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Amelogenesis is a highly regulated process involving multiple signaling pathways, among which the transforming growth factor-β1 (TGF-β1) signaling pathway plays a pivotal role in enamel formation. This review firstly elucidates the critical functions of TGF-β1 in regulating ameloblast behavior and enamel development, encompassing ameloblast proliferation, differentiation, apoptosis, enamel matrix protein synthesis, and mineralization. Secondly, based on emerging evidence, we further discuss potential interactions between TGF-β signaling and circadian regulation in enamel formation, although this relationship requires further experimental validation. Finally, future research directions are proposed to further investigate the relationship between TGF-β1 and the circadian clock in the context of amelogenesis.
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1 INTRODUCTION
Tooth enamel generated by ameloblasts is the most mineralized hard tissue in the human body (Xie et al., 2009; Yoshizaki et al., 2020; Zhong and Shibata, 2022). Enamel, derived from oral ectoderm, is the outermost layer of the tooth crown to protect the inner dentin and pulp from external damage and injury. Mature enamel consists of 95% minerals, 1%–2% organic materials, and 2%–4% water (by weight) (Deakins and Volker, 1941; Robinson et al., 1971; Schmitz et al., 2014). Since mature enamel is cell-free, once the enamel is damaged, it cannot be regenerated (Palmer et al., 2008). Its formation is mainly controlled by the interaction of epithelium and mesenchyme. The beginning of amelogenesis is marked by the differentiation of the inner enamel epithelium into ameloblasts at the late bell stage (Wang et al., 2020).
According to the morphology and function of ameloblasts, amelogenesis can be divided into different stages, including the prosecretory stage, the secretory stage, the transition stage, the maturation stage, and the protective stage (Reith, 1970). Among these, the secretory stage, the transition stage, and the maturation stage are the most important. During the secretory stage, ameloblasts are highly polarized with Tomes processes (Kallenbach, 1973; Lacruz et al., 2010). They can synthesize and secrete enamel matrix proteins (EMPs), such as amelogenin (AMELX), ameloblastin (AMBN), enamelin (ENAM), and various proteinases (Smith et al., 1996; Smith, 1998; Lacruz et al., 2010). Enamel matrix proteins are mainly processed by Matrix metalloproteinase 20 (MMP20) during this stage (Bartlett et al., 1998; Fukae et al., 1998; Caterina et al., 2002; Bartlett et al., 2011). After a short transition stage, the ameloblasts gradually become shorter, and the Tomes processes disappear (Kallenbach, 1974). The expression of enamel matrix proteins mentioned above is downregulated (Lacruz et al., 2012b). When the enamel reaches a certain thickness, it enters the maturation stage. In this stage, the morphology of ameloblasts is short and without Tomes processes. During this period, ameloblasts exhibit two different forms: ruffled ameloblasts and smooth ameloblasts (Smith, 1998). And the two forms can transform into each other every 8 h (Zheng et al., 2013). At this time, Kallikrein-related peptidase 4 (KLK4) processes and degrades enamel matrix proteins to promote enamel mineralization. Amelotin (AMTN) is also secreted to promote the final mineralization of the enamel matrix (Song et al., 2018).
When defects occur at any stage of amelogenesis, they can lead to the occurrence of amelogenesis imperfecta (AI) (Stephanopoulos et al., 2005). Amelogenesis imperfecta refers to a group of diseases characterized by hereditary developmental enamel defects. It may occur in isolation or may be associated with a syndrome. Amelogenesis imperfecta is mainly divided into hypoplastic and hypocalcified types (Sundell and Valentin, 1986). Once it occurs, the dentin and pulp are more susceptible to external stimuli and injuries, which can lead to corresponding diseases. Notably, mutations in genes associated with the TGF-β signaling pathway have been implicated in the pathogenesis of AI. For instance, loss of TGF-β1 in epithelium cells can result in AI in mice (Song et al., 2018). Additionally, targeted SMAD3 knockout in mice can lead to enamel hypomineralization (Yokozeki et al., 2003). Moreover, there is evidence that amelogenesis imperfecta has a negative impact on the oral health-related quality of life in affected individuals (Hashem et al., 2013).
The TGF-β superfamily is a large class of extracellular growth factors divided into two subfamilies according to structural and biological criteria, namely the TGF-β/Nodal subfamily and the bone morphogenetic proteins (BMP) subfamily (Massagué and Sheppard, 2023). TGF-β is a multifunctional cytokine involved in the regulation of a variety of cellular processes, including cell proliferation, differentiation, apoptosis, and extracellular matrix formation (Moustakas and Heldin, 2005; Kubiczkova et al., 2012). There are three mammalian subtypes of TGF-β: TGF-β1, TGF-β2, and TGF-β3 (Kingsley, 1994). TGF-β1 is an important member of the TGF-β/Nodal subfamily (Kobayashi-Kinoshita et al., 2016). The TGF-β/SMAD signaling pathway is the classical TGF-β pathway (Figure 1). Many factors are able to activate TGF-β, such as reactive oxygen species, integrin, thrombospondin-1, pH, and so on (Lyons et al., 1988; Schultz-Cherry and Murphy-Ullrich, 1993; Barcellos-Hoff and Dix, 1996; Munger et al., 1998). Activated TGF-β1 binds to transforming growth factor beta receptor 1 (TGFBR1) and transforming growth factor beta receptor 2 (TGFBR2) to form a complex, in which TGFBR2 phosphorylates and activates the TGFBR1 kinase, and TGFBR1 binds and phosphorylates the transcription factors SMAD2 and SMAD3. Phosphorylated SMAD2 and SMAD3 bind to the universal SMAD4 to form a trimer complex, which is translocated to the nucleus and co-regulates the expression of specific genes with other transcription factors, coactivators, and co-repressors (Shi and Massagué, 2003). In addition, there are non-classical signaling pathways. In the non-classical pathways, TGF-β receptor complexes can transmit signals through other factors to participate in physiological processes such as cell differentiation, proliferation, apoptosis, and migration. Non-classical pathways include Notch signaling, MAP kinases, the AKT/PKB pathway, the GTP-binding protein pathway, the PTK pathway, NF-κB, the Wnt/β-catenin pathway, and so on (Kubiczkova et al., 2012). Dysregulation of the TGF-β signaling pathway is associated with many diseases, such as fibrotic diseases, cancer, connective tissue diseases, etc (Meng et al., 2016; van der Kraan, 2017; David and Massagué, 2018).
[image: Figure 1]FIGURE 1 | TGF-β classical signaling pathway. Activated TGF-β1 combines with TGFBR1 and TGFBR2 to form a complex. TGFBR2 phosphorylates and activates TGFBR1. The activated TGFBR1 binds to SMAD2 and SMAD3 and phosphorylates them. Phosphorylated SMAD2 and SMAD3 combine with SMAD4 to form a trimer complex. The complex is transported to the nucleus and jointly regulates the expression of specific genes with other transcription factors, co-activators, and co-inhibitors.
Previous studies have revealed that TGF-β subtypes are expressed at various stages of enamel formation (Table 1). In dental lamina and the bud stage, TGF-β1 was strongly expressed in the epithelial cells. In the cap stage, TGF-β1 was strongly expressed in the external enamel epithelium and stellate reticulum layer. In the bell stage, TGF-β1 was expressed in the external enamel epithelium, stellate reticulum layer, and internal enamel epithelium, and most of them were strongly positive, and TGF-β1 was also expressed in the subsequent ameloblasts (Sassá Benedete et al., 2008). In dental lamina, TGF-β2 was strongly expressed in some epithelial cells. In the bud stage, TGF-β2 was weakly expressed in the epithelial cells. In the cap stage, TGF-β2 was present in the stellate reticulum layer and inner enamel epithelial cells. In the bell stage, TGF-β2 was expressed in the external enamel organ, stellate reticulum layer, pre-ameloblasts, and ameloblasts (Sassá Benedete et al., 2008). There was no significant expression of TGF-β3 in dental lamina, the bud stage, and the cap stage. In the bell stage, TGF-β3 was weakly positive in the stellate reticulum and internal enamel epithelium cells, and positive in the odontoblasts of the dental papilla (Sassá Benedete et al., 2008). The expression of TGF-β1 at all stages of enamel formation provides evidence for the important regulatory role of TGF-β1 in amelogenesis.
TABLE 1 | The expression of TGFβ subtypes in different stages of enamel formation.
[image: Table 1]The study finds that TGF-β1 plays an important role in multiple stages of amelogenesis. For example, TGF-β1 inhibited the proliferation of ameloblasts (Okubo et al., 2019), promoted the differentiation of ameloblasts (Coin et al., 1999), and induced the apoptosis of mature ameloblasts (Tsuchiya et al., 2009). In addition, TGF-β1 was shown to regulate the secretion of three major enamel matrix proteins and two proteases during enamel secretion (Okubo et al., 2019). Moreover, TGF-β1 also played an important role in promoting enamel mineralization (Yokozeki et al., 2003; Cho et al., 2013). Therefore, we aim to elucidate the regulatory roles of TGF-β1 on amelogenesis.
2 REGULATION OF AMELOBLASTS BY TGF-Β1
2.1 TGF-β1 regulates the proliferation of ameloblasts
Cell proliferation is one of the important physiological functions of living cells and an important life feature of organisms. Cell proliferation is the basis of organism growth, development, reproduction, and heredity. TGF-β inhibits cell cycle progression by regulating the transcription of cell cycle regulators (Derynck and Zhang, 2003). TGF-β exhibits strong growth inhibition activity in a variety of cell types, and this inhibition is reversible after the removal of the ligand (Tucker et al., 1984; Ohta et al., 1987; Kimchi et al., 1988). Early evidence suggested that intravenous administration of TGF-β1 or TGF-β2 inhibited the proliferation of regenerated liver in rats (Russell et al., 1988). Experimental results showed that anti-TGF-β antibodies blocked TGF-β1-induced SMAD2 translocation and inhibited other effects of TGF-β1 in epithelial cells, such as P38 mitogen-activated protein (P38-MAP) kinase phosphorylation, cyclin kinase inhibitor expression, and DNA synthesis inhibition (Kawase et al., 2002). Thus, TGF-β1 might inhibit the proliferation of human oral epithelial cells through the SMAD2-mediated, p21WAF1/CIP1-dependent mechanism (Kawase et al., 2002). As described above, TGF-β1 can inhibit the proliferation of many cell types, such as regenerated liver cells, oral epithelial cells, etc. And the inhibitory effect of TGF-β1 is reversible.
Ameloblasts are terminally differentiated cells that do not normally proliferate once they have fully differentiated. During enamel formation, the primary role of ameloblasts is to secrete enamel matrix proteins and facilitate enamel mineralization, rather than to undergo cell division (Smith and Warshawsky, 1975). In the context of ameloblasts, TGF-β1 appears to exert a similar inhibitory effect on proliferation. Supporting evidence came from a previous study showing that TGF-β1 in dentin extract exerted an inhibitory effect on the proliferation of osteoprogenitor cells, suggesting that TGF-β1 may have the same effect on ameloblasts (Takata et al., 1998). A significant increase in odontogenic epithelial cell proliferation was detected after the knockdown of TGFBR2 (Chai et al., 1999). In the mature stage of enamel formation, the MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay), a colorimetric method for assessing cell viability, was used to evaluate cell proliferation. The results showed that TGF-β1 and other subtypes inhibited the proliferation of mHAT9d cells, a dental epithelial stem cell line derived from the apical bud epithelium of a mouse incisor (Lee et al., 2024). This suggests that TGF-β1 plays a significant inhibitory role in ameloblast proliferation (Okubo et al., 2019). Furthermore, it was shown that ALC cells, an ameloblast-lineage cell line (Nakata et al., 2003), were very sensitive to TGF-β1-mediated proliferation inhibition in vitro (Tsuchiya et al., 2009). Taken together, TGF-β1 has a significant inhibitory effect on ameloblast proliferation, likely through mechanisms involving SMAD2 signaling and downstream cell cycle regulators. This not only reflects the role of TGF-β1, but also may be beneficial to the study of ameloblasts.
2.2 TGF-β1 regulates adhesion and differentiation of ameloblasts
During the secretory stage of enamel formation, ameloblasts change from cube-shaped to columnar, reorient polarity, and secrete enamel matrix proteins and peptidases, mainly including amelogenin, ameloblastin, enamelin, and MMP20 (Fukumoto et al., 2005; He et al., 2010). Many signaling pathways and molecules are involved in the regulation of ameloblast differentiation, such as Wnt/β-catenin, BMP4, and TGF-β1 (Balic and Thesleff, 2015; Miao et al., 2021). Some studies confirmed that TGF-β1 had a specific expression pattern during tooth development, and TGF-β1 was strongly expressed in the secretory ameloblasts, odontoblasts, stratum intermedium, stellate reticulum, outer enamel epithelium, and dental pulp, suggesting that TGF-β1 may play a crucial role in the differentiation of ameloblasts (Vaahtokari et al., 1991; Li and Pan, 2017).
The effect of TGF-β1 on the differentiation of different cells has been extensively studied. Prior studies confirmed the significant expression of TGF-β1 in hepatocellular carcinoma, breast cancer, and other cancers (Zarzynska, 2014; Zoheiry et al., 2015; Zhu et al., 2016). Moreover, TGF-β1 facilitated the proliferation, migration, and epithelial-mesenchymal transition of tumor cells (Wang et al., 2021). Under TGF-β1 stimulation, dental pulp cells were confirmed to be able to differentiate into odontoblasts and produce dentin in both in vitro and in vivo experiments (Li et al., 2011). The extracellular matrix of secretory enamel contained active TGF-β1, which induced the differentiation of human periodontal ligament cells (Nagano et al., 2006). In the study on organoids, it was demonstrated that the addition of TGF-β1 significantly enhanced the expression of enamel-related proteins in organoids and promoted the differentiation of organoids into functional ameloblasts (Hemeryck et al., 2022). Interestingly, the role of TGF-β signaling in ameloblast differentiation appears to be more complex than previously thought. A study demonstrated that conditional knockout of TGFBR2 in mice did not significantly affect ameloblast differentiation, despite the well-documented involvement of TGF-β signaling in epithelial cell differentiation and enamel formation (Oka et al., 2007). In conclusion, TGF-β1 can regulate the differentiation of tumor cells, dental pulp cells, periodontal ligament cells, etc., which prompts us to consider whether TGF-β1 regulates ameloblast differentiation.
The following studies have confirmed that TGF-β1 regulates the differentiation of ameloblasts. In transgenic mouse models, overexpression of TGF-β1 resulted in enamel defects, which were characterized by the shedding of ameloblasts from dentin and the formation of “cyst-like structures”. This suggests that TGF-β1 plays a crucial role in the differentiation and attachment of ameloblasts (Haruyama et al., 2006). Studies demonstrated that TGF-β1 induced ameloblast differentiation, particularly cell polarization, which was a key step in ameloblast differentiation and involves cell morphological changes and intracellular restructurings. It was verified that TGF-β1 in combination with heparin induced the differentiation of ameloblasts in vitro (Coin et al., 1999). When TGF-β1 was combined with LiCl (an activator of the Wnt/β-catenin signaling pathway) and epidermal growth factor (EGF), it enhanced the differentiation of ameloblasts. As a key regulator of various cellular processes, TGF-β1 might influence the differentiation of ameloblasts by regulating related signaling pathways such as the Wnt/β-catenin pathway (Miao et al., 2021).
In addition, studies verified that glycogen synthase kinase 3β (GSK3β) was implicated in the regulation of ameloblast differentiation through the Wnt and TGF-β signaling pathways (Yang et al., 2018). The inhibition of GSK3β resulted in the activation of the Wnt signaling pathway and the suppression of the TGF-β signaling pathway, thereby influencing ameloblast differentiation and enamel formation (Aurrekoetxea et al., 2016; Yang et al., 2018). Furthermore, the addition of TGF-β1 triggered the TGF-β pathway and subsequently significantly upregulated the expression of E-cadherin, AMBN, MMP20, and KLK4, which were markers of the adhesion and differentiation of ameloblasts (Yang et al., 2018). TGF-β1 induced the expression of AMBN in dental epithelial cells (Yang et al., 2018; Yamada et al., 2021). AMBN is an important regulatory factor in maintaining the differentiation of ameloblasts and is involved in the regulation of adhesion and proliferation of ameloblasts. In AMBN mutant mice, ameloblasts began to differentiate after leaving the matrix and dentin surface, but they quickly lost cell polarity, proliferated to form multilayer cells, and exhibited some characteristics of pre-ameloblasts (Fukumoto et al., 2005). In summary, TGF-β1 regulates ameloblast differentiation through related pathways (Wnt/β-catenin pathway and TGF-β signaling pathway). In addition, TGF-β1 alone or in combination with heparin, LiCl, and EGF can induce ameloblast differentiation and significantly upregulate the expression of markers of ameloblast differentiation. These findings reveal the complex regulatory network of TGF-β1 and its related molecular mechanisms in ameloblast differentiation.
2.3 TGF-β1 regulates apoptosis of ameloblasts
Apoptosis refers to programmed cell death, which plays a crucial role in development and tissue homeostasis. Studies have revealed that TGF-β is capable of inducing cell growth inhibition and apoptosis (Russell et al., 1988; Chai et al., 1999; Zimmerman and Padgett, 2000). TGF-β1 regulates the cell cycle and apoptosis by influencing the expression of cell cycle regulatory proteins (such as c-Myc, CDK4, and Cyclin D1) and apoptosis inhibitor proteins (such as p21Cip1) (Halder et al., 2005). In the process of enamel formation, these regulatory effects may have significant impacts on ameloblasts.
Many studies have proved that TGF-β1 exerts a regulatory effect on the apoptosis of ameloblasts. Approximately 25% of ameloblasts undergo apoptosis during the brief transition phase, and another approximately 25% are lost throughout the maturation period (Smith and Warshawsky, 1977). The expression of TGF-β1 was upregulated in mature enamel organs, and experiments confirmed that TGF-β1 treatment significantly enhanced the apoptosis of ameloblasts (Tsuchiya et al., 2009). In the maturation stage of enamel formation, the effect of TGF-β1 on apoptosis of mHAT9d cells was detected by immunohistochemistry, which indicated that TGF-β1 induced apoptosis of ameloblasts (Okubo et al., 2019). The mechanism underlying the apoptosis of ameloblasts might be as follows. Apoptosis of ameloblasts might be activated through two major molecular signaling pathways, intrinsic and extrinsic, both of which ultimately result in caspase activation and ultimate cell death (Abramyan et al., 2021). The upregulated expression of TGF-β1 in the mature ameloblasts might induce immediate early stress response genes through the TGF-β/activin signaling pathway in the maturation stage of amelogenesis, resulting in decreased expression of anti-apoptotic factor BCL2 and increased expression of pro-apoptotic factor BAX, thereby playing an important role in the apoptosis of ameloblasts (Tsuchiya et al., 2009). In general, it can be seen from the above that TGF-β1 can induce apoptosis of ameloblasts in the maturation stage.
In conclusion, during enamel development, the proliferation, differentiation, adhesion, apoptosis of ameloblasts, and the expression of related genes are all regulated by TGF-β1 to varying extents. It is speculated that the regulation of TGF-β1 may potentially be one of the crucial factors in guaranteeing the normal functionality of ameloblasts and the proper formation of enamel. However, it should be noted that the specific regulatory mechanism remains an area that requires further in-depth investigation and exploration. This is because the complexity and intricacy of the biological processes involved make it necessary to conduct more comprehensive and detailed studies to fully understand the precise workings and implications of this regulatory mechanism.
3 REGULATION OF ENAMEL MATRIX SYNTHESIS BY TGF-Β1
The extracellular matrix plays an extremely crucial regulatory role in diverse aspects of cell signaling, function, characteristics, and morphology (Karamanos et al., 2021). It possesses the remarkable ability to exert an influence on cell proliferation, survival, migration, differentiation, and other cellular processes and functions (Lin and Bissell, 1993; Karamanos et al., 2021). During the secretory stage of enamel formation, ameloblasts synthesize and secrete enamel matrix proteins into the enamel region to constitute the enamel matrix. Among the numerous proteins within the enamel matrix, the most abundant structural proteins are amelogenin (AMELX), ameloblastin (AMBN), and enamelin (ENAM). These proteins play indispensable roles in the formation and development of enamel (Gibson et al., 2001; Lu et al., 2018; Wang et al., 2024). TGF-β1 is a key regulator that plays a vital role in the secretion of the enamel matrix. Its regulatory function is of great significance and has a profound effect on the entire process (Kobayashi-Kinoshita et al., 2016).
3.1 Regulation of amelogenin by TGF-β1
Amelogenin (AMELX) is required for normal enamel formation. By far, amelogenin is the most abundant component among all the enamel matrix proteins, accounting for approximately 90% (Termine et al., 1980), and it is also the protein that has been the subject of the most extensive research (Shaw et al., 2020). Two models of amelogenin guiding the growth of apatite minerals during the secretion stage are self-assembled nanospheres and nanoribbons (Paine and Snead, 1997; Bromley et al., 2011; Martinez-Avila et al., 2012). It is confirmed that amelogenin can promote calcium phosphate nucleation, promote the elongation of apatite crystals, stabilize calcium phosphate in solution, and inhibit its transformation into apatite in vitro (Moradian-Oldak and George, 2021; Pandya and Diekwisch, 2021). Amelogenin-deficient mice presented with chalky enamel that had a worn surface (Gibson et al., 2001). The thickness of this enamel was approximately one-sixth of the normal, and the hardness value was less than half of that of the wild type (Hu et al., 2016a). X-ray diffraction analysis showed that the main mineral in tooth enamel was octacalcium phosphate (OCP), rather than the commonly found hydroxyapatite (Hu et al., 2016a). The enamel failed to form a normal enamel band structure; instead, it had a fan-shaped mineralized structure, and the teeth appeared as calcified nodules (Gibson et al., 2001; Hu et al., 2016a). Mice lacking AMELX phosphorylation showed severe phenotypes, including enamel dysplasia, the absence of enamel columns, extensive ectopic calcification, an increased rate of conversion of amorphous calcium phosphate (ACP) to apatite crystals, and progressive cytopathology of ameloblasts (Gabe et al., 2024).
Some studies have confirmed the close relationship between TGF-β1 and amelogenin. During enamel formation, activated TGF-β1 binded to amelogenin cleavage fragments and maintained its activity. Subsequently, the complex binded to TGFBR1 to activate the TGF-β1 signaling pathway (Kobayashi-Kinoshita et al., 2016). Furthermore, research demonstrated the regulatory effect of TGF-β1 on AMELX; specifically, in TGF-β1 conditional knockout mice, there was an upregulation of AMELX expression during the maturation stage of ameloblasts (Song et al., 2018). However, the impact of TGF-β1 on amelogenin during the secretory stage of enamel formation remains elusive. Despite the existing evidence suggesting a potential regulatory role of TGF-β1 in amelogenin expression, the precise mechanisms by which TGF-β1 influences amelogenin secretion are not yet fully understood. Therefore, further studies are needed to explore this relationship in greater detail.
3.2 Regulation of ameloblastin by TGF-β1
Ameloblastin (AMBN), a multifunctional extracellular matrix protein in tooth enamel, plays a crucial role in various aspects of enamel development. It is involved in cell signaling and polarity, which are essential for the proper orientation and function of cells (Kegulian et al., 2024). AMBN also facilitates cell adhesion to the developing enamel matrix, providing a structural foundation for enamel formation (Fukumoto et al., 2004). Moreover, it contributes to the maintenance of prismatic enamel morphology, ensuring the structural integrity and aesthetic appearance of the tooth surface (Fukumoto et al., 2004; Kegulian et al., 2024). It regulates enamel matrix formation and mineralization by binding to hydroxyapatite crystals and maintaining the shape and size of these crystals, thus further influencing the overall development and quality of enamel (Lv et al., 2023b). As the second most significant enamel matrix protein, AMBN is associated with amelogenesis imperfecta when mutated (Poulter et al., 2014; Lu et al., 2018). And AMBN deletion leads to a complete lack of enamel formation (Liang et al., 2019).
The regulation of TGF-β1 on AMBN has been confirmed. Concrete evidence is described below. After treating LS8 cells, an immortalized ameloblast-like cell line (Chen et al., 1992), with exogenous TGF-β1, activation of the TGF-β1 pathway was found to increase the mRNA and protein abundance of AMBN and to activate the phosphorylation of SMAD2 and SMAD3. In addition, SIS3, an effective inhibitor of SMAD3, effectively blocked the upregulation of AMBN induced by TGF-β1, confirming the regulatory role of the TGF-β1/SMAD signaling pathway on AMBN (Lv et al., 2023b). Moreover, TGF-β1-induced AMBN expression was confirmed to be dependent on Connexin-43 (CX43) gap junction activity. When the gap junction was inhibited, TGF-β1-induced AMBN expression was blocked (Yamada et al., 2021). The underlying mechanism might involve CX43 facilitating calcium ion permeability between cells, leading to an increase in intracellular calcium ions. This increase promoted the conversion of Ras-GDP to Ras-GTP, which was upstream of ERK1/2 (Pérez-Sala and Rebollo, 1999), and subsequently enhanced TGF-β1-mediated phosphorylation of the ERK1/2 protein. Phosphorylation of ERK1/2 could facilitate the activation of runt-related transcription factor 2 (RUNX2). Once activated, phosphorylated RUNX2 binded to SMAD to initiate the transcription of target genes, including AMBN, which was essential for enamel development (Lai and Cheng, 2002; Franceschi and Xiao, 2003; Chen et al., 2012).
3.3 Regulation of enamelin by TGF-β1
Enamelin (ENAM) is the largest extracellular matrix protein produced by ameloblasts. It accounts for 1-5 percent of enamel matrix proteins and is recognized as the least abundant among the three major enamel matrix proteins (Hu et al., 2000; Hu et al., 2001). The cleavage products of ENAM play a pivotal role in the function of Tomes’ processes, the distal extensions of ameloblasts, which is crucial for the proper shaping, extension, and orientation of the mineral bands within the enamel (Simmer et al., 2021). Correspondingly, mutations in ENAM disrupted enamel formation, resulting in hypoplastic amelogenesis imperfecta. In severe cases, the enamel was almost invisible on the dentin surface (Yu et al., 2022; Wang et al., 2024). The study found that TGF-β1 conditional knockout mice led to the upregulation of ENAM expression in ameloblasts at the maturation stage (Song et al., 2018). However, further experimental evidence is necessary to confirm the precise regulatory mechanisms of TGF-β1 on ENAM.
To conclude, TGF-β1 is of great significance to the regulation of three major enamel matrix proteins, including AMELX, AMBN, and ENAM. TGF-β1 is closely related to AMELX and upregulates the expression of AMELX. In the case of AMBN, TGF-β1 has been found to increase the expression of AMBN. Enamelins’ role is also suggested to be regulated by TGF-β1, although the specific mechanisms require further elucidation. Since the synthesis and secretion of enamel matrix proteins are key to enamel formation, further study of the regulation of TGF-β1 on enamel matrix proteins will help to understand and explore the mechanism of enamel formation and treatment strategies for related enamel hypoplasia diseases.
4 REGULATION OF ENAMEL MATRIX MINERALIZATION BY TGF-Β1
Many studies have shown that TGF-β1 plays an important role in enamel mineralization. Mice deficient in TGF-β1 exhibited severe enamel wear and a decrease in mineralized density, manifested by thinner enamel rods and the presence of enamel matrix protein residues (Song et al., 2018). Latent transforming growth factor beta-binding protein 3 (LTBP3) is required for the activation of TGF-β. The enamel defects observed in LTBP3 knockout mice underscored the significance of TGF-β1 in enamel mineralization (Morkmued et al., 2017). Furthermore, SMAD3 is known to be a central molecule in transforming growth factor-β (TGF-β) superfamily signaling, responsible for transmitting signals from cell surface receptors to the nucleus, thereby regulating gene expression. The hypomineralized enamel observed in SMAD3-deficient mouse models indicates that the TGF-β signaling pathway is critical for enamel formation and mineralization (Yokozeki et al., 2003). A study also demonstrated that the TGF-β1/SMAD3 signaling pathway was vital in alleviating fluorine-induced enamel hypomineralization (Bi et al., 2024).
In addition, exogenous TGF-β1 upregulated RUNX2 and tissue nonspecific alkaline phosphatase (ALP), thereby promoting enamel mineralization (Bi et al., 2024). Moreover, a study showed that TGF-β1 and RUNX2 had a synergistic effect on the regulation of enamel mineralization, and their co-loss led to more pronounced mineralization defects (Tian et al., 2022). The discovery of the important role of Forkhead Box O transcription factor FOXO1 in enamel biochemical mineralization further supports the hypothesis that the TGF-β1 signaling pathway regulates enamel matrix mineralization and maturation (Poché et al., 2012). FOXO1, as a transcription factor, might act synergistically with SMAD3 in response to TGF-β1 signaling and influence enamel maturation by regulating a common gene set. What’s more, intense staining of TGF-β1, connective tissue growth factor (CTGF), and phosphorylated-SMAD2/3 was observed in the reduced enamel epithelium, suggesting that the TGF-β1-SMAD2/3-CTGF signaling pathway may play a key role in enamel maturation (Li and Pan, 2018).
4.1 Regulation of peptidases by TGF-β1
Enamel mineralization is a process in which apatite crystals replace the enamel matrix. The degradation and absorption of the enamel matrix are primarily regulated by two peptidases, MMP20 and KLK4. MMP20, also known as enamelysin, is located on chromosome 11, while KLK4, a kallikrein enzyme, is situated on chromosome 19 and is crucial for the degradation of enamel proteins (Dong et al., 2023). It is suggested that MMP20 can activate KLK4, and KLK4 can inactivate MMP20 in vitro (Yamakoshi et al., 2013). During the secretory stage of enamel formation, MMP20 secreted by ameloblasts can promote the processing of enamel matrix protein to increase crystal thickness (Hu et al., 2002; Hu et al., 2016b). During the transition and maturation stages of enamel formation, secreted KLK4 actively degrades enamel matrix proteins to increase crystal width and thickness until the crystals come into contact with each other (Lu et al., 2008; Simmer et al., 2011). Studies of MMP20 and KLK4 functional deficiency mouse models found that MMP20 deficiency led to the inability of enamel crystals to thicken, and KLK4 deficiency led to enamel hypomineralization, pigmentation, and protein residues (Bartlett and Simmer, 2014; Hu et al., 2016b; Smith et al., 2017).
TGF-β1 can regulate enamel matrix mineralization by modulating the expression and activity of MMP20 and KLK4. TGF-β1 significantly promoted the expression of MMP20 in porcine dental pulp cells (Niwa et al., 2018). Consistently, TGF-β1 was shown to upregulate the expression of MMP20 in ameloblast-lineage cells (Gao et al., 2009). One study successfully established a mouse model of TGF-β knockout mice and found that MMP20 expression was significantly upregulated on postnatal day 7 (PN7) (Song et al., 2018). The regulation of MMP20 gene expression by TGF-β1 occurred through a mechanism that involved the transcription factor myocyte enhancer factor-2C (MEF2C) in ameloblast lineage cells (Gao et al., 2014).
In addition, studies have confirmed that TGF-β1 can promote the expression of KLK4. In TGF-β1 knockout mice, the expression of KLK4 was significantly downregulated, which affected the degradation of enamel matrix proteins and enamel mineralization (Song et al., 2018). In the study of the potential function of TGF-β isoforms in maturation-stage ameloblasts, TGF-β1 was found to significantly upregulate KLK4 mRNA levels (Okubo et al., 2019). In mice with a conditional knockout of the TGF receptor II, KLK4 RNA levels were significantly diminished, leading to reduced enamel mineralization, thinner enamel crystals, and increased wear, suggesting that enamel mineralization and maturation were regulated by TGF-β through the expression of KLK4 (Cho et al., 2013). Moreover, another study revealed that fluoride affected enamel protein content by inhibiting KLK4 through TGF-β1 in vitro and in vivo (Suzuki et al., 2014). The removal of the enamel matrix is a topic worthy of exploration. Failure to effectively remove the organic matrix of enamel can lead to low mechanical strength, wear, and even fracture of enamel, as seen in MMP20-null and KLK4-null mice (Caterina et al., 2002; Simmer et al., 2009; Yamakoshi et al., 2011).
4.2 Regulation of amelotin by TGF-β1
In addition to the two major peptidases mentioned above, the expression of Amelotin (AMTN) is also critical for enamel mineralization. AMTN is produced by ameloblasts and is expressed in the maturation stage of enamel formation. As a promoter of the mineralization of hydroxyapatite, AMTN can regulate the nucleation and growth of hydroxyapatite crystals (Abbarin et al., 2015; Danesi et al., 2021; Ikeda et al., 2022). AMTN deficiency led to delayed enamel mineralization, characterized by reduced mineralization of the inner enamel and structural anomalies of the outer enamel. These defects could compromise the enamel’s integrity and function, making it more susceptible to wear (Nakayama et al., 2015). The regulation of AMTN expression is a nuanced process that involves various signaling pathways. AMTN gene expression was regulated by TGF-β1 in gingival epithelial cells, suggesting a relationship between the two (Nakayama et al., 2019). Moreover, studies demonstrated that an increase in TGF-β1 activity significantly increased the synthesis of AMTN and played an important role in enamel mineralization (Okubo et al., 2019). In addition, in TGF-β1 conditional knockout mice, AMTN was significantly downregulated in enamel organs (Song et al., 2018). Collectively, the above scientific studies provide compelling evidence that TGF-β1 regulates the expression of AMTN.
4.3 Regulation of odontogenic ameloblast-associated protein by TGF-β1
Odontogenic ameloblast-associated protein (ODAM), initially identified as APIN, is expressed in ameloblasts during the maturation stage and in the junctional epithelium (JE) (Moffatt et al., 2008). ODAM and AMTN are sister genes, both of which originated from ENAM (Sire et al., 2007). Moreover, ODAM was found to play an important role in the enamel mineralization process by regulating MMP20 (Lee et al., 2010). Additionally, in vitro experiments confirmed that ODAM promoted the nucleation of hydroxyapatite (Ikeda et al., 2018). However, the research found that the formation and structure of enamel showed no significant changes in ODAM knockout mice (Wazen et al., 2015). More interestingly, a study on the functions of TGF-β subtypes revealed that TGF-β1 and TGF-β2 had no significant impact on the gene expression of ODAM, while TGF-β3 significantly downregulated the gene expression of ODAM (Okubo et al., 2019). Further exploration is still needed regarding the role of ODAM and the regulation of it by TGF-β1.
4.4 Regulation of endocytosis and ion transporters by TGF-β1
At the same time, in the maturation stage of enamel formation, TGF-β1 regulated the endocytosis of ameloblasts and promoted the uptake of enamel matrix proteins (such as amelogenin) by ameloblasts (Okubo et al., 2019). In addition, TGF-β1 influenced enamel mineralization by regulating RUNX2, which in turn affected the expression of the vesicle protein WD repeat-containing protein 72 (WDR72) (Liu et al., 2019). As an important regulator, WDR72 regulates the structure and assembly of microtubules in ameloblasts, which is crucial for the morphological changes of ameloblasts, endocytosis, and vesicle trafficking. All of these directly affect the pH regulation and mineralization of the enamel matrix (Liu et al., 2019).
Enamel formation is tightly regulated by extracellular pH, which is responsible for hydroxyapatite crystal growth and peptidase activity. A variety of ion transporters on ameloblast membranes are responsible for pH regulation (Ji et al., 2018). TGF-β1 has been shown to regulate pH by interfering with the expression of ion transporters to affect enamel mineralization. For example, sodium fluoride and sulfur dioxide derivatives downregulated the expression of the electrogenic sodium bicarbonate cotransporter NBCe1 (SLC4A4) by inhibiting TGF-β1, so that the acidified enamel microenvironment could not be fully neutralized by bicarbonate (Lv et al., 2023a). This interference could disrupt subsequent matrix synthesis, secretion, and mineralization (Lv et al., 2023a). TGF-β1 was also found to modulate the expression of voltage-gated chlorine channels ClC-5 and ClC-7 (Ji et al., 2021). These two channels are associated with tooth development and pH regulation and may be involved in the intracellular accumulation of fluoride (Ji et al., 2021). In addition, TGF-β1 was shown to downregulate the expression of cystic fibrosis transmembrane conductance regulator (CFTR) in colonic epithelial cells, thereby inhibiting chloride secretion (Howe et al., 2004). Similarly, TGF-β1 inhibited CFTR function in human bronchial epithelial cells (Snodgrass et al., 2013). Ameloblasts are typically epithelial-derived cells, so it is hypothesized that TGF-β1 may downregulate CFTR in ameloblasts. However, this hypothesis still needs to be confirmed by further experimental validation.
In addition to the above, the expression and function of TGF-β1 were regulated by the store-operated Ca2+ entry (SOCE) pathway (Said et al., 2020). In SOCE-deficient ameloblasts, TGF-β1 was significantly downregulated, and the phenotype of TGF-β1 receptor-specific knockout mice was similar to that of Stim1 conditional knockout mice (Said et al., 2020). Both phenotypes showed reduced enamel mineralization, diminished mineral content, and heightened enamel wear (Cho et al., 2013; Eckstein et al., 2017; Eckstein and Lacruz, 2018). It is suggested that the dysregulation of TGF-β1 may be partly involved in the amelogenesis imperfecta (AI) caused by the loss of Stim1. Furthermore, TGF-β1 acts as a circadian regulator. The disruption of SOCE alters the expression of TGF-β1, potentially impacting the circadian clock’s regulation of enamel thickness and mineralization, which are crucial for dental health (Said et al., 2020).
In conclusion, TGF-β1 signaling plays an indispensable and critical role in enamel matrix mineralization. The integrity of the TGF-β1 pathway is essential for proper enamel development, and any disruption in this pathway can lead to enamel hypomineralization or other enamel defects. TGF-β1 influences enamel mineralization through multiple mechanisms, including the regulation of Amelotin and matrix proteases such as MMP20 and KLK4. Additionally, TGF-β1 affects the endocytosis of ameloblasts, which is vital for the resorption of the organic matrix and the exposure of mineralized enamel to the oral environment. Furthermore, TGF-β1 regulates the expression of ion transporters, which are key for the movement of calcium and phosphate ions, the main constituents of enamel minerals.
5 POTENTIAL INTERPLAY BETWEEN TGF-Β1 AND CIRCADIAN CLOCK
Circadian rhythms represent self-sustained endogenous oscillations occurring over a 24-h period. These biological rhythms play a critical role in modulating a wide range of physiological processes (Papagerakis et al., 2014). The circadian rhythms are controlled by the circadian clock. The circadian clock is divided into the central clock and the peripheral clock (Weaver, 1998; Hastings et al., 2003). At the molecular level, circadian rhythms are maintained through the differential expression of clock genes. The major clock genes in mammals include the positive regulatory genes such as circadian locomotor output cycles kaput (CLOCK), brain and muscle ARNT-like 1 (BMAL1), as well as the negative regulatory genes such as period (PER1, PER2) and cryptochrome (CRY1, CRY2) (Gekakis et al., 1998; Reppert and Weaver, 2002; Takahashi, 2017). The clock genes in cells interact with each other in a complex manner, forming self-regulating transcription-translation feedback loops (TTFLs) to control the rhythmic expression (Reppert and Weaver, 2002; Takahashi, 2017).
Numerous studies have investigated the critical role of the circadian clock in enamel formation. Previous research showed that the key circadian clock genes and the ameloblast stage-specific genes, including AMELX and KLK4, oscillated rhythmically in ameloblasts (Zheng et al., 2011; Lacruz et al., 2012a; Zheng et al., 2013; Huang et al., 2021). Additionally, enamel matrix proteins such as AMBN, AMTN, and ODAM also oscillated in a circadian pattern (Nirvani et al., 2017). Disruption of circadian rhythms in pregnant mice was found to delay enamel development in offspring, with the inner enamel epithelium failing to differentiate into high-columnar ameloblasts, suggesting that circadian rhythm is essential for ameloblast differentiation and enamel formation (Tao et al., 2016).
Further evidence highlights the mechanistic involvement of circadian genes in enamel secretion and mineralization. Overexpression of BMAL1 led to the upregulation of AMELX and KLK4 expression, implying that circadian rhythms may directly modulate these processes (Zheng et al., 2013). Conversely, PER2 knockdown not only reduced AMELX expression and ameloblast matrix secretion, but also altered the subcellular localization of E-cadherin, indicating that the circadian clock influences the adhesion and arrangement of ameloblasts (Huang et al., 2021). Moreover, the overexpression of the circadian clock gene Nuclear receptor subfamily 1, group D, member 1 (NR1D1) upregulated the expression of AMELX while down-regulating the expression of the MMP20 and KLK4 (Athanassiou-Papaefthymiou et al., 2011).
Interestingly, TGF-β1 has been associated with circadian rhythms in other tissues. Firstly, rhythmic expression patterns of TGF-β, SMAD3, and phosphorylated SMAD3 were observed (Beynon et al., 2009; Sato et al., 2012). Besides, in the cholestatic liver disease model of PER2 knockout, TGF-β1 was significantly increased (Chen et al., 2013). In pulmonary epithelial cells and normal lung fibroblasts, TGF-β1 can upregulate the expression of BMAL1. Additionally, the knockdown of BMAL1 significantly attenuated the canonical TGF-β1 signaling pathway (Dong et al., 2016). BMAL1 inhibited epithelial-mesenchymal transition through the TGF-β1/SMADs/Snail Family Transcriptional Repressor 1 (SNAIL1) axis, thereby enhancing the radio-sensitivity of nasopharyngeal carcinoma (Li et al., 2024). And under sleep deprivation stress condition, upregulation of BMAL1 and CLOCK inhibited TGF-β1 expression (Xing et al., 2024). Furthermore, BMAL1 positively regulated TGF-β1 in kidney fibrosis (Takaguri et al., 2025). Although the interaction mechanism between TGF-β1 and circadian rhythm in enamel formation remains unclear, the expression changes of TGF-β1 dependent on SOCE may affect enamel mineralization, which is known to be controlled by the circadian rhythm (Said et al., 2020). Future studies should test whether TGF-β1 interacts with core circadian clock genes during enamel formation.
6 CONCLUSION AND FUTURE OUTLOOK
A large number of studies have confirmed the important regulatory role of TGF-β1 in the process of amelogenesis. Normal regulation of TGF-β1 is beneficial to promote normal enamel secretion and mineralization, while abnormal regulation of TGF-β1 is associated with enamel hypoplasia. Enamel hypoplasia can further cause dental-related diseases and even affect patients’ quality of life. A deeper understanding of the regulatory roles of the TGF-β1 pathway in amelogenesis may help to reduce enamel destruction. Therefore, this review provides a comprehensive overview of the role of the TGF-β1 pathway in amelogenesis, summarizing the currently available scientific evidence. The process of amelogenesis and the biological characteristics of TGF-β1 are briefly described, and the regulatory effects of TGF-β1 on ameloblasts, enamel matrix synthesis, and enamel mineralization are elucidated (Figure 2).
[image: Figure 2]FIGURE 2 | The TGF-β1 signaling pathway plays multiple roles in amelogenesis. The TGF-β1 regulates (A) proliferation, (B) differentiation and (C) apoptosis of ameloblasts. TGF-β1 also regulates in (D) enamel matrix (AMELX, AMBN and ENAM) synthesis and (E–H) mineralization (MMP20, KLK4, AMTN, endocytosis of ameloblasts and ion transporters).
More studies are needed to determine the molecular mechanisms involved in TGF-β1 regulation during enamel development. Dental enamel is known to show periodic growth patterns, such as the cross-striations and the Retzius lines (Smith, 2006). Additionally, ameloblasts oscillate between smooth-ended and ruffle-ended morphologies every 8 h during enamel maturation (Zheng et al., 2011). These results suggest that the process of enamel development is related to circadian rhythm. The important role of the circadian clock in enamel formation has been briefly elaborated.
In this review, a large number of literature have demonstrated that there is a close relationship between TGF-β1 and circadian clock genes in different tissues. Moreover, the canonical Wnt signaling pathway plays a central role in the circadian rhythm (Lecarpentier et al., 2019; Vallée et al., 2020; Vallee et al., 2022). Experiments confirmed that circadian clock genes inhibited ameloblast differentiation and matrix degradation through the Wnt/β-catenin signaling pathway, and mediated osteogenic differentiation and proliferation of mouse bone marrow mesenchymal stem cells through the Wnt/β-catenin signaling pathway (Zheng et al., 2022; Zou et al., 2022). In addition, TGF-β1 is closely related to the classical Wnt signaling pathway and can activate the Wnt signaling pathway to regulate cell differentiation and tissue development (Lecarpentier et al., 2019). Since the Wnt signaling pathway is a key bridge between circadian rhythm and cell function, and TGF-β1 is an important regulator of Wnt signaling, it can be inferred that there is a close relationship between TGF-β1 and circadian rhythm during amelogenesis.
During tooth development, similar to TGF-β1, circadian clock genes BMAL1, CLOCK, PER1, and PER2 were found to be expressed in the tooth germ (Zheng et al., 2011). In the process of enamel development, the important effects of TGF-β1 on ameloblast proliferation and differentiation, enamel matrix synthesis, and enamel matrix mineralization have been elucidated in this review. Numerous studies have shown that the circadian clock also has an important role in enamel development. The circadian clock can affect ameloblast differentiation, adhesion, matrix protein expression, and enamel ion transport (Athanassiou-Papaefthymiou et al., 2011; Lacruz et al., 2012a; Zheng et al., 2013; Wu et al., 2024). The overlapping regulatory roles of TGF-β1 and the circadian clock prompt us to consider the relationship between them in regulating amelogenesis.
This review illustrates the importance of TGF-β1 in the process of amelogenesis. In addition, TGF-β1/SMAD signaling has the potential to save enamel hypoplasia induced by fluoride and sulfur dioxide exposure in rats (Lv et al., 2023b). Further, TGF-β1 may regulate NBCe1 and may participate in the occurrence of dental fluorosis through the classic TGF-β1/SMAD pathway and the unconventional ERK and JNK pathways (Lv et al., 2023a). These results suggest that the TGF-β1/SMAD signaling pathway may be a potential target for the treatment of enamel hypoplasia and enamel fluorosis. Future studies could further explore the interaction of TGF-β1 with circadian rhythm and other signaling pathways, such as Wnt, and how to enhance therapeutic efficacy through multi-target combination therapy strategies.
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