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Purpose: Osteoporosis, a common disorder especially prevalent in the postmenopausal women and the elderly, is becoming a worldwide public health problem. Osteoporosis can cause severe joint pain, fragility fractures, and other symptoms, which can seriously impair the daily lives of affected patients. Currently, no gold-standard drug is available that can completely cure osteoporosis. Tanshinone is a traditional Chinese medicine, which can exhibit multiple biological activities. It might also display a protective effect on osteoporosis. However, the molecular mechanism through which tanshinone can improve osteoporosis remain unclear. The objective of our study is to explore the underlying mechanism behind the protective actions of tanshinone.
Methods: The common KEGG pathways of tanshinone-targeted genes and osteoporosis were analyzed by using bioinformatics analysis. The bioinformatics analysis results were further validated both by in vitro and in vivo experiments.
Results: 21 common KEGG pathways were identified between osteoporosis and tanshinone-targeted genes. It was further found that tanshinone could induce expression of AKT1, promote the proliferation of MSCs, and ultimately suppress their apoptosis.
Conclusion: Taken together, our findings indicate that tanshinone can alleviate osteoporosis, its effect was potentially mediated through modulating AKT1 expression. Thus, tanshinone could serve as a promising treatment option for osteoporosis.
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INTRODUCTION
Osteoporosis is a major bone-turnover disorder which can commonly affect the elderly and postmenopausal women (Chang et al., 2016). Although the “bone density” which reflects bone mass is an important quantitative indicator when diagnosing osteoporosis, the critical significance of osteoporosis in the clinical practice is that, this population is prone to fractures, leading to both increased disability and death. In addition to bone mass, bone quality and other non-skeletal factors can also be considered as potential risk factors for fractures (Martin and Correa, 2010).
Osteoporosis is primarily an age-related bone disease, which has emerged as a worldwide public health problem (Rajasree Vijayakumar, 2016). It has been reported that more than 9.9 million Americans suffer from osteoporosis (Wright et al., 2014). The incidence of fragility fractures is 50% in women and 20% in men (Cummings and Melton, 2002). The recurrence incidence was reported to be 2.12% in the first year, and 4.66% in the first 2 years (Ruan et al., 2011). Treatment and care after the fractures can cause heavy economic and spiritual burdens on the family. Statistical data has revealed that within 1 year after the hip fractures, approximately 20% of patients died with various complications, about 50% were disabled, and the quality of life was significantly reduced (Lin et al., 2014). Osteoporosis often can exhibit the symptoms of joint pain. At the same time, the patients with degenerative joint disease are often affected with osteoporosis. Osteoporosis and osteoarthropathy can arise as a result of certain potential shared mechanisms (Hart et al., 1994; Shen et al., 2013; Im and Kim, 2014; Geusens and van den Bergh, 2016).
There are currently no treatment modalities that can be used for the complete cure of osteoporosis. There are mainly two types of drugs used for the management of osteoporosis: bone formation promotors and resorption inhibitors. Most of the existing clinical drugs are bone resorption inhibitors. Hence, we need to identify and develop novel drugs, which can promote bone formation. Tanshinone, a traditional Chinese medicine, has been used clinically as a drug for the treatment of various chronic diseases (Kim et al., 2016; Li et al., 2016). Moreover, previous studies have shown that tanshinone can also exhibit the potential of both decreasing apoptosis of osteoblasts and promoting osteogenesis (Kim et al., 2004; Baker et al., 2015; Cheng et al., 2018; Zhu et al., 2018; Zhang et al., 2020). Bioinformatics analysis has been used in some previous studies to explore the mechanism of dugs or formulations on the various diseases (Mi et al., 2020a; Xiong et al., 2020a). Therefore, this research aimed to investigate the underlying mechanism of tanshinone in the treatment of osteoporosis through using bioinformatics analysis, followed by verification of the findings through some laboratory experiments.
MATERIALS AND METHODS
Tanshinone-Targeted Genes Interaction Network Construction
Tanshinone-targeted genes were obtained from Search Tool for Interacting Chemicals (STITCH). The interaction network of tanshinone and its targeted genes were constructed using STITCH online tool. The closeness, betweenness, and the degree of the network genes were analyzed by Cytoscape 3.7.2. (Szklarczyk et al., 2016).
Common KEGG Pathways of Osteoporosis and Tanshinone-Targeted Genes
Human osteoporosis KEGG pathways were retrieved from miRWalk2.0 (Dweep and Gretz, 2015). Database for Annotation, Visualization, and Integrated Discovery (DAVID) was used to generate the tanshinone-targeted genes enriched KEGG pathways with p < 0.05 (Huang da et al., 2009a; Huang da et al., 2009b). Thereafter, the common KEGG pathways of tanshinone-targeted genes and osteoporosis were identified by Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/).
Identification of the Hub Genes
The enrichment result of the top five KEGG pathways were generated and visualized in GO plot (Walter et al., 2015). The common genes of all the five KEGG pathways were selected as hub genes. Thereafter, we employed circlize R package, positions on the chromosome and degree centrality information of all the tanshinone-targeted genes were visualized (Gu et al., 2014).
Identification of the KEGG Pathways Related to Tanshinone-Targeted Genes
The top five common KEGG pathways with the smallest p values were analyzed. We used Pathway Builder Tool 20 (www.proteinlounge.com) to retrieve the pathway part related to the tanshinone-targeted genes.
Animals
The in vivo study was reviewed and approved by The Honghui Hospital, Xi’an Jiao Tong University Standing Committee on Animals. For our study, 30 female C57BL/6 mice (6-week-old) were obtained from the Department of Research of Honghui Hospital, Xi’an Jiao Tong University. To generate the murine osteoporosis model, eight-week-old male C57BL/6 mice were treated with a daily intragastric administration of prednisone acetate (2.1 mg/kg/d), and then, the 30 osteoporosis mice were distributed equally into the PBS treated group (n = 10), 10 mg/kg Tanshinone treated group (n = 10), and 30 mg/kg Tanshinone treated group (n = 10). We administered the treatment for 8 weeks.
Cell Culture
MSCs were kindly donated by the Xi’an Jiao Tong University, Xi’an, China. Cells were cultured in a specific osteogenic differentiation medium at 37°C in a 5% CO2 incubator. Then, 1 μM dexamethasone was added to produce the in vitro osteoporosis model. After which they were designated as osteoporosis group, 0.2 nM Tanshinone group, and 0.6 nM Tanshinone group for 7 days.
Micro-CT Scanning and Analysis
The micro-CT device used for analysis was BRUKER SkyScan 1276 scanner. The trabecular bone from 0.2 to 0.5 mm below the proximal tibia growth plate was measured. Finally, the total volume (TV), bone volume (BV), BV/TV, and bone mineral density (BMD) were calculated and analyzed.
qRT-PCR Analysis
Thermal Cycler C-1000 Touch system (#10021377, Bio-Rad CFX Manager, United States) was used to perform qRT-PCR reactions after the total RNA extraction. The primers used in this study have been listed in Table 1.
TABLE 1 | The primers used in the experiments.
[image: Table 1]Statistical Analysis
GraphPad Prism 8.0 was used for the statistical analysis. Statistical analysis was performed using Student’s t test (two groups) or ANOVA with Tukey’s post hoc test (over two groups).
RESULTS
Tanshinone-Targeted Genes and the Interaction Network
We retrieved 21 tanshinone-targeted genes using STITCH with the limitation of three shells. Thereafter, the interaction of tanshinone-targeted genes was established in STITCH (Figure 1A). CCND1, CYP2C19, ENSGGOG00000022765, TMPRSS11D, CYP2C9, CYP1A1, CASP3, CYP1A2, NOS3, CYP1B1 were shown in the first shell which indicated that tanshinone potentially has a direct effect on these diverse genes. CDK6, AKT1, BIRC2, XIAP, arginine, CDKN1A, CDK4, NG-hydroxy-L-a, CDKN1B, calcium ions were shown in the second shell and BIRC3, citruline, CDK2, caffeine, melatonin, CDKN2A, estradiol, RB1, PCNA, nicotinami.e p. were shown in the third shell, which indicated that tanshinone might have a secondary effect on these genes. According to our analysis, AKT1 displayed the highest weight in the interactive network (Figure 1B).
[image: Figure 1]FIGURE 1 | Interaction network of the Tanshinone-targeted genes. (A) Interaction network established by STITCH. (B) Weighted interaction network demonstrated by Gephi.
Identification of the Shared KEGG Pathways of Tanshinone-Targeted Genes and Osteoporosis
36 KEGG pathways significantly enriched by tanshinone-targeted genes were obtained in DAVID. With miRWalk2.0, 110 human osteoporosis KEGG pathways were retrieved. Finally, 21 common KEGG pathways were identified (Figure 2). The top five KEGG pathways with the smallest p values were the small cell lung cancer pathway, Pathway in cancer, Chronic myeloid leukemia pathway, cell cycle pathway, and glioma pathway (Table 2).
[image: Figure 2]FIGURE 2 | Identification of common KEGG pathways of OP and tomatidine-targeted genes. There are 110 OP related KEGG pathways and 36 tanshinone-targeted genes related KEGG pathways. 21 shared KEGG pathways were identified.
TABLE 2 | Top five KEGG pathway and involved genes.
[image: Table 2]Identification of the Hub Genes
Among the 21 tanshinone-targeted genes, AKT1, CDKN1A, CDK6, CDK4, CDK2, CASP3, RB1, CDKN2A, CCND1, CDKN1B, XIAP, BIRC3 and BIRC2 were involved in the top five common KEGG pathways (Figure 3). CCND1, CDK6, RB1, CDK4 were observed to be involved in every common KEGG pathway of the top five. Therefore, they were identified as hub genes. The top three genes with the highest degrees were AKT1, CDKN1A, and CDK6. The relative positions on the chromosome and degree centrality information of tanshinone-target genes have been shown in Figure 4. AKT1 displayed the greatest degree, betweenness, and closeness.
[image: Figure 3]FIGURE 3 | Outcomes of gene enrichment analysis. CCND1, CDK6, RB1, CDK4 were involved in every pathway of the top five. The top three genes with highest degrees are AKT1, CDKN1A, and CDK6. hsa05222: Small cell lung cancer pathway. hsa05200: Pathways in cancer. hsa05220: Chronic myeloid leukemia pathway. hsa04110: Cell cycle pathway. Hsa05214: Glioma pathway.
[image: Figure 4]FIGURE 4 | Positions on chromosome and degree centrality information of all the tanshinone-targeted genes. There are three circles of the heatmap. The inner, middle, and outer circles demonstrate closeness, betweenness, and degree information. Hub genes CCND1, CDK6, RB1, CDK4 were located on chr11, chr7, chr13, and chr12, respectively.
Retrieval of the KEGG Pathways Related to Tanshinone-Targeted Genes
The part of the top 5 shared KEGG pathways that can be targeted by tanshinone have been shown in Figure 5. The downstream cellular responses included uncontrolled proliferation, increased survival, resistance to apoptosis signal, genomic instability, G1/S progression, S-shape proteins, CycE. Thus, the results indicated that tanshinone was involved in a variety of cellular activities through affecting PI3K/Akt signaling, p53 and MAPK signaling pathways.
[image: Figure 5]FIGURE 5 | Tanshinone-targeted genes related part of the top two KEGG pathways. 1 PI3K-Akt signaling pathway. 2 p53 signaling pathway. 3 MAPK signaling pathway. (A) Tanshinone-targeted genes related part of the Small cell lung cancer pathway. PI3K-Akt signaling pathway is involved in the process, resulting in proliferation, resistance to apoptosis signal, G1/S progression; (B) Tanshinone-targeted genes related part of the Pathways in cancer. PI3K-Akt signaling pathway is involved in the process, resulting in proliferation, evading apopsis. (C) Tanshinone-targeted genes related part of the Chronic myeloid leukemia pathway. PI3K-Akt and p53 signaling pathway are involved in the process, resulting in proliferation, uncontrolled proliferation, G1/S progression, genomic instability, increased survival. (D) Tanshinone-targeted genes related part of the Cell cycle pathway. MAPK signaling pathway is involved in the process, resulting in apoptosis, S-shape proteins, CycE. (E) Tanshinone-targeted genes related part of the Glioma pathway, resulting in cell survival and G1/S progression.
Tanshinone (Tan) Promoted MSCs Survival via Modulating AKT1 Expression
First, the levels of AKT1 was measured by qRT-PCR, and the result indicated that tanshinone could promote the expression of AKT1 (Figure 6A). Next, to explore the effect of tanshinone on the osteogenic ability of MSCs, the expression of different osteogenesis-related mRNAs OCN, Col-1, and Runx2 were analyzed in the tanshinone-treated cells, and the result indicated a positive impact of the drug on the osteogenesis (Figures 6B–D). Taken together, all these results demonstrated that tanshinone was able to promote osteogenesis via activation of AKT1.
[image: Figure 6]FIGURE 6 | Tanshinone alleviates osteoporosis by targeting AKT1. MSCs were treated with PBS, 0.2 nM Tanshinone, and 0.6 nM Tanshinone (A) The expression of AKT1 was assessed by qRT-PCR; (B–D) qRT-PCR analysis for the osteogenesis-related mRNAs (OCN, Col-1, Runx2) among the four groups. *p < 0.05, **p < 0.01, ***p < 0.001.
In vivo Protective Effect of Tanshinone on Osteoporosis
The effect of tanshinone on osteoporosis was also validated in an in vivo mouse model. Consistent with the findings of in vitro experiment, BMD, BV/TV, BV, and TV were significantly increased in tanshinone treated group as compared to the osteoporosis group (Figure 7).
[image: Figure 7]FIGURE 7 | Tanshinone potentially protecting from osteoporosis in vivo (A) The cross section of bone samples among the three groups; (B) BMD, BV, TV, amd BV/TV results were analyzed after receiving the three different treatments for 10 weeks n = 10 mice/group. Data are means ± SD of triplicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Bones play an important role in the protection of internal organs with both rigidity and toughness. The repeated bone reconstruction process primarily maintains integrity and mechanical stress of bone. Bone reconstruction includes resorption of old bone and formation of new bone, which are generally coupled in time and space. Bone reconstruction occurs every moment, throughout the life of a mammal, and the whole body bones are renewed every 10 years (Szulc, 2018).
Bone reconstruction is orchestrated by osteoblast, osteocyte and osteoclast mutually (Xiong et al., 2020b). Osteoblasts produce type I collagen to form a mineralized matrix. The old bone resorption caused by osteoclasts is replaced by new bone formation promoted by osteoblasts. Osteocytes are ultimately differentiated by osteoblasts and embedded in the mineralized matrix (Florencio-Silva et al., 2015). Bone cells can perceive new signals whenever there are changes in the external environment of cells, communicate with osteoblasts and osteoclasts on the bone surface, guide osteoclasts and osteoblasts to the reconstruction site, regulate bone reconstruction, and thus effectively promote repair of microfractures (Buck and Dumanian, 2012). In adolescents, the rate of bone formation has been found to be greater than the resorption. The bones are constantly built, shaped and reconstructed, which can lead to an increase in bone mass. Bone resorption and formation are balanced in adulthood to maintain bone mass. In the elderly, bone resorption rate is greater than formation rate, and osteoporosis begins to occur. In osteoporosis patients, bone mass and strength decreases significantly whereas fracture risk can potentially increase (Feng and McDonald, 2011). Senile osteoporosis presents low bone turnover, but the ratio of bone resorption/bone formation increases, thus leading to progressive bone loss. At the same time, aging and estrogen deficiency can cause the immune system to initiate pro-inflammatory reactions and thereby affect bone reconstruction. Vitamin D deficiency and negative calcium balance in the elderly can also lead to the secondary hyperparathyroidism and affect bone mass (Feng and McDonald, 2011).
The bone reconstruction is in a dynamic equilibrium state under the action of the various systemic or local bone growth regulators. A variety of signal transduction pathways have been reported to be involved in regulating bone reconstruction, such as Hedgehog, MAPK, Notch, RANKL/RANK/OPG, PI3K/Akt, and Wnt/β-catenin pathways (Boyce and Xing, 2007; Greenblatt et al., 2010; Regan and Long, 2013; Xi et al., 2015; Yang et al., 2015; Duan and Bonewald, 2016; Mi et al., 2020b). In our study, we found that tanshinone could exhibit a variety of cellular activities through modulating MAPK, PI3K/Akt, and p53 signaling pathways. In the tanshinone-targeted genes network, AKT1 displayed the greatest degree, betweenness, and closeness. Therefore, for the further validation experiments, it was demonstrated that tanshinone could modulate AKT1 gene expression, promote the MSCs proliferation, and suppress their apoptosis. These findings indicated that tanshinone might improve osteoporosis by targeting AKT1.
There are some limitations associated with this study. Firstly, in vivo experiments were not performed in this study. Secondly, the enrichment test of AKT1 in different osteoporosis subtypes was not studied.
CONCLUSION
Taken together, our findings indicate that tanshinone can alleviate osteoporosis, which was potentially mediated through modulation of the AKT1 expression. Tanshinone could thus serve as a promising agent for the treatment of osteoporosis.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by The Honghui Hospital, Xi’an Jiao Tong University Standing Committee on Animals.
AUTHOR CONTRIBUTIONS
LY conceived and designed the study; LK supervised the study; YW and LL performed bioinformatics analysis and experiments; WH analyzed the data; ZQ and DW provided advice and technical assistance; YW and LL wrote the manuscript. All authors approved the final manuscript.
FUNDING
Key project of Natural Science Basic Research Plan of Shaanxi Province (2022JZ-43).
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.
ACKNOWLEDGMENTS
The authors would like to thank all the reviewers who participated in the review and MJEditor (www.mjeditor.com) for its linguistic assistance during the preparation of this manuscript.
REFERENCES
 Baker, N., Sohn, J., and Tuan, R. S. (2015). Promotion of Human Mesenchymal Stem Cell Osteogenesis by PI3-kinase/Akt Signaling, and the Influence of Caveolin-1/cholesterol Homeostasis. Stem Cel Res Ther 6, 238. doi:10.1186/s13287-015-0225-8
 Boyce, B. F., and Xing, L. (2007). The RANKL/RANK/OPG Pathway. Curr. Osteoporos. Rep. 5, 98–104. doi:10.1007/s11914-007-0024-y
 Buck, D. W., and Dumanian, G. A. (2012). Bone Biology and Physiology. Plast. Reconstr. Surg. 129, 1314–1320. doi:10.1097/PRS.0b013e31824eca94
 Chang, C. Y., Rosenthal, D. I., Mitchell, D. M., Handa, A., Kattapuram, S. V., and Huang, A. J. (2016). Imaging Findings of Metabolic Bone Disease. Radiographics 36, 1871–1887. doi:10.1148/rg.2016160004
 Cheng, L., Zhou, S., Zhao, Y., Sun, Y., Xu, Z., Yuan, B., et al. (2018). Tanshinone IIA Attenuates Osteoclastogenesis in Ovariectomized Mice by Inactivating NF-kB and Akt Signaling Pathways. Am. J. Transl Res. 10, 1457–1468.
 Cummings, S. R., and Melton, L. J. (2002). Epidemiology and Outcomes of Osteoporotic Fractures. The Lancet 359, 1761–1767. doi:10.1016/S0140-6736(02)08657-9
 Duan, P., and Bonewald, L. F. (2016). The Role of the Wnt/β-Catenin Signaling Pathway in Formation and Maintenance of Bone and Teeth. Int. J. Biochem. Cel Biol. 77, 23–29. doi:10.1016/j.biocel.2016.05.015
 Dweep, H., and Gretz, N. (2015). miRWalk2.0: a Comprehensive Atlas of microRNA-Target Interactions. Nat. Methods 12, 697. doi:10.1038/nmeth.3485
 Feng, X., and McDonald, J. M. (2011). Disorders of Bone Remodeling. Annu. Rev. Pathol. Mech. Dis. 6, 121–145. doi:10.1146/annurev-pathol-011110-130203
 Florencio-Silva, R., Sasso, G. R. d. S., Sasso-Cerri, E., Simões, M. J., and Cerri, P. S. (2015). Biology of Bone Tissue: Structure, Function, and Factors that Influence Bone Cells. Biomed. Res. Int. 2015, 1–17. doi:10.1155/2015/421746
 Geusens, P. P., and van den Bergh, J. P. (2016). Osteoporosis and Osteoarthritis. Curr. Opin. Rheumatol. 28, 97–103. doi:10.1097/BOR.0000000000000256
 Greenblatt, M. B., Shim, J.-H., Zou, W., Sitara, D., Schweitzer, M., Hu, D., et al. (2010). The P38 MAPK Pathway Is Essential for Skeletogenesis and Bone Homeostasis in Mice. J. Clin. Invest. 120, 2457–2473. doi:10.1172/JCI42285
 Gu, Z., Gu, L., Eils, R., Schlesner, M., and Brors, B. (2014). Circlize Implements and Enhances Circular Visualization in R. Bioinformatics 30, 2811–2812. doi:10.1093/bioinformatics/btu393
 Hart, D. J., Mootoosamy, I., Doyle, D. V., and Spector, T. D. (1994). The Relationship between Osteoarthritis and Osteoporosis in the General Population: the Chingford Study. Ann. Rheum. Dis. 53, 158–162. doi:10.1136/ard.53.3.158
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009a). Bioinformatics Enrichment Tools: Paths toward the Comprehensive Functional Analysis of Large Gene Lists. Nucleic Acids Res. 37, 1–13. doi:10.1093/nar/gkn923
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009b). Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics Resources. Nat. Protoc. 4, 44–57. doi:10.1038/nprot.2008.211
 Im, G.-I., and Kim, M.-K. (2014). The Relationship between Osteoarthritis and Osteoporosis. J. Bone Miner. Metab. 32, 101–109. doi:10.1007/s00774-013-0531-0
 Kim, E.-O., Kang, S. E., Im, C. R., Lee, J.-H., Ahn, K. S., Yang, W. M., et al. (2016). Tanshinone IIA Induces TRAIL Sensitization of Human Lung Cancer Cells through Selective ER Stress Induction. Int. J. Oncol. 48, 2205–2212. doi:10.3892/ijo.2016.3441
 Kim, H.-H., Kim, J. H., Kwak, H. B., Huang, H., Han, S.-H., Ha, H., et al. (2004). Inhibition of Osteoclast Differentiation and Bone Resorption by Tanshinone IIA Isolated from Salvia Miltiorrhiza Bunge. Biochem. Pharmacol. 67, 1647–1656. doi:10.1016/j.bcp.2003.12.031
 Li, F., Han, G., and Wu, K. (2016). Tanshinone IIA Alleviates the AD Phenotypes in APP and PS1 Transgenic Mice. Biomed. Res. Int. 2016, 1–8. doi:10.1155/2016/7631801
 Lin, J. C.-F., Wu, C.-C., Lo, C., Liang, W.-M., Cheng, C.-F., Wang, C.-B., et al. (2014). Mortality and Complications of Hip Fracture in Young Adults: a Nationwide Population-Based Cohort Study. BMC Musculoskelet. Disord. 15, 362. doi:10.1186/1471-2474-15-362
 Martin, R. M., and Correa, P. H. S. (2010). Bone Quality and Osteoporosis Therapy. Arq Bras Endocrinol. Metab. 54, 186–199. doi:10.1590/s0004-27302010000200015
 Mi, B., Chen, L., Xiong, Y., Yan, C., Xue, H., Panayi, A. C., et al. (2020a). Saliva Exosomes-Derived UBE2O mRNA Promotes Angiogenesis in Cutaneous Wounds by Targeting SMAD6. J. Nanobiotechnol 18, 68. doi:10.1186/s12951-020-00624-3
 Mi, B., Yan, C., Xue, H., Chen, L., Panayi, A. C., Hu, L., et al. (2020b). Inhibition of Circulating miR-194-5p Reverses Osteoporosis through Wnt5a/β-catenin-dependent Induction of Osteogenic Differentiation. Mol. Ther. - Nucleic Acids 21, 814–823. doi:10.1016/j.omtn.2020.07.023
 Rajasree Vijayakumar, D. B. (2016). Osteoporosis: An Under-recognized Public Health Problem. J. Local Glob. Health Sci. 2, 1–13. doi:10.5339/jlghs.2016.2
 Regan, J., and Long, F. (2013). Notch Signaling and Bone Remodeling. Curr. Osteoporos. Rep. 11, 126–129. doi:10.1007/s11914-013-0145-4
 Ruan, W. D., Wang, P., Ma, X. L., Ge, R. P., and Zhou, X. H. (2011). Analysis on the Risk Factors of Second Fracture in Osteoporosis-Related Fractures. Chin. J. Traumatol. 14, 74–78.
 Shen, Y., Zhang, Y.-H., and Shen, L. (2013). Postmenopausal Women with Osteoporosis and Osteoarthritis Show Different Microstructural Characteristics of Trabecular Bone in Proximal Tibia Using High-Resolution Magnetic Resonance Imaging at 3 Tesla. BMC Musculoskelet. Disord. 14, 136. doi:10.1186/1471-2474-14-136
 Szklarczyk, D., Santos, A., von Mering, C., Jensen, L. J., Bork, P., and Kuhn, M. (2016). STITCH 5: Augmenting Protein-Chemical Interaction Networks with Tissue and Affinity Data. Nucleic Acids Res. 44, D380–D384. doi:10.1093/nar/gkv1277
 Szulc, P. (2018). Bone Turnover: Biology and Assessment Tools. Best Pract. Res. Clin. Endocrinol. Metab. 32, 725–738. doi:10.1016/j.beem.2018.05.003
 Walter, W., Sánchez-Cabo, F., and Ricote, M. (2015). GOplot: an R Package for Visually Combining Expression Data with Functional Analysis: Fig. 1. Bioinformatics 31, 2912–2914. doi:10.1093/bioinformatics/btv300
 Wright, N. C., Looker, A. C., Saag, K. G., Curtis, J. R., Delzell, E. S., Randall, S., et al. (2014). The Recent Prevalence of Osteoporosis and Low Bone Mass in the United States Based on Bone mineral Density at the Femoral Neck or Lumbar Spine. J. Bone Miner. Res. 29, 2520–2526. doi:10.1002/jbmr.2269
 Xi, J.-C., Zang, H.-Y., Guo, L.-X., Xue, H.-B., Liu, X.-D., Bai, Y.-B., et al. (2015). The PI3K/AKT Cell Signaling Pathway Is Involved in Regulation of Osteoporosis. J. Receptors Signal Transduction 35, 640–645. doi:10.3109/10799893.2015.1041647
 Xiong, Y., Chen, L., Yan, C., Endo, Y., Mi, B., and Liu, G. (2020a). The lncRNA Rhno1/miR-6979-5p/BMP2 Axis Modulates Osteoblast Differentiation. Int. J. Biol. Sci. 16, 1604–1615. doi:10.7150/ijbs.38930
 Xiong, Y., Chen, L., Yan, C., Zhou, W., Yu, T., Sun, Y., et al. (2020b). M2 Macrophagy-Derived Exosomal miRNA-5106 Induces Bone Mesenchymal Stem Cells towards Osteoblastic Fate by Targeting Salt-Inducible Kinase 2 and 3. J. Nanobiotechnol 18, 66. doi:10.1186/s12951-020-00622-5
 Yang, J., Andre, P., Ye, L., and Yang, Y.-Z. (2015). The Hedgehog Signalling Pathway in Bone Formation. Int. J. Oral Sci. 7, 73–79. doi:10.1038/ijos.2015.14
 Zhang, J., Cai, Z., Yang, M., Tong, L., and Zhang, Y. (2020). Inhibition of Tanshinone IIA on Renin Activity Protected against Osteoporosis in Diabetic Mice. Pharm. Biol. 58, 219–224. doi:10.1080/13880209.2020.1738502
 Zhu, S., Wei, W., Liu, Z., Yang, Y., and Jia, H. (2018). Tanshinone-IIA A-ttenuates the D-eleterious E-ffects of O-xidative S-tress in O-steoporosis through the NF-κB S-ignaling P-athway. Mol. Med. Rep. 17, 6969–6976. doi:10.3892/mmr.2018.8741
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.
Copyright © 2022 Wang, Liu, Qu, Wang, Huang, Kong and Yan. 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/fcell-10-878433-g005.gif





OPS/images/fcell-10-878433-g006.gif





OPS/images/fcell-10-878433-g003.gif





OPS/images/fcell-10-878433-g004.gif





OPS/images/fcell-10-878433-t002.jpg
Term

hsa056222
hsa05200
hsa06220
hsa04110
hsa05214

KEGG pathway

Small cell lung cancer pathway
Pathways in cancer

Chronic myeloid leukermia pathway
Cell cycle pathway

Gioma pathway

Icariin-Target genes

AKT1, CCND1, CDKN1B, XIAP, CDK6, RB1, BIRC3, CDK4, BIRC2, CDK2

AKT1, CDKN1A, CASP3, CCND1, CDKN2A, CDKN1B, XIAP, CDK6, RB1, BIRC3, CDK4, BIRC2, CDK2
AKT1, CDKN1A, CCND1, CDKN2A, CDKN1B, CDK8, RB1, CDK4

CDKN1A, CCND1, CDKN2A, CDKN1B, CDK6, RB1, CDK4, CDK2

AKT1, CDKN1A, CCND1, CDKN2A, CDK8, RB1, CDK4

p-Value

3.6E-13
3.6E-11
4.7E-10
5.7E-10
1.4E-8





OPS/images/fcell-10-878433-g007.gif
Osteoporosis Tan 10mgikg Tan 30mghkg

?»n 'Eu Em Lo
i 5 -

Iy PP P ,
o L ﬁ,{:\{;f o

s W





OPS/images/fcell-10-878433-t001.jpg
Gene name

hsa—Bcl-2—Forward
hsa—Bcl-2—Reverse
hsa—Bax—Forward
hsa—Bax—Reverse
hsa—Cyclin D1—Forward
hsa—Cyclin D1—Reverse
hsa—Cyclin D3—Forward
hsa—Cyclin D3—Reverse
hsa—GAPDH—Forward
hsa—GAPDH—Reverse

Primer sequence

GCTACCGTCGTGACTTCGC
COCCACCGAACTCAAAGAAGG
AGACAGGGGCCTTTTTGCTAC
AATTCGCCGGAGACACTCG
GCGTACCCTGACACCAATCTC
ACTTGAAGTAAGATACGGAGGGC
TGCGTGCAAAAGGAGATCAAG
GGACAGGTAGCGATCCAGGT
AGGTCGGTGTGAACGGATTTG
GGGGTCGTTGATGGCAACA





OPS/xhtml/nav.xhtml
Contents

		Cover

		Tanshinone Ameliorates Glucocorticoid-Induced Bone Loss via Activation of AKT1 Signaling Pathway		Introduction

		Materials and Methods		Tanshinone-Targeted Genes Interaction Network Construction

		Common KEGG Pathways of Osteoporosis and Tanshinone-Targeted Genes

		Identification of the Hub Genes

		Identification of the KEGG Pathways Related to Tanshinone-Targeted Genes

		Animals

		Cell Culture

		Micro-CT Scanning and Analysis

		qRT-PCR Analysis

		Statistical Analysis





		Results		Tanshinone-Targeted Genes and the Interaction Network

		Identification of the Shared KEGG Pathways of Tanshinone-Targeted Genes and Osteoporosis

		Identification of the Hub Genes

		Retrieval of the KEGG Pathways Related to Tanshinone-Targeted Genes

		Tanshinone (Tan) Promoted MSCs Survival via Modulating AKT1 Expression

		In vivo Protective Effect of Tanshinone on Osteoporosis





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Tanshinone Ameliorates
Glucocorticoid-Induced Bone
Loss via Activation of AKT1
Signaling Pathway





OPS/images/fcell-10-878433-g001.gif





OPS/images/fcell-10-878433-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





