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Abstract: Periodontal ligament stem cells (PDLSCs) are mesenchymal stem cells derived from 

periodontal tissues with self-renewal and multidirectional differentiation potential, and are an important 

cell population for periodontal tissue repair. At present, studies have shown that various signaling 

pathways play a crucial role in the osteogenic differentiation of periodontal stem cells, but the 

mechanisms involved in the regulation of osteogenic differentiation of periodontal stem cells are still in 

the early stage of research. Therefore, it is necessary to investigate the interrelationship and regulation 

of these pathways in the osteogenic differentiation of periodontal stem cells, cell signaling and new bone 

formation, in order to further reveal their molecular biological mechanisms. In this paper, we review the 

research on the regulation of osteogenic differentiation of periodontal stem cells by Notch signaling 

pathway, Wnt signaling pathway, NF-κB (nuclear factor-kappa B) signaling pathway and MARK 

signaling pathway, and provide a theoretical basis for the clinical treatment of periodontal bone defects 

by targeting the signaling pathways. 
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1. Introduction 

Periodontal stem cells (PDLSCs) are mesenchymal stem cells derived from periodontal tissues, which 

have the potential for self-renewal and multidirectional differentiation and are an important cell 

population for periodontal tissue repair [1]. They can differentiate into osteoblasts, lipoblasts and 

chondrocytes, and can also form periodontal membrane-like structures, thus PDLSCs can reconstruct 

periodontal tissues in the oral cavity that have been damaged by periodontal disease and are expected to 

promote the regenerative repair of periapical bone defects through their osteogenic potential. Signalling 

pathways are a series of enzymatic pathways that transmit molecular signals from outside the cell into 

the cell via the cell membrane to exert their effects. From the time a cellular receptor receives an external 

signal to the final integrated response, it is not only a process of signal transduction, but more importantly, 

a process of progressive amplification of the external signal. The transition of PDLSCs from a state of 

self-renewal to osteogenic differentiation is closely related to the differential expression of multiple 

signalling pathways, and it is therefore important to investigate the mechanisms affecting the signalling 

pathways in the osteogenic differentiation of periodontal stem cells. 

Osteogenic differentiation of periodontal stem cells is a key step in the repair of periodontal bone 

defects, i.e. periodontal stem cells undergo a complex process of osteogenic progenitor cells, osteogenic 

precursor cells, osteoblasts and finally differentiate into bone cells, which involves multiple types of 

inter- and intracellular signaling, such as signaling pathways, transcription factors, growth factors, 

microRNAs, etc., forming a complete regulatory bone metabolism negative feedback loops [2,3]. In this 

paper, we review the key points on the progress of research on signalling pathways related to osteogenic 

differentiation of periodontal stem cells. 

2. The Notch signalling pathway 

The Notch mutation was discovered in Drosophila by Dexter in 1914 and its allele was recorded and 

established in Drosophila by Morgan three years later.Notch was named after the gene that causes a defect 

in the edge of the Drosophila plumage [4,5]. Notch signalling pathways are highly conserved specific 
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signalling pathways [6] that play an important role in determining cell metabolism and fate, cell 

proliferation, growth and development and cell biological behaviour.The Notch signalling pathway is 

regulated by Notch1, Notch2, Notch3, Notch4 and Jagged1, Jagged2, Dll1, Dll3, Dll4 ligands and 

receptor activation occurs with adjacent cell lysis and Notch protein translocation into the cell [7-9]. 

Studies have shown that Notch is quite important for the maintenance of the biological properties of 

PDLSCs, as well as for terminal osteogenic differentiation and wound healing [10,11]. Previous literature 

has shown [12-14] that although the Notch signalling pathway is involved in the differentiation process of 

bone formation in PDLSCs, the mechanism of action of the Notch pathway in the osteogenic 

differentiation of PDLSCs is unclear. Studies have shown that periodontal stem cells express Notch1 [15,16] 

and that the behaviour of stem cells can be regulated by cellular and molecular cues from their 

microenvironment [16-18]. 

When the Notch receptor binds to the ligand, the internal part of the receptor is truncated and 

translocated to the nucleus, releasing the ICD (intracellular region) bound to the RBP-Jkappa 

transcriptional effector complex [19]. Activation of Notch1 suppressed p53 gene expression. Ectopic 

overexpression of p53 overcame the anti-apoptotic effect of Notch1 signalling, providing further 

evidence that Notch1 regulates p53 at the transcriptional level. These data suggest that in PDLSCs, ICN 

may also be localised in the nucleus and may act against apoptosis. The nucleus promotes anti-apoptotic 

effects by regulating the expression of target genes as well as target genes [20]. Furthermore, Notch 

receptors are very sensitive to extracellular forces and a small amount of force can identify the site of 

protease s2 breakdown, which induces its gene transcription and release in the ICD region. PDLSCs 

modulate Notch1 signalling under chemical and dynamic tension [21], and the expression of the first 

osteogenic markers ALP and BMP2 under dynamic stress conditions prior to activation was in a time-

dependent manner significantly higher than controls. However, after activation of the Notch1 pathway, 

the expression of osteogenic markers was significantly lower than in the inhibitor and control groups [22]. 

3. Wnt/β-Catenin signalling pathway 

Wnts are a group of secreted glycoproteins that bind to the frizzled protein receptor (FZD). The Wnt 

family secretes factors that are involved in a number of cellular physiological processes including cell 

polarization, differentiation, migration, proliferation and biological function.Wnt proteins can be broadly 

classified into two groups: those that activate the classical Wnt signaling pathway, the Wnt/β-Catenin 

signaling pathway, and those that are activated by Wnt5a, a non-classical Wnt pathway that is not 

dependent on β-Catenin and LRP5/6. Periodontal stem cells can regulate classical Wnt proteins and the 

classical Wnt/β-catenin pathway, and can regulate the transactivation of non-classical Wnt proteins and 

non-classical signalling pathways [23]. 

Zheng et al [24] showed that erythropoietin (EPO) (concentration 20 U/mL) could promote 

proliferation and osteogenic differentiation of PDLSCs by activating the Wnt/β-catenin signalling 

pathway, presumably by a mechanism related to osteogenesis, by activating β-catenin and increasing the 

expression of its target gene CyclinD1. Wnt5a may play a plays a role in the development of periodontal 

disease and alveolar bone loss, regulating the development of periodontal disease, the proliferation and 

differentiation of periodontal membrane stem cells and the maintenance of periodontal tissue homeostasis, 

which may, to some extent, provide a theoretical basis for periodontal tissue regeneration [25]. 

Hasegawa[26] found that rat PDLSCs expressed Wnt5a and human periodontal stem cells (hPDLSCs) 

expressed Wnt5a and its receptors (Ror2, Fzd2, Fzd4); it was also found that the expression of Wnt5a 

was positively correlated with the magnitude of occlusal force, and that mechanical stretching tension 

increased the expression of Wnt5a and its receptors[26] . The proliferation and migration of hPDLSCs 

can be regulated by direct activation of signalling pathways such as MAPK, Wnt/PCP and PI3K/Akt by 

Wnt5a[27] . It has also been found in the literature[28] that Wnt5a induces upregulation of periodontal 

collagen expression, upregulates TGF-β1 expression on periosteal proteins, promotes maturation of 

periodontal fibres and acts as a positive regulator of collagen fibres to repair periodontal tissue 

regeneration. After osteogenesis induction of periodontal stem cells, Wnt5a down-regulates the number 

and size of mineralized nodule formation and, with the expression of osteogenic marker genes, such as 

OPN, BSP and Osterix, has been shown to inhibit osteogenic differentiation of periodontal stem cells[29,30]. 

Knockdown of Wnt5a resulted in a significant increase in ALP activity after osteogenic induction of 

human periodontal stem cells, further showing that Wnt5a can inhibit osteogenic differentiation through 

regulation of the classical Wnt signalling pathway, while specific inhibition of osteogenic differentiation 

of hPDLSCs was also observed [31]. 
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4. NF-κB signalling pathway 

NF-κB is expressed in almost all mammalian cells and plays an important role in the normal 

physiological regulatory network of the human immune and inflammatory response and in systemic 

diseases (e.g. cardiovascular disease, chronic inflammation, diabetes, cancer). The family includes five 

members: NF-κBp50 (p105/NF-κB1), NF-κBp52 (p100/NF-κB2), p65 (RelA), RelB and C-Rel. The NF-

κB signalling pathway includes both classical and non-classical pathways. The classical pathway is 

activated by several inflammatory factors, such as tumor necrosis factor α (TNF-α), interleukin 6 (IL-6,) 

and interleukin 1β (IL-1β), which to some extent inhibit the osteogenic differentiation of periodontal 

stem cells [32-34]. The transcriptional response to innate and acquired immunity depends on several 

transcription factors, among which the nuclear transcription factor NF-κB activates multiple signalling 

pathways and controls several genes. Having multiple functions and unique regulatory mechanisms is 

particularly important. 

The NF-κB signalling pathway can be activated in response to external stimuli, and its studies have 

shown that inhibition of p65 in the classical NF-κB pathway enhances the differentiation of mesenchymal 

osteoblasts from a mouse myogenic cell line (C2C12) in vitro [35,36]. Compared to controls, young 

transgenic mice transfected with specific NF-κB inhibitor genes showed a significant inhibition of 

osteogenesis, inhibiting NF-κB signalling along with TNF-α on TGF-β-regulated Smad signalling, but 

still promoting to some extent osteo-differentiation and mineralisation of nude mouse MC3T3 osteoblast 

progenitor cell lines and bone marrow mesenchymal stromal cells. nF-κB inhibited the osteogenic 

differentiation of the Saos2 osteosarcoma cell line. NF-κB signalling plays an important role in the 

differentiation of osteoblasts, osteocytes and chondrocytes. 

5. MAPK signalling pathway 

The conventional mitogen-activated protein kinases (MAPKs) comprise three subfamily members: 

ERK1/2, ERK5; JNK1/2/3; and p38. The MAPK pathway is primarily involved in transducing 

extracellular stimuli (environmental stress, growth factors, cytokines, etc.) that causes cell growth, 

differentiation and apoptosis. Once cells are exposed to a stimulus, MAPKK kinase (MAP3K) is 

activated and phosphorylates MAPK kinase (MAP2K), which in turn phosphorylates activated 

MAPKs[37]. MAPKs are the main kinases of mechanotransduction, and since most mechanosignals to the 

nucleus are mediated by the activation of these kinases, and the MAPK pathway has been implicated in 

CTS-induced osteogenic differentiation of hPDLSCs [38,39]. In addition, many cytokines play an important 

role in periodontal tissue regeneration by promoting the differentiation of osteogenic PDLSCs via the 

MAPK pathway [40-42]. 

6. Conclusion 

Notch, Wnt, NF-κB and MAPK signalling pathways are all involved in the osteogenic differentiation 

of PDLSCs in periodontal stem cells, and act directly or indirectly on osteogenic transcription factors 

such as Runx2, Osterix or PPARγ to regulate the osteogenic differentiation of PDLSCs by activating or 

repressing transcription factor expression. However, the mechanisms regulating the osteogenic 

differentiation of PDLSCs into osteoblasts are complex, and the individual signalling pathways are not 

independent but interrelated. Therefore, there is still a need to explore the interactions between the 

signalling pathways and their mechanisms in more depth and comprehensively based on the existing 

studies for the purpose of providing new ideas for the treatment of periodontal bone defect repair. 

Acknowledgements 

Fundamental project: Natural Science Foundation of Xinjiang Uygur Autonomous Region 

(2019D01C231) 

References 

[1] Maeda H. Mass acquisition of human periodontal ligament stem cells [J]. World J Stem Cells, 2020 

Sep 26, 12(9): 1023-1031. 

[2] Trivanović D, Jauković A, Popović B, et al. Mesenchymal stem cells of different origin: Comparative 



Frontiers in Medical Science Research 

ISSN 2618-1584 Vol. 4, Issue 3: 28-32, DOI: 10.25236/FMSR.2022.040305 

Published by Francis Academic Press, UK 

-31- 

evaluation of proliferative capacity, telomere length and pluripotency marker expression [J]. Life Sci, 

2015 Nov 15,141:61-73. 

[3] Hankenson KD, Gagne K, Shaughnessy M. Extracellular signaling molecules to promote fracture 

healing and bone regeneration [J]. Adv Drug Deliv Rev, 2015 Nov 1, 94: 3-12. 

[4] Shi L, Kong R, Li Z, et al. Identification of a new allele of O-fuco-syltransferase 1 involved in 

Drosophila intestinal stem cell regulation[J]. Biol Open, 2021 Nov 15, 10(11): bio058910. 

[5] Frankenreiter L, Gahr BM, Schmid H, et al. Phospho-Site Mutations in Transcription Factor 

Suppressor of Hairless Impact Notch Signaling Activity During Hematopoiesis in Drosophila[J]. Front 

Cell Dev Biol, 2021 Apr 14, 9: 658820. 

[6] Li Y, Li SQ, Gao YM, et al. Crucial role of Notch signaling in osteogenic differentiation of periodontal 

ligament stem cells in osteoporotic rats [J]. Cell Biol Int, 2014 Jun, 38(6): 729-36. 

[7] Denes BJ, Bolton C, Illsley CS, et al. Notch Coordinates Periodontal Ligament Maturation through 

Regulating Lamin A [J]. J Dent Res, 2019 Nov, 98(12): 1357-1366. 

[8] Pagella P, de Vargas Roditi L, et al. Notch signaling in the dynamics of perivascular stem cells and 

their niches [J]. Stem Cells Transl Med, 2021 Oct, 10(10): 1433-1445. 

[9] Ma Y, Li S-H, Wu P-L, et al. Effect of tumor necrosis factor-α on osteo-differentiation of periodontal 

stem cells and Notch signaling pathway [J]. West China Journal of Stomatology, 2018, 36(02): 184-189. 

[10] Zhu Yongcui, Zhai Lei,Yan Yazi,et al. Effect of overexpression of ADAM10 on osteogenic 

differentiation of periodontal stem cells through regulation of Notch signaling pathway [J]. Dentistry 

Research, 2021, 37(05): 468-473. 

[11] Qiu Shen-Cai, Long Yan, Wu Pei-Ling, et al. Effect of overexpression of Notch intracellular 

structural domain on proliferation and osteogenic differentiation of human periodontal stem cells [J]. 

Chinese Journal of Stomatology, 2019(05): 315-321. 

[12] Translated with www.DeepL.com/Translator (free version) Denes BJ, Bolton C, Illsley CS, et al. 

Notch Coordinates Periodontal Ligament Maturation through Regulating Lamin A [J]. J Dent Res, 2019 

Nov, 98(12): 1357-1366. 

[13] Li X, Liao D, Sun G, et al. Notch pathway activation promotes the differentiation of beagle dog 

periodontal ligament stem cells to Schwann cells [J]. Adv Clin Exp Med, 2021 Jul, 30(7): 721-726. 

[14] Li Y, Li SQ, Gao YM, et al. Crucial role of Notch signaling in osteogenic differentiation of 

periodontal ligament stem cells in osteoporotic rats [J]. Cell Biol Int, 2014 Jun, 38(6): 729-36. 

[15] Zhu Y C, Zhai L, Yan Y Z, et al. Effect of overexpression of ADAM10 on osteogenic differentiation 

of periodontal stem cells through regulation of Notch signaling pathway[J]. Dentistry Research, 2021, 

37(05): 468-473. 

[16] Yuan P, Li SW, Wu PEL, et al. Expression and significance of Notch signaling pathway-related 

molecules in periodontal membrane stem cells [J]. Journal of Clinical Dentistry, 2016, 32(03): 149-153. 

[17] Jia L L, Wen Y, Xu X. Advances in the study of in vitro culture environment affecting the biological 

properties of periodontal stem cells [J]. International Journal of Stomatology, 2018, 45(03): 255-260. 

[18] Translated with www.DeepL.com/Translator (free version) Li Y, Liu A, Zhang L, et al. Epithelial 

Cell Rests of Malassez Provide a Favorable Microenvironment for Ameliorating the Impaired Osteogenic 

Potential of Human Periodontal Ligament Stem Cells [J]. Front Physiol, 2021 Oct 11, 12: 735234. 

[19] Denes BJ, Bolton C, Illsley CS, et al. Notch Coordinates Periodontal Ligament Maturation through 

Regulating Lamin A [J]. J Dent Res, 2019 Nov, 98(12): 1357-1366. 

[20] Feng Y, Fu X, Lou X. Notch pathway deactivation mediated by F-box/WD repeat domain-containing 

7 ameliorates hydrogen peroxide-induced apoptosis in rat periodontal ligament stem cells [J]. Arch Oral 

Biol, 2019 Apr, 100: 93-99. 

[21] Zhou Shuzuo, Qin Fan, Cui Jiaxi, et al. Regulation of human periodontal stem cell stress 

differentiation process by Notch1 signaling pathway [J]. Journal of local decompression surgery, 2017, 

26(04): 240-243. 

[22] Zhang L, Liu W, Zhao J, et al. Mechanical stress regulates osteogenic differentiation and 

RANKL/OPG ratio in periodontal ligament stem cells by the Wnt/β-catenin pathway [J]. Biochim 

Biophys Acta, 2016 Oct, 1860(10): 2211-9. 

[23] Yu B, Chang J, Liu Y, et al. Wnt4 signaling prevents skeletal agingand inflammation by inhibiting 

nuclear factor-κB [J]. Nature Medicine, 2014, 20(9): 1009-1017. 

[24] Zheng DH, Wang XX, Ma D, et al. Erythropoietin enhances osteogenic differentiation of human 

periodontal ligament stem cells via Wnt/β-catenin signaling pathway[J]. Drug Des Devel Ther, 2019 Jul 

26, 13: 2543-2552. 

[25] Zhou Z, Li B, Dong Z, et al. Nicotine deteriorates the osteogenic differentiation of periodontal 

ligament stem cells through α7 nicotinic acetylcholine receptor regulating Wnt pathway [J]. PLoS One, 

2013 Dec 20, 8(12): e83102. 

[26] Hasegawa D, Wada N, Maeda H, et al. Wnt5a Induces Collagen Production by Human Periodontal 



Frontiers in Medical Science Research 

ISSN 2618-1584 Vol. 4, Issue 3: 28-32, DOI: 10.25236/FMSR.2022.040305 

Published by Francis Academic Press, UK 

-32- 

Ligament Cells Through TGFβ1-Mediated Upregulation of Periostin Expression [J]. J Cell Physiol, 2015 

Nov, 230(11): 2647-60. 

[27] Li YY, Liang WH. Progress of research on the role of Wnt5a in regulating tooth-derived stem cells 

[J]. Chinese Journal of Practical Dentistry, 2016, 9(02): 121-124. 

[28] Osaki LH, Gama P. MAPKs and signal transduction in the control of gastrointestinal epithelial cell 

proliferation and differentiation [J]. Int J Mol Sci, 2013 May 13, 14(5): 10143-61. 

[29] Yamada A, Iwata T, Yamato M, et al. Diverse functions of secreted frizzled-related proteins in the 

osteoblastogenesis of human multipotent mesenchymal stromal cells [J]. Biomaterials, 2013 Apr, 34(13): 

3270-8. 

[30] Liu N, Shi S, Deng M, et al. High levels of β-catenin signaling reduce osteogenic differentiation of 

stem cells in inflammatory microenvironments through inhibition of the noncanonical Wnt pathway [J]. 

J Bone Miner Res, 2011 Sep, 26(9):2082-95. 

[31] Xiang L, Chen M, He L, et al. Wnt5a regulates dental follicle stem/progenitor cells of the 

periodontium [J]. Stem Cell Res Ther, 2014 Dec 15, 5(6): 135. 

[32] Eddie Zhang, Chang Qunan, Li Shengmei, et al. Tumor necrosis factor α activates NF-κB signaling 

pathway to inhibit osteogenic differentiation of periodontal stem cells [J]. Chinese Tissue Engineering 

Research, 2019, 23(25): 3993-3997. 

[33] Chen Lin, Xue Chunchun, Shu Bing, et al. TNF-α and stem cell osteogenic differentiation [J]. 

Chinese Journal of Osteoporosis, 2016, 22(5): 619-623. 

[34] Mao CY, Wang YG, Zhang X, et al. Double-edged-sword effect of IL-1β on the osteogenesis of 

periodontal ligament stem cells via crosstalk between the NF-κB, MAPK and BMP /Smad signaling 

pathways [J]. Cell Death Dis, 2016, 7: e2296. 

[35] Nan Xue, Lin Qi, Guorong Zhang, et al. mi RNA-125b Regulates Osteogenic Differentiation of 

Periodontal Ligament Cells Through NKIRAS2/NF-κB Pathway [J]. Cellular Physiologyand 

Biochemistry, 2018, 48: 1771-1781. 

[36] CHEN Xiaoyan, DING Yin, JIN Yan. The role of TNF-α in regulating osteogenic differentiation of 

human periodontal stem cells through NF-κB signaling pathway [J]. Oral Biomedicine, 2015, 6(03): 

124-128. 

[37] Cuadrado A, Nebreda AR. Mechanisms and functions of p38 MAPK signalling [J]. Biochem J, 2010 

Aug 1, 429(3): 403-17. 

[38] Zhou Z, Li B, Dong Z, et al. Nicotine deteriorates the osteogenic differentiation of periodontal 

ligament stem cells through alpha7 nicotinic acetylcholine receptor regulating Wnt pathway [J]. PLoS 

One, 2013, 8(12): e83102. 

[39] Liedert A, Kaspar D, Blakytny R, et al. Signal transduction pathways involved in 

mechanotransduction in bone cells [J]. Biochem Biophys Res Commun, 2006, 349(1): 1-5. 

[40] Li, Han M, Li S, et al. Cyclic tensile stress during physiological occlusal force enhances osteogenic 

differentiation of human periodontal ligament cells via ERK1/2-Elk1 MAPK pathway [J]. DNA Cell Biol, 

2013, 32(9): 488-497. 

[41] Zhang Y, Hu T, Ye G, et al. In vitro study of p38 MAPK pathway regulating BMP9-induced 

osteogenic differentiation of hPDLSCs [J]. Shanghai Stomatology, 2018, 27(06): 596-601. 

[42] Wu Y, Yang Y, Yang P, et al. The osteogenic differentiation of PDLSCs is mediated through 

MEK/ERK and p38 MAPK signalling under hypoxia [J]. Arch Oral Biol, 2013 Oct, 58 (10): 1357-68. 


