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The skeletal system is an important support structure in the human body, and its homeostatic state is highly relevant to the development of a wide range of orthopaedic diseases. The search for key regulatory factors associated with skeletal development is essential for exploring potential therapeutic targets for bone diseases. Nerve Growth Factor (NGF), the first neurotrophic factor to be discovered, plays an important role in regulating immune cell function, influencing angiogenesis and participating in the physiological and pathological processes of bone homeostasis. Here, we mainly review the biological functions of NGF in the skeletal system and its molecular mechanisms, analyse the pathophysiological roles of the NGF signaling pathway in skeletal diseases such as osteoporosis, osteoarthritis, and fracture healing, and summarize the progress and challenges of the current clinical research on therapeutic strategies targeting NGF. In addition, we provide an overview of NGF and highlight the role of NGF in the regulation of bone formation and bone resorption. Therefore, by reviewing the literature related to NGF and bone diseases, this paper summarises the specific regulatory mechanisms of NGF in various bone diseases, which provides new perspectives and intervention targets for the treatment of skeletal diseases, especially in the field of diseases in which the effects of traditional treatments are limited. The therapeutic strategies targeting neurotrophic factors show broad prospects for clinical application.
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1 INTRODUCTION
Nerve Growth Factor (NGF) as a neurotrophic factor (De Nardo et al., 2022), it is an important member of the Neurotrophin family (Amagai et al., 2016), which exhibits a typical characteristic folding pattern in its molecular structure. The family consists of four evolutionarily conserved secreted proteins, including NGF, Brain-Derived Neurotrophic Factor (BDNF), Neurotrophin-3 (NT-3) and Neurotrophin-4/5 (NT-4//5) (Aragona et al., 2022). These molecules all appear as homodimers in their three-dimensional structure, with each monomer containing approximately 120 amino acid residues that form a unique “neurotrophin fold” structural domain through three conserved disulfide bonds. The understanding of the functional diversity of NGF has been significantly deepened with the development of molecular biology research. Existing studies have shown that the biological effects of NGF have gone beyond its classical neurotrophic role and are widely involved in physiological processes such as immune regulation, angiogenesis and metabolic homeostasis. It is noteworthy that several studies in recent years have demonstrated that NGF plays an indispensable regulatory role in the development, homeostasis maintenance and pathological processes of the skeletal system. As a highly innervated organ, the development, metabolism and repair of bone tissue interact closely with the nervous system (Oo and Hunter, 2021), and NGF is one of the key molecules in mediating.
Bone homeostasis refers to the dynamic equilibrium of bone formation, maintenance and resorption that ensures the strength and integrity of the skeleton and maintains a precise balance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption (Mödinger et al., 2018). When this balance is disturbed, it can lead to pathological conditions such as osteoporosis and delayed fracture healing. Traditional treatments such as bisphosphonate (Giannasi et al., 2019), estrogen (Yang Y. et al., 2022) have been effective but suffer from high side effects and limited efficacy. Therefore, exploring new therapeutic targets has become an important direction in the study of skeletal diseases. There exists a complex and sophisticated two-way communication network between the skeletal system and the nervous system, and this relationship constitutes the theoretical basis of the ‘neural-skeletal axis’. Traditionally, the skeleton has been regarded as a mere support structure and mineral reservoir of the organism, but modern research has revealed that the skeleton is a highly dynamic and multi-regulated organ in which the nervous system is involved in the maintenance and repair of skeletal homeostasis through a variety of pathways. Nerve fibres are widely distributed in the periosteum, bone marrow and trabeculae, and directly or indirectly regulate the balance between bone formation and bone resorption through the release of neurotransmitters and NGF. The expression and function of NGF receptors in skeletal cells are shown in Figure 1.
[image: Diagram illustrating pathways of bone marrow mesenchymal stem cell differentiation. Panel 1 shows TrkA influencing chondrocyte and osteoblast formation from these stem cells. Panel 2 shows p75NTR involvement in osteoblast precursor differentiation. Below, TrkA/p75NTR regulates bone progenitor cell and neurofibril pathways, leading to integrated signal regulation of cell fate decisions.]FIGURE 1 | NGF receptor expression and function in skeletal cells.It has been shown that NGF not only affects bone metabolism through innervation (Shi and Chen, 2024), but also acts directly on osteoblasts (Aso et al., 2024), to regulate their proliferation, differentiation and function. NGF signalling and its receptors have been shown to reduce the disease burden of painful musculoskeletal skeleton (Oo and Hunter, 2021), to target and regulate obesity and type 2 diabetes-induced skeletal muscle atrophy (Jun et al., 2024), and to promote vascular neovascularisation and skeletal muscle fibre remodelling in a mouse model of hindlimb ischaemia (Diao et al., 2022). These findings provide new perspectives for understanding the pathogenesis of skeletal diseases and a theoretical basis for developing novel therapeutic strategies.
It is worth noting that the number of mentions of NGF has been increasing annually over the last decade, increasing to 70 in 2020, and then decreasing with mentions in the following years, but still remaining a hot topic (Figure 2A). Figure 2B shows the co-occurrence of keywords related to NGF. Among them, there are many keywords related to NGF, such as Bone homeostasis, Bone formation, Bone resorption, Skeletal diseases and so on. It can be seen that researchers are exploring more and more about NGF, and the functional mechanism of NGF regulation to the therapeutic target of bone homeostasis is getting more and more attention. The aim of this review is to systematically sort out the multiple functions of NGF from neuromodulation to maintenance of bone homeostasis, to deeply analyse its therapeutic potential in skeletal diseases, and to provide directions for future research by integrating basic research and clinical evidence to promote the innovative application of NGF in the treatment of skeletal diseases.
[image: Chart A shows the number of publications from 2015 to 2024, peaking at 70 in 2020 and decreasing to 27 in 2015. Network diagram B visualizes keyword connections, with prominent terms like "nerve growth factor," "skeletal muscle," and "pain" interlinked, represented in varying colors and node sizes.]FIGURE 2 | (A) Number of NGF-related publications in the Web of Science core collection in the past decade. (B) Keyword co-occurrence map based on bibliographic data created through VOSviewer 1.6.20 software (NGF, 2015–2024).2 METHODS
In this study, we searched PubMed, Web of Science and ScienceDirect databases to obtain relevant literature resources. The search strategy was based on the combined keyword method, with Nerve growth factor, Bone homeostasis, Bone formation, Bone resorption and Skeletal diseases as the core subject terms to construct the search formula. We selected publications including animal experiments on Nerve growth factor and Bone homeostasis; research results on Bone homeostasis or Bone formation and Nerve growth factor; and analytical results on Nerve growth factor and Skeletal Diseases analysis results. Pharmaceutical preparations, non-English language and duplicate publications were excluded. This review strictly followed the systematic evaluation specifications of the PRISMA guidelines (Page et al., 2021), and the specific literature screening process is detailed in the visualisation flowchart shown in Figure 3.
[image: Flowchart depicting a systematic review process. Identification phase: 16,740 records identified from databases (PubMed, Web of Science, ScienceDirect). 7,213 duplicates removed before screening. Screening phase: 8,527 records screened, 7,813 excluded. 714 reports sought for retrieval, none not retrieved. Eligibility phase: 714 reports assessed, 166 excluded due to factors like improper animal model, irrelevant results, improper intervention, or non-English publication. Inclusion phase: 548 studies included in review.]FIGURE 3 | PRISMA flowchart of the literature screening.3 NERVE GROWTH FACTOR OVERVIEW
NGF is the earliest discovered and most thoroughly studied neurotrophic factor with dual biological functions of neuronal trophism and synapse growth, and it has an important regulatory role in the development, differentiation, growth, regeneration, and expression of functional properties of central and peripheral neurons.
3.1 Molecular structure and receptor system of nerve growth factor
NGF, BDNF, NT, NT-4 and NT-5 are collectively referred to as the NGF family due to their highly similar amino acid sequences, i.e., high degree of homology in gene structure. The molecular structure of NGF contains α, β, and γ subunits, with the active region being the β subunit, which is a homodimer consisting of the same subunits of two 118 amino acids bonded by non-covalent bonds, with three sets of disulfide bonds within each monomer. There are 3 groups of disulfide bonds in the monomer. The human nerve growth factor family members NGF, BDNF, NT-3 and NT-4. These protein sequences share about 50% homology (Aragona et al., 2022), and this high degree of conservation may be closely related to their functional specificity and receptor selectivity. In terms of genomic localisation, the human NGF gene is localised in the 1p13.1 region of the short arm of chromosome 1. In terms of expression regulation, NGF is subject to multiple levels of regulation, including promoter activity, enhancer regulation, transcription factor binding, and epigenetic modification, among other mechanisms. Notably, the expression of NGF shows significant tissue specificity, mainly distributed in neurons, immune cells and various glands and other tissues.
Mature NGF (β-NGF) is a homodimer consisting of two identical subunits, each containing 112 amino acid residues (Zhou et al., 2021), and a molecular weight of 13.5 kDa (Lim et al., 2007). The precursor protein proNGF is encoded by NGF and is initially translated into a precursor protein containing about 240 amino acids (preproNGF), which is cleaved by a signal peptide to form proNGF, an N-terminal pre-structural domain and a C-terminal mature NGF structural domain (Feng et al., 2010). In the Golgi or secretory vesicles, the precursor convertase cleaves proNGF and releases β-NGF proNGF secreted outside the cell can be further processed by extracellular proteases. If processing is incomplete, proNGF may exist in full-length form. In the nervous system proNGF is more stable, whereas in peripheral tissues it is susceptible to rapid processing into NGF, and proNGF accumulation in pathological states may result from an imbalance in protease activity (Fahnestock et al., 2004).
NGF acts by binding to specific cell surface receptors, including the high-affinity receptor TrkA and the low-affinity receptor p75NTR, which together regulate the diverse biological effects of NGF. TrkA activation involves ligand-induced dimerisation, autophosphorylation, and initiation of downstream signalling cascades, as well as the synergism of multiple pathways (MAPK, PI3K, PLCγ), which are dynamically balanced and ultimately regulate neuronal survival, differentiation, synaptic plasticity and other biological processes, dynamic homeostasis, and ultimately regulates biological processes such as neuronal survival, differentiation, and synaptic plasticity (Figure 4).
[image: Diagram illustrating cellular signaling pathways involving phosphorylation sites. Key components include Shc and FRS2, leading to Ras/MAPK and PI3K/Akt pathways for neuronal differentiation and survival. Other elements include PLCγ and PKC/Ca²⁺ influencing synaptic plasticity and pain sensitization. Tyr490, Tyr751, and Tyr785 phosphorylation sites are highlighted with effects on anti-apoptosis and metabolic regulation.]FIGURE 4 | TrkA activation is dependent on intracellular specific tyrosine residues phosphorylating sites of downstream signalling proteins.p75NTR is a member of the tumour necrosis factor receptor superfamily and regulates cell survival and apoptosis in the nervous system with its unique dual role (Zhou et al., 2019). The dual regulatory mechanism of p75NTR promotes survival signalling, amplifies the PI3K/Akt and Ras/MAPK pathways by enhancing the ligand-binding affinity of the Trk receptor, and p75NTR-TRAF6 signalling promotes NF-κB nuclear translocation and upregulates anti-apoptotic genes to activate the NF-κB pathway. NGF exerts its physiological effects by binding two classes of cell surface receptors high affinity TrkA receptors and low affinity p75NTR. A 2020 report suggests that NGF plays an important role in the plasticity and survival of cholinergic neurons in the basal forebrain associated with cognitive function. TrkA/p75NTR is an important factor in neuronal apoptosis. TrkA/p75NTR and PI3K/AKT pathways were shown to be involved in the regulation of intermittent hyperglycaemia (IHG)-induced neuronal apoptosis and the neuroprotective effects of alpha-lipoic acid (ALA) under IHG (Yan et al., 2020). Both p75NTR and TrkA play important roles in the nervous and skeletal systems. The development of targeted drugs with higher specificity, avoiding effects on non-target tissues, is key to achieving NGF therapy. By selectively modulating the activity of TrkA and p75NTR, side effects can be reduced and therapeutic efficacy improved.
3.2 Physiological functions of nerve growth factor
3.2.1 Core functions in the nervous system
Precise regulation of neuronal survival and apoptosis, NGF-TrkA activates PI3K-Akt, Ras-MAPK, and maintains the survival of sympathetic and dorsal root ganglion (DRG) sensory neurons (Kigami et al., 2021). Activation of the PI3K-Akt pathway inhibits apoptosis, while the Ras-MAPK pathway promotes cell proliferation and differentiation. The synergy of these signalling pathways ensures stable neuronal survival during development and maturation. Under normal physiological conditions, the presence of NGF is essential for maintaining the survival of sympathetic and DRG sensory neurons. However, when NGF is deprived or its precursor form proNGF accumulates, p75NTR forms a complex with sortilin that activates the JNK-c-Jun pathway, which in turn induces mitochondrial apoptosis via Bim and PUMA. This mechanism is particularly important in neurodegenerative diseases because it determines neuronal survival or death. Axon-directed chemical gradients decode NGF into concentration gradients in target tissues skin or vasculature, etc., and growth cones dynamically regulate the cytoskeleton through local TrkA internalisation with Rho GTPase. NGF and its receptors TrkA and p75NTR play key roles in several physiological and pathological processes in the nervous system. From neuronal survival and apoptosis to axon guidance and regeneration to synaptic plasticity and learning memory, NGF regulates these complex processes through the activation of different signalling pathways. In the ventral spinal cord, Semaphorin3A induced growth cone collapse via the p75NTR-NRP1 complex. After nerve injury, regenerating axons can re-respond to NGF gradients, but proNGF-p75NTR signalling in scar tissue may hinder regeneration. Dynamic regulation of synaptic plasticity, basal forebrain NGF-TrkA signalling maintains cortical cholinergic projections and modulates learning memory. NGF enhances LTP via the TrkA-PLCγ-CaMKIV pathway, and proNGF-p75NTR inhibits LTP retrograde transport of NGF released from target tissues into neuronal cytosol regulates synaptic protein expression.
In addition, Yiangou et al. showed accumulation of immunoreactivity in nerve fibres distal to the rat sciatic nerve ligature in both normal human and rat skin tissue sections immunostained for rhNGF and antibodies to preNGF immunostained for basal keratin-forming cells, suggesting that prepro-NGF may be preferentially uptaken and transported by p75 (Yiangou et al., 2002). The monocyte or macrophage-driven NGF-TrkA pathway was found to be a novel analgesic target for adult survivors of childhood cancer in a rat model of cisplatin-induced survival pain (Da Vitoria Lobo et al., 2024).
3.2.2 Pleiotropic effects in the non-neurological system
Recent studies have revealed that NGF and its receptors TrkA and p75NTR are widely expressed in non-neural tissues, demonstrating pleiotropic effects. NGF is secreted by mast cells, macrophages, etc. It can activate basophils to release histamine, promote B-cell proliferation and T-cell differentiation, and participate in Th2-type immune responses (Minnone et al., 2017). However, this immunomodulation is early in the course of infection, where NGF promotes tissue repair by enhancing the Th2 response. In chronic inflammation, its sustained release exacerbates the fibrotic process. The NGF system appears to play a role in the reproductive physiology of this grey squirrel population by participating in the regulation of the ovarian cycle mainly through local regulation of NGF/NGFR (Maranesi et al., 2020).
3.2.3 Role in the inflammatory response
NGF exhibits unique bidirectional regulation in the inflammatory response, directly binding TrkA/p75NTR (Moyano et al., 2021). Promotes mast cell degranulation and release of histamine, TNF-α and proteases. Activates the NF-κB and MAPK pathways through TrkA, promotes M1-type polarisation, and increases the secretion of IL-6, IL-1β and NO to exert pro-inflammatory effects (Ruggeri et al., 2016). NGF activates Foxp3 expression via p75NTR to promote Treg proliferation and inhibit excessive immune response; during the tissue repair phase, NGF induces Arg-1 and IL-10 expression via the PI3K-Akt pathway to promote M2-type transformation (Sainath and Gallo, 2021). Notably, sustained activation of p75NTR by p75NTR-mediated immunosuppression in a lung fibrosis model promotes cross-talk of the TGF-β1-Smad2/3 pathway, resulting in aberrant fibroblast activation (Peng et al., 2019). NGF enhances tight junction protein expression in intestinal epithelial cells via TrkA and attenuates DSS-induced colitis.
3.2.4 Regulation of vascular endothelial cell proliferation and angiogenesis
NGF is involved in the proliferation, migration and angiogenesis of vascular endothelial cells (ECs) through direct and indirect mechanisms. It plays a key role in both physiological angiogenesis and pathological vascular proliferation. NGF-TrkA inhibits endothelial cell apoptosis through Akt phosphorylation. NGF induces IL-10 and TGF-β secretion from M2-type macrophages, which promotes vascular maturation, and sympathetic-dependent fibres through norepinephrine regulates vascular tone (Lin et al., 2024; Yu et al., 2019). Glioblastoma, prostate cancer highly express NGF, which promotes angiogenesis through autocrine/paracrine secretion (Baspinar et al., 2017; Shimomura et al., 2021). While anti-NGF antibodies inhibit vascular proliferation, they simultaneously block innervation-mediated vascular maturation signalling (Troullinaki et al., 2019).
4 REGULATION OF BONE FORMATION BY NGF
4.1 Skeletal system
NGF played a complex regulatory role in skeletal development, homeostasis maintenance and disease processes (Li et al., 2019). The skeletal system being a highly innervated and dynamically remodelled tissue, NGF is involved in bone formation, bone resorption, pain perception and injury repair through its receptors TrkA and p75NTR. The bone remodelling process is mainly regulated by osteoclasts and osteoblasts, and the dynamic balance of their functions is essential for maintaining bone homeostasis (Moradinasab et al., 2021). Neurotrophic factors such as NGF have been shown to have significant osteogenic stimulatory effects, emphasising the intricate interplay between neurotrophism and bone healing (Li et al., 2025). Sekiguchi et al. found a relative increase in NGF in healing tissues after fracture in a mouse femur fracture model, suggesting that the organism has an increased need for neurotrophic and skeletal remodelling after fracture. The intricate linkages between these systems and factors highlight the complex role of NGF in skeletal remodelling (Sekiguchi et al., 2022).
4.2 NGF promotes bone formation through proliferation and differentiation of bone marrow mesenchymal stem cells
NGF significantly enhances the osteogenic efficacy of bone marrow mesenchymal stem cells (BMSCs) through a multi-targeted regulatory mechanism and plays a key regulatory role in the bone formation process (Yang et al., 2019). In the process of fracture repair, NGF-regulated BMSCs accurately coordinate the healing phase transition of ‘inflammation-chondrogenesis-osteogenesis-remodelling’ through specific differentiation into osteoblasts and chondrocytes, and at the same time secrete a variety of extracellular matrix proteins (e.g., collagen type I, bridging proteins) to promote the deposition and mineralisation of the bone matrix. NGF is a key molecule connecting cell aggregation in the early stages of bone formation and tissue reconstruction in the later stages of bone formation. BMP-2 is widely recognised as the most osteoinductive growth factor, which is effective in the repair of bone defects and fracture healing. (Ye and Ma, 2019). Experiments have confirmed that BMP-2 can effectively promote the differentiation of MSCs to osteoblasts, enhance ALP activity and osteocalcin (OCN) expression, and significantly increase the amount of new bone formation and the quality of bone healing (Li et al., 2022). In addition, NGF indirectly promotes the osteogenic potential of BMSCs by modulating the bone marrow microenvironment (Zhao H. et al., 2025). On the one hand, NGF stimulates BMSCs to secrete a variety of osteogenesis-related cytokines (e.g., BMP-2, VEGF), forming an autocrine/paracrine positive feedback regulatory loop (Yang X. et al., 2022). BMP-2 is widespread in the skeletal system, especially in osteoblasts and osteocytes. It plays a key role in bone formation, promoting bone tissue production by inducing intramembranous ossification and endochondral ossification (Halloran et al., 2020). On the other hand, NGF inhibits the expression of the adipose differentiation-associated transcription factor PPARγ and reduces the differentiation of BMSCs to adipocytes, thereby directing more stem cells to the osteogenic lineage (Suo et al., 2022). Animal experiments have confirmed that local application of NGF can increase the recruitment of BMSCs by 3-fold and new bone formation by more than 50% in a bone defect model (Rivera et al., 2020). By promoting osteogenic differentiation of MSCs, NGF plays an important role in promoting bone formation.
4.3 NGF regulates bone formation by promoting osteoclast differentiation and maturation
Osteoclasts, as the main functional cells for bone resorption, are specialised multinucleated giant cells formed by the fusion of precursor cells of the monocyte/macrophage lineage (Huang et al., 2024; Konno et al., 2024). During osteoclast differentiation and maturation, osteoblasts are able to secrete active factors associated with coupling. These active factors enable osteoclasts to interact with osteoblast precursor cells, promoting osteoblast differentiation and mineralisation, which is critical for maintaining the balance between bone resorption and bone formation during bone remodelling (Kim et al., 2020). It has been found that NGF and its high affinity receptor TrkA are co-expressed in mature osteoblasts, suggesting that NGF may be involved in the regulation of osteoblast function through an autocrine/paracrine mechanism (Delay et al., 2022). NGF stimulates the secretion of RANKL (factor essential for osteoclast differentiation) from osteoblasts and bone stromal cells, and may inhibit the expression of osteoprotegerin (OPG), thus indirectly promoting osteoclastogenesis, but this effect may be amplified under inflammatory conditions. NGF binds to TrkA and p75NTR receptors on the surface of osteoclast precursor cells, activates the NF-κB and MAPK signalling pathways, significantly upregulates the expression of RANKL, and promotes the differentiation of osteoclast precursor cells to mature osteoblasts, which exacerbates bone resorption in osteoporosis models. Meanwhile, NGF promotes the bone resorption function of mature osteoclasts by enhancing the activities of osteoclast-specific markers such as histone kinase K (CTSK) and anti-tartaric acid phosphatase (TRAP), which maintains the normal bone remodelling process (Walia et al., 2018). NGF plays a key role in the dynamic balance between bone formation and bone remodelling through mechanisms that precisely regulate osteoclast activity.
4.4 NGF regulates bone formation through nerve-vessel coupling
The skeleton is a highly innervated organ in which nerve fibres interact with various skeletal cells. Peripheral nerve endings release neurogenic factors and sense skeletal signals that mediate bone metabolism and skeletal pain (Sun et al., 2023). Bone is also one of the tissues with the richest vascular network in the body, and the vascular system is crucial for bone development, homeostasis and regeneration. During bone development, regeneration and remodelling, vascular neovascularisation not only provides oxygen and nutritional support to bone tissue, but also directly participates in osteogenic regulation through the secretion of various paracrine factors (e.g., PDGF, VEGF) (Liu et al., 2023). Innervation is a key initiator of the bone repair process, which precedes the bone regeneration process (Li et al., 2019). Studies have shown that the absence of the NGF signalling pathway leads to multiple pathological changes: abnormal sensory innervation, delayed neovascularisation, reduced numbers of bone progenitor cells and impaired skeletal development (Tomlinson et al., 2016). Bone regeneration is a multi-system process: the vascular system provides the necessary nutrients and oxygen supply, the immune system regulates the inflammatory response, and the nervous system coordinates this complex process through the secretion of neurotransmitters (Leroux et al., 2020). Clinical observations show that patients with congenital insensitivity to pain (CIP) are significantly more likely to develop skeletal complications such as fractures and bone infections (Zhang and Haga, 2014). Neurological abnormalities are also closely associated with a number of skeletal diseases, such as osteoporosis, which is often associated with abnormal sympathetic nerve activity, and osteoarthritis, in which the density of joint innervation is reduced by about 40% (Zhu et al., 2019). Li et al. revealed for the first time the regulation of neurovascular regeneration during fracture repair. First, in vivo microimaging confirmed that the reinnervation of sensory nerves to the bone scab significantly preceded the formation of neovascularisation; second, three-dimensional reconstruction analysis showed that there was a high degree of spatial correlation between the distribution trajectories of nerve fibres and blood vessels; what’s more, for the first time, the study confirmed that the peak of NGF expression at molecular level was exactly between the peak of nerve growth and the peak of vessel growth. Between the peak of nerve growth and the peak of vascular growth, suggesting that NGF may be a key molecular bridge connecting nerve regeneration and neovascularisation, providing direct evidence for understanding the neurovascular coupling mechanism of fracture healing (Li et al., 2019). Studies of NGF in the regulation of bone formation are shown in Table 1.
TABLE 1 | NGF in the regulation of bone formation.	Research directions	Main findings	Experimental models/Methods	References
	NGF expression in bone tissue	NGF is secreted by osteoblasts, osteoclasts and nerve fibres and plays a bidirectional regulatory role in bone metabolism	TrkAF592A mice and TrkAWT; X-Gal staining, transparency and confocal imaging, quantitative RT-PCR, histology	Tomlinson et al. (2017)
	Effect of NGF on chondrocyte angiogenesis in vitro	NGF promotes FGF2 expression and increases TrkA-mediated angiogenesis via PI3K/Akt and ERK/MAPK signalling pathways in human chondrocytes in vitro	OA patient model; NGF and TrkA expression in cartilage detected by immunohistochemistry and WB, Safranin-O	Yu et al. (2019)
	The role of NGF in fracture healing	Upregulation of NGF expression at fracture sites promotes nerve regeneration and blood vessel formation to accelerate healing	Patients with clavicle fracture combined with TBI; serum NGF levels by ELISA and immunohistochemistry	Zhang et al. (2018)
	Impact of NGF on bone defect repair	NGF promotes BMSC osteogenesis and accelerates bone repair	Sprague-Dawley (SD) rat femoral condylar defect model; in vitro and in vivo micro CT, histological, WB and PCR analyses	Ji et al. (2024)
	NGF in models of osteoporosis	NGF levels are reduced in a postmenopausal osteoporotic mouse model; NGF supplementation partially improves bone mineral density	Ovariectomy (OVX) Large osteoporotic bone defect model; RNA sequencing, TRAP staining	Zhao Y. et al. (2025)
	Application of NGF in osseointegration of oral implants	NGF promotes differentiation of BMSCs to osteoblasts and neuronal cells	Animal implant experiments, histological analysis	Ye and Gong (2020)
	Synergy between NGF and calcitonin gene-related peptides	CGRP and NGF work together to promote bone regeneration, and CGRP does so by increasing angiogenesis and osteoblast activity	Mandibular defect model with combined CGRP and NGF intervention	Sun et al. (2015)
	The role of NGF in mechanical stress response	Mechanical loading (e.g., exercise) enhances osteogenic activity by upregulating NGF expression	C57BL/6J mice; histomorphological, qRT-PCR in vitro detection of Ngf, Wnt1 and Wnt7b expression in ATCC CRL-2593	Fioravanti et al. (2021)
	Effects of NGF inhibitors on pain aspects of osteoarthritis	Effects of anti-NGF treatment (e.g., tanezumab) blockade on pain behaviour and joint structure in an experimental model of osteoarthritis	——	Miller et al. (2017)
	NGF and inflammatory bone loss	NGF overexpression under inflammatory conditions exacerbates osteoclast activation and leads to bone erosion	Primary cultures of human OA chondrocytes, neonatal mouse articular chondrocytes, or cartilage explants were stimulated by increasing IL-1β, prostaglandin E2, mucin/nicotinamide phosphoribosyltransferase, or cyclic mechanical compression	Pecchi et al. (2014)
	Potential therapeutic role of NGF in osteoarthritis (OA)	NGF promotes chondrocyte proliferation and matrix synthesis	Clinical studies and animal OA models	Shang et al. (2017)


5 REGULATION OF BONE RESORPTION BY NGF
5.1 Direct action of NGF on osteoclasts
Osteoclasts are the main functional cells for bone resorption and have an important role in bone development, growth and injury repair. When mature osteoclasts adhere to the bone surface, osteoclasts are activated and begin bone resorption (Chen Z.-H. et al., 2023). Once the function of osteoclasts is abnormal, bone resorption will be disturbed, breaking the balance between bone formation and resorption. When osteoclasts function is in a hyperactive state, it will cause bone degenerative diseases such as osteoporosis, arthritis, etc. If osteoclasts are dysfunctional or in decline, they can cause bone resorption disorders, osteosclerosis, dense osteogenesis imperfecta, Paget’s disease of bone, and massive osteolysis (Xiang et al., 2024). By virtue of its unique molecular structure and properties, NGF can accurately bind to specific receptors on the surface of osteoclasts. Under the direct action of NGF, osteoclasts showed significant changes in cell morphology, functional activity and gene expression profiles. From the perspective of cell morphology, the pseudopod extension and cell polarity of osteoclasts will be adapted to the needs of bone resorption function (Chen Z.-H. et al., 2023). In terms of functional activity, osteoclasts have a regulated ability to degrade bone matrix, which directly affects the rate and extent of bone resorption by secreting a variety of acids and proteases, such as lactic acid, citric acid, CTSK, etc., which solubilise and break down the bone matrix (Vääräniemi et al., 2009). It has been shown that NGF presents differences in the regulation of osteoclasts under different pathophysiological states. In inflammatory environments, the release of inflammatory cytokines such as TNF-α and IL-6 affects the expression of NGF and its receptor on osteoclasts, as well as signalling, and TNF-α upregulates the expression of the NGF receptor on osteoclast precursor cells, which enhances the promotion of osteoclast differentiation, thereby exacerbating bone resorption (Yao et al., 2022). In addition, progress has been made in the study of the interaction between NGF and other bone regulators. For example, NGF has a synergistic or antagonistic relationship with members of the BMP family in regulating bone metabolism; BMP-2 promotes osteoblast differentiation and bone formation, whereas NGF regulates the BMP-2 signalling pathway to a certain extent, affecting the balance between osteoblasts and osteoclasts, and indirectly regulating bone resorption (Yu, 2000). NGF also directly promotes bone resorption by enhancing CTSK and V-ATPase proton pump activity and increasing the bone matrix degradation capacity of mature osteoclasts by up to 2-fold. NGF further optimises the bone resorption microenvironment by up-regulating osteoclast crease margin formation and MMP-9 secretion (McConnell et al., 2017).
5.2 Indirect regulation through neuroendocrine
NGF, as a core substance of neuromodulation, has a significant regulatory effect on neuroendocrine cells, inducing them to secrete various hormones and neuropeptides, which are then involved in the complex regulation of bone metabolism. These substances are then involved in the complex regulation of bone metabolism. NGF in the central nervous system indirectly alters peripheral bone metabolism by regulating the secretion of metabolism-related neuropeptides, such as leptin and NPY, which inhibit bone formation and promote bone resorption through Y1 receptors, and leptin, which inhibits bone formation through the sympathetic efferent pathway, thus forming a complex network of neuroendocrine-bone metabolism regulation (Liang et al., 2025). In addition, NGF regulates the hypothalamic-pituitary axis to influence bone metabolism. In the hypothalamic-pituitary-adrenal axis, NGF stimulates specific neurons in the hypothalamus to alter the secretion of corticotropin-releasing hormone (CRH), which in turn affects the pituitary’s secretion of adrenocorticotropic hormone (ACTH), which travels with the bloodstream to the adrenal cortex, where it regulates the synthesis and release of cortisol (Chen M. et al., 2023; Sheng et al., 2021). NGF became a key regulatory molecule in the process of bone resorption, and Table 2 shows the therapeutic targets of NGF in bone resorption.
TABLE 2 | Therapeutic targets of nerve growth factor in bone resorption.	Target	Relevance	Potential applications	References
	Inhibition of the NGF-TrkA signalling pathway	Blocking NGF binding to TrkA receptors reduces osteoclast activation	Osteoporosis, rheumatoid arthritis	Yamashiro et al. (2000)
	Downregulation of the p75NTR signal	Inhibition of p75NTR-mediated osteoclast differentiation and bone resorption activity	Bone metastatic cancer, Paget’s disease	Douillard et al. (2016)
	Adjustment of RANKL/OPG balance	NGF regulates bone resorption by affecting the ratio of RANKL and OPG	Postmenopausal osteoporosis	Stapledon et al. (2021)
	Inhibition of the NF-κB pathway	NGF promotes osteoclastogenesis through activation of NF-κB and targeted inhibition reduces bone loss	Inflammatory bone destruction	Wei et al. (2020)
	Modulation of TRPV1 channels	NGF enhances nociception and bone metabolism via TRPV1, and antagonising TRPV1 reduces bone resorption	Painful Bone Diseases	Obeidat et al. (2020)
	Antibodies targeting NGF (e.g., Tanezumab)	Neutralisation of NGF activity, reduction of osteoclast activation and pain signalling	Chronic osteodynia, osteoporotic fracture	Xu et al. (2016)
	Modulation of sympathetic signalling	NGF affects bone metabolism via sympathetic nerves; targeted intervention improves bone reconstruction	Neurogenic bone loss	Zhang Z. et al. (2023)
	Inhibition of inflammatory factors	NGF promotes the release of inflammatory factors and indirectly activates osteoclasts, and anti-inflammatory treatment may synergise against bone resorption	Autoimmune bone disease	Aso et al. (2019)
	Activation of the Wnt/β-catenin pathway	Antagonism of NGF inhibition of Wnt signalling promotes osteoblast differentiation to balance bone metabolism	Low bone formation osteoporosis	Rivera et al. (2020)
	Regulation of autophagic processes	Reduction of NGF secretion	Bone tumor therapy	Zhang et al. (2025)


6 THERAPEUTIC POTENTIAL OF NERVE GROWTH FACTOR IN SKELETAL DISEASES
6.1 Arthritis
Nerve growth factor not only participates in osteochondral pathological processes via neurovascularity, but also acts as an inflammatory factor and pain transmitter to mediate a variety of joint inflammatory conditions (Denk et al., 2017). NGF not only regulates the proliferation and differentiation of bone neoplasms, osteodynia, and chondrocytes through activation of its high-affinity receptor TrkA, which affects the PI3K, Ras, and PLC pathways, but also helps to slow the progression of arthritis (Figure 5). Therefore, nerve growth factor has received widespread attention as a potential therapeutic target for arthritis. Some researchers have found that blocking nerve growth factor signalling by inhibiting TrkA reduces pain in osteoarthritic rats (Nwosu et al., 2016). As a result, most studies now suggest that inhibition of nerve growth factor and TrkA reduces patient pain and delays disease progression. However, due to the pleiotropic nature of NGF action, the effect of inhibiting NGF-TrkA signalling in arthritis treatment remains controversial, and it is not clear whether there are significant negative effects (Walsh and Neogi, 2019). In patients with chronic arthritis, TrkA expression was significantly reduced in peripheral blood and synovial fluid mononuclear cells, resulting in a loss of inhibitory effect of nerve growth factor on inflammatory cytokine release, suggesting that inhibition of the nerve growth factor-TrkA signalling pathway may instead adversely affect patients with arthritis (Prencipe et al., 2014). There is also evidence that nerve growth factor receptors are upregulated in osteoblasts during arthritis and play an important role in remodelling and repair of osteoarthritic joints, while inflammatory factors (e.g., IL-1β, TNF-α) and mechanical stress stimuli have been found to promote NGF expression in articular cartilage and synovial tissue, further exacerbating pain (Zhao L. et al., 2024). Current research into osteoarthritis has found that inhibition of nerve growth factor signalling leads to impeded and delayed bone remodelling in osteoarthritic joints (Zhao L. et al., 2024). Schnitzer and Marks found that NGF inhibitors significantly relieved patients’ pain symptoms compared with placebo through a systematic analysis of 13 clinical trials in hip or knee OA. These findings provide an important theoretical basis for NGF-targeted treatment of arthritis (Schnitzer and Marks, 2015).
[image: Diagram illustrating TrkA receptor pathways activated by nerve growth factor (NGF) in extracellular space, leading to three pathways: PI3K, Ras, and PLC. These pathways involve proteins like PI 3 kinase, Ras, and PKC. The result is linked to osteoarthritis, bone neoplasms, and cartilage issues, contributing to pain.]FIGURE 5 | NGF affects the development of bone-related diseases through activation of the receptor TrkA.6.2 Osteoporosis
Osteoporosis (OP) is a systemic skeletal disease characterised by a decrease in bone mass and deterioration of bone microarchitecture, the prevalence of which increases significantly with the ageing of the population. The clinical manifestations of OP mainly include osteodynia, pathological fractures and activity dysfunction, and its pathogenesis is complex, involving an imbalance between reduced osteogenic function and increased osteoblastic activity (Wang et al., 2021). The potential of NGF in OP treatment is an emerging area of research. Studies have shown that bone marrow and serum levels of NGF are significantly elevated in patients with osteoporosis and negatively correlate with bone mineral density (BMD). The prevalence of OP increases with the ageing of the population and is associated with an increased risk of fracture and chronic pain, and the targeting of NGF with chelating antibodies ameliorates musculoskeletal pain including back pain and arthritis (Suzuki et al., 2018). Another study suggests that NGF may promote differentiation of MSCs to osteoblasts and enhance bone formation by activating the TrkA receptor signalling pathway (Chen et al., 2021). As a large molecular protein, systemic administration of NGF may face low bioavailability, and engineered exosomes or targeted delivery systems may be the solution. The direct role of NGF in osteoporosis treatment is unclear, and future studies should focus on how NGF affects bone metabolism through neuromodulation and explore its synergistic effects with existing anti-osteoporosis drugs.
6.3 Bone neoplasms
Current clinical data show that NGF in bone neoplasms treatment mainly focuses on the treatment of neurogenic tumours and peripheral nerve injury, but its mechanism of action and potential application in bone tumours should not be ignored. Some studies have pointed out that the expression of NGF in osteosarcoma tissues is significantly higher than that of other growth factors, and cellular experiments have demonstrated that NGF promotes the metastasis of osteosarcoma cells by up-regulating matrix metalloproteinase 2 expression (Hou et al., 2024). In addition, NGF has a promotional role in peripheral nerve regeneration, and the microenvironment of bone neoplasms is often accompanied by neural infiltration, which may affect tumour growth and metastasis. Nerve growth factor, as a neurogenic signalling factor, may play an important role in the metastasis of many malignant tumours to bone, including breast cancer, oral squamous cell carcinoma and prostate cancer (Shan et al., 2022; Zhang Y. et al., 2023). The association of nerve growth factor with bone neoplasms is related to its high-affinity receptor TrkA, and the gene encoding TrkA, NTRK1, may undergo fusion mutations, resulting in sustained activation of downstream pathways (Yichao et al., 2024). Meanwhile, NGF may affect tumour invasion by regulating the activity of tumour-associated nerves. Studies suggest that NGF may promote the progression of malignant tumours such as osteosarcoma by activating TrkA or p75 receptors (Zhou et al., 2016). On the other hand, NGF may also exert anti-tumour effects by inducing apoptosis or inhibiting angiogenesis in tumour cells (Ferraguti et al., 2024). Monoclonal antibody targeting NGF, used in clinical trials for cancer-related bone pain, shows some analgesic effect (Ma et al., 2022). NGF can promote the expression of VEGF and indirectly affect the blood supply of the tumour, thus influencing its growth and metastasis. Immune escape in the tumour microenvironment is one of the major challenges in the treatment of bone neoplasms. NGF may affect the immune microenvironment of the tumour by regulating the function of immune cells, such as macrophages and T cells. Currently, exosomes have been explored as drug delivery carriers, and NGF may be an adjunct to targeted therapy if it specifically binds to tumour-associated nerves or blood vessels.
6.4 Osteodynia
As shown in Figure 6, nerve growth factor receptors are expressed in most bone injury receptors, and exogenous nerve growth factor can bind to TrkA receptors via NGF, activating downstream signalling pathways and increasing neuronal excitability, leading to nociception (Nencini et al., 2017). Long-term internalised NGF-TrkA complexes are retrogradely transported and the synthesis of substance P, calcitonin-generating peptide (CGRP), brain-derived neurotrophic factor (BDNF), sodium and calcium channels were increased. These effects lead to a lower threshold of activation of nociceptors and increased pain sensation. In conditions such as osteoarthritis or fractures, inflammatory cells and damaged bone tissue release large amounts of NGF, exacerbating pain. Sensory nerve fibres in bone tissue overgrow in pathological states and NGF promotes this abnormal innervation, which is associated with chronic pain. It has been shown that the acute behavioural response of NGF to bone can be at least partly mediated by the rapid activation of mechanically activated bone nociceptors, NGF chelation for osteogenic pain (Nencini et al., 2017). It has also been shown that anti-NGF therapy is efficacious in preventing pain-inducing adaptations in the functional brain network after sustained injurious inputs of cancer-induced osteodynia (Buehlmann et al., 2019). Yao et al. randomly grouped rats and then injected 10 μL of phosphate buffer or Walker256 tumour cells into the upper left tibia. Thirteen days after the injection, intrathecal catheter insertion was performed, followed by twice-daily injections of saline, anti-nerve growth factor, nerve growth factor and naloxone. Behavioural changes in pain were measured at set time points. The results showed that injection of tumour cells into the tibia resulted in nociceptive hypersensitivity and increased expression of μ-opioid receptor proteins and mRNAs in the dorsal horn of the spinal cord and dorsal root ganglia, compared with the sham-operated group. After intrathecal injection of anti-nerve growth factor, a significant anti-injury effect was seen with increased μ opioid receptor expression compared to the cancer pain group (Yao et al., 2016). In primary and secondary tumours of bone, tumour cells can induce sensory and sympathetic nerve endings to grow into the tumour tissue via the nerve growth factor-TrkA signalling pathway, leading to cancer-associated osteodynia (Yang et al., 2024; Yoneda et al., 2023). The degree of osteodynia increases progressively with tumour development and the underlying mechanisms are related to injury, inflammation, tumour invasion and a variety of other neuropathological processes (Jing et al., 2023; Yang et al., 2023). Researchers have also shown that blocking the osteodynia-TrkA signalling pathway by using specific neutralising antibodies can eliminate or reduce osteodynia without delaying bone healing (Rapp et al., 2015). However, Kan et al. (Kan et al., 2024) indicated that Nerve Growth Factor enhances analgesia in an experimental mouse model of cancer pain by up-regulating membrane-associated opioid receptors, suggesting that the Nerve Growth Factor-TrkA signalling pathway also plays an upstream regulatory role in the mechanism of analgesia.
[image: Diagram illustrating the increase of NGF levels in response to inflammation and chronic pain. It shows a knee joint with osteodynia and the involvement of inflammatory cells releasing mediators like bradykinin and histamine. These affect the mechanosensory and pain afferent fibers, leading to signaling through the dorsal root ganglion to the thalamus and somatosensory cortex in the brain. The process involves various receptors like TrkA and TRPV1, as well as components like Nav 1.8.]FIGURE 6 | NFC increases in the osteodynia state.6.5 Fracture
In recent years, the potential application of NGF in fracture healing and bone tissue repair has also received increasing attention. Fracture healing is a complex biological process involving multiple stages such as inflammatory response, cartilage formation, and bone scab remodelling, and NGF may affect this process by regulating neuroskeletal interactions, promoting angiogenesis and osteoblast differentiation, etc (Figure 7). NGF intervention in tibial bone rats induced fracture healing. The mechanism of action may be related to the activation of the Wnt3α/β-catenin signalling pathway, which has a better effect of use (Zhao Y. et al., 2024). NGF upregulates the expression of fracture healing proteins to promote fracture healing. Yang et al. randomly divided 48 rabbits established in a fracture model of localised nerve injury to the mandible into a nerve growth factor group (NGF group), a gelatin sponge group (GS group), a blank group and an intact group. The pinprick response of the lower lip at weeks 2 and 4 postoperatively showed that the number of animals with neurological reflex recovery was significantly higher in the NGF group than in the GS and blank groups. Macroscopic observation, CBCT examination, and histological analysis showed that there were a large number of osteoblasts and some vascular endothelial cells around the small bones in the NGF group, and the amount of bone call formation and reconstruction was better than that of the GS group in the second postoperative week. qRT-PCR results showed that the expression levels of BMP-9 and VEGF in the four groups reached the highest values in the second week, and the expression levels of both in the NGF group were significantly higher than that of the GS group. Exogenous NGF can promote the healing of mandibular fractures. This work will provide a new basic and theoretical foundation for elucidating the mechanism of fracture healing, thereby promoting fracture healing and reducing the incapacitation rate of patients (Yang et al., 2021). Joint replacement or fracture often results in skeletal pain that needs to be adequately controlled, and application of anti-NGF before orthopaedic surgery or after a fracture can reduce skeletal pain behaviour by 40%–70% (Majuta et al., 2015). Currently, NGF is used in combination with biomaterials for the repair of large-segment bone defects, or NGF genes are delivered through viral or non-viral vectors for local sustained expression (Fitzpatrick et al., 2021; Wang et al., 2024; Wang et al., 2023).
[image: Diagram illustrating neural communication affecting bone, showing sympathetic and sensory neurons. Sympathetic neuron produces NE and NPY, influencing growth factors and bone health. Sensory neuron produces CGRP and SP. Damaged bones display redness and are marked by plus signs, indicating positive effects from factors. Arrows signify directions of influence and interactions.]FIGURE 7 | Nerve interaction in fracture healing.6.6 Effects on cartilage tissue
Articular cartilage, as a special connective tissue covering the ends of long bones, plays a key role in cushioning mechanical stress and maintaining joint function. However, due to the lack of blood vessels and nerves, it is difficult for cartilage to repair itself once it is damaged, which seriously affects the patient’s motor function and quality of life (Chen et al., 2025). NGF shows aberrant expression in a variety of bone and joint diseases, suggesting that it may be involved in the disease process. Intra-articular anti-VEGF antibody reduces phosphorylated VEGFR2 levels in articular chondrocytes and synoviocytes and reduces phosphorylated VEGFR1 levels in dorsal root ganglia. NGF exacerbates joint inflammation by activating the VEGF signalling pathway, which promotes the activation of inflammatory cells and the release of inflammatory mediators. This process is particularly important in OA and is one of the key factors in the development of OA (Nagao et al., 2017). In addition, in studies based on a mouse fracture model, it was found that significant nerve growth factor expression occurred in cartilage healing tissues, whereas the enhancement of nerve growth factor expression by transgenic technology significantly promoted cartilage growth and differentiation and chondrocyte differentiation by expression of the SOX9 gene, a transcription factor. The effects of nerve growth factor on cartilage tissue are mainly indirect through the effects on nerves and blood vessels (Haseeb et al., 2021). Similarly, a dramatic increase in nerve growth factor expression in cartilage healing tissues early in the trauma process subsequently triggers neurovascular growth, and the use of TrkA agonists results in further maturation of vascular growth and the vascular network, with a significant enhancement of cartilage repair, which can even lead to heterotopic ossification. NGF provides the necessary microenvironment support for cartilage repair by promoting the growth of nerves and blood vessels. The growth of nerves and blood vessels not only provides nutrients for chondrocytes but also further promotes their survival and function by releasing neurotrophic factors and angiogenic factors (Cherief et al., 2022). It has been reported that in vitro angiogenic activity of endothelial cells was significantly enhanced after co-culture with chondrocytes pretreated with NGF, and knockdown of TrkA receptor on chondrocytes significantly eliminated the above effect. This study suggests that NGF may not only have direct effects on peripheral nerves and blood vessels, but may also affect vascular endothelial cells by activating the PI3K/Akt signalling pathway via chondrocytes (Yu et al., 2019).
7 NGF TARGETED THERAPY AND CHALLENGES
NGF and its receptor play key roles in skeletal system, neurological diseases, cancer and angiogenesis, but its targeted therapy still faces many challenges. NGF plays an important role in nerve repair, but may also exacerbate inflammatory responses, e.g., in OA, NGF may promote pain signalling and cartilage degradation. NGF may cause central nervous system side effects such as ataxia, sensory abnormalities, and even accelerated side effects such as structural deterioration of joints. NGF may also cause side effects such as ataxia, sensory abnormalities, and even accelerated joint deterioration. NGF or its inhibitors need to be delivered precisely to the lesion site to avoid affecting normal tissues with insufficient targeting. NGF injections for diabetic neuropathy have been abandoned due to pain at the injection site, and alternative factors have been explored. Some NGF-targeted therapies can relieve pain but may affect neuroplasticity in the long term. NGF functions through TrkA and p75NTR, but the functions and signaling pathways of these two receptors vary in different cell types. How to achieve receptor selectivity and avoid non-specific activation or inhibition is an important task for future clinical treatment. Combining NGF with other growth factors synergistically promotes bone formation and angiogenesis to improve therapeutic efficacy. Development of biomarkers based on the NGF signalling pathway for predicting patient response to NGF therapy enhances the clinical role.
8 CONCLUSION
NGF plays an important role in skeletal physiology and pathology and is an important target for the treatment of skeletal diseases. NGF plays an important role in bone formation by binding to TrkA receptor and activating the PI3K-Akt and Ras-MAPK signalling pathways to promote the proliferation and differentiation of osteoblasts. At the same time, NGF affects the activity of osteoclasts and regulates bone resorption through the p75NTR-mediated signalling pathway. During bone repair, NGF supports the regeneration of bone tissue by promoting nerve regeneration and angiogenesis. The discovery of these mechanisms provides a theoretical basis for NGF-targeted therapy. In the future, the application of NGF in the treatment of skeletal diseases will be more promising with the deepening of related research and the expansion of clinical applications. By optimising target specificity, drug delivery systems and combination therapy strategies, the current challenges can be overcome and the widespread application of NGF therapy can be realised.
AUTHOR CONTRIBUTIONS
KC: Conceptualization, Writing – original draft. LC: Data curation, Writing – review and editing. YM: Data curation, Writing – original draft. SC: Writing – original draft, Investigation. JL: Visualization, Writing – original draft, Software. HZ: Methodology, Writing – original draft. YC: Writing – original draft, Visualization. GL: Writing – review and editing, Conceptualization.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
REFERENCES
	Amagai, Y., Sato, H., Ishizaka, S., Matsuda, K., Aurich, C., Tanaka, A., et al. (2016). Cloning and expression of equine β-Nerve growth factor. J. Equine Veterinary Sci. 45, 28–31. doi:10.1016/j.jevs.2016.06.001

	Aragona, M., Porcino, C., Guerrera, M. C., Montalbano, G., Laurà, R., Cometa, M., et al. (2022). The BDNF/trkB neurotrophin system in the sensory organs of zebrafish. Int. J. Mol. Sci. 23 (5), 2621. doi:10.3390/ijms23052621

	Aso, K., Shahtaheri, S. M., Hill, R., Wilson, D., McWilliams, D. F., and Walsh, D. A. (2019). Associations of symptomatic knee osteoarthritis with histopathologic features in subchondral bone. Arthritis Rheumatol. 71 (6), 916–924. doi:10.1002/art.40820

	Aso, K., Sugimura, N., Wada, H., Deguchi, S., and Ikeuchi, M. (2024). Increased nerve growth factor expression and osteoclast density are associated with subchondral bone marrow lesions in osteoarthritic knees. Osteoarthr. Cartil. Open 6 (3), 100504. doi:10.1016/j.ocarto.2024.100504

	Baspinar, S., Bircan, S., Ciris, M., Karahan, N., and Bozkurt, K. K. (2017). Expression of NGF, GDNF and MMP-9 in prostate carcinoma. Pathol. Res. Pract. 213 (5), 483–489. doi:10.1016/j.prp.2017.02.007

	Buehlmann, D., Ielacqua, G. D., Xandry, J., and Rudin, M. (2019). Prospective administration of anti-nerve growth factor treatment effectively suppresses functional connectivity alterations after cancer-induced bone pain in mice. Pain 160 (1), 151–159. doi:10.1097/j.pain.0000000000001388

	Chen, H., Li, J., Zhang, D., Zhou, X., and Xie, J. (2021). Role of the fibroblast growth factor 19 in the skeletal system. Life Sci. 265, 118804. doi:10.1016/j.lfs.2020.118804

	Chen, Q., Chen, K., Zhang, X., Feng, H., Feng, C., Li, X., et al. (2025). Recent progress of hydrogel-based biomimetic articular cartilage in mechanical and lubricated enhancement. Friction . doi:10.26599/FRICT.2025.9440984

	Chen, M., Fu, W., Xu, H., and Liu, C.-j. (2023). Pathogenic mechanisms of glucocorticoid-induced osteoporosis. Cytokine and Growth Factor Rev. , 70, 54–66. doi:10.1016/j.cytogfr.2023.03.002

	Chen, Z.-H., Wu, J.-J., Guo, D.-Y., Li, Y.-Y., Chen, M.-N., Zhang, Z.-Y., et al. (2023). Physiological functions of podosomes: from structure and function to therapy implications in osteoclast biology of bone resorption. Ageing Res. Rev. , 85, 101842. doi:10.1016/j.arr.2023.101842

	Cherief, M., Negri, S., Qin, Q., Pagani, C. A., Lee, S., Yang, Y. P., et al. (2022). TrkA+ neurons induce pathologic regeneration after soft tissue trauma. Stem Cells Transl. Med. 11 (11), 1165–1176. doi:10.1093/stcltm/szac073

	Da Vitoria Lobo, M., Hardowar, L., Valentine, T., Tomblin, L., Guest, C., Sharma, D., et al. (2024). Early-life cisplatin exposure induces neuroinflammation and chemotherapy-induced neuropathic pain. Dis. Model Mech. 17 (11), dmm052062. doi:10.1242/dmm.052062

	De Nardo, M. C., Petrella, C., Di Chiara, M., Di Mario, C., Deli, G., Travaglia, E., et al. (2022). Early nutritional intake influences the serum levels of nerve growth factor (NGF) and brain-derived neurotrophic factor in preterm newborns. Front. Neurol. 13, 988101. doi:10.3389/fneur.2022.988101

	Delay, L., Barbier, J., Aissouni, Y., Jurczak, A., Boudieu, L., Briat, A., et al. (2022). Tyrosine kinase type A-specific signalling pathways are critical for mechanical allodynia development and bone alterations in a mouse model of rheumatoid arthritis. Pain 163 (7), e837–e849. doi:10.1097/j.pain.0000000000002492

	Denk, F., Bennett, D. L., and McMahon, S. B. (2017). Nerve growth factor and pain mechanisms. Annu. Rev. Neurosci. 40, 307–325. doi:10.1146/annurev-neuro-072116-031121

	Diao, Y. P., Wu, Z. Y., Chen, Z. G., Gui, L., Miao, Y. Q., Lan, Y., et al. (2022). Mechanism of nerve growth factor promotes angiogenesis and skeletal muscle fiber remodeling in a mouse hindlimb ischemic model. Zhonghua Yi Xue Za Zhi 102 (43), 3469–3475. doi:10.3760/cma.j.cn112137-20220414-00803

	Douillard, T., Martinelli-Kläy, C. P., and Lombardi, T. (2016). Nerve growth factor expression and its receptors TrkA and p75NTR in peri-implantitis lesions. Implant Dent. 25 (3), 373–379. doi:10.1097/ID.0000000000000418

	Fahnestock, M., Yu, G., and Coughlin, M. D. (2004). ProNGF: a neurotrophic or an apoptotic molecule?Prog. Brain Res. 146, 101–110. doi:10.1016/s0079-6123(03)46007-x

	Feng, D., Kim, T., Ozkan, E., Light, M., Torkin, R., Teng, K. K., et al. (2010). Molecular and structural insight into proNGF engagement of p75NTR and sortilin. J. Mol. Biol. 396 (4), 967–984. doi:10.1016/j.jmb.2009.12.030

	Ferraguti, G., Terracina, S., Tarani, L., Fanfarillo, F., Allushi, S., Caronti, B., et al. (2024). Nerve growth factor and the role of inflammation in tumor development. Curr. Issues Mol. Biol. 46 (2), 965–989. doi:10.3390/cimb46020062

	Fioravanti, G., Hua, P. Q., and Tomlinson, R. E. (2021). The TrkA agonist gambogic amide augments skeletal adaptation to mechanical loading. Bone 147, 115908. doi:10.1016/j.bone.2021.115908

	Fitzpatrick, V., Martín-Moldes, Z., Deck, A., Torres-Sanchez, R., Valat, A., Cairns, D., et al. (2021). Functionalized 3D-printed silk-hydroxyapatite scaffolds for enhanced bone regeneration with innervation and vascularization. Biomaterials 276, 120995. doi:10.1016/j.biomaterials.2021.120995

	Giannasi, C., Niada, S., Farronato, D., Lombardi, G., Manfredi, B., Farronato, G., et al. (2019). Nitrogen containing bisphosphonates impair the release of bone homeostasis mediators and matrix production by human primary pre-osteoblasts. Int. J. Med. Sci. 16 (1), 23–32. doi:10.7150/ijms.27470

	Halloran, D., Durbano, H. W., and Nohe, A. (2020). Bone morphogenetic Protein-2 in development and bone homeostasis. J. Dev. Biol. 8 (3), 19. doi:10.3390/jdb8030019

	Haseeb, A., Kc, R., Angelozzi, M., de Charleroy, C., Rux, D., Tower, R. J., et al. (2021). SOX9 keeps growth plates and articular cartilage healthy by inhibiting chondrocyte dedifferentiation/osteoblastic redifferentiation. Proc. Natl. Acad. Sci. U. S. A. 118 (8), e2019152118. doi:10.1073/pnas.2019152118

	Hou, C. H., Chen, W. L., and Lin, C. Y. (2024). Targeting nerve growth factor-mediated osteosarcoma metastasis: mechanistic insights and therapeutic opportunities using larotrectinib. Cell Death Dis. 15 (5), 381. doi:10.1038/s41419-024-06752-0

	Huang, M., Zhou, J., Li, X., Liu, R., Jiang, Y., Chen, K., et al. (2024). Mechanical protein polycystin-1 directly regulates osteoclastogenesis and bone resorption. Sci. Bull. , 69(12), 1964–1979. doi:10.1016/j.scib.2024.04.044

	Ji, Y., Mao, Y., Lin, H., Wang, Y., Zhao, P., Guo, Y., et al. (2024). Acceleration of bone repairation by BMSCs overexpressing NGF combined with NSA and allograft bone scaffolds. Stem Cell Res. Ther. 15 (1), 194. doi:10.1186/s13287-024-03807-z

	Jing, D., Zhao, Q., Zhao, Y., Lu, X., Feng, Y., Zhao, B., et al. (2023). Management of pain in patients with bone metastases. Front. Oncol. 13, 1156618. doi:10.3389/fonc.2023.1156618

	Jun, L., Ding, X. W., Robinson, M., Jafari, H., Knight, E., Geetha, T., et al. (2024). Targeting molecular mechanisms of Obesity- and type 2 diabetes mellitus-induced skeletal muscle atrophy with nerve growth factor. Int. J. Mol. Sci. 25 (8), 4307. doi:10.3390/ijms25084307

	Kan, B. F., Liu, X. Y., Han, M. M., Yang, C. W., Zhu, X., Jin, Y., et al. (2024). Nerve growth factor/tyrosine kinase A receptor pathway enhances analgesia in an experimental mouse model of bone cancer pain by increasing membrane levels of δ-Opioid receptors. Anesthesiology 140 (4), 765–785. doi:10.1097/aln.0000000000004880

	Kigami, D., Butt, M. T., Brown, D. L., Matsumoto, M., and Ito, H. (2021). Neurotoxicity studies with a tropomyosin-related kinase A inhibitor, ASP7962, on the sympathetic and sensory nervous systems in rats. Toxicol. Lett. 344, 34–45. doi:10.1016/j.toxlet.2021.02.018

	Kim, J.-M., Lin, C., Stavre, Z., Greenblatt, M. B., and Shim, J.-H. (2020). Osteoblast-osteoclast communication and bone homeostasis. Cells 9 (9), 2073. doi:10.3390/cells9092073

	Konno, T., Murachi, H., Otsuka, K., Kimura, Y., Sampei, C., Arasaki, Y., et al. (2024). Ctdnep1 phosphatase is required for negative regulation of RANKL-Induced osteoclast differentiation in RAW264.7 cells. Biochem. Biophysical Res. Commun. , 719, 150063. doi:10.1016/j.bbrc.2024.150063

	Leroux, A., Paiva Dos Santos, B., Leng, J., Oliveira, H., and Amédée, J. (2020). Sensory neurons from dorsal root ganglia regulate endothelial cell function in extracellular matrix remodelling. Cell Commun. Signal 18 (1), 162. doi:10.1186/s12964-020-00656-0

	Li, Z., Meyers, C. A., Chang, L., Lee, S., Li, Z., Tomlinson, R., et al. (2019). Fracture repair requires TrkA signaling by skeletal sensory nerves. J. Clin. Investigation 129 (12), 5137–5150. doi:10.1172/JCI128428

	Li, Y., Fu, G., Gong, Y., Li, B., Li, W., Liu, D., et al. (2022). BMP-2 promotes osteogenic differentiation of mesenchymal stem cells by enhancing mitochondrial activity. J. Musculoskelet. Neuronal Interact. 22 (1), 123–131. Available online at: https://www.ismni.org/jmni/article/22/123.

	Li, X.-L., Zhao, Y.-Q., Miao, L., An, Y.-X., Wu, F., Han, J.-Y., et al. (2025). Strategies for promoting neurovascularization in bone regeneration. Mil. Med. Res. 12 (1), 9. doi:10.1186/s40779-025-00596-1

	Liang, T.-Z., Jin, Z.-Y., Lin, Y.-J., Chen, Z.-Y., Li, Y., Xu, J.-K., et al. (2025). Targeting the central and peripheral nervous system to regulate bone homeostasis: mechanisms and potential therapies. Mil. Med. Res. 12 (1), 13. doi:10.1186/s40779-025-00600-8

	Lim, K. C., Tyler, C. M., Lim, S. T., Giuliano, R., and Federoff, H. J. (2007). Proteolytic processing of proNGF is necessary for mature NGF regulated secretion from neurons. Biochem. Biophys. Res. Commun. 361 (3), 599–604. doi:10.1016/j.bbrc.2007.07.039

	Lin, S. L., Yang, S. Y., Tsai, C. H., Fong, Y. C., Chen, W. L., Liu, J. F., et al. (2024). Nerve growth factor promote VCAM-1-dependent monocyte adhesion and M2 polarization in osteosarcoma microenvironment: implications for larotrectinib therapy. Int. J. Biol. Sci. 20 (11), 4114–4127. doi:10.7150/ijbs.95463

	Liu, H., Chen, H., Han, Q., Sun, B., Liu, Y., Zhang, A., et al. (2023). Recent advancement in vascularized tissue-engineered bone based on materials design and modification. Mater. Today Bio , 23, 100858. doi:10.1016/j.mtbio.2023.100858

	Ma, G., Tan, C., Shan, Y., Shao, N., Wang, F., Dimitrov, D. S., et al. (2022). An insulin growth factor-I/II-neutralizing monoclonal antibody in combination with epidermal growth factor receptor inhibitors potently inhibits tumor cell growth. J. Cancer 13 (6), 1830–1836. doi:10.7150/jca.69064

	Majuta, L. A., Longo, G., Fealk, M. N., McCaffrey, G., and Mantyh, P. W. (2015). Orthopedic surgery and bone fracture pain are both significantly attenuated by sustained blockade of nerve growth factor. Pain 156 (1), 157–165. doi:10.1016/j.pain.0000000000000017

	Maranesi, M., Palermo, F. A., Bufalari, A., Mercati, F., Paoloni, D., Cocci, P., et al. (2020). Seasonal expression of NGF and its cognate receptors in the ovaries of grey squirrels (Sciurus carolinensis). Anim. (Basel) 10 (9), 1558. doi:10.3390/ani10091558

	McConnell, M., Feng, S., Chen, W., Zhu, G., Shen, D., Ponnazhagan, S., et al. (2017). Osteoclast proton pump regulator Atp6v1c1 enhances breast cancer growth by activating the mTORC1 pathway and bone metastasis by increasing V-ATPase activity. Oncotarget 8 (29), 47675–47690. doi:10.18632/oncotarget.17544

	Miller, R. E., Block, J. A., and Malfait, A. M. (2017). Nerve growth factor blockade for the management of osteoarthritis pain: what can we learn from clinical trials and preclinical models?Curr. Opin. Rheumatol. 29 (1), 110–118. doi:10.1097/bor.0000000000000354

	Minnone, G., De Benedetti, F., and Bracci-Laudiero, L. (2017). NGF and its receptors in the regulation of inflammatory response. Int. J. Mol. Sci. 18 (5), 1028. doi:10.3390/ijms18051028

	Mödinger, Y., Löffler, B., Huber-Lang, M., and Ignatius, A. (2018). Complement involvement in bone homeostasis and bone disorders. Semin. Immunol. 37, 53–65. doi:10.1016/j.smim.2018.01.001

	Moradinasab, S., Pourbagheri-Sigaroodi, A., Zafari, P., Ghaffari, S. H., and Bashash, D. (2021). Mesenchymal stromal/stem cells (MSCs) and MSC-derived extracellular vesicles in COVID-19-induced ARDS: mechanisms of action, research progress, challenges, and opportunities. Int. Immunopharmacol. 97, 107694. doi:10.1016/j.intimp.2021.107694

	Moyano, P., Flores, A., García, J., García, J. M., Anadon, M. J., Frejo, M. T., et al. (2021). Bisphenol A single and repeated treatment increases HDAC2, leading to cholinergic neurotransmission dysfunction and SN56 cholinergic apoptotic cell death through AChE variants overexpression and NGF/TrkA/P75(NTR) signaling disruption. Food Chem. Toxicol. 157, 112614. doi:10.1016/j.fct.2021.112614

	Nagao, M., Hamilton, J. L., Kc, R., Berendsen, A. D., Duan, X., Cheong, C. W., et al. (2017). Vascular endothelial growth factor in cartilage development and osteoarthritis. Sci. Rep. 7 (1), 13027. doi:10.1038/s41598-017-13417-w

	Nencini, S., Ringuet, M., Kim, D. H., Chen, Y. J., Greenhill, C., and Ivanusic, J. J. (2017). Mechanisms of nerve growth factor signaling in bone nociceptors and in an animal model of inflammatory bone pain. Mol. Pain 13, 1744806917697011. doi:10.1177/1744806917697011

	Nwosu, L. N., Mapp, P. I., Chapman, V., and Walsh, D. A. (2016). Blocking the tropomyosin receptor kinase A (TrkA) receptor inhibits pain behaviour in two rat models of osteoarthritis. Ann. Rheum. Dis. 75 (6), 1246–1254. doi:10.1136/annrheumdis-2014-207203

	Obeidat, A. M., Donner, A., and Miller, R. E. (2020). An update on targets for treating osteoarthritis pain: NGF and TRPV1. Curr. Treatm Opt. Rheumatol. 6 (3), 129–145. doi:10.1007/s40674-020-00146-x

	Oo, W. M., and Hunter, D. J. (2021). Nerve growth factor (NGF) inhibitors and related agents for chronic musculoskeletal pain: a comprehensive review. BioDrugs 35 (6), 611–641. doi:10.1007/s40259-021-00504-8

	Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. Bmj 372, n71. doi:10.1136/bmj.n71

	Pecchi, E., Priam, S., Gosset, M., Pigenet, A., Sudre, L., Laiguillon, M. C., et al. (2014). Induction of nerve growth factor expression and release by mechanical and inflammatory stimuli in chondrocytes: possible involvement in osteoarthritis pain. Arthritis Res. Ther. 16 (1), R16. doi:10.1186/ar4443

	Peng, L. Y., An, L., Sun, N. Y., Ma, Y., Zhang, X. W., Liu, W. H., et al. (2019). Salvia miltiorrhiza restrains reactive oxygen species-associated pulmonary fibrosis via targeting Nrf2-Nox4 redox balance. Am. J. Chin. Med. 47 (5), 1113–1131. doi:10.1142/s0192415x19500575

	Prencipe, G., Minnone, G., Strippoli, R., De Pasquale, L., Petrini, S., Caiello, I., et al. (2014). Nerve growth factor downregulates inflammatory response in human monocytes through TrkA. J. Immunol. 192 (7), 3345–3354. doi:10.4049/jimmunol.1300825

	Rapp, A. E., Kroner, J., Baur, S., Schmid, F., Walmsley, A., Mottl, H., et al. (2015). Analgesia via blockade of NGF/trkA signaling does not influence fracture healing in mice. J. Orthop. Res. 33 (8), 1235–1241. doi:10.1002/jor.22892

	Rivera, K. O., Russo, F., Boileau, R. M., Tomlinson, R. E., Miclau, T., Marcucio, R. S., et al. (2020). Local injections of β-NGF accelerates endochondral fracture repair by promoting cartilage to bone conversion. Sci. Rep. 10 (1), 22241. doi:10.1038/s41598-020-78983-y

	Ruggeri, P., Cappabianca, L., Farina, A. R., Gneo, L., and Mackay, A. R. (2016). NGF sensitizes TrkA SH-SY5Y neuroblastoma cells to TRAIL-induced apoptosis. Cell Death Discov. 2, 16004. doi:10.1038/cddiscovery.2016.4

	Sainath, R., and Gallo, G. (2021). Bioenergetic requirements and spatiotemporal profile of nerve growth factor induced PI3K-Akt signaling along sensory axons. Front. Mol. Neurosci. 14, 726331. doi:10.3389/fnmol.2021.726331

	Schnitzer, T. J., and Marks, J. A. (2015). A systematic review of the efficacy and general safety of antibodies to NGF in the treatment of OA of the hip or knee. Osteoarthr. Cartil. 23 (Suppl. 1), S8–S17. doi:10.1016/j.joca.2014.10.003

	Sekiguchi, H., Inoue, G., Shoji, S., Tazawa, R., Kuroda, A., Miyagi, M., et al. (2022). Expression of nerve growth factor in the callus during fracture healing in a fracture model in aged mice. Biomed. Mater Eng. 33 (2), 131–137. doi:10.3233/bme-211284

	Shan, Q., Takabatake, K., Kawai, H., Oo, M. W., Inada, Y., Sukegawa, S., et al. (2022). Significance of cancer stroma for bone destruction in oral squamous cell carcinoma using different cancer stroma subtypes. Oncol. Rep. 47 (4), 81. doi:10.3892/or.2022.8292

	Shang, X., Wang, Z., and Tao, H. (2017). Mechanism and therapeutic effectiveness of nerve growth factor in osteoarthritis pain. Ther. Clin. Risk Manag. 13, 951–956. doi:10.2147/tcrm.S139814

	Sheng, J. A., Bales, N. J., Myers, S. A., Bautista, A. I., Roueinfar, M., Hale, T. M., et al. (2021). The hypothalamic-pituitary-adrenal axis: development, programming actions of hormones, and maternal-fetal interactions. Front. Behav. Neurosci. 14, 601939–602020. doi:10.3389/fnbeh.2020.601939

	Shi, H., and Chen, M. (2024). The brain-bone axis: unraveling the complex interplay between the central nervous system and skeletal metabolism. Eur. J. Med. Res. 29 (1), 317. doi:10.1186/s40001-024-01918-0

	Shimomura, K., Kako, H., Yokogoshi, H., Ahn, M. R., and Kumazawa, S. (2021). Promotion effect of the propolis from Jeju island, Korea, on NGF secretion in human glioblastoma cells. J. Nat. Med. 75 (4), 1030–1036. doi:10.1007/s11418-021-01535-9

	Stapledon, C. J. M., Stamenkov, R., Cappai, R., Clark, J. M., Bourke, A., Bogdan Solomon, L., et al. (2021). Relationships between the bone expression of alzheimer’s disease-related genes, bone remodelling genes and cortical bone structure in neck of femur fracture. Calcif. Tissue Int. 108 (5), 610–621. doi:10.1007/s00223-020-00796-y

	Sun, S., Gao, Q., Zhang, G., and Tan, Y. (2015). Experimental study on the effects of the nerve growth factor regulating calcitonin gene-related peptide in promoting the proliferation of MG-63 in vitro. Hua Xi Kou Qiang Yi Xue Za Zhi 33 (3), 234–237. doi:10.7518/hxkq.2015.03.004

	Sun, W., Ye, B., Chen, S., Zeng, L., Lu, H., Wan, Y., et al. (2023). Neuro–bone tissue engineering: emerging mechanisms, potential strategies, and current challenges. Bone Res. 11 (1), 65. doi:10.1038/s41413-023-00302-8

	Suo, J., Zou, S., Wang, J., Han, Y., Zhang, L., Lv, C., et al. (2022). The RNA-binding protein Musashi2 governs osteoblast-adipocyte lineage commitment by suppressing PPARγ signaling. Bone Res. 10 (1), 31. doi:10.1038/s41413-022-00202-3

	Suzuki, M., Millecamps, M., Ohtori, S., Mori, C., and Stone, L. S. (2018). Anti-nerve growth factor therapy attenuates cutaneous hypersensitivity and musculoskeletal discomfort in mice with osteoporosis. Pain Rep. 3 (3), e652. doi:10.1097/pr9.0000000000000652

	Tomlinson, R. E., Li, Z., Zhang, Q., Goh, B. C., Li, Z., Thorek, D. L. J., et al. (2016). NGF-TrkA signaling by sensory nerves coordinates the vascularization and ossification of developing endochondral bone. Cell Rep. 16 (10), 2723–2735. doi:10.1016/j.celrep.2016.08.002

	Tomlinson, R. E., Li, Z., Li, Z., Minichiello, L., Riddle, R. C., Venkatesan, A., et al. (2017). NGF-TrkA signaling in sensory nerves is required for skeletal adaptation to mechanical loads in mice. Proc. Natl. Acad. Sci. U. S. A. 114 (18), E3632–e3641. doi:10.1073/pnas.1701054114

	Troullinaki, M., Alexaki, V. I., Mitroulis, I., Witt, A., Klotzsche-von Ameln, A., Chung, K. J., et al. (2019). Nerve growth factor regulates endothelial cell survival and pathological retinal angiogenesis. J. Cell Mol. Med. 23 (4), 2362–2371. doi:10.1111/jcmm.14002

	Vääräniemi, J., Halleen, J. M., Kaarlonen, K., Ylipahkala, H., Alatalo, S. L., Andersson, G., et al. (2009). Intracellular machinery for matrix degradation in bone-resorbing osteoclasts. J. Bone Mineral Res. 19 (9), 1432–1440. doi:10.1359/jbmr.040603

	Walia, B., Lingenheld, E., Duong, L., Sanjay, A., and Drissi, H. (2018). A novel role for cathepsin K in periosteal osteoclast precursors during fracture repair. Ann. N. Y. Acad. Sci. , 1415(1), 57–68. doi:10.1111/nyas.13629

	Walsh, D. A., and Neogi, T. (2019). A tale of two TrkA inhibitor trials: same target, divergent results. Osteoarthr. Cartil. 27 (11), 1575–1577. doi:10.1016/j.joca.2019.07.013

	Wang, L., Zhang, H., Wang, S., Chen, X., and Su, J. (2021). Bone marrow adipocytes: a critical player in the bone marrow microenvironment. Front. Cell Dev. Biol. 9, 770705. doi:10.3389/fcell.2021.770705

	Wang, X., Zheng, W., Bai, Z., Huang, S., Jiang, K., Liu, H., et al. (2023). Mimicking bone matrix through coaxial electrospinning of core-shell nanofibrous scaffold for improving neurogenesis bone regeneration. Biomater. Adv. 145, 213246. doi:10.1016/j.bioadv.2022.213246

	Wang, X., Jiang, K., Zheng, W., Bai, Z., Huang, S., Chu, Z., et al. (2024). Accelerated bone defect repairment by carbon nitride photoelectric conversion material in core–shell nanofibrous depended on neurogenesis. Chem. Eng. J. , 479, 147360. doi:10.1016/j.cej.2023.147360

	Wei, X., Sun, C., Zhou, R. P., Ma, G. G., Yang, Y., Lu, C., et al. (2020). Nerve growth factor promotes ASIC1a expression via the NF-κB pathway and enhances acid-induced chondrocyte apoptosis. Int. Immunopharmacol. 82, 106340. doi:10.1016/j.intimp.2020.106340

	Xiang, Q., Li, L., Ji, W., Gawlitta, D., Walboomers, X. F., and van den Beucken, J. J. J. P. (2024). Beyond resorption: osteoclasts as drivers of bone formation. Cell Regen. 13 (1), 22. doi:10.1186/s13619-024-00205-x

	Xu, L., Nwosu, L. N., Burston, J. J., Millns, P. J., Sagar, D. R., Mapp, P. I., et al. (2016). The anti-NGF antibody muMab 911 both prevents and reverses pain behaviour and subchondral osteoclast numbers in a rat model of osteoarthritis pain. Osteoarthr. Cartil. 24 (9), 1587–1595. doi:10.1016/j.joca.2016.05.015

	Yamashiro, T., Fujiyama, K., Fukunaga, T., Wang, Y., and Takano-Yamamoto, T. (2000). Epithelial rests of malassez express immunoreactivity of TrkA and its distribution is regulated by sensory nerve innervation. J. Histochem Cytochem 48 (7), 979–984. doi:10.1177/002215540004800711

	Yan, T., Zhang, Z., and Li, D. (2020). NGF receptors and PI3K/AKT pathway involved in glucose fluctuation-induced damage to neurons and α-lipoic acid treatment. BMC Neurosci. 21 (1), 38. doi:10.1186/s12868-020-00588-y

	Yang, S., Liu, H., Liu, Y., Liu, L., Zhang, W., and Luo, E. (2019). Effect of adiponectin secreted from adipose-derived stem cells on bone-fat balance and bone defect healing. J. Tissue Eng. Regen. Med. , 13(11), 2055–2066. doi:10.1002/term.2915

	Yang, S., Cheng, J., Man, C., Jiang, L., Long, G., Zhao, W., et al. (2021). Effects of exogenous nerve growth factor on the expression of BMP-9 and VEGF in the healing of rabbit mandible fracture with local nerve injury. J. Orthop. Surg. Res. 16 (1), 74. doi:10.1186/s13018-021-02220-z

	Yang, H., Wang, Y., Zhen, S., Wang, B., Jiao, M., Liu, L., et al. (2023). AMPK activation attenuates cancer-induced bone pain by reducing mitochondrial dysfunction-mediated neuroinflammation. Acta Biochim. Biophys. Sin. (Shanghai) 55 (3), 460–471. doi:10.3724/abbs.2023039

	Yang, Y., Yang, W., Zhang, R., and Wang, Y. (2024). Peripheral mechanism of cancer-induced bone pain. Neurosci. Bull. 40 (6), 815–830. doi:10.1007/s12264-023-01126-6

	Yang, X., Mou, D., Yu, Q., Zhang, J., Xiong, Y., Zhang, Z., et al. (2022). Nerve growth factor promotes osteogenic differentiation of MC3T3-E1 cells via BMP-2/Smads pathway. Ann. Anat. - Anatomischer Anzeiger , 239, 151819. doi:10.1016/j.aanat.2021.151819

	Yang, Y., Feng, N., Liang, L., Jiang, R., Pan, Y., Geng, N., et al. (2022). Progranulin, a moderator of estrogen/estrogen receptor α binding, regulates bone homeostasis through PERK/p-eIF2 signaling pathway. J. Mol. Med. Berl. 100 (8), 1191–1207. doi:10.1007/s00109-022-02233-z

	Yao, P., Ding, Y., Wang, Z., Ma, J., Hong, T., Zhu, Y., et al. (2016). Impacts of anti-nerve growth factor antibody on pain-related behaviors and expressions of opioid receptor in spinal dorsal horn and dorsal root ganglia of rats with cancer-induced bone pain. Mol. Pain 12, 1744806916644928. doi:10.1177/1744806916644928

	Yao, Z., Getting, S. J., and Locke, I. C. (2022). Regulation of TNF-induced osteoclast differentiation. Cells 11 (1), 132. doi:10.3390/cells11010132

	Ye, J., and Gong, P. (2020). NGF-CS/HA-coating composite titanium facilitates the differentiation of bone marrow mesenchymal stem cells into osteoblast and neural cells. Biochem. Biophys. Res. Commun. 531 (3), 290–296. doi:10.1016/j.bbrc.2020.06.158

	Ye, X., and Ma, Y. (2019). Research progress of BMP-2 in bone fracture healing. Chin. J. Trauma Disabil. 27 (12), 98–99. Available online at: https://d.wanfangdata.com.cn/periodical/Ch9QZXJpb2RpY2FsQ0hJTmV3UzIwMjQxMTA1MTcxMzA0Eg9zY3l4enoyMDE5MTIwNjMaCDI3cW9uYXVt.

	Yiangou, Y., Facer, P., Sinicropi, D. V., Boucher, T. J., Bennett, D. L., McMahon, S. B., et al. (2002). Molecular forms of NGF in human and rat neuropathic tissues: decreased NGF precursor-like immunoreactivity in human diabetic skin. J. Peripher Nerv. Syst. 7 (3), 190–197. doi:10.1046/j.1529-8027.2002.02024.x

	Yichao, F., Boya, Z., Xinhui, D., Bangmin, W., Qiang, Y., Liangyu, G., et al. (2024). Regulating tumorigenicity and cancer metastasis through TRKA signaling. Curr. Cancer Drug Targets , 24(3), 271–287. doi:10.2174/1568009623666230904150957

	Yoneda, T., Hiasa, M., Okui, T., and Hata, K. (2023). Cancer-nerve interplay in cancer progression and cancer-induced bone pain. J. Bone Min. Metab. 41 (3), 415–427. doi:10.1007/s00774-023-01401-6

	Yu, W. (2000). Mechanism of bone morphogenetic protein-2 in bone formation. Chin. J. Clin. Anat. (01), 82–83. doi:10.13418/j.issn.1001-165x.2000.01.045

	Yu, X., Qi, Y., Zhao, T., Fang, J., Liu, X., Xu, T., et al. (2019). NGF increases FGF2 expression and promotes endothelial cell migration and tube formation through PI3K/Akt and ERK/MAPK pathways in human chondrocytes. Osteoarthr. Cartil. 27 (3), 526–534. doi:10.1016/j.joca.2018.12.007

	Zhang, Y., and Haga, N. (2014). Skeletal complications in congenital insensitivity to pain with anhidrosis: a case series of 14 patients and review of articles published in Japanese. J. Orthop. Sci. 19 (5), 827–831. doi:10.1007/s00776-014-0595-2

	Zhang, R., Liang, Y., and Wei, S. (2018). The expressions of NGF and VEGF in the fracture tissues are closely associated with accelerated clavicle fracture healing in patients with traumatic brain injury. Ther. Clin. Risk Manag. 14, 2315–2322. doi:10.2147/tcrm.S182325

	Zhang, Q., Zhuang, H., Wen, X., Su, Y., Wang, J., Qin, H., et al. (2025). Organelle remodeling enhances mitochondrial ATP disruption for blocking neuro-pain signaling in bone tumor therapy. Chem. Eng. J. , 506, 159825. doi:10.1016/j.cej.2025.159825

	Zhang, Y., Li, W., Guo, S., Wu, Z., Zhang, L., Liu, Y., et al. (2023). FBXO22 mediates the NGF/TRKA signaling pathway in bone metastases in prostate cancer. Am. J. Pathol. 193 (9), 1248–1266. doi:10.1016/j.ajpath.2023.05.012

	Zhang, Z., Wang, F., Huang, X., Sun, H., Xu, J., Qu, H., et al. (2023). Engineered sensory nerve guides self-adaptive bone healing via NGF-TrkA signaling pathway. Adv. Sci. , 10(10), 2206155. doi:10.1002/advs.202206155

	Zhao, H., Zhu, F., Guo, Y., Deng, X., and Liu, W. (2025). Metabolic mechanism of osteogenic differentiation of bone marrow mesenchymal stem cell regulated by magnetoelectric microenvironment. Small Struct. , 6(4), 2400466. doi:10.1002/sstr.202400466

	Zhao, L., Lai, Y., Jiao, H., and Huang, J. (2024). Nerve growth factor receptor limits inflammation to promote remodeling and repair of osteoarthritic joints. Nat. Commun. 15 (1), 3225. doi:10.1038/s41467-024-47633-6

	Zhao, Y., Liu, J., and Shi, X. (2024). Exogenous nerve growth factor activates the Wnt3α/β-Catenin signaling pathway to promote fracture healing. Hebei Med. , 30 (10), 1627–1634. Available online at: https://d.wanfangdata.com.cn/periodical/Ch9QZXJpb2RpY2FsQ0hJTmV3UzIwMjUwMTE2MTYzNjE0Eg1oYnl4MjAyNDEwMDA4GghkOWszbTFtbg%3D%3D

	Zhao, Y., Liu, J., Hu, L., Yao, X., Tu, R., Goto, T., et al. (2025). Novel hot spring-mimetic scaffolds for sequential neurovascular network reconstruction and osteoporosis reversion. Biomaterials 320, 123191. doi:10.1016/j.biomaterials.2025.123191

	Zhou, X., Hao, Q., Liao, P., Luo, S., Zhang, M., Hu, G., et al. (2016). Nerve growth factor receptor negates the tumor suppressor p53 as a feedback regulator. Elife 5, e15099. doi:10.7554/eLife.15099

	Zhou, T., Wang, H., Shen, J., Li, W., Cao, M., Hong, Y., et al. (2019). The p35/CDK5 signaling is regulated by p75NTR in neuronal apoptosis after intracerebral hemorrhage. J. Cell Physiol. 234 (9), 15856–15871. doi:10.1002/jcp.28244

	Zhou, L. T., Zhang, J., Tan, L., Huang, H. Z., Zhou, Y., Liu, Z. Q., et al. (2021). Elevated levels of miR-144-3p induce cholinergic degeneration by impairing the maturation of NGF in alzheimer's disease. Front. Cell Dev. Biol. 9, 667412. doi:10.3389/fcell.2021.667412

	Zhu, S., Zhu, J., Zhen, G., Hu, Y., An, S., Li, Y., et al. (2019). Subchondral bone osteoclasts induce sensory innervation and osteoarthritis pain. J. Clin. Invest 129 (3), 1076–1093. doi:10.1172/jci121561


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Chen, Chen, Ma, Chen, Liu, Zhou, Chen and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1614542-g005.jpg
o
[}
Q.E::.o NGC o.::.:o
Y ... 0......
° TrkA .’

Cytoplasm

PI3K pathway
Adapter proteins

PI 3 kinase

}

Akt kinase

Osteoarthritis

® Extracellular space

NGF NGF

Ras pathway PLC pathway

GEF Phospholipase C

Ras
} 1P3 DAG

Kinases v v
v Ca* PKC

MAPK

Bartilage

Bone neoplasms

(3) Machanicalsiress (7) Relewso ol alamins (3) Bicing ofslarming to PPR:

injury o infection including 14-3-3¢

Ostoockst  HSPS100ARSS,
HMGBY, LSS,
133

Omane Ozt O,

pattern-recognition

Lot PRRRAGE
3 ,Mk,r_ Tihaa
e
Macrophage

Fleosisst

catabolic phenctype.
. 3 /

S






OPS/images/fphar-16-1614542-g006.jpg
osteodynia

S0 Inflammatory cell

Bradykinin
Histamine
¥

Mechanosensory
afferent fiber

\—Painand °
temperature
- 2 afferent fiber
- TrkA |

NGF levels increased in response to
inflammation and in chronic pain states

Aée' ‘/ < é’ ) —Somatosensory
(' .
J

Dorsal root
ganglion






OPS/images/fphar-16-1614542-g003.jpg
Identification

Screening

Records-identified from-databases:
PubMed:(n'=-3437)
Webr-of Science (n'=-2064)
ScienceDirect'(n'="10239)

Records'screened

(n="8527)

Reports'sought-for-retrieval
(n'=714)

Reports-assessed-for-eligibility
(m'=714)

Studies-included-in‘review
(n'="548)

Records'removed-before'screening:
Duplicaterecordsremoved-(n="7213)

Records-excluded
—
(n=7813)
) Reports-not-retrieved
(n=0)

Reports-excluded:
Improper-animal'model'(n'=-48)
Irrelevantresult‘indicator:(n=-32)
Improperintervention(n=37)
Non-English-publication‘(n'=-49)





OPS/images/fphar-16-1614542-g004.jpg
Shc,

Ras/MAPK. PI3K/Akt PKC/Caz*
Synaptic
\ plasti;ity I_’ain
Neuronal sensitisation
differentiation
and survival

Anti-apoptosis,
metabolic regulation






OPS/images/fphar-16-1614542-g007.jpg
(=)
+

—

Sympathetic Sensory
Neuron Neuron





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		From neuromodulation to bone homeostasis: therapeutic targets of nerve growth factor in skeletal diseases		1 INTRODUCTION

		2 METHODS

		3 NERVE GROWTH FACTOR OVERVIEW		3.1 Molecular structure and receptor system of nerve growth factor

		3.2 Physiological functions of nerve growth factor		3.2.1 Core functions in the nervous system

		3.2.2 Pleiotropic effects in the non-neurological system

		3.2.3 Role in the inflammatory response

		3.2.4 Regulation of vascular endothelial cell proliferation and angiogenesis









		4 REGULATION OF BONE FORMATION BY NGF		4.1 Skeletal system

		4.2 NGF promotes bone formation through proliferation and differentiation of bone marrow mesenchymal stem cells

		4.3 NGF regulates bone formation by promoting osteoclast differentiation and maturation

		4.4 NGF regulates bone formation through nerve-vessel coupling





		5 REGULATION OF BONE RESORPTION BY NGF		5.1 Direct action of NGF on osteoclasts

		5.2 Indirect regulation through neuroendocrine





		6 THERAPEUTIC POTENTIAL OF NERVE GROWTH FACTOR IN SKELETAL DISEASES		6.1 Arthritis

		6.2 Osteoporosis

		6.3 Bone neoplasms

		6.4 Osteodynia

		6.5 Fracture

		6.6 Effects on cartilage tissue





		7 NGF TARGETED THERAPY AND CHALLENGES

		8 CONCLUSION

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

From neuromodulation to bone

homeostasis: therapeutic
targets of nerve growth factor in

skeletal diseases





OPS/images/fphar-16-1614542-g001.jpg
p75NTR

osteoblast

Bone marrow
mesenchymal
stem cells

Actiaticn of NF-kB, JNK pathway regulates
cell survival, differentiation and apoptosis

TrkA/p75NTR

ceeoeeereroonoooDo000000000000D00EEUENE00000000000000000II0IILIEEIIEITEILOTDEDEDODDEDDDDDEDRDDEDEICIDE00000000aaSo0;

neurofibril

Integrating signals - regulating cell
fate decisions






OPS/images/fphar-16-1614542-g002.jpg
Number of publications

80

60

40

20

v

g

>
\2
N

o
%
»

\
&
»

N\
v
N

40

3
»

44

S
O
A

50

v

A
N

32

o
X
»

27

\‘D

& VOSviewer

osteoblast differentiation

schwann cell

\
(onual-m’n.&

( \ ' A\
gesis reakthrough pain
SN ES
ubleibiind cafice









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





