease (CKD) represents a major global health challenge, frequently resulting in the development of chronic kidney disease-mineral and bone disorder (CKD-MBD). Transient receptor potential (TRP) channels, particularly the TRPV (vanilloid), TRPC (canonical), and TRPM (melastatin) subfamilies, are crucial in CKD-MBD by regulating calcium homeostasis, bone remodeling, and vascular calcification. Pharmacological agents targeting TRP channels and traditional Chinese medicine therapies demonstrate promising therapeutic potential for CKD-MBD. This article explores the role of TRP channels in CKD-MBD, from molecular mechanisms to treatment prospects, aiming to provide new insights for CKD-MBD treatment.
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1 INTRODUCTION
CKD represents a significant global health challenge, affecting approximately 9.1% of the population (GBD Chronic Kidney Disease Collaboration, 2020). Projections indicate that by 2040, CKD will become the fifth leading cause of life years lost worldwide (Foreman et al., 2018). CKD-MBD is a systemic disorder of mineral and bone metabolism caused by CKD. According to KDIGO’s authoritative definition, the diagnostic criteria for CKD-MBD include: (1) laboratory abnormalities: calcium, phosphorus, PTH, or vitamin D metabolism; (2) bone disease affecting bone turnover, mineralization, volume, linear growth, or strength; (3) vascular or other soft tissue calcification. One or more combinations of the above can be defined as CKD-MBD (Moe et al., 2006) (Figure 1). Among patients with end-stage renal disease (ESRD), the prevalence of CKD-MBD is as high as 86% (Magagnoli et al., 2023), significantly impairing patients’ quality of life, and elevating the incidence of cardiovascular disease and mortality risk. The pathogenesis of CKD-MBD is intricate. Typically, it is associated with disturbances in calcium and phosphorus metabolism, hyperparathyroidism, vitamin D deficiency, and the increase in serum fibroblast growth factor 23 (FGF23) levels (Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD Update Work Group, 2017).
[image: Figure 1]FIGURE 1 | Pathogenesis of CKD-MBD. Abbreviations: FGF23, fibroblast growth factor 23; RANKL, receptor activator of nuclear factor-κB ligand; RANK, receptor activator of nuclear factor-κB; OPG, osteoprotegerin; OB, osteoblast; OC, osteoclast.
In recent years, numerous studies have demonstrated the significant role of TRP channels in the pathogenesis and progression of CKD-MBD. The TRP superfamily comprises a group of non-selective cation channel proteins that are extensively distributed across cell membranes and can be categorized into seven distinct subfamilies. These subfamilies include TRPV, TRPA, TRPC, TRPM, TRPN, TRPP, and TRPML. Each of these channels is characterized by six transmembrane domains, along with intracellular N-terminal and C-terminal domains, and they form a pore structure composed of hydrophobic groups between the fifth and sixth transmembrane domains, facilitating ion permeation. This structural configuration allows TRP channels to respond to a diverse range of stimuli. Unlike many voltage-gated ion channels, TRP channels lack a fully intact negatively charged residue in their fourth transmembrane domain. They mainly function as receptor-operated and store-operated Ca2+ channels, facilitating Ca2+ influx. Therefore, they are typically categorized as Ca2+ channels. Recent studies have demonstrated that the function of TRP channels extends significantly beyond their initially identified roles in sensory processes such as vision, olfaction, gustation, audition, thermosensation, nociception, pruritus, and certain reflexive responses (Menè et al., 2013). Patients with CKD-MBD exhibit a complex array of pathophysiological conditions, including metabolic acidosis, oxidative stress, chronic inflammation, apoptosis, and other microenvironmental alterations. These conditions contribute to the dysregulation of TRP channel activity, which in turn exacerbates the progression of CKD-MBD. Consequently, it is imperative to explore the involvement of TRP channels in CKD-MBD as a novel research focus.
2 THE ORIGIN OF IMBALANCE: TRP CHANNELS AND MINERAL METABOLISM DISORDERS
2.1 Mineral metabolism disorders
Abnormal mineral metabolism represents the initial manifestation of CKD-MBD and serves as the initiating factor for a cascade of severe complications associated with CKD-MBD. The combination of hyperphosphatemia, hypocalcemia, and vitamin D deficiency contributes to the development of secondary hyperparathyroidism (SHPT). Increased parathyroid hormone (PTH) levels mobilize calcium from bone into the bloodstream, exacerbating bone loss and perpetuating a detrimental cycle.
2.2 TRPV5 and TRPV6: regulators of calcium homeostasis
TRPV5 and TRPV6, part of the TRPV subgroup with 75% amino acid homology, are capable of forming heterotetrameric channels. These channels are activated through the binding of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) at the Arg302 and Lys484, and inhibited by calcimimetics. They are also activated by 1,25-dihydroxyvitamin D, PTH, and 17β-estradiol, but inhibited by acidosis. Patients with CKD accumulate non-volatile acids and have impaired acid excretion, leading to high anion gap metabolic acidosis. The resultant low pH narrows the TRPV5 channel’s ion pathway and stabilizes its closed state by forming salt bridges between Lys607 and Asp406, as well as between Arg409 and Glu294, that inhibit PI(4,5)P2 binding (Fluck et al., 2022). Consequently, this reduces calcium reabsorption in the distal tubule and increases urinary calcium excretion. Known as epithelial calcium channels, TRPV5 and TRPV6 are the most calcium-selective TRP channels, with a calcium-to-sodium selectivity ratio (PCa/PNa) over 100 due to Asp542 or Asp541 (Diver et al., 2022). They respond to low intracellular Ca2+ levels but are inhibited by elevated Ca2+ concentrations near their openings to prevent excessive Ca2+ influx (Bokhovchuk et al., 2018; Vangeel and Voets, 2019). These channels are distributed across various calcium-transporting tissues, including the kidney, intestines, bone, pancreas, prostate, and placenta. TRPV5 is mainly found in the distal convoluted tubule (DCT) and connecting tubule (CNT) of the kidney, with a particular abundance in the DCT2 segment (Peng et al., 2018), while TRPV6 is primarily located on the brush border of small intestinal cells and is also present in the kidney and bone (Khattar et al., 2022). Calcium functions as a critical second messenger, playing an essential role in bone health, muscle contraction, nerve signaling, and apoptosis. Its systemic metabolism is meticulously regulated through intestinal absorption, bone storage, and kidney excretion to maintain serum levels within the narrow range of 2.2–2.5 mmol/L (Peacock, 2010). Active transcellular calcium transport across intestinal and renal epithelial barriers involves three steps: calcium enters epithelial cells through TRPV5 or TRPV6 channels, is transported intracellularly by calbindin-D9k or calbindin-D28k, and is then expelled across the basolateral membrane via Sodium-Calcium exchanger 1(NCX1) or the Ca2+-ATPase (PMCA1b) (van Goor et al., 2017).
TRPV5 and TRPV6 are recognized as calcium gatekeepers, playing essential roles in maintaining calcium balance under physiological conditions (van Goor et al., 2017). However, in the context of CKD-MBD, factors such as hypocalcemia, vitamin D deficiency, dysregulation of the FGF23-Klotho axis, as well as other internal environmental disturbances, can lead to dysfunction of these channels. Vitamin D exerts its effects by activating the vitamin D receptor (VDR), which subsequently dimerizes with the retinoic acid X receptor (RXR) to form a functional complex (Christakos et al., 2016). This VDR-RXR complex then activates vitamin D response elements (VDREs) located in the promoter regions of TRPV5 and TRPV6, thereby regulating their transcription and expression (Fleet, 2022). Mutations within these VDREs can render TRPV6 unresponsive to vitamin D. The decreased activity of 1α-hydroxylase leads to 1,25(OH)2D3 deficiency in the kidney of patients with CKD-MBD, which in turn leads to the decreased expression of TRPV5/TRPV6. At the same time, uremic toxins such as indoxyl sulfate inhibit VDR binding to target genes and aggravate calcium absorption disorders.
Additionally, parathyroid hormone stimulates the cAMP-protein kinase A (PKA) signaling pathway via adenylyl cyclase (ADCY), which leads to the rapid phosphorylation of threonine-709 on TRPV5, thereby enhancing calcium reabsorption in the distal nephron. This mechanism serves to prevent calcimimetics -induced inactivation of TRPV5 (Fluck et al., 2022). However, in the advanced stages of CKD-MBD, renal injury, deficiency of active vitamin D, and imbalance in the FGF23-Klotho axis result in the downregulation of TRPV5 and TRPV6. This dysregulation impairs the normal modulation of TRPV5 and TRPV6, subsequently promoting the secretion of PTH. In the initial stages of CKD, the body compensates by elevating levels of FGF23 and parathyroid hormone (PTH) to maintain serum phosphorus concentrations within the normal range. As the glomerular filtration rate further declines, FGF23 levels increase substantially, potentially up to 1,000-fold. Fibroblast growth factor 23 (FGF23) interacts with the FGFR1/Klotho complex to downregulate Type IIa Na+/Pi Cotransporter (Na/Pi-Ⅱa) and Na/Pi-Ⅱc transporters in the renal system and Na/Pi-Ⅱb transporters in the gastrointestinal tract (Erben and Andrukhova, 2015). However, the deficiency of Klotho impairs the phosphate excretion function of FGF23, leading to phosphorus retention within the body (Muñoz-Castañeda et al., 2020). FGF23 plays a crucial role in modulating the expression of vitamin D metabolism enzymes, specifically Cyp27b1 and Cyp24a1, thereby expediting the inactivation of 1,25-dihydroxyvitamin D. Additionally, FGF23 influences the translocation of TRPV5 from the Golgi apparatus to the plasma membrane, enhancing its surface expression through the activation of the ERK1/2-SGK1-WNK4 signaling pathway (Andrukhova et al., 2014). Elevated FGF23 is linked to negative outcomes like left ventricular hypertrophy and cardiovascular events.
Klotho protein exists in two forms, both of which enhance TRPV5 presence on the cell surface (Wolf et al., 2014). As an FGF23 co-receptor, membrane klotho regulates calcium and phosphorus metabolism by binding to FGFR (Kuro-o, 2010). Soluble klotho stabilizes TRPV5 on the membrane by cleaving terminal sialic acids, thereby exposing the N-acetylgalactosamine (GalNAc) residue to facilitate binding with galectin-1 (Huang, 2012; Leunissen et al., 2013; Dalton et al., 2017). Klotho also regulates the TRPV6 channel via N-glycosylation but does not affect TRPV4 and TRPM6 in the kidney, indicating TRPV5 and TRPV6’s specificity in calcium homeostasis regulation (Lu et al., 2008). Recent studies propose that soluble Klotho anchors TRPV5 to the membrane by directly binding to TRPV5 and galectin-1, warranting further investigation (Lee et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | TRPV5 and TRPV6: regulators of calcium homeostasis. Abbreviations: VDR, vitamin D receptor; RXR, retinoic acid X receptor; VDRE, vitamin D response element; FGF23, fibroblast growth factor 23; FGFR: fibroblast growth factor receptor; ERK1/2, extracellular signal-regulated kinase 1/2; SGK1, Serum/Glucocorticoid Regulated Kinase 1; WNK4, WNK Lysine Deficient Protein Kinase 4; PTH, parathyroid hormone; ADCY, Adenylate Cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate.
A growing body of animal experimental studies has demonstrated that the dysfunction of TRPV5 and TRPV6 can disrupt calcium homeostasis (Bianco et al., 2007; Loh et al., 2013). Hoenderop et al. found that TRPV5 knockout mice exhibit severe hypercalciuria. In vivo micropuncture experiments revealed that Ca2+ reabsorption was impaired in DCT and CNT, which is consistent with the localization of TRPV5. Serum calcium levels did not decrease in these mice, as serum 1,25-(OH)2D3 levels were compensated by an upregulation of intestinal TRPV6 and calbindin-D9K expression. Furthermore, trabecular and cortical bone thickness was significantly reduced in these mice (Hoenderop et al., 2003). It is concluded that the dysfunction of TRPV5 and TRPV6, leading to disturbances in calcium homeostasis and bone metabolism, contributes to the pathophysiological progression of CKD-MBD. Several studies have been consistent with the hypothesis that TRPV6 mediates calcium entry into the apical membrane of intestinal cells (Song et al., 2003; Khattar et al., 2022). TRPV6 knockout (KO) mice show a 60% reduction in intestinal calcium absorption, increased urinary calcium excretion, and decreased bone density (Bianco et al., 2007). However, a few studies have indicated that TRPV6 KO mice can still increase calcium absorption efficiency and maintain normal serum calcium levels under a low-calcium diet and 1,25(OH)2D injection (Benn et al., 2008). This seems to challenge the core role of TRPV6 in intestinal calcium absorption. Cui filled in the last piece of the puzzle, demonstrating that even in VDR KO mice, TRPV6 transgenic expression can reverse hypocalcemia and osteomalacia (Cui et al., 2012).
Hypercalcemia is becoming more common in CKD-MBD patients, and the death risk rises 3.49 times when serum calcium exceeds 10.9–11.9 mg/dL (Zhu et al., 2018). Fortunately, the regulation of calcium absorption by TRPV6 is not a one-way street. Elevated serum calcium concentrations or the administration of exogenous calcimimetic agents can suppress calcium absorption via TRPV6 by activating the calcium-sensing receptor (CaSR) in intestinal epithelial cells, thus mitigating the onset of hypercalcemia (Lee et al., 2019; Hou et al., 2022). This evidence suggests that calcimimetics may be more appropriate than vitamin D for patients with CKD-MBD who are experiencing hypercalcemia.
3 DYSREGULATED BONE TURNOVER: TRP CHANNELS AND RENAL OSTEODYSTROPHY
3.1 Renal osteodystrophy
According to KDIGO guidelines, renal bone disease is categorized based on three key parameters: bone turnover, bone mineralization, and bone mass. These categories include high-turnover bone diseases, such as osteitis fibrosa cystica; low-turnover bone diseases, such as adynamic bone disease and osteomalacia; and mixed bone diseases. Bone turnover encompasses two distinct processes: osteoclasts release acidic substances and proteases to dissolve minerals and degrade the bone matrix, thereby facilitating bone resorption, while osteoblasts synthesize and deposit osteoid to promote the formation and mineralization of new bone. The assessment of bone turnover is essential for determining the most suitable treatment for ROD (Khairallah and Nickolas, 2018). Bone undergoes continuous formation and resorption in response to mechanical loading, fluctuations in serum calcium levels, and various paracrine and endocrine factors. Consequently, modulating the channel activity of the highly Ca2+ selective TRPV5/TRPV6 and the mechanosensitive TRPV4 channels may influence the proliferation and differentiation of osteoblasts and osteoclasts.
3.2 TRPV5/6 and renal osteodystrophy: beyond calcium
As mentioned earlier, mice lacking TRPV5 exhibited reduced femoral cortical and trabecular bone thickness. Another animal experiment showed that TRPV5 was present in the wrinkling zone of osteoclasts. TRPV5 knockout mice showed increased osteoclast number and osteoclast area, but decreased urinary deoxypyridinoline, a marker of bone resorption, and inconspicuous bone resorption lacunans in osteoclasts cultured in vitro (van der Eerden et al., 2005). This seemingly paradoxical observation is due to the fact that deficiency of trpv5 leads to dysfunctional osteoclast production. Subsequent studies confirmed that, the persistent challenge of Ca2+ homeostasis in Trpv5−/− mice leads to faster bone aging and reduced cortical and trabecular bone mass (van der Eerden et al., 2016).
Bone turnover is modulated by the RANKL/RANK/OPG system. RANKL, secreted by osteoblasts, binds to the RANK receptor on osteoclast precursors, thereby facilitating their differentiation. Osteoprotegerin (OPG) functions as a decoy receptor, inhibiting this process by preventing RANKL from interacting with RANK. TRPV5/6 is involved in maintaining or amplifying RANKL-induced calcium oscillations, which make calcineurin more easily activated to dephosphorylate nuclear factor of activated T cells 1(NFATc1). Activated NFATc1 translocalizes to the nucleus and drives the expression of osteoclast differentiation genes. Inhibition of TRPV5 expression significantly diminishes the RANKL-induced rise in cytosolic Ca2+ and enhances bone resorption capacity (Chamoux et al., 2010), indicating that TRPV5 plays a role in maintaining human bone homeostasis via a negative feedback loop. Trpv6 suppressed osteoclastogenesis by decreasing the ratios of phosphoprotein/total protein in the IGF-PI3K-AKT signalling pathway (Ma et al., 2021). In TRPV6 KO mice, there is a significant reduction in bone mineral density and trabecular bone number (Chen et al., 2014).
Interestingly, van der Eerden et al. did not detect TRPV5 in osteoblasts; however, they identified tcalbindin-D28k, NCX1, and PMCA1b. It is plausible to speculate that the expression of TRPV5 channels necessitates specific conditional activation. Conversely, the presence of TRPV6 suggests that it may influence the functional activity of osteoblasts (Little et al., 2011).
3.3 TRPV4: linking mechanical stress to bone metabolism
Another member of the TRPV family, the TRPV4 channel, is a non-selective cation channel characterized by its osmotic and mechanical sensitivity. The moderate permeability of TRPV4 to Ca2+ ions has been associated with the aspartate residues at positions 672 and 682. This channel is activated by stimuli such as heat, hypotonic conditions, mechanical forces, and various chemical agonists, including endocannabinoids, arachidonic acid metabolites, and phorbol esters. TRPV4 is widely expressed across several tissues, including the trachea, kidney, liver, lung, spleen, and skin. In bone tissue, TRPV4 is predominantly expressed on the surfaces of osteoclasts and osteoblasts (Everaerts et al., 2010). TRPV4, located on the primary cilia of osteocytes, plays a crucial role in detecting mechanical stress and osmotic pressure, subsequently transducing these mechanical stimuli into biochemical signals (Cox et al., 2019; Hruska and Mahjoub, 2019). Several studies indicate that fluid shear stress, resulting from the stretching of the cell membrane or the flow of interstitial fluid within the bone cavity, may directly modify the conformation of TRPV4, thereby facilitating the opening of this channel (Michalick and Kuebler, 2020). Alterations in cytoskeletal tension induced by cellular stretching, including the reorganization of actin, have the potential to modulate TRPV4 activity (Matthews et al., 2010). Mechanical stress may also indirectly activate TRPV4 through the activation of phospholipase A2 (PLA2), leading to the release of arachidonic acid (AA) and its metabolites, including epoxyeicosatrienoic acids (EETs) (Berna-Erro et al., 2017). In mature osteoclasts, TRPV4 is specifically localized to the basolateral membrane, where it plays a regulatory role in Ca2+ influx (Li et al., 2018). During the late stages of osteoclast differentiation, there is a reduction in calcium oscillations, while TRPV4-mediated basolateral calcium influx becomes more prominent, gradually supplanting calcium oscillations as the primary intracellular calcium signaling mechanism (Masuyama et al., 2008). Lauren Hurd isolated primary chondrocytes from patients with TRPV4 mutations, discovering an increased peak amplitude of temperature-dependent oscillations [(Ca2+)i] (Hurd et al., 2015). This finding suggests that aberrant activation of TRPV4 contributes to severe cartilage dysplasia. Numerous in vitro studies examining the function of TRPV4 through cell transfection (Camacho et al., 2010; Loukin et al., 2011). In animal models, the deficiency of TRPV4 led to an increase in bone mass in mice, primarily attributable to the compromised function of osteoclast-mediated bone resorption. Furthermore, the deletion of TRPV4 prevented the typical reduction in bone formation and the enhancement of bone resorption associated with mechanical unloading (Mizoguchi et al., 2008). This underscores the significance of TRPV4 as a crucial target for mechanosensitive channels in the maintenance of bone homeostasis (Figure 3).
[image: Figure 3]FIGURE 3 | TRP channels in renal osteodystrophy. Abbreviations: PLA2, phospholipase A2; AA, arachidonic acid; EET, epoxyeicosatrienoic acids. RANKL, receptor activator of nuclear factor-κB ligand; RANK, receptor activator of nuclear factor-κB; NFATc1, nuclear factor of activated T cells 1; OC, osteoclast.
4 ECTOPIC CALCIUM DEPOSITION: TRP CHANNELS AND VASCULAR CALCIFICATION
4.1 Vascular calcification
Vascular calcification, a key risk factor for cardiovascular events in CKD-MBD patients, has two types: intimal calcification and medial calcification. Intimal calcification affects the aorta, coronary, and carotid arteries. It is characterized by calcification located at the interface between the lipid necrotic core and the fibrous cap, leading to unstable plaques and thrombosis risk. Medial calcification, known as Monckeberg’s sclerosis, occurs in peripheral arteries like the femoral and tibial (Rogers et al., 2013). Both types result from vascular smooth muscle cells transforming into osteoblast-like cells, marked by the expression of osteogenic markers like Runx2 and osteocalcin, as well as regulatory proteins such as BMP-2 and ALP, rather than merely the passive deposition of calcium and phosphorus (Kaur and Singh, 2022) (Figure 4).
[image: Figure 4]FIGURE 4 | The process of vascular calcification. Abbreviations: VEC, vascular endothelial cell; VSMC, vascular smooth muscle cell.
Furthermore, patients with end-stage renal disease (ESRD) frequently present with multisystem calcified lesions. Cardiac valve calcification (CVC) is characterized by the calcification of the aortic valve and mitral annulus (Bai et al., 2022; Wang et al., 2023). Additionally, calciphylaxis is pathologically characterized by the calcific occlusion of subcutaneous microvessels, leading to thrombotic skin necrosis (Gallo Marin et al., 2023).
4.2 TRPC3: mediator of inflammatory signaling in vascular calcification
TRPC3 is a member of the TRPC family, which is frequently regarded as a store-operated calcium channel (Bavencoffe et al., 2017). TRPC3 shares a high degree of homology with TRPC6, and both are activated by diacylglycerol. TRPC proteins are broadly expressed in vascular endothelial cells and smooth muscle cells. TRPC3 and TRPC6 are primarily found in prerenal resistance vessels, while TRPC1 and TRPC6 are mainly in the aorta. TRPC regulates smooth muscle activity, vascular permeability, and is linked to cardiac hypertrophy and endothelial dysfunction (Wen et al., 2020).
TRPC3 and TRPC6 are implicated in inflammatory and immune processes, including macrophage activation (Parenti et al., 2016). CKD is characterized by persistent low-grade inflammation. Cells orchestrate the immune response by expressing and releasing inflammatory mediators, which recruit additional inflammatory cells, thereby amplifying the inflammatory response and exacerbating the injury (Ebert et al., 2020). Intimal calcification results from inflammation, linked to inflammatory molecules expressed by endothelial and vascular smooth muscle cells, which encourage macrophage infiltration. In vitro and in vivo studies have demonstrated that TRPC3 overexpression enhances vascular cell adhesion molecule-1(VCAM-1) expression, promoting endothelial cell inflammation and exacerbating the progression of atherosclerotic lesions through increased calcium influx (Smedlund et al., 2010; 2015; Vazquez et al., 2016). Inflammatory mediators facilitate the recruitment of monocytes into the subintimal space, where they differentiate into foam cells, thereby contributing to plaque development and increasing the risk of plaque rupture (Martini et al., 2023). TRPC3 encourages macrophages to polarize into the M1 type, which releases pro-inflammatory cytokines (IL-1β, TNF-α, IL-6) that trigger osteogenic differentiation and apoptosis in VSMCs. The depletion of TRPC3 significantly reduces plaque calcification and the expression of osteogenesis-related genes, such as Runx-2, Bmp-2, and ALP, particularly in macrophage-rich regions (Kumarasamy et al., 2017; Solanki et al., 2017; Dube et al., 2018). These findings underscore the critical role of TRPC3 in facilitating BMP-2-dependent calcification processes in macrophages (Figure 5).
[image: Figure 5]FIGURE 5 | TRPC3: mediator of Inflammatory Signaling in vascular calcification. Abbreviations: VCAM-1, vascular cell adhesion molecule-1.
4.3 TRPM2: enhancing oxidative stress in vascular calcification
The TRPM subfamily comprises eight members, designated as TRPM1 through TRPM8. TRPM channels are implicated in various pathological processes associated with cardiovascular diseases (Hiroi et al., 2013; Mittal et al., 2015). TRPM2, a non-selective cation channel within the TRPM subfamily, is extensively expressed in the brain, bone marrow, spleen, heart, lungs, immune cells, and vascular endothelium. This channel facilitates the influx of Na+ and Ca2+ ions and can be activated by oxidative stress induced by ROS (Di et al., 2011), thereby increasing cellular susceptibility to apoptosis. In the context of CKD, cellular oxygen metabolism becomes dysregulated, impairing mitochondrial capacity to eliminate oxygen free radicals. This impairment results in the accumulation of ROS, thereby exacerbating renal damage progression, particularly through lipid oxidation. In VSMCs, oxidative stress modulates RUNX2 via the PI3K/AKT signaling pathway.
ROS activate the PARP1-dependent TRPM2 receptor, contributing to vascular dysfunction (Alves-Lopes et al., 2020). Hydrogen peroxide (H2O2)-induced activation of TRPM2 facilitates the proliferation and migration of aortic vascular smooth muscle cells via the Akt signaling pathway and contributes to neointimal hyperplasia within the vascular wall (Zhou et al., 2020). This process serves as a marker for intimal calcification. Furthermore, the overexpression of TRPM2 exacerbates hydrogen peroxide (H2O2)-induced apoptosis in vascular endothelial cells, a process linked to the activation of caspase-8, caspase-9, and caspase-3 (Hecquet et al., 2010; Sun et al., 2012) (Figure 6).
[image: Figure 6]FIGURE 6 | TRPM2: enhancing oxidative stress in vascular calcification. Abbreviations: ROS, reactive oxygen species; H2O2, hydrogen peroxide.
4.4 TRPM7: a double-edged sword in vascular calcification
TRPM7 is a divalent cation channel that facilitates the permeation of calcium and magnesium ions, playing a crucial role in the regulation of magnesium ion homeostasis (Zou et al., 2019). Additionally, TRPM7 possesses serine/threonine protein kinase activity. It is ubiquitously expressed throughout the human body, with particularly high expression levels in the intestine, liver, nervous system, kidney, and cardiac (Fleig and Chubanov, 2014; Abidin et al., 2025).
Calcification transpires when the calcium-phosphorus product, alkaline phosphatase (ALP), RUNX2, and other promoting factors surpass the inhibitory effects of calcification inhibitors, including Gla protein, alpha-fetoprotein, and bone morphogenetic protein-7. Magnesium inhibits vascular calcification by boosting anti-calcification proteins like osteopontin, BMP-7, and matrix Gla protein, while also blocking the Wnt/β-catenin signaling pathway (Montezano et al., 2010; Montes de Oca et al., 2014). TRPM7 is recognized for its role in regulating transmembrane magnesium transport and is expressed in VSMCs. However, the role of TRPM7 in vascular calcification is complex. In cellular experiments, Mg2+ entry through TRPM7 channels significantly reduced VSMC calcification, as shown by the attenuation of this effect by 2-APB, a TRPM7 inhibitor. This inhibition byMg2+ was not achieved by calcium substitution or excess accumulation (Louvet et al., 2013; Sonou et al., 2017). In the CKD model, calcitriol treatment lowered TRPM7 protein levels in blood vessels, whereas combining magnesium with calcitriol reduced vascular calcification by boosting TRPM7 expression and magnesium levels in the vascular microenvironment (Zelt et al., 2015). However, it has also been documented that Mg2+ appear to exert their anti-calcification effects primarily through the inhibition of hydroxyapatite crystal formation, rather than through the modulation of TRPM7 channels (Ter Braake et al., 2018). In ESRD patients, uremic toxin indoxyl sulfate (IS) builds up, while high phosphorus converts vascular smooth muscle cells into osteoblast-like cells through a sodium-phosphate exchanger. Both are high risk factors for vascular calcification. In the cellular experiment, phosphate strongly promoted vascular endothelial cell calcification and increased TRPM7 levels, whereas IS caused weaker calcification and reduced TRPM7 expression (Lee et al., 2020). TRPM7 had opposite effects on calcification induced by phosphate and IS, indicating its complex role in vascular calcification.
TRPM7 plays a crucial role in key cellular processes like proliferation, differentiation, adhesion, migration, and apoptosis. Elevated glucose levels or oxidized low-density lipoprotein (ox-LDL) activates TRPM7. This activation of TRPM7 enhances the proliferation, migration, and phenotypic transformation of vascular smooth muscle cells via the MEK-ERK signaling pathway, consequently advancing the progression of vascular calcification (Lin et al., 2016; Yang et al., 2017). Interleukin-18 enhances VSMC osteogenic differentiation and calcification via the ERK1/2 pathway (Zhang et al., 2017), indicating TRPM7 might link inflammation to vascular calcification (Figure 7; Table 1).
[image: Figure 7]FIGURE 7 | TRPM7: a double-edged sword in vascular calcification. Abbreviations: ox-LDL, oxidized low-density lipoprotein; MEK, MAPK/ERK Kinase; ERK, extracellular regulated protein kinases.
TABLE 1 | The functions of TRP channels in CKD-MBD.
[image: Table 1]5 THERAPEUTIC FRONTIERS: TARGETING TRP CHANNELS IN CKD-MBD
At present, no pharmacological agents targeting TRP channels have received approval for the treatment of CKD-MBD. Nonetheless, numerous studies, including both clinical and basic research trials, are investigating TRP channels as potential therapeutic targets. Given that TRP channels are primarily recognized for their roles as sensors of temperature, pain, and touch, a significant body of research has concentrated on CKD-MBD-induced bone pain and skin pruritus. Bone pain is associated with disrupted mineral metabolism, whereas pruritus is more closely linked to the accumulation of uremic toxins, inflammation, and neuropathy. Both symptoms contribute to sleep disturbances, depression, and anxiety, thereby adversely impacting patients’ quality of life.
Capsaicin, as a recognized agonist of TRPV1, can inhibit the Wnt/β-catenin signaling pathway by activating TRPV1 receptor, thereby reducing the expression of RUNX2 and BMP-2 genes and helping to reduce arterial vascular calcification (Yan et al., 2024). In addition, it has been found that capsaicin can upregulate the expression of SIRT6, which leads to the deacetylation and degradation of Hif1α and prevents arterial calcification (Luo et al., 2022). GSK1016790A, a potent TRPV4 agonist, exerts chondroprotective effects on interleukin-1β-stimulated articular cartilage by activating the CaMKK/AMPK signaling pathway and inhibiting the NF-κB pathway (Hattori et al., 2021). In animal studies, 4α-PDD, a selective TRPV4 agonist, was shown to enhance calcium signaling and maintain osteoblast stability. Conversely, GSK205, a specific TRPV4 antagonist, was found to inhibit intracellular calcium oscillations and associated responses (Ozcivici et al., 2010). Additionally, anandamide and arachidonic acid have been demonstrated to activate TRPV4 channels, thereby increasing calcium influx and promoting vasodilation. Oxoglaucine, a TRPV5 inhibitor, has demonstrated efficacy in preventing cartilage degeneration by obstructing TRPV5-mediated Ca2+ active transmembrane transport and inducing autophagy (Zhong et al., 2021). Similarly, Alendronate, another TRPV5 inhibitor, has been shown to enhance bone mineral density and quality in patients with osteoporosis through the inhibition of TRPV5-mediated Ca2+ transmembrane transport (Nijenhuis et al., 2008). In animal models, TRPV5 blockers such as ML204 and AC1903 have exhibited renoprotective properties, including the prevention of podocyte loss and proteinuria, as well as the delay of renal function decline. Additionally, inhibitors targeting α-Klotho enzyme activity may serve as regulators of TRPV5 channels (Maeda et al., 2013). N-(p-aminocinnamoyl) anthranilic acid (ACA), a TRPM2 antagonist, has been demonstrated to inhibit the development of atherosclerosis in murine models. Additionally, ACA was observed to downregulate the expression of inflammatory mediators, including ICAM-1, MCP-1, and TNFα (Zhang et al., 2022). Furthermore, 2-APB, a non-selective TRPM7 inhibitor, has been shown to attenuate magnesium’s inhibitory effect on the calcification of smooth muscle cells in vitro (Louvet et al., 2013).
Simultaneously, certain traditional Chinese medicines exhibit potential therapeutic effects on CKD-MBD. Fraxinellone, a constituent of Dictamnus dasycarpus root bark, demonstrates anti-inflammatory and antipruritic properties through the modulation of TRPV1 and TRPA1 protein levels (Yang et al., 2024). Sophocarpine, an active compound in Flahorae Flavesentis Aiton, has been shown in studies to exert anti-inflammatory, antipruritic, and analgesic effects by modulating TRPA1 and TRPV1 (Zeng et al., 2025). Additionally, traditional Chinese medicine formulations, such as Shaoyao Gancao decoction, Qisheng Wan decoction, and Yu-Xue-Bi tablets, have been observed to regulate TRP channels, thereby alleviating bone and nerve pain (Luo et al., 2023; Liu et al., 2024; Wei et al., 2025). Scutellarein has been found to reduce pruritus in dermatitis patients by downregulating TRPV3 channels (Wang et al., 2022). Clinical trials indicate that moxibustion can alleviate pain through the regulation of TRPV1 channels (Jiang et al., 2016), while animal studies suggest that acupuncture can mitigate pain by modulating TRPV2 channels (Huang et al., 2018) (Table2).
TABLE 2 | TRP channel-targeting drugs.
[image: Table 2]The targeted regulation of TRP channels presents a promising therapeutic strategy for CKD-MBD management, with dual potential to alleviate clinical symptoms and establish novel treatment paradigms. However, given the ubiquitous distribution of TRP channels in human tissues, therapeutic development must prioritize organ-specific targeting to minimize systemic side effects from non-selective activation or inhibition. This biological characteristic underscores the critical need for developing tissue-selective drug delivery systems or channel modulators with spatial specificity. Concurrently, traditional Chinese medicine (TCM), with its historical efficacy, warrants exploration as a complementary therapy. Integrating precision TRP targeting with optimized TCM may synergistically enhance efficacy and safety.
6 CONCLUSION
This review systematically examines the involvement of TRP channels in CKD-MBD, encompassing molecular mechanisms and potential therapeutic developments. The discussion commences with calcium, a mineral essential for life yet perilous in excess. TRPV5 and TRPV6, channels with high selectivity for calcium, are identified as pivotal regulators of calcium homeostasis. Their dysfunction due to CKD-MBD worsens mineral disorders and renal bone disease. Additionally, the mechanosensitive TRPV4 channel acts as a transducer, converting mechanical stimuli into biochemical signals to maintain bone remodeling homeostasis. Vascular calcification and bone loss, although seemingly opposing processes, occur concurrently. TRPC3 and TRPM2 contribute to vascular calcification via inflammatory and oxidative stress pathways, whereas TRPM7 exhibits a paradoxical function: it is essential for maintaining magnesium homeostasis, yet its role in magnesium mediated anti-calcification remains an unresolved enigma.
Preclinical studies offer hope. Pharmacological agents targeting TRP channels, like channel blockers and allosteric modulators, hold promise in mitigating the phenotypic manifestations of CKD-MBD by decreasing vascular calcification and maintaining bone density, among other effects. Traditional Chinese medicine therapy is also beneficial. Nevertheless, key challenges remain: (1) Achieving selective activation of specific TRP channel subtypes without off-target effects due to their structural similarity; (2) Developing organ-specific targeting strategies to avoid systemic interactions given their widespread tissue distribution. The story of TRP channels and CKD-MBD is ongoing, requiring further experimental research and multicenter clinical trials to turn insights into clinical advances.
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Functions

Activate TRPV1 receptors

Inhibit the Wnt/p-catenin signaling pathway—reduce the
expression of RUNX2 and BMP-2 genes—suppress arterial

vascular calcification

Upregulating the expression of SIRT6—suppress arterial
vascular calcification

Modulating the TRPV1 channel to alleviate pain
Modulating the TRPV2 channel to alleviate pain

Regulating the protein levels of TRPV1 and TRPAI, to exert
anti-inflammatory and anti-itch effects

Modulating TRPAI and TRPVI to exert anti-inflammatory,
anti-itch, and analgesic effects

Downregulating the TRPV3 channel alleviates itching in patients
with eczema

Activate the CaMKK/AMPK signaling pathway, inhibit the NE-
KB signaling pathway — exert a protective effect on cartilage

Enhance calcium signaling, maintain osteoblast stability

Inhibit intracellular calcium oscillations and related reactions

Activate the TRPV4 channel, increase calcium influx, and
promote vasodilation

Block TRPV5-mediated Ca** transmembrane transport and
induce autophagy

Inhibit TRPV5-mediated Ca®* transmembrane transport

Block the TRPVS channel to prevent podocyte loss and
proteinuria

Inhibit the development of atherosclerosis, downregulate the
expression of inflammatory mediators

Inhibit TRPM7—Reducing magnesium’s inhibition of VSMC
calcification

Treatment effect

Reduce arterial vascular
aalcification, alleviate bone pain

Relieve pain
Relieve pain

Alleviate itching and
inflammation

Alleviate itching and pain
Relieve itching

Protect joint cartilage, reduce
inflammation

Promote bone stability

Inhibition of endothelial
calcification

Alleviate vascular spasm,
improve blood flow

Prevent cartilage degeneration
Enhance bone density and
quality, treat osteoporosis

Delay the decline in renal
function

Slow down the progression of
atherosclerosis

Inhibit vascular calcification
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Nervous system, bone marrow, heart,
pancreas, muscle, blood, lung

Intestine, liver, nervous system, kidney,
heart, muscle, lung, pancreas, spleen, skin,
Iymph node, blood, adrenal gland, stomach,

bone marrow, thyroid gland, bone

ets

Osteoclast, apical plasma
membrane of DCT2 and
ONT epithelial cells

Brush border of small
intestinal epithelial cells,
osteablast, osteoclast

Osteoblast, osteoclast,
chondrocte

VEC, pericytes,
macrophages

VEC, VSMC, macrophages
and other vascular-related
immune cells

VEC, VSMC, fibroblast
macrophages

Functions

Participating in RANKL-induced
calcium oscillations — regulating early
proliferation and differentiation of
osteoclasts — negative feedback
‘maintaining bone homeostasis

High calcium selectivity, mediating
renal/intestinal calcium reabsorption/
absorption — bidirectionally regulating
serum calcium levels, preventing
hypercalciuria — maintaining calcium
homeostasis

Pathological conditions including
acidosis, vitamin D deficiency, SHPT,
and FGF23-Klotho axis disorder —
functional abnormalities — exacerbating
calcium metabolic disorder

Regulating osteoclast via IGF-PI3K-AKT
and other signaling pathways without
involving calcium oscillations —

maintaining bone homeostasis

Mechanosensitivity — Converting
mechanical stimuli into biochemical
signals

Mediating calcium influx replacing
calcium oscillations — Regulating late-
stage proliferation and differentiation of
osteoclast — Maintaining bone
homeostasis

Maintaining normal development and
differentiation of cartilage

Participating in macrophage activation/
promoting endothelial cell adhesion
molecule expression — mediating
inflammatory responses — promoting
vascular calcification progression

Participating in oxidative stress and
inflammatory responses — promoting
proliferation, migration of VSMCs and

vascular dysfunction/promoting
apoptosis of VECs— accelerating ascular
calcification progression

Mediating magnesium ion influx —
Participating in magnesium-dependent
inhibition of VSMC calcification

Participating in cell proliferation,
differentiation, adhesion, migration, and
apoptosis — Promoting VSMC
proliferation, migration, and phenotypic
switching via the MEK-ERK pathway

Integrating inflammatory signaling with
vascular calcification cascades
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